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Foreword 

The Second International ASTM/ESIS Symposium on Fatigue and Fracture Mechanics (34 th 
National Symposium on Fatigue and Fracture Mechanics) was held in Tampa, Florida on 19-21 
November 2003. ASTM International Committee E08 on Fatigue and Fracture and the European 
Structural Integrity Society (ESIS) served as sponsors. Symposium chairmen and co-editors of this 
publication were Steven R. Daniewicz, Mississippi State University, Mississippi State, MS; James C. 
Newman, Mississippi State University, Mississippi State, MS; and Karl-Heinz Schwalbe, GKSS 
Forschungszentrum, Geesthact, Germany. 
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Overview 

ASTM International Committee E08 on Fatigue and Fracture and the European Structural Integrity 
Society (ESIS) jointly sponsored the second International ASTM/ESIS Symposium on Fatigue and . 
Fracture Mechanics (34 th ASTM National Symposium on Fatigue and Fracture Mechanics) which 
was held November 19-21, 2003 in Tampa, Florida. This book represents the proceedings of that im- 
portant event. 

The symposium was co-chaired by S. R. Daniewicz and J. C. Newman, Jr. of Mississippi State 
University, USA and K.-H. Schwalbe of GKSS Research Center, Geesthacht, Germany. The 37 
papers which comprise the symposium proceedings are roughly focused on two significant topics 
within damage tolerance: Structural Assessment and Fatigue Behavior in the Threshold Regime. 
Approximately 50 % of these papers were presented by researchers from outside the United States, 
making the symposium truly an international event. 

It is noteworthy that this ASTM Special Technical Publication (STP) is the last proceedings to be 
published by ASTM as STP 1461, with papers from future ASTM/ESIS Symposia on Fatigue and 
Fracture Mechanics to be archived within the Journal of  ASTM International. This marks the end of 
a tradition, in which the proceedings of each ASTM National Symposium on Fatigue and Fracture 
Mechanics were published as an STP. This long and proud tradition began with the publication of 
STP 381 in 1965, which featured papers by numerous pioneering researchers such as W. F. Brown, 
G. R. Irwin, F. A. McClintock, P. C. Paris, R. Pelloux, J. E. Srawley, G. Sih, and R. P. Wei. Some 40 
years later, the contents of STP 1461 reveal that ASTM and ESIS symposium participants continue 
to perform research of superior quality and sustaining technical importance. 

S. R. Daniewicz 
Mississippi State University 
April 2005 
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Joumal of ASTM International, May 2005, Vol. 2, No. 5 
Paper I DJAI 11986 

Available online at www.astm.org 

Robert H. Dodds, Jr. 1 and Sushovan Roychowdhu~ 2 

Modeling of Three-Dimensional Effects on Fatigue Crack 
Closure Processes in Small-Scale Yielding 

ABSTRACT: In ductile metals, plasticity-induced closure of fatigue cracks often retards significantly 
measured crack growth rates in the Paris regime and contributes strongly to the observed R-ratio effect in 
experimental data. This work describes a similarity scaling relationship based on the 3D small-scale yielding 
framework wherein the thickness, B, defines the only geometric length-scale of the model. Dimensional 
analysis suggests a scaling relationship tbr the crack opening loads relative to the maximum cyclic loads 
(K,,fK,,,~) governed by the non-dimensional load parameter K-Km,~/~o "~/B, i.e., a measure of the in-plane 
plastic zone size normalized by the thickness. Both K,, v and K,,,,,x refer to remotely applied values of the mode I 
stress-intensity factor. I.argc-scale, 3D finite clement analyses described here demonstrate that KofK,,,,,: values 
vary strongly across the crack front in thin sheets but remain unchanged when Kma,-, B, and o'0 vary to maintain 

- constant. The paper also includes results to demonstrate that the scaling relationship holds for non-zero 
values of the T-stress (which affect the KojK,~o~ values) and for an overload interspersed in the otherwise 
constant amplitude cycles. The present results focus on R -= K,,i,,/Km,~ = 0 loading, although the scaling 
relationship has been demonstrated to hold tbr other R > 0 loadings as well. The new similarity scaling 
relationship makes possible more realistic estimates of crack closure loads for a very wide range of practical 
conditions ti'om just a few analyses of the type described here. 

KEYWORDS: fatigue, crack closure, plasticity, three dimensional, finite elements, contact, similarity scaling 

N o m e n c l a t u r e  

B 
E 

ET 
Kz 
K~ 
Km,zr 
Kop 
KoL 
K 

L~ 
Drain 

R 

RoL 
T 

th ickness  
elast ic  modu lus  
b i l inear  (constant )  ha rden ing  modu lus  
m o d e  I s tress in tensi ty  factor  
fracture t oughness  
m a x i m u m  appl ied  ( remote)  s t ress  in tensi ty  factor  
appl ied  ( remote)  s tress in tensi ty  factor  at full c rack open i ng  
app l ied  ( remote)  s tress in tensi ty  factor  dur ing over load  cycle  

no rmal i zed  s t ress  in tensi ty  factor ,  K = K, n J ~ r 0  4-~ 
e l emen t  size ahead  o f  crack front  
character is t ic  in-plane  d imens ion  

Kmin/K, nax 

radius  o f  cyl indrical ,  smal l - sca le  y ie ld ing  region  

KoI./Km,.: 
magn i tude  o f  T-stress 
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4 FATIGUE AND FRACTURE MECHANICS 

Tmax 

rp 
Vp-max 
(r, o, z) 
Z 
(x, ~z )  
(u, v, w) 
Aa 
AKejf 

/1 
0 

dr o 

maximum value of  the T-stress in a load cycle 
normalized T-stress, T = T / a  o 

in-plane plastic zone size on crack plane 
in-plane plastic zone size on crack plane at maximum load 
cylindrical coordinate system with origin at current crack front location 
measures distance in the thickness direction 
Cartesian coordinate system with origin at initial crack front location 
displacement components in (X, Y, Z) 
amount of crack extension 
effective stress intensity factor range 
non-dimensional, finite geometry factor for T-stress 

elastic shear modulus 
counterclockwise angle from crack plane 
Poisson's ratio 
material yield stress 
opening mode stress on the crack plane 

Introduction 

Fatigue crack growth at engineering scales in ductile metals generally exhibits a phenomenon 
termed plasticity induced crack closure (PICC). Elber [1] was among the first researchers to 
observe the contact of  surfaces behind the advancing crack prior to full reversal of the applied 
loading, characterized accurately for small-scale yielding (SSY) conditions by AKI = Km~ -Kmin. 
Here, Km~ and Kmi, denote the peak and minimum applied load in a cycle. Under mode I loading, 
material immediately ahead of  the fatigue crack front experiences significant plastic strain 
normal to the crack plane, leading to unrecoverable (residual) elongation in the plastic wake once 
the front grows forward. This reduces the relative physical separation of the crack faces 
compared to that for purely elastic deformations, thereby causing the crack surfaces to contact 
sooner after reversal of  the loading. 

Plasticity induced crack closure contributes significantly to the strong effect of loading ratio 
(R-ratio = K, oJK~) routinely observed in conventional fatigue testing for crack lengths and AKx 
levels above those of short-crack and the near threshold behavior (see [2,3] for example test 
results showing the R-ratio effect). The Paris model for fatigue crack growth rate accommodates 
the effects of  closure through the modified form 

a~ c ( r  1," /'~ - ~ :  t , , o = -  . . . .  j ,,, d )  

where Kop denotes the load level at which the crack faces become fully "open" upon reloading. 
Large positive R-ratios (e.g., R = 0.7 - 0.9) generally lead to no closure such that Kop = Kmin and 
A K d :  K,. At small positive, zero and negative R-ratios, Kop > Kmi, and only that part of  the load 
cycle during which the crack faces have no contact contributes to material damage (growth) in 
this modified model. 

Realistic estimates for crack opening loads thus play a crucial role in applications of  this 
methodology to predict fatigue growth rates in damage tolerant designs, for example, to set 
inspection intervals for engineering structures. Closure models based on strip-yield concepts 
[4,5] lead to approximate values for Ko/K,,,o~ but neglect important effects including cyclic plastic 
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DODDS AND ROYCHOWDHURY ON SMALL-SCALE YIELDING 5 

deformation-hardening in the near front material and variations of  in-plane and through- 
thickness constraint (stress triaxiality). Beginning with the early work of Newman [6], finite 
element methods have enabled robust numerical solutions that simulate crack growth processes 
by fatigue including the effects of cyclic plasticity and physical contact conditions behind the 
advancing crack front. Such analyses appear capable of  addressing a wide range of structural and 
test specimen geometries, crack sizes, crack shapes, constant amplitude loading, overload and 
underload events, and various types of  material (cyclic) flow properties. However, the majority 
of  investigations to date adopt (2D) plane-stress and plane-strain models and thus consider only 
(straight) through-thickness cracks. Recently, McClung [7] reviewed the major results of these 
studies and notes the reasonable agreement o f  Kop-values with available test data. The 2D models 
resolve in-plane effects under SSY conditions that arise primarily through T-stress differences 
across geometries and loading modes (tension vs. bending). However, the 2D models cannot 
resolve thickness effects on crack-front constraint or the complex interactions of  in-plane and 
through-thickness effects. 

Reported investigations of  PICC using 3D finite element models remain relatively scarce. 
The very refined meshes and the large number of load increments necessary to resolve the 
history of crack face contact and plasticity over many loading cycles lead to massive 
computational requirements. Chermahini et al. [8-10] and Skinner and Daniewicz [11] use 3D 
models to investigate closure in M(T) and SC(T) geometries under remote cyclic tension loading 
but with elastic, perfectly-plastic material flow properties that exhibit no Bauschinger effect. 
Zhang and Bowen [12] analyze closure behavior in an SC(T) specimen with a semi-circular 
crack under remote tension using a plasticity model with isotropic hardening. These studies yield 
initial, quantitative insights into the complexity of  closure behavior arising from the combined 
effects of  in-plane (T-stress) and thickness (crack front length-curvature) constraint over a 
limited range of specific geometries. Systematic studies of  3D effects using more realistic 
plasticity models that include the Bauschinger effect seem necessary to better quantify PICC for 
engineering applications. 

This work reviews results to-date of  a systematic study of PICC effects in a practically 
important subset of  3D configurations characterized by structurally thin, metallic panels 
containing engineering-scale fatigue cracks growing under cyclic, mode I, and SSY conditions. 
The finite element computations advance initially straight, through-cracks in each load cycle to 
investigate the interacting effects on P1CC of thickness, T-stress and cyclic material flow 
properties for constant amplitude loading and for a single overload interspersed within the 
constant amplitude loading. The values of Ko/Ko= across the crack front for these various 
conditions, needed in Paris model computations of  growth rates, represent the key outcomes of 
the analyses. Most importantly, the finite element results for Kop/Kmax confirm a new, similarity 
scaling relationship between Ko,~o, the uniaxial yield stress (~0), and the thickness (B) suggested 
by dimensional considerations of  the S SY framework [! 3-15]. Consequently, the PICC behavior 
for a very wide range of practical conditions may be readily determined from a small number of 
key analyses of the type described here. Within a 2D analysis framework, McClung [16] 
explored also similarity relationship for Ko/K,,,~ as a function ofe~0 and crack-length, a. 

The paper follows this organization. The next section describes the 3D-SSY framework. 
Section 3 develops the non-dimensional analysis to describe crack opening loads. Section 4 
summarizes the finite element model and solution procedures. Section 5 provides the key results 
of the computational studies and describes the various 3D effects found for PICC. The numerical 
results demonstrate that the proposed similarity relationship holds for constant amplitude 
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6 FATIGUE AND FRACTURE MECHANICS 

loading, including an interspersed overload. Both negative and positive T-stress increase the 
amount of crack-front plastic deformation and thus increase Kop/Kmax values in a similar manner. 
The final section lists the key conclusions for 3D effects on PICC behavior derived from this 
work. 

3-D Small-Scale Yielding Framework 

Figure 1 illustrates the construction of  a model for computational studies that represents a 
wide range of  practical conditions in a simple framework. The thin metallic panel has a 
thickness, B, with an initially straight (sharp) through crack. The in-plane dimensions of  the 
panel exceed 25-50 • B (where B may be only 1-2 mm in actual structures). The combination of 
peak (mode l) load levels typically experienced in moderate-to-high cycle fatigue crack growth 
(Kmax) and the typical values of  yield stress (cy0) for structural metals, leads to crack-front plastic 
zone sizes, rp . . . . .  oc (KmJGO) 2, of at most equal to a few multiples of B and thus vanishingly 
small compared to the distances to nearby, traction-free boundaries. Under these conditions, the 
in-plane behavior remains clearly SSY at each location across the crack front. 

At distances on the order of a few thicknesses at most from the crack-front, all through- 
thickness variations of the strain-stress fields decay to zero leaving a large, linear-elastic and 
plane-stress region enclosing the crack front. The crack-front region thus experiences mode I 
conditions characterized by K/transmitted from the remote loading (bending, tension, etc.) and 
the specific geometry through the surrounding linear-elastic, plane-stress material. To a good 
approximation under these SSY conditions, the non-singular T-stress (an additional, constant ~xx  
stress) quantifies the near-field loading differences caused by various finite geometries, e.g., 
M(T) vs. SE(B) vs DE(T), etc. specimens [17]. 

The computational model considers a semi-circular disk of  thickness B and radius 
>> B centered at the crack front. Loading of  this 3D, modified boundary layer (MBL) model for 

SSY conditions occurs through cyclically varying displacements applied on the boundary at 
corresponding to specified levels of  AKmax and ATmax-- here T always varies in proportion to/s 

as it does in finite geometries. Symmetry conditions for mode I loading and growth govern on 
the plane ahead of the crack front, while friction-less contact conditions hold behind the 
advancing front. 

Plane-s~ret~s ~ Loading 
KI fietd y 

, I , , I , , I ,  4, 
Crack 

(Region of Contact1 Direction of Crack Growth 

Fig. 1, 3-D small-scale yielding framework. Displacements imposed on boundary, of the cylindrical 
disk correspond to those for the linear-elastic, mode I ptane-~tress solution including a 7'- 
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DODDS AND ROYCHOWDHURY ON SMALL-SCALE YIELDING 7 

The thickness B represents the only loading invariant, geometric length-scale in this model; 
can be defined arbitrarily large compared to B without influencing the crack-front response. 

The in-plane size of  the plastic zone and the blunting deformation at the crack tip (CTOD) define 
other useful, but loading dependent and closely related, length-scales. Larsson and Carlsson [ 18] 
first proposed the now extensively utilized plane-strain version of this MBL model. The plane- 
strain model has only the length-scale provided by the plastic zone size and the CTOD. 

Only a few investigators have adopted the computational framework described above to 
quantify 3D features of  the displacement, strain and stress fields over the near-front region under 
monotonically increasing load and with no crack extension. Horn and McMeeking [19-21] (HM) 
appear to have first proposed and used this model to study details of the crack front blunting 
process and the growth of  discrete voids ahead of  the blunting crack front. Their analyses 
employed a finite-strain theory and (isotropic) power-law hardening plasticity (computer 
limitations at the time forced the adoption of quite coarse meshes and the creative use of sub- 
modeling). Shortly thereafter, Nakamura and Parks [22] (NP) adopted this framework to examine 
details of the near-front fields for a sharp crack using a more refined mesh, small-strain theory 
and deformation plasticity. Both the HM and NP studies considered only T-stress = 0 loading. 
Yuan and Brocks [23] subsequently introduced non-zero values of the T-stress to approximate 
the effects of constraint variations in finite geometries. Their work, also using small-strain theory 
and deformation plasticity, lays out constraint effects on the fields described earlier by NP. Most 
recently, Kim et al. [24] again use small-strain theory and deformation plasticity with non-zero 
T-stress values to demonstrate the capability of their two-dimensional, three-term asymptotic 
solution (named J - A2) to fit the 3D fields at locations across the crack front. 

The NP analyses describe essential 3D features of  the crack-front fields. Let r denote the 
distance normal to the crack front. At all load levels, consistent with the maintenance of SSY 
conditions (R >> rp-max), NP find that: (1) for r < 0.01B strain-stress fields develop over the mid- 
thickness region consistent with the asymptotic plane-strain solution, i.e. the HRR field; (2) for 
r < 0.5B, the mid-thickness stress field differs markedly from the free surface field; (3) 3D 
effects begin to diminish in the region 0.5B<r<I.5B; and (4) at r > 1.5B the linear-elastic and 

elastic-plastic stress fields rapidly degenerate to plane-stress conditions. In specimens with 
through cracks, linear-elastic, plane-stress analyses show that the KI field gradually emerges for 
r < 0.1 ~mi,,,where ~min denotes the minimum distance to a nearby free boundary, loading point, 

etc. NP use their 3D SSY results with this observation to suggest that the present 3D SSY 
framework applies when 

~mi, -> max[15,, a0(K]o-0)2]. (2) 

The second part of this requirement leads to ~min -> 50-60 rp at Kmo~. These conditions readily 

exist for thin sheets made of typical structural metals and subjected to load levels for moderate- 
to-high cycle fatigue. 

A Similarity Scaling Relationship for Crack Closure 

A study of the Nakamura and Parks [22] results for a stationary crack subjected to monotonic 
loading in the same 3D SSY framework adopted here suggests the potential to normalize the 
near-front fields using K,/~o~,/-B. For fatigue crack growth, this leads naturally to developing a 
non-dimensional relationship for the opening load (Kop) relative to the maximum load (Km~O in 
each cycle of  the form 
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8 FATIGUE AND FRACTURE MECHANICS 

K~= \ C~o 'ao4B B ' B ' E '  ,v (3) 
where F denotes a non-dimensional function of  its non-dimensional parameters. The first loading 
parameter, KmJ~o45, reflects a measure of  the in-plane plastic zone size at peak load (rp . . . .  ) 
scaled by the thickness, B (where again B represents the only geometric dimension of  this SSY 
framework). The Tmox/CYo term approximates constraint differences at the crack front from 
variations of  sheet geometry (e.g., M(T), SE(B), DE(T), etc.) and remote loading (e.g., bending 
vs. tension). Only positive R-ratios, K,,i,/Kmo~, >-0 appear relevant in the SSY framework. For 
negative R-ratios, much of the loading cycle occurs on a fully closed (no crack) configuration. 
Continued loading by a remotely applied K~ field does not seem realistic. Our ongoing studies 
address this issue, and the applicability of Eq 3 for finite geometries with R < 0. Roz=KoL/K .... 
denotes the occasional (single) overload cycle within the otherwise constant amplitude loading. 

The z/B term in Eq 3 reflects the strong variation of opening loads across the crack front that 
exists over the full loading history. The opening behavior exhibits an initial transient response as 
the crack grows through the plastic zone created by the first half cycle of  loading 0 ---> Kmax from 
a previously undeformed and stress-free configuration. In the transient period, Kop/K,,~ values 
increase rapidly to reach steady-state levels. Thereafter, the Aa/B dependence in Eq 3 vanishes 
(see Fig. 4 here and [13]). The last grouping of parameters describes the material properties for 
the bilinear stress-strain curve with kinematic hardening. Not surprisingly, our initial work [13] 
demonstrates that Kop/Kma~ values have no dependence on Go/E as observed in fatigue crack 
growth testing (growth rates for different materials can be normalized using AKe#E). Fleck [25] 
and McClung [26] find this same invariance of  closure behavior on vo/E in their plane-strain and 
plane-stress analyses. 

In the SSY framework, the freedom exists to impose any choice of  the Tmo~ value to coincide 
with the attainment of  K,,~, where T varies proportionally with Kx in the cycle. In finite 
geometries under SSY conditions, T changes linearly with K~ but follows a geometry specific 
ratio often expressed in the form T = f l K J , , / ~ ,  where fl depends on the geometry and type of 
loading but not the load magnitude [17]. SSY solutions with prescribed Knox and Tm~x values thus 
map to a wide range of finite specimen configurations. 

The significance of  Eq 3 for applications becomes clear by considering a specific example. 
Consider the loading K = KmJcr0 ,fB =1.0 and T = Tmax/O'O = 0, which generates a maximum 

in-plane plastic zone size of  ~:~ = 0.2 x B. Then, for constant anaplitude cyclic loading and material 
strain hardening, the opening load levels across the crack front relative to Kmo~ remain unchanged 
during the initial transient response and during steady-state growth as the yield stress (or0), 
thickness (B), and peak loading (Kmox) all vary to maintain K =1.0. Consequently, one 
numerical solution for a set of  non-dimensional parameters becomes scalable to a very wide 
range of  practical configurations, as first shown by the authors in [13] for zero T-stress and 
constant amplitude, R = 0 loading. 

A subsequent section describes additional computational results and discussion of  the non- 
dimensional relationship for closure behavior including new results for the effects of an 
interspered overload cycle. 
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DODDS AND ROYCHOWDHURY ON SMALL-SCALE YIELDING 9 

Computational Model for 3-D Small-Scale Yielding 

Finite Element Mesh 

Figure 2 shows the finite element model constructed to analyze the boundary-layer 
representation of 3-D SSY. The two-fold symmetry present for mode I loading and for 
subsequent fatigue crack growth reduces the required computational model to one-fourth of the 
cylindrical disk shown in Fig. 1. The origin of the X-Y-Z coordinate systems lies on the initial 
crack front at mid-thickness. In these exploratory studies of  3-D effects, the initially straight 
crack front remains straight throughout the modeling of fatigue crack growth (i.e., no tunneling). 
The mesh covers the region 0 _< 0 < :r and 0 _< z/B <_ 0.5 and has five variable thickness layers of 
elements defined over B/2 with sizes 0.25B (at mid-thickness), 0.15B, 0.05B, 0.03B, and 0.02B 
(at the free surface). Elements residing on the crack plane have uniform rectangular shapes in the 
X-Yplane with typical size L I B  = 0.01. Ninety such elements defined ahead of  the initial crack 

front support maximum fatigue crack growth of AA .~B. 

The mesh extends outward over the cylindrical disk to a size R = 100B to ensure that a large, 
linear-elastic region encloses the plastically deforming crack-front material at peak load. An 
extensive convergence study [14] demonstrates the adequacy of  this mesh refinement level, both 
in-plane and through-thickness, to resolve the crack-front fields and the details of  contact-release 
events behind the advancing front at both maximum and minimum loads. Simple scaling of the 
mesh permits analyses of  varying thickness to explore the similarity scaling concept. A typical 
mesh for the refinement level Le/B = 0.01 has 10 000 8-node (isoparametric) brick elements with 

a B formulation [27] to minimize volumetric locking at large plastic deformations. 
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10 FATIGUE AND FRACTURE MECHANICS 

Cyclic Loading and Crack Growth 

Loading of the model occurs through displacements imposed incrementally at nodes 

over the thickness of  the remote cylindrical boundary (r =R).  The prescribed displacements 
impose a plane-stress, mode I deformation on the cylindrical disk region including an (optional) 
non-zero T-stress (positive or negative). The in-plane displacements follow the Williams [28] 
solution 

(4) 
2/.t "' ~ , 2 ) J V  2er ~,2)L 2p(l+ v) 

v(~,o]=K,  J - ~ s i n ( O ~ I x + l _ 2 c o s 2 ( O ~ l  v TRsin0 ,  
' J 2/aV2er ~,2][_ ~.2]J 2/.t(l+v) (5) 

where K~ defines the mode I stress-intensity factor, T designates the remotely applied T-stress (in 
the global X-direction), and R denotes the radius of the outer circular boundary of the finite- 
element mesh. The material constants include the shear modulus (/a) and Poisson's ratio (v) 
Here, tc = (3 -v ) / (1  + v)for  the plane stress conditions present at distances remote from the crack 

front. Yuan and Brocks [23] vary the w displacements linearly over the thickness at R, i.e. w (r 
= R,o,z > 0), in accord with the plane-stress assumption, while Kim et aI. [24] show no effects 
over the crack front from various treatments of  the remote w displacements. The present analyses 
leave the w (r =R, 0, z > 0) displacements unconstrained. 

The analyses enforce symmetry conditions at all z = 0 nodes (w = 0) and ahead of the current 
crack front (v = 0 at 0 = 0). At nodes on the symmetry plane behind the crack front (0 = =), the 
computations impose frictionless, rigid contact conditions to model the mode I closure process. 
The high stiffness (1000E) adopted in the penalty formulation for contact prevents 
interpenetration of  these nodes through the symmetry plane, yet leads to good convergence rates 
of  the global nonlinear solution. 

The remotely applied displacements follow prescribed values of KI and T corresponding to 
cyclic loading with an R-ratio = 0 (see [14] for similar analyses with R = 0.1 loading). Figure 3 
illustrates the incremental loadings applied in each cycle./s and (optionally) T increase from 
zero to maximum values, denoted K,,ax and ]'max During each such load cycle: (1) the crack first 
re-opens from a closed or partially closed configuration, (2) at peak load the computational 
procedures execute a uniform node release across the front, which extends the fatigue crack by 
an amount Le, and (3) the crack faces again make gradual contact with the symmetry plane as the 
remote load decreases toward zero. Convergence studies demonstrate the need to define carefully 
the loading increment sizes over the cycle to resolve the gradual processes of  crack opening- 
closure and to eliminate effects of  the node release process on the closure behavior. The analyses 
here adopt 44 variably-sized load increments per cycle, continuing for up to 90 cycles, i.e., 90 
increments of  crack extension. 

As the load increases from zero in each cycle, material behind the current location of the 
crack front gradually loses contact with the symmetry plane as the crack re-opens from the 
closed state. The discrete increments of  load applied in the analysis coupled with the element 
size (Le) lead to some ambiguity about the precise loading level at complete crack opening (Kop). 
This artifact of  numerical modeling has been discussed extensively [14,29,30]. The present work 
defines Kop at each through-thickness location across the crack front as the remotely applied 
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DODDS AND ROYCHOWDHURY ON SMALL-SCALE YIELDING 11 

value of  K~ when the second node behind a location along the (current) front loses contact with 
the symmet plane 

K/Kmox,T/Tmax 

Load Increment 

Fig. 3. Variable size load increments employed over a single load ~ele for R~ratio = 0 loading. 

Material Constitutive Behavior 

The material response follows a Mises plasticity model with purely kinematic hardening that 
approximates the Bauschinger effect under load reversals. When combined with a simple bilinear 
representation of  the uniaxial stress-strain curve, this constitutive model exhibits complete 
shakedown after one cycle with no effect of the mean stress. A range of  values specified for the 
modulus (E), yield stress (or0), tangent modulus (E  r = dc~/dg=constant), and Poisson's ratio (v) 

describe properties for typical ferritic steel and aluminum alloys. 
The element and constitutive formulations reflect a small-strain approximation. Comparative 

analyses using a large-strain formulation require longer computation times but reveal no 
significant effect on the crack opening loads [14]. Analyses with the same bilinear stress-strain 
curve, but with isotropic hardening, show larger crack opening load levels (Kol/Kmax), especially 
when the plastic zone size at peak load extends less than B/2 ahead of  the front [14]. Compared 
to values for the kinematic hardening model, Kop/K~ values for isotropic hardening on the 
centerplane increase from essentially zero--+0.1, and on the free surface they increase from 
0.45-->0.6. 

Analysis Code 

The 3-D SSY analyses of fatigue crack growth have moderate size meshes (10 000 8-node 
brick elements) but use 3600-4000 load increments over 90 loading cycles to re-solve accurately 
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12 FATIGUE AND FRACTURE MECHANICS 

the closure (contact) process, the discontinuity from crack extension, and the cyclic plastic 
deformation. Each loading increment requires 3-4 Newton iterations with a tight tolerance for 
convergence leading to very severe computational demands-- the linearized set of 30 000+ 
equations must be solved some 10 000-15 000 times over the course of a single analysis. 

The analyses reported here are performed with the WARP3D code [31]. This code exploits a 
dual level of parallel computation on shared-memory computers (message passing through MPI 
and threads through Open MP) coupled with advanced sparse (direct) solvers to reduce the time- 
to-solution. With this approach, a complete analysis requires 30 (wall clock) hours using 4-6 
processors on current Unix computers (e.g., an IBM SP-3). 

Key Results and Discussion 

The following section describes selected key results obtained from on-going studies of 
closure behavior that use the 3D-SSY framework for fatigue cracks growing in thin metal sheets. 

The results here focus on the essential -K= K, ,~/Go~ scaling, effects of (scaled) loading 

magnitudes on closure levels, T-stress effects, and new results that consider a single, interspersed 
overload event in the otherwise constant amplitude cycling. Recent papers present these and 
additional results in greater detail as follows: (1) the effects of E/0r0 ratios on crack closure loads, 
details of the 3D closure process for R -- 0 and zero T-stress loading [13]; (2) similar analyses for 
R = 0.1 loading, investigation of mesh convergence issues, effects of isotropic vs. kinematic 
hardening on closure loads, and a comparison of stationary and fatigue crack front fields [14]; 
and (3) positive and negative T-stress effects on closure loads and the very interesting effects on 
flow of plastic material in the crack front region [15]. 

Verification of Proposed Dimensional Scaling Model 

Figure 4 demonstrates the applicability of  the proposed non-dimensional scaling relationship 
for the crack opening loads. This figure shows the evolution of crack opening loads obtained 
from two analyses of the 3D SSY model using material flow properties representative of a 
structural aluminum. The baseline solution (solid line) employs a model with thickness B = B ,  

while the second solution (symbols) uses a model with thickness B =2 x B. Scaling of the peak 

load levels (Kmax) for the constant amplitude, R = 0 cycling maintains K-=Kmo ~/crovrB =1.0 in 

each case. A value of K =1.0 generates an in-plane plastic zone at peak load on the crack plane 

(0 = 0) of size rp_,,~x =0.2• for the T-stress = 0 loading used here. The two solutions remain 
identical over the complete crack-growth history to within the load-step size used in the finite 
element computations, thus validating the non-dimensional scaling for crack opening loads. 
Similar computations that vary yield stress, the E/Go ratio and R ratio (>0), also demonstrate the 
applicability of the scaling relationship [ 13,14]. 

These results illustrate key features observed in the computed behavior of the crack opening- 
closing process. Early in the loading history, the crack grows through the initial plastic zone of 
size 0.2 x B established in the first half-cycle of  load (O---~Kmax) from an initially unstressed 
configuration. This initial transient acts to retard the closure process similar to an overload later 
in the loading. Once the crack front extends through this initial plastic zone, the opening levels 
stabilize to effectively constant values (here termed steady-state). The opening load levels show 
a strong variation with position across the crack front from the initial transient to steady-state 
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conditions. At the outside surface (z/B=0.48-0.5), the opening load levels of Kop/K~o~=0.4-0.5 
very closely match the expected values given by simple, plane-stress estimates. The opening load 
levels decrease very sharply at crack front locations only a small distance from the outside 
surfaces, reaching 0.25 at z/B=0.4. At the centerplane, the opening load slowly decreases, 
reaching an apparent steady-state value of  0.02, which corresponds to the load-step size used in 

the analysis. Thus, for R=0 and K =1.0 (rp_max~0.2xB) with T-stress = 0, these results indicate 
that the centerplane material experiences little or no closure at steady growth conditions, The 
plane-strain computations for M(T) and SE(B) specimens described by Fleck [25] show trends 

similar to the present center-plane results. At this level of remote loading ((K =1.0), the very 

opening mode stresses at the centerplane very closely match those for idealized plane-strain 
conditions [ 14]. 

Kop/K.,  

K,,,,~/ao,B = 1.0;T = 0] 

E/a~ = 2501 y x 

L~,/B O.Olj 
z/B = 0.50 

0,40 

0.25 

0.0 

0 0,2 0.4 0,6 0,8 t .0 

Fig, 4~ Demonstration of the similarity scaling of normalized opening load at each crack front 
location when specimens 0s different thickness ate subjec~ to same normalized load, 

Effects of Peak Load 

The size of the in-plane plastic zone at peak load relative to the thickness causes a 
pronounced effect on the crack opening loads across the crack front. Figure 5 compares the 

opening loads for -K=l.O(rp.m~x~O.2• with those for K=2 .0  (rp_ma~0.2 • B) for the 
R = 0, T-stress = 0 cycling of  the material with aluminum flow properties. For the larger 
(relative) loading, all crack front locations show opening loads well above zero. Material near the 
centerplane shows clear evidence of  crack closure but with some remaining 3-D effects which 

reduce the opening levels below those at the outside surface. At still higher K (not shown), 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



14 FATIGUE AND FRACTURE MECHANICS 

opening loads on the interior continue to increase toward the plane-stress levels and with a 
gradual trend to nearly uniform opening loads along the front. 

The large increase in opening loads at interior locations along the crack front forK =2.0 

corresponds to extension of the plastic zone into material that undergoes essentially plane-stress 
or near plane-stress conditions (recall the size of the 3-D--+2-D transition region discussed in 

Section 2). In contrast, the centerplane plastic zone for K =1.0 loading remains confined to the 

region of  near plane-strain conditions at the crack front. 
The very strong impact of  plastic zone size relative to thickness on the closure process at the 

centerplane does not carry over to the opening mode stresses deep within the plastic zone at 
distances of  r < 0.05B. Detailed studies of  fatigue crack growth using a finite-strain formulation 

[14] reveal essentially no change in peak values of the centerplane opening stresses immediately 

ahead of  the crack front (cry ~3.0xcr0) as the remote loading increases from K = I . 0 - - ~  2.0. 

These observations indicate no loss of through-thickness constraint immediately ahead of the 
crack front r < 0.05B with increased (remote) plastic deformation. 

Ko~/g,,,o~. (a) 
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Fig. 5. 

Kop/Kmax (b) 
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Normalized opening loads for two levels of normalized peak load, Note the larger 
amount of fatig~ae crack growth required to reach steady opening loads for the larger 
remote load. 

Effects ofT-Stress on Closure 

Under plane-strain conditions for a stationary crack, the T-stress strongly affects the 
size/shape of the crack front plastic zone [18,32]. Both positive and negative T-stress loading 
increase the size of the plastic zone relative to the neutral configuration (T = 0). A negative T- 
stress leads to much lower mean stress and opening mode stresses ahead of  the crack plane, 
while a positive T-stress leads to marginal increases in opening mode stress. For plane-stress 
conditions, the T-stress has much less influence on plastic zones and opening mode stresses (the 
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zero out-of-plane stress exerts a dominant effect). These observations for a stationary crack carry 
over to the crack closure phenomenon studied here for both positive and negative T-stress 
loadings using the 3-D SSY framework. Solanki et al. [33] examined T-stress effects on closure 
using 2D model of  specific geometries. 

Figure 6 demonstrates the applicability of  the non-dimensional scaling relationship for crack 
opening loads, Eq 3, with non-zero T-stress loading. The figure shows the evolution of  opening 
loads with crack extension for models with two different thickness, B =_BB and B = 2 x B, for 

two levels of  T-stress (Tmax/O-0 =_+0.8) when the remote mode I loading scales with B to 

maintain K = 1.0. For both of these (relatively) large values of  positive and negative T-stress, the 
opening loads maintain the non-dimensional scaling over the complete loading history from the 
initial transient to steady-state conditions at crack extensions approaching the thickness. In these 
analyses, the T-stress increases (decreases) proportionately with K1 as illustrated in Fig. 3. 

A comparison of  the crack opening loads in Fig. 6 with those in Fig. 4 (T-stress = 0) readily 
illustrates the strong effect of T-stress. Both positive and negative T-stress increase the opening 
loads along the interior of the crack front--  negative T-stress has the larger effect (consistent 
with observations for the stationary crack). The mid-plane portion of the crack front now has a 
non-ambiguous opening load well above that for the zero T-stress loading. Opening loads near 
and at the outside surface show only a marginal effect for both the positive and negative T-stress. 

Figure 7 summarizes the effects for a wide range of  T-stress (-0.8 < T,,~x/C~o < 0.8) on the 

steady-state opening loads, (Kop/Kmax)ss, for K =1.0 and 2.0.The key observations from these 
analyses include: (1) a less pronounced T-stress effect on closure at the free surface than at the 
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16 FATIGUE AND FRACTURE MECHANICS 

centerplane; (2) (Kop/KmcLr)ss values at the center-plane increase with deviations from zero T-stress, 
and the increase is more rapid with negative T-stress; and (3) at all levels of T-stress, an increase 

in K (from 1--~2) elevates (Kop/Kmax)ss at the centerplane, but the free surface values remain 
relatively unchanged. 

Overload Effects 

The numerical results for crack opening loads presented to this point for the 3-D SSY model 
all consider constant amplitude cycling at a fixed R ratio with and without T-stress loading. 
Occasional overload cycles establish a larger plastic zone than exists at steady conditions for the 
constant amplitude cycling. The larger plastic zone size increases the crack opening loads until 
the crack extends beyond the influence of  the overload plastic zone. The increased opening loads 
decrease zXKeH during the subsequent (constant amplitude) cycling and thus retard crack growth 
rates predicted using a Paris model. The well-known Wheeler model [34], for example, provides 
an empirical modification of  crack-growth rate following an overload event. Newman's strip- 
yield model gives a numerical solution for the effect of  an overlaod on AK~jj [35]. The Yisheng 
and Schijve [36] experimental results show clearly the effects of  a single overload predicted 
here. 

Figure 8 shows the results of  modeling fatigue crack growth with the 3-D SSY framework at 

constant amplitude (R=0, T=0) for K =1.0. The computations impose a single overload cycle 
once steady-state conditions exist. The overload increases Km,~x by 50 % in a single cycle. The 
solutions for model with two different thicknesses (B = _B and B = 2 x B) again remain identical 
throughout the initial transient, the overload transient and the new steady-state conditions 
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following the overload event. Here the loading for B = 2 x B has Km.x and KoL both ~ x the 

loading levels for B -- B The non-dimensional scaling of Eq 3 thus holds for overload events. 

K o ~ / g , n ~  
1'ci .............. ' I 

0,8 

I to, = Ko IKo,,,. j- t[ ! 

. . . . . . . . . . . . . . . .  ' . . . . . . . . . .  [ i 

E/a o = 250 

L~,/B = 0.01 

0 

Fig. 8. 

0.5 t .0 1.5 2,0 

Aa/B  
Demonstration of the similarity scaling of normalized opening load fbr a single, 50% over- 
load cycle (T-stress = 0). 

The crack opening loads for the overload event show several expected behaviors. During the 
first half-cycle following the overload, the crack does not close upon reversed loading leading to 
the sharp "V" portion after the overload marking on the figure. Thereafter, a new transient region 
develops, and the opening load levels increase substantially above the previous steady-state 
values, including locations along the interior of  the crack front. As the crack continues to extend 
beyond the overload point, the opening loads decrease with the most steep declines over the mid- 
portion of the crack front. Values over the mid-thickness region reduce to zero (no closure), 
while values at the outside surface approach steady-state levels marginally larger than those 
before the overload cycle. 

Concluding Remarks 

This study adopts a 3-D small-scale yielding framework with thickness, B, as the only 
geometric parameter to investigate plasticity effects on crack closure at engineering length- 
scales--  long cracks loaded well above threshold levels. The computations impose constant 
amplitude mode I loading with and without a corresponding T-stress to provide a first-order 
approximation for finite geometry and loading mode (tension vs. bending) effects. A load cycle 
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consists of increasing Kz and T simultaneously from zero to specified values Kmax and T,,~, 
respectively, and then decreasing them back to zero. 

The finite element solutions extend the initially straight crack front uniformly forward in 
each load cycle by one element size on the crack plane. Rigid and frictionless contact conditions 
model the gradual crack closure and opening events behind the advancing front. The material 
follows a purely kinematic hardening behavior with a simple bilinear representation of the 
uniaxial stress-strain curve. The work described here supports the following conclusions and 
observations: 

�9 Under SSY conditions, the computational results demonstrate that the normalized value 
of  the stress-intensity factor, Kop/K,~, when the crack opens at each location along the 
front remains unchanged, provided the peak load (Kmc~), thickness (B), and material flow 

stress (or0) all vary to maintain a fixed value of K=Km~ x / cr0x]B. Numerical values of  this 

similarity scaling factor, K, thus provide a unique description of  closure loads across all 
SSY configurations for a material. This similarity scaling holds both during the initial 
stages of  growth, when opening loads vary with the amount of  fatigue crack extension, 
and during steady-state response, when Kop/K~,o~ values remain constant with further 
growth. 

�9 The closure behavior shows the strongest 3-D effects for the lowest loading level 

considered, K =l .0,  which causes a mid-thickness plastic zone size on the crack plane of  
~0.2• at peak load. The mid-thickness region of  the model shows little or no crack 
closure, while the outside surfaces have K,,e/K .... values characteristic of  a plane-stress 

model. At the maximum loading level considered, K =2.0 (mid-thickness plastic zone 
size = 1 x B), Kop/K,~,x values at the center-plane increase sharply while outside surface 
values remain nearly unchanged. 

�9 Under SSY with a non-zero T-stress, a two parameter characterization of  crack tip fields 

in terms of  K=Km, ~/o-0,J-B. and T =T~, x/o- 0 correlates successfully the normalized 

opening load Kop/Km~ across variations of  thickness, constraint level, and material flow 
properties. Specifically, the evolution ofKop/K,,,o~ with normalized crack growth Aa/B, at 
all locations along the 3-D crack front, remains unchanged when test specimens (and/or 

structures) experience the same normalized load K and the same normalized constraint 

level T. 
�9 Both positive and negative deviations in T-stress from a zero value increase the crack 

opening loads along the mid-thickness region and reduce the through-thickness variation 
of  Kop/K,,~. This effect is more pronounced for negative T-stress and at the lower value 

of K = 1, where the plastic zone ahead of  the crack tip spreads to a distance ~0.2• 
(under zero T-stress). 

�9 The K non-dimensional scaling for crack opening loads also describes the computed 
response following a single overload cycle applied once the crack extends through the 
initial transient. Immediately after the overload, the crack front experiences no closure 
with significantly increased opening loads thereafter, leading to retarded crack growth 
rates. With continued growth, the opening loads return to pre-overload levels with the 
centerplane showing no crack closure at steady-state conditions following the overload. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



DODDS AND ROYCHOWDHURY ON SMALL-SCALE YIELDING 19 

The 3-D effects on crack closure remain very strong throughout the overload transient 
and into subsequent steady-state response. 
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Fractographic Reassessment of the Significance of Fatigue 
Crack Closure 

ABSTRACT: Experiments were performed on Al-alloy test coupons under specially programmed 
variable amplitude load sequences to assess crack closure as well as actual microscopic crack extension. 
Quantitative fractography of the fractures suggests that closure can account for only a fraction of 
observed load interaction effects. Much of the observed retardation may be attributed to the shielding 
effect of the overload plastic zone, which can occur even if the crack is fully open. The study also 
indicates that load sequence effects attributed to notch root stress-strain hysteresis can occur only if 
closure is absent. 

KEYWORDS: fatigue crack growth mechanisms, thresholds, residual stress effect, crack closure 

Introduction 

Variable amplitude fatigue is influenced by a number of  load interaction mechanisms 
including crack closure, residual stress, crack-tip blunting, and crack-front incompatibility [1]. 
Of  these, fatigue crack closure [2] has been researched most widely. Being amenable to 
numerical simulation, it appears to be the natural choice for modeling variable-amplitude crack 
growth [3-6]. Yet, even after some thirty years of  research on crack closure, there is a lack o f  
clarity about its role in the fatigue process and, surprisingly, even about its very definition and 
measurement. The lack of  a strict definition and standardized practice for measurement that 
would tie up with empirical results may explain why the phenomenon is subject to so much 
interpretation and associated controversy [7]. 

This paper describes two experiments that were specially designed to isolate closure-related 
effects from those that operate quite independently of  it. Fractographic evidence from these 
experiments provides quantitative data on both crack closure as well as actual fatigue crack 
extension under the different cycle magnitudes. By comparing relative crack extension under 
different cyclic loading steps against actual effective load range, in these very steps the relative 
significance o f  closure is brought out. This study also investigates the potential connection 
between load sequence effects associated with stress-strain hysteresis in notch fatigue and crack 
closure. 

Experimental Procedure 

Figure 1 describes the "Closure" load sequence used in the first experiment. It consists of  two 
sets o f  ten loading steps, the ACE-steps and the BDF-steps as shown in the figure. The cycle 
counts were selected to ensure that crack extension per step will be negligible by comparision to 
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SUNDER ON FRACTURE CRACK CLOSURE 23 

ACE plastic zone size to ensure constant crack closure as determined by the extreme load 
excursions. Previous studies under constant maximum load have confirmed that as long as crack 
closure load exceeds applied minimum load, crack growth rate will not change with minimum 
load [8,9]. Thus, if  Sop is at the level shown in Fig. 1, the four steps ACEG will cause equal crack 
extension, as will steps NPRT. Conversely, one can determine crack closure level from the 
number of equally spaced striation bands observed on a fractograph. This was the underlying 
concept behind the so called fractographic closure measurement technique [8]. 

FIG. 1--The "Closure'" load sequence. Ten 50-cycle steps are applied at 100 % maximum 
load, with step-wise increment in minimum load from 10-55 %. These are interspersed with 
2000-cycle steps applied at 70 % maximum load, with minimum load decremented as shown. I f  
closure is constant and at the indicated level, one shouM observe four  equally-spaced striation 
bands each, from the steps ACEG (100 %) and NPRT (70 %), where Sop > = Stain.and AKe~ = 
Const. 

A fatigue fracture surface obtained by repeated application to failure of the closure sequence 
will contain innumerable imprints of  growth bands whose patterns can serve as quantitative 
references of  actual local closure level. By merely counting equally spaced bands in a 
fractograph from one complete closure block, Sop is readily determined as the minimum stress in 
the step that produced the last equally spaced band. As shown in Fig. 1, the same number of 
equally spaced bands may be expected from both the ACE and BDF steps. Note that the 
measurements involved are relative and therefore do not rely on accuracy of  actual growth rate 
estimates. 

The objective of  the first experiment was to investigate whether crack closure can indeed 
explain the difference in growth rate between steps A and T that are at different maximum load 
levels. The process to make this assessment is explained in the next section. The experiment was 
performed on a 6.4 mm thick, 25 mm wide 2024-T451 C(T) specimen that was cycled to fracture 
under repeated application of  the closure sequence. One hundred percent load corresponds to 2 
kN. In view of the substantial difference in crack driving force between alternating steps, no 
markers were necessary to identify striation bands. Also, direction-reversal of step-to-step 
minimum load change in the alternating steps precluded potential ambiguity in identifying 
individual striation bands. 

The second experiment was on a 10 mm thick, 40 mm wide 2014-T6511 C(T) specimen with 
a 10 mm diameter keyhole notch aligned to a/W = 0.5. This experiment was designed in search 
of  a tangible fracture mechanics explanation for the well-known load sequence dependency of  
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notch root fatigue [10]. Notch fatigue analysis based on the local stress strain (LSS) relates 
fatigue damage to sequence-dependent, hysteretic variations in notch-root (local) mean stress. 
The "Embedded" load sequence as described in Fig. 2 was designed to verify this hypothesis 
from a fracture mechanics viewpoint. The load sequence was repeated at Pmax = 7.5 kN until 
crack formation and growth to fracture, giving an opportunity to fractographically track the 
fatigue process from its early stages. From crack closure considerations, growth rate in Steps 1-5 
should be identical if minimum load in the steps exceeds closure level. Higher closure levels 
were expected close to the notch root due to local tensile yield that leaves compressive notch- 
root residual stresses and thereby reduces local stress ratio [9]. 

FIG. 2--The "'Embedded" load sequence. Five steps o f  identical range (25 %) are applied at 
different mean load levels. Markers" A -G  demarcate striation bands. They also enforce sequence 
sensitivity by embedding steps into the rising or falling half o f  the major load cycle as indicated 
in (b). Mean load levels were selected to cause partial long crack closure in Steps 1 and 5, while 
leaving 2, 3, and 4fully open. 

For both experiments, Al-alloys were selected based on prior experience with closure 
measurements. Also, these alloys are suitable for quantitative fractography [11,12]. Specimen 
thickness was sufficient to avoid crack face rubbing from Mode III component. The test 
specimens were cycled to fi'acture under repeat application of the sequences shown in Figs. 1 and 
2. The applied load level was selected to induce growth rates down to near-threshold values, 
which are the focus of  this study, Step duration was designed to ensure clear definition of  
striation bands from individual steps. At the same time, sequence duration was selected to render 
crack extension in a single step negligible by comparison to monotonic plastic zone size. The 
number of  steps was selected to keep crack increment small enough to neglect stress intensity 
variation. Thus, growth band comparison within a sequence may ignore crack size-sensitive 
variation in stress intensity. 

Quantitative Fractography 

Quantitative fractography based on striation bands rather than on the spacing of  individual 
striations offers the advantage of  vastly improved resolution because growth rate is given by the 
ratio of  band spacing to cycle count. It is important to note that discernible band formation does 
not require discernible striation formation from individual cycles, but rather it relies on change in 
overall fracture morphology with growth rate. This permits the study of fatigue kinetics down to 
near-threshold growth rates using high-resolution electron fractography. 
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Crack extension, Aa, over cycles, n, may be expressed as follows: 
da 

Aa = n.--dN = n.CAK~"g. = n.C(Kma x - Kop) m (1) 

where C and m are material constants in the Elber crack growth rate equation [2], Kmax is 
maximum stress intensity, and Kop is crack opening stress intensity. If  Kop < Kmin, the latter will 
replace it. Then, assuming crack closure is the sole load interaction mechanism in the closure 
sequence, the ratio of striation bands from steps T and A (see Fig. 1) is given by 

AaT = nT I Kma~'r -K~ l m (2) 

Aa A n A \ Kmax,A --  Kop ) 
Equation 2 may be used to determine Kop through quantitative fractography of  fractures 

obtained under two step loading as was proposed by McGee and Pelloux [13]. In our experiment 
however, closure is directly estimated from equally spaced striation bands as described above, a 
process that is quite independent of  constant, m. Thus, the load sequence in Fig. 1 provides the 
means to independently determine both sides of  Eq 2 on the premise that 'm'  does remain a 
constant. It would then follow that any inequality in Eq 2 may be attributed to load interaction 
effects other than closure, which will in turn affect the ratio on the left side of Eq 2. 

The ratio AaT/AaA can be affected by a change in the numerator, the denominator, or in both. 
Step A immediately follows Step T during the cyclic repetition of  the closure sequence. As Sin,• 
in step T is 30 % less than in the ACE steps, the crack must grow in a plastic zone that is about 
two times greater than under constant amplitude conditions. On the other hand, Step A will see a 
transitional effect only during the first cycle, because the cyclic plastic zone will be several times 
larger than the cyclic plastic zone in step T. The remaining 49 cycles (98 %) of  the load cycles in 
this step will see the same cyclic and plastic conditions as they would under constant amplitude 
loading. Also, they will see the same closure level. Therefore, one may assume that the 
denominator (AaA) remains unchanged and that any inequality in Eq 2 may be corrected by a 
retardation factor, krct, which accounts for retardation in step T unaccounted by closure: 

kre t - nr AaA (Kmaxr -Kop I m 
- n--A- Aa r ~ - K o p  ) (3) 

If  kret = 1, it would follow that Eq 2 is valid with all retardation effects accounted for by 
closure, kr~t = 4 would indicate that real crack extension in step, T, is four times less than 
estimates based on closure, kr~t < 1 would indicate acceleration. All estimates in this study 
indicated retardation, kret estimates will be sensitive to the value of  the exponent, 'm' .  m = 2 is 
often used to correlate striation spacing in fractographic analysis of Al-alloys. A value of m = 
2.65 was chosen for this study, being consistent with both fractographic as well as macroscopic 
growth rates for both materials studied, over the range 10 -6 to 10 -4 mm/cycle. Calculations were 
also made using m = 3.5 as an extreme possibility. 

Results of Fractography and Analysis of Results 

Fractographs from the two experiments appear as Figs. 3-13. Each fractograph includes a 
graphic imprint of  the load sequence applied, along with an indication of at least one reference 
striation band and the corresponding step in the load sequence that caused it. This imprint can be 
used to cross-reference points of  interest on the fractograph to actual load sequences in Figs. 1 
and 2. The direction of  crack growth is marked by a block arrow and is always from left to right. 
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FIG. 3 Striations in Step A of Closure sequence. The f i j~ striations starting./horn the line at 
left match the number of cycles applied. Note apparent lack of any transient associated with the 
switch J?om Step T to A, apart from possible jump in crack front during the first load cycle of 
step A. Note the Jaceted fracture morphology in Steps T and B at low growth rate. The banding 
action of A and C made it possible to track crack extension in B. 

Discernible growth bands from individual steps are seen on all the fractographs. Rare 
exceptions were a few R-T steps. The example shown in Fig. 5 illustrates how one may 
exaggerate crack extension under 'R '  and 'T' .  However, on closer scrutiny, the different fracture 
morphology associated with steps 'Q'  and 'S '  can be discriminated to gauge actual contribution 
to crack extension. Individual striations were clearly visible only at growth rates in excess of  
approximately 5 x 10 .5 mm/cycle (see Fig. 3). The ability to observe individual striations 
permits detection of  cycle-by-cycle transients. For example, Fig. 4b shows crack extension in 
excursion F to be twice that of  the following load excursion, G, even though both peak loads are 
the same, and tensile half-cycle range in F is in fact much less than in G. 

Both the 2024 as well as the 2014 Al-alloy fractures show the presence of  secondary 
particulates on the crack path. Their location is marked by an encircled 'P' .  As indicated in 
earlier work [14], secondary particulates do not distort local growth rates as long as the latter are 
much less than average particulate size, which is of the order of  0.005 mm (see for example, 
Figs. 6-9). All the fractographs presented in this study were obtained at low growth rates where 
quasi-static crack extension from particulate fracture is negligible. Actual growth rates are 
indicated on selected growth bands and range from 10 .7 (as in Figs. 6 and 8) to 10 .3 ram/cycle (as 
in Fig. 4b). 

Closure Levels 

Figure 6 shows a typical mid-thickness fractograph from the closure sequence. It indicates 
four equally-spaced striation bands from the ACE steps, corresponding to closure level of  25 %. 
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Similar fractographs were obtained over a wide range of  growth rates and remain unchanged 
across the thickness to within 0.2 mm of  either specimen surface (Figs. 7-9). Figure l0 shows a 
near-surface fractograph. This picture indicates an exceptionally high local Sop/Sm~x = 40 %. 
Most other surface locations indicated readouts of between 30-35 %. It is difficult to obtain near- 
surface fractographs with a high degree of clarity and definition. This may be due to rubbing, 
which is less likely to occur in the interior. 

Most of the fractographs obtained from ACE steps in the mid-thickness region indicate 
closure level at 25 %. These estimates are consistent with previous experience using both 
fractography as well as near tip laser interferometry [11]. One may conclude that crack closure 
was of the order of  25 %, perhaps between 25 % and 30 %, given the marginal contribution of 
surface closure. 

The number of  equally-spaced striation bands from the BDF steps is strikingly inconsistent 
by comparison to the ones from the ACE steps. Hardly two of  them appear to be equal, with the 
exception of Fig. 6 that indicates three and associated closure readout of  20 %. Previous 
investigations associated variation in closure levels with hysteresis in closure behavior, 
associated with the interaction of small, embedded cycles with the major cycle [11,15,16]. The 
sequence in Fig. 1 does not involve small embedded cycles, and yet it yields closure estimates 
from BDF steps that are neither self-consistent, nor comparable with those from the ACE steps. 
The inconsistency appears to be associated with reduced Sm~x in the BDF steps that may be 
causing unequal growth bands due to mechanisms other than closure. For lack of any other 
explanation, one may assume previous interpretation of  hysteretic closure in long cracks to be 
flawed. Given the consistency of closure levels determined from the ACE steps, one may 
conclude that it indeed remains constant. The growth band spacing from the BDF steps, 
however, serves as a valuable input to assess actual retardation in the BDF steps given the 
overload effect from the ACE steps. 

FIG. 4--(a)  Striation bands from Steps 5 and 1 o f  the embedded load sequence. (b) Zoomed- 
in view o f  area 'b' in (a) o f  striations caused by marker loads F and G between Steps 4 and 5 as 
seen in inset showing full  load sequence. Area marked "r" indicates signs o f  rubbing that may be 
due to Mode 2 sliding component between faces o f  non-propagating branched crack seen as 
crevice at the commencement ofF. 
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FIG. 5--The width of striation band~ J?om the BDF steps may sometimes seem to be larger 
than real as seen from the bands due to steps R and T above. The actual ~spacing is determined 
by closer comparison of neighboring bands and by discriminating between the fracture surface 
morphology due to the two distinctly different load levels. 

FIG. 6--Typical fractograph J?om the mid-thickness area showing fimr equally-spaced ACE 
striation bands, indicative of 25 % closure level Similar data were obtained across the thickness 
to within 0.2 of the specimen surface. 'P" indicates failed secondary particulates. 
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FIG. 7--Zoomed-in J?actographs from the vicinity of the location shown in Fig. 6. There 
appear to be .four equally-spaced bands from the ACE load steps, suggesting consistency in 
closure level readouts of 25 %. Similar readouts were obtained in previous work [10]. 

FIG. 8--Lowest growth rate at which useful fractographs couM be obtained. Four equal 
ACE bands are barely discernible at left. After accounting for crack closure at 25 %, growth rate 
in step 'T' is retarded by a factor of 4.22. 
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FIG. 9--Highest growth rate at which useful fractographs could be obtained. Closure level 
(from ACE steps) is similar to the values in Fig. 8. Note the sizeable density o f  secondary 
particulates. 

FIG. 10 Typical near-surface fractograph indicating as many as seven equally-spaced 
striation bands from the ACE steps. This corresponds to Sop/Sm.~ = 40 %. Such high values o f  
closure were observed up to 0.15 ram from either surface. 

Noteworthy in all fractographs is the lack of typical ductile fatigue fracture features at near- 
threshold growth rates. The most visible marks under the steps 'R '  and 'T '  are features that run 
like river patterns oriented along the direction of  crack growth. When near-threshold growth 
bands are short, the river patterns, being shorter, reveal the faceted nature of the fatigue surface, 
a terraced morphology associated perhaps with local preferential crystallographic orientation (see 
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Figs. 5 and 8). This is typical of  near-threshold cracking in air. One cannot see any trace of  crack 
extension given such morphology, but the intervening higher growth rate bands from 'Q '  and 'S '  
confirm it was indeed fatigue. 

Estimation of  Closure and Retardation 

Table 1 summarizes quantitative analysis of  the fractographic evidence from the closure 
sequence using Eqs 1-3 for selected fractographs that cover the range of  growth rates observed 
in the study. 

TABLE 1--Summanaq~ of  quantitative firaeto~, ~ra hic analysis from . . . . . . .  closure se q uence. 
No. Source da/dN, ram/cycle Sop/Smax Retardation Factor 

fract for Step_ T 
Fig. Step A Step T From Exponent, 'm '  Closure Non- 

ACE closure 
2.65 3.5 

steps krct 
2 3 4 5 6 7 8 9 
8 1.8 x 10 -5 1.1 x 10 -6 0.25 0.54 0.45 1.5 6.36 

6,7 6.0 x 10 5 2.8 x 10 .6 0.25 0.56 0.49 1.5 8.33 
9 2.2 x 10 "4 1.3 x 10 -5 0.25 0.55 0.46 1.5 6.84 
10 1.4 • 10 .4 2.5 x 10 -6 0.40 0.62 0.56 2.44 21.8 

Column 2 in the table indicates the figure from which measurements were made. Columns 3 
and 4 indicate measured crack growth rates under steps A (from ACE) and T (from BDF). These 
two steps being the largest at the two levels are taken as a reference. Columns 5-7 list estimated 
closure levels as a fraction of  maximum load in the closure sequence (100 %). Column 5 lists 
estimates from equally-spaced striation bands in the ACE steps. One may conclude from the data 
in rows 1-3 that both growth rate and closure readouts remain similar across the thickness to 
within 0.2 mm of surface. For comparison, a single near-surface measurement is also included as 
row 4. 

The ACE steps control both monotonic plastic zone size as well as wake compression. 
Therefore, it was assumed that closure from the ACE steps prevails across the BDF steps. 
Columns 6 and 7 list estimated closure level required to explain the measured ratio of growth 
rates in steps A and T. As this number is sensitive to the exponent, m, in the Elber equation, 
estimates are made for two values of 'm. '  

One may note that if  Sop estimates in columns 6 were indeed valid, all ten steps of the ACE 
and BDF steps ought to have yielded equally-spaced striation bands Ten equal bands would 
correspond to a closure level of  55 % (or more). 

Column 8 carries estimates of  closure-induced retardation in step T based on closure estimate 
from column 5. These values are negligible by comparison to actual retardation measured. Data 
in column 9 computed using Eq 3 show retardation that cannot be explained by closure. It may 
be argued that closure in steps A, T may not be the same. For this to be meaningful, absolute 
closure level in the BDF steps would have to be substantially greater than in the ACE steps, 
which appears implausible, considering that maximum load in the BDF steps is actually less by 
30 % in Comparison to the ACE steps. Conversely, assuming closure estimates from the ACE 
steps are valid, crack growth in step T ought to have been about eight times greater. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



32 FATIGUE AND FRACTURE MECHANICS 

Finally, the analysis assumed that the ACE steps did not see any acceleration. I f  they did, 
suitable allowance would have be made to reduce estimated "closure-unrelated" retardation in 
the BDF steps. However, the absence of any sign of  transient behavior associated with load 
change discounts such a possibility. This is underscored by the even striation spacing seen in Fig. 
3, obtained at the high end of  growth rates. Plastic zone size increases as a linear function of 
crack size, while growth rate increases by a larger power function. It would follow that if 
transients are not seen at the high end of growth rates, it is even less likely they can occur at 
lower rates. 

The question remains as to what caused the "unaccounted" retardation listed in column 9 of 
Table 1. Acceleration and retardation occur due to a synergy of  multiple load interaction 
mechanisms [1]. We now proceed to consider potential candidates. 

Crack front incompatibility [1] is an unlikely factor. None of  the fractographs show any sign 
of  crack branching, blunting, or change in fracture plane. This does not come as a surprise 
because the closure sequence was designed to avoid crack front incompatibility and branching by 
restricting the difference in maximum load of the ACE and BDF steps to 30 % and also by 
restricting the study to low growth rates. 

Crack tip residual stress is the other major load interaction mechanism. The ACE steps leave 
behind a plastic zone that is about twice the size of  the monotonic plastic zone due to the BDF 
steps (given as square of ratio of  maximum loads). The larger plastic zone may be acting as a 
shield of  compressive residual stress to retard crack growth in the BDF steps. Fractographic 
evidence from the second experiment under the embedded load sequence described in Fig. 2 
appears to confirm this possibility. 

Crack Growth under the Embedded Load Sequence 

Load levels in the Embedded load sequence used for the second experiment (Fig. 2) were 
designed to address unanswered questions from the first experiment. In this sequence, crack 
growth is primarily driven by three steps of  equal range (25 % of  maximum load), embedded 
into a major cycle at R = 0.1. Step 3 is "tagged" to maximum load (100 %), while the other two 
are embedded at distinctly different mean loads, once onto the rising major half cycle (Steps 1 
and 2) and once again onto the falling half (Steps 4 and 5). Additional major cycles are applied 
as required to enforce the required embedding sequence (of smaller cycles into the rising or 
falling half of the major cycle) and also to serve as markers between steps. This is described by 
Fig. 2a and is excluded from the schematic in Fig. 2b. Step 3 carries 2500 cycles, while Steps 1, 
2, 4, and 5 contain 5000 cycles. This was to account for potential accelerated growth at highest 
mean load. The other four steps were of the same duration for ready assessment of  relative 
growth rate. 

Figure 4 highlights the significance of the major half cycles and their role as markers, as well 
as the substantial cracking caused by them. Their overall contribution to crack extension is 
negligible, however, because of  the much larger cycle count of embedded Steps 1-5. The 
markers essentially enforce sequence-sensitive hysteretic local mean stress variation within the 
cyclic plastic zone. Previous experiments on notched coupons had indicated closure level of  up 
to 50 % at the notch root due to local compressive residual stress from tensile yield in the first 
major cycle [9,12]. Compressive residual stresses bring down local stress ratio, leading to 
increased closure when seen in terms of  applied load. However, the tension-tension stress 
magnitude is not sufficient to cause notch root reverse yield. As the crack grows away from the 
notch root, closure levels drop down to long crack levels. The position of Steps 1, 2, 4, and 5 was 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SUNDER ON FRACTURE CRACK CLOSURE 33 

selected to enhance sensitivity of relative growth rate to closure. Thus, in the event Steps 2 and 4 
were even partially closed, Steps 1 and 5 would likely be fully closed. Finally, Step 3 is always 
likely to be closure-free. 

Figure 11 shows the fatigue fracture surface from the failed specimen. The left extreme of 
Fig. 1 l a  is the key-hole notch edge where the fatigue crack originated. The region encircled 'b '  
in Fig. l l a  appears as a zoomed-in macro in Fig. l lb .  Each distinct band on this picture 
represents crack extension over a single application of the embedded sequence. Figure 1 lc shows 
the zoomed-in notch root area marked as 'c '  in Fig. 1 lb. This area appears to have formed by 
static rupture of a ligament that may have carried the crack formation site on a different plane. 
The initial 0.04 mm of crack growth is therefore not visible. The first visible band marked 'd '  
corresponds to crack size 0.05 mm and appears as Fig. 1 ld. Striation bands corresponding to 
individual load steps in the sequence are marked on this picture. Load Steps 1 and 5 obviously 
did not contribute to any crack extension. This may be either because stress intensity range fell 
below threshold, or, because the crack was fully closed in these steps, indicating S o p / S m a  x ~ 0.5 as 
suggested in earlier work [9,12]. From considerations of closure, the latter applies, because the 
crack did grow in Steps 2-4 as confirmation that zXK > AKth. 

FIG. 11--(a) Macro of  fatigue failure showing origin on the notch edge at left. Inset shows 
schematic o f  load sequence. (b) Zoomed in view of  region marked 'b" in (a). (c) Zoomed in view 
of  region marked 'c" in (b) showing initial O. 04 mm of  sheared ligament. Crack may have formed 
on a different plane at this location. First visible bands' J?om Embedded sequence appear at 
region marked 'd'. (d) First visible striation band pattern from Embedded sequence. Crack was 
apparently fully closed in Steps 1 and 5. Equal spacing of  Steps 2 and 4 appears to be proof of  
identical Sop/Sm~ ~ 0.5 on rising and falling half cycles. Crack depth." 0.055 mm. 
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With increase in crack size, closure level progressively drops toward long crack levels. As 
seen in Fig. 12, two equally-spaced striation bands corresponding to Steps 1 and 5 indicate that 
the crack was partially closed to the same extent in both these steps. While Steps 2 and 4 
produced equally-spaced bands in Fig. 1 ld, they are vastly different in Fig. 12. One may 
conclude that the crack was fully open in Steps 2 and 4 and there was also some hysteretic 
variation in crack-tip mean stress to cause a 3:1 retardation in Step 4 by comparison to Step 2. 
By implication, crack closure was much less than 40 %, which is the minimum stress in Steps 2 
and 4. This effect is even more pronounced in Fig. 13, showing a fractograph at larger crack size 
that indicates 5:1 retardation in Step 4 by comparison to Step 2. This is the opposite of what one 
may expect from both closure as well as notch fatigue considerations. If  this hysteretic effect was 
due to closure, it should have been more pronounced at the notch root due to increased local 
yield. For the same reason, the effect would have been more pronounced if it were related to 
notch-root stress-strain hysteresis, which again would be greatest at the notch root. The apparent 
paradox may instead be attributed to crack-tip stress-strain hysteresis as explained by the 
schematic in Fig. 14. 

FIG. 12--Fractograph at crack depth 0.47 mm showing crack extension from all five steps. 
Crack closure level has dropped at this point to leave Steps 1 and 5 partially open. Note equal 
spacing of  l and 5 and retarded growth in Step 4 by comparison to Step 2. Growth rate in Step 3 
exceeds that in Steps 1, 2, 4, and 5. 
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FIG. 13--Full load block at crack depth 1.15 mm. 5:1 retardation in Step 4 by comparison to 
Step 2. Crack closure at this crack size may be close to long crack levels, but still in excess o f  
25 % judging from equally-spaced striation band~ J?om Steps 1 and 5. Direct growth rate 
comparison is still possible, as striation bands 1 and 5 at left and right are o f  similar spacing. 

0 "  

Km~x 

| / 

FIG. 14--Schematic o f  near-tip stress-strain response to embedded load sequence with 
varying degree o f  crack closure. Numbers denote individual steps in the sequence. Closure 
truncates near-tip stress-strain loop from below. Partial closure o f  Steps l and 5 in (b) makes 
these two steps cease to be sequence sensitive unlike (a), where Step 1 is at a higher mean stress. 
Likewise, Steps 2 and 4 cease to be sequence sensitive in (c) due to the onset o f  closure. Note 
also that in (c), crack is closed in Steps 1 and 5 and therefore is arrested. 
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Figure 14 represents a schematic of  near-tip stress-strain response to an applied stress 
intensity range corresponding to the major cycle in the embedded sequence, but given different 
levels of  closure. It is assumed that at a hypothetical point ahead of  the crack tip, local stress and 
strain at a given Kmax will be identical and independent of  the extent of closure in the cycle. 
Then, local stress-strain hysteresis loop size will be determined by that portion of  the load cycle, 
over which the crack is open. In this regard, Fig. 14a depicts the case of  a fully open crack. 
Figure 14b shows the case of a crack that is partially closed in Steps 1 and 5 (as in Figs. 12 and 
13), and Fig. 14c shows the case of  partial closure in Steps 2 and 4 (as in Fig. 1 ld). Figures 14b 
and c illustrate a significant consequence of  closure that has not been recognized thus far. 
Closure forces the lower tip of  stress-strain hysteresis loops from all cycles that are partially (or 
fully) closed to coincide. Thus, if closure does occur, partially closed load cycles will no longer 
be sequence sensitive in terms of  crack tip mean stress. Therefore, loops 1 and 5 coinciding in 
Fig. 14b may explain why striation bands from Steps 1 and 5 are equal in Figs. 12 and 13. 
Likewise, coincidence of  loops 2 and 4 in Fig. 14c explains why bands due to Steps 2 and 4 are 
equally-spaced in Fig. 1 ld. 

TABLE 2--Summary of  crack growth retardation in Steps 1, 2, 4, and 5 with respect to Step 
3 o the embeddedloadse uence 
No. Crack Step 3 Retardation factor by comparison to Step 3 Relative retardation in 

size da/dN Ratio of da/dN in step to that in Ste E 3 St e~ .  . . . . . . . . . . . .  
mm mm/cycle Step 1, 5 Step 2 Step 4 Step 4 / Step 2 

1 2 3 4 5 6 
1 0.055 1.62 x 10 -6 No growth 12.93 10.59 0.818 
2 0.193 4.47 x 10  -6 118.42 4.08 5.15 1.26 
3 0.463 5.29 x 10  -6 19.94 1.41 2.94 2.08 
4 0.778 9.53 x 10  -6 16.04 1.13 5.87 5.19 
5 1.147 2.85 x 10 -5 25.09 1.63 6.57 4.02 
6 1.515 2.69 x 10 5 16.51 1.37 3.02 2.21 

Table 2 summarizes fractographic estimates of crack growth rates and retardation factors, up 
to crack depth of 1.5 mm from the notch root and over an order of  magnitude variation in growth 
rates. Column 3 in Table 2 is the ratio of  growth rate in Steps 1 and 5 (deemed equal) to that in 
Step 3. Columns 3 and 4 represent similar estimates for Steps 2 and 4. Note that all retardation 
factors in columns 3-5 are estimated as ratio of  growth band to that from Step 3. This factor 
includes potential retardation from closure as was obviously the case in column 3. As Steps 2 
and 4 are identical, but embedded on opposite halves of  the major load cycle, their striation 
spacing ratio appears in column 6 to indicate relative retardation in Step 4 with respect to Step 2. 

Steps 1 and 5 were partially closed, leading to substantial retardation in them. For the same 
reason, retardation in Steps 2 and 4 is also substantial (see row 1). In the other rows, relative 
retardation in Step 4 with respect to Step 2 (column 6) provides a measure of  the stress-strain 
hysteresis effect. I f  this ratio is large, it indicates that crack growth in embedded cycles is highly 
sequence sensitive. Note the trend for the ratio to increase up to a crack depth of 0.78 ram, 
followed by a decrease. Initial near-unity estimates are readily explained by high level of  closure 
that kept these steps partially closed. Hysteretic variation in near-tip mean stress will be zero at 
the tips of  the major hysteresis loop and maximum when the steps are embedded mid-way on the 
loop. This has been analytically shown through notch root stress-strain simulation [17]. It is 
indeed possible that closure levels had diminished at 0.78 mm to an extent that brought Steps 2 
and 4 mid-way in the stress-strain hysteresis loop as illustrated in Fig. 14b. 
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Decrease in the ratio of  growth rate in Step 4 to Step 2 with subsequent increase in crack size 
may be explained by decreasing sensitivity to hysteretic effects with increasing growth rate. 
Early fractographic studies under programmed loading confirm this trend at higher growth rates 
where individual striations are visible [18]. It was shown in these studies that striations before 
and after periodically applied cycles of  higher magnitude appear identical, though the very first 
cycle of  higher magnitude appears to be at a higher growth rate. 

The crack closure phenomenon cannot explain retardation of  fully open cracks. As indicated 
by estimates of  retardation in Steps 2 and 4 for crack size over 0.4 mm, it would appear that a 
crack can see substantial retardation even if it is fully open. While retardation in Step 2 is not 
dramatic, it is substantial in the case of  Step 4. Since Step 2 cycles are embedded on the rising 
half of  the major load cycle, they will cause higher crack tip mean stress than those on the falling 
half. 

The absence of striation bands due to Steps 1 and 5 in Fig. 1 ld  and the extent of retardation 
at small crack size (column 3, rows 1 and 2 in Table 2) highlight the significance of fatigue crack 
closure. Unless a fatigue crack is open, it cannot grow, quite independent of  applied stress 
intensity range, AK. While residual stress effects can significantly retard crack growth, closure 
can totally arrest the crack. This reflects a qualitative difference between the operative 
mechanisms of closure and residual stress. 

Recent research demonstrated the potential connection between residual stress and 
environmental action [19]. Tests under programmed loading revealed retardation effects in steps 
at reduced load that disappeared when the test was performed in vacuum. A model to describe 
this behavior as a consequence of  environment-induced crack tip cyclic embrittlement is the 
subject of another study [20]. 

A common thread running through all the fractographs presented is the shade of individual 
striation bands. A cursory scan of  the fractographs presented would indicate that retarded crack 
growth is marked by darker shades. Unlike optical microscopy, scanning electron microscopy 
(SEM) is sensitive to the chemical composition of  the surface being scanned. Indeed, less 
conducting media such as oxide layers tend to produce brighter shades on an SEM. It may follow 
that residual compressive stresses (or reduced tensile crack-tip stresses) induced by prior 
overloads (the ACE steps in the closure sequence) or near-tip stress-strain hysteresis (as in the 
embedded load sequence) control crack-tip surface chemistry and through it, determine 
instantaneous crack extension. The darker shades associated with retarded growth may then 
indicate inducement of  near-vacuum conditions, due to which crack growth rate would be 
appropriately reduced. 

While the residual stress effect in fatigue has been well characterized and used for over 130 
years now, its operative mechanism has not altogether been tmderstood. Early models of 
retardation, such as the Wheeler and Willenborg models, were based on this effect, but may have 
lacked conviction due to lack of  a viable operative mechanism [21,22]. In contrast, Elber's 
closure model is amenable to analytical modeling apart from carrying a convincing operating 
mechanism that is backed by hard empirical evidence of  closure. This may have been responsible 
for the attention and importance attached to the phenomenon. However, unlike other stress 
parameters, such as modulus or yield stress, closure lacks tangible and reproducible laboratory 
techniques for its measurement that could be implemented as standard practice. A combination 
of  the above may have led to observed effects being attributed solely to closure, followed by the 
use of  such inflated references for modeling purposes. 
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Conclusions 

1. Quantitative electron fractography was used to assess correlation of measured crack 
closure under specially programmed load sequences with actual growth rates. 

2. Fractographic evidence confirms the existence of crack closure and provides 
measurements that are consistent with other localized techniques such as laser indentation 
interferometry. However, closure appears to account for as low as 15% of the total 
retardation observed in programmed load experiments. 

3. Fractographs show that load interaction associated with load-sequence sensitive crack-tip 
mean stress variation can occur only in those cycles where the crack is fully open. It 
follows that well-known hysteretic mean stress effects from notch root fatigue are 
conceptually incompatible with crack closure, unless it can be shown that closure is 
hysteretic. 

4. The apparent absence of hysteresis in closure indicates that crack closure and crack 
opening load are synonymous. Conclusions made in previous studies (including work by 
this author) about the existence of sequence-sensitive hysteresis in long crack closure 
may be a case of misinterpretation associated with the wrong assumption that closure is 
the dominant load interaction mechanism. 
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Load History Effects Resulting from Compression 
Precracking 

ABSTRACT: Compression precracking (CPC) has seen renewed interest as a possible alternative 
procedure for generating fatigue crack growth threshold data with minimal load history effects, but recent 
testing confirms results from the literature that compression precracking does induce load history effects 
through residual stresses that influence subsequent fatigue crack growth test data. Using the CPC 
method, specimens are precracked with both maximum and minimum compressive loads. Compressive 
yielding occurs at the crack-starter notch, resulting in a local tensile residual stress field through which 
the fatigue crack must propagate. Although the tensile residual stress field contributes to the driving 
force for precracking, it also introduces the possibility of history effects that may affect subsequent 
fatigue crack growth. The tensile residual stress field elevates the local driving force at the crack tip, 
promoting higher crack growth rates than would be expected from the applied loading. This paper 
presents three-dimensional finite element results and experimental data for compact tension specimens 
that characterize the load history effects induced by compression precracking. The analysis results 
indicate that for low tensile loading levels near the threshold region, the residual stresses cause the 
calculated crack tip driving force to increase from the applied driving force by 25 % or more. In addition, 
significant crack growth of about two times the estimated plastic zone size is needed to grow away from 
the residual stress field and reduce the calculated crack tip driving force to within 5 % of the applied 
driving force. Experimental results show that growth of about two to three times the estimated plastic 
zone size is necessary to establish steady growth rates under constant AK loading for the materials and 
loading levels evaluated. Constant AK testing following compression precracking will demonstrate when 
residual stress effects are no longer significant and will ensure consistent growth rates. 

KEYWORDS: compression precracking, residual stress, threshold, finite element analysis 
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applied remote stress, MPa 
specimen width, mm 
crack growth, mm 
Poisson's ratio 
flow stress (average of  yield and ultimate stresses) 
yield stress, MPa 

Introduction 

Industry and regulatory agencies are developing damage tolerance methodologies for high- 
cycle fatigue components, such as the transmission system of a helicopter. The damage 
tolerance methodologies rely on fatigue crack growth (FCG) rate data to predict service life and 
inspection intervals. In the case of  high-cycle fatigue, where many thousands of loading cycles 
are applied per flight hour, accurate FCG threshold data are essential because large numbers of 
cycles can accumulate in a very short time, causing significant crack growth even for cracks with 
a driving force very near the material threshold. 

Fatigue crack growth threshold data are typically generated using a load reduction procedure, 
where the driving force is methodically reduced to a threshold while monitoring the crack growth 
rates. ASTM "Standard Test method for Measurement of Fatigue Crack Growth Rates," (E 647) 
contains two load reduction procedures for generating the FCG data: the constant Kma• procedure 
and the constant load ratio procedure. The constant Kma• procedure is not applicable for 
generating low load ratio threshold data and will not be discussed. The constant load ratio 
procedure holds the ratio of  minimum to maximum load constant as the driving force is reduced 
to threshold. Recent experimental data and analytical results indicate that the constant load ratio 
procedure can produce non-conservative, high FCG thresholds [1] that could lead to the unsafe 
design of structures that experience high-cycle fatigue loading. Possible causes for these high 
thresholds are load history effects caused by the test procedure [1] and specimen size and 
configuration effects [2,3]. Load history effects can be caused by fatigue precracking at loads 
above the recommended level. For example, high precracking loads can cause remote crack 
closure, resulting in a plasticity-induced crack-tip shielding effect that reduces the crack driving 
f o r c e .  

Forth, et al. [4] proposed using compression precracking (CPC) followed by constant load 
amplitude testing to generate FCG data, thus using a procedure that does not contain a load 
reduction component. During compression precracking, both maximum and minimum loads are 
compressive. The compressive loading causes yielding at the notch, which results in a tensile 
residual stress field [5,6]. The cyclic nature of  the compressive loading leads to crack formation 
in the residual stress field and drives cracking through the residual stress field until the residual 
stresses relax and the crack arrests [5,7,8,9]. After precracking, the constant load amplitude 
testing allows the crack to grow using a monotonically increasing driving force starting at near 
threshold growth rates. However, recent test results on single edge notch bend specimens 
indicate that the residual stress field affects crack growth rates during the test following 
compression precracking [9]. 

The objective of  this study was to further the understanding of the effects of  the precracking 
induced residual stress state on the subsequent fatigue crack growth rate data. This 
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understanding will lead to guidelines for using CPC to generate fatigue crack growth threshold 
data. Elastic-plastic finite element analyses with crack growth for a compact tension specimen 
were used to model the compression precracking process and to estimate the residual stress 
effects. Experimental procedures for a compact tension specimen were used to quantify the 
amount of  crack growth necessary to minimize the residual stress effects under constant AK 
loading. 

Background 

Compression precracking (CPC) originated as a means of  precracking materials that have 
low fracture toughness and would otherwise fail in fracture at typical tensile precracking loads 
[5]. The first precracking load cycle causes the material in the region of the notch to yield in 
compression, resulting in a tensile notch-tip residual stress field when unloaded [5]. Subsequent 
cyclic loading causes fatigue crack formation and growth from the notch-tip region. Figure 1 is a 
schematic of this yielding and growth process that occurs during compression precracking 
(CPC). Cyclic compressive loads are applied to the pins, as shown in Figs. la and lb. The inset 
in Fig. lb is a schematic of  the stress-strain response during the cyclic loading. States (1) and (2) 
on the loading diagram correspond to states (1) and (2) on the stress-strain diagram and on the 
others schematics of  Fig. 1. Figure lc is a schematic of the yielding zones at the notch during 
the first load cycle, and Fig. 1 d is a schematic of  the associated stress distributions in front of the 
notch. At minimum load, indicated as loading state (1) in Fig. lb, lc, and ld, the material yields 
in compression in front of  the notch. As the load relaxes to unloaded state (2) the material at the 
notch reverse yields in tension to establish the forward monotonic tensile plastic zone. As the 
loading continues to state (3) the cyclic plastic zone is established inside the monotonic plastic 
zone, which through continued cycling causes fatigue crack formation and growth from the 
notch. Other than inside the monotonic tensile plastic zone, the cyclic behavior is essentially 
elastic after the first loading cycle. That is, after the first load cycle, cyclic plasticity occurs only 
inside the monotonic tensile plastic zone (2) and is adequately described with small scale 
yielding concepts [10]. The small scale yielding assumption can simplify analysis procedures. 

As a crack starts to propagate through the residual stress field, the residual stresses relax, 
which in turn reduces the size of  the cyclic plastic zone (Figs. le and lj). As the residual stress 
field associated with the compressive plastic zone diminishes, the local driving force diminishes 
until the crack arrests at the crack growth threshold, even though the compressive cyclic loading 
continues [5,7]. Thus, when the crack arrests there is still a residual stress field operating on the 
crack, i.e., the driving force is greater than zero. This residual stress field will continue to affect 
any subsequent crack growth. The effect of  the residual stress field may have significant 
implications when generating fatigue crack growth rate data immediately after compression 
precracking is stopped. 

Aswath, et al. [11] showed through both experimental results and two-dimensional finite 
element analyses that the minimum load during compression precracking establishes the size of 
the compressive plastic zone. When the crack tip approaches the edge of  their estimated 
compressive plastic zone, crack growth slows and arrests; that is, the amount of growth to crack 
arrest in compression is a function of  the size of  the compressive plastic zone. Aswath, et al. 
also showed that there are two components to the plasticity providing the driving force. First, 
they directly showed that the minimum compressive load determines the size of the compressive 
plastic zone extending in front of the crack. They demonstrated this by restarting a crack after 
crack-arrest using a single spike under-load with twice the cyclic compressive magnitude and 
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then returning to the (previously arrested) cyclic loading. The crack grew to the edge of  the new, 
larger compressive plastic zone and again arrested. Second, they showed that the crack driving 
force is related to the magnitude of the residual stress field established during the first 
compressive load cycle. They accomplished this by showing that the crack growth rates are a 
direct function of the magnitude of  the compressive loading. 

Finite Element Analysis Procedure 

Finite element analysis (FEA) was used to model the elastic-plastic deformation process 
around the notch for a typical compact tension specimen subjected to compression precracking. 
The FEA was also used to model the subsequent crack growth through the residual stress field 
caused by the compressively yielded material. This section gives details of  the FEA model and 
analysis procedure. 

The compression precracking fatigue crack growth process is modeled using elastic-plastic 
FEA, similar to analyses performed by other researchers [12,13,14,15]. The finite element code 
WARP3D [16,17] is used for all of the analyses herein. The model uses the eight-noded brick 
element with the Hughes B reduced integration scheme [18] to preventlocking. Analyses were 
performed for compact tension, C(T), specimens with two different thicknesses, B = 12.7 mm 
and B = 6.35 mm, each with a width o f W  = 76.2 mm, notch length o f  anotch = 19.1 mm, and 
notch root radius of  0.191 ram. Nominal 2025-T6 aluminum alloy properties were used: 
Young's modulus, E = 68.95 GPa, Poison's ratio, v = 0.3, yield stress, and Cyy = 386 MPa. 

Two compression precracking (CPC) loading levels were analyzed: moderate loading at Pmin 
= -13.3 N (KcPc= -18.7 MPa~/m) and high loading at Pmin = -26.6 N (KcPc = -37.4 MPa~/m). 
Both cases had Pmax = 0 during precracking. The stress intensities presented throughout this 
paper with the CPC subscript represent the compression precracking loading level assuming that 
the notch is a crack. Tensile loading followed compression precracking for both precracking 
load levels. For both cases, tensile loading levels were equivalent to threshold for an aluminum 
alloy, with Kmax = 1.83 MPa~/m and R = 0.1. 

Crack growth was modeled using a node release algorithm at the maximum load after each 
cycle [19], and crack closure was modeled using a rigid plane algorithm at the crack symmetry 
plane. Local crack tip stress-intensity factors (SIF) were calculated using the modified crack 
closure integral method [20,21,22]. All analyses used the same in-plane finite element mesh, 
shown in Fig. 2, and were scaled through the thickness for the different material thicknesses. All 
analyses used �88 symmetry with 10 elements through the half thickness. The crack plane element 
size in the X direction (direction of  growth) is Le = 0.0127 mm (as shown in the inset of  Fig. 2). 
These elements are sufficiently small to accurately predict yielding during compression 
precracking. Fifty to one hundred elements yielded in the crack plane in front of the notch, 
which provides a highly refined mesh for resolving the residual stresses during tensile loading. 
However, this analysis does not attempt to resolve crack closure for the tensile case at near 
threshold loading levels because approximately 1 or 2 orders of  magnitude more mesh 
refinement would be required. The von Mises material model with a simple Ziegler kinematic 
hardening model was used for material behavior. For comparison, a single limited case was run 
using isotropic hardening. 
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FIG. 2--FEA mesh used for all analyses (scaled only for different thicknesses). Inset shows 
mesh detail near the notch including the notch root. 

Test Specimens and Experimental Procedure 

This section describes the test specimens and experimental procedure used to support the 
FEA results and used to quantify the amount of  crack growth necessary to establish steady-state 
growth rates under constant AK loading conditions after compression precracking. A secondary 
objective of  the experimental results is to quantify the effects of precracking procedure on 
subsequent threshold test data. 

All testing was performed on C(T) specimens. Two specimen sizes were tested: width, W = 
50.8 mm with thickness, B = 6.35 mm and width, W = 76.2 mm with thickness, B = 12.7 ram. 
All specimens were machined from a 7050-T7451 aluminum alloy. Specimen notches were 
created using electro discharge machining (EDM). The smaller specimens have a simple EDM 
plunge cut notch with a diameter of  0.38 ram. The larger specimens have a notch angle of  30 ~ 
and a notch root diameter of 0.38 mm, per ASTM E 647. In addition to compression precracking, 
baseline data were also generated using standard ASTM E 647 procedures, including standard 
tensile precracking, constant R load reduction to threshold, and constant Kma~ load reduction to 
threshold. All constant R load reduction tests used a nol~alized K gradient of  C = -0.08 mm 1, 
per ASTM E 647. 

Procedure for Compression Precrack Specimens 

Compression precracking was performed on the C(T) specimens at several load levels. First, 
compression loading at KcPc= -38.5 MPa~/m was applied using standard clevises and pins for 
approximately 30 000 cycles, which produced crack growth slightly less than the estimated 
compressive plastic zone size. Cracking at the pin holes was not observed for this number of  
precracking cycles, but in a separate case, continued loading until near crack arrest caused crack 
initiation at the pin holes, thus rendering the specimen unusable for further testing. A lower load 
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magnitude level of  KcPc= -18.7 MPa~]m produced two cracks at the notch, as shown in Fig. 3. 
The two cracks grew from the notch at angles of  approximately =~20 ~ from the anticipated 
symmetry crack path. During subsequent tensile loading one crack eventually dominated to 
become the primary crack, and the other arrested. At slightly higher load magnitudes two cracks 
formed during precracking, but one dominated before precracking ended. At KcPc = -28 MPa~/m 
only one crack was visible from precracking. All data reported here were generated using 
clevises and pins for approximately 30 000 cycles. Compression precracking load levels were 
selected as the lowest load magnitude that still produced a single crack at the specimen notch. 
Constant amplitude loading was used for all compression precracking. 

The occurrence of  multiple cracks is likely associated with the distribution of plasticity in 
front of  the notch and is likely a function of  the notch radius. Tabernig and Pippan [9] developed 
a procedure to create a very sharp notch and were able to promote cracking at very low loads, 
and thus with minimal residual stress history. 

After precracking, tensile loads were applied using constant AK and R = 0.1. Test load 
applied to the specimen was computer controlled, with either front-face clip gauges or back-face 
strain gauges used for compliance-based crack length measurements. Five to ten visual crack 
length measurements were recorded and used to calibrate the compliance-based data according to 
ASTM E 647. These data were used to ensure that the notch tip residual stresses did not 
influence the compliance based crack length measurements. After demonstrating stable constant 
AK growth rates, the smaller specimens were used for constant R load reduction tests, starting 
from the constant zXK value. 

FIG. 3--Image of multiple precracks caused by interaction between low magnitude 
compression precracking loads and the notch root geometry (KcPc = -18. 7 MPa v}n with pin 
loading). 

Finite Element Analysis Results 

Several compression precracking load magnitudes were analyzed to evaluate the size and 
shape of  the compressive plastic zone and to evaluate the effects of  the plastic zone on crack tip 
driving force. Figure 4 is a contour plot of  yon Mises stresses on the crack plane at the minimum 
load (Kcec = -28.2 MPa~/m, Pmin = -10 KN) prior to crack initiation for the B = 6.35 mm case. 
Also included are lines showing the shape of  the yielded region for four other lower load 
magnitudes. Table 1 shows load magnitudes, stress-intensity, and normalized stress-intensity for 
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each of the five yield zones noted in Fig. 4. The stress intensities presented here assume that the 
notch is a crack. At low loads (Cases 1 and 2) the plastic zone is essentially uniform through the 
thickness. As the load magnitude increases, plasticity develops more rapidly near the surface, as 
indicated by the extended plastic zone size just below the surface in Fig. 4. 

FIG. 4--Von Mises stresses showing plastic zone size and shape on the crack plane for  load 
level 5 and plastic zone size for  four lower load levels (see Table 1). 

TABLE 1s-Loading levels for  plastic zones in Fig. 4. 
Case Pmin Kmin 

1 -2.7 -7.7 
2 -4.5 -12.8 
3 -6.3 -17.9 
4 -8.1 -23.0 
5 -10.0 -28.2 

The FEA code WARP3D has a simple von Mises-Ziegler kinematic hardening model to 
approximate the cyclic material behavior commonly called the Bauschinger effect [6]. The 
model has two parameters: the hardening modulus and the hardening ratio. The hardening 
modulus is approximated here from a uniaxial stress-strain curve. The hardening ratio, 13, varies 
from zero to one and allows a linear mix of  isotropic and kinematic hardening [16]. Figure 5 
shows analysis results of the crack tip opening load (fully open) versus crack growth for three 
levels of the hardening ratio. The open circles are for pure isotropic hardening (13 = 1.0), and the 
upward pointing triangles are for pure kinematic hardening (13 = 0.0). The two show markedly 
different results for the shortest amounts of  crack growth, but after about Aa = 0.51 mm they 
converge to the same opening level. An intermediate value of  13 shows some sensitivity for the 
initial growth steps, but quickly merges with the isotropic (13 = 1) opening levels. All subsequent 
results here assume kinematic hardening with 13 = 0.0, with the understanding that beyond a 
certain amount of  crack growth, which is small relative to the compressive plastic zone size (rp = 
2.2 mm for this case), the isotropic and kinematic models produce the same opening results. 
Therefore, all subsequent results omit the initial transient for simplicity. 
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FIG. 5--The effect of  the kinematic hardening ratio, fl, on the crack tip opening load. 

There are many ways to show the effects of the tensile residual stress field caused by the 
compressive loading. One way is to express the elevated loading as a mean stress effect, where 
the crack tip AK is consistent with the applied AK, but the residual stress field elevates both Kmi, 
and Kmax, essentially altering the load ratio at the crack tip. A simpler and somewhat more 
objective way is to show the effects on the maximum stress intensity at the tip (Kmax-tip). Figure 
6 shows results for the high compression precracking load case where KcPc = -37.4 MPa~/m (Pmin 
= -26.6 N). First, cyclic compression was applied for about 1.27 mm. Then a constant tensile 
load amplitude was applied with the initial Kmax = 1.83 MPa~/m at R = 0.1. The line in the 
constant amplitude section of Fig. 6 shows the calculated crack tip driving force caused by the 
combination of  applied loading and residual stress effects from the compression precracking for 
the finite element analysis using node release at each crack growth step at maximum load. The 
filled circles in Fig. 6 show results for a superposition analysis, where the tensile loading stress- 
intensity factor was superimposed on the residual stress field results to obtain the superposition 
results. The problem is modeled using initial strains to provide the residual stresses and to allow 
load redistribution as the crack grows through the residual stress field (to determine the SIF due 
to only the residual stress field). The argument for using superposition is that the crack growth 
process is still essentially small-scale yielding inside the residual stress field [8]. But the 
problem must be modeled using initial strains to correctly capture the load redistribution with 
crack growth. The results in Fig. 6 support this argument and show that the superposition 
approach taken here captures the load redistribution that takes place as the crack grows through 
the residual stress field. Therefore, this simplified approach to modeling the fatigue crack 
growth through the residual stress field can be used while maintaining reasonable accuracy. 

The results in Fig. 6 also show that there can be a significant difference in the maximum 
stress intensity caused by the residual stress field, compared with the applied loading, at least for 
the high compressive loading case. Figures 7 and 8 show similar analysis results for a more 
moderate loading case, KcPc= -18.7 MPa~/m (Pmin = -13.3 kN). Compared to the previous case, 
this case has compressive loads of one-half the magnitude and a plastic zone of  one-quarter the 
size. Figure 7 shows the stress intensity at the crack tip caused by the residual stress field verses 
crack growth normalized by the calculated plastic zone size, rp, at the centerline of the specimen 
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(rp=0.432 ram). Even for this moderate precracking level, the residual stress field has noticeable 
effects. 

e, 
13. 

E 

e 
(0 

11, 
X 

v, 

10 

8 

6 

4 

2 

0 
0.0 

Comp-comp _ i+ Constant 
pre-cracking -' - amplitude 

I 
I 

0.5 1.0 1.5 2.0 

C r a c k  g r o w t h ,  Aa,  m m  

2.5 

FIG. 6--Calculated crack tip driving force during compression precracking (Kcec = -38.4 
MPa V~n) and subsequent constant amplitude loading (K,,~ = 1.83 MPa vm, R = O. 1). 
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FIG. 7- -Calcu la ted  crack tip driving force caused by the residual stress f ieM (P ,~  = 0). 
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FIG. 8--Total superimposed driving force o f  the residual stress component (KcFc = -18, 7 
MPa ~rn) and the applied tensile load of  Km~ = 1.83 MPa v~n, R = O. 1. 

An essential component of fatigue crack growth testing is that the applied Km~x be known to 
within a small tolerance. ASTM E 647 places tolerances on measured quantities (load, 2 %; 
crack length, 0.t mm or 0.002 W, whichever is greater, etc.). However, the standard does not 
place tolerances on calculated quantities such as Km~x. The residual stress field causes a 
difference between the actual and applied driving force. Based on the ASTM E 647 tolerances 
on load and crack length, it is not unreasonable to set a tolerance on Kmax of  5 %. Based on this 
level of  acceptable difference, the example in Fig. 7 is further investigated to determine the point 
where the Kmax value with residual stress effects included is within acceptable linxits of the 
applied value. Figure 8 shows the superposition results for the total Kmax at the tip (Ktip) versus 
crack growth normalized calculated plastic zone size, rp. The dotted line shows the applied Kmax 
= 1.83 MPa~/m. 

The crack tip SIF differs from the applied value by about 25 % at the edge o f  the plastic 
zone. The vertical dashed line at AaJrp = 2.0 shows the crack growth required for 5 % difference 
in Ktip from the applied load. At this loading level, crack growth equal ~o about two times the 
compressive plastic zone size is needed to reduce the difference to the 5 % level. The residual 
stress field provides a non-proportional loading case to the applied tensile load, and thus does not 
scale with applied tensile load. In other words, the amount of normalized crack growth (AaJrp) 
necessary to reduce the Ktip to within 5 % of the applied level will be shorter for higher applied 
tensile loads. Figure 9 shows normalized crack growth necessary for a 5 % difference between 
Ktip versus applied Kmax. The line shows the result for a range of applied loads, and the open 
circle shows the specific result from Fig. 8. As the applied tensile load increases, the effect of 
the residual stresses diminishes. However, at low values of  driving force, which are ~cessary 
for threshold determination, the effects are significant. 
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FIG. 9--Amount of crack growth necessary to reduce the difference between Kmax-applied and 
Ktip to within 5 %for the precracking case of Figs. 7 and 8. 

Experimental Results 

This section first describes the experimental results that were run to verify the finite element 
analyses. Then, experimental results are presented to compare the effect that the two precracking 
procedures have on the crack growth rate data. Figure l0 is a plot of  experimental crack growth 
versus cycle count results for a loading case similar to the finite element analysis of  the high 
loading case presented in Fig. 6. The specimens dimensions are W = 76.2 mm and B = 12.7 mm. 
The specimens were compression precracked at Kcpc = -38.5 MPa~/m and R = 20 (that is, both 
Kmax and Kmin negative) for approximately 400 cycles, which resulted in approximately 0.5 mm 
of  crack growth. Then, tensile loading was applied at constant AK = 3.33 MPa~/m, R = 0.1. 
Under constant AK loading, crack growth rates are expected to be a constant steady-state value, 
which is a straight line on a plot of  crack length versus cycles. Figure l0 shows the results of  
two tests run with these conditions. (Note that the second test ended prematurely at about 
500 000 cycles due to a computer problem.) The final seven data points of the first test were fit 
with a straight line to determine the average crack growth rate (slope of  the data) as 7.6E-5 
mm/cycle. The extended line shows that the initial growth rates are higher than steady state 
(data has a steeper slope), but gradually decrease. Here, steady state crack growth occurs at 
about Aa = 4.3 mm, which is more than two times the FEA estimated plastic zone size for this 
precrack condition. Thus, these test results agree quite well with the analysis results presented in 
Figs. 8 and 9, where crack growth of  about twice the plastic zone size is required to reduce the 
difference in total Ktip to about 5 %. 

Figure 11 is a plot of  experimental crack growth versus cycle count results for a third test. In 
this case the smaller, thinner specimen was used (W = 50.8 mm, B = 6.35 ram). As depicted in 
Fig. 11, about 3.5 times the plastic zone size is needed to stabilized crack growth rates. The 
tensile loading level is lower than that for the case presented in Fig. 10 confirming the trends 
defined using the finite element analyses. A lower applied tensile load will require more crack 
growth to achieve steady-state. 
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Figure 12 is a plot of  growth rate data that compares standard tensile precracking with the 
effects of compression precracking (CPC). The figure includes baseline data for reference 
purposes and includes data for crack growth parallel (LT) and transverse (TL) to the material 
rolling direction. The baseline data, which include a constant Kmax test and a constant R test, 
form the basis for a AI~f~ relationship used by Newman [1]. The AK~ff relationship models the 
crack as fully open, and all load ratio effects are modeled using plasticity induced closure [1]. 
The dashed line shows the predicted R = 0.1 curve based on plasticity induced closure. The open 
symbols are data for material in the LT orientation, and the dotted symbols are data for material 
in the TL orientation. The dotted triangle and dotted circle are data for compression precracking 
specimens that were run for significant constant AK to establish steady state, then had a standard 
load reduction test from the constant zXK end point. The dotted square data are for traditional 
precracking. 
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The results show that for this material there is essentially no difference in crack growth rates 
between data from traditional precracking and from compression precracking, as long as the CPC 
residual stress effects have been minimized, and as long as the testing procedure is the same. 
That is, the only major difference between the dotted traditional precracking data and the dotted 
compression precracking data is the precracking procedure. The open squares are data started at 
a higher initial AK level, and these data appear to show a higher threshold that may be 
attributable to starting level. Note that the initial growth rates are nearly an order of  magnitude 
greater than suggested by ASTM E 647. More testing is required to characterize a relationship 
between starting level and threshold. 

Discussion 

The results in Figs. 6 11 show that compression precracking does introduce residual stresses. 
These residual stresses can cause crack growth rates that are significantly greater than the 
expected steady-state value for the applied loads. One might think that the effects of residual 
stresses would be limited to the yielded material in the plastic zone, because some stress relief is 
expected to occur as the crack propagates through this region. However, a significant volume of 
material yields above the crack plane, and this yielded material continues to influence crack 
growth well beyond the edge of the plastic zone. The experimental constant AK results show 
that the residual stresses affect the crack-tip driving force until the crack propagates nearly three 
times the notch-tip estimated plastic zone size. 

In Fig. 8 the difference between the applied Kma~ and the tip Kma• at the edge of the plastic 
zone is about 25 %. Experimental results from the literature [11] show that the amount of crack 
growth during precracking until crack arrest can be less than the estimated plastic zone size. 
This is because crack arrest is both a function of  the residual stress field and the material 
threshold [7]. As a result, simply precracking until crack arrest occurs will minimize the effect 
of  the residual stresses on subsequent testing, but it will not eliminate these effects. 
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Other factors such as Kmax effects and closure development can affect crack growth rates 
following compression precracking. Tabernig and Pippan [8-10,23,24,25,26] have extensively 
studied transient effects for crack growth that begins with a fully open crack (created using either 
CPC or another technique). They have expended significant effort to exclude or minimize 
residual stress effects by annealing specimens after compression precracking and by creating 
extraordinarily sharp cracks. Their experimental results showed that cracks that initially grew at 
AK values below the threshold eventually arrested, and for AK values above the threshold cracks 
eventually achieved steady state growth rates consistent with long crack data. The primary 
conclusion of their work was that for initially-fully-open cracks a significant amount of crack 
growth is required to achieve steady state crack growth rates, even in the absence of notch-tip 
residual stresses, presumably due to the fact that crack closure development affects the crack 
driving force. 

Summary 

Compression precracking provides a means of  creating a fully open sharp crack. The 
absence of crack closure allows subsequent crack growth at very low applied AK levels 
significantly below those normally possible from standard tensile precracking. This is possible 
because the compressive loading yields the crack starter notch, creating a tensile residual stress 
field at the notch root. However, the residual stresses caused by the compression precracking 
continue to affect crack growth rates even after the fatigue crack propagates beyond the edge of  
the compressive plastic zone. In addition, results from the literature show that steady-state crack 
closure can take a significant amount of crack growth to develop (on the order of 5 mm). 
Because of the combined effects of residual stresses and closure development, crack growth rate 
data generated after compression precracking must be interpreted carefully. Both of these 
effects, decreasing residual stresses and increasing crack closure, likely contributed to the 
transient decreasing growth rates observed under constant AK loading. Local closure 
measurements were not performed, so it is unclear which effect dominated the observed results. 
In this study about three times the plane stress plastic zone size is adequate to ensure steady state 
growth rate conditions. However, the duration of the transient is dependent on the compressive 
loading level, the subsequent tensile loading level, and on material characteristics such as yield 
behavior. Constant AK testing following compression precracking will demonstrate when 
residual stress effects are no longer significant and will ensure consistent growth rates. 
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Use of ACR Method to Estimate Closure and Residual Stress 
Free Small Crack Growth Data 

ABSTRACT: Life predictions for small cracks emanating from material inhomogeneities or small flaws 
caused by manufacturing or corrosion damage are becoming increasingly important for several reasons, 
including: concerns over widespread fatigue damage; a shift in philosophy for fatigue initiation design 
from stress-life (S-N) to the equivalent initial flaw size (EIFS) approach; and the greater usage of unitized 
structure. For these reasons, development of accurate fatigue crack growth rate (FCGR) data in the near 
threshold region is needed, which is not influenced by closure or residual stress. Threshold data ARE 
often generated from long crack specimens by load shedding as outlined in ASTM E 647. However, this 
data can be non-conservative and variable due to load history effects caused by crack closure. Generating 
closure-free short crack FCGR data requires much more sophisticated instrumentation and testing 
techniques than long crack testing, making it prohibitively expensive to perform on a routine basis. Small 
crack tests also sample only a small volume of  material and typically exhibit large scatter, so multiple 
tests must be performed in order to determine the typical or average behavior of the material. As a result 
of these disadvantages, use of  long crack tests to estimate short crack behavior is the preferred approach. 

The objective of this study was to evaluate the adjusted compliance ratio (ACR) method for obtaining 
residual stress and closure-free data from long crack tests and to compare the ACR method against the 
current ASTM opening load method. The ACR method was developed by Donald for estimating the 
closure-free AKefr FCGR curve from standard long crack tests. To evaluate the method's ability to 
estimate closure-free data, standard ASTM long crack tests and short corner crack tests were conducted 
on 7075-T651 and 2324-T39 alloys. The AKeft-FCGR data resulting from the application of the ACR 
method to the ASTM long crack test results were then compared with the closure-free short corner crack 
data. Additionally, to assess the method's ability to account for residual stresses, long crack tests using 
ASTM standard middle crack and compact tension specimens, prepared from alloy 7055-T74511, were 
conducted, and the resulting AKappliea and AKeffFCGR data were compared. 

KEYWORDS: fatigue, fatigue threshold, crack propagation, effective stress intensity, crack closure, 
residual stress, adjusted compliance ratio 

In troduc t ion  

Mater ia l  t rade s tudies  are b e c o m i n g  increas ing ly  advanced ,  necess i ta t ing  fat igue crack 
g rowth  data, free f rom the  inf luences  o f  c losure  and res idual  s t resses ,  to rel iably p red ic t  the 
fat igue life o f  structures.  This  is par t icular ly  impor tan t  w h e n  cons ide r ing  widesp read  fat igue 
d a m a g e  ( W F D )  and the des i re  to use  an integral  structure,  w h i c h  r e m o v e s  some  redundanc ies  
assoc ia ted  wi th  bui l t -up structure.  

To obta in  c losure  free fat igue crack g rowth  rate (FCGR)  curves ,  typical ly  one  o f  the 
fo l lowing  three  me thods  has  been  used: (1) measu r ing  the fa t igue crack g rowth  rates o f  small  
cracks (e.g., A S T M  E 647, A p p e n d i x  X3);  (2) pe r fo rming  long crack tests at h igh stress ratio, R, 
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or performing a constant Kmax test, variable R, at a sufficiently high Kmax such that crack closure 
does not occur [1]; or (3) performing long crack, constant R tests at the relevant stress ratio and 
measuring crack closure levels (Kop) in accordance with ASTM E 647, Appendix X2 
(Recommended Practice for Determination of Fatigue Crack Opening Load from Compliance), 
in order to obtain an FCGR curve versus AKeff (Kmax-Kop)[2]. Each of  these methods has 
disadvantages as currently practiced which have previously been discussed in detail elsewhere 
[3,4]. The primary issues associated with the above practices are accounting for the influence of 
Kmax [5] and accounting for the additional crack driving force below Kop [6], which play an 
increasingly significant role near threshold. 

To address the Kop issue, Donald [7] introduced the adjusted compliance ratio technique 
(ACR) for estimating AK~ff, which is designed to account for the additional crack driving force 
below Kop. The ACR technique is determined by subtracting the compliance prior to the 
initiation of a crack (Ci) from both the secant compliance (Cs) and the compliance above the 
opening load (Co) as follows: 

A C R  - C~ - C~ (1) 
C O - C i 

To compensate for possible bias in the secant compliance or slope compliance, which may 
occur due to signal conditioning noise or non-linearity, the ACR may be normalized as follows: 

A C R n  = Coi ., C~ - C_.~t.i (2) 
Csi C O - C~ 

where 
Col = inverse slope of  the load displacement curve above the opening load prior to crack 

initiation, and 
Csi = inverse slope of the secant drawn between the minimum and maximum 

load-displacement prior to crack initiation. 

Since its introduction, the ACR method has been evaluated in several experimental programs. 
The ACR method was used by Donald [8] to re-analyze data from the second ASTM round robin 
program on opening-load measurement. The technique was shown to produce a higher mean 
value of  AK~ff than the ASTM procedure and demonstrated a stronger correlation with crack 
growth data, having a slope more comparable to typical fatigue crack growth curves. 
Additionally, use of the ACR method reduced scatter between data sets and proved to be 
relatively insensitive to measurement location, unlike the ASTM method. McClung [9] 
compared the suitability of ACR and ASTM methods for describing closure and deformation 
behavior at the crack tip. It was concluded that the ACR method may be more appropriate for 
roughness-induced closure. The effectiveness of  the ACR method in describing the near crack 
tip plasticity-induced closure was reduced in the Paris regime of  the FCGR curve. Increased 
analytical understanding of the ACR method was achieved through the development of  the Crack 
Wake Influence (CWI) theory [10]. CWI linked the interpretation of  remote load displacement 
curves to crack tip strain behavior. From this it was shown that the ACR method was an 
improvement over opening load for predicting the true strain range near the crack tip but was less 
effective than the CWI closed form solution. 

The relative improvement of  the ACR method over the ASTM opening load method was 
further demonstrated by Brockenbrough et al. [4]. Stress-life S-N fatigue curves were predicted 
using a small crack growth model and AKeff curves determined by the ACR and ASTM 
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techniques, and compared with experimental S-N fatigue data. It was found that the AK~ff curves 
obtained by the ACR method at the same stress ratio as the fatigue tests produced the best and 
most consistent predictions. By making predictions at the same stress ratio as the generated 
experimental data, the Kmax for a given AK~rf was the same in both cases. 

As an alternative to estimating short crack closure-free crack growth behavior from long 
crack data, George et al. [11] has developed a corner-notched open hole fatigue crack growth 
test. The specimen used had a thickness of 3.18 mm, width of 38.1 mm, and a centrally located 
6.35 mm diameter hole. A notch was introduced in the open hole by drawing a serrated razor 
across one edge at a 45 ~ angle to the specimen face, positioned within 0.5 mm of the hole's 
centerline. Direct Current Potential Difference (DCPD) method was then used for measurement 
of crack extension. Overall, the results of the test were shown to have good agreement with 
existing closure corrected long crack data. It was also observed that 2xxx alloys demonstrated 
increased variability compared to 7xxx alloys, which was attributed to grain structure 
differences. More detailed description of the test method and K-solution development for the 
open hole specimen can be found in Ref. [11]. 

The influence of  residual stress on fatigue crack growth rates has been known since 1981 
[12]. The presence of residual stress in test coupons causes an additional internal loading 
component to be added to the applied load that is not accounted for during data analysis. 
Residual stress effects have been more commonly shown to occur with use of the compact 
tension specimen, however they also can occur in the middle crack specimens. An example of 
residual stress bias is shown in Fig. 1 [12]. This shows test results for an aluminum alloy using 
an existing and modified processing practice. Initially it was concluded that the modified 
practice had increased the FCGR threshold, however it was later found that the alloy had not 
been stress relieved. Subsequent testing of the stress-relieved modified product demonstrated 
similar performance. 

Unrelieved residual stresses from quenching operations have also been recognized to cause 
increased variability in the crack growth response of thick aluminum forgings. Quenching of 
thick products can result in cooling variations, which may leave surfaces in residual compression 
and interiors in residual tension. To assess the influence of  residual stress on crack growth 
response of a thick forged product, constant amplitude FCG tests were conducted on S-L 
oriented CT specimens extracted from hand forgings, and the results were compared with FCG 
data for plate product [13]. A significant variation in the ~Kapplied data was observed between the 
separate hand forging specimens and between the hand forging and plate product (Fig. 2). To 
account for the presence of  residual stress, the ASTM opening load method was used by Bush 
et al. to estimate the AK~ff FCGR curves (Fig. 3). The results indicated that the intrinsic FCG 
performance of the hand forging and plate products were comparable; however, use of the 
ASTM method resulted in estimated AKeffthresholds, which may have been artificially low. 
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FIG. 1--Comparison of valid and anomalous fatigue crack growth rate measurements for 
specimens with and without residual stress [12]. 

FIG. 2--FCGR response for 7050-T745l plate and 7050-T7452 hand forgings: S-L 
orientation, R-ratio = 0.33, high humidity (RH > 90 %) air [13]. 
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FIG. 3--ASTM opening load closure corrected FCGR response for 7050-T7451 plate and 
7050-T7452 hand forgings: S-L orientation, R-ratio = 0.33, high humidity (RH > 90 %) air [13]. 

Experimental Procedure 

Fatigue crack growth testing was conducted on aluminum alloys 7075-T651, 2324-T39, 
7055-T74511 using middle crack tension specimen according to ASTM E 647. In addition, a 
compact tension FCGR test was conducted on alloy 7055-T74511. For all tests, the ACR and 
ASTM opening load methods were used to estimate AKeff. For alloys 7075-T651 and 2324-T39, 
the resulting curves were then compared with the comer-notched AKapplied c u r v e s  developed by 
George et al. [11]. The dimensions of the middle crack and compact tension test specimens and 
corresponding test conditions for the conducted evaluation are summarized in Tables 1 and 2. 
The geometry of the comer notched open hole specimen is provided in Fig. 4. 

The experiments were conducted on a servo-hydraulic closed loop mechanical test machine 
interfaced to a computer for control and data acquisition. Clip-on strain gage transducers were 
used for displacement measurements. Subsequent to testing, the collected M(T) FCGR data was 
reduced using the incremental polynomial method as outlined in ASTM E647, Appendix XI. To 
ensure a good comparison between the long crack and corner-notch tests, all middle crack 
tension specimens were prepared from the same material lots used for the comer-notch open hole 
tests. Uniaxial tensile properties for the two alloys are provided in Table 3. 

TABLE 1--7075-T651 and 2324-T39 s~ecimen and testin~ details. 
_ _ .  _ M(T,)fi,~ecimen Testing 

Thickness: 3.175 mm Pre -c rack  AKin i = 4.9 M P a ~  
Width: 101.6 mm Pre-crack Kg~,d = -0.12/mm 

2ao: 5.08 mm Testing Kgrad = 0.08/mm 
Test Orientation: L-T R-Ratio: 0.1 

Test Frequency: 25 Hz 
Environment: RH > 90 % 
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TABLE 2--7055-T74511 specimen and testin~.detqjls. 
_ ~ [ T )  Specimen 

Thickness: 6.35 mm 

Width: 76.2 mm 
ao: 19.05 mm 

Test Orientation: L-T 

M~T) Specimen 
Thickness: 6.35 mm 

Width: 101.6 mm 
2ao: 5.08 mm 

Test Orientation: L-T 

Testint~ 

Pre-crack AKini = 3.8 MPa 
Pre-crack Kgrad = -0.08/mm 

Testing Kgr.d = 0.08/mm 
R-Ratio: 0.1 

Test Frequency: 25 Hz 
Environment: RH > 90 % 

FIG. 4--Schematic of  M(T) open hole specimen with initial starter f law geometry. 

TABLE 3--Longitudinal uniaxial tensile properties. 
Plate Thickness Yield Strength Tensile Strength Elongation 

Alloy-Temper . . . .  (ram) .~MPa). (MPa) .......... ~o~)_,__,___ 
7075-T651 12.7 564 607 12.5 
2324-T39 19.1 452 482 15.7 

7055-T74511 16.5 612 572 12.9 
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Results and Discussion 

The fatigue crack growth curves showing both the AN,applied and AKen- curves, with AKeff 
based on the ACR and ASTM opening load method for alloy 7075-T7651 and 2324-T39, are 
illustrated in Figs. 5 and 6, respectively. Similar to previous studies [5,8], the ASTM opening 
load method produced a decreased AKeff value compared to the AK~ff value estimated using the 
ACR method. Additionally, threshold values determined from the ACR method are more 
consistent with the FCGR curve than those estimated from the ASTM method. For both alloys, 
the ASTM method would estimate threshold values near or less than 1 MPaNf-m. This would 
seem to be an unrealistically low value, particularly for 2324-T39 when compared against a 
threshold value previously determined of ~2.8 MPaNVm when using an R-ratio of 0.5 (Knaaxini = 

6.6 MPaNVm ) [5]. Such discrepancies are very important to understand since they would 
significantly impact material trade study results. This is due to the fact that threshold values 
represent a limit for damage tolerant design and that stress intensity factors for cracks below the 
threshold are assumed to be non-propagating. Additionally, a larger portion of a structure's life 
is spent in the low crack growth regime, at or near threshold. Therefore, to improve life 
prediction, accurate threshold estimates are a necessity. 
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I00 

It has been long recognized that small surface cracks will propagate at stress intensity values 
below the threshold value determined by long crack data [14]. This is potentially due to corner 
crack data being closure-free. To determine small crack growth behavior, a comer notched open 
hole specimen has been developed [11] to enable a direct measurement of closure-free small 
crack FCGR data. Data developed in this manner can potentially provide a better representation 
of  the actual smlcture when considering that a large number of  cracks emanate from fastener 
holes. However, as previously mentioned, one disadvantage of short crack data is that only a 
very small amount of the material is tested, which can lead to increased variability in results. To 
overcome this issue, multiple tests might be needed. As an alternative, it would be desirable to 
estimate short crack behavior with long crack data since long cracks provide a 
microstructructural averaging effect over the thickness of the material being tested. Also, use of 
long crack data would be beneficial due to the well-established testing practices for this type of 
crack growth data. 

To determine the effectiveness of the ACR method to estimate short crack behavior, the ACR 
AKeff curves for the 7075-T651 and 2324-T39 alloys were compared with the corresponding 
small crack AKapplied curve from the comer notch open hole specimen (Fig. 7). For the two alloys 
evaluated in this study, the ACR adjusted M(T) curves show excellent agreement with the comer 
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flaw curves, which provides additional evidence of  the ACR method's ability to correct for 
closure in the threshold regime. However, despite the excellent agreement, caution may need to 
be exercised since long crack data average the alloy's response across the entire thickness, while 
the comer crack data, especially in the near threshold regime, represent a very localized area of  a 
material's microstructure. As a result, corrected long crack data may not always match short 
crack data, but should represent an average condition. Therefore, the decision to use short crack 
or corrected long crack data wil ! depend on the application or desired end use of  the information. 
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FIG. 7--Comparison of M(T) ACR adjusted AKeff FCGR curves and AKapplied FCGR curves 
developed from a Corner Notch Open Hole specimen. 

In addition to closure, residual stresses contained in test specimens can have a dramatic 
influence on the measured fatigue crack growth rate, particularly near threshold. Fatigue crack 
growth rate curves were generated on extrusion alloy, 7055-T745l 1, using both C(T) and M(T) 
specimen geometries as part of  a routine alloy evaluation. Although the testing parameters were 
identical, the resulting AK~pplied FCGR curves were significantly different (Fig. 8). For the C(T) 
specimen, a growth rate of  3.0E-06 ram/cycle was obtained at a AIGpplied value of  3.0 M P a ' ~ ,  
while for the M(T) specimen the same growth rate occurred at 5.2 MPaNtm. Due to the 
observed differences, the M(T) specimen growth rates became suspect. The M(T) panel was 
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extracted from the mid-thickness and mid-width location of a rectangular extrusion cross-section. 
Due to the cross-section geometry, it was known that strength differences from edge to center 
could exist, which would potentially create residual stress variations after stretching. To 
determine if  this had occurred, residual stress measurements were taken from the center of the 
panel toward the edge by placing five longitudinal strain gages, as shown in Fig. 9, and sawing 
the specimen along the dashed line just above the gages. The residual stresses were then 
calculated and are shown in Fig. 10. A compressive residual stress of  approximately 17 MPa 
was found near the center of the M(T) panel, and was concluded to be the source of the higher 
AKapplied threshold value. 

ACR and ASTM opening load methods were applied to the data set to determine the AKe~ 
curves. It was found that the ACR method effectively corrected for the presence of residual 
stress in the M(T) specimen producing similar AI~ff curves for the M(T) and C(T) specimens 
(Fig. 8). Use of  the ASTM opening load method corrected the M(T) data to a reduced AI~ff 
compared to the C(T) specimen, and produced an increased difference between the M(T) and 
C(T) AI~f  curves compared to the ACR method. 
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FIG. 8--Crack growth response o f  alloy 7055-T74511 illustrating that reduced differences 
between M(T) and C(T) curves are observed with the ACR corrected curves. 
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FIG. 9--Strain gage location and saw path for  measuring residual stress in M(T) panel. 
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Summary 

The adjusted compliance ratio (ACR) method was demonstrated to accurately estimate short 
crack growth response from long crack data for alloys 7075-T651 and 2324-T39, while use of 
the ASTM method under-estimated threshold values which could lead to very conservative life 
predictions. Long crack data average the alloy's response across the entire thickness, while the 
corner crack data, especially in the near threshold regime, represent a very localized area of a 
material's microstrncture. As a result, corrected long crack data may not always match short 
crack data, but should represent an average condition. Therefore, the decision to use short crack 
or corrected long crack data will depend on the application or desired end use of the information. 

The ACR method was also found to effectively account for the presence of residual stress in 
test coupons. Differing applied crack growth responses were experimentally observed for 
extrusion alloy 7055-T74Jl 1 when tested with standard ASTM C(T) and M(T) type specimens. 
The differences were found to be due to residual stresses in the M(T) specimen. Despite the 
presence of residual stresses, the ACR method estimated similar AK~ff curves for both specimen 
geometries. 
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ABSTRACT: The fatigue crack propagation behaviour of a super duplex stainless steel in the near 
threshold regime at -50~ 20~ (RT) and 150~ has been studied. The fatigue threshold values of the 
stress intensity factor range and the effective threshold value of this material are higher at -50~ and 
150~ than at RT. The closure threshold value is also smaller at RT than at -50~ but comparable with 
that at 150~ The material aged at 475~ for 3 hours shows similar effective threshold value, but a 
smaller closure threshold value. Crack propagation mismatch at the interface of the two phases and brittle 
to ductile fracture transition in the material at -50~ or in the aged material at RT were observed, and 
possible mechanisms were discussed. 

KEYWORDS: super duplex stainless steel, fatigue threshold, temperature, closure 

I n t r o d u c t i o n  

Super duplex stainless steels are a family of  steels consist ing of  an austenite-ferrite two phase 
microstructure with a pit t ing resistance equivalent  (PRE) greater than 40 [1]. These materials 
combine  an attractive match  o f  excellent corrosion resistance and high mechanical  properties in 

the temperature range -50~ to 250~ and have now been widely used in many  marine and 
petrochemical  applications. 

The fatigue crack propagat ion behaviour  of  duplex stainless steels in the near threshold 
regime was first studied by  Was6n et al. [2]. It was found that the fatigue crack growth threshold, 

&Kth, depends strongly on the microstructures and the stress ratio, R. Similar results have also 
been  obtained by Murakami  et al. in a cast duplex stainless steel [3]. Nys t r6m et al. [4] have 
performed an extensive invest igation,  on the influence o f  amount  o f  ferrite phase and cold 
working on the near threshold fatigue crack propagation behaviour  of  duplex stainless steels. The 
results were also compared  with that  o f  ferritic and austenitic s ingle-phase materials. Since 
duplex stainless steels can suffer from embri t t lement  due to the spinodal decomposi t ion in the 
ferrite phase in the temperature range from 275~ to 500~ the influence of  the spinodal 
decomposi t ion has also been widely investigated, but different results have been  reported [4, 5]. 

The temperature has a great influence on the fatigue crack propagat ion behaviour  in the near 
threshold range [6-9]. A n  increase in temperature increases the fatigue crack growth (FCG) rate. 
However,  the situation near the threshold range depends on the material and the environments.  In 
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74 FATIGUE AND FRACTURE MECHANICS 

vacuum, the threshold value, AKth, of 9%Crl%Mo steel decreases with increasing temperature 
[8]. For SUS 403, the effective Z~th is independent of temperature [7]. At low temperature, the 
FCG rate generally decreases while the threshold value, AKth, increases in stable austenitic 
stainless steels [6]. In ferritic steels, the FCG rate can be raised again at temperatures where the 
fatigue ductile-brittle transition (FDBT) occurs [10]. The aim of this study is to investigate the 
fatigue crack propagation behaviour of a super duplex stainless steel in the near threshold regime 
in the temperature range (-50~ to 150~ where they are used since not much work has been 
done in this area for duplex stainless steel. 

Experimental 

Material and Specimen 

The material used in the present work is a super duplex stainless steel SAF 25073 (equivalent 
to UNS $32750) with the nominal chemical composition as shown in Table 1. 

TABLE 1--Nominal chemical composition of SAF 2507(wt%). 

C Si Mn Cr Ni Mo N 
0.03 0.80 1.2 25 7 4 0.3 

CT-specimens with thickness B= 18mm and width W= 36mm and crack plane orientation 
code T-S were used in this test. They were taken from a round bar (80 mm in diameter) produced 
by hot rolling and containing a microstructure with elongated austenite phase in a matrix of 
fen:ite (Figure 1). Some specimens were aged in air at 475~ for 3 hours. 

FIG. 1--Microstructure of the hot rolled duplex SAF 2507 bar material. 

The tensile properties were determined using the samples from the longitudinal direction or 
rolling direction (Fig. 1). Table 2 shows the tensile properties of SAF 2507 bar material at 
different temperatures. 

3 SAF 2507 is a registered trade mark of Sandvik AB. 
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Material 

Asreceived 

475~ 

TABLE 2--Tensile efo~erties. 
Temperature Cyy CYTS Elongation 

(oc) .... (M~a) .............. (M._Pa! ................... (%) 
RT 625 820 41.7 
150 484 719 41.0 
-50 738 944 41.9 
RT 659 946 41.6 

Testing Procedure 

The FCG tests were performed using an MTS servo-hydraulic machine (50kN) equipped 
with Instron 8500+ digital electronics, and controlled by the Fast Track Program-da/dN. The 
physical crack length was determined by the compliance method with a clip gage. The following 
relationship was used. 

a /W = C O + C1U + C2U 2 + C3 U3 + C4 U4 + C5 U5 (1) 
where a - crack length, W -  width of specimen, Co-C5 = compliance coefficients (table 3) and U 
= specimen compliance. 

TABLE 3--Compliance coefficients 
Co c1 c: c~ c4 c5 

1.00112 -4.81493 21.15587 -287.867 1556.555 -2944.9 

The CT-specimen was first pre-cracked using a K-decreasing process. The terminal value of 
the maximum stress intensity factor, Kmax was lower than the initial Kmax for the main tests. The 
pre-crack length was grown to the range of 0.5-0.6W. 

The main tests were performed using also the K-decreasing method. The test procedure was 
continued until the fatigue crack growth rate had slowed down to 10 -~ ram/cycle. Two 
normalised K-gradient constant values (Cg=-0.08 and -0.13 mm l )  were used. 

Testing was performed in air at -50~ RT and 150~ The various temperatures were 
obtained in an MTS environmental chamber with temperatures ranging from -130~ to 300~ 
with a variation of + 1 ~ Liquid nitrogen is the cooling medium. The tests were performed under 
R= 0.1 and a frequency of about 10 Hz. 

Crack closure was evaluated by analysing the load versus crack opening displacement (COD) 
curves. The closure load Pd was defined as the load corresponding to the point where the curve 
changed its slope. 

Fractography 

The fracture surface and fatigue crack paths were investigated using a JEOL 840 scanning 
electron microscope. The emphasis was put on the fracture near the threshold fatigue crack 
propagation range. The crack length was also measured on the fracture surface and compared 
with the crack length calculated by the compliance method. 

Results and Discussion 

Influence of Temperature and K-Gradient Constant Cg on the Fatigue Crack Growth 

Figure 2 shows the fatigue crack growth (FCG) rate (da/dN) versus stress intensity factor 
range (AK) curves from this study. A summary of the results is shown in Table 4. A decrease in 
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temperature increases the threshold of the stress intensity factor range, ~th. This result is similar 
to the observations made in some single phase alloys [6, 9, 11]. At 150~ however, the AKth 
seems to be higher than that at RT. This is an interesting result that will be discussed below. It 
seems that the Paris law's constant n is larger at -50~ or 150~ than at RT. This indicates that 
there is a tendency that the FCG rate at high AKis higher at 50~ or 150~ than at RT. 

FIG. 2--Crack growth rate versus stress intensity factor range for SAF 2507 tested at given 
temperatures and K-gradient constants Cg. 
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The ageing at 475~ seems to influence the fatigue behaviour near the threshold range. The 
kKth of  the aged material is lower than that of  the as received material. This phenomenon can be 
compared with the results by Nystr6m et al [4]. However,  the fatigue crack growth rates in the 
Paris law regime of  the unaged and aged materials are comparable. In this investigation, a 
decrease in K-gradient constant Cg from 0.13 to 0.08 shows only a slight decrease in the AK, h. 

TABLE 4--Influence of  temperature on the Paris law's constants and the threshold stress 
intensity factor ran e. 

Cg Material Temperature Cm n AKth exp 
(ram i) (~ (mm/cycle) (MPa4rn)., 
-0.13 As received -50 2.96x10 "l~ 4.69 14.85 

20 5.35x10 l0 3.52 8.64 
150 1.10xl0 -l~ 3.79 12.01 
150 1.70x10 11 4.24 10.09 

-0,08 As received 20 6.88x10 -12 4.73 8.43 
150 6.22x10 12 4.83 9.85 

475~ 20 1.68x10 -n 4.42 7.44 

da/dN=Cm(AK) n - the Paris law, Cm and n are the Paris law's constants. 
AK, hew = ZX/s evaluated from the da/dN versus AK curves. 

Influence of  Temperature on the Intrinsic and Extrinsic Threshold 

It is known that fatigue crack growth behaviour near the threshold range is affected by 
various factors, which are categorised into the intrinsic and extrinsic mechanisms [12]. The 
intrinsic threshold determines the inherent resistance of  a material against fatigue crack 
propagation. The extrinsic threshold causes a reduction in crack driving force at the crack tip. In 
experiments, the extrinsic part is coupled to the contribution of  the crack closure effect. The 
threshold of  the stress intensity factor range, AKzh, is divided into the threshold of  the effective 
stress intensity factor range, AKejJth, and the threshold of  the closure stress intensity factor range, 
AKcl th, as follows: 

AK, h = AKe]jth + AKot t~ (2) 
Table 5 shows the influence of  temperature, material and C~, on the intrinsic and extrinsic 

threshold. The influences of  the ageing at 475~ and the K-gradient constant Cg on the AKej),-t~, are 
small. However,  a high Cg value leads to a high AKa th value. This is due to the fact that a quick 
decrease in AK from a high Cg value will cause an overload effect that may cause an arrest or 
retardation of  the crack growth [13]. 

TABLE 5 Influence of  temperature on the closure and effective threshold of  the stress 
i n t ~ S A F  2507. 

Cg Material Temperature AKth e,p AI~lth AK,#~h AK~/fth+AK~t th 
(ram l) ,o_ 
-0.13 As -50 14.85 8.97 5.84 14.81 

received 20 8.64 5.35 3.90 9.25 
150 12.01 5.91 4.92 10.83 
150 10.09 6.26 5.83 12.09 

-0,08 As 20 8.43 4.74 3.73 8.47 
received 150 9.85 4.57 5.38 9.95 

-0.08 475~ 20 7.44 3.74 3.88 7.42 
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The results in Table 5 show that the AK4f th is temperature dependent, and is higher at either - 
50~ or 150~ than at RT. As known, the AKejf th is usually considered as a function of the 
modulus of elasticity, E, the tensile strength, ~TS, and the fracture ductility, ~f, of the material as 
follows [ 17]. 

A Keff th = 0,32@rE ors s f  Po (3) 

where po is the maximum critical radius of  the crack tip. This equation may give some 
explanation for the high AKin- th value at -50~ due to the higher tensile properties (Table 2). 
However, it can not explain the high AKeff th value at 150~ since the tensile properties are lower 
and the ductility is similar to that at RT. However, this alloy shows a higher fatigue limit at 
150~ than at RT. The explanation for this disparity is the effect of dynamic strain ageing [14]. 
Since SAF 2507 contains a high amount of nitrogen, an interaction between the nitrogen atom 
and moving dislocations (the Portevin-LeChatelier effect-PLC effect) will occur during cyclic 
loading at intermediate temperature, which can hinder the movement of dislocations and lead to 
a strengthening. During the fatigue crack propagation test at this high temperature, the PLC 
effect can also occur in the plastic zone at the crack tip during cyclic straining. This may increase 
the intrinsic threshold that is correlated to the high cycle fatigue limit. 

It seems that the AKct th is dependent on both temperature and material conditions. The AKct th 
of  the aged material is slightly lower than that of the as received material. This may be due to its 
low plasticity. In the temperature range between RT and 150~ the temperature has a little effect 
on the AKa th In the low temperature range, however, the temperature shows a great influence on 
AKct th. As known, there are many factors that affect closure behaviour [13]. At the threshold 
range, however, fracture surface roughness or oxidation-induced closure is considered to be the 
most important mechanisms [2, 4]. Since the temperatures used in this test are comparatively low 
(<150~ roughness induced closure is therefore of most interest. Figure 3 shows the influence 
of  temperature and material on the fatigue crack paths of SAF 2507. For the aged material 
(Figure 3b), the crack path is rather smooth, but closure in austenite phase (dash line area), which 
is soft, occurred. For as received material, the fracture surfaces are much rougher, and large 
kinks occurred at the interfaces between austenite and ferrite (Figure 3a, c and d). 

A rougher fracture surface has been shown to correlate to higher closure. The parameters 
such as mean standard deviation of  height and deflection angles have been used to describe the 
crack closure [2, 4]. This concept is used to describe the AKeff th using the maximum heights of  
the fracture profile in this investigation. Table 6 shows a comparison between the values from 
the fatigue testing and from the fracture investigation, which again shows that the roughness 
induced closure may be an important mechanism for the closure of duplex stainless steels in this 
threshold range. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CHAI AND HANSSON ON TEMPERATURE AND MICROSTRUCTURE 79 

FIG. 3--Influence of  temperature on the fatigue crack path near the threshold range, (a). As 
received material at RT, (b). Aged material at RT, (c). As received material at 150 ~ (d). As 
received material at -50 ~ 

TABLE 6--Influ, e nee o f  temperature on the closure thre?hold~t_he s.!ress jn(e_n~j.~qct,~r range. 
Material Temperature Maximum height AKclth AK, h_~a1* 

(~ (gin) ~ a j m ) _  (MPa~/m~ .................. 
As received -50 19.4 8.97 6.39 

20 6 4.74 4.33 
150 7.4 4.57 4.66 

475~ 20 2.2 3.74 3.12 
AKth-cal*=2,4(Hmax) u3, Hma• is the maximum height. This is a modified relation as mentioned in [2]. 

Fractographic Investigation 

Strain or Crack Propagation Mismqtch--Fatigue crack propagation behaviour at the 
interface in austenite and ferrite bimaterial has recently been investigated [15]. This work shows 
that when a crack approaches the interface, the crack propagation behaviour can change. In this 
investigation, the fatigue behaviour at the interface of the austenite and ferrite phases in duplex 
stainless steel has been studied. The results show that the phase boundaries are of less 
importance when AK is high (Figure 4a). However, in the threshold range, crack propagation 
mismatch can be observed at the interfaces of  these two phases. The crack propagation from one 
phase to another changed its pattern and even the rate (Figure 4b-c). It was observed that the 
crack propagation mismatch is strongly effected by temperature. At -50~ a cleavage crack even 
initiated at the interface. This crack propagation mismatch may cause a deflection of  the crack 
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propagation path, which is beneficial to crack closure or fatigue life. 
As mentioned previously, crack closure in softer phases can be observed (Figure 5). This is a 

type of plasticity induced micro crack closure, which may be caused by the residual stresses. 
During cyclic straining, high residual stresses can be introduced in the softer phase of the duplex 
stainless steels [16]. 

FIG. 4--SEMj?actographs showing propagation mismatch at the interface of the austenite 
and ferrite phases, (a). RT, AK=27 MPa~/m, (b). RT, AK 9.7 MPa~/m, (c). 150~ AK-9.7 
MPa a/m, (d). -50 ~ AK=15.2MPa~/m. 

FIG. 5--SEM fractographs showing crack closure, (a). RT, Aged material (b). 150~ As 
received material 
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An Observation o f  Transition from Brittle to Ductile near the Threshold Range--For ferritic 
steels, the FDBT may occur when a certain temperature is reached, leading to a rise in the FCG 
rate. In this investigation, cleavage in some ferritic areas has been observed on the sample tested 
at -50~ but this occurred only in the high AK range (Figure 6a). No cleavage fracture was 
observed in the near threshold range, and the fracture is mainly ductile (Figure 6b). A similar 
phenomenon has been reported in one ferritic steel [11], but the mechanism for this mixture 
mode is not quite understood. As known, however, there is a critical stress needed to initiate 
cleavage fracture. No cleavage can be observed when the stress is below this critical stress. 

For the aged material, the cleavage in the ferrite phase is usually observed during cyclic 
loading in the high ~ds range (Figure 7a) and the amount of  cleavage area increases with 
increasing AK. However, it was found in this investigation that the fracture character was 
different, mainly transgranular facet, in the near threshold range. Little or no cleavage can be 
observed (Figure 7b). This is similar to that at low temperature. Actually, we can also use the 
critical shear stress to explain this phenomenon. 

FIG. 6--Fracture o f  the as received material at -50 ~ the allows are the FCG directions; 
(a). AK=15.9 mPa~n, (b). AK=14.9 MPa~m. 

FIG. 7--Fracture o f  the aged material at RT; the allows are the FCG directions; (a). 
A K -  9. 4 7MPa ~n, (b). AK= 7. 42MPa ~n. 
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Conclusions 

The fatigue threshold value of the stress intensity factor range and the effective threshold 
value of super duplex stainless steel SAF 2507 are higher at 50~ and 150~ than at RT. The 
closure threshold value is smaller at RT than at -50~ but comparable with that at 150~ 

The effective threshold value of the material aged at 475~ is comparable to that of the as 
received material, but the closure threshold value of the as received material is higher than that 
of  the aged material. 

Strain mismatch at the interface of the austenite and ferrite phases can cause crack 
propagation mismatch and crack closure in the softer phase. 

There is a brittle to ductile fracture transition in the near threshold regime for the material at 
low temperature and for the aged material at RT. 
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Evaluation of the Effect of Crack Tip Constraint on Fatigue 
Crack Growth Rate in Inconel 718 

ABSTRACT: The objective of this work has been to characterize the fatigue crack growth rate of 
Inconel 718 in the elastic and elastic-plastic regimes. The major new contribution here is to develop 
fatigue crack growth rate data on this alloy using shallow crack specimens subjected to cyclic loadings 
that involve material plasticity exceeding what is allowed by the standard Linear Elastic Fracture 
Mechanics (LEFM) procedures ofASTM E 647. 

Compact (C(T)) and three point bend (SE(B)) specimen geometries were used in this investigation. The 
SE(B) specimens were used to obtain shallow crack data using crack to depth ratios (aJW) as small as 
0.08 in standard bend specimens with W = 50.8 ram. Compliance methods were used to estimate the 
crack length during the cyclic testing. The C(T) specimens were used to investigate the effect of fully 
reversed loading, i.e., R = -1.0. These specimens were tested only in deep crack configurations with a/W 
> 0.3. Both C(T) and SE(B) specimens were used to obtain high cycle fatigue crack growth data as well 
as some component of the low cycle fatigue crack growth rate data. The cyclic elastic stress intensity 
range was used to characterize the crack growth driving "force" in the high cycle regime as defined in 
ASTM E 647. A cyclic J integral range, as originally utilized by Dowling and Begley [1], was used in the 
elastic-plastic regime. 

High cycle and low cycle fatigue crack growth data were successfully obtained from tests on shallow 
crack SE(B) specimens. High cycle fatigue crack growth was not affected by specimen geometry or by 
crack length ratio, even for aJW ratios as low as 0.08. The low cycle fatigue crack growth rate was 
similar, but not identical, to what one would get by extrapolating the high cycle fatigue crack growth rate, 
as proposed by Dowling and Begley [1]. Under conditions of increasing J range, the crack growth rate 
under elastic-plastic conditions was accelerated, while under decreasing J range conditions the crack 
growth rate was decelerated in comparison to the extrapolated high cycle fatigue crack growth rate 
measurements. The R ratio did not affect the crack growth rate for the two cases tested here, namely R = 
0.1 and R = -1.0. More rapidly increasing J range conditions resulted in greater crack growth rate 
acceleration. In the elastic-plastic fatigue regime, shallow crack specimens demonstrated slower crack 
growth rates than deep crack specimens 

KEYWORDS: high cycle fatigue crack growth, elastic-plastic fatigue crack growth, cyclic J-integral, 
shallow cracks, low cycle fatigue crack growth 

Introduct ion 

The  objec t ive  o f  this work  has  been  to charac ter ize  the e las t ic-plas t ic  fa t igue crack g rowth  
rate behav io r  o f  Incone l  718 and to relate the  results  to h igh  cycle  fat igue crack g rowth  data. It 
was  also a goal  to de te rmine  the ef fec t  that  const ra in t  has  on the e las t ic-plas t ic  fat igue crack 
g rowth  rate and to incorpora te  this in fo rmat ion  into computa t iona l  codes  u s e d  to des ign  and 
evaluate  com p le x  c o m p o n e n t s  o f  the N A S A  space  shutt le launch system.  Cons t ra in t  effects  o f  
the fat igue crack g r owth  rate will  be  m e a s u r e d  us ing sha l low crack three po in t  b e n d  spec imens .  
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In the work completed to date, the basic tensile properties of the Inconel 718 plate have been 
evaluated, the static J integral resistance curve has been measured on C(T) and shallow and deep 
crack SE(B) specimen geometries, and the high cycle fatigue crack growth properties of  the 
material have been evaluated using shallow and deep crack SE(B) geometries. Deep crack 
specimens were tested with load ratios of  R = 0.1 and -1.0, and shallow crack specimens with R 
= 0.1. Elastic-plastic, low-cycle fatigue crack growth data have been measured for shallow and 
deep crack SE(B) specimens with a load ratio o f R  = 0.1 and for deep crack C(T) specimens with 
R = 0.1 and -1.0. 

Description of the Experiments 

Tensile Properties 

The Inconel 718, corresponding to the SAE Aerospace Material Specification AMS 5597E, 
was purchased in the form of a 13 mm thick plate 305 m m x  610 mm in dimension. Round 
tensile specimens having a diameter of  6.35 mm and a test gauge length of 25 mm were 
machined from this material in the as-received condition. The specimens were then heat treated 
as required by the AMS 5597E standard and tested at 22~ at a quasi-static loading rate in a 
standard servohydraulic test machine. The measured tensile mechanical properties are presented 
in Table 1 with two typical engineering stress-strain curves as shown in Fig. 1. These tensile 
mechanical properties are well within the requirements of AMS 5597E. 

Fracture Toughness 

Fracture toughness and fatigue crack growth properties were measured using C(T) and SE(B) 
specimens machined according to ASTM E 1820. A 1T plan size was used with W = 50.8 mm 
and a thickness of  B = 12.5 mm. Specimens were machined and heat-treated according to AMS 
5597E, side grooved using a standard Charpy cutter notch configuration to a total reduction of 
20 %, and then fatigue precracked before testing. Specimens were all tested at ambient 
temperature, approximately 22~ in a standard 100 kN servohydraulic test machine using a PC 
computer as a test controller and 16 bit digital resolution data acquisition system. Software was 
written in Visual Basic to control the various tests described below. A summary of all fracture 
and fatigue specimens is presented in Table 2. 

The unloading compliance method, according to ASTM E 1820, was used to evaluate the hc 
and J integral resistance curve toughness for this material. A typical load displacement curve is 
shown in Fig. 2, and the resulting J-R curves are shown in Fig. 3. The measured J~c of  this 
material was estimated as 110-120 kJ/m 2, as shown in Fig. 3. 

TABLE 1--Tensile mechanical properties of Inconel 718. 

Specimen ID Yield Strength Ultimate Strength % Elongation % Reduction 
MPa MPa of Area 

T2 1226 1459 27 37 
T4 1200 1425 25 46 
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FIG. 1--Tensile engineering stress-strain curves for Inconel 718. 

TABLE 2--Inventory of Jkacture toughness and fatigue specimens. 

Specimen 
ID 

CT1 
CT2 
CT3 
CT4 
CT5 
CT6 
CT7 
CT8 
CT9 
SB1 
SB2 
SB3 
SB4 
SB5 
SB6 
SB7 
SB8 
SB9 
SB10 
SB11 

Specimen Crack R Description 
Type Size 

C(T) Deep ... Not Tested 
C(T) Deep ... Not Tested 
C(T) Deep R = 0.1 Low Cycle 
C(T) Deep R = 0.1 Low Cycle 
C(T) Deep ... J-R curve 
C(T) Deep ... Not tested 
C(T) Deep R = -1.0 Low Cycle 
C(T) Deep R = -1.0 Low Cycle 
C(T) Deep R = 0.1 High Cycle 
SE(B) Deep R = 0.1 Broken in setup 
SE(B) Deep R = 0.1 High Cycle 
SE(B) Shallow R = 0.1 Low Cycle 
SE(B) Deep R = 0.1 Low Cycle 
SE(B) Shallow R = 0. l Low Cycle 
SE(B) Deep ... J-R curve 
SE(B) Deep R = 0. l Shallow/Deep High Cycle 
SE(B) Shallow R = 0.1 Low Cycle/Large COD Step 
SE(B) Shallow ... J-R curve 
SE(B) Deep R = 0.1 Low Cycle 
S E ~  Shallow R = O. 1 Low C~r 
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FIG. 2--Unloading compliance load-COD record. 

FIG. 3--J-R curves for the IN718 alloy. 

A shallow crack SE(B) specimen was also tested to evaluate the effect of crack tip constraint 
on the J-R curve of this alloy. Results presented in an earlier NASA report by McClung et al. [2] 
show a distinct elevation of the J-R curve for a surface crack test geometry, but much scatter and 
uncertainty were demonstrated in the earlier results. The measured shallow crack J-R curve is 
compared to the deep crack results in Fig. 4. Both the Jlc and the J-R curve slope are strongly 
elevated in the J-R curve of the shallow crack specimen. 
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FIG. 4--Comparison of shallow and deep crack J-R curves for Inconel 718. 

High Cycle Fatigue Crack Growth 

High cycle fatigue crack growth data were measured on both C(T) and SE(B) specimen 
geometries using the procedure of  ASTM E 647. Testing was done at 22~ in lab air at a 
frequency of  30 Hz. The same 20 % reduction side grooves were used on these specimens to 
keep the crack in the desired central plane. The results obtained from one C(T) specimen, 
showing both AK increasing and AK decreasing data, are presented in Fig. 5. A standard Paris 
[3] curve fit of  the form: 

da = C ( ~ ) m  (1) 
dN 

is included on this plot. Figure 6 shows high cycle fatigue crack growth results for a deep SE(B) 
specimen of the same IN718 alloy and also includes fatigue crack growth data obtained from a 
shallow crack SE(B) specimen. Deep crack specimens were those with a/W > 0.28. The shallow 
crack specimen initially had a/W = 0.08 and was tested with an increasing K range and R = 0.1, 
starting with a K range of  about 20 MPa m ~ and increasing the K range slowly until the K 

05 05 range reached 25 MPa m . The K range was then shed, falling to a low value of  15 MPa m ' .  
The crack length had increased at this point to 13 ram, corresponding to a/W = 0.256. The crack 
was then not considered "shallow," and cycling was continued under increasing AK conditions 
until the K range approached 40 MPa m ~ The COD gauge calibration was then changed, the 
test frequency was reduced, and this same specimen was tested until the applied K range 
approached 88 MPa m ~ as shown in Fig. 7, at which point the specimen failed with a final a/W 
= 0.875. The comparison demonstrated between deep and shallow high cycle fatigue crack 
growth rates is excellent, as can be seen in Figs. 6 and 7. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



92 FATIGUE AND FRACTURE MECHANICS 

FIG. 5--High cycle fatigue crack growth resistance of the IN718 alloy, C(T) specimen 
geometry. 

FIG. 6--Comparison of high cycle fatigue crack growth rates fo r deep and shallow SE(B) 
specimens of IN718. 
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FIG. 7--Comparison of C(T) and SE(B) geometry high cycle fatigue crack growth rate data 
showing, again, very similar crack growth rates. 

Nothing exceptional was done to obtain the fatigue crack growth data from shallow crack 
specimens. The PC used a readily available 16 bit A/D-D/A PCI bus data acquisition card 
capable of 100 000 readings per second. The specimen notches were machined using a wire 
EDM system with a wire diameter of  0.3 ram. A ring gauge, shown in Fig. 8, was mounted 
directly on the surface of  the specimen using 90 ~ mounting comers with an initial opening of  
about 0.75 mm. The ring gauge was conditioned by a standard transducer conditioner with a 
sensitivity of  approximately 0.05 mm/volt. The crack length is calculated from a stiffness 
estimate based on approximately 2000 data points taken over one to two load cycles, Data near 
crack closure are discarded in the basic crack length estimation scheme. For the shallow crack 
compliance based crack length measurement, the COD value is smaller, but at the same time the 
load range is much larger, and the resulting compliance system is only somewhat less sensitive 
and precise. With a quality transducer calibrated tightly to the signal range, a good signal 
conditioner amplifier, and a 16 bit or better data acquisition system, precise and repeatable 
shallow crack length estimates can be made for the a/W - 0.08 crack length and greater. 

The Paris relationship taken from the C(T) specimen data of  Fig. 5 and superimposed on Fig. 
6 shows that the C(T) and SE(B) specimens generate nearly identical fatigue crack growth rates 
in this alloy in the high cycle fatigue crack growth regime. This is further shown in Fig. 7 where 
deep and shallow SE(B) and C(T) geometry data are combined for comparison. Figure 9 shows 
the crack length versus cycle histories for the shallow and deep SE(B) specimens, showing the 
full history of  specimen SB7 from the initial a/W = 0.08 to the final a/W = 0.875. 

Using the standard plane stress equation for plastic zone size from Irwin's plastic zone size 
estimation [4] that: 
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rp 2~ L ~ ) 
(2) 

gives a plastic zone size for this alloy of only about 0.2 mm at the highest stress intensity applied 
to the shallow crack, which was approximately 5 mm in depth at that time. Clearly the plastic 
zone is surrounded and dominated by a large elastic annular region at all times during the high 
cycle fatigue crack growth test of the shallow crack configuration, and it is not surprising that the 
crack length did not affect the measured crack growth rate in these tests. The principal 
conclusions to this point are that the high cycle fatigue crack growth behavior of  IN718 at an R 
ratio of  0.1 is not affected by a/W ratios as low as 0.1, specimen type (C(T) versus SE(B)), or 
whether the K range applied is increasing or decreasing. 
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FIG. 8--Ring gauge used for shallow crack COD measurements .  
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FIG. 9--Crack length shown versus cycle count for two SE(B) high cycle fatigue crack 
growth specimens. 

Low Cycle Fatigue Crack Growth 

Standard procedures do not exist for measuring low cycle fatigue crack growth properties on 
engineering alloys. Work was begun in this area by Dowling and Begley [1] in the 1980s and 
was extended by the work of Kaiser [5] and others [6-8], including this author, at that time. 
Tests conducted here used the techniques developed in Joyce and Culafic [9]. Basically the J 
integral is taken as the crack driving force parameter, and crack length is measured by 
compliance techniques. The C(T) and SE(B) geometries described above are used as the test 
specimens. J increasing conditions are achieved by applying a loading cycle to a prescribed load 
line COD value, then cycling with a slowly increasing final COD value. Holding the maximum 
COD cycle limit constant results in falling cyclic J (A J) conditions as the crack extends with the 
applied cycles. 

In this work, a cycle-to-cycle COD increment of 0.0025 mm was used in most cases. The 
desired R ratio was used to set the lower bound of  the cycling, using either R = 0.1 or R = -1.0. 
R ratio effects are investigated using the C(T) specimen, while shallow crack effects are 
investigated using the SE(B) specimen geometry. Cycling frequencies are slow, approximately 
20 s per cycle, or 0.05 Hz, and crack growth rates investigated are generally on the order of  2 x 
10 -5 m/cycle or higher. 

Following the work of Dowling and Begley [1], the cyclic J integral is evaluated above the 
crack opening load, defined here using a compliance technique. The cyclic J is converted to the 
equivalent cyclic K using the relationship that: 

= 4 - U - ~  (3) 
where E' = E/(1-v2). 
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C(T) Specimen Results 

The C(T) specimen geometry was tested under R = 0.1 and R = -1.0 conditions with 0.4 < 
a/W _< 0.85. The R = -1.0 loading was achieved by using specimen caps which were installed on 
top and bottom of the C(T) specimen as shown in Fig. 10. The specimen was loaded in tension 
using the standard pin/clevis fixtures of ASTM E 1820 and in compression by having the 
clevises apply load line forces to the specimen through the end caps. All compliance based crack 
length estimations were done using tension data so that accurate crack length estimates were 
assured. 

Typical load versus COD cycling history plots for R = -1.0 and R = 0.1 are shown in Figs. 
11 and 12. In each case these correspond to approximately 200 cycles of  increasing cyclic J 
followed by 400-600 cycles of falling cyclic J. All data were taken digitally and stored to allow 
full data re-analysis as necessary. Some data files were up to 70 MB in size, but having the 
complete data file for reanalysis was considered worth the cost of file storage, given the cost of 
present day disk space. 

The resulting low cycle fatigue crack growth data are compared in Fig. 13 to the high cycle 
measurements obtained above. These specimens were precracked with constant AK cycling at 
AK = 20 MPa m ~ The applied AK was then increased dramatically to AK = 40 MPa m ~ at the 
start of the low cycle fatigue crack growth testing. Not surprisingly, this resulted in a larger 
acceleration in the fatigue crack growth rate that took several cycles to dissipate. When it did 
dissipate, the resulting crack growth rate remained elevated above the extrapolated high cycle 
fatigue crack growth rate by about a factor of 2. The R = -1.0 crack growth rate appears to be 
elevated above the R = 0.1 data throughout the tests. When the COD was held constant, the 
driving AK conditions started to fall, and the crack growth rate fell approaching the extrapolated 
high cycle fatigue crack growth rate curve. 

FIG. I O--C(T) specimen with compression end caps in place. 
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FIG. 11--Cyclic load versus COD history f o r  an IN718 specimen with R = -1.0.  

FIG. 12--Cyclic load  versus COD history f o r  an IN718 sample  with R = O. 1. 
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FIG. 13--Comparison of  low cycle and high cycle fatigue crack growth rate data on a cyclic 
K range scale. 

The two low cycle fatigue crack growth specimens presented in Fig. 13 demonstrate an 
elevated crack growth rate in comparison with the high cycle growth behavior while the cyclic 
AK (from A J) is increasing and a return to the extrapolated high cycle fatigue crack growth rate 
when the AK is decreasing. The applied R ratio o f - l . 0  seems to correspond to a slightly higher 
crack growth rate for both AK increasing and decreasing conditions. 

Bend Specimen Data 

Single edge notched bend specimens were tested in both high and low cycle fatigue crack 
growth using deep crack (a/W = 0.44).7) and shallow crack (a/W = 0.1~0.3) configurations. All 
tests were conducted with R = 0.1. Load versus COD displacement records for two typical 
specimens are shown in Fig. 14. 

These tests were run in COD control with small increments in COD added with each cycle, 
giving increasing AK, and then after a crack growth rate of approximately 2.5 x 10 2 mm/cycle 
was reached, the maximum COD was held constant, resulting in decreasing AK cycling 
conditions. The test control software utilized AJ for all calculations, with the conversion to 
equivalent AK done using Eq 3 for plotting and comparison following Dowling and Begley [1]. 
Each specimen shown in Fig. 14 was subjected to approximately 200 cycles of increasing K 
range followed by 2000 cycles of decreasing K range. The resulting crack growth rate 
measurements are presented in Fig. 15. Clearly the crack growth rate is distinctly greater, about 
a factor of  2, during the increasing J range cycles than during the decreasing J range cycles. It is 
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also apparent that the deep crack specimen has a higher crack growth rate than the shallow crack 
specimen for both the increasing K range cycles and the decreasing J range cycles. 

FIG, 14---Load versus COD displacement records ,for typical deep and shallow bend 
specimens with R = O. 1. 

FIG. 15--Comparison of deep and shallow low cycle fatigue crack growth rates during 
increasing and decreasing K range cycles. 
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Figure 16 shows the application of two separate K increasing/decreasing cycling steps that 
were applied to SE(B) specimen SB3. Figure 17 shows that the high and low crack growth rates 
were established for the first K increasing then decreasing cycles, then re-established for the 
second K increasing/decreasing cycles. Figure 18 shows the a/W ratio versus cycle count for the 
shallow crack SE(B) specimens SB3 and SB11. The "shallow" crack size is varying from a/W = 
0.1 to a/W = 0.3 through the course of  these tests. 

The low cycle fatigue crack growth rate is approximately equivalent to an extrapolation of 
the high cycle fatigue crack growth rate data, but under low cycle conditions, AK increasing 
conditions result in slightly higher crack growth rates, while AK decreasing conditions result in 
somewhat lower crack growth rates, in comparison to the extrapolation of  the high cycle data. 
Shallow crack specimens demonstrate the same basic behavior except that under both AK 
increasing and AK decreasing loading conditions, the crack growth rate in the shallow crack 
specimen is about a factor of 2 slower than that of  the deep crack specimen subjected to the same 
AK conditions. The crack growth rate appears to be slightly higher in C(T) specimens with R - 
-1.0 in comparison with the same geometry tested with R = 0.1. No difference was measured 
between the C(T) and SE(B) test piece geometries. 

FIG. 16--Loading history applied to specimen SB3 showing two loading blocks with K range 
increasing, then decreasing. 
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FIG. 17--Crack growth rate resulting from cycling history of Fig. 16 showing the clearly 
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FIG. 19--Low cycle data for a deep crack SE(B) specimen compared with the high cycle 
data and the extrapolation curve. 

Step Size Effect 

To investigate the effect of  the COD step size on the crack growth rate during low cycle 
fatigue crack growth conditions, SE(B) specimen SB8 was tested with a COD step of 0.005 mm, 
which was a factor of  two larger than that used on other specimens. Three steps of  increasing 
and then decreasing AK were applied to specimen SB8 as shown in the load versus COD plot in 
Fig. 20. Figure 21 shows that increasing the COD step size during the AK increasing part of the 
cyclic loading results in a higher crack growth rate, which is then followed by a lower crack 
growth rate when the COD step is set to zero. 

Conclusions 

Under high cycle fatigue conditions, the fatigue crack growth rate for Inconel 718 is 
insensitive to the specimen geometry, whether the AK applied is decreasing, and to crack length 
ratio over the range 0.08 _< aAV _< 0.8 tested in this program. 

Low cycle fatigue is approximately equivalent to an extrapolation of  the high cycle fatigue 
crack growth rate data, but under low cycle conditions AK/AJ increasing conditions result in 
slightly higher crack growth rates, while AK/AJ decreasing conditions result in somewhat lower 
crack growth rates, in comparison to the extrapolation of the high cycle data. More rapidly 
increasing AK/AJ loading conditions result in a higher crack growth rate under low cycle fatigue 
crack growth conditions. 

Shallow crack specimens demonstrate the same basic behavior except that under both AK/AJ 
increasing and AK/AJ decreasing loading conditions, the crack growth rate in the shallow crack 
specimen is about a factor of  2 slower than that of  the deep crack specimen subjected to the same 
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AK conditions. The crack growth rate appears to be slightly higher in C(T) specimens with R = 
-1.0 in comparison with the same geometry tested with R = 0.1. 

FIG. 20--Cyclic load-COD record for specimen SB8. 

FIG. 21--Effect of COD step size on the crack growth rate in two deep crack SE(B) specimens. 
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The Effect of Negative Stress Ratio Load History on High 
Cycle Fatigue Threshold 

ABTRACT: The objective of this research was to measure the load history effects of negative stress ratio 
loading on the high cycle fatigue (HCF) crack growth threshold of Ti-6AI-4V. Previous work has shown 
an increase in the HCF threshold that is dependent on the Km,x during the low cycle fatigue loading that 
nucleated a crack. The increase in fatigue limit was attributed to an overload effect from the LCF loading 
and was quantified through the use of a simple overload model. On the contrary, evidence from R = -1 
testing suggests that negative overloads, referred to as underloads, may reduce this Kma~ load history 
effect and even lower the threshold below long crack values. To investigate this further, smooth and 
notched Ti-6AI-4V specimens were pre-loaded in fatigue below their endurance limit at stresses expected 
to nucleate cracks in approximately 10 million and 100 000 cycles, respectively, and at stress ratios of 
-3.5 and -3, respectively. Although the smooth specimens could not be monitored for crack nucleation, 
the notched specimens allowed the use of an infrared damage detection system to monitor the localized 
region at the notch root for indications of crack nucleation. These cracked specimens were then heat 
tinted, and several were also stress relieved to remove load history effects. All of the preloaded 
specimens were then HCF step tested to determine the fatigue limit stress or threshold. Although the 
smooth bars showed little effect due to the preloading at negative R, the threshold results on the notched 
specimens that developed measurable cracks seem to show competing effects of underloading and Km,x 
overloading, dependent somewhat on precrack length. The specimens with smaller cracks nucleated at R 
= -3 tend to have a reduced HCF threshold compared to the conventional long crack threshold. Short 
crack effects and load-history effects are quantitatively explained with the aid of a Kitagawa diagram 
with an E1 Haddad short crack correction. 

KEYWORDS: high cycle fatigue, threshold, load history, small cracks, Ti-6A1-4V, overload, fracture 
mechanics 

Introduction 

The  convent iona l  app roach  to d a m a g e  to lerance  in structural  des ign  invo lves  the assumpt ion  
o f  the ex is tence  o f  e i ther  initial  or  se rv ice  induced  damage ,  usual ly  in the fo rm o f  fat igue cracks.  
Initial or  in-service  inspec t ion  p rocedures  m u s t  be avai lable  to ensure  that  any crack w h o s e  size 
is b e l o w  the inspec t ion  l imit  wil l  not  g r o w  to a ca tas t rophic  s ize before  the  nex t  inspec t ion  or for 
the  life o f  the part. This  approach  has  b e e n  h ighly  success fu l  in avo id ing  low cycle  fat igue 
(LCF)  failures in U.S.  A i r  Force  gas turbine  engines  s ince  the  incep t ion  o f  d a m a g e  to lerance  
speci f ica t ions  in the 1980s. Howeve r ,  a s imilar  approach  is not  pract ical  for use  in high cycle  
fa t igue (HCF)  des ign  because  o f  the ve ry  h igh  f requenc ies  and  large n u m b e r s  o f  cycles  that  can 
be  accumula ted  unde r  H C F  in a ve ry  shor t  t ime per iod.  This ,  c o m b i n e d  wi th  the ve ry  large 
f rac t ion o f  life c o n s u m e d  in crack nuclea t ion ,  makes  it impract ica l  to inspec t  for cracks and to 
apply  damage  to le rance  pr inciples .  Rather ,  the  approach  to H C F  needs  to be  b a s e d  on th reshold  
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108 FATIGUE AND FRACTURE MECHANICS 

or endurance limit concepts that involve determining stress levels below which failures due to 
HCF will not occur. Such an approach requires an extensive database, simple models for 
interpolating among mean stresses, and statistical considerations that address a realistic yet 
conservative probability of failure. Issues such as load sequencing and history of loading effects 
make such predictions even more difficult. Another aspect that must be addressed is the 
degradation of  the fatigue strength with time in service due to damage accumulation. Such 
damage may be gradually accumulated such as from LCF where cracks might form and continue 
to grow due to repeated loading during service. This paper addresses some issues with respect to 
fatigue limit stresses in both smooth bars and notched specimens that are subject to prior LCF 
loading histories under negative values of stress ratio, R. 

Background 
Recent work by Nicholas and Maxwell [1] has shown that a modified version of the constant 

energy density range theory of Jasper [2] can represent fatigue strength at 107 cycles in a Ti-6A1- 
4V titanium alloy over a wide range of stress ratios (or mean stresses) including data in the 
negative mean stress region. Their fit to the data involves an empirical constant to account for 
the observation that compressive stresses contribute less than tensile stresses in fatigue. This is 
neither a new nor a surprising finding, whose roots can be traced back to some of the earliest 
work in fatigue. In 1930, Haigh [3], in referring to Bauschinger's results from 1915 and 1917, 
noted that "this series of tests...was probably the first that ever revealed any difference between 
the actions of pull and push in relation to fatigue." Referring to data on naval brass, he indicated 
"In this metal, as in many others, pull tends to reduce the fatigue limit, while push increases the 
resistance to fatigue." Following this idea, Nicholas and Maxwell [1] postulated that stored 
energy density per cycle does not contribute toward the fatigue process as much when the 
stresses are compressive as when they are in tension. Thus, when testing in a stress state where 
the bar is in compression for a majority of the fatigue cycle, fatigue failure can still be expected 
to occur. However, if one subscribes to the postulate that cracks initiate over the entire stress 
range, but propagate only under a positive stress range (positive value of stress intensity factor, 
K), then one might expect to find evidence of cracks forming at a lower peak stress under 
negative R testing and propagating only when the positive range of  stress reaches some higher 
critical (threshold) value. Complicating this hypothesis even more, the negative stress cycling 
might have a history effect associated with it once cracks form, similar to what negative 
overloads produce during crack growth under aircraft spectrum loading. 

In another parallel investigation, Moshier et al. [4] studied the application of fracture 
mechanics to prediction of HCF thresholds or fatigue limit stresses. There, notched specimens 
were precracked in LCF, including tests at negative R, and subsequently retested in HCF to 
determine the fatigue limit stress. Fracture mechanics were used to relate the observed stresses 
to stress intensity factors including corrections for small crack behavior using the approach 
suggested by E1 Haddad [5]. Specimens having a notch with Kt = 2.25 were subjected to LCF at 
either R = - I  or R = 0.1 until a crack was detected using an infrared detection system. Surface 
flaws at the notch root having depths under 20 ~tm were detected and subsequently heat tinted in 
order to be able to detect them on the fracture surface. All of  the cracked specimens were then 
tested under HCF in order to establish the fatigue limit stress using step loading. K analysis of 
the surface flaw at a notch root, combined with a small crack correction, was plotted on a 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



GOLDEN AND NICHOLAS ON FATIGUE THRESHOLD 109 

Kitagawa 3 diagram [6]. The Kitagawa diagram for this geometry showed that the endurance 
limit and the value of ao for the short crack correction are not material constants but, rather, 
material parameters for the particular geometry and stress ratio, R, being investigated. Further, 
the load levels and stress ratios used in the precracking were found to produce a history effect, 
which influenced the value of the subsequent threshold. In their work, the maximum stress 
levels for LCF precracking at R = -1 and R = 0.1 were below and above the respective 
endurance stresses for undamaged material. In the formation of a crack under LCF and the 
subsequent propagation under HCF, these conditions would be referred to as an underload 
(negative overload) and overload, respectively. For the overload condition, a simple model was 
developed in [7], which modified the threshold K. The modified K and the small crack 
correction were found to provide a very good representation of the data. Similarly, the data 
representing LCF precracking at R = -1 were well represented by an uncorrected threshold K 
with a small crack correction. In that case, no underload model was needed to correct for the 
effective threshold. They also found that, at either value of R where stress relief annealing 
(SRA) was performed after the LCF precracking, the SRA process removes any history effects, 
and the resulting precracks follow the prediction of the long crack threshold with the a0 short 
crack correction. While no history effect seems to be present when precracking at R = -1, the 
reason for this is not apparent. Perhaps the combination of overload for the positive portion of 
the cycle, combined with an underload due to the negative portion, cancel each other out. To 
explore this further, the present series of tests were conducted where the underload portion of the 
cycle is emphasized by precracking at values of R = -3.5. 

Specimens with cracks formed under fretting fatigue have also been tested to determine the 
effect of the fretting fatigue loading history on the fatigue limit stress. In two separate 
investigations [8,9], the crack sizes in the fretted samples and corresponding fatigue limit 
stresses were plotted on a Kitagawa diagram for the specific crack specimen geometry. In both 
cases, the data followed the curve connecting the endurance limit stress with the threshold stress 
intensity factor using a small crack correction. The cracks formed under fretting fatigue are 
subjected to a nominal stress condition of fully reversed loading, and no apparent history effect 
appeared to be present in the two studies cited. 

A final consideration in evaluating the effects of prior fatigue loading at negative R on the 
subsequently measured fatigue limit stress of a material is an observation on the number of 
cycles for the last block in the step-loading procedure developed by Maxwell and Nicholas [10] 
and the implications on crack development. The step-loading procedure was used for the 
determination of a crack growth threshold in two recent investigations [4,9]. In the first, surface 
flaws were produced under LCF loading in notched specimens. When cracks were detected, the 
specimens were tested under HCF at a frequency of 600 Hz using the step-loading procedure 
until crack growth occurred. At this high frequency, and because of the large number of cycles 
in the step-loading block (107), onset of growth and total specimen failure could be considered to 
be nearly simultaneous events. The number of cycles in the last block of loading in the step 
testing showed that failure occurred very early in the test block of 107 cycles, typically under 106 
cycles. This indicated that the crack growth threshold is a well-defined quantity, or that the 

3 The terminology for the diagram with log stress plotted against log crack length for any crack geometry and stress 
ratio is referred to variously as a Kitagawa-Takahashi diagram, a Kitagawa type diagram, or most commonly, a 
Kitagawa diagram. In this paper, the common terminology "Kitagawa diagram" will be used to refer to that type of 
plot. In a similar manner, the terminology "El Haddad short crack correction" will be used to represent the 
contribution of E1 Haddad et al. [5]. 
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"initiation" phase in a specimen that already has some damage has already taken place. By 
comparison, uncracked (smooth) specimens were observed to have a number of  cycles in the last 
block, which are randomly distributed from 1 to 107 cycles, indicating the initiation phase of the 
fatigue process is both random and dominant [11]. 

A similar procedure was applied to C-shaped specimens, which were cut out of  fretting pads 
in which cracks developed under fretting fatigue testing [9]. From the experience gained in the 
earlier work, the cycle count of the step-loading block was reduced from 107 to 2 x 106 cycles to 
save time. The results showed that the number of cycles to failure in the last loading block was 
less than 106 cycles, indicating again that the threshold for crack extension is very well defined. 

The present investigation explored the nature of the crack initiation, threshold crack 
propagation, and any associated load history effects when a specimen is initially subjected to 
loading at negative stress ratios. Two types of  experiments were conducted. In the first series of  
tests, smooth bars were loaded at R = -3.5 in order to see if this would initiate cracks which 
might affect the subsequent threshold at a higher value of  R. In the second series of tests, LCF 
cracks were deliberately introduced with loading at R : -3, and the subsequent threshold was 
determined experimentally. The effect of loading history is assessed for both test procedures. 

Experimental Procedures 

The material used for this study was taken from forged Ti-6A1-4V plates. This material has 
been widely used by researchers throughout the National Turbine Engine High Cycle Fatigue 
Program [12]. It has an alpha-beta microstructure with approximately 60 % primarily alpha, and 
the remainder is transformed beta. Tensile properties of  the material are ~y = 930 MPa and CuTs 
: 980 MPa. 

For the first series of  tests, smooth hourglass fatigue specimens were machined with the 
loading axis in the longitudinal direction of  the forged plate. These specimens conform to the 
fatigue specimen guidelines in ASTM Standard Practice for Conducting Force Controlled 
Constant Amplitude Axial Fatigue Tests of Metallic Materials (E 466-96). They have a gage 
section diameter of 5.6 mm and blending radius of 74 ram. The grip end diameter is 12.7 ram. 
This specimen geometry was chosen to avoid buckling at the high compressive forces in the 
negative R tests. After machining and prior to testing, the specimens were stress relief annealed 
for 1 h at 704~ in vacuum in order to remove any residual stresses from machining. This has 
been a standard practice for this material [4,12] to achieve stress relief without altering the 
microstructural features. 

For the second set of tests, double notched fatigue specimens as shown in Fig. 1 were 
machined from the Ti-6Al-4V plate with the loading axis in the longitudinal direction of the 
plate and the crack growth in the transverse direction of the plate. As with the hourglass 
specimens, all specimens were stress relief annealed at 7040C for 1 h in vacuum after machining. 
Following stress relief, the specimens were electro-polished in the notch region to create a very 
smooth surface finish at the root of the notch, which was important for the crack detection 
method described later in this section. The specimens have two notches with the same depth to 
reduce the in-plane bending stresses in the fairly short specimen. One notch, however, was 
slightly sharper, resulting in a higher stress concentration factor, Kt, or 2.25 versus 1.96 as 
shown in Fig. 1. As a result, cracks nucleated in the sharp notch during precracking in virtually 
every test, allowing them to be observed by the method described in the following paragraphs. 
An anti-buckling guide was clamped onto the faces of the specimen for the tests with negative 
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stress ratios. This guide was very stiff in the lateral direction to prevent buckling but was very 
flexible in the axial direction to minimize load transfer from the specimen. 

FIG. 1--Drawing of  the double notch specimen showing the stress concentration factors and 
the surface crack geometry at the sharpest notch. 

Fatigue testing of both specimen types was performed under load control using MTS servo- 
hydraulic test frames for most testing, but an Unholz-Dickie electromagnetic shaker based high 
frequency test system was used for the high cycle fatigue portion of the notched specimen 
testing. Each test, whether an hourglass or notched specimen, consisted of  two phases, a 
preloading or precracking phase and a threshold step test [10] phase. In some of  the reporting, 
this is referred to as LCF/HCF testing because of the different frequencies involved. In the case 
of  the hourglass specimens, the objective was to determine if  damage formed below the 107 cycle 
fatigue limit stress at negative R would affect the HCF threshold stress. In this case the 
preloading is not LCF, however, there may be an interaction due to the changing stress ratio. 
Figure 2 is a schematic of  the applied loadin G for the hourglass specimens. In the first block of 
cycles, the specimens were pre-loaded for 10' cycles at R = -3.5 with a maximum stress of 240 
MPa, which was below the endurance limit stress of  265 MPa. The specimens were then either 
heat tinted at 420~ for 4 h in air or heat tinted and stress relieved at 704~ for 1 h. Heat tinting 
has been shown to mark cracks accurately for subsequent identification and measurement on the 
fracture surface [4,9]. Stress relief annealing in Ti-6A1-4V has been shown to completely 
remove the effects of  load history on subsequent fatigue crack growth [7]. The second block of 
cycles was the R = 0.1 HCF step test in which a constant stress was applied in blocks of cycles 
and increased until failure. 

As described in the previous section, the objective of  the notched specimen tests was 
different than the hourglass tests. In this case, a controlled crack initiation was desired so that 
the effect of  a negative R load history on the HCF threshold could be determined. To that end, 
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the loading described by Fig. 3 was applied. Here the initial block of  loading was intended to 
precrack the specimens to a small size in approximately 100 000 cycles. The maximum applied 
net section stress was 150 MPa at R = -3 ,  while the endurance stress was approximately 135 
MPa. Again, after precracking and prior to the threshold step test, the specimens were either 
heat tinted at 420~ for 4 h in air or heat tinted and stress relieved at 704~ for 1 h. 

O'1 

"o 0 
r 
Q .  < 

[ R= 0.1HCF Threshold L 1 

R = - 3 . 5  Preload 
107 Cycles @ 20 Hz 

R = 0.1 Step Test @ 70 Hz 
10 7 Cycles per Block 

FIG. 2--Tension-compression preloading and tension-tension step test loading of the 
hourglass specimens. 

[ ~  [ R= 0.1HCF Threshold [ 

0 

< 

R = -3 Precrack 
5-10 Hz in IDDS 

R = 0.1 Step Test @ 600 Hz 
2xl 06 Cycles per Block 

FIG. 3--Tension-compression precracking and tension-tension step test loading of the 
notched specimens. 

The precracking was performed with the aid of  an infrared damage detection system (IDDS) 
[13]. In this procedure, an infrared camera captures images at the area of interest, i.e., the notch 
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root, at the maximum and minimum applied loads while cycling the load at 5-10 Hz. For 
illustration, these images are named image A and B, respectively. Software is then used to create 
a differential image in real time as the difference, C = A - B. Once software adjustments are 
complete and the images have stabilized, usually after a few thousand cycles, a reference 
differential image is saved, D = C(t = tre0- Finally, a composite image is created, also in real 
time, as the difference, E = C - D. This composite image, E, is then monitored for anomalies 
that might be cracks. Figure 4 is an example of a composite image with a 120 p.m surface crack 
indication (note the anomaly only measures approximately 60 p.m in the image, but post test 
inspection revealed the actual crack size). After precracking, the specimen notches were 
examined in an SEM using backscatter imaging to confirm the presence of  cracks. Figure 5 is an 
example of a small precrack located on the notch face. 

FIG. 4 Image from the infrared damage detection system (IDDS) showing a 120 12m 
surface crack indication in the notch face. The loading axis' is vertical 

FIG. 5---SEM image of a small crack detected in the notch face with the aid of the IDDS. 
The loading axis is horizontal 
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The step test method [10] was used for the second phase of testing to determine if the prior 
load affected the threshold stress of the specimens due to the initiation of a crack or some 
damage. Schematics of the R = 0.1 step tests are plotted in Figs. 2 and 3. The initial stress 
amplitude is applied below the expected failure stress for a block of cycles. The stress is then 
increased, and the process is repeated until failure. The threshold stress is interpolated between 
the failure step and the prior step based on the number of cycles to failure in the final step. The 
resulting maximum threshold stress could be less than or greater than the maximum precracking 
stress depending on the crack size. This will be an important factor when analyzing load history 
effects. For example, a specimen with a relatively large crack would have a precracking Kmax 
significantly higher than the long crack threshold Km,x possibly leading to a load history effect. 
For the hourglass specimens, the threshold stress was measured at R = 0.1 and R = 0.5. In the 
case of the notched specimens, only the R = 0.1 threshold stress was measured in this study. 
Following the step test failures, the fracture surfaces were examined for heat tint markings that 
would indicate the presence of a crack that had initiated during pre-loading or precracking. 
These cracks could then be measured directly in the optical microscope. Figure 6 is an example 
of a heat tinted surface crack from a notched specimen. 

Additional precracked notched specimen tests were conducted with values of the precrack R 
of-1  and 0.1 with maximum net-section stresses of 265 MPa and 430 MPa, respectively. These 
were used for comparison with previous work [4] and to provide additional test data. The R = 
0.1 step-test portion of these tests was performed identically to those precracked at R = -3. Also, 
several notched specimens that were not precracked were threshold step-tested to determine the 
fatigue endurance limit in the notched geometry. The measured endurance limit at R = 0.1 was 
approximately 310 MPa maximum net section stress. Prior research has shown that Ti-6A1-4V 
does not exhibit coaxing 4 at these test temperatures or frequencies [14]. 

FIG. 6---An optical micrograph of the fracture surface showing a semi-elliptical surface 
crack located on the notch face detected by heat tinting. 

4 Coaxing is defined as an increase in fatigue limit stress due to cycling below the fatigue limit. It has been 
demonstrated not to exist in the material used in this investigation [14] and, further, to be a phenomenon that has 
"uselessly haunted people's minds for decades" [ 15]. 
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Results and Discussion 

Figure 7 is a schematic of  a Kitagawa diagram [6] that has been shown to represent short 
crack growth threshold data quite well, as described earlier. Fatigue crack growth or no growth 
is predicted using two bounds, either the endurance stress or by the linear elastic fracture 
mechanics (LEFM) stress intensity factor threshold, AKth. The LEFM threshold stress range, 
Ao~, is calculated by Eq 1, where Y is a generic geometry factor that is dependent on the 
geometry of the problem, and it is a function of the crack length a. AKth is the long crack 
threshold stress intensity factor range. A third curve, the short crack threshold curve developed 
by E1 Haddad et al. [5], is used to transition the endurance stress to the LEFM prediction of  
threshold stress. The primary feature of  this model is the short crack parameter ao, which is 
determined either by the intersection of  the endurance stress with the LEFM prediction or by 
solving Eq 2 below. Here, Ao'en d is the endurance stress range. Equations 1 and 2 are a general 
form of  the stress intensity factor equation. In this study, as in several previous studies [4,8,9], ao 
is shown to be dependent not just on material properties but also on the crack and specimen 
geometries as well as the stress ratio, R. Equation 3 describes the short crack threshold curve 
showing how a crack of  length a behaves as a crack with length a + ao. 

A ,h = 4- Y(a) (I) 

AKth = A~ena ~0-0Y(a0)  (2) 

AKth (3) 
A ,h = + ao)  

The smooth bar specimens were tested under three conditions: 1) a baseline condition with 
no preloading; 2) preloaded and then heat tinted prior to threshold step test; and 3) preloaded, 
heat tinted, and stress relieved prior to threshold step test. The 107 cycle fatigue strength for 
each of  these three test conditions are reported in Fig. 8 for R = 0.1 and R = 0.5 step tests. At 
least two tests per condition were conducted. The results show that the pre-loading reduces the 
107 cycle fatigue strength of  the Ti-6A1-4V material by approximately 5 %. Given the small 
difference in fatigue strength and the small number of  specimens, this difference is not very 
significant in a statistical sense. Also, the stress relief did not seem to have a consistent or 
significant effect on the results. Examination of  the fracture surfaces of  these specimens showed 
no obvious heat tint markings. A threshold stress analysis, however, reveals that the calculated 
a0 for this material and geometry would be approximately 60 gm. According to the Kitagawa 
diagram, the small reduction of  strength observed from these tests would indicate cracks 
approximately 10 gm deep, which is too small to typically detect using the optical microscope. 
A scanning electron microscope (SEM) examination of  the fracture surface revealed some 
possible initial flaws. Examples are shown in Fig. 9. Here, the lines indicate the possible initial 
crack boundaries. These markings were considered an upper bound to the crack sizes that may 
have been present after preloading. This is consistent with the Kitagawa diagram analysis. 
Additionally, the number of  cycles to failure in the last block of  loading in the R = 0.1 or R = 0.5 
step tests provides further evidence supporting the existence of  damage or cracking caused by the 
R = -3.5 preloading. In all but one test, there were less than one million cycles to failure in the 
last step. As discussed previously, this indicates that a crack or some damage was formed during 
the preloading. 
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~3 

" " .  Endurance Limit Stress 

Short C .rack \_ ao 
Correction 

I I I I * * * J  I i I I m * * . [  I 

a 0 Crack Size, a 

FIG. 7---Schematic o f  a Kitagawa diagram used to represent the data in this study. 

FIG. 8--Average HCF threshold results for  smooth bars with and without R = -3.5 
preloading and with and without stress relief (SR). 
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FIG. 9--Fracture surfaces of round bar specimens showing possible indications o f  cracks 
(outlined in white) nucleated during the R = -3.5 preloading. 

In the notched specimens, the precrack test phase was run until cracks were generated and 
observed as described in the experimental procedures section. Therefore, nearly all specimens 
had a measurable heat tinted crack on the fracture surface, and several had multiple cracks. 
Some tests had false IDDS indications, and therefore no cracks were found. Figure 10 is a plot 
of the surface crack measurements made in the current study, where a and c are the depth and 
half surface length of a semi-elliptical crack as defined in Fig. 1. In two specimens the crack that 
led to failure in the threshold portion of the test was a comer crack, and in a third specimen an 
800 /am through crack was found. These three cracks are not plotted in Fig. 10. The crack 
aspect ratio, a/c, varies from about 0.4-1.0. Most of the cracks have an aspect ratio near 0.6, and 
this value was chosen for purposes of LEFM analysis on the Kitagawa diagram. 

The threshold stress and crack depths have been plotted on a Kitagawa diagram in Fig. 11. 
The lines on the plot represent the predicted crack growth or no growth boundaries. The 
endurance stress (maximum net section stress) at R = 0.1 was 310 MPa, and AKth was 4.6 MPa- 
m 1/z. Two stress intensity factor solutions were needed for the LEFM threshold prediction. The 
first was for semi-elliptical surface cracks, and the other accounted for larger through-the- 
thickness cracks. The stress intensity factor solutions for this specimen were developed in 
Moshier [16] using finite element analysis. The dashed line is the prediction for the short crack 
threshold as described earlier. The E1 Haddad short crack parameter, ao, was determined to be 
25/am. This value is not a material property but is dependent on the crack geometry, which was 
assumed to be a semi-elliptical crack in a plate with an aspect ratio of 0.6. 

All of the data for the notch specimens precracked in LCF at R = -3 and R = -1 followed or 
fell slightly below the short crack and/or LEFM R = 0.1 threshold predictions as shown in Fig. 
11. The stress relief (SR) did not seem to have a consistent or significant effect on the results. 
The specimens that were precracked in LCF at R = 0.l, both from this study and from multiple 
tests by Moshier et al. [4], had significantly higher R = 0.1 thresholds than the negative R results. 
It was found that this increase in the threshold stress is due to a tension overload in the R = 0.1 
load history. In this case, stress relief eliminates the load history effect. In the negative R tests, 
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however, a tension overload effect does not seem to be present, and it seems that the compressive 
loading may contribute to the removal o f  the load history effect much like stress relief. 
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FIG. 1 O---Measured crack sizes showing most crack shapes between a/c = O. 6 and  1. O. 

FIG. 1 1 - - R  = O. 1 H C F  threshold data plotted on a Kitagawa diagram. 

To compare the results from the smooth bar tests and the precracked notched specimens, a 
normalized Kitagawa diagram is introduced. Crack length on the x-axis is normalized with 
respect to ao, while  stress on the y-axis is normalized with respect to the fatigue limit stress for 
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the specific geometry and value of  R. This diagram can be used to compare results from two (or 
more) entirely separate geometries. Such a plot is presented as Fig. 12, where the smooth 
(circular) bar and the notched specimen are represented by their respective long crack (solid) and 
E1 Haddad short crack corrected (dashed) curves for R = 0.1. Curves for the two geometries for 
R = 0.5 lay nearly on top of  the R = 0.1 curves in both cases and are not plotted. Nearly identical 
normalized curves on a Kitagawa diagram at different stress ratios were also observed and 
documented in Golden [17] for arch specimens from a fretting fatigue study. 

In Fig. 12, for R = 0.1, maximum endurance limit stresses used were 310 MPa and 570 MPa 
for the notched and smooth specimens, respectively. The long crack AKth used in the analysis 
was 4.6 MPa-m l/2. For the notched specimen, ao - 25 pm for surface crack with a/c = 0.6, and 
ao = 15 ~tm for a through crack, while for the smooth specimen ao = 58 ~m. Experimental data 
points from the notched tests at R - 0.1 are also shown on the curve. Horizontal and vertical 
dashed lines represent the predicted a/ao crack sizes for 95 % and 80 % of fatigue strength, 
which covers the range of the data shown in Fig. 8 for specimens preloaded at R = 3.5. This 
leads to predicted crack sizes in the smooth bars of approximately 7-35 ~tm. As noted earlier, no 
indications of  such cracks were observed, and, further, no load history effects were observed in 
the notched specimens precracked at R = -3. 

FIG. 12--Normalized Kitagawa diagram showing curves for  circular bar and notched 
specimens. 

Another plot used to represent the data was the measured threshold stress intensity factor, 
K,,ax threshold, versus the applied Kmax precrack. Kmax precrack is the stress intensity factor of  
the final crack size during precracking with the precracking stress applied while Kmax threshold 
was calculated using the same crack size, but with the threshold stress applied. The plot shown 
in Fig. 13 contains all of the data collected in this study. All of  the data on this plot have 
threshold values measured at R = 0.1, however, LCF precracking R values are labeled in the 
legend. Several curves have been added to this plot that represent the predicted or measured 
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threshold behavior for long cracks with and without load history effects and also for short cracks. 
The horizontal line is simply the long crack threshold Kmax of 5.1 MPa-m 1/2 measured by the load 
shedding method from ASTM Standard Test Method for Measurement of Fatigue Crack Growth 
Rates (E647-00). The endurance stress, c~r boundary for growth or no growth was included for 
material with very short cracks in which failure is controlled by stress rather than LEFM. This 
boundary was calculated using Eqs 4 and 5, where Cypc is the R = 3 precrack maximum stress of 
150 MPa, and (Ycna is the R = 0.1 endurance stress of 310 MPa. The short crack threshold curve 
is a transition between the endurance stress and LEFM criteria much like that used in the 
Kitagawa diagram. Here, Kpc was calculated by Eq 4, and the small crack threshold stress 
intensity factor, Kth,~o, was calculated according to Eq 6. Finally, Eq 7 was plotted showing the 
effect of  tension overload on the threshold. This line was fit to R = 0.1 fatigue crack growth 
threshold tests performed by Moshier et al. [7], where the crack growth thresholds were 
measured after different levels of  R = 0.1 precracking. 

Kth,e.a = O0.a ~ -aY(a  ) 

~ a  a Y(a) 
Kth,~ = K,,,I~ +a  ~ Y ( a + a o )  

Kth = 0.303Kp~ + 3.33 

(4) 

(5) 

(6) 

(7) 

FIG. 13--Summary o f  calculated R = 0.1 Kmo~ threshoM o f  cracks measured in the 
precracked notched specimens. The preeracking Kmox for  the endurance stress and short crack 
threshold predictions were based on the R = -3  precracking stress of150 MPa. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



GOLDEN AND NICHOLAS ON FATIGUE THRESHOLD 121 

The results plotted in Fig. 13 are very consistent with the predictive curves. Starting from the 
lower precracking Kmax, the R = -3 precracked data all seem to have R = 0.1 thresholds that 
match the short crack curve very well. In the Kn~• precrack range of 5 10 MPa-m 1/2, the data 
precracked at R = -3 and R = -1 seem to follow the long crack R = 0.1 threshold as expected 
with some scatter. Two points from this study precracked at R = 0.1 seemed to follow the load 
history fit quite well, which was consistent with similar notch data generated by Moshier et al. 
[4]. What was interesting to note was the data point precracked at R = 3 and Kmax = 12 MPa- 
m 1/2 has an R = 0.1 threshold much lower than predicted using the Kmax overload fit and much 
lower than the data precracked at R = 0.1 with the same precracking Km~x. Although this result 
was from only one test, it could only be due to the compression portion of the cycle during the 
precracking. This result was also consistent with the R = -1 precracking data presented by 
Moshier et aI. [4]. In summary, it seemed that at higher levels of precracking, the compressive 
"overload" (sometimes referred to as an underload) has the effect of eliminating or canceling the 
effect of the tensile "overload" load history effect. At lower levels of precracking Kmax where a 
tensile "overload" load history effect was not expected, the compressive precracking appeared to 
have very little effect. 

The question arises whether it could be possible that the negative stress ratio precracking had 
an undetected "underload" effect on the crack growth threshold of many of the tests that did not 
appear to show an effect. Single or multiple underload cycles have been shown to accelerate 
crack growth for a short period of crack extension in constant amplitude crack growth tests [18]. 
During the threshold step test it was possible that a stress level was encountered that grew the 
crack at a AK less than the threshold level (either long crack or short crack) due to the 
"underload" load history. The crack could have grown a short distance out of the reduced AKth 
effect and then arrested until the next step increase in stress. This could repeat until a stress was 
reached that would grow the crack to failure, tn the analysis, only this final stress would be 
considered; therefore, the "true" reduced crack growth threshold stress would not be known and 
could be lower than had been measured. This scenario, however, is speculative, and the current 
experimental procedures cannot prove or disprove this possibility. 

Conclusions 

The effect of negative stress ratio loading on the subsequent HCF threshold in Ti-6AI-4V 
was investigated. It was found that preloading a smooth specimen below the endurance limit at 
R = -3.5 caused only a marginal reduction in the R = 0.1 and R = 0.5 HCF strengths of smooth 
bars. No conclusive evidence of cracks forming under the preloading was found. HCF threshold 
testing of R = -3 precracked notched specimens revealed that at high precracking Km~, the 
compressive "overload" seemed to cancel the beneficial effect of the well-documented tensile 
"overload" effect. At lower values of precracking K, the compressive "overload" seemed to 
have very little effect on the measured value of crack growth threshold, and the threshold results 
were close to the predictions made using LEFM with a short crack correction. In summary, the 
implications of this study are twofold. First, these results show that for HCF design, it should 
not be necessary to use a crack growth threshold that is significantly lower than the long crack 
threshold with a short crack correction. Second, the results of this and previous studies show that 
the beneficial effect of an elevated AKth due to tensile overloads cannot be counted on if 
compressive overloads are also within the loading spectrum. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



122 FATIGUE AND FRACTURE MECHANICS 

Acknowledgments 

The authors would like to acknowledge Mr. David Maxwell of UDRI for his support with the 
smooth bar specimen testing and Mr. John Porter of UDRI for his fractography support. This 
work was supported by the U.S. Air Force National Turbine Engine High Cycle Fatigue (HCF) 
Program. 

References 

[1] Nicholas, T. and Maxwell, D. C., "Mean Stress Effects on the High Cycle Fatigue Limit 
Stress in Ti-6AI-4V," Fatigue and Fracture Mechanics: 33 ra Volume, ASTM STP 1417, W. 
G. Reuter and R. S. Piascik, Eds., ASTM International, West Conshohocken, PA, 2002, pp. 
476-492. 

[2] Jasper, T. M., "The Value of the Energy Relation in the Testing of Ferrous Metals at 
Varying Ranges of Stress and at Intermediate and High Temperatures," Philosophical 
Magazine, Series 6, Vol. 46, Oct. 1923, pp. 609-627. 

[3] Haigh, B. P., "The Relative Safety of Mild and High-Tensile Alloy Steels Under 
Alternating and Pulsating Stresses," Proceedings of  the Institution of  Automotive Engineers, 
Vol. 24, 1930, pp. 320-347. 

[4] Moshier, M. A., Nicholas T., and Hillberry, B. M., "High Cycle Fatigue Threshold in the 
Presence of Naturally Initiated Small Surface Cracks," Fatigue and Fracture Mechanics: 
33 rd Volume, ASTM STP 1417, W. G. Reuter and R. S. Piascik, Eds., ASTM International, 
West Conshohocken, PA, 2002, pp. 129-146. 

[5] El Haddad, M. H., Smith, K. N., and Topper, T. H., "Fatigue Crack Propagation of Short 
Cracks," Journal of Engineering Materials and Technology, Vol. 101, 1979, pp. 42-46. 

[6] Kitagawa, H. and Takahashi, S., "Application of Fracture Mechanics to Very Small Cracks 
or the Cracks in the Early Stage," 2 nJ International Conference on Mechanical Behaviour of 
Materials', 1976, pp. 627~30. 

[7] Moshier, M. A., Nicholas, T., and Hillberry, B. M., "Load History Effects on Fatigue Crack 
Growth Threshold for Ti-6A1-4V and Ti-17 Alloys," International Journal of Fatigue, Vol. 
23, 2001, pp. $253-$258. 

[8] Hutson, A. L., Neslen, C., and Nicholas, T., "Characterization of Fretting Fatigue Crack 
Initiation Processes in Ti-6A1-4V," Tribology International, Vol. 36, 2003, pp. 133-143. 

[9] Golden, P. J., Bartha, B. B., Grandt, Jr., A. F., and Nicholas, T., "Measurement of the 
Fatigue Crack Propagation Threshold of Fretting Cracks in Ti-6A1-4V," International 
Journal of Fatigue, Vol. 26, 2004, pp. 281-288. 

[10] Maxwell, D. C. and Nicholas, T., "A Rapid Method for Generation of a Haigh Diagram for 
High Cycle Fatigue," Fatigue and Fracture Mechanics: 29 ~h Volume, ASTM STP 1321, T. 
L. Panontin and S. D. Sheppard, Eds., ASTM International, West Conshohocken, PA, 1999, 
pp. 626-641. 

[11] Moshier, M. A., Nicholas, T., and Hillberry, B. M., "The Effect of Low Cycle Fatigue 
Cracks and Loading History on High Cycle Fatigue Threshold," Fatigue and Fracture 
Mechanics: 31 ~t Volume, ASTMSTP 1389, G. R. Halford and J. P. Gallagher, Eds., ASTM 
International, West Conshohocken, PA, 2000, pp. 427-444. 

[ 12] Gallagher J. P., et al., AFRL-ML-TR-2001-4159, Improved High-Cycle Fatigue (HCF) Life 
Prediction, Wright-Patterson Air Force Base, OH, January 2001. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



GOLDEN AND NICHOLAS ON FATIGUE THRESHOLD 123 

[13] Hartman, G. A., "Infrared Damage Detection System (IDDS) for Real-Time, Small-Scale 
Damage Monitoring," Proceedings of SEM Annual Conference on Experimental 
Mechanics, Charlotte, NC, 2003, in press. 

[14] Nicholas, T., "Step Loading, Coaxing and Small Crack Thresholds in Ti-6A1-4V under 
High Cycle Fatigue," Fatigue - David L Davidson Symposium, K. S. Chan, P. K. Liaw, R. 
S. Bellows, T. C. Zogas, and W. O. Soboyejo, Eds., Cleveland: TMS (The Minerals, Metals 
& Materials Society), 2002, pp. 91 106. 

[15] Schtitz, W., "A History of Fatigue," Engineering Fracture Mechanics, Vol. 54, 1996, pp. 
263-300. 

[16] Moshier, M. A., "The Effect of Low Cycle Fatigue Cracks and Loading History on High 
Cycle Fatigue Threshold," Ph.D. Dissertation, Purdue University, 2000. 

[17] Golden, P. J., "High Cycle Fatigue of Fretting Induced Cracks," Ph.D. dissertation, Purdue 
University, 2001. 

[18] Russ, S. M., "Effect of Underloads on Fatigue Crack Growth of Ti-17," Ph.D. Dissertation, 
Georgia Institute of Technology, October 2003. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Journal ofASTM Intemational, January 2005, Vol. 2, No. 1 
Paper ID JAI12026 

Available online at www.astm.org 

S.C. Forth, 1 D.J. Herman, 2 M.A. James, 3 and W.M. Johnston 4 

Fatigue Crack Growth Rate and Stress-Intensity Factor 
Corrections for Out-of-Plane Crack Growth 

ABSTRACT: Fatigue crack growth rate testing is performed using automated data collection systems 
that assume straight crack growth in the plane of symmetry and that use standard polynomial solutions to 
compute crack length and stress-intensity factors from compliance or potential drop measurements. 
Visual measurements used to correct the collected data typically include only the horizontal crack length, 
which underestimates the crack growth rates for cracks that propagate out-of-plane. The authors have 
devised an approach for correcting both the crack growth rates and stress-intensity factors based on two- 
dimensional mixed mode-HI finite element analysis (FEA). The approach is used to correct out-of-plane 
data for 7050-T7451 and 2025-T6 aluminum alloys. Results indicate the correction process works well 
for high AK levels, but it fails to capture the mixed-mode effects at AK levels approaching threshold 
(daJdN - 10 L0 meter/cycle). Based on the results presented in this paper, the authors propose 
modifications to ASTM E 647: to be more restrictive on the limits for out-of-plane cracking (15~ to add 
a requirement for a minimum of two visual measurements (one at test start and one at test completion); 
and to include a note on crack twisting angles, with a limit of  l0 ~ being acceptable. 

KEYWORDS: fatigue crack growth, mixed-mode, stress-intensity factor, aluminum, out-of-plane 
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Introduction 

Experimental testing for baseline fatigue crack growth rate properties has traditionally been 
performed on laboratory coupons designed to promote mode-I crack growth, where cracking is 
perpendicular to the applied load. However, material microstructure, residual stresses, and other 
factors can cause the crack to turn out-of-plane and propagate in a mixed-mode manner. The 
ASTM Standard Test Method for Fatigue Crack Growth Rates (E 647), the testing standard used 
to develop fatigue crack growth rate data, limits the out-of-plane crack growth to within 20 ~ of 
the specimen symmetry plane for any growth increment over one-tenth the specimen width to 
maintain a reasonable accuracy of the mode-I equations. Additionally, any out-of-plane cracking 
exceeding 10 ~ must be reported with the data. However, in some circumstances significant 
numbers of specimens may be invalid because of  out-of-plane cracking, or they may be invalid 
by a small amount, directly impacting the value of  a test program. For example, during a recent 
testing effort at NASA Langley Research Center on aluminum alloy 2025-T6 forgings, 
significant out-of-plane cracking was observed [1]. Nearly half of  the test specimens had out-of- 
plane angles outside the ASTM E 647 limit of 20 ~ The authors have devised an approach for 
correcting both the crack growth rates and stress-intensity factors based on two-dimensional 
mixed mode-VII finite element analysis (FEA). The approach is used to correct out-of-plane 
data for 7050-T7451 obtained from the literature [2] and recent test results [1] from 2025-T6 
aluminum alloys. 

Mixed-Mode Crack Growth Data Correction 

A correction procedure can take more than one form, depending on the format in which the 
data are collected. For this study, the driving force and the crack growth rate will be considered 
separately because the testing was controlled by an automated computer-based K-control system 
that used compliance to determine crack length. All crack lengths obtained during the test were 
computed from measured compliance. Visual measurements, taken during the test with 
microscopes on traveling stages, were used to correct the compliance-based crack length values 
after completion of the test, prior to data reporting per ASTM E 647. The visual measurements 
are taken along the symmetry plane of the specimen and represent the projected crack growth, 
zXa, defined in Fig. 1. To assess the effect of  mixed-mode crack growth on measured compliance 
values and computed stress intensity factors, finite element analyses were performed for several 
out-of-plane crack configurations. 

Stress Intensity Factors 

The finite element analysis (FEA) software FRANC2D/L [3-5] was used to calculate mode- 
I/II stress intensity factors (SIFs) for straight and angled crack configurations. A typical compact 
tension specimen, C(T), was considered with out-of-plane cracking. Figure 1 shows the 
configuration and nomenclature for the C(T) specimen studied herein, where the specimen 
dimensions for this study are: width, W = 76.2 ram; thickness, B - 12.7 mm; and notch length, an 
= 19.05 mm. The out-of-plane angle 13 was varied from 0 ~ to 40 ~ We assumed that the precrack 
and subsequent crack growth was in a straight line at an angle 13 from the symmetry plane. In 
each case the projected crack growth, Aa, was kept constant at Aa = 12.7 mm, and the actual 
crack growth Aa '  varied as 

aa'= aa/cos(,O) (1) 
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The finite element analysis was used to determine straight-crack and mixed-mode stress- 
intensity factors. Figure 2 shows mixed-mode Kt SIFs normalized by the straight-crack ([~ = 0) 
SIFs as a solid line. Error bounds of • 2 % were placed on the finite element analyses (denoted 
as dashed lines) for the purpose of evaluating the accuracy of the correction method to be 
presented. It is presumed in this paper that the KI from the mixed-mode FEA is the most 
accurate representation of the SIFs at the crack tip, 
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FIG. 1--Out-of-plane crack growth configuration for a C(T) specimen. 
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FIG. 2--Stress-intensity factor as a function of out-of-plane cracking angle. 

Crack-mouth-opening displacements (CMOD) from the FEA results were used to calculate 
the compliance crack length and SIF values for each angle. The open squares in Fig. 2 show 
compliance K1 calculated from the analysis CMOD using the ASTM E 647 polynomial solutions 
for crack length and stress-intensity factor. The K~ from compliance is representative of  the 
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uncorrected SIF computed during a test. The compliance solution overestimates the actual out- 
of-plane crack length, an + Aa', resulting in a high KI with +2 % error when the crack is about 
20 ~ out-of-plane and +10 % error when the crack is about 40 ~ out-of-plane. The open triangles 
in Fig. 2 show the KI using the projected crack length, an + Aa. The projected crack length SIFs 
are comparable to the SIFs obtained from reducing compliance data from an experiment using 
visual measurements. The projected crack growth underestimates the actual out-of-plane crack 
growth, Aa', resulting in a reduced KT with -2 % error when the crack is about 40 ~ out-of-plane. 

Using the projected crack growth to compute SIF is reasonably accurate to an angle of 40 ~ 
However, the correct SIF will not be known until after the test is complete, since that is when the 
visual measurements will be used to reduce the compliance data. For example, when conducting 
an experiment contained within ASTM E 647, a constant Kmax test could no longer be valid when 
out-of-plane cracking occurs, as the Kmax will vary with out-of-plane angle. However, when 
conducting a constant stress-ratio test, the data generated will still be at the same constant stress 
ratio, as both Kma~ and Kmin vary with out-of-plane angle. 

Crack Growth Rate 

The crack growth rate, da/dN, should be corrected after the test is complete. Assuming the 
compliance data are reduced using at least two visual measurements, the projected crack growth, 
Aa, is known (see Fig. 1). Equation 1 must then used to determine the actual crack growth, Aa', 
for computation of crack growth rate. 

Correction Procedure 

The stress intensity factors and crack growth rates for out-of-plane data must be corrected 
independently. Assuming at least two visual measurements are used to reduce the compliance 
data, then the SIF computed using the projected crack length, an + Aa, is accurate for a crack 
with an out-of-plane angle less than 40 ~ . 

An accurate crack growth rate, da/dN, must then be computed from the projected crack 
growth, Aa, using Eq 1. 

7050-T7451 Mixed-Mode Data 

Donald [2] performed tests on 7050-T7451 in the S-L orientation using compact tension, 
C(T), specimens. The specimens were machined such that the S-L orientation was at specific 
out-of-plane angles with respect to the specimen configuration, i.e., all crack growth was in the 
S-L orientation, but at different angles on the C(T) specimen, as shown in the inset of Fig. 3. 
Results were presented for cracking angles of  1, 10, 17, and 26 ~ and are reproduced in Fig. 3. 
Tests were performed at a stress ratio, R, of 0.7 and a constant AK of 3.3 MPa m 1/2. The results 
support the ASTM E 647 guidelines for out-of-plane cracking, showing that crack growth rates 
are affected by the out-of-plane angle. 

Donald described the applied K and the projected crack length (a, + Aa) as would be 
expected from the reporting requirements of  ASTM E 647. The FEA results presented in Fig. 2 
show that for K control based on compliance crack length, the applied K can differ significantly 
from the actual K at the crack tip. To apply a correction to the data, the compliance crack length 
must be known. An estimate of the compliance crack length can be computed from the projected 
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crack length, since the projected crack length gives an accurate representation of the SIF for the 
out-of-plane angles investigated. Using the compliance crack length, we can estimate the 
applied load for a given AK and calculate the correct crack length and, subsequently, a corrected 
AK. The growth rate is then corrected using Eq 1 since the projected crack length is known. 

Donald also provided baseline fatigue crack growth rate data over a range of AK values from 
about 2-5 MPa m t/z, as shown in Fig. 3. A comparison of the average values of growth rate for 
uncorrected and corrected data sets with the baseline data is also presented in Fig. 3. T h e  
uppermost closed circle symbol shows the average for the 1 ~ specimens. This data point is in 
excellent agreement with the baseline data and is not corrected. The remaining closed circles 
show average values for the uncorrected data. As the out-of-plane angle increases, the growth 
rates deviate more from the baseline data. The closed triangles show average values for the 
corrected data. The corrected values agree very well with the baseline data. For instance, the 
uncorrected, average crack growth rate for the 26 ~ case is in error by 37 % compared to the 
baseline data. The AK was in error by 4 %. The correction of this data yielded good agreement 
with the baseline data; the resulting error in crack growth rate and AK were each less than 2 %. 

Figure 4 shows the full data set for the 26 ~ case. The open circles show the baseline data, 
and the closed circles show the uncorrected out-of-plane data. The closed triangles show the 
data using a corrected AK only, i.e., da/dN has not been corrected. Finally, the closed squares 
show the corrected data. The horizontal shift in the data are the correction of SIF, and the 
vertical shift is the correction of  growth rate. The scatter in crack growth rate and AK is depicted 
in Fig. 4 to illustrate that the uncorrected constant AK data masks the actual variability in the 
mixed-mode data. The data presented in Figs. 3 and 4 show the importance of correcting both 
the growth rates and driving force and the validity of  this approach. 

FIG. 3--Comparison of  corrected data with original and baseline data. 
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FIG. 4--Comparison of  corrected data with original and baseline data for the 26 ~ case. 

2025-T6 Mixed-Mode Data 

Test specimens were machined from near-net-shape forged aluminum alloy 2025-T6 
propeller spars, shown in Fig. 5, which were provided by a propeller manufacturer. Each 
propeller spar is forged from cylindrical billets, so the material is substantially deformed during 
the forging process. The mechanical work of the forging process resulted in weak 
microstructural planes that promoted out-of-plane cracking, i.e., the microstructure directed the 
crack path more than the primary loading, similar to what Donald reported [2]. More 
information can be found in Forth et al. [1 ]. 

Out-of-Plane Angle 

The out-of-plane angle for each specimen was determined by: 1) measuring the distance from 
the point at which the crack deviated from the specimen centerline to the crack tip (Aa' from Fig. 
1); 2) measuring the crack growth along the specimen centerline (Aa from Fig. 1); and 3) 
computing out-of-plane angle, [3, using the cosine of the two crack growth lengths measured, Aa'  
and Aa. An average out-of-plane angle was then computed by averaging the out-of-plane angle 
measured on each side of the specimen. Figure 6 shows the average out-of-plane angle for each 
of the specimens tested, and the front-to-back out-of-plane angles are presented in Table 1. For 
the 60 specimens, there were 16 straight cracks and 24 cracks outside the ASTM E 647 limit of 
20 ~ . The remaining specimens were not straight but were within the 20 ~ limit for crack path 
straightness. 

The specimens were numbered sequentially from the tip of the blade (1) to the hub (20) (see 
Fig. 5) to identify trends. Two specimens were extracted across the width of the blade, such that 
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specimens 1-bl and 2-bl were taken from the tip of Blade 1. High numbered specimens from 
Blades 1 and 3 appear to have a larger number of straight cracks, but Blade 2 did not produce 
any straight cracks. The specimens extracted from the hub region, which have higher specimen 
numbers, have less mechanical work performed on the material during the forging process, 
because the hub is geometrically similar to the original product form, a cylindrical billet. This 
led to a more uniform, orthotropic microstructure [1], decreasing the probability of a weak 
microstructural plane being out-of-plane with the specimen centerline, leading to more straight 
cracks than the tip region. 

FIG. 5 - -  Photograph of propeller spar forging made of aluminum alloy 2025-T6. 

FIG. 6--Average out-of-plane angle from centerline for fatigue crack growth tests. 
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TABLE 1--Out-of-plane angle (front~back)from centerline for fatigue crack growth tests. 

Specimen ID 

Tip 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Hub 20 

Blade 1 
Out-of-Plane Angle 

31/28 
27/22 
25/29 
25/22 
29/33 
22/17 
0/0 

30/27 
28/22 
23/23 
22/30 
12/8 
17/9 
11/10 
0/0 

16/19 
0/0 
0/0 
0/0 
9/24 . . .  

Blade 2 
Out-of-Plane Angle 

26/32 
25/22 

untested 
21/22 
18/24 
17/37 
0/11 
8/8 

23/24 
13/15 
30/23 
29/18 
26/26 
19/14 
15/15 
24/20 
28/20 
28/28 
12/18 
12/18 

Blade 3 
Out-of-Plane Angle 

......... (front/back) 
25/25 Tip 

31/30 
10/15 
0/0 

30/26 
0/0 
0/0 

16/22 
0/0 

13/17 
0/0 
9/7 
0/0 
0/0 
0/0 
7/8 
0/0 
0/0 
0/0 

12/2 Hub 

Fatigue Crack Growth Rate Data 

Fatigue crack growth rate data were generated using fixed stress ratios of 0.05, 0.1, and 0.7 
and using constant Kma~ values of 11, 13.7, 16.4, 22, and 33 MPa m ~/2 per ASTM E 647. The 
specimen test data presented are grouped and plotted based on high and low stress ratio in Figs. 7 
and 8, respectively. Specimens presented in these plots were tested using the constant R and 
K~x load reduction methods to determine threshold, da/dN - 10 10 meter/cycle and using the 
constant R load increasing method to determine the upper portion of the crack growth rate curve, 
as indicated by the figure legends. The constant R load reduction and load increasing tests are 
denoted with "LR" and "LI," respectively. The specimen number is denoted in the figure legend 
to correlate test data to out-of-plane angle. The majority of the constant R load increasing tests 
were performed following load reduction tests on the same specimen, resulting in duplicate 
specimen numbers in the figure legends. 

All of the out-of-plane data were corrected using the previously described procedure, except 
that specimens 2-b3 and 5-bl were not analyzed because significant crack branching occurred, 
which is not in the realm of this correction procedure. An example of the effect that the 
Correction procedure has on the data is presented in Fig. 9. Specimen number 18 from blade 
number 2 (18-b2) was chosen for examination because the average out-of-plane angle was 
approximately 28 ~ . The original data obtained during the test is labeled "uncorrected." The 
uncorrected data are in error with the baseline data (14-bl) by 50 % in crack growth rate at a zXK 
of 3.8 MPa m//2. The data were then adjusted for •K using the projected crack length. Finally, 
the fatigue crack growth rate was corrected to the actual crack length using Eq 1, and this data 
set is labeled "corrected." The correction procedure yielded slightly better agreement with the 
baseline data (14-bl), with an error in crack growth rate of 44 % at a AK of 3.7 MPa m 1/2. The 
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reduced benefit of the correction procedure at this AK, in comparison to Donald's data, is 
discussed in the next section. 

FIG. 7 High stress ratio fatigue crack growth rate data for aluminum alloy 2025-T6. (All 
data are corrected for out-of-plane angle.) 

FIG. 8--Low stress ratio fatigue-crack-growth-rate data for alloy 2025-T6. (All data are 
corrected for out-of-plane angle.) 
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FIG. 9--Effect o f  corrections on the fatigue crack growth rate data o f  specimen 18, blade 2 
(n = O.05 LR). 

Effect of Mode-Mixity on Crack Growth Rate 

Much research has shown experimental evidence that mixed-mode behavior at the crack tip 
can influence the crack growth rate [6,7]. Based on this, Donald [2] generated the presented data 
for 7050-T7451 at a stress ratio of  0.7 and a crack growth rate above 10 9 meters/cycle. The 
combination of high stress ratio and crack growth rate above threshold minimizes energy 
dissipation due to roughness- and plasticity-induced crack closure or other mechanisms that may 
influence growth rates in mixed-mode. The 2025-T6 data were generated at both high and low 
stress ratios and over a wide range of crack growth rates. Both the high and low stress ratio data 
are investigated to asses the effect mode-mixity has on fatigue crack growth. The high R data 
will isolate the ranges of crack growth rate that are affected, while minimizing the effects of  
roughness- and plasticity-induced crack closure [8]. The low R data will likely be more 
influenced by plasticity- or roughness-induced closure and other mechanisms that can reduce the 
driving force in mixed-mode situations [7]. 

Focusing first on the low stress ratio data (Fig. 8), specimens 15-bl, 15-b3, and 18-bl had 
out-of-plane angles of  essentially zero. Specimen 14-bl had an angle greater than 10 ~ but less 
than 20 ~ These specimens comprise the data set that meets ASTM E 647 and forms the basis for 
a low stress ratio baseline data set. The remaining three specimens are outside the 20 ~ 
requirement. The data in Fig. 8 show that for this data set there appears to be very little effect of  
out-of-plane angle for the Paris regime (da/dN > 10 8 m/cycle for this discussion). Only two 
specimens approached threshold: 14-bl and 4-bl.  Specimen 14-bl is part of the baseline setl 
and specimen 4-bl had an average out-of-plane angle of  about 24 ~ Near-threshold, the out-of- 
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plane cracking data had significantly slower crack growth. For instance, at a AK of 
approximately 3.2 MPa m 1/2, the crack growth rate of  specimen 4-bl was 6.4 • 10 -l~ m/cycle, 
whereas the baseline specimen 14-bl had a crack growth rate of  1.4 • 10 -9 m/cycle, more than a 
factor of two faster. Therefore, the out-of-plane angle of  24 ~ is significant near-threshold. 

To investigate the high stress ratio data, constant Kmax and constant R = 0.7 load reduction 
test specimens were chosen. The crack growth rate versus stress intensity for the constant Kmax 
tests is plotted in Fig. 10. Comparing the constant Kmax = 11 MPa m 1/2 tests, specimen 17-b3 
propagated straight, whereas specimen 20-bl propagated an average of  16.5 ~ out-of-plane 
(front/back = 9/24). At higher AK levels (AK > 5 MPa ml/2), there is little difference in the tests. 
However, as the AK reduces below 4 MPa m 1/2, the data sets diverge with the higher out-of-plane 
angles having lower crack growth rates. 

FIG. lO--Constant Kmax data near threshold for different out-of-plane angles. (All data are 
correctedJbr out-of-plane angle,) 

As a crack twists out-of-plane through-thickness for a compact tension specimen (twisting is 
defined as front-to-back out-of-plane angle variation), mode-III behavior is observed at the crack 
tip [9]. The difference in crack growth data from specimen 20-bl to specimens 19-b2 and 20-b2 
could be indicative ofmode-III  behavior. Each test propagated out-of-plane at approximately the 
same average angle, however specimen 20-bl had significant twisting. Near threshold, the 
twisting exhibited in specimen 20-b 1 translated into an order of magnitude decrease in the crack 
growth rate, whereas specimen 19-b2 nearly matched the straight data. Specimen 20-b2 fell 
between the other data and suggests that the out-of-plane angle may introduce significant 
variability in the crack growth rates, more than specimen 19-b2 suggests. 

The constant R = 0.7 data are presented in Fig. 11 as crack growth rate versus stress intensity. 
Specimen 2-bl propagated an average of  24.5 ~ out-of-plane. Unfortunately, there is no overlap 
of specimen 2-bl data with the straight tests. However, extrapolating the data from specimen 2- 
b l ,  it would appear to have the same crack growth rates at AK values exceeding 5 MPa m 1/2, 
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similar to the constant Km~, data presented in Fig. 10. Specimen 20-b3 exhibited significant 
twisting, much like specimen 20-b 1 discussed previously, and it does overlap the straight data. 
Once again, the crack growth rates from specimen 20-b3 do not coincide with the straight data 
until AK exceeds 5 MPa m yR. A comparison of specimens 20-b3 and 2-bl near threshold (AK < 
2 MPa m 1/2) show similar crack growth behavior. It appears the effect of the high out-of-plane 
angle of specimen 2-bl and the lower angle plus the twisting of specimen 20-b3 have 
coincidentally generated the same crack growth rates, demonstrating the significance of  twisting 
in a low angle test. 

FIG. 11--Constant R = O. 7 data near threshold for different out-of-plane angles. (All data 
are corrected for out-of-plane angle.) 

Discussion 

When out-of-plane cracking occurs, the polynomial equations defined in ASTM E 647 
underestimate the actual crack length and overestimate the projected crack length. This, in turn, 
overestimates the stress intensity factor (SIF) and underestimates the crack growth rates. The 
use of projected crack length to correct this data will correct the SIF but still underestimate the 
crack growth rates. These high-level continuum descriptions are only simple approximations to 
the true behavior along a crack front, where the crack path is not straight but is locally influenced 
by microstructure. The local stress intensity factor (SIF) is only a convenient approximation to 
the cyclic deformations that drive the growth. When compared to a straight crack, the out of 
plane crack likely has a more tortuous path, and the local SIFs are consequently influenced both 
by the global mixed-mode behavior as well as by the local crack path deviations [9]. 

The authors have presented a very simple procedure for correcting out-of-plane crack growth 
data that are within 40 ~ of  straight. The correction procedure was initially validated using 7050- 
T7451 aluminum alloy data available in the literature [2]. In that work, the out-of-plane cracking 
was encouraged by machining specimens with the S-L material axis rotated with respect to the 
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crack symmetry plane of the C(T) specimen (see Fig. 3). As a result, in each case the cracking 
was essentially in the S-L material plane, resulting in a relatively smooth and consistent fracture 
surface. Further, the data were generated at a high stress ratio and AK level to minimize crack 
face interaction effects. The correction procedure worked well to conform the out-of-plane data 
with the baseline data. 

The correction procedure was also applied to out-of-plane data generated in 2025-T6 
aluminum alloy from a weak microstrnctural plane established during the forging process. The 
correction procedure was applied to this data at both high and low stress ratios with some 
success. However, if the average out-of-plane angles exceeded 15 ~ , the data could not be 
reliably corrected near threshold, da/dN - 10 10 meter/cycle, because mixed-mode effects 
became dominant [10]. Furthermore, specimens that displayed significant twisting (i.e., the 
difference in out-of-plane angle measured on the specimen front and back exceeded 10 ~ could 
not be reliably corrected near threshold. The authors believe that the mixed-mode behavior in 
the threshold regime is dominant, and a simple correction procedure is inadequate. 

Conclusion 

In conclusion, a simple procedure has been developed to correct out-of-plane data to account 
for mixed-mode effects. Application of this procedure to test data that experience significant, 
unexpected out-of-plane cracking may aid in generating usable data. However, this procedure 
cannot be reliably used for crack growth rates approaching the fatigue crack growth threshold 
(da/dN - 10 l0 meter/cycle) when the out-of-plane angle exceeds 15 ~ Furthermore, this 
procedure is inappropriate for correcting data that have significant variation in the through- 
thickness out-of-plane angle, i.e., twisting or mode-III type behavior. The mixed-mode 
phenomenon of both of these cases is beyond the scope of a simple continuum-based approach to 
recover out-of-plane data. Finally, the ASTM E 647 standard allows for out-of-plane cracking 
angles to 20 ~ . Near threshold, this will lead to inaccurate data, as shown in this paper. 
Therefore, the standard should be more restrictive on the limits for out-of-plane cracking (15 ~ ) 
and add a requirement for a minimum of two visual measurements (one at test start and one at 
test completion) to correct for out-of-plane angles. Additionally, the standard does not address 
crack twisting. A note on crack twisting angles should be included, with a limit of 10 ~ being 
acceptable based on the data in this paper. 
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ABSTRACT: In this paper, we consider the decrease in threshold stress intensity factor (S1F) range/~Kth 
due to high maximum SIF K, which is observed for several materials in the tests with the Kmax constant 
method when closure-free conditions are realized. We proposed an assessment criterion to predict this 
phenomenon from the past data for AI and Ti and showed that the criterion is valid also for steels. Finally, 
we proposed a simplified model to explain the phenomenon, considering the fact that marks of static 
fracture are observed on the fracture surface. 

KEYWORDS: fracture mechanics, fatigue crack growth, threshold stress intensity factor range, static 
fracture mode 

Introduct ion  

Since the pioneering work of  Paris and Erdogan [1], the applied stress intensity factor (SIF) 
range AK has been known to be a major controlling parameter in fatigue crack growth (FCG) rate 
daMN under small scale yielding conditions. At low FCG rates, da/dN - AK curve in log-log 
scale generally becomes steep and appears to approach a vertical asymptote that corresponds to 
the FCG threshold. AK corresponding to this asymptote is named as the threshold SIF range 

AKth. Almost  without exception, existing data show that the Z~t  h tends to decrease with 
increasing load ratio R [2]. One example o f  the variation in the AKth with R by Boyce and Ritchie 
[2] is shown in Fig. la .  Schmidt and Paris [3] rationalized this behavior solely on the basis of  the 
crack closure concept. Assuming that both the closure-corrected effective fatigue threshold, 
Z~ef f ,  th and the closure stress intensity, Kcl, are not affected by load ratio, there exists some 
critical load ratio, R~ at which gmin = Kcl, such that: 

~K ,h - K  I <AKth ifR<Rr (groin, th <g~i)  
/~K ff th = ~ K  . . . .  K e ' ( 1 )  

e , [ . . . . .  h -- min,,h = ~ t h ,  ifR•ec (Xmin, th ) ' g e l )  

Under  these conditions, the maximum SIF at threshold, Kmax,th, is independent o f  R below Re, and 

the AKth is independent of  R above Re. Plotted as K~ax,th versus AKth, this is manifest by a distinct 
'L '  shape, as shown in Fig. lb. This illustrates that the value o f  AKth is independent of  Kmax when 
R > Re, where global closure is no longer effective. 

However,  this behavior is not universal, and the existence o f  materials that show 
characteristics illustrated in Fig. lc  and d has been reported [2]. Since this decrease in AKth was 
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observed in the range of R > Re, this behavior is apparently independent of crack closure. One 
example is the case shown in Marci's report [4]. The FCG threshold ceased to exist for a Ti-6AI- 
2Sn-4Zr-6Mo alloy under high maximum stress intensity Km,x (Marci effect), though their tests 
were the K~x-constant tests that ensure closure free conditions. Lang [5] et al.'s report should 
have encouraged engineers because their report concluded that the Marci effect is not caused by 
an abnormal or unknown phenomena; i.e., the effect is caused by time-dependent crack growth 
(hydrogen-assisted sustained load cracking), well known for Ti alloys for a long time. On the 
other hand, Newman et al.'s near threshold data by Kma• method on AI7050-T6 alloy [6] 
and Ritchie et al.'s data for Ti-6AI-4V alloy [2] show the decrease in AK, h with the increase in 
K~x without time-dependent crack growth. The mechanism for these phenomena is not 
necessarily clear. 

(a) 

0 
L o a d  Rat io ,  R 

0 
L o a d  Rat io ,  R 

(b)~ ~ / / ~  Rc  

1 
M a x  Stress  In tens i ty  at  th resho ld ,  Knax,th 

1 
M a x  Stress  In t ens i ty  at th reshold ,  K a x , t  h 

FIG. 1--Conceptual representations of the influence of the load ratio, R, on the fatigue 
threshold AK~h [2J. 

Besides the lack of full understanding of the decrease in Z~th due to high Kr~,  there are 
instances where the medium range FCG rate data for a material is linearly extrapolated to the 
near threshold range on the log-log scale (linear extrapolation) [7] when the near threshold FCG 
rate data for a specific material are not given. This linear extrapolation is a natural engineering 
approach and is considered safe, assuming that a FCG threshold exists. Thus, we thought it 
important as a first step to be able to assess whether a material will show a tendency toward the 
decrease in ,~r~th due to high Km~x. In the following, we first compiled the existing data for A1 
[6,8] and Ti [2] that showed the decrease in Z~th due to high Kmax under closure-free and 
proposed an assessment criterion to predict the phenomena. Then we applied our assessment 
criterion to carbon steels (JIS $55C, HT60, and SS400) and type 304 stainless steel and showed 
its validity with constant-Kmax FCG tests. Finally, by examining the $55C's fractography taken 
with scanning electron microscope, which showed the decrease in AKth due to high Kmax, we 
considered possible mechanistic explanations. 
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Proposal of Assessment Criterion for the Decrease in ~th  Due to High Kmax from Existing 
Data of Ai and Ti 

We first examined the existing data for A1 and Ti that showed the decrease in AKth due to 
high Kmax, expecting to find something in common. We chose data for CT specimens under Kmax- 
controlled load in a laboratory air environment. We considered the fact that there is an implicit 
upper limit on Km~x to satisfy the small scale yielding condition. For example, the ASTM E 647 
guideline for CT test specimens [9] can be read so as to choose the test Km,• not larger than the 
Kmaxssv defined as follows: 

Km,xssY = O'ys 4 I / ' ( W  -- a) / 4 (2) 

where Crys is the yield stress of the material, and Wand a are the width and the final crack length 
of  the CT test specimen, respectively. Considering the fact that static fracture should be avoided 
at this KmaxSSV, we assessed the safety margin for static failure under KmaxSSV on the Failure 
Assessment Diagram (FAD) [10]. For this purpose, we first calculated the static load PmaxssY 
corresponding to KmaxSSY with the final crack length a. Then, we calculated the limit load 
equivalent stress for a CT specimen with the following equation [11]: 

PmaxssY 1 
O"eqSS'2 BW -(1+~)+~2+2~ , 2 ' 4  ~=a/W (3) 

which is the closed form equation for plane stress under Tresca's yielding criterion (B is the 
thickness of the test specimen). We chose this equation from the various equations given for a 
combination of plane stress/strain conditions and yielding criterions, because Eq 3 formally gives 
the maximum value. 

(Kr, Sr)ssY = (KmaxSsy/gIc, O'eqSSg/O'f) of Ti-6A1-4V [2], A17050-T6 [6], A12024-T316], 
A16013-T651 [8] plotted on the FAD is shown as Fig. 2. Here, K~c is the fracture toughness, and 
o-f = (Crys + GB)/2 is the flow stress used in limit load analysis, where GB is the tensile strength of 
the material. FAD is a failure assessment tool that combines the SIF criterion under small scaling 
yield conditions (K = Ktc) and the stress criterion under full scale yielding conditions (G = O'f). 
On the FAD, failure under arbitrary crack tip yielding condition is assessed by the Failure 
Assessment Curve (FAC) expressed as the following: 

V F KrFAC = ~ lnfsec(~-SrvAC ) (4) 
L(~,~AC) t JJ 

Since we could not directly find the final crack length a from the manuscripts for each test, 
we first asked for the data from the authors. In cases where we could not get the details, we 
estimated the a by the following procedures: i) assume the initial crack length as a0 = 0.3 W + 3 
mm (same as our tests given later), ii) read the initial and the final SIF ranges AK0 and AK, 
respectively, from the da/dN-AK curves from the manuscripts, and iii) finally evaluate the 
desired a from the specified normalized K-gradient C = (d(AK)/da)/AK and the following ASTM 
loading curve [9]. 

z~=  z~(~o eC(a-a~ 
Detailed data used in the plots on Fig. 2 are summarized as Table 1. 

(5) 
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FIG. 2--Comparison of  K~x constant test conditions. 

TABLE 1--(Kr, Sr)ssrfor Al and Ti. 

W B a Kzc Km.~SSY K,.ss~ ~Ys G~ aj a~qSSr S~ssr 
mm mm mm MPam 1/2" MPam ~/2 MPa MPa MPa MPa 

Ti-6AI-4V [2] 25 8 13.7 67.0 87.6 1.31 930 970 950 760 0.80 
7050-T6 f6j 30.5 2.5 12.9" 34.0 29.2 1.01 248 248* 248 192 0.77 
2024-T3 [61 38.1 2.3 14.9" 29.0 46.6 1.37 345 345* 345 263 0.76 
6013-T651 f81 76.2 9.52 26.2* 70.7* 68.8 0.97 347 379 363 261 0.72 

* estimated value. 

We  see from Fig. 2 that all the plotted materials considered are on or outside o f  the FAC, 
which represent the locus o f  predicted failure points. We thought  this was a peculiar 

characteristic of  materials that experience the decrease in &Kth due to high/(max. Though the plots 
are results for AI and Ti, and though some est imated data were used for the plots, we considered 

that (Kr, Sr)ssY, which is determined from material  strength (Crys, o-B, K~c) and the specimen 

configurat ion (a, 1r might  be a candidate to assess the decrease in AKth due to high K . . . .  In the 
following, we apply the process to plot (Kr, Sr)ssv on FAD for steels and examine whether  the 

process is valid to assess the decrease in AKth due to high K , ~ .  

Test Condit ions  and Results:  Case for Steels 

Test Conditions 

We made tests fundamental ly  in accordance with the &K-decreasing threshold test procedure 
specified in A S T M  E 647 [9] in association with a constant m a x i m u m  stress intensity level K~ax 
[12]. The dimensions  of  the CT test specimen are shown in Fig. 3. The cyclic stress intensity 
range was varied according to Eq 5, as specified in A S T M  E 647 [9]. Here a0 (= initial machine 
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notch length of  15 mm + fatigue pre-cracking of  3 mm = 18 mm) and a are initial and current 
values of  the crack length, respectively. AK0 is the initial value of  AK set to 12 MPam ~/2 for all 
the materials and regardless of  Kma• This value o f  AK0 was chosen to make AK = 3 MPaml/2 at a 
= 20 ram, considering the fact that the threshold AK of  various ferritic alloys is approximately 3 
MPam m. C is the normalized K-gradient (d(AK)/da)/AK set to a value of  C= -0.7 mm -1, which 
is a deviation from the ASTM E 647 specification of  C > -0.08 mm -1 based on the R-constant test 
method. This deviation is validated in the case o f  the Kmax-COnstant test method for a value of  C 
as small as C = -1 .2  mm -1. This is based on the work by Hertzberg et al. [13], who explained that 
this is true because the crack tip plastic zone size is held constant for Kmax-Constant tests. Under 
the above conditions, we selected $55C as the material whose (Kr, Sr)ssY might exceed FAC, and 
SS400, HT60, and SUS304 as the material whose (Kr, Sr)ssv are below FAC (Table 2). Chemical 
compositions of  the tested materials are given in Table 3. $55C-1 ,2  in this table distinguishes 
the heats. Fracture toughness KIc in Table 2 was estimated from the Charpy test results and the 
following equation [14] ($55C-1, 2, SS400, HT60), and estimated from JQ in JQ test (SUS304). 

(K~c/Cry s)2 = 0.6478(C v/Oys - -  0.0098) (6) 

where the quantities in the equation above are all in SI units, and Cv is the absorbed energy (J) 
obtained from the Charpy impact test. 

For each material, tests were conducted for several values of  K . . . .  which were chosen to 
satisfy the small scale yielding condition. In concrete, $55C-1: Km~x = 50, 46, 42, 36, 18 
MPam v2 (K~• = 0.87, 0.80, 0.73, 0.63, 0.31); $55C-2: Km~x = 70, 50, 18 MPam 1/2 
(Kmax/KmaxSSY = 0.95, 0.68, 0.24); HT60: Km~x = 80, 70, 50, 30 MPam 1/2 (Kmax/KmaxSSY = 1.00, 
0.88, 0.63, 0.38); SS400: Kmax - 42, 32, 18 MPam u2 (Kmax/KmaxSSY = 1.00, 0.76, 0.43); SUS304: 
Kmax = 31, 25, 18 MPam 1/2 (Kmax/KmaxSSV = 0.90, 0.72, 0.52). 

G. 

r 
\ ,  

-( 

15 
W-50 
62.5 

~ B=12.5 

FIG. 3--Geometry of CT test specimen (Dimensions in ram). 

TABLE 2 - - ~ b r  tested materials. 
a Kic Kmoxssy KrssY ~rys aB 

mm mm mm MPam-~-~ MPa MPa MPa MPa 
$55C-1 50 12.5 20 65 57.6 0.89 375 724 550 287 0.52 
$55C-2 50 12.5 20 72 73.8 1.02 481 808 644 368 0.57 
HT60 50 12.5 20 304 79.8 0.26 520 631 576 398 0.69 
SS400 50 12.5 20 151 42.2 0.28 275 438 357 211 0.59 

SUS304 50 12.5 20 533 34.5 0.06 225 608 417 172 0.41 

W B if[" (YeqSSY SrssY 
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TABLE 3--Chemical composition of  test specimens. 

c Si Mn P S Cu Ni Cr Nb B Fe 
$55C-1 0.53 0.20 0.66 0.007 0.003 0.01 0.02 0.02 . . . . . .  Bal. 
$55C-2 0.56 0.20 0.84 0.015 0.010 0.01 0.03 0.15 ... Bal. 
HT60 0.12 0.25 1.45 0.008 0.003 0.01 0.02 0.03 0.02 0.0001 Bal. 
SS400 0.12 0.22 0.58 0 .02 t  0 . 0 1 7  . . . . . .  Bal. 

SUS304 0.05 0.59 1.02 0.028 0.008 .,. 9'.1'1 - 18.35 - '- ... 0.0001 -'" Bal. 

Test Results 

Tests were conducted in a laboratory air environment, and the loading frequency was 30 Hz. 
The maximum difference in AK for the planned and measured was less than 5 %. For all tests, 
the closure free condition was confirmed by measuring back surface strain. 

The da/dN data we obtained for HT60, SS400, SUS304, and $55C are summarized in Figs. 
4-7, respectively. We measured the crack length with an optical micrometer with a resolution of  
1/100 mm and evaluated da/dN by the incremental polynomial method given in ASTM E 647 
[9]. 

We see from Figs. 4-6 that though the tests for HT60, SS400, and SUS304 were conducted 
for several Kmax levels smaller than KmaxSSY, the daMN data within the measured range showed 
little variance and a clear threshold AK existed. 

1 0 - 5 ~  

~'~ ~ 10"6~ 

lO-S l ~  

MParnl/2 

~ 80 
--~ V-1 70 
4 0  50 

10 
AK MPam 1/2 

FIG. 4--Kmax-const. test 
results (HT60). 

o 

10-5 

10-6 

10-7 

10-8 1 10 
AK MPam I/2 

FIG. 5--Kmax-COnSt. test 
results (SS400). 

1 0 - 5 ~  

10"~ ~ ,  

10-7 ~ ,  

10-~ 1 ~  10 

Air( MPam 1/2 

FIG. 6--Km.x-const. test 
results (SUS304). 
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FIG. 7--Kmax-COnst. test results ($55C). 

On the other hand, we see in Figs. 7a and b that the trend observed for the $55C was 
somewhat different from the other materials. Though the da/dN data show little variance for 
da/dN > 10 -6 ram/cycle, the daMN seemed to increase according to the increase in Kmax in the 
range of 1 x 10 -7 < da/dN < 1 x 10 -6 mm/cycle, and the decrease in AKth due to high Kmax was 
observed. This is similar to what Ritchie et al. reported for Ti alloy [2] and what Newman et al. 
reported for A1 alloy [6]. 

Thus, as we expected from the assessment by (Kr, Sr)SSY and FAC, HT60, SS400, and 
SUS304 did not experience the decrease in AKth due to high Km~x, while $55C did. In summary, 
the validity of our proposal to assess decrease in z~kgth due to high Kmax by (Kr, Sr)ssY and FAC, 
which was originally based on compiled data of A1 and Ti alloys, was shown also for steels. 

Fractography 

Since $55C showed the decrease in AKth due to high Kmax, we compared fractographs 
obtained from scanning electron microscopy (SEM) corresponding to da/dN ~ 1 x 10 -5 
mm/cycle (a = 18 ram; Paris' region) and da/dN ~ 1 x 10 -7 ram/cycle (a = 20 ram; AKth region) 
at Kmax = 50 and 18 MPam 1/2 for $55C-1 and Kmax 70, 50, and 18 MPam v2 for $55C-2. 
Fractographs for $55C-1, Kmax = 50 MPam v2 at a magnification of x 1000 are shown as Figs. 8-  
10. No apparent differences in fractography due to heat difference ($55C-1 and 2) or Km,x level 
were found; thus other cases were omitted on account of limited space. 

Figure 8, which is difficult to characterize, is a typical fractograph observed regardless of 
Kmax or da/dN (Paris region or AKth region). This was not surprising considering the fact that 
striations are not easy to observe for carbon steels like $55C, and considering the magnification 
rate. Besides the fracture shown in Fig. 8, though area ratios were small, striation-like marks 
shown in Fig. 9 (though the direction of the mark does not necessarily coincide with the FCG 
direction) and river pattern-like marks shown in Fig. 10 were observed. The area size of the 
striation-like or river pattern-like mark was close to 30 microns, which seemed to correspond to 
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the grain size. The total area of  the cleavage-like marks was not larger than l0 % of the total 
fractured area. 

We also observed that neither marks of  corrosion pits nor sustained load cracking were found 
from a fractograph for Km~ = 50 MPam 1/2 (as shown in Figs. 8-I0),  though the decrease in ZXKth 
due to high Km,x was observed. Considering the fact that our tests were not conducted in an inert 
gas environment, we do not deny the possible effect of  environment as a cause of  the decrease in 
AKth due to high Kmax. However, we consider the phenomena we observed for $55C seem to be 
similar to those that Newman et al. [6] reported for A17050-T6 alloy, on the standpoint that some 
static fracture modes affected the decrease in the AKth due to high Km~x. The marks of static 
fracture mode for A17050-T6 alloy were dimples, which we could not observe in the $55C 
fractographs. Instead, we observed river pattern-like marks in the z~ds region. Thus, though the 
mechanism represented by the term "static fracture mode" for $55C and A17050-T6 is different, 
we consider the possibility of some static fracture mode affecting the decrease in AKth due to 
high Km,x for $55C steel. 

FIG. 8--Typical  fractured surface in the 
Paris region ($55C-1, Km,x = 50 MPam l/2, 
da/dN ~ 1 • 10 -5 ram~cycle). 

FIG. 9--Striation-like marks in the Paris region 
($55C-1, Kmax = 50 MPam 1/2, da/dN ~ 1 • 10 -5 
mm/cycle). 

FIG. lO--River pattern-like marks in the near threshold region ($55C-1, K, nax = 50 
MPam 1/2, da/dN~ 1 x 10 -z mm/cycle). 
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As another possibility, the striation-like mark may be caused by a pearlite structure in the 
case of a carbon steel like $55C. Thus, we observed typical monotonically fractured surfaces by 
a SEM (xl000) from a CT specimen, which was monotonically fractured after fatigue testing 
(Figs. 11 and 12). Figure 11 shows the river pattern observed at the specimen thickness center 
and Fig. 12 the dimples observed near the specimen surface. The fractured surface clearly could 
be classified into two categories; river pattern and dimples. The area of dimples was small 
compared with that of the river pattern. No striation-like marks were found from the 
monotonically fractured surface. In addition, striation-like marks were not found from the virgin 
CT specimen, though the photographs are not shown here. Thus, we conclude at least that the 
striation-like marks found in Figs. 8 and 9 are not caused by pearlite structure but by the damage 
due to cyclic load. 

Thus, though further validation studies may be necessary, from the examination of 
fractographs shown above, we conclude that the decrease i n / ~ t h  due to high Kma• observed for 
$55C is due to a static fracture mode accelerating fatigue crack growth. 

FIG. 11--River pattern in the monotonically 
fractured region ($55C-2). 

FIG. 12--Dimples in the monotonically 
fractured region ($55C-2). 

Discussion 

We concluded that the decrease in z~kKth due to high Kmax observed for $55C is a result of the 
fact that some static fracture mode accelerates fatigue crack growth. This mechanism is similar 
to the one that Ritchie et al. [15] pointed out in 1973. However, though the two parties use the 
common term "static mode fracture," the FCG rate Ritchie et al. focused on was in the range of 
daMN = 10 .5 - 5 x 10 .3 mm/cycle, where the Paris law is applied. In addition, the phenomenon 
that Ritchie et al. considered was the increase in the power of the Paris law due to high Kmax. On 
the other hand, the phenomenon we focused on was in the range of da/dN < 10 -6 mm/cycle. In 
fact, though the decrease in AKth due to high Kmax was observed for $55C, the change in FCG 
rate in the range ofda/dN = 10 .6 - 10 .5 mm/cycle was not observed. Thus, when we consider the 
effect of high Kmax, we distinguish the phenomena for near threshold and for da/dN = 10 .5 - 5 x 
10 .3 mm/cycle. In the following, we consider only the decrease in AKth due to high Kma• 

In our present study, we proposed a criterion to assess the decrease in &gth due to high Kmax 
by (Kr, Sr)ssv and FAC, which was originally based on compiled data of A1 and Ti alloys, and 
which showed it is also valid for steels. On the other hand, Ritchie et al. [15] insist that the Kmax 
effect on FCG rate of daMN = 10 .5 - 5 x 10 .3 ram/cycle appears for materials of Kic < 60 
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MPam I/2 and for thick test specimens. Newman et al. 's test result [6] that shows the decrease in 
AKth due to high Kmax observed for thin AI test specimens (Table 1, B/W = 2.3/30.5) seems to 
support our idea to distinguish "the effect of high Kmax on FCG rate" by whether the da/dN is in 
the range o f <  10 .5 mm/cycle or 10 .5 - 5 x 10 -3 mm/cycle. Our criterion considers also the test 
specimen configuration. 

We see in Fig. 2 that Krssv of 2024-T3, for example, is as high as 1.61, and thus significantly 
exceeds the FAC. Since the maximum Kr for the actual tests was 0.76 [6], no static fracture is 
expected. However, considering the report that FCG tests were conducted for K~ > 1 without 
static fracture [15], there is a possibility that FCG tests might be conducted at (Kr, S0ssv 
exceeding FAC without experiencing static fracture, so exceeding the FAC is necessary but not 
sufficient. 

We concluded that the decrease in AKth due to high Kma• observed for $55C is a result of the 
fact that some static fracture mode accelerates fatigue crack growth (cyclic mode failure). This is 
based on the examination of fractographs such as Fig. 10. We considered the river pattern-like 
mark as evidence of  static load damage (static mode .failure). We suspect cleavage fracture as 
one possible static failure mode that occurs when a grain is strongly restrained and the local load 
on the grain effectively works on its cleavage plane. We consider that the damages due to both 
modes are transgranular and that they occur selectively from a combination of load direction, slip 
plane, and cleavage plane. The fact that unstable fracture did not occur for FCG tests for/(max > 

Kic seems to suggest that the cyclic mode .failure preferentially appears in FCG tests, if the 
preference tbr both modes is equivalent. 

From the observation of SEM fractographs and the assumptions we have made, we consider 
that the FCG mechanism is the same regardless of  the FCG rate, based on the standpoint that 
microscopic cracks grow locally (such as in a single crystal) due to a cyclic or static failure mode 
and the macroscopic crack front growth is observed as coalescence of  microscopic cracks. In this 
case, the microscopic crack growth in any direction will contribute to macroscopic crack growth, 
because the crystal is separated. Figure 13 is a simplified model showing this mechanism. 

In Fig. 13, each square (hereafter called cell) corresponds to a grain. In our model, we 
assume that the microscopic crack growth mechanism is selectively determined as cyclic or static 
failure mode, due to the direction of the slip plane of the grain. Another simplification is tha! the 
microscopic crack growth direction coincides with the FCG direction. Here we specify material 
resistances for cyclic and static failure modes as ARs and Rc, respectively. These resistance 
values are functions of location of the cell. Here, to describe FCG it is assumed, in the initial 
state whether for Paris region or AK, h region, that the macroscopic crack front is even, and 
nominal crack driving force (controlled in FCG tests) F a n d  range AFwork uniformly for each 
cell along the crack front line. 

Paris Region 

1. The microscopic cracks grow in the cells, and the macroscopic crack front becomes as 
shown in Fig. 13a. 

2. Once the macroscopic crack front becomes uneven, crack tip cell load is redistributed. 
The cells with crack tip left behind will share more load, and thus, there appears a cell 
where Flocal > Rc or zXFloo,1 > ARs is satisfied. In these cells, a microscopic crack will 
restart. As a result, the macroscopic crack front proceeds as shown in Fig. 13b. 
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AKth Region 

�9 When conditions AF < ARs and Flo~al < Rc are satisfied for all cells, the macroscopic 
crack growth stops (the SIF range corresponding to this AF is the AKth). 

�9 However, though AF < ARs, there is a case in which AFlocal > ARs is satisfied for some 
cells. If  so, the microscopic cracks will grow in these cells, as shown in Fig. 13c. 

�9 As a result, there appear cells where Flocal > Rc are satisfied. In these cells, microscopic 
crack growth occurs due to static failure mode. In addition, microscopic crack growth by 
cyclic failure mode continues, and due to the continuous load redistribution, microscopic 
crack growth continues due to static failure mode as shown in Fig. 13d. 

�9 This microscopic crack growth continues until conditions AFlo~l < ARs and Fio~,l < Rc are 
satisfied for all cells. In this process, there is a chance that the microscopic crack 
coalescence propagates to the test specimen thickness surface, and finally, a crack growth 
is observed (Fig. 13e) on the specimen surface. 

�9 To increase the test condition Kmax in the Km~x-constant tests means that there is a 
possibility that Floral > Rc will increase. Thus, there is a possibility that continuous crack 
growth is observed, which means that AKth decreases due to the effect of  high Kmax. 

In the preceding model, Rc and ARs seem intuitively related to Klc and Cyys(CTODoc ~u 
due to the failure modes, respectively. In summary, in a material whose Kmax/K~c can be selected 
high under small scale yielding condition, local fracture due to static failure mode tends to 
happen. We consider that this tendency is the cause of the decrease in AKth due to high Kma• 

C r a c k  f ront  ~ 7  

~Gen~G ~ 

~ (a) 

(c) 

I_~ (d) 

FIG. 13--Simplified FCG model 
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In addition, striation spacing of  approximately 2 • 10 -4 mm was observed in the near 
threshold region (Fig. 14; da/dN = 1.8 • 10 -7 mm/cycle). Our observation does not contradict 
with Davidson et al. [16], who insist that, if  a striation is observed, the minimum striation 
spacing is in the range of  1-4 • 10 "4 mm regardless of material. If a striation mark is produced 
also in the near threshold region in accordance with the Laird's model [17], the large striation 
spacing of 2 • 10 4 mm might be considered as being produced in one cycle due to a high local 
stress, as explained in the model of Fig. 13. Another possibility is that minimum striation spacing 
due to the intrinsic fatigue mechanism exists, as Davidson et al. [16] point out. If so, striation 
spacing might be a mark which appears with multiple load cycles. Our model in Fig. 13 can 
handle both possibilities if we treat the damage due to cyclic mode failure appropriately. In 
addition, the main theme of our study, that is, the decrease in AKth due to high Kin.x, is well 
explained whether a striation mark is produced in one cycle or more. 

FIG. 14--Fractured surface in the near threshold region ($55C-2, K~x - 50 MPam 1/2, 
da/dN= 1.8 • 107 mm/cycle). 

Conclusion 

In this paper, we first compiled the existing data for A1 and Ti that showed the decrease in 
AKth due to high K~a~ under closure-free conditions and proposed an assessment criterion to 
predict the phenomena. Then we applied our assessment criterion to carbon steels (JIS $55C, 
HT60, and SS400) and type 304 stainless steel and showed its validity by constant-Km~ FCG 
tests. Finally, by examining the $55C's fractography from the scanning electron microscope, 
which showed the decrease in AKth due to high Km~x, we considered possible mechanistic 
explanations. 
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Environmentally Influenced Fatigue in High Strength Steels 

ABSTRACT: A study was conducted to identify the environmental influence on fatigue crack growth 
behavior of three high strength steels: AerMet 100, 300M, and 4340. These steels were subjected to 
fatigue tests under constant amplitude loading of frequency 10 Hz and stress ratios R = 0.1 and 0.9, in 
vacuum, air, and 3.5 % NaC1 solution. The fatigue crack growth was characterized with two driving 
force parameters, stress intensity range, AK, and maximum stress intensity, Km~. Especially, the 
variation of fatigue crack growth per time, da/dt, with Km~, in 3.5 % NaCI solution was evaluated with 
respect to R, environment, and threshold stress intensity for environmentally assisted cracking (EAC), 
K~EAC. In addition, the environmental influence on fatigue crack growth was examined with the 
fractographic features and trajectory path, drawn with the limiting values of AK and K,nax, AK* and 
Kmax*. 

KEYWORDS: fatigue, environment, constant amplitude loading, frequency, stress ratio, 
environmentally assisted cracking (EAC), fractographic features, trajectory path 

In troduc t ion  

Fatigue crack growth in a metallic material arises from a combination o f  stress, environment, 
and microstructure o f  the material. There have been a number of  empirical models proposed for 
fatigue crack growth life prediction However,  the reliable one is still lacking, because the load- 
load interaction and the role o f  environment have not been fully understood and quantified. To 
resolve such uncertainties, Vasudevan and Sadananda [1-9] have developed a Unified Approach. 
According to this approach, AK and Kmax are two intrinsic parameters, and their thresholds must 
be exceeded for a fatigue crack to grow. Environmental interactions, being time and stress- 
dependent processes, affect fatigue crack growth through K .... parameter. For each fatigue crack 
growth rate, two limiting values o f  AK and Kmax, AK* and Kmax*, are necessary to enforce the 
growth rate. Their magnitudes depend on the material resistance to fatigue crack growth. A 
fatigue crack growth trajectory path is defined by plotting AK* against Kr~x* as a function o f  
daJdN [7-9]. For a pure fatigue crack growth, the trajectory path falls on the reference line o f  
AK* = Kmax*. Deviation from this line occurs when monotonic fracture mode and environmental 
effect are superimposed on fatigue. In this study, the Unified Approach is employed for the 
analysis of  the fatigue crack growth behaviors of  three high strength steels, AerMet 100, 300M, 
and 4340, in three environments, vacuum, air, and 3.5 % NaC1 solution. 
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Experimental Procedure 

Material and Specimen 

Heat-treated slabs of AerMet 100, 300M, and 4340 steels were used as the specimen 
materials. The microstructures are tempered martensite with prior austenite grain diameters of 6 
~tm for the AerMet 100 steel, 20 gm for the 300M steel, and 14 gm for the 4340 steel. The 
mechanical properties are shown in Table 1. From the slabs, compact tension, C(T), specimens, 
4.8 mm thick and 38 mm wide, were prepared in the L-T orientation. Prior to the fatigue and 
EAC tests, the specimen was pre-cracked under constant amplitude loading of frequency 10 Hz 
at test stress ratio, R = 0.1 or 0.9, in the test environment. 

TABLE 1--Mechanical properties of AerMet 100, 300M, and 4340 steels. 

Prop e~_E AerMet 300M 4340 
YS (MPa) 1,724 1,703 1,669 

UTS (MPa) 1,979 2,000 1,944 
........... K l ~ m )  126 57 53 

Fatigue Test 

Two closed-loop servo-hydraulic mechanical test machines were used. One was a 490 KN 
vertical MTS machine for the fatigue test in vacuum and air, and the other was a 45 KN 
horizontal test machine for the fatigue test in liquid. The fatigue test was conducted under 
constant amplitude loading of frequency 10 Hz and R = 0.1 and 0.9 at ambient temperature. The 
test environments were vacuum of 2 • 10 -8 torr, air of 50 % relative humidity, and 3.5 % NaC1 
solution of pH 7.3. The crack length was monitored with a computer system, employing 
compliance technique. The fatigue loading procedure was K-decreasing with K-gradient 
parameter C = -0.08 mm -1 in the near-threshold crack growth regime and K-increasing with C = 
0.08 mm -1 in the other regimes. 

Environmentally Assisted Cracking Test 

Before the test, a C(T) specimen was pre-cracked in 3.5 % NaC1 solution of pH 7.3, and a 
wedge was inserted into the specimen notch to make a deflection, measured with a clip-on 
displacement gage. Then, the lower portion of the specimen, including the crack tip, was put 
under the 3.5 % NaC1 solution of pH 7.3 in a container throughout the test. During the test, the 
upper portion of the specimen, including most of the notch, was in air above the 3.5 % NaC1 
solution. The crack length was measured with a binocular microscope, less frequently as the 
crack grew. The test was continued with crack length increasing and stress intensity decreasing, 
and the KIEAC was defined as the stress intensity, KI, at crack arrest. KI was calculated from the 
following relations [10,11]. 

KI = (P/B~/W)[(2 + ct)/(1 - ct)3/2](0.886 + 4.64ct - 13.32~ 2 + 14.72ct 3 - 5.6ot 4) (1) 

P = BEVo/F(c 0 (2) 
F(c 0 = [1 + (0.25/c0][(1 + a)/(1 - a)]2[1.61369 + 12.6778c~ - 14.231 lcc 2 - 16.6102ct 3 + 

35.0499cd- 14.4943ct 5] (3) 
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where P is the load, B the specimen thickness, W the specimen width, c~ = a/W, a the crack 
length, E the modulus of elasticity, and Vo the displacement at front face of specimen. The data 
were reduced to crack length, a, versus time, t, and crack growth rate, da/dt, versus KI plots. 

Fractography 

After the fatigue and EAC tests, the crack surface morphology was examined at several 
spots, corresponding to various crack growth rates, with a scanning electron microscope, JEOL 
JSM-5800LV, operating at an accelerating voltage of 20 kV. 

Results 

Variation of Fatigue Crack Growth Rate, da/dN, with Stress Intensity Range, AK 

Raising R from 0.1 to 0.9 moves the da/dN versus AK curve to the left, increasing the da/dN 
in the near-threshold crack growth and Paris regimes (Regimes A and B), and reducing the 
threshold stress intensity range for fatigue crack growth, AKth (Fig. 1). For the test in 3.5 % 
NaC1 solution, the da/dN versus AK curve levels off in the Regime B for a given AK region at R 
= 0.9. Figure 2 shows the environmental effect on da/dN variation with AK. 

(1) AerMet 100 Steel--At R = 0.1, in Regime A, da/dN is greater in air than in 3.5 % NaC1 
solution and vacuum, and it is similar in 3.5 % NaC1 solution and vacuum. In Regime B, da/dN 
is still greater in air, intermediate in 3.5 % NaC1 solution, and least in vacuum. In the high da/dN 
and AK regime (Regime C), da/dN is similar in air and 3.5 % NaC1 solution, but it is less in 
vacuum. At R = 0.9, in Regime A, da/dN is greatest in 3.5 % NaC1 solution, intermediate in air, 
and smallest in vacuum. In Regime B, the da/dN curve levels off in 3.5 % NaC1 solution and 
crosses over the da/dN curve in air, and da/dN is lower in vacuum. In Regime C, the three da/dN 
versus AK curves tend to converge. 

(2) 300MSteel--At R = 0.1, in Regime A, da/dN is slightly greater in 3.5 % NaC1 solution 
than in air. However, it is similar in Regimes B and C in air and 3.5 % NaC1 solution, da/dN is 
lowest in vacuum in Regimes A and B. The three da/dN versus AK curves merge in Regime C. 
At R = 0.9, da/dN is greatest in 3.5 % NaC1 solution, intermediate in air, and least in vacuum in 
Regimes A and B. The da/dN versus AK curve levels off in 3.5 % NaC1 solution, and they 
merge in Regime C in air and vacuum. 

(3) 4340 Steel--The main features of  da/dN variation with AK are similar to those for 300M 
steel in the respective environments. 

Figure 3 compares the resistances of  the three steels to fatigue crack growth, indicated by 
da/dN, in the three environments. 

(1) Vacuum--At R = 0.1, in Regime A, da/dN is greatest for 300M steel, intermediate for 
AerMet 100 steel, and least for 4340 steel. In Regime B, da/dN is similar for 300M and AerMet 
100 steel and lowest for 4340 steel, and in Regime C, the three curves tend to merge. At R = 0.9, 
in Regime A, the three daJdN versus AK curves overlap each other. In Regimes B and C, da/dN 
is similar for 300M and 4340 steels, whereas that of  the AerMet 100 steel is least. 

(2) Air--At R = 0.1, in Regime A, da/dN is greatest for 4340 steel, intermediate for 300M 
steel, and least for AerMet 100 steel. However, in Regimes B and C, the three da/dN versus AK 
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curves overlap each other, indicating similar da/dN. At R = 0.9, in Regime A, the three da/dN 
versus AK curves nearly overlap each other. In Regimes B and C, the da/dN versus AK curves of  
the 300M and 4340 steels nearly overlap each other, and da/dN is lowest for AerMet 100 steel. 

(3) 3.5 % NaCl Solution--Throughout the three regimes, da/dN is greatest for 4340 steel, 
intermediate for 300M steel, and least for AerMet 100 steel, except the da/dN for the 300M steel 
is close to those for the 4340 and AerMet 100 steels. At R = 0.9, the three da/dN versus AK 
curves level off, and the level is highest for the 4340 steel, intermediate for the 300M steel, and 
lowest for the AerMet 100 steel. This observation evidences that the resistance to corrosion 
fatigue crack growth is greatest for the AerMet 100 steel, intermediate for the 300M steel, and 
least for the 4340 steel in 3.5 % NaC1 solution. 

Variation of  Fatigue Crack Growth/Time, da/dt, with Maximum Stress Intensity, K,,o~ 

The fatigue crack growth per cycle, da/dN, was converted to the corresponding crack growth 
per time, da/dt, for the test in 3.5 % NaC1 solution, following the relationship of  da/dt = f 
(da/dN), where f is the loading frequency. The da/dt is plotted against Kmax in Fig. 4. Also, the 
environmentally assisted crack growth rate, da/dt, in 3.5 % NaC1 solution is plotted against the 
applied stress intensity factor, KI, in this figure. (The EAC plots of  300M and 4340 steels were 
determined in this study, and that of AerMet 100 steel is Oehlert's [12].) The upper portion or 
whole of the da/dt versus Kmax curve is in the region of Kmax > KIEAC for both of the stress ratios 
0.1 and 0.9. 

FIG. 1--Curves of da/dN versus AK, showing stress ratio effect. 
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FIG. 2--Curves of  da/dN versus AK, showing environmental effects. 

FIG. 3--Curves of da/dN versus AK, showing relative fatigue resistance. 
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FIG. 4--Variation of da/dt with Kmo~ or K1. 

Trajectory Path of Fatigue Crack Growth 

To find the trajectory path [7-9], the limiting value of  AK at R = 0.9, (AK)R = o.9 ~ AK*, is 
plotted against that of K~,x at R = 0,1, (Kmax)R = 0.1 ~ Kmax*, in Fig. 5. 

(1) AerMet 100 Steel--The trajectory paths for the fatigue in vacuum and air deviate slightly 
from the pure fatigue line of AK* = Kin,x* and they nearly overlap each other. That for the 
fatigue in 3.5 % NaC1 solution moves toward the pure fatigue line from a separated starting point 
of  the lowest AK* and Kma• indicative of  Type I [6], and eventually converges to those for the 
fatigue in vacuum and air. 

(2) 300M Steel--The trajectory paths for the fatigue in vacuum and air deviate from the pure 
fatigue line considerably, and become nearly parallel to the Kmax*-axis, overlapping each other 
and indicating a type between Types III and IV [7]. The one for the fatigue in 3.5 % NaC1 
solution is initially Type IV [7] at low AK*, and then moves upward almost parallel to the pure 
fatigue line, Type II [7]. 

(3) 4340 Steel--The features of trajectory paths are similar to those for the 300M steel, 
except the paths deviating slightly more toward the Kma• than those for the 300M steel, 
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FIG. 5--Trajectory path. 

Fractographic Features 

(1) AerMet t00 Steel--In vacuum and air, cleavage-like facets are visible at lower da/dN, and 
larger cleavage-like facets and some dimples at higher da/dN for R = 0.1, Fig. 6. Faint striations 
are seen in the cleavage-like facets, and the number and size of  the dimple increase with greater 
da/dN for R = 0.9. In 3.5 % NaC1 solution, cleavage-like facets with striations and some dimples 
are seen for Kmax < KIscc at R = 0.1. However, mixed cleavage-like and intergranular facets are 
visible at low da/dN (or da/dt) and mostly dimples at high da/dN for R = 0.9. At the initial stage 
of EAC, mixture of  intergranular and cleavage-like facets are noticeable, and at the later stage of  
EAC, intergranular facets and dilnples. 

(2) 300M Steel--ha vacuum and air, cleavage-like facets are visible at lower da/dN and 
dimples at higher da/dN for R = 0.1 and 0.9. At lower da/dN, the cleavage-like facets are larger 
for R = 0.9 than those for R = 0.1. In 3.5 % NaCI solution, at R = 0.1, cleavage-like facets and 
some dimples are visible at lower da/dN and Km~, < KlSCC, but larger cleavage-like facets, 
striations, secondary cracks, and intergranular facets at higher da/dN and Kmax > KlSCC. At R = 
0.9, mixed cleavage-like and intergranular facets are visible at lower da/dN and K~a~ < KzEac, 
and mostly intergranular facets and secondary cracks at higher da/dN and Km~ > K~EAC. The 
crack surface of EAC-tested specimen shows intergranular facet and secondary cracks. 

(3) 4340 Steel--In vacuum and air, the fractographic features are similar to those of  300M 
steel. In 3.5 % NaC1 solution, at R = 0.1, mostly intergranular facets and patches of  dimples are 
seen at low and high da/dN and Kmax below and above KrEAC, Fig. 7. More dimples are visible at 
greater da/dN. At R = 0.9, intergranular facets and secondary cracks are mostly seen at low and 
high da/dN. The crack surface of  EAC-tested specimen shows intergranular facets and 
secondary cracks. 
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FIG. 6--SEM fractographs of  AerMet 1 O0 steel, fatigue tested at R = O. 1 and O. 9 in vacuum. 

FIG. 7--SEM fractographs of  4340 Steel, fatigue tested at R = 0.1 and 0.9 in 3.5 % NaCl 
solution. 
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Discussion 

Stress Ratio Effect 

It was observed that da/dN increased and AKth decreased with increasing stress ratio from 0.1 
to 0.9 in the three environments for the three steels, Fig. 1. This observation is similar to those 
reported for various steels and alloys by a number of  investigators [ 13-27]. 

Environmental Effect 

Compared to air, 3.5 % NaC1 solution enhanced the fatigue crack growth in AerMet 100 steel 
at R = 0.9 but retarded it at R = 0.1 in the near-threshold crack growth regime, Fig. 2. Similar 
observations were reported for 2 1/4 Cr-1 Mo, rotor, and 4340 steels, and attributed to oxide- 
induced crack closure [16,17,19,28,29]. But such a crack growth retardation by 3.5 % NaC1 
solution was not observed for 300M and 4340 steels at R = 0.1. 

As Fig. 4 shows, the lower portion of the da/dt versus Kmax curve for the fatigue test at R = 
0.1 in 3.5 % NaC1 solution is in the region of Kr~x < KIEAC, and no EAC is expected to occur 
under cyclic loading in this region. Yet 3.5 % NaC1 solution can still influence the fatigue crack 
growth process and induce the true or environmental corrosion fatigue [6]. On the other hand, in 
the region of  Kmax > KIEAC, the environmentally assisted crack growth is superimposed over the 
fatigue crack growth, resulting in environmentally assisted fatigue [6]. Such an EAC 
contribution to fatigue crack growth has also been discussed by other investigators [30-33]. Wei 
and Landes [30] considered the fatigue crack growth in high-strength steels in an aggressive 
environment to be composed of  two components, mechanical and environmental. They proposed 
that the da/dN in an aggressive environment, (da/dN)c, could be expressed in terms of the da/dN 
in an inert reference environment, (da/dN)r, and an environment component computed from 
sustained-load crack growth data. Gerberich, Birat, and Zackay [31] proposed that the da/dN in 
a corrosive environment consisted of  a fatigue contribution, (da/dN)f, and an EAC contribution, 
(da/dN)EAC. Wei [32] re-defined his previous model [30] as the da/dN in an aggressive 
environment, (da/dN)e, composed of  three components, (da/dN)r for pure fatigue in inert or 
reference environment, (da/dN)cf for environmental contribution due to the synergistic 
interaction of  fatigue and environmental attack, and (daJdN)EAC for EAC at K > KIEAC. Pao, Wei, 
and Wei [33] studied the fatigue crack growth behavior of  4340 steel in water vapor; and pointed 
out the environmental contribution arising from EAC for Km~x > KIEAC and from synergistic 
action of fatigue and environmental attack for Kmax < KIEAC. 

Grain Size Effect 

It has been known that in the near-threshold regime of fatigue crack growth, an increase in 
the grain size generally results in a marked reduction in da/dN and an increase in AKth [34]. 
However, such a grain size effect on fatigue crack growth is not noticeable in this study, 
especially in 3.5 % NaC1 solution. As Fig. 3 shows, the AerMet 100 steel has the lowest da/dN 
and the greatest AKth in 3.5 % NaC1 solution, though it has the smallest grain diameter (6 gm) of  
prior austenite, compared to those (20 and 14 gm) of 300M and 4340 steels. Apparently, the 
highest inherent resistance of  AerMet 100 steel to corrosion fatigue crack growth overwhelms 
the unfavorable grain size effect. 
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Trajectory Path 

When a crack is grown by cyclic strain alone, the trajectory path follows the pure fatigue line 
of  AK* = Kmax* [7-9]. However, the trajectory path is deviated by superimposing Kmax" 
dependent monotonic fracture mode and/or environmental effect on fatigue. The monotonic 
fracture is indicated by fractographic features of crystallographic facet and/or dimple. The 
environmental effect is evidenced predominantly by intergranular facets. 

Considering the fractographic features, cleavage-like facets and dimples observed at lower 
da/dN of the AerMet 100 and 300M steels and fatigue-tested in the three environments, the 
trajectory path deviation is partly attributable to the cleavage-like facet and dimple modes of  
crack growth. In 4340 steel, the cleavage-like facet and dimple are observable only for the 
fatigue tests in vacuum and air at lower da/dN. 

The trajectory path deviation is least for the AerMet 100 steel, much greater for the 300M 
steel, and greatest for the 4340 steel in the three environments, Fig. 5. In 3.5 % NaC1 solution, 
the deviation is drastic for the 4340 steel and somewhat less for the 300M steel, compared to the 
AerMet 100 steel. This appears to be associated with the KIEAC value, least for the 4340 steel, 
intermediate for the 300M steel, and greatest for the AerMet 100 steel; and the susceptibility to 
intergranualr cracking, greatest for the 4340 steel, intermediate for the 300M steel, and least for 
the AerMet 100 steel. 

Fractographic Features 

In vacuum and air, at R = 1, the fractographic features are similar for the three steels, finer 
cleavage-like facets at tower da/dN, and larger cleavage-like facets and some dimples at higher 
da/dN. At R = 0.9, the number and size of  dimple increase with increasing da/dN. This 
observation evidences that in vacuum and air: 

�9 The cleavage-like facet becomes larger with increasing daJdN and R. 
�9 The number and size of  dimple increase with increasing da/dN and R. 
�9 The larger cleavage-like facet is replaced by dimples at higher da/dN and R. 

In 3.5 % NaC1 solution, at R = 0.1, cleavage-like facets and some finer dimples are seen at 
lower da/dN (or da/dt) and larger cleavage-like facets at higher da/dN for the AerMet 100 steel. 
However, at R = 0.9, mixed cleavage-like and intergranular facets are visible at lower da/dN and 
mostly dimples at higher da/dN. At R = 0.1, cleavage-like facets are mostly visible with some 
scattered dimples at lower da/dN, and mixture of  cleavage-like and intergranular facets at higher 
da/dN for the 300M steel. At R = 0.9, a mixture of  cleavage-like and intergranular facets is 
visible at lower da/dN, and mostly intergranular facets at higher da/dN for the steel. On the other 
hand, mostly intergranluar facets are present at low and high da/dN and R = 0.1 and 0.9 for the 
4340 steel. This observation evidences that in 3.5 % NaC1 solution: 

�9 Cleavage-like facets and dimples are still seen at lower R and da/dN in more corrosion 
fatigue resistant steel, such as AerMet 100 steel. However, these fractographic features are 
replaced by mixed cleavage-like and intergranular facets at higher R and lower da/dN, and 
they are replaced mostly by dimples at higher da/dN. 

�9 In lower corrosion fatigue resistant steels, such as 300M and 4340 steels, more 
intergranular facets cover the crack surface at low and high da/dN and R. 
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At the initial stage of EAC, mixture of  intergranular and cleavage facets are seen, and at the 
later stage of EAC, intergranular facets and dimples for the AerMet 100 steel are seen. On the 
other hand, the crack surface of EAC-tested specimen shows intergranular facets and secondary 
cracks for 300M and 4340 steels. These observations suggest that the susceptibility to 
intergranular cracking or grain boundary de-cohesion is greatest for 4340 steel, somewhat less 
for 300M steel, and least for AerMet 100 steel during fatigue and EAC in 3.5 % NaC1 solution. 
Considering the relative values of KmAc of the three steels, the least for 4340 steel, the 
intermediate for 300M steel, and the greatest for AerMet 100 steel, the greater susceptibility to 
intergranular cracking corresponds to smaller KIEAC or smaller EAC resistance. 

Conclusions 

�9 da/dN increases and AKth decreases with increasing R in vacuum, air, and 3.5 % NaC1 
solution. 

�9 Crack growth is retarded at R=0.1 in the near-threshold regime for AerMet 100 steel in 3.5 % 
NaC1 solution. This is attributable to corrosion product induced crack closure. 

�9 The main fractographic features of fatigue in vacuum and air are cleavage-like facets and 
some dimples at lower da/dN and R. The cleavage-like facets are enlarged and replaced by 
an increasing number of dimples with increasing da/dN and R. 

�9 The main fractographic features of  fatigue in 3.5 % NaC1 solution are mixed cleavage-like 
and intergranular facets at lower da/dN and R for AerMet 100 steel. On the other hand, 
intergranular facets and secondary cracks are predominant features for the fatigue of  300M 
and 4340 steels in 3.5 % NaC1 solution. These fractographic features of  fatigue are similar to 
those of EAC in 3.5 % NaC1 solution. 

�9 The resistance to fatigue and intergranular cracking in 3.5 % NaC1 solution is greatest for 
AerMet 100 steel, intermediate for 300M steel, and least for 4340 steel. 

�9 Trajectory path deviates due to superimposition of cleavage-like and dimple fracture and 
EAC on fatigue in 3.5 % NaC1 solution. 
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ABSTRACT: The European technical rules for the design of steel structures (Eurocode 3) offer a method 
to select steels to avoid brittle fracture. This concept is available for members subject to fatigue loads and 
is based on a safety assessment using fracture mechanics, applying stress intensity factors (K-concept). In 
order to extend these rules to members with predominant static loads, investigations have been carried out 
for typical details as used in buildings, both experimentally and theoretically. The details investigated 
were welded connections of solid bars or 1-profiles with slotted gusset plates. The experimental studies 
included large scale tests using test specimens with initial cracks at locations of high stress 
concentrations. For the theoretical studies, the K-concept was applied. Formulae for K-requirements were 
developed for such details with numerical simulations using BE- (Boundary Element-) methods. The 
results allow an extension of the rules in Eurocode 3. 

KEYWORDS: brittle fracture, steel structures, toughness requirements, boundary element methods, 
crack growth 

Nomenclature 

ad: 
beff: 
fy(t) 
K*appl,d: 
Kmat,d: 
kR6: 
TEd: 
TRd: 
T27J: 
TKlOO: 
ATR: 
AT,~: 
p: 

(~Ed: 
US: 

Crack size at "hot spot" o f  structural detail [m] 
Length o f  crack front to include crack shape [m] 
Yield strength in dependence on the member thickness t [MPa] 
Toughness requirement expressed as stress intensity factor [MPa m 1/2] 
Fracture toughness expressed as stress intensity factor [MPa m 1/2] 
Plasticity factor o f  R6-Failure Assessment Diagram [-] 
Lowest ambient temperature [~ 
Lowest permissible temperature to fulfill safety assessment [~ 
Charpy energy test temperature where the charpy energy 27 J is achieved [~ 

1/2 Temperature where K reaches the value of  100 MPa m [~ 
Safety element derived by statistical evaluation o f  large scale tests [~ 
Temperature effect including stress intensity o f  geometry and stresses [~ 
Correction factor including local residual stresses at critical detail [-] 
Tensile stress at critical structural detail [MPa] 

Global residual stress influencing toughness requirement K*appl,d [MPa] 
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Introduction 

In the frame of the unification of the European technical rules for the design of  steel 
structures (Eurocode 3), a method has been developed to select steels to avoid brittle fracture. 
This concept is implemented in EN 1993-1-10 [1] and is applicable to structural members subject 
to fatigue loads (e.g., bridges) with details covered by EN 1993-1-9 [2]. It is based on a safety 
assessment using fracture mechanics and assumes initial surface cracks grown to design values 
by fatigue. In the assessment, the K-concept is applied using stress intensity factors. 

The objective of  a recent research project was the extension of  these rules to members with 
predominant static loads as in buildings, for which the details in general are not designed for 
fatigue. For buildings, critical details are connections of members made of solid bars or I-profiles 
welded to slotted gusset plates. Investigations have been carried out for these details, both 
experimentally and theoretically, to define toughness requirements to provide simple rules which 
allow the selection of material. The investigations included tests with large scale test specimens 
with initial cracks at locations of high stress concentrations. For numerical calculations of  the 
crack growth, the BE-method was applied. 

Selection of Materials for Fracture Toughness in Eurocode 3 

The choice of material according to EN 1993-1-10 is based on a safety assessment using 
fracture mechanics 

K*appl,d -< Kmat,d (1) 

In this equation K*appl,d (stress intensity factor) is the design value of  the action effect which 
gives the toughness requirement for a certain flaw size, modelled by a surface crack including a 
correction for plastic strains according to the R6-Failure Assessment Diagram (FAD) [3]. Kmat,d 
is the design value of  the toughness resistance of  the material. The toughness resistance includes 
a modified Sanz-correlation [4] correlating the temperature TK100, where the K-factor achieves 
the value 100MPa m v2, and the temperature Yz7j for charpy energy tests, and the Wallin-Master- 
curve [5]. It also includes the reference temperature T of  the structural component and an 
additive safety element zXTR to be determined from test evaluations. Figure 1 demonstrates the 
various components of the safety assessment. 

The assessment format in terms of K-values as given in Fig. 1 has been transferred to a 
temperature format for implementation in EN 1993-1-10 (Eurocode 3 - Part 1.10: Selection of 
Materials for Fracture Toughness) where all relevant input parameters from actions and from the 
structure are included in TEd, whereas TRd contains the material properties from tests only. This 
transformation is necessary because product standards provide standardized toughness values as 
T27J- and T40J- values where the charpy energy is 27 J or 40 J, respectively. 

To make this concept applicable for preparing a table for permissible plate thicknesses, the 
following steps have been performed: 

The safety element ATR was derived from large scale tests with cracks by statistical 
evaluations. 
A standard fracture mechanical requirement curve AT,, was determined with a critical 
surface crack of the size ad at the hot spot of  a critical standardized welded detail. The 
design crack may have developed from an initial flaw (of size ao) that propagated under 
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fatigue load during a time interval between inspections or the full service time. The 
values A'f~ should cover all detail classes in EN 1993-1-9. 

I K*appi,d ~ Kmat,d J 
Toughness Requirement Toughness Resistance 

[- KappI'd = Kl(ad'OEd) ~ ] IF Toughness- Modif. Sanz-correlation: 
J IF properties I corre ation of Charpy 

/ 0"25 / / ~  / / II T I energy teat temperature 
! O'Ed=/O'5 t'fY(t)~--~ / i J / I { - - '~L[  ~ 1  with temperature T .. . .  

Global residual ~l J i  / / ~ Y / / I  / J l Sanz- I 
1 ~ 1,'2 I stress / l l  /./A J / / / / /  I / I I correlation I TK~oo : Temperature where 

/ k . o = K  .... .  I R.-FAD I I I I  W~.n-  I .  - 
| ~ KmatrCt brittle J Failure I I l l  Master- I~m",d~ 

/ I / "  I L II I I - - I  , 
/ L /  ,I o, II ; T .... T. rC] 

K" Ka~ppI'~d <20+[70{expTEd-T27J+'8~ 025 
appl, d kRe -p 52 ]Lhe~ ) 

~b ~0.25 

TEd - 52, In L~ ~6 + ATR -> T27J - 18 ~ 
y -  ~. 

&To 
ITEd > TRd[ 

FIG. 1--Safety assessment for  limit state "brittle fracture" in EN  1993-1-10. 

Figure 2 shows this standard toughness requirement curve ATo and also a comparison with 
individual requirement values calculated numerically with BE-methods for members of  practical 
sizes with various fatigue classes. As the standardized values AT~ reach higher toughness 
requirements than the individual ones calculated with more precise (numerical) methods, the safe 
sidedness of the assessment procedure is proved. 

The table for permissible plate thicknesses as given in Fig. 3 results from this requirement 
curve. The requirement curve in Fig. 2 covers only details according to the fatigue classes with 
semi-elliptical surface cracks. For details not listed in the fatigue class catalog [2], e.g., for 
details with through-thickness-cracks, a solution had still to be found. Also, guidance was 
necessary in cases like building structures, where fatigue is not as relevant as for bridges or 
gantry girders. 
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loo ] ~  - -~  S t a n d a r d - R e q u i r e m e n t - c u r v e  / / 3 

I I i  I x De ta i l s  in EN  1993 -1 -9 ,  es t ima ted / |  . 
5oJ I numer i ca l l y  w i th  B E - m e t h ~  ~ . _ ~ _ . .  - * - - ' ' ~ ' ~ - "  

' , i  : : ' , : : 
i i i I i i 

.... t k -  x ; . - -  

-1,o 4 i i 1 , i 
0 20 40 60 80 100 120 140 160 

plate thickness t [mm] 

FIG. 2--Standard requirement curve compared to results for details in EN 1993-1-9. 

The Approach for the Extension of the Existing Rules 

General Considerations 

For the extension of  the concept for buildings and details with through-thickness-cracks the 
safety assessment format used in EN 1993-1-10 was kept. Two problems had to be solved: 

1. Determination of the fracture mechanical requirement K*appl,d for typical structural details 
with through-thickness-cracks 

2. Definition of design values of cracks ad for such structural details compatible with the 
fabrication- and service-conditions for members and buildings. 

Typical details for members in buildings and frames were used that are made of solid bars or 
I-profiles and are welded to slotted gusset plates. For such details no hand formulae for K-values 
exist. Therefore, a numerical solution had to be developed suitable for parametric studies. For 
that purpose the BE- method was chosen, which had to be compared to test results in order to 
guarantee realistic simulations. Since this type of  large scale test specimens did not allow a direct 
measurement of  stress intensity factors or the J-integral, instead crack growth tests were 
performed under cyclic loading to measure the crack growth rate and to use this crack growth for 
comparison. Knowing the crack growth rate, the correlation to K-factors can be established by 
Paris-law [6]. The investigations included the following steps: 

1. Identify the test specimens 
2. Perform large scale tests (accompanied by small scale tests) for measuring crack growth 
3. Perform BE-modelling and simulation of crack growth by application of Paris-law: 

da 
- -  = C. AK m (2) 
dN 

where da/dN = crack growth rate; C,m = material parameters; and AK = range of stressintensity 
factors. 
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4. Check the BE-calculations by comparing numerical results of  crack growth with 
experimental results. In case of good matching, a realistic simulation of the fracture 
mechanical behavior and thus the K-values can be assumed. 

5. Perform parametric studies with varied geometric dimensions to develop a general  
function for K-values. 

6. Perform fracture tests with the same test specimens as used for crack propagation to 
determine the resistance to brittle fracture at low temperatures. These tests include the 
"worst case" scenario comprising "lowest temperature" plus "large cracks at points of 
high stress concentrations" plus "high strains." 

7. Check of the assessment method for the safety assessment to avoid brittle fracture by 
comparison with fracture tests and derivation of standardized requirement curves and 
simplified rules for the choice of  material. 

Identification of Test Specimens 

For the typical details chosen, i.e., welded connections of diagonal components with slotted 
gusset plates, high stress concentrations occur at the gap at the weld ends (Fig. 4). 

From inquiries at various steel fabricators, the following common features could be 
determined for the components [7]: Common profiles connected are I-profiles (HEA, HEB, IPE) 
and solid circular bars. The gusset plates have thicknesses ranging from 10-120 ram. Steel 
grades are S235JRG2, $355J0, and S355J2G3. The test program was defined following these 
investigations. The test plates were dimensioned so that fracture would occur at the location of 
the gap next to the weld end. The variation of  plate dimensions was reduced to two thicknesses, 
taking the common thickness of 20 mm and a greater thickness of 40 mm to include the more 
brittle and critical case. Figure 5 shows the test program. 

Experimental Investigations with Large Scale Tests 

All experimental works have been carried out at the Institute of Ferrous Metallurgy (IEHK) 
of University of Technology Aachen (RWTH) [8]. Small scale tests were performed to determine 
the material properties including metallographic tests, chemical analysis, tensile tests, Charpy 
energy tests, fracture mechanical tests, and crack growth tests. The steels were S235J2G3 and 
S355J2G3 with thicknesses of 20 mm or 40 mm. Large scale tests were carried out with welded 
test specimens. Beams representing diagonal components were welded into the slotted gusset 
plates leaving a gap at the weld ends, Figure 5 gives the test program and a sketch of the test 
specimens with initial flaws according to the test program. 

FIG. 4~Examples for welded connections of components in building frames. 
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FIG. 5--Test program and sketch of test specimens and location of initial flaws. 

After inserting artificial flaws into the test specimens at points of high stress concentrations 
(at weld ends), each large scale test was conducted in two parts: At first the specimens were 
subjected to cyclic loading to create a sharp crack and to induce crack propagation This crack 
propagation part was needed to check the numerical results. As the test specimens resembled 
structural details from buildings that are plastically designed, high stress ratios o f -0 .8  and low 
stress ranges between 30 and 60 MPa were used. By reducing the cyclic loading at several times 
for a small number of  load cycles, rest lines were received at the crack surfaces that could be 
observed after the fracture test and allowed a better understanding of the crack growth (see Fig. 7 
later). The second test part included a fracture test under low temperature to examine the load 
bearing capacity under brittle fracture circumstances. 

Numerical Investigations with BE-Methods 

The fracture mechanical calculations were carried out using stress intensity factors (K- 
concept). The numerical BE- method was applied for three-dimensional simulation of the crack 
behavior. 

Check of the Simulation Program--The first step was to determine the accuracy of the 
simulation program for calculating stress intensity factors. For this reason the crack growth tests 
(part 1 of large scale tests) were simulated to compare the numerical results to experimental 
results. 

The modelling of the test specimens was three-dimensional. The commercial BE-program 
BEASY [9] was applied. As the BE-method only requires modelling of  the outer surface 
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(boundaries) of  the detail, the complex geometry with initial cracks could be modelled with 
surface boundary elements (Fig. 6). 

For the details considered, the initial crack configuration was modeled according to Fig. 5 
with through-thickness cracks with straight crack front lines. The loading of the model was 
equivalent to the stress ranges used in the crack growth tests imposed as tensile load. With the 
help of the rest lines, a more precise comparison was possible, because the stepwise loading of 
the experimental crack propagation steps (given by a rest line) could be simulated by crack 
propagation in the BE-model. Yet in the calculations only the initial crack front was taken from 
the rest lines, while all other crack fronts resulted from numerical propagation due to the loading 
from the tests. Figure 7 shall clarify how the crack growth was simulated by means of rest lines. 
For each crack propagation step, a K-factor and the crack increase Aa was calculated. The crack 
growth rate da/dN was determined with Paris-law, using the fracture mechanical constants C and 
m from small scale tests. The calculated K-values were compared with reference values of the 
threshold value AKth and with measured fracture toughness values Kic. All K-values were above 
AKth and below Kit, which legitimated the application of Paris-law, assuming stable fatigue crack 
growth. 

The stress intensity factors turned out to vary in the direction of  the plate thickness; therefore 
the crack fronts were evaluated at the plate surface and in the middle of the plate. In Fig. 8 the 
results of the experimental crack growth and of the numerical crack growth are presented for test 
specimen No. 6. The conformity was very high for all geometrical details investigated [7]. 
Hence, both the crack growth rate and the crack front development could be estimated 
realistically by the BE-program. These accurate results imply a high accuracy of the numerical 
models for determining the K-factors which govern the crack growth calculations. 

FIG. 6- BE-model of specimen No. 6 with generated through-thickness crack. 
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FIG. 7--Cracked specimen with experimental rest lines due to fatigue loading (left) and 
numerical simulation of  crack growth with rest lines (right). 

FIG. 8--Simulation of  crack growth test for test specimen No. 6, HEB 200 $355. 

Parametric Studies to Develop a Formula for K,pp~-In order to reduce the amount o f  
parametric studies it was tried to find a solution relating to existing formulae and models for K- 
values. A general formulation of  a function of  K is the following: 

K = ~ , f~Ta .  y .  Mk (4) 

where c~ = stress applied to structural component, a = crack size, Y = function considering shape 
and geometry of  a crack and the dimensions of  the cracked structure, and Mk = function including 
geometrical stress concentration at non-cracked model due to stiffeners, holes, notches etc. 
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Firstly, existing solutions tbr the functions Y and Mk (Fig. 9) were checked in how far they 
could be adjusted to the detail considered. 

Calculations showed that for small cracks with crack tips close to the geometrical gap, the 
function using the factor Mk provides appropriate results. For a remote crack tip, the stress 
concentration due to the gap loses its influence on the K-values; for that case a continuous 
central crack can be applied. Figure 9 presents the limit crack sizes and the approaches that were 
used further on. 

Secondly, a possibility to simplify the model configuration was looked for. Substituting the 
inserted component by simplified cross-sections and comparing the results for Mk -values 
showed that the actual cross-section of the component had no influence on the results, if the 
stress distribution in the plate was kept constant (Fig. 10). This means that only one formula had 
to be developed, that is suitable for I-profiles as well as solid bars or hollow sections. 

Figure [ 1 shows the parameters that were varied during the study. The parameters' gusset 
plate width w*, weld length L, and component height H turned out to be the significant 
parameters for the fracture mechanical function. As the plate v~idth w* was the most relevant 
geometrical parameter, all parameters were based on w*. By means of regression analysis, the 
calculated results were graphically plotted and fitted into appropriate standard functions to obtain 
formulations for K, depending on Y and Mk, where the plate width w* is the reference 
parameter. 

FIG. 9--Adjustment of existing solutions for Y [10] and Mk [11] and application for models 
for K-values. 
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FIG. 1 O--BE-simplification models and comparison of Mk-values. 

FIG. 11--Variation of parameters. 

Derivation of Standard Requirement Curves for Details with Through-Cracks 

Relevant Geometrical Parameter 

The concept for the choice of  material in EN 1993-1-10 gives maximum permissible plate 
thicknesses, because a greater plate thickness provides more severe conditions by three axial 
stress conditions and a greater likelihood of inhomogeneity of material. The reference design 
detail for EN 1993-1-10 is a plate under tension with longitudinal stiffener with a semi-elliptical 
surface crack (see Fig. 12 left). For this detail, the greatest stress intensity factor Kappl,d Occurs at 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



178 FATIGUE AND FRACTURE MECHANICS 

the deepest point of the crack and causes mainly crack growth in the direction of plate thickness, 
resulting also in the thickness being main parameter. For details with through-thickness-cracks, 
the plate thickness t has almost no influence on the stress intensity factor K~ppi,a. Due to the 
slotted gusset plate with a gap, the relevant crack configuration with a through-thickness crack 
that grows only in the direction of  the plate width (Fig. 12 right). 

FIG. 12--Crack configuration of detail with surface crack in EN 1993-1-10 and of a gusset 
plate detail with through-thickness-cracks. 

For the definition of toughness requirements, the following conclusions were drawn: 

�9 The standard requirement curves for Kappl,d were  developed as a function of w*. 
�9 The crack size for the relevant design situation influencing the function Kappl,d also 

needed to be a function of  w*. 
�9 The tables with permissible dimensions had also to include the parameter w*. 

Design Crack Size 

For an appropriate design value of  crack size, the following aspects needed to be taken into 
account: the crack could form during fabrication or erection of the member, and it could be 
overlooked in a weld inspection using non-destructive testing methods. For building structures, 
normally predominantly static loads are applied, and load variations, e.g., due to gusts of wind, 
would only produce minor fatigue effects. For safety reasons of  structures these minor fatigue 
effects must be considered in the safety assessment. To cover these fatigue effects, the crack size 
was only subjected to 20.000 fatigue load cycles with a magnitude A~ corresponding to the 
classification of  the detail. In [7] a function for the crack size a(w*) is suggested for this case, 

Standard Requirement Curves Kappl(W *) 

For each geometric parameter combination a standard curve Kappl(w*) could be evaluated. 
The "worst case" combination [1) in Fig. 13] is a combination with a short weld length L and a 
great height of component H. It provides the highest toughness requirements for the connection. 
The parameter combinations 2) and 3) in Fig. 13 represent a more common form. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



HOHLER AND SEDLACEK ON WELDED STEEL STRUCTURES 179 

FIG. 13--Standard-Kappa-Curves for different geometrie parameter combinations. 

Check of the Concept with Large Scale Fracture Tests 

The statistical evaluation of the large scale fracture tests according to EN 1990-Annex D [12] 
provided a saftey element ATR in terms of a temperature shift to meet the reliability requirements 
in EN 1990. This allowed the calculation of  permissible temperature values to avoid brittle 
fracture for the test specimens. A comparison of calculated temperatures Tcalc with experimental 
temperatures Texp shows the safe sidedness of the concept, if the safety element ATR is included 
(Fig. 14, right). 

~ 
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FIG. 14--Comparison of calculated requirements (Tcatr and experimental values (Texp) for 
mean values (left) and with safety element ATR (right) [7]. 

Tables for Permissible Dimensions 

For each standard curve, a table with permissible dimensions could be developed, which 
looks like the table of  permissible plate thicknesses in EN 1993-1-10 (Fig. 3). The tables depend 
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on the material toughness properties, the steel grade, the stress level, and the reference 
temperature of the member. Figure 15 shows as an example a table of  permissible plate widths 
w* that corresponds to the K~ppl-Curve 2) in Fig. 13. 

Conclusion and Perspective 

A method has been developed for the choice of material for members with particular details 
to avoid brittle fracture. Following the concept in Eurocode 3 - Part 1.10, tables are provided that 
are based on standard requirement curves for material toughnesses K. The function of 
requirement has been established with numerical calculations using BE-methods. The numerical 
method was compared to experimental results obtained from large scale tests. The comparison 
proved that the BE-method is a suitable method for calculating stress intensity factors and crack 
growth. 

The verification method for the choice of material applies to the transition area of the 
toughness-temperature-curve. Linear elastic behavior of the material may be assumed in this 
area. If  steel structures are designed with plastic resistances, elastic plastic material properties are 
required for an elastic plastic fracture mechanical assessment in the upper shelf region of  the 
toughness-temperature-curve. Further experimental and theoretical studies are necessary to 
examine the fracture mechanical behavior of members loaded beyond yield strength, which, e.g., 
may occur in case of seismic actions. 

FIG. 15--Example for toughness requirements for a combination of dimensions, 
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Introduction 

Thin-wall structures are encountered in many applications in aerospace, mechanical, civil, 
and ocean engineering. Over the years there has been an urgency to develop valid fracture 
criteria and standard test methods for unified assessment of  fracture behavior of  a single mode I 
crack in the above structural applications. As to thin-wall components made of  ductile metallic 
materials, the majority of up-to-date advancements have been discussed recently by Newman et 
al. [1] and Sch0del and Zerbst [2]. They underline the worldwide interest in the Crack Tip 
Opening Angle (CTOA) and the Crack Tip Opening Displacement (CTOD) as local fracture 
parameters for metallic materials. The CTOA-~c and CTOD-~ parameters are treated as the 
most suited for modeling stable crack growth and instability of the fracture process. 

Actually, there is increasing evidence that the known characterizations of  plane strain 
fracture in bend-dominant crack geometries may not be valid for assessing plane stress fracture 
in tension- and compression-dominant crack geometries. When it comes to the case of nucleation 
and propagation of  an internal tear crack under uniform uniaxial tension, the fracture process is 
accompanied by the development of low-constrained flow fields. In specimens made from sheet 
materials, varying the magnitude and sign of  an additional load applied parallel to the straight 
crack can effectively generate different levels of  in-plane constraint under biaxial loading. This 
level is highly reduced when mode I fracture occurs only due to compressive (negative) stress 
acting along the crack growth line. 

The issue of whether or not the well-accepted analyses of elastic-plastic crack tip fields are 
able to predict the parameters of structural behavior for low-constrained components goes right 
to the basis of fracture mechanics. Both stress and flow fields associated with low levels of  stress 
triaxiality in thin plates are very different from those for plane strain conditions in bend- 
dominant geometries. Hutchinson's paper [3] and recent work of  Dadkahah and Kobayashi [4] 
have shown that the displacement fields surrounding a growing crack differ widely from those 
given by the plane strain HRR distribution [5,6], from the J-Q field [7,8], and the J-T field [9]. In 
fact, they did not observe either the J-Q or the J-T crack-tip fields in thin aluminum plates 
fractured under uniaxial and biaxial tension. These works taken together with a large body of 
related literature data support a common knowledge that the concept of d-controlled crack 
growth is invalid. Besides, in thin-sheet materials within a current thidmess of the crack tip, the 
conditions are neither plane stress nor plane strain due to shear lips, slant fracture, or crack 
tunneling. Thus, the plane-strain model descriptions of elastic-plastic fracture are not valid when 
used for assessing ductile tearing under plane stress conditions. 

The same statement might hold true in respect to the characterization of crack-tip fields by 
using the stress intensity factor K. Until now, there has been no sound explanation of  the 
pronounced size-scale effects described in the literature for the simplest case, namely, brittle 
fracture under remote uniaxial tension. A very conclusive and troublesome example is the K- 
based characterization of the resistance to fracture initiation in proportionally scaled thin plates 
of  unusually brittle metallic and non-metallic materials, which were tested by Sinclair et al. [ 10]. 
It is pertinent to mention here that there is a well-known lack of  consensus with respect to the 
magnitude or direction of  the differences in biaxiat fracture behavior as compared to uniaxial 
tension. According to Eftis et al. [11] "...the theories of Griffith and Irwin are incapable of 
proper treatment of biaxial effect." What is more, they are also conceptually incapable to 
describe the mode I crack growth under uniform uniaxial compression, i.e., under an extremely 
low level of  in-plane constraint. 
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The Problem and Approach 

Since Griffith's pioneering work [12], the development of  a general concept of mode l 
fracture under tensile and/or compressive loading is of  great scientific interest. In practical terms, 
it would be also very desirable to have a general method such that the structural integrity of  
components made from brittle and ductile metallic or nonmetallic materials could be assessed in 
a unified manner. These are precisely the main reasons behind the development of our approach 
called the Unified Methodology (UM) of  mode I fracture investigation by Naumenko et al. [ 13- 
23]. The UM aims at formulating a Transferring Law (TL), i.e., a common function of  
experimental data on crack growth in a simple specimen of  relatively small size and a large-scale 
component of complicated geometry. Our short-term goal is to develop a so-called basic TL with 
the use of a minimum number of parameters which would allow engineering assessment of  stable 
crack growth under proportional biaxial loading in tension and/or compression. 

There is, therefore, a need to simplify the subject matter as far as possible. That is why the 
problem in question is confined here to the Steady State Tearing (SST) stage of  crack extension 
in the two-dimensional Problem Domains (PDs) shown in Figs. 1 and 2b. Their in-plane 
geometry and stress state are symmetric with respect to both x- and y-axes. The square PD in Fig. 
2b is called a Basic Structural Element (BSE). At every instant, the length 2c~ of an isolated 
crack growing in the BSE meets the condition cs = co + Acs _< 0.1 W0, where H0 = W0. The SST 
denotes a continuous process occurring in a notionally homogeneous material at a constant level 
of  the net-section stress, wherein the increments in the crack mouth spacing, 2As~, are in direct 
proportion to the increments in the crack tip spacing, 2Aes. During this omnidirectional and 
proportional enlargement of  the crack cavity, the outer BSE boundaries are free to move under a 
prescribed value of the stress biaxiality ratio k = q~/o -~. 
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FIG. 1--The problem domain ABCD attached to different loading gadgets referred to as 
(a) - M(T), (b) - MM(T), and (c) - MM(T-TC) specimens. 
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FIG. 2--One-quarter of a uniformly stressed region in an MM(T-TC) specimen shown 
schematically (a) and the Basic Structural Element (b). 

The input data on the SST are collected on two or more identical specimens with original 
cracks or starting slots of different length. In this way, the UM attempts to formalize the 
characterization of the entire crack profile using only the interrelations between loads, 
displacements, and crack cavity extensions without investigation into the physical damage 
mechanisms of the fracture process. The emphasis at this point is on studying the effects of  the 
specimen geometry, boundary restraints, and loading conditions on the SST process rather than 
the effect of the material properties. This purely mechanistic approach is based on the 
assumption that the material microstructure does not affect some general features of strain 
localization and plane stress crack growth in a sufficiently large specimen. Consequently, the 
global fracture behavior expressed in terms of averaged quantities might be assessed 
immediately from diagrams of  loads versus displacements versus distances between extreme 
points on the specimen surface. The extreme points m and n on the inner boundaries, i.e., on the 
crack profile, are shown in Fig. 2a together with the corresponding extreme points M and N on 
the outer PD boundaries. 

As to the effects of particular material properties, special-purpose tensile tests of the UM are 
performed in parallel on unnotched specimens. They provide baseline data on the mechanical 
behavior of the material within an Active Damage Zone (ADZ) unaffected by the presence of  
crack-wake regions (2c0 = 0). We assume that the localized zone of active damage encompasses 
a certain volume of the severely transformed material in which the tear processes develop a 
specific damage morphology. At the instant of  nucleation of  a naturally-forming tear crack, the 
ADZ is considered to be fully developed. Its parameters taken together with the SST parameters 
are incorporated in a calculation model describing the BSE static response. 

It is instructive to outline the UM approach as applied to analyzing a simple problem of  stable 
crack growth in an extremely brittle engineering material under uniform and proportional loading 
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with the fixed stress biaxiality ratio k [14-16]. The following hypothesis was taken as a starting 
point: the physical essence of fracture rnicromechanisms within the ADZ is independent of the 
values of the k ratio and constraint ratio L~ = CYNIC/~ult. Here CrNs | and Crult are the tensile stresses 
averaged over the net-sections of  the plate and ADZ, respectively. This suggests that the model 
descriptions of fracture in tension-dominant and compression-dominant crack geometries might 
be conceptually identical. The simplest and still physically relevant approach is to treat the SST 
as a continuous process of  omnidirectional extension of  an ideal crack in the form of an elliptic 
hole. This hole in a stress-free BSE has a fixed radius of its tips Po = b ~ / c  o , where b 0 and e 0 are 

the minor and major semi-axes of the hole. 
For an isolated elliptical crack in a homogeneous linear elastic material, the potential energy 

release rate Js(k)  is given by [15,16] 

1 Js(k) 7C'aE,'cs. I+0.5-P--Q-~ +0.375. P0 .(l_k)2 , 
Cs \ Cs ) 

(1) 

where E' = E for the plane stress state, and E' = E / (1 - v 2) for the plane strain, E is the elastic 
modulus, and v is the Poisson ratio. In the case of the commonly accepted crack modeling, p = 0 
and, as it follows from Eq 1, Js (k) = G~ (0), where Gs (0) is Griffith's elastic energy release rate 
[12]. Our experimental results obtained on specimens from glassy materials of different physical 
nature demonstrate [13-16] that under conditions of the superimposed compression q~, the 
fracture toughness enhances. For example, the ratio of the energy-based characteristics 
[Js (k = -o0) / Js (k : 0)] for crack growth in silicate-based glass under uniaxial loading in 
compression and tension attains a value of approximately 64. These and other findings agree 
with the direction of constraint-dependent variations in the fracture toughness of metallic 
materials. The case in point is the well-established dependencies of the type Jc - Q, where Q is 
the constraint parameter of O'Dowd and Shih [7,8]. 

Scope and Limitations 

This paper deals with characterization of the SST under uncontained yielding in fiat 
specimens (Fig. 1) made from thin sheets of  aluminum alloy. The principal obstacle to the 
development of  the basic TL in the given extremely complicated instance is placed by a need for 
correlating too many variables governing the plane stress crack growth in ductile materials. 
These are the parameters of elasticity, including out-of-plane deformation (buckling); plasticity, 
including residual stress effects; geometrical imperfections and material inhomogeneity; diffuse 
and localized necking; damage and cracking. 

To develop an easy-to-use TL, we accept the following limitations: (i) the specimen and the 
component are made of the same thin-sheet material, i.e., the initial thickness B0, its variability, 
and all other inhomogeneities, including plastic anisotropy, are identical; (ii) during the 
nucleation and subsequent propagation of a naturally-forming tear crack, the specimen and the 
component are deformed only in the initial plane; (iii) both crack tips grow slowly and 
continuously from the instant of  fracture initiation until a critical failure event of practical 
importance occurs, and (iiii) the same critical event is observed in the specimen and the 
component. 
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In tensile tests of unnotched thin specimens, necking is an important precursor to nucleation 
of a tear crack. For a geometrically perfect rate-insensitive sheet metal subjected to tension, Hill 
[24] developed a theoretical analysis of necking behavior. To predict necking for biaxial 
stretching, Marciniak and Kuczynski [25] introduced a geometrical imperfection in the form of a 
band of  reduced thickness. In the UM, the initial imperfection is intended to trigger a progressive 
process of  single-site necking followed by single-site cracking in a predefined location and 
direction. Because of  this, we also assume that the unnotched specimens contain a centrally 
placed geometrical imperfection of  sufficiently small size. In practical terms, the sensitivity of 
test records to this imperfection is thought to be negligibly small. 

Despite the above set of highly restrictive limitations, the basic TL can only be an 
approximation useful for assessing the SST in one structural component or another. The point is 
that apart from the stress biaxiality ratio, the in-plane constraint depends on the shape and size of 
an actual component, initial crack length and amount of crack advance, kinematic restraints 
imposed on its boundaries, far field gradients, including compliant boundary conditions and 
shear effects, material stress-strain properties, extent of plasticity in metallic or microcracking in 
nonmetallic materials, prior loading history, and magnitude of applied loads. The effects of the 
most important (decisive) variables on the SST in a particular component can be assessed 
numerically, i.e., by the finite element analysis. In assessing its behavior, the BSE should be 
treated as a square element removed from the component subjected to given operating 
conditions. The characteristics of the SST and ADZ have to be used in numerical simulations as 
the basic material properties associated with a prescribed value of the stress biaxiality ratio k. 

Specimens and Objectives 

A need for a better understanding of  the reason for the gap between the results of the model 
descriptions and measurements dictates the breadth of  experimental efforts. Therefore, the 
fracture tests in question are meant to give the "big picture" of the structural behavior of a 
middle-cracked plate under different constraint states (Fig. 1). The uniaxial crack extension tests 
were performed on fiat specimens with PDs of  various sizes given in Table 1. Each rectangular 
PD is attached to a specific Loading Gadget (LG). 

TABLE 1--Specimens and s ~ r o b l e m s  under examination. 
Specimen Code" Principal Dimensions, mm 2c0, mm Purpose of Investigation 

2W0 2//0 2H v 
M(T)-2.0 240 480 480 96 
M(T)-I.0 240 240 240 96 
M(T)-0.5 240 120 120 96 
MM(T)-I.0 240 240 480 96 
MM~.)-0.5 240 120 360 96 

Elastic response 

LM(T)-2.0 120 240 240 Variable 
166 66.4 66.4 Variable 

~ o  240 240 480 Variable Structural behavior 

Predictive capabilities 

"The numerical value in a specimen code denotes the shape ratio/4-0 / Wo. 
b2Wq = 2Hp 480 mm (see Fig. lc). 

Three types of  LGs were used. The first one provides rigid clamping along the horizontal 
boundaries of  a PD (Fig. la). If  the shape requirements H0 -> 2 W0 and c < W0 / 3 are fulfilled 
and buckling is prevented, this geometry is usually referred to as the standard M(T) specimen. 
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The second LG ensures a nearly uniform distribution of the nominal tensile stress ~r~(x) on the 
horizontal boundaries of a PD with no initial crack. This specimen geometry (Fig. 1 b) is referred 
to as MM(T). Along the lines y = + Hp, the specimen is rigidly clamped as in the previous case. 
Finally, the third LG in combination with a square PD represents a cruciform specimen (Fig. 1r 
designated as MM(T-TC). When 2c0 = 0, nearly uniform stresses ~ ( x )  and q~(v) prevail on the 
horizontal and vertical boundaries of the given PD, respectively. Along the lines x = + Wq and 
y = + Hp, the specimen is rigidly clamped. 

The problem under consideration is addressed in two parts. We start with comparing the 
elastic behavior of nominally identical center cracks in rectangular plates of different geometry 
under different boundary conditions. The intent is to reveal the distinctions between the 
parameters of an actual and an ideal crack. The latter is commonly specified by the following 
conditions: a = co = Cu and So = s~ = 0 (Fig. 2a). Here, 2a is the length of an ideal crack, 2c0 and 
2Cu are the lengths of an actual crack in a stress-free and a completely unloaded PD, respectively, 
and 2s0 and 2Su are the Crack-Mouth Opening Spacings (CMOS) of an actual crack in a stress- 
free and a completely unloaded PD, respectively. 

In the second part of this work, three clearly different characterizations of plane stress tearing 
are contrasted to each other. The objective is to determine whether they can or cannot assess the 
critical state of a growing crack under uniaxial tension and uncontained yielding. It is reasonable 
to demonstrate this capability using laboratory-size specimens sufficiently large in comparison 
with the fully developed ADZ, As' such, we take the low-constrained LM(T) and highly- 
constrained HM(T) specimens (see Table 1). They are used mainly for comparing different 
characterizations of plane stress tearing. For the LM(T) and HM(T) specimens, the distance 2//o 
between the clamped boundaries (see Fig. la)  is equal to 2W0 and 0.4W0, respectively. Here the 
idea is to extend the range of constraint variation for a relatively small specimen of standard 
configuration using the same LG. 

Experimental Procedure 

In collecting test data, a purely mechanistic approach based on the minimum of assumptions 
was adopted. Elastic displacements as a function of  the tensile load P (Fig. l) were measured 
concurrently at different points placed near the inner and outer boundaries as shown in Fig. 2a. 
Moreover, we measured the x andy components of  the displacement along the x-axis. 

Material Properties 

The test material is aluminum 1163 AT in as-received condition having the form of 1.05 mm 
thick sheets. This is a high strength low hardening alloy whose chemical composition and 
mechanical properties are nearly identical to those of AL 2024-T3. The specimens were all made 
such that the load P was parallel to the rolling direction of the sheets. The sheet-type specimens 
were fabricated and tested in accordance with the ASTM Standard Method for Tension Testing 
of  Metallic Materials (E 8M-85). The tensile properties of AL 1163 AT under ambient 
conditions are as follows: the elastic modulus E = 73 GPa, Poisson's ratio v = 0.32, the 0.2 % 
offset yield strength ~y = 334 MPa, and the ultimate strength ~, = 446 MPa. 
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Original Crack-Like Defects 

In the specimen preparation, special care was taken to prevent the introduction of 
uncontrollable initial damage and residual stresses into the material to be tested. Most of the 
specimens contain initial fatigue precracks at the tips of a starting slot. However, it is common 
knowledge that the crack extension resistance of  metallic materials may be influenced 
significantly by the preload history. In particular, a strong influence of the cyclic crack growth 
history on the fracture toughness of thin-sheet aluminum alloy 2024-T3 was reported in [26] for 
a specific value of  the ratio B0 / c. 

At present, there is no possibility to establish a one-to-one correspondence between the initial 
fatigue damage near the crack tips in our specimens whose geometry and boundary restraints 
vary over wide ranges. That is why we perform additional tests pursuing a well-defined goal, 
namely, concurrent estimation of  the response to loading for extremely different crack-like 
defects. One of  them introduces the minimum and the other the maximum levels of initial 
damage. By convention, a specified starting slot is taken as a damage-free defect. A tearing 
precrack represents the other extreme of the loading history for which crack-tip blunting, crack 
tunneling, residual stress-strain fields, local neck, and shear lips are considered to be fully 
developed. 

A centered starting slot of length 2nt was made in each specimen by manual cutting. The 
depth of cut was kept to the practical minimum for a jeweler 's saw. All slots had nominally 
straight and parallel flanks with the spacing 2st less than 0.12 mm and the root radii less than 
0.06 mm. In low-stress fatigue precracking under constant amplitude cyclic loading by uniaxial 
tension at the stress ratio R = 0.4, the maximum net-section stress CrN was about 55 MPa. In tear 

precracking, the o" N stress level was above the yield strength cry of  the material. Note that on 
unloading, a tear crack in the M(T)-2.0 specimens (Table l)  continues to grow by 2-3 mm. The 
original length 2c0 of fatigue and tear precracks extended from both slot ends usually meets the 
requirement ct = nt + 6B0, where B0 = 1.05 mm. The coefficient 6 was used to establish the onset 
of  the pseudo-steady tearing stage from measurements of  the near-crack-tip profile (see Fig. 2a) 
in the range (co - 6B0) _<x < (co - dj ), where dj = 0.5 mm [20]. 

Specimen Testing 

Uniaxial quasi-static tests were conducted in accordance with the main requirements of the 
ASTM Standard Practice for R-Curve Determination (E 561-92a). All specimens (Table 1) were 
tested with guide plates lightly clamped against the out-of-plane displacement. Buckling 
behavior of thin plates is a competitive failure mechanism resulting from the elastic compressive 
stress acting parallel to the crack. We suggest that various guide plate systems used in our tests 
do allow decoupling the fracture process from the buckling behavior. However, the stiffness of 
these plates was different and unknown. It must be noted here that in wide panel tests conducted 
by Dawicke et al. [27], the load versus crack extension diagram strongly depends on the stiffness 
of  the guide plate system. In practice, buckling is often not restrained, resulting in crack growth 
at a lower load. 

Prior to conducting tests, the elastic compliances of  the points located near the crack borders 
and outer boundaries of  a PD (see Fig. 2a) were measured along the x- and y-axes. In the course 
of  crosshead-displacement controlled tests, the specimens were loaded incrementally, allowing 
the time between steps for the crack to stabilize before measuring the load, crack length, and 
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crack profile. To develop R-curves with confidence, we usually assigned more than fifteen steps 
(data points) for each test condition. Once the crack stabilized within seconds of stopping 
loading, a close-up photograph of  the near-crack-tip profile [x > (ct - 6B0)] was taken. In most 
cases, five diagrams were recorded simultaneously, namely, load P versus 2 v(x = 0, y = +1 ram), 
load P versus transverse displacement 2VM of the uniform PD region, load P versus load point 
displacement 2Vp, load P versus displacement 2uu of the uniform PD region, and load P versus 
crack-tip displacement u (x = ct - 0.5 mm, y = +_ B0). 

Specific Features of the Approach 

Our long-term aim is to develop a practical TL for predicting the critical values of loads, 
displacements, and crack extensions in plates and shells made from brittle and ductile metallic or 
nonmetallic materials. Conceptually, the critical failure events in question should be observable 
during stable crack growth in a simple standard specimen and in a structural component of 
arbitrary geometry and size subjected to arbitrary loading conditions. 

Uniformity of the Elastic Stress State 

It should be emphasized that providing a sufficiently high degree of the nominal stress field 
uniformity in tension- and/or compression-dominant PDs is essential for collecting acceptable 
test data. In the case of  tensile loading, this can be achieved through increasing the aspect ratio 
H0 / W0 for the M(T) specimen (Fig. la). However, when the PD geometry and size are fixed, 
some special modifications in the LG design must be used. One of them is applying the external 
load through thin strips placed between the PD and the grips. Such strips in thin-sheet materials 
are usually made by saw cutting a specimen as shown in Figs. lb  and lc. 

The larger the number of  slots in each side of  the LG and the thinner and longer they are, the 
larger are the sizes 2X4 and 2Y4 of the stress uniformity region (denoted 4-4-4-4 in Figs. le  and 
2a). This region was defined for a crack-free PD with the use of the photoelastic and, in parallel, 
elastic finite element analyses [28]. The accepted number of  the specified slots of length equal to 
0.85 W0 in each side of  the MM(T-TC) specimen is 15. In this case, the sizes 2X4 and 2Y4 reach 
0.9 of the PD dimensions 2W0 = 2//o = 240 mm. The deviation of the peak values of the nominal 
stress distribution from the average values of the elastic stresses cr ~ (x) = P / 2W0 B0 and q~ (y) = 
Q / 2H0 B0 does not exceed 2 % within the uniformly stressed region. There are good reasons to 
suggest that in our specimens the sizes 2X4 and 2Y4 are larger than those of  typical specimens 
used in biaxial fracture tests. References [11, 29-32] show an example. 

Outer Boundary Restraints 

Consider unavoidable distinctions between the boundary conditions for the PDs of  the 
specimens (Fig. 1) and the BSE (Fig. 2b) under uniaxial tension. The lack of restraints imposed 
by an actual LG on the deformation of an actual PD is seldom if  ever in occurrence. For typical 
combinations of  the specimen and grips, exact stress and displacement conditions along the 
boundaries between the middle-cracked PD and LGs are usually nonuniform and unknown. 
Generally, both stress conditions and displacement conditions are present. Under mixed 
boundary conditions the applied stress is a function not only of position, but also of  the crack 
aspect ratio c/Wo, Ho / Wo. Mixed boundary conditions are partway toward the general compliant 
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boundary conditions. Such is indeed the case for the elastic-plastic behavior of the specimens 
shown in Fig. 1. 

When the restraints imposed on the outer boundaries are close to the case of displacement- 
prescribed loading, fracture response strongly depends on the crack length both in quantitative 
and qualitative sense [33]. Earlier it was shown [34] that the asymptotic values of the energy 
dissipation rate R for the MM(T) and MM(T-TC) specimens (Fig. 1) made of  low-carbon steel 
are substantially different. On the other hand, the imposition of the "fixed-grip" and "dead-load" 
constraints on the outer BSE boundaries may have the effect of eliminating the presence of the 
remote load q~ (Fig. 2b) in the energy rate calculations [11]. 

Failure Events o f  Pract ical  Importance 

Critical fracture events in the current crack assessment procedures usually correspond to the 
onset of  slow-stable crack growth and/or to the onset of  unstable crack propagation. The related 
parameters are indexed by "i" and "c", respectively. There are a large number of rather arbitrary 
definitions of these states depending on the material, geometry, and loading of a cracked body. 
The transition from the stage of  stable crack growth to that of unstable one, which separates the 
desired states of a component from the undesired states, is more a mechanical than a material 
problem. By applying the displacement-controlled load nearby the crack surfaces Close enough 
to the crack tip, almost any fracture process in any brittle material can be made stable. This 
statement is supported by the experimental results on stable crack growth in plates and tubes of 
brittle nonmetallic materials partly presented by Naumenko et al. in [ 16,3 5,3 6]. 

The principal obstacle to the development of  universal definitions of  practically important 

crack states is placed by a need to determine precise values of the Aci and Acc crack extensions. 
The problem is in correlating the averaged amounts of  crack extension with the occurrence of 
distinct physical events. Therefore, the states "i" and "c" are, generally defined in a practical way 
by using different assumptions and theoretical relationships. Clearly, the available procedures do 
not allow establishing in a unified manner the critical states of  the BSE subjected to biaxial 
loading with an arbitrary k value. Consider the crack growth under two extremely different stress 
states. One plate of a brittle material is subjected to uniaxial compression (k = -oo) and another 
one of  a ductile material to uniaxial tension (k = 0). 

Tensile diagrams for three identical specimens fractured in uncontained yielding are shown 
in Fig. 3a as a typical example. A common tangent to an initial portion of the softening branch of 
the diagrams represents the SST stage. Here, two "constructed" events "e" and "s" are introduced 
through a new macro-interpretation of the test records. These events have the meaning of  the 
lower and upper limits of the critical event "c ' .  Attention is concentrated on the softening portion 
of the test records representing the highest load-carrying capability of  the specimen. This is a 

straight line characterized by a constant level of the net-section stress cr~ = cr ~ [W 0/(W o - c)]. 

The use of the fracture initiation point "i" as the critical failure event in the plane stress tearing 
analysis can give unduly conservative predictions of  ductile instability conditions. 

Earlier it was demonstrated convincingly by way of  experimental examples [13,14,35,37,38] 
that mode I crack extension in plates and tubes of brittle non-metallic materials tested under 
uniform compression along the crack line is a highly controllable (stable) process up to the 
instant '~f" of complete separation. The achievement of  this event is not accompanied by the loss 
of the load-carrying capability as in the previous case of uniaxial tension. The differences 
between the imaginary stress level qN~ ~ and the actual stress levels at the states "e", "p", "s", "a", 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



192 FATIGUE AND FRACTURE MECHANICS 

and ,)r ,, in Fig. 3b are intentionally exaggerated to show the distinctions between the listed 
points. In fact, these distinctions for specimens made of silicate-based glass were negligibly 
small. 

300 ~ Loading 

~" I ~  Unloading 

200 $ SST line 
e 

< 

0 10 20 30 40 50 60 
(a) Half-crack length, e, mm 

" qNs 

SST line / - -  

Unloading// t / 

Loadin g f / - -  

U 

0 1.0 
(b) Crack aspect ratio, c /V~ 

FIG. 3---Sequences of  test records obtained in this work for three aluminum specimens of 
HM(T)-0. 4 geometry with tear precracks of lengths 28, 71, and 116 mm (a) and scheme of crack 
extension in glass specimens as a function of the uniaxially applied compressive stress qO~ (b). 

The above scheme of establishing the critical states is partly different from the two-point 
definition of  the state "c" presented in [20,21]. This is due to the developing nature of the UM. In 
the previous formulation of the lower limit for the instability event "c ' ,  the point "p," denoting 
the onset of  pseudo-steady tearing, is replaced by the point "e" of the pseudo-initiation of tearing 
(see Fig. 3). This novelty is viewed as a more practical assessment routte leading to the 
development of a sufficiently general TL we search for. Both definitions of the critical state are 
based on the presentation of test diagrams by linear segments. Such form of treating the test 
diagrams allows uniform deriving of the failure events "e" and "s" in specimens of any material 
directly from raw experimental data. 

Fracture Parameters 

In the context of this comparison study, the most appropriate characterizations of ductile 
tearing under large crack extensions are: the CTOA, the Crack Mouth Opening Angle (CMOA), 
the energy dissipation rate R, and a new parameter, the Crack Volume Ratio (CVR). The CTOA 
is a local variable related to the growing crack tip. Nowadays, it is generally agreed that the 
constant level ~c of the CTOA is a more fundamental fracture criterion value than the JR or Kn 
resistance curves [1,2]. Being a parameter of the whole crack border, the CMOA, in comparison 
with the CTOA, is easy to obtain in an unadulterated form. This advantage of the CMOA comes 
into particular prominence for testing brittle materials, when the CTOA values are comparatively 
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small. For example, Naumenko and Mitchenko [38] obtained g,1 ~ 0.7 ~ and 0.04 ~ at the onset of 
crack growth in PMMA-based and silicate-based glasses, respectively. As regards the energy- 
based variables, R in comparison with J is a physically more meaningful quantity for describing 
ductile crack growth. The stationary limit R~ of the energy dissipation rate R allows for a 
physically-based extrapolation beyond the common "validity limits" of JR-curves [39]. 

In the characterizations of plane stress tearing based on the measurements of crack-border 
displacements and energy exchanges, we used the following relationships: 

CTOA = ~ = 2 x t a n '  (~g/2dg), (2) 

C M O A = a  = 2xtan -1 [(s- s* )/c], (3) 

R -  1 d ( U - W e l ) ,  (4) 
2B dc 

where fig is the spacing between the upper and the lower crack borders at the fixed distance 

dg = 0.5 mm behind the moving crack tip, U is the work of the applied force, and Wel is the 
elastic strain energy stored in a PD. The CMOS value 2s* (see Fig. 4) is the main size of a 
naturally-forming tear crack in a given PD under prescribed boundary conditions. 

The CVR is defined as the ratio Vd between the increment AMd in the current volume 

Md = Aa x Bd enclosed by the deformed surfaces of an ideal crack at the instant of interest and 

the initial volume M0 = A0 x B0 of the same crack at the same instant but for the imaginary state 

of the PD without structural damage and internal stresses. Here, Aa and A0 are the in-plane areas 

of an elliptic hole simulating an actual crack, Bd and B0 are the crack-tip thickness of the PD. In 

case of a long initial crack (2c0 > 10B0), the CVR critical values can be determined with the use 
of simplified equations given by 

2het Ve ~_ vel  + vpl  = Ce ( ~ + ~ ) .b _ -  
E x ~Po Ce ' (5) 

V~ = Vsel + v, Pl = c,  ( cru + crs ) 2hsu 
~- - -  ( 6 )  

E 2 " ~ 0  c s 

The stress concentration factors Ce and Cs take the form 

where L is the effective size of an equivalent elliptic hole, L = l + 0.5(1 - k) ~ ,  I is the length 

of this hole, l = c + r, r is the length of an ADZ, Fv is a non-dimensional function of the crack 

border compliance, cr t and cr u are the internal stresses related to the initial state "t" and to the 
unloaded state "u", respectively (see Fig. 3), and h~t = he - ht and hs,1 = hs - hu are the increments 
in the height h of the ADZ due to external loading. 
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FIG. 4--Sequences of sR-curves obtained in this work for three aluminum specimens of 
HM(T)-0.4 geometry with tear precracks of lengths 28, 71, and 116 ram. 

The radius P0 = 0.262 mm is treated as the characteristic of  an actual crack in a given 
material of  a given thickness. The procedures used for estimating the values of p0, het, and hsu are 
outlined in [15,19-21]. The values cr t and or, for fictitious loading can be defined as uniform 
tensile stress fields that are internally generated during the accumulation of  structural damage 
expressed in terms of  the CMOS values. The corresponding levels of  damage are represented in 
fracture analysis by the global damage ratios Dt = (st / s o and Du = (s. / sf ), where st and s, are 
the irreversible CMOS components (see Fig. 4). The global fracture parameters Ve and Vs 
characterizing the variation of  the crack-border geometry and the increments het and hsu 
characterizing the ADZ height variation have the meaning of  material constants at a given k ratio 
for proportional biaxial loading. This suggests that they are unaffected by changes in the PD 
geometry and size unless there is a change in the outer boundary restraints. 

Results  and Discussion 

First, we consider the correlation between the load and elastic displacements of  the fatigue 
and tear cracks having the length 2ct = 96 mm in a PD of  fixed width 2Wt ~ 240 ram. The 
geometry of  each PD is characterized by the ratio of  the dimensions Ht ~ H0 and Wt ~ W0 (Table 
1). This set of  test data is compared with the predictions by the appropriate theoretical 
relationships. The resulting conclusions are helpful for analyzing the experimental data presented 
in the second part of this work. Here the constraint-dependent critical values of  different crack 
driving parameters are determined and contrasted to each other in an effort to assess the 
structural behavior of  the BSE. 
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Elastic Displacements o f  Stationary Crack Borders 

Figure 5 shows the displacements v ~ v~, and u ~ un measured near the points m and n on the 
initial crack profiles (see Fig. 2a). The reciprocal slopes of  the load versus displacement records, 
v/P and u/P, reveal a significant influence of  the PD geometry and boundary restraints on the 
elastic response of  low-stress-level fatigue cracks. As could be expected, the crack-mouth 
compliance v/P takes the maximum value for the MM(T)-0.5 specimen with nearly free-to-move 
PD boundaries. However, the value v/P for the M(T)-0.5 specimen having the most constrained 
PD turns out to be markedly larger than that for the standard M(T) specimen (Ho/Wo >2.0). For 
the latter, both compliances v/P and u/P are minimal. Referring to Fig. 5a, it can be observed that 
the value v/P has a regular trend toward increasing with a decrease in the Ho/Wo ratio. 

The crack-mouth compliance of  all M(T) specimens is higher than the values calculated with 
the Eftis-Liebowitz equation [40]. This equation was included in the ASTM standard (E 561- 
92a) in spite of  the fact that in the literature empirical determinations of  the crack-mouth 
compliance always give higher values than the above equation. Schijve points out in [41] that the 
discrepancies vary from a few percent to 11 percent. They may not be due to the approximate 
character of the Eftis-Liebowitz equation, as exemplified by the finite element analysis presented 
in [42]. The situation is so unsatisfactory because the above discrepancies could not be explained 
by the experimental inaccuracies of measurements either. 

- 10 / . , ~ . . , -  -o- ~(I)-1.0 ~ ~ . - f  
/ / / / . /  -D- / / / ' . < "  

~ - , -  M(~)--2.o 

00 50 100 150 0 -10 -20 -30 -40 
Crack- mouth displacement v, Ixm Crack- tip displacement u, gm 

(a) b) 
FIG. 5--1nitial portion o f  test records for  fatigue cracks o f  length 2ct = 96 mm in the PD o f  

the same width 2Wo = 240 mm and a varying height. 

To reveal the distinctions between the displacements v and u for an actual crack in an actual 
PD on one hand and for an ideal crack of  the same length in a similar BSE on the other hand, we 
use the following equations [11]: 

' E ' (8) 

u = (k-1)  a ' E (9) 
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The normalized values of the crack-mouth Fv and crack-tip Fu compliances are known 
exactly only for an infinitely large elastic plate subjected to uniform biaxial loading when Fv = 
Fu =1. The functions Fv and Fu reflect the elastic interaction between the inner and outer 
boundaries of the finite BSE. As a first approximation, we suggest that in the case of H0 >-- W0, 
the appropriate (most simple) functional form is 

7ga -)1/2 
F v = l s e e - L  , F u ~  F v.  ( 1 0 )  

~, 2Wo J 
Under this assumption, the v/P value for the BSE is lower, but the u/P value is substantially 

higher than the respective compliances presented in Fig. 5 for similar specimens. It must be 
noted here that the stress distributions crY(x) and q~(v) for the specimens in Figs. lb and lc are 
noticeably nonuniform even in the case of  an isolated crack (c = 0.1 Wo). This has been 
established by measurements of elastic displacements in points M, N, and 1,2,3,4 on the 
boundaries of the PD (see Fig. 2a). Another unexpected result is emerging from comparison of 
the compliance v/P for a low-stress-level fatigue crack and for a tear crack in the MM(T-TC) 
specimen. At the top load level P = 19.6 kN (see Fig. 5a), the measured v values for the tear and 
fatigue cracks are equal to 108 gm and 140 ~tm, respectively. At the same time, calculations with 
the use of Eqs 8 and 10 give v = 114 gin. This reverse in "measurements to calculations" 
interrelation may give additional arguments for discussion on the aforementioned discrepancy 
between the empirical and theoretical values of the crack-mouth compliance. 

Critical Failure States 

Hereafter we suggest that the valid criterion of the SST crack growth should be reasonably 
independent of, at least, the PD geometry, its size, and initial crack length. The local criterion ~s 
depends on the initial crack length 2ct (see Table 2) and boundary restraints (Fig. 6). It is also 
influenced by changes in the PD size, prior loading history, and load biaxiality [23,43]. The 
global criterion as also depends on all of these variables except for the initial stress raiser length 
(Fig. 4). In comparison with the  surface angle ~c, the as angle is a more consistent and 
reproducible quantity, which can be readily measured. It was shown in [44] that a +10 % scatter 
in CTOA corresponds to a :kl0 % variation in predicted maximum fracture stress. 

Transition from the crack-border characterization in terms of the CTOA and CMOA to the 
energy-based parameter R does not improve the predictive capabilities of fracture analysis. The 
asymptotic values Rs are sensitive to variations in the PD geometry, initial crack length, and prior 
loading history (see Table 2). According to the literature data, these values also depend strongly 
on the type of  cracked geometry and specimen size [45,46], boundary restraints, and load 
biaxiality ratio [34]. It is pertinent to mention that our result for the LM(T)-2.0 specimen 

(cr = 48.3 mm) nearly coincides with the value Rs ~ 0.6 MJ/m 2 presented in [47] for the M(T) 
specimen made of thin-sheet aluminum 2024 T351. 

Going to characterization of the entire crack border, it should be emphasized that there is a 
strong case for discarding any displacement measurements in favor of  the crack-mouth opening 

displacement v ~ "Vm (Fig. 2a). When measured during the SST crack extension in conjunction 
with complete unloading, this quantity allows us to determine the CMOS value s = su + v (see 
Fig. 4). This parameter is used in a three-fold manner: first, as a constituent part of the average 
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CTOA; second, as a measure of the global damage D accumulated during the SST crack growth 
in a given PD; and third, as a value needed for the calculation of the UM fracture parameters. 
The critical values of h and V (Table 2) are determined only for the LM(T)-2.0 specimen due to 
the lack of the appropriate compliance function Fv for the other specimen geometries. 
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6 8 
Crack-tip extension, A c, mm 
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FIG. 6--Uniaxial  g%curves for  fatigue cracks o f  the same original length 2Ct = 96 mm in 
identical PDs having the same dimensions 2Wo = 240 mm and 2Ho = 120 mm, which are 
attached to different LGs shown in Figs. la and lb. 

T A B L E  2--Fracture instability parameters for  specimens and a square plate: comparison o f  
predictions with measurements. 

Initial stress raiser: type Normal-sized laboratory specimens 
and length, 2ct, mm Specimen gts, degree (~-u l  Rs' MJ/m2 ( / b ( / 

code and as a he t Ve t b 

size ' h~f  ' 

degree mm 
Fatigue precrack LM(T)-2.0 

12.4 2W0 = 120 5.2 • 1.5 6.57 1.12 0.1442 0.1553 
31.2 mm 6.3 • 0.8 0.88 
48.3 2H0 = 240 8.5 • 1.5 5.93 0.62 0.1673 0.1698 

m i l l  

Starting slots HM(T)-0.4 7.52 
14 - 104 2W0 = 166 ,,. 1.8 - 0.8 

mm 7.28 

Tear precracks 2//o = 66.4 ... 3.92 1.1 - 0.7 
28 - 116 mm 

3.63 

Fatigue precrack 2G, Plate of  size 2 W0 = 2Ho = 240 mm under uniaxial tension 
mm Prediction for the BSE M M ~  tests 

~ ,  MPa ss, nun Acs, mm ~, MPa ss, mm Ac~, mm 
19.35 291.0 0.702 3.2 314.4 0.786 6.1 
96.05 153.7 2.805 6.4 194.7 2.510 7.7 

aThe critical CMOA values related to the states "s" and "u", respectively. 
bThe values above the line refer to the state "e" and those below the line to the state "s". 
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Concluding Remarks 

In this work, plane stress tearing under general yielding is considered from the viewpoint of  a 
"moving crack tip" embedded into a fully-developed "moving neck." We look at this 
phenomenon experimentally using in fracture analysis only directly measurable mechanical 
variables. Eventually, the following conclusions have been made: (i) there is no sufficiently 
general and practical criterion of the Steady State Tearing (SST) crack growth among the critical 
values of the Crack Tip Opening Angle (CTOA), gs, Crack Mouth Opening Angle (CMOA), au, 
a~, energy dissipation rate, Rs, Active Damage Zone (ADZ) dimensions, het, hsu, and rs., and 
Crack Volume Ratio (CVR), Vet and V,, determined in this work; (ii) any spacing and any linear 
or angular displacement measured between any two points on the actual crack border do not 
govern the SST in a unique manner; (iii) of  the above parameters, the quantities ~ ,  ~zs, her, hsu, 
Vet, and Vsu, when determined in parallel, are preferable, and (iiii) in practical applications, 
however, these SST characteristics by themselves do not allow us to foresee the effects of the 
whole variety of  Problem Domain (PD) shapes and sizes, boundary restraints, material 
properties, and service loading conditions. 

To get out of this difficulty, the so-called crack distortion des and boundary distortion dbs 
ratios have to be incorporated in the Unified Methodology (UM) of fracture analysis as new in- 
plane constraint parameters given by: 

d~ = u~. s~ and dbs = u-~N. HM-----Y-f, (1 1) 
V m Cf V M mNf 

where sf, cf and HMf, WNf designate the characteristic dimensions of  the crack cavity and PD, 
respectively, at the instant of  complete fracture. Here, the basic idea is to quantify the interaction 
between the inner and outer boundaries of a PD in terms of  purely geometric variables, which 
can be readily measured. The fracture parameters a,, as, het, hsu, Vet, and Vsu, on one hand, and 
the constraint parameters des and dbs, on the other hand, should be determined explicitly and 
related to each other directly. 

Our measurements of the displacements Un, UN and Vm, VM (see Fig. 2a) demonstrate 
convincingly that a decrease in the spacing 2H0 between the rigidly clamped boundaries of a PD 
with a fixed dimension 2 W0 elevates the constraint level. The latter can be expressed in terms of 
the proximity to the conditions of plane strain necking, when there is no straining of the PD 
boundaries (AD and BC in Fig. 1) along the crack line. In the case of  stable crack growth under 
general yielding, the smaller was the deviation from the condition dbs = 0, the lower were the 
values of the angle P's [35] and the active component of  the CMOA, ast = as - asu, [48]. 

It appears that there is a need for too many variables to describe the constraint-dependent 
crack extension properly. However, a semi-analytic fracture modeling used in the UM may have 
advantages of  an appropriate engineering approximation. The above mechanical parameters all 
can and have to be readily collected in tests of two or more identical specimens with original 
cracks of  different lengths. In addition, the influence of  particular material properties on the 
fracture process is characterized through performing special-purpose tests of the UM. 
Preliminary experimental results ofNaumenko et al. [49] reveal an intimate relationship between 
the parameters of  the fully-developed ADZ and those of  the SST crack growth. This two-step 
approach keeps the derivation of  the basic Transferring Law (TL) from becoming too involved 
since it accounts for the effects of the plasticity and physical damage mechanisms immediately 
from test records. 
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Evaluation of Fatigue Crack Thresholds Using Various 
Experimental Methods 

ABSTRACT: The accurate representation of fatigue crack threshold, the region defining crack growth as 
either very slow or nonexistent, is extremely important. If the experimentally measured threshold is 
unconservatively high, a structural component designed with this data may fail long before the fatigue 
analysis predicts. The fatigue crack growth threshold is experimentally defined using ASTM standard E 
647, which has been shown to exhibit anomalies. Alternate test methods have been proposed, such as the 
constant Kmax test procedure, to define the threshold regime without ambiguity. However, only the 
current test method defined by ASTM is designed to produce the range of fatigue crack thresholds (e.g., 
low and high R) needed to characterize an aerospace loading environment. It is the scope of this paper to 
determine the fatigue crack growth threshold of a well characterized aerospace alloy, 7075-T7351 
aluminum, using different methods, to compare the results, and to draw conclusions. 

KEYWORDS: fatigue, threshold, crack growth, test methods, plasticity induced crack closure 

Introduction 

Fatigue crack growth in a material is typically quantified by the size of  the crack, a, and the 
rate at which it propagates, da/dN. The crack growth rate through a given material is expressed 
as a function o f  the linear-elastic fracture mechanics term, AK, the stress intensity factor range. 
This relationship was originally shown to be linear over a large range o f  fatigue crack growth 
rates on a log-log scale [1]. However,  the relation between crack growth rate and stress intensity 
is nonlinear when the cracked body is approaching fracture [2] and when the crack growth rate is 
very slow [3]. Therefore, the three idealized regions of  crack growth are defined as the threshold 
region (slow growth), the linear region (stable growth), and the fracture region (rapid growth) 
illustrated in Fig. 1. 

Ideally, the fatigue crack growth threshold is the asymptotic value o f  AK at which da/dN 
approaches zero [4]. Currently, the threshold is used as a limit for damage tolerant design [5], 
e.g., i f  the stress intensity factor for a given crack is below the threshold value, the crack is 
assumed to be nonpropagating [6]. However,  it has been shown that small cracks propagate at 
AK below the threshold value [7] defined using the ASTM standard test procedure. This small 
crack work studied the growth of  microstructural defects [8] inherent to the material [9] that 
propagate to failure before the design life is reached. Therefore, i f  the fatigue crack growth 
threshold is to be established as a lifing criterion, then the most accurate representation of  the 
fatigue characteristics of  a material need to be defined. 
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FIG. 1-- Definition of  crack growth regions for T-L and L-T data at R = O. 1. 

The ASTM Standard E 647 defines an experimental procedure to operationally determine 
fatigue crack growth threshold. This standard recommends that the threshold stress intensity 
factor range correspond to a crack growth rate of 10 1~ m/cycle, which is also used for this study. 
The specifications for achieving this rate are outlined in the standard using either constant R or 
constant Kmax load reduction methods, graphically depicted in Fig. 2. The constant R load 
reduction method reduces the maximum and minimum load applied to a cracked specimen such 
that the load ratio, R (R = Kmin/Kmax = Pmin/Pmax) remains constant. The constant K,nax test 
procedure imposes a constant Kmax [10,11] while increasing Kmin [12,13]. However, for tensile 
loading, the constant Kmax test procedure is constrained to producing high R data at threshold. 
This has been an artifact of the specimen configuration; pin loaded C(T) specimens (similar to 
the GC(T) specimen in Fig. 3) cannot be subjected to high compressive stresses due to the 
geometric instability of pin loaded specimens. Hence, to achieve a constant Kmax threshold for 
low and negative R values, the middle-crack tension, M(T), specimen (Fig. 4) was employed, 
which can be tested at high compressive loads [14]. 

Co an ax 
Load Reduction 

) 2  . . . . . . . . . . . . . . . . . .  iii 
Crack  Length,  a 

FIG. 2--Schematic o f  load reduction methods (Constant R and Constant Kmax). 
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FIG. 3--Schematic of  side-grooved compact tension specimen, GC(T) (W = 76.2 mm, B = 

12. 7 mm, BN = 9.53 mm, initial notch length (a) of19.1 mm). 

l 
_ _ J  

~ w  

J 

FIG. 4--Schematic of  middle through crack specimen, M(T) (W = 76.2 mm, B = 12. 7 ram, 
initial notch width (2a) of12. 7 mm). 

Experimental results suggest that the constant R load reduction test procedure develops 
remote plasticity-induced crack closure [15,16] that can lead to elevated threshold data. The 
amount of  crack-wake plastic deformation produced during a test is directly related to the 
magnitude of previously applied crack tip loads, i.e., higher K, more plasticity [17]. The 
constant R load reduction test starts at a high load and sheds load until threshold is reached. 
Therefore, the initial K will produce larger plastic deformations than subsequent conditions. 
This plastic wake, or history, can affect the crack driving mechanisms, i.e., during the unloading 
process the crack will close first at some point along the wake, reducing the effective load at the 
crack tip [18,19]. This remote closure concept is graphically depicted in Fig. 5. Additionally, 
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206 FATIGUE AND FRACTURE MECHANICS 

the compact tension specimen traditionally used to generate fatigue crack growth data utilizes a 
notch to initiate crack growth. A crack emanating from a notch often exhibits plane stress 
behavior near the notch root [20] (Fig. 6) and transitions to a combination of plane strain/stress 
as the notch effect diminishes. Plane strain plasticity is approximately one-third the size of plane 
stress [21], further enhancing any plasticity effects at the notch root. Cracks propagating in a 
material exhibit plane strain behavior in the interior and plane Stress behavior at the surface [22], 
as depicted in Fig. 7, leading to a higher probability of the surface closing prior to the interior. 
Therefore, if fatigue crack growth data are to be generated with minimal plasticity history 
effects, so as not to affect test data, then a modification of the specimen geometry and/or test 
procedure should be made. 

FIG. 5--Graphical depiction o f  remote closure. 

FIG. 6--Plane stress plastic zone at the notch root. 

FIG. 7--Plastic zone in front o f  the crack. 
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Modification of the C(T) specimen geometry to include side-grooves, GC(T), was 
implemented to force the crack to maintain plane strain behavior by achieving a nearly constant 
tri-axial stress state along the crack front [23]. The plane strain conditions are realized by 
removing the material exhibiting plane-stress behavior at the surface, approximately 25 % of the 
specimen thickness, by introducing 45 ~ grooves along the edges (Fig. 3). As a result, the plastic 
strains generated along the specimen surface will be as low as one-third that of a full thickness 
specimen [24]. 

One way to reduce the effect of  remote crack closure is to produce a crack with a larger 
plastic zone size at the crack tip than along any point in the wake. This can be accomplished by 
plastically compressing the crack wake [25]. Hence, if compressive loads are used for 
precracking, the plane stress plastic wake at the notch will be minimal and will not influence the 
subsequent test results [26]. Another solution to remote closure is to produce fatigue crack 
growth data by constantly increasing the K under constant amplitude loading conditions [27,28]. 
The test will impart a constantly increasing plastic zone such that the plastic wake will never 
close prior to the crack tip closing. Ideally, an increasing K methodology will produce results 
with little plastic history as steady-state is achieved; there are few plastic wake effects to 
instigate remote closure, and a "history-free" crack growth curve can be generated using one 
specimen. In this paper, the authors present fatigue crack growth threshold test data using 
constant R and constant Km~ load reduction and K increasing test procedures, employing both 
standard and side-grooved compact tension specimens, as well as constant Kmax tests with 
compression-compression precracking. 

Experimental Methods 

The constant R load reduction method, prescribed by ASTM E 647, generates quasi-steady- 
state fatigue crack growth rates into the threshold region. The generation of  near-threshold data 
is accomplished by reducing the applied load on the specimen in a controlled manner such that 
the load ratio, R, is kept constant, e.g., the maximum and minimum load are continuously 
reduced throughout the test. The constant Kmax load reduction method also reduces both the 
maximum and minimum load to generate threshold data, however the value of Kma• is constant, 
while R is varying. Controlling the test via stress intensity factors is achieved through 
monitoring of the crack length during testing and adjusting loads. For the constant Kmax load 
reduction test procedure, the applied loads are varied to maintain a constant K~x value, while 
increasing (the absolute value of) Kr~n until the rate of  crack growth reaches a predefined 
amount, in this case the ASTM specified 10 -l~ m/cycle. The rate of  load shedding for both 
procedures is defined by the equation 

C 1 AK 
= (-K-)(--ffa-a) (1) 

where C is the normalized K gradient and for the case of  a compact tension, C(T), specimen, the 
stress intensity factors are defined as 

AP ( 2 + a )  (0.886+4.64ct_la.a2a 2 +14.72o: 3 5.6a4) (2) 
AK -- f l ~  (1_ ~ ) 3 / ~  

where 
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{ ~  C(T) specimens 

/3 = B.  BN GC(T) specimens [29], ct = a/W for a / W  >_ 0.2 [30], 

AP is the applied load range, W is the width of the specimen, B is the thickness of the specimen, 
BN is the thickness of the specimen between the side-grooves, and a is the crack length. For this 
study, the dimensions of the C(T) and GC(T) specimens are defined in Fig. 3, where W = 76.2 
ram, B = 12.7 mm, BN = 9.53 mm (GC(T) only) and an initial notch length of 19.1 ram. The 
stress intensity solution for an M(T) specimen is given as 

AP [ ~-r 7r~z 
AK=T~-  ~ . l  sec T (3) 

where c~ = 2a/W for 2a/W < 0.95 [31], B is the specimen thickness, and W is the width. For this 
study, M(T) dimensions are defined in Fig. 4, where W = 76.2 mm, B = 12.7 ram, and the initial 
notch is 12.7 ram. 

The normalized K gradient, C, is algebraically limited to a value greater than -80 m -~ [32,33], 
which ensures the rate of load shedding to be gradual enough to: "1) preclude anomalous data 
resulting from reductions in the stress-intensity factor and concomitant transient growth rates, 
and 2) allow the establishment of about five da/dN, AK data points of approximately equal 
spacing per decade of crack growth rate," as per Section 8.6.2 of  the ASTM E 647. Figure 2 
graphically depicts the constant R and constant Kmax load reduction methods. 

The compact tension, C(T), and grooved compact tension specimens, GC(T), were 
precracked with a constant AK that is equivalent to the first data point in the load reduction test, 
unless otherwise noted. These loads were applied until the crack length was an a/W of 0.3, as 
per the ASTM standard. The M(T) tests were precracked using a high compression scheme 
based on the closure-free test procedures proposed by Au, et al. [34]. The precracking loads, 
both maximum and minimum loads in compression, were applied until the crack growth rate, 
da/dN, was less than 10 -1~ m/cycle. This compressive scheme was used to produce an initial flaw 
that had little plastic history [35], so as not to affect the subsequent test [36]. 

The K increasing test procedure was developed to produce fatigue crack growth data with 
minimal plastic history effects [27,28]. This was accomplished by first producing a crack from a 
notch using compressive precracking loads. Then the crack was propagated using a small tensile 

1/2 load, such that the stress intensity factor range was approximately 0.5 MPa m , to grow out of 
the residual tensile stress field developed by the compressive loading [36]. Then, constant 
amplitude loading was applied at a specific R value to generate a fatigue crack growth rate curve, 
i.e., as the crack propagates, K increases as does da/dN. The applied load was computed based 
on prior knowledge of the threshold stress intensity factor and the measured crack length. If  the 
crack growth rate was less than 10 -l~ m/cycle, the applied load was increased by 10 %, and this 
was continued until the measured crack growth rate exceeded 10 -l~ m/cycle. The remaining data 
would then be generated at this load level. 

Fatigue Crack Growth Rate Data 

The constant R and constant Kmax load reduction tests were conducted using a software- 
control system on a servo-hydraulic machine with a clip gage to measure compliance and 
determine crack length, in lab air at a mean temperature of  21~ The compliance crack length 
measurements were calibrated visually with a floating microscope. The Kmax tests conducted 
using the M(T) specimens were produced under constant load amplitude conditions, and the 
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crack lengths were measured visually on both front and back surfaces using floating 
microscopes. These tests were also conducted in lab air at a mean temperature of 21 ~ 

The majority of the constant R load reduction tests were performed in the T-L grain 
orientation as the primary loading direction. On the other hand, the M(T) and GC(T) specimens 
were orientated such that the L-T grain direction was the primary loading direction. There is 
evidence in the literature that the grain orientation can have an effect on the fatigue crack growth 
properties of this ahtminum alloy [37]. Therefore, a series of constant R load reduction tests was 
performed in the L-T direction to compare the effect of  grain orientation on the fatigue crack 
growth rate. As shown in Fig. 1, the difference between the two orientations is most pronounced 
at threshold. Therefore, all plots that contain L-T and T-L data will be marked accordingly. The 
constant R load reduction tests were precracked at a constant AK that is equivalent to the first 
data point in the load reduction test, unless otherwise noted. 

The M(T) Km~x tests were conducted using a high compression scheme for precracking, such 
that the maximum applied load was -6.79 MPa, and the minimum was 207 MPa at a notch 
width of 12.7 mm. The first test was run at a constant Kmax of 1.65 MPa m 1/2 to achieve a 
threshold of 1.86 MPa m l/e at R = -0.13. The second test was run at a constant Kmax of 2.20 MPa 
m 1/2 to produce a threshold of  0.95 MPa m 1/2 at an R of 0.57. The third Kmax test was run at a 
Kmax value of 1.65 MPa m 1/2 producing a threshold of  1.65 MPa m 1/2 at an R of 0.00. Note that 
the first and third tests were conducted at the same Kmax level and load reduction rate, yet they 
produced different threshold values at different R. The data produced from the constant Kmax 
load reduction tests are shown in Fig. 8. Once the threshold rate was achieved (10 -t~ m/cycle), a 
K increasing test was run corresponding to the R value at threshold. These results are plotted in 
Fig. 9. 
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FIG. 8--Constant Kmo~ load reduction data. 
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FIG. 9 - - K  increasing data. 

Data were generated for the R = 0.1 condition because closure was expected at this stress 
ratio. The data shown in Fig. 10 were generated using constant R load reduction, with standard 
tensile precracking loads on both standard C(T) and GC(T). The constant R load reduction tests 
using standard precracking methods on a C(T) yielded a threshold of 2.30 MPa m l/2. Using the 
same load reduction technique on a GC(T) specimen yielded a threshold of  1.37 MPa m 1/2. The 
crack growth curves generated using the GC(T) specimens experience a "bounce" at AK -1.9 
MPa m ~/2 (i.e., the crack growth rate decreased with decreasing AK, then increased with 
decreasing AK, then decreased with decreasing AK). This phenomenon is discussed in further 
detail in the following section. The compression-compression precracking, K increasing scheme 
used with a GC(T) produced a threshold of 1.46 MPa m v2 without exhibiting this bounce effect. 
M(T) and C(T) specimens were also run with compression-compression precracking and a K 
increasing scheme at constant R, and exhibited a threshold value of  1.45 MPa m 1/2 (M(T)) and 
1.49 MPa m 1/2 (C(T)), respectively. These data are shown in Fig. 11 for the L-T grain 
orientation, omitting the GC(T) tensile precracking data. A comparison of  the K increasing and 
K decreasing data for the C(T) specimen is shown in Fig. 12. The threshold values are 
summarized in Table 1. 

Data were also generated for the R = 0.7 condition to examine a stress level where closure 
was not expected. The data shown in Fig. 13 were generated using constant R load reduction, 
with tensile precracking loads on both C(T)s and GC(T)s. M(T) specimens were run with 
compression-compression precracking and a K increasing scheme at constant amplitude. The 
constant R = 0.7 load reduction tests using standard precracking methods on a C(T) yielded a 
threshold of 1.23 MPa m 1/2. Using the same load reduction technique on a GC(T) specimen 
yielded a threshold of  1.12 MPa m 1/2. The M(T) test, an increasing K test under constant 
amplitude loading, exhibited a threshold value of  1.05 MPa m 1/2. The threshold values are 
summarized in Table 1. 
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FIG. 1 0 4  = O. l da /dN versus A K  data. 

FIG. 11 m R  = O. 1 da /dN versus A K  data. 
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FIG.  1 2 - - C o m p a r i s o n  o f  K increasing and K decreasing test data. 

T A B L E  1--ThreshoM values using different precracking levels and test methods. 

R =0.1 
Specimen Tension Compression - K Compression - K 

K decreasing- decreasing, i n c r e a s i n g . _ .  
C(T) 2.30 N/A 1.49 

GC(T) 1.37 1.46 N/A 
M(T) N/A N/A 1.45 

R =0.7 
Specimen Tension Compression - K Compression - K 

K decreasing ....................... _decreasing. increasing _ 
C(T) 1.23 N/A N/A 

GC(T) 1.12 N/A N/A 
.................. M ~ )  ...... N / A  N / A  1.05 

FIG.  13- -R  = O. 7 da/dN versus A K  data. 
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Fatigue crack growth threshold data generated in the T-L grain orientation are plotted in Fig. 
14. All of the tests were conducted using the constant R load reduction procedure on C(T) 
specimens, with a precracking load equal to the initial data point. Threshold data were generated 
for R of 0.1, 0.4, 0.7, 0.8, and 0.9 with values of 3.34, 2.09, 1.27, 1.27, and 1.05 MPa m v2, 
respectively. These curves are plotted separately due to the lack of comparative data (i.e., same 
T-L orientation) using other test procedures. However, these data are valuable baseline data for 
comparison of  future testing. 

FIG. 14--Constant R load reduction data. 

Observations 

It is apparent that the constant R load reduction procedure is producing ambiguous results in 
7075-T7351 aluminum alloy for 12.7 mm thick specimens. First, the precracking level of the 
GC(T) data is studied to identify any effects of  remote plasticity-induced crack closure. An odd 
"bounce" seen in the data at a AK of approximately 1.9 MPa m 1/2 (i.e., the crack growth rate 
decreased with decreasing AK, then increased with decreasing AK, then decreased with 
decreasing AK) could be a likely indicator of  remote closure. The initial decrease in the crack 
growth rate (Fig. 10) may be attributable to remote plasticity-induced crack closure, which 
would cause crack retardation. As the specimen is continued to be cycled, the smashing of the 
crack faces at the point of remote closure will eventually reduce the influence of the remote 
closure on the crack tip. As the influence of remote closure diminishes, the crack will accelerate, 
shown as the rise in the data presented in Fig. 10. Finally, the crack growth rate once again 
decreases with decreasing AK to a threshold value. Examining the data presented in Fig. 10, the 
specimen with the higher precracking load exhibited a greater shift in crack growth rate, i.e., a 
bigger bounce, These data support the hypothesis that remote plasticity-induced closure is 
causing the bounce in the data because the greater the precracking level, the more likely remote 
plasticity-induced closure exists [19]. Finally, the compression precrack GC(T) data do not 
exhibit a "bounce," because it is a K increasing test. Remote plasticity-induced closure is not 
feasible in a compression precrack, K increasing test. Therefore, the constant R load reduction 
tests must be experiencing remote plasticity-induced crack closure. 
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Comparison of the C(T) to the GC(T) specimen data (Figs. 10 and 11) illustrates the crack 
closure effect due to plane-stress zone at the specimen surface. The oxide buildup typically 
found in a C(T) specimen along the crack front (Fig. 15) was not evident in the GC(T) 
configuration (Fig. 16). It appears that since the plane-stress plastic zones along the crack surface 
close prior to the interior plane-strain zone, due to larger plastic deformation at the same K level 
(Fig. 7), oxide is being trapped in the crack wake in the full thickness specimen causing closure. 
The GC(T) specimen has a nearly constant tri-axial stress state along the crack front [23], unlike 
a C(T) specimen, and therefore has less chance of trapping oxide debris in the specimen. 
Furthermore, there is little evidence of oxide-buildup along the crack face of  the M(T) specimen 
(Fig. 17), which is also nearly plane-strain. These observations suggest that the plane stress 
zones along the specimen surface do not directly effect the test results, but are the enabling 
mechanism for the oxide to build up at the crack front, enabling oxide-induced crack closure. 

The GC(T) specimen is nearly plane-strain along the entire crack front, unlike the C(T), 
which is a mixture of plane stress/strain. Therefore, the GC(T) has a slightly higher crack 
growth rate along the entire range of AK compared to the C(T), as shown in Fig. 10. M(T) 
specimens are also nearly plane-strain, and the crack growth rate data presented in Fig. 11 show 
good agreement between the GC(T) and M(T) data. However, near threshold, the compression 
precrack, constant AK data appears to be independent of  specimen configuration. This would 
imply that as the plastic zone gets smaller, and there are no remote closure issues, there is no 
specimen configuration effect. 

FIG. 15--C(T) specimen J?acture surface. 

FIG. 16--GC(T) specimen fracture surface. 
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FIG. 17 M(T) specimen fracture surface. 

Concluding Remarks 

ASTM Standard E 647, for producing fatigue crack growth thresholds, produces artificially 
high values due to crack closure induced by the test procedure in 7075-T7351 aluminum alloy. 
The foundation for this argument is based upon plasticity theory and mechanics. It is important 
to note that these findings are based solely on testing in this material (7075 A1) and that 
continued research into the test methodologies and other materials will be required to make 
general conclusions. Constantly decreasing AK throughout a test will produce remote crack 
closure if the minimum loads are below the opening load. By implementing a compressive 
precracking scheme, the effect of the residual plasticity at the notch is virtually eliminated. 
However, the constant R load reduction method still induces remote closure simply by initiating 
the test at a higher load than at the test conclusion. Conversely, the constant Km~x load reduction 
method minimizes this effect by maintaining high R load levels that keep the entire crack open. 
Utilizing middle through crack, M(T), and compact tension, C(T), specimens to produce K 
increasing data has illustrated that the fatigue crack growth threshold generated using the 
constant R load reduction method can be nonconservative by more than a factor of  two (Fig. 11). 

The constant R load reduction method also enables oxide-induced crack closure in 7075- 
T7351 aluminum alloy, due to plane stress plasticity at the specimen surface trapping oxide 
debris in the crack. Oxide-induced closure is not evident in K increasing tests because the crack- 
tip displacements are increasing throughout the test, precluding the development of oxide- 
, induced closure. 

The generation of  fatigue crack growth thresholds for 7075-T7351 aluminum alloy has 
provided the foundation for further research. These new threshold test methods should be further 
developed and applied to other materials to generate new data sets with accurate threshold 
values. Future results may indicate that some materials exhibit little plastic deformation, and 
therefore the current data set remains valid. However, it could be unconservative to assume that 
any data set is valid without a modicum of tests utilizing the new methods for verification. 

It is the authors' goal to develop a fatigue crack growth threshold test method without load 
history effects due to remote plasticity-induced closure that can be conducted at a specified R. 
At this time, no current ASTM specified method can accomplish this. However, using 
compression-compression preeracking and a K increasing test procedure will generate a fatigue 
crack growth curve from threshold to fracture at a specific R value without load history effects. 
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Microstructural Influences on the Development and Growth 
of Small Fatigue Cracks in the Near Threshold Regime 

ABSTRACT: Orientation imaging microscopy (OIM) is being used to investigate the microstructural 
influence on small crack growth at the crack tip. Although grain and grain boundary orientations have 
been reported to influence small crack growth, the effect has been difficult to quantify. OIM uses 
electron backscattered diffraction (EBSD) patterns in a scanning electron microscope (SEM) to form a 
spatially resolved map of crystal orientation, providing information on intra- and inter-grain orientation 
relationships. 

Mini-extended compact tension (ECT) specimens were machined from an 1100 aluminum cold rolled 
sheet with a 45 ~ angle, machined notch tip. The specimens were sized to fit into a Philips XL30/FEG 
SEM equipped with an EDAX/TSL EBSD/OIM system. Initial images were recorded prior to cycling of 
the mini-ECT specimen. Fatigue testing was conducted at.constant amplitude loading in the near- 
threshold regime where small cracks are considered to be on the order of the corresponding grain size. 
The constant amplitude load testing was periodically interrupted to obtain EBSD images. The ability to 
map an area 800 • 1300 ~m in front of the machined notch tip was demonstrated. This study determined 
that the plastic deformation, which occurs in a zone in front of the crack tip, did not degrade the EBSD 
image quality. Use of this technique provides the capability to characterize local crystal orientation 
during deformation processes such as fatigue crack growth. 

KEYWORDS: fatigue cracks, microstructural influence, OIM 

I n t r o d u c t i o n  

Fatigue failure is repor ted  to occur  by  crack nucleat ion and propagat ion.  Obse rved  

d i f ferences  in long crack versus  short  crack g rowth  rates have been  d i scussed  in te rms o f  
microst ructural  inf luences  and ef fec ts  o f  the pr ior  load  his tory [1]. Crack  growth  behav io r  in 
meta ls  is m o d e l e d  based  on the 3 -d imens iona l  s t ress-s t ra in  relat ionship at the crack tip a s sumi ng  

plane  strain condi t ions .  The stress intensi ty factor  at the crack tip is calculated assuming  a 
h o m o g e n o u s  mater ia l  and exc ludes  the inf luence  o f  micros t ructura l  length  parameters .  B a s e d  on 
the stress in tensi ty  factor, a crack g rowth  rate can  be  ca lcula ted  based  on the material  th ickness  
and an initial crack length.  The initial plastic zone  size is es tabl ished during the m a x i m u m  load 
dur ing the first  loading cycle.  U n d e r  con t inued  cycl ic  loading,  cycl ic  plast ic  deformat ion  takes  

p lace  at the crack tip. Cons tan t  ampl i tude  cyc l ing  eventual ly  results  in a saturat ion f low stress in 
w h i c h  a s teady state fat igue crack g rowth  rate can  be  obta ined.  The saturat ion stage o f  fat igue is 
r epor ted  to be 10 000 cycles  in A A  1100 [2]. A t  this t ime the d is locat ion  shut t l ing leads to local  
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instabilities and finally to microcracks, reported to be observable after about 25 % of the fatigue 
life has been expended [2]. 

In-homogeneity of the material due to grain size, grain orientation, grain boundary geometry, 
precipitates, and other second phase particles is reported to strongly affect the steady state crack 
growth rate of small cracks [3]. In pure metals, the most significant features to influence the 
fatigue crack behavior are the grain orientation and grain boundary geometry [4-7]. The 
incubation stage of fatigue crack nucleation prior to growth into longer cracks can be greatly 
affected by the non-homogeneity of  the material. In addition to non-homogeneity of a 
polycrystalline material at the macro-level, non-homogeneous deformation is also observed at 
the micro-level within a single grain. Permanent deformation occurs as the material deforms 
along bands of material that slip along specific slip planes and in specific directions. Activation 
of  a particular slip band is controlled by the resolved shear stress on the slip plane in the slip 
direction. Decohesion results in fatigue cracks manifesting themselves discontinuously in 
regions between slip bands. In uniaxial loading, alternating slip planes become activated as the 
part is strained in accordance with the Schmidt criteria. Neumann [7] formulated the mechanism 
of discontinuous slip processes occurring at a crack tip in push-pull testing of copper single 
crystals. Macroscopic plane fatigue was found on the {001} orientations in the <011> directions 
[7]. In addition to Neumann's model [7], two additional microscopically based models have 
been reported [8,9]. 

The crack growth mechanisms in polycrystalline materials are theorized to change m the 
stress intensity and ratio increases. Conditions driving the decohesion between planes change as 
the controlling stress changes from the resolved shear stress to activate a slip system in an 
individual grain to the maximum shear stress to activate shear bands across numerous grains [8]. 

The other bridging feature between single and polycrystalline materials is the influence of 
grain boundaries. In low amplitude testing at threshold, the growth of  small cracks has been 
reported to be influenced by grain boundaries [10]. The growth rate of cracks as they approach 
the grain boundary has been reported to both accelerate and decelerate in engineering materials 
[10]. Research by Li et al. [5,6] has systemically studied the crack transfer across various 
interfaces in aluminum bicrystals. In these studies, the variations in the crack growth rate were 
correlated with the grain boundary Y value. Higher E values were found to reduce the crack 
growth rate more than lower Z values, although the lower values were found to produce a wider 
effect [5]. 

The mode of crack nucleation and the associated deformation phenomena are therefore 
dependent on the stress amplitude and the slip character of the material being tested. However, 
experiments to quantify the effects at the microscopic scale are difficult to execute and interpret. 
Recently, the use of electron backscattered diffraction (EBSD) techniques to obtain orientation 
image maps (OIM) has been reported in studies of the fatigue cracks, in addition to quantifying 
the localized stresses at the surface [11-15]. The objective of this study was to determine if 
EBSD was a feasible tool for investigation of grain orientation in the proximity of a growing 
crack tip in the threshold regime. 

Experimental Procedure 

A commercially pure, polycrystalline aluminum alloy, AA1100-H14 (99 % aluminum) was 
used in this study. Samples of the AA1100-H14 were etched using 0.5 % HF to reveal the grain 
morphology. The grains were measured using a linear intersect method and compared with 
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results from the OIM imaging. The initial properties of the AAl l00-H14 are summarized in 
Table 1 per the vendor's acceptance standards. 

TABLE 1--Mechanical properties of  the material. 

Specification Nominal 
Elastic modulus 10 000 ksi 
Tensile strength 16-21 ksi 18.1 ksi 
Yield strength 14 ksi, min 16.7 ksi 
Failure elongation 6 %, min 9 % 
Brinnell hardness 23 

A non-standard specimen was designed for this study to fit within the SEM chamber on an 
EBSD title stage. Dimensions for the mini-CT specimen are shown in Fig. 1. The crack plane 
orientation is L-T with a machined notch width of 0.04 in. and a notch tip angle of 45 ~ One side 
of the specimen was polished to prepare the specimen for the EBSD imaging. The surface was 
first mechanically polished using a decreasing series of SiC grit abrasive paper. Final polishing 
of the surface was made using a 0.5 I-tm colloidal silica first followed by a 40 nm colloidal silica 
or Syton polishing. 

o.13l.., 3" J 

�9 
--~ 0.25" / 

1" 

-f 
FIG. 1--Mini-extended CT spectmen sized to fit into scanning electron microscope (SEM) 

chamber. 

The fatigue testing was carried out in an Instron Model 8862 (5.6 kip) servo-hydraulic 
machine in load control under constant amplitude testing. The specimen was cycled in 
compression-compression mode for 2.5 M cycles at 10 hz at: R = 0.1, Pmax = -10 lb and Pmin = 
-200 lb. The large pre-cracking compressive loads were selected to homogenize a tensile plastic 
zone ahead of the crack tip. An estimate of the tensile plastic zone size is 3644 ~tm. After 
precracking, the specimen was tested in tension-tension with planned test interruptions on a 
2.5 M cycle interval to image the crack. The tensile loading is estimated to produce a 
compressive plastic radius of  230 gm. These conditions were selected to ensure fatigue testing 
in the saturation stage for cold worked AA1100 [2]. 

Optical images were taken of the specimens prior to imaging in the SEM. The EBSD 
investigations were carried out in a Philips XL 30 field emission, scanning electron microscope 
(FE-SEM) equipped with an EBSD detector from TSL, Inc. The geometric principle of EBSD 
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imaging is illustrated in Fig. 2. Some important parameters for imaging of the EBSD patterns 
include: specimen tilting angle of 70 ~ toward the detector in the SEM chamber; accelerating 
voltage of 15 kV; beam current of 10 hA; a working distance of 22.3 mm; distance between 
electron beam and phosphorous screen of 74 ram. Note that the imaging nomenclature in Fig. 2 
refers to the orientation of the specimen, not the orientation of the crystallographic planes. 

FIG. 2--Orientation image maps obtained Using an electron backscattered detector in a 
scanning electron microscope. Orientation of  specimen and detector (a). Crystalline lattice 
information is generated as illustrated in (b). 
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Results 

OIM images were obtained of the rolled sheet material to verify polishing procedures prior to 
fatigue testing. The grain morphology is shown in Fig. 3, and the distribution of grain boundary 
misorientation angles is shown in Fig. 4. The color key relates to a section of a gtereographic 
projection for a cubic crystallographic structure. The grain morphology of the initial 
microstructure is that of elongated grains approximately 200 x 80 mm. Some evidence of 
recrystallization can be seen in the cold rolled microstructure. Based on the coloration of the 
grains, in conjunction with the key the texture of  the cold rolled sheet is considered to be 
primarily { 100} <001> cubic. A dark line around the grains in Fig. 3 denotes those grains which 
have greater than 10 ~ misorientation angle. 

FIG. 3~Initial cold rolled microstructure indicating primarily a cube texture. Dark lines 
indicate grain boundaries with misorientations greater than 10% Color key is common to 
subsequent EBSD/OIM figures. 
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FIG. 4---Grain boundary misorientation histogram shows a high degree of grain boundary 
misorientation between grains in initial microstructure. 

The observable slip markings after cyclic deformation are apparent in the light microscopy 
image of Fig. 5 for the specimen after 2.5 M cycles in compression-compression and an 
additional 2.5 M cycles in tension-tension testing. The plastic radius size due to monotonic 
loading is calculated to be 3644 gm and appears to be in agreement with the deformed region 
noted in Fig. 5. Figure 6 shows the same region shown in Fig. 5, but at a lower magnification 
after a total of 5 M cycles in tension-tension cycling. Comparison of these two images indicates 
the size of the initial monotonic induced plastic radius is virtually unchanged, although more 
surface deformation is noted around the notch tip. A white circle is superimposed on Figs. 5 and 
6 to mark the region investigated with EBSD OIM analysis. 

Figure 7 shows two different crack morphologies that have developed at the surface of the 
specimen around the notch tip. One crack follows a zigzag pattern for 0.02 in. emitting from the 
tip of the crack. The other crack of similar length is straight. To understand the zigzag crack, 
the crack path was superimposed on the initial OIM image. Due to the damage incurred on the 
specimen at the notch tip, this information could not be obtained directly. The crack path is 
noted to alternate between an inter- and trans-granular path. 

A magnified image of the straight crack morphology is shown in Fig. 8. This region lies 
outside of the damaged area, and details of the microstructure deformation can be observed in the 
SEM secondary electron (SE) image. White lines denote regions of slip band activity. The 
variation in orientations of these macro-bands corresponds to variations in the grain orientation 
shown in Figs. 9 and 10. 
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FIG. 5--Al  1100 mini-ECT specimen notch tip after testing for  2.5 M cycles in 65o ~n 

compression-compression and 2.5 M cycles in tension-tension under constant amplitude load 
control. White circle denotes region examined in OIM images. 

FIG. 6---Al 1100 mini-ECT specimen notch tip after constant amplitude load 2oo ~n 
control for 5 M cycles in tension-tension testing under load control. White circle denotes region 
examined in OIM images. 
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FIG. 7--Two different crack morphologies are noted in front of the notch tip: optical 
microscopy image (a) and corresponding SEM/OIM image of same region (b). 

FIG. 8--Plastically deformed material away from the crack tip displays slip bands and 
cracks that are parallel to projections o f{ I l l }  planes. 
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FIG. 9--Image quali~ (IQ) maps help to delineate features such as grain boundaries, slip 
planes, and fatigue cracks. (Note: elongation of the images is due to beam drift during data 
collection). 

FIG. lO--Fracture fronts tend to be parallel to <011> directions that lie along projections 
of the {111} planes. 
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The grains containing the region of the straight morphology cracks are shown in the OIM 
image of Fig. 9a and as an image quality (IQ) map of Fig. 9b. The data shown in the figures are 
elongated due to beam drift during the scanning process to collect the EBSD data. Measuring 
the quality, or degree of contrast and sharpness of the band edges, of the EBSD patterns produces 
the IQ maps. A grayscale is assigned to this information with white representing the highest 
measurable pattern quality and black the lowest. The pattern quality can be used to reveal 
aspects of the microstructure that might otherwise go undetected, such as the grain boundaries 
that appear as dark lines in the IQ map. Areas of high strain appear darker in the IQ map due to 
the decrease in pattern quality when the crystal lattice is deformed. Regions of highly localized 
crystalline slip bands are also readily noted on the IQ map. From stereographic projections, 
these cracks fall parallel to the {111 } planes. They extend through the grain boundary in regions 
where the neighboring grains share directional similarity. This agrees with crack propagation 
patterns reported in bicrystal testing [5]. 

The elongation observed in Fig. 9a has been compensated in .Fig. 10, which offers a 
comparison of this region in Fig. 10a after 5 M cycles and in Fig. 10b for the untested grain 
orientation. Other than the formation of the slip bands, no discernible difference in the grain 
texture is shown. 

Conclusions 

Although the specimen suffered damage to the surface, the testing was continued to evaluate 
the capability of the technique to provide crystallographic imaging of deformed grains. Cracks 
were noted to have formed at the surface near the outer circumference of the plastic radius in 
addition to crack growth at the crack tip after 5 M cycles. The cracks at the outer circumference 
of the plastic zone are noted to form along the strongly localized slip bands or microbands in the 
affected grains. The ability to image using the EBSD technique in regions where extensive 
deformation has occurred along displaced shear bands was demonstrated. 

Superpositioning of secondary images from the SEM show the crack path from the notch tip 
alternates between transgranular and intergraunlar. The ability to show the influences of 
localized stress on the crack path along the surface crack grain front has not been demonstrated 
due to specimen damage in this region. However, based on EBSD imaging of grains outside the 
damaged region, it is believed that this can be accomplished. 
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Size Effect of Microdamage Growth and Its Relation to Macro 
Fatigue Life 

ABSTRACT: In its initial evolution stage, fatigue damage consists of many microdamage sites, having 
random sizes and locations. The way in which these sites grow and coalesce has a crucial effect on the 
macro fatigue life. A statistical micromechanic fatigue model has been developed, in which the material 
is composed of microelements of random strength with a certain probabilistic dispersion parameter ([3). In 
addition, the model takes into account local interactions between damaged microelements and their first 
neighbors by considering a failure sensitivity factor (c), which is the probability that the neighbor will 
survive the local (micro) stress concentration. It was shown analytically in previous studies that 13 is 
proportional to the S-N power intensity, and ln(1-c) is proportional to the macro endurance limit. In this 
study, the analysis is generalized to the case where the growth of each micro-damage is size dependent, 
i.e., each damage site grows at a rate which depends on its current size. The strength of this rate-size 
relation controls the order of the governing differential equation. It was found that certain "microdamage 
growth laws" still preserve the macro power law, so that the power on the S-N diagram can be directly 
related to the local microdamage evolution. While the analytical micro-macro relation is still under 
current study, a numerical simulation of fatigue damage evolution has been obtained and revealed that the 
macro S-N power law prevails in spite of the noticable complexity. 

KEYWORDS: micromechanics, damage, fatigue, fractals, endurance, statistics, power laws 

In troduct ion  

Implementat ion o f  microstructure parameters  into macro consti tutive equations has been 
under  extensive investigation in recent  years [1-6].  However,  quanti tat ive relations are still in 
demand. For example, it is str iking that Basquin 's  and Paris "laws," which  constitute two o f  the 
very  well known relations in fatigue behavior,  are purely experimental  and still have  no 
theoretical, physical ly sound basis: 

da 
c r = C . N  b; - -  = C .AK" .  ( l . l a ,  b) 

dN 
The simplicitly o f  these laws is especial ly interesting, and one is tempted to try to unify the two 
by looking for some relation be tween  the two powers,  n and b. Exper imenta l  data, taken from 
different sources in the literature for different types o f  metals (Fig. 1), reveals no such correlaton. 
Since smooth specimens spend a large port ion o f  their  fatigue life wi thout  any "visible" crack, 
the mechanisms underl ined in (1. la)  and (1. lb)  seem to be different. The difference can also be 
explained by  the fact that microcrack growth rate is controlled not only by  its own "state" (crack 
size, stress, etc.) but  also by ne ighbor  defects. Thus, the damage growth is a non-local  process. In 
this paper, we will  focus on (1.1a). 
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FIG. 1--Relation between Basquin's and Paris exponents for different metals. 

Eq 1.1a, combined with Fig.l ,  show that many materials, which are different in their 
microstructural details, exhibit similar macro failure appearance. This may motivate one to use a 
simple model which ignores microstructural details and to focus only on absolutely necessary 
mechanisms, which lead to cyclic failure. Such a model has been developed [7-9] and will be 
briefly described by way of  introduction. 

Consider an ensemble of 1D, linear elastic (until breakage) elements on a 2D plane, with 
uniform direction perpendicular to the plane. The ensemble is organized as uniform cells (square, 
hexagonal, etc.) or as randomly distributed (Gaussian, etc.) on the plane. Elements are loaded 
such that all have the same longitudinal strain (~) and belong to the same set, having a constant 
stiffness E and a statistical strength distribution function F(e), where 

F(e) = ~f(e')dg' (1.2) 
0 

and fie) is the failure probability density function. This simplified model can be visualized as an 
idealized group of  polymer chains/bundles or a unidirectional fiber composite, where the 
elements represent fibers, or even metals, where grains are the basic material constituents. 
Models which are based on similar "simplifications" have been studied extensively [11 13], but 
rarely for fatigue analysis. 

Consider a constant (macro) stress fatigue (cyclic) loading (Crmax=C~0, Omin=0). During the first 
cycle, weak elements break, and the others sustain the total load. From equilibrium: 

cy 0 = E0eI(1 - F(el)), (1.3) 

where E0 and e~ are the element stiffness and the maximum strain at the first cycle, respectively. 
E0 is also the initial macro modulus of  the undamaged ensemble. F(e~) is the failure probability 
of the elements up to a strain 1~ 1 and is also the relative number of elements which are broken up 
to the first loading peak. The local stress concentration may also lead to additional breaks at the 
same loading cycle, but this possibility is neglected here. However, the effect of broken elements 
on their unbroken neighbors is still taken into account. It is evident that during the consequent 
loading cycle the local microstructure in the vicinity o f  each broken element undergoes many 
types of relative movements due to irreversible motions: friction, dynamic effects, local heating, 
bifurcation states, etc. Without entering to a detailed analysis, the end result is divided into two 
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categories: local neighbor strain is higher than for a nonTneighbor element (strain concentration 
higher than 1) or lower. It is the first type which creates a cyclic damage progression effect. Each 
neighbor has a different local stress concentration factor, according to the specific local 
geometry. However, from a statistical point of view, only two parameters are needed for further 
analysis: the relative number of  neighbors of the first basic type and the average local stress 
(strain) concentration factor (k). Moreover, one can simplify the analysis even further, by 
assuming a very high k value, which practically means that interacted neighbors will definitely 
fail in the next cycle. It is also assumed that the reason for broken-neighbor interaction depends 
on the initial local geometry only, i.e., a non-interacting neighbor will not re-interact during 
subsequent cycles. However, this type of  neighbor can still fail as a non-neighbor element. For 
convenience, the nearest unbroken neighbor of  a broken element is termed "neighbor." 

The Micromechano-Statistical Fatigue Mechanism 

Equilibrium of the first cycle (static) yields: 
~=E0(1-d l )~  1 ; dl=F(131) (2.la,b) 

where E0 is the macro modulus of the undamaged state. F(131) is the failure probability of a 
strained (up to 131) element, and dl is the relative damage during the first loading. Normalizing by 
E0 we have: 

1 a 
E l = l - d  1=1-F(131) ; E l -  (2.2a,b) 

E 0 131 

where E1 is the normalized modulus and ~ is the macro stress. 
Suppose that the damage dl is evenly distributed between many small sites, each with a 

relative area of al. The number of microdamage sites created in the first cycle is then 

m 1 = d-AL (2.3) 
al 

Now assume that during the second cycle, each of  these sites grows from a relative area al to 
a> Then, the total damage area, which initiated in cycle 1, grows in cycle 2 by an increment of 

d(2 a )=ml (a  2 - a l ) = d  1 . a 2 - a l  =F(131) a 2 - a l  (2.4) 
al at 

where (2.1b) has been used. In addition, we have new sites of  damage, emerging from the fact 
that due to the new damage in (2.4), the microstress is now higher for the same macro stress. As 
a result, the maximum strain of the second cycle is higher, so that new damage sites are "born." 
The additional damage of  this part is: 

d (b ) -  F(132)-F(131)(1-dl-d (a)) (2.5) 
1-F(131) 

Again, it is assumed that d2 (b) is composed from many sites, each of  a size al, which is the size 
of  a "newly born" damage site of  a cyclic "age" 1. The number of  microdamage sites created in 
the second cycle is then: 

d~ b) 
m 2 - (2.6) 

al 
For convenience, we write from here and throughout: F1-=F(131), F2-F(132) etc. Summing (2.4) 

and (2.5), we have the total damage during the second cycle: 
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d 2 = d(2 a) + d~ b) (2.7) 

Applying equilibrium for the second cycle yields: 

c~=E0(1-d l -d2)~  2 --~ E 2 -  ~ - E l - d  2 (2.8) 
E0~2 

where (2.2) has been used, and E2 (as all Eis in the following) is also a normalized modulus. 
Inserting (2.8) into (2.5) and using (2.7), we obtain: 

d(2b)- F2 - F1 (1 _ d2 + d(b)/-  F2 - Vl/~ 
]----t~ 2 / -  1_'-]~1 k~2 +d(2 b), (2.9) 

Therefore, 

d(2 b) = (  l-F1 -1 )E  2 (2.10) 
( 1 - F  2 ) 

Inserting (2.7) in (2.8) and using (2.1), we obtain also, 
/ .  _ "x  

~ a 1 
E2 = E1 - d(2a) -d~b) = El - ( 1 -  E1)a2al \ 1 - r 2  J 

Rearranging yields: 
1 - F  1 E 2 =E 1 - ( 1 - E l )  a2 - a l  (2.12) 
1 - F  2 a 1 

Inserting (2.12) in (2.10), we obtain: 

d~ b) =E 1 - ( 1 - E l )  a2 - a l  - E  2 (2.13) 
al 

By a similar procedure, in the third cycle we have: 

d~a)= ml(a 3 - a2)+ m2(a 2 - a l )=  d} b) a 3 - a 2  +d  (b) a2 - al (2.14) 
al al 

Note that the damage in the first term of (2.14) is of a cyclic "age" of 2. Following (2.9): 

d~b, _ F3 - F2 (1_ dl _d2 _d~a,)= ~ ( E 2  _d~a) - + ]-_--F7 - )= ~ ( E  3 d~ b)) (2.15) 

from which we have: 

d~ b) = (  l -F2  - l I E  3 (2.16) 
~.l-F3 ) 

Similar to (2.8), equilibrium at the maximum stress of the third cycle yields: 

E 3 E 2 - d 3 = E 2 - d ~  a ) - (1 -~F2-1 /E3  = \ ~ l_p  3 ) (2.17) 

where (2.16) has been used. After using (2.14) and rearranging: 

1 - h  E3 =E 2 _d!b) a3 - a 2  _ d(_b) a 2 - a l  (2.18) 1 2 
1 - F  3 a 1 a 1 

so that 

d~b) = E2 _d}b) a3 - a2  d~b) a2 - a l  
al al 

Now, defining the microdamage rate of a single site at "age" j as: 

E 3 (2.19) 
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a,j - aj+l - a j (2.20) 
al 

we can summarize the above and notice the following systematic relations: 

dl b)- = I - E  1 (2.21) 

d(2 b) =(E 1 -E2)-d}b)a,1 (2.22) 

d~ b) = (E 2 - E 3 ) -  d~b)a,2 - d~b)a,1 (2.23) 

d (b) = (g 3 - E 4)-d}b)a,3 - d(b)a,2 - d~b)a 1 (2.24) 

The unit in (2.21) is the normalized zero (undamaged) modulus. For the n-th cycle we obtain: 

d(nb)=( l-CFn-l~,l_Fn 1)En ; Fn=F(~n)=F(~n-n) (2.25a,b) 

and 

( E n _ l - E n ) =  d}b)a,n_l + d~b)a,n_2 + ....... + d(nb)la,1 +d(n b) (2.26) 

Equations 2.25 and 2.26 constitute the governing equations for the fatigue damage evolution. 
It is seen that the solution (essentially En) for the n-th cycle depends on the damage history of all 
previous cycles. Since fatigue life usually involves many cycles, it is obvious that the solution of 
the above is very cumbersome (in fact, impossible). The source of the difficulty comes from a,n, 
which is the fatigue microdamage growth rate. Motivated by the simple macro behavior seen 
from experiments, we will examine here specific microdamage growth laws, in which the 
necessary "history" span is limited. Note that the macrodamage rate is just d,. 

Before further progress is possible, a specific failure probability function F(~) for the basic 
microelement in the ensemble should be chosen. This will be of the common Weibull type: 

F(~n)~_ F n = 1- exp I - l ( en /131  
13 ~, ~s ) j (2.27) 

The above form is convenient since ~s has a physical meaning which is the static (monotonic) 
failure strain. It can be easily shown that 

o s = ~s exp(-[3 -1 ) (2.28) 

where cys is the (normalized by E0) corresponding static failure stress of the ensemble. Using the 
relation 

= Eng n (2.29) 
and (2.28), we write (2.27) in a more convenient form as: 

1o / / F n = l - e x p  ; a = l  ~ (2.30) 
e \OsJ  

where ct is independent ofn. Returning to (2.25) and using (2.30): 

Furthemaore, for high cycle fatigue, it is expected that the damage during each cycle will be 
very small, i.e., 
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En-1 - En - - E'n - d'n << 1 --+ En131 ~ En13 + 13En13-1E,n (2.32a,b) 
En En . dn 

where 
E,n = En_ 1 - E  n (2.32c) 

is the modulus "cyclic derivative," similar to the notation in (2.20). Therefore, 

expI~ (En13- En~_l)l - 1 ~- -OcEn13-1E,n (2.33) 

The physical interpretation of (2.33) is that the lower end "tail" region of the Weibull 
distribution, which is the "usable" part in high cycle fatigue, can be accurately approximated by a 
power law. Using (2.25), (2.31), and (2.33) we obtain: 

d} b) = -CtEn13E,n (2.34) 

Now notice that RHS(2.34) can be directly integrated and yields: 

n n 13 id}b)di= i_aE 1 E,idi= - a El_13=m(n).al (2.35) 
0 0 1-J3 

where re(n) is the density of microdamage sites. 
The possibility of using (2.32) instead of (2.30) generalizes the analysis to almost any failure 

probability function, since most of them can be approximated by a power law for the small strain 
region. Therefore, the following analysis is not restricted merely to the Weibull distribution type 
but includes all pdfs, which can be approximated to a power relation for small strains. 

Simple Microdamage Growth Laws 

To proceed further, we need a microdamage evolution equation. A general form includes both 
the microdamage size and stress: 

a,n = a,n ((y(m), an )= a,n (Eff-~, an ] (3.1) 

Note that cr m~ is the "true" macrostress, i.e., the uniform field far from the microdamage tip, 
which is "cyclic dependent," whereas ~ is the constant !'engineering" macrostress. 

For convenience, examine first the simplest microdamage growth law, i.e., 
a,1 = a,2 . . . . . . . . .  a,n = c (3.2) 

for which the microdamage rate is independent of its size and is uniform. Now write (2.26) for 
the n+l cycle: 

(En -En+l)=d}b)a,n +d(2b)a,n-1 + ....... + d(b21a,2 + d(nb)a,1 +d(b)n+l (3.3) 

and subtradt (2.26) from (3.3) to obtain: 

(En_ 1 - 2E n + En+l)+ (d(b) ( c -  1)+ d(b21)= 0 (3.4) 

Inserting (2.34) in (3.4), a nonlinear second order difference equation for the macro-stiffness (or 
damage) is obtained. 

Before proceeding with the solution, notice that (3.4) is a summation of two parts, which must 
be of the same order. In our case, the number of cycles to failure is large (Nf>1000), so that 
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[ fl n +al (nb) O <<< 1 

Then, (2.29) can be modified to yield 

(En_ 1 - 2 E  n +En+l)+Cd(n b) ~ 0 

(3.5) 

(3.6) 

For a private case when c = 1, (3.6) is simplified further to: 

( E n _ l - Z E n + E n +  1)+.( 1-Fn-ll_Fn l i E n = 0  (3.7) 

The above is identical to the result of a previous, less general analysis [10], although in a 
slightly different form. For this private case, it was shown that (3.7) can be transformed to the 
following differential equation (details are not given here): 

E,kk-C~[SNfE-13E,k=0 ; or= (3.8) 

Nf is the number of cycles to failure and k is the normalized (by N O macro-fatigue "age." By 
noticing that 

E-[3E,k-= 1_-~1 (EI-I3),k (3.9) 

(3.8) is further simplified to 

otNf El_I3 = C (3.10) 
E ' k -  1-[3 

C is an integration constant, determined from the last cycle data, i.e., at k - 1 (N = Nf), the 
stiffness vanishes (E = 0). Thus, the uniform microdamage law (3.2) leads to a second order, 
nonlinear differential equation, for the stiffness (or damage) evolution. Fortunately, a simple 
power solution is analytically found: 

os L~ PYJ xf'/13 (3.11) 

which is consistent with Basquin's law (1.1 a). 
Consider now a second case, for which the microdamage growth rate is characterized by a 

uniform gradient, i.e., 
a,n - a,n_ 1 = B (3.12) 

Following (2.26) and (3.3), the (n+2), equation is: 

(En+l -En+2)--  d(b)a d(b)a + ....... + d(b)a,2 +,~(b) , + ,~(b) (3.13) 1 ,n+l + 2 ,n Un+la,1 Un+2 

Subtracting (3.13) from (3.3) and (3.3) from (2.26), and then again one result from the other, we 
obtain: 

(En_l-  g n ) - 2 ( g n -  En+l)+ (gn+l-  gn+2)--d(nb)(a,2- 2a,1 + 1)+ d(b21 (a,1-1)+ dn+ 2 (3.14) 
Using (3.12) and (3.5), the RHS (3.14) is written as: 
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d(nb) (a,2 - 2al  + 1)+ d(nb+)l (a,1-1)+ dn+ 2 = 

= (d(nb) _ d(nb21 ~1 _ a,1) + (d(b)2 _ d(nb) )+ d(nb) (g + 1) _ d(nb) B (3.t5) 

Thus, by the same procedure as above, a third order differential equation is obtained: 

E,kkk -Bot[3NfE-I3E,k = 0 (3.16) 

Continuing in this manner, it is straightforward to show that for the q-th power correlation 

a n = B n  q-2 ; q>_2 (3.17) 

a differential equation of order q is obtained. 

E,kq-B'~t[3NfE-[3Ek=0 ; i_>0 (3.18) 

Thus, (3.18) leads to a stress-life power law relation (1.1 a) of  the form: 

c~=C.N -b ; b=  q- (3.19) 

We see that the present model proposes a direct relation between macro material behavior and 
micro statistical parameters. Interestingly, q connects three different aspects of the problem: the 
macro S-N slope, the order of the governing differential equation, and the microdamage growth 
law (3.17). Moreover, it is possible for q in (3.17) to be non integer, which leads to a fractional 
differential equation! This intriguing possibility is under current study. 

Morphological Aspects of Damage Evolution 

An important aspect of microdamage evolution is the random nature of  damage growth. So 
far, the growth rates (3.17) have been considered in a non-random (although statistical), average 
manner. However, on the micro-level, a considerable material variability is expected. To 
examine this effect, a numerical simulation of the governing difference equation (3.26) on a 2-D 
plane was conducted for different values of  the parameter c<l, i.e., every unbroken neighbor of 
each broken element had a c probability of  failure in each consecutive cycle. Results of two 
typical simulations are shown in Fig. 2. 

The two lower pictures show a single, isolated microdamage growth. The right picture is for 
c = 1, i.e., 100 % probability that the neighbor element will break and the left picture is for ~40 
%. The blue region is where the damage initiated, and the different colors indicate the "age" of 
breakage of every point. It is seen that a fractal shape is obtained, with a fractal dimension 
directly related to c. The upper two pictures show the damage fractography just prior to failure 
for the corresponding cases below. Therefore, the parameter c is also connected to the fracture 
growth morphology, which may be experimentally measured. Such relation, between mechanical 
properties and fracture surfaces, is one of the most challenging in fatigue and will be studied in 
the future. 
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FIG. 2--Simulation of damage morphology for uniform microdamage rate. Colors reflect the 
damage "age": blue for damage initiation sites (old) and brown for damage just before total 
failure. Upper pictures show fractography just before failure, for non-probabilistic local 
behavior (top righ 0 versus probabilistic one (top left). Lower pictures show morphology 
progression of a single mierodamage on hexagonal net: Non-random (righO versus random 
(left). 

Conclusions 

A statistical micro mechanic model for fatigue damage evolution and failure has been 
presented. Direct analytical relations between macro (S-N) behavior and micro parameters of  
damage growth have been found. Specifically, 13 and q are two parameters which control the S-N 
power, commonly seen in experiments. B characterizes the probability density function of 
strength of the microelements, and q controls the rate at which microdamage sites grow in each 
cycle. In addition, it is shown how geometrical stochastic features of  microdamage growth, such 
as the fractal dimension, and microdamage may be directly related to macro failure. 
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On the Constraint-Based Failure Assessment of Surface 
Cracked Plates under Biaxial Loading 

ABSTRACT: Surface cracked plates under biaxial loading represent an excellent model of cracked 
welded structures experiencing complex loadings. For example, girth and seam welds in pressure vessels 
are subject to biaxial stress fields. In this paper, the constraint-based failure assessment of surface 
cracked plates under biaxial tension loading is presented. As a comparison, the assessment of surface 
cracked plates under uniaxial tension loading is also presented. The elastic T-stress is used as the 
constraint parameter. The calculation of the stress intensity factors, T-stresses and limit loads for surface 
cracks under biaxial/uniaxial loadings are discussed. Failure assessments for typical points along the 
crack front for surface cracks are conducted. The failure assessment results are compared with available 
experimental observations. 

KEYWORDS: surface crack, biaxial loading, failure assessment diagram (FAD), constraint, T-stress, 
stress intensity factor, limit load 

Introduction 

The loss o f  crack tip constraint leads to enhanced resistance to both cleavage and ductile 
tearing. However,  all the conventional failure assessment schemes [1-4] use lower bound 
toughness obtained from highly constrained test specimens. Over-conservative assessments may 
occur in situations where the crack in a component is under conditions o f  low constraint, and 
may lead to the imposition of  prohibitive repair and inspection policies. Constraint effects on 
fractures have, therefore, received considerable attention recently in efforts to reduce 
conservatism. Based on the two-parameter fracture mechanics, the frameworks for including the 
constraint effect in the failure assessment diagram approach were proposed [5]. The recent 
version of  R6 [2] and the newly developed structural integrity assessment procedures for 
European industry [6] have suggested procedures for failure assessments that include the 
constraint effect. 

The elastic T-stress, or the second term of  Will iams'  series expansion for linear elastic crack 
tip fields [7], which represents the stress acting parallel to the crack plane, can be used as the 
parameter to quantify the constraint effect [5]. It has been demonstrated [8-11] that positive T- 
stress strengthens the level o f  crack tip stress triaxiality and leads to high crack tip constraint, 
while negative T-stress reduces the level o f  crack tip stress triaxiality and leads to the loss of  the 
crack tip constraint. These works have indicated that the T-stress, in addition to the J-integral, 
provides an effective two-parameter characterization o f  plane strain elastic-plastic crack tip 
fields in a variety o f  crack configurations and loading conditions. In the recent framework for 
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246 FATIGUE AND FRACTURE MECHANICS 

constraint-based failure assessment procedures, T-stress has been used as the constraint 
parameter [5]. 

Surface cracks are among the most common flaws in the engineering structural components 
such as pressure vessels, welded joints, and pipes. It has been demonstrated that surface cracks 
in plates (Fig. 1) under remote tension are under low constraint conditions. Extensive work has 
been done in the literature for semi-elliptical surface cracks in plates under uniaxial loading (e.g., 
Fig. 2) [12]. However, many of  the surface cracked components are under biaxial loading, for 
example, girth and seam welds in pressure vessels are subjected to biaxial stress fields. There 
has been relatively little analytical/experimental research into the effect of biaxiality on the 
fracture of surface cracked plates, and the existing results have not been particularly conclusive. 
Results from Brass et al. [13] have indicated a reduction of load carrying capacity under biaxial 
loading versus uniaxial loading. It has been suggested that the reduction is due to the increase in 
constraint [13]. However, experimental results from Phaal et al. [14] did not show the same 
trends. 

In this paper, the constraint-based failure assessment of surface cracked plate under biaxial 
tension loading is presented (Fig. 3). As a comparison, the constraint-based assessment of 
surface cracked plate under uniaxial tension loading (Fig. 2) is also presented. The elastic T- 
stress is used as the constraint parameter. The calculations of stress intensity factors, T-stresses 
and limit load solutions for surface cracked plates under uniaxial/bi-axial tension loading are 
presented. Failure assessments for typical points along the crack front for surface cracks were 
conducted. The failure assessment results are compared with available experimental 
observations. 

r 

: xtA 

FIG. 1--Semi-elliptical surface crack. 
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FIG. 21Surface cracked plate under 
uniaxial tension. 
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FIG. 3--Surface cracked plate under biaxial loading. 

C o n s t r a i n t - B a s e d  F a i l u r e  A s s e s s m e n t  D i a g r a m s  

Allowance for constraint effects in the failure assessment diagram approach was first ~ 
introduced into the R6 procedure [2] and recently included in SINTAP procedures [6]. 
Following R6 recommendations [2], the procedure is outlined here. 

The conventional failure assessment diagram methods embedded in R6 [1] and PD 6493 [3] 
are essentially single parameter procedures, in that fracture is assumed to be governed by a single 
value of  toughness or crack opening displacement. The assessment of the potential of failure is 
determined by the two calculated parameters, (Kr, Lr) determined from 

K r - K1 (1) 
Klc 

and 
(7  

L r = - -  (2) 
(9- L 

Here Ks is the stress intensity ratio with K~ being the stress intensity factor for the cracked 
component and K1c the toughness of  the material. The parameter L~ is the stress ratio, which is 
the ratio of the applied stress to the limit stress solution of  the cracked component calculated 
based on the yield stress. Failure is avoided if  this point (Kr, Lr) lies within a failure assessment 
diagram, represented by a curve, Ks =J(L~), and at the same time L~ is less than a cut-off value 

L~a~x. 

Based on two parameter fracture mechanics, R6 [2] (Appendix 14) recognizes that a fracture 
resistance KCa, relevant to conditions of  low constraint may exceed the conventional fracture 

resistance Klc measured under conditions of  high constraint. To include this effect, it suggests 
that the failure assessment diagram be modified to: 
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xL, 
K,. = f ( L r ) ( ~  ) (3) 

Following detailed theoretical and experimental analysis [5,8,9], this increase in fracture 
toughness can be represented by the following relationship for low constraint conditions: 

c + ~L m Kmo,=K,c[1 a ( - f l  r ) ]  fo r /3<0  (4) 

where a, and m are material dependent constants, which define the dependence of fracture 
toughness on constraint; and fl is a normalized constraint parameter. Substituting Eq 4 into Eq 3, 
we have 

K r =f(Lr)[l+a(-f lLr)  m ] for f l<  0 (5) 
Equation 5 is the constraint-based failure assessment diagram. Failure is avoided if the 
assessment point (Kr, Lr) (calculated from Eqs 1 and 2) lies within Eq 5, and Lr is less than a cut- 
offvalue L~ ~X . Note that Eq 5 is only applicable for low constraint conditions (/3< 0); for/3> 0, 

corresponding to high constraint conditions, the failure assessment diagram is simply Kr =flLr). 
The normalized constraint parameter/3 can be defined from the elastic T-stress: 

T 
/3 = (6) 

0-yLr 

where 0-ris the yield stress of the material. Note that here the following estimation of Q stress in 
terms of T-stress is used [5]: 

T 
Q = - -  (7) 

O'y 

To conduct constraint-based assessment for a cracked body, in addition to the knowledge of 
the stress intensity factor and the limit load for cracked components, the T-stress is required. 

Fracture Parameter/Limit Load Solutions for Surface Cracked Plates 

Since we are dealing with a 3D problem, the stress intensity factor and T-stress vary along 
the crack front. In an isotropic linear elastic body containing a three-dimensional crack subject 
to symmetric (mode I) loading, the leading terms in a series expansion of the stress field very 
near the crack front are [7]: 

K 0 0 30 
0-11 = ~ c o s = - ( 1 -  s in~-s in~-)+ T (8a) 

42~r  2 - 
K 0 0 30 

0-z2 = ~ -  cosw(1 + sin-~sin-~-) (Sb) 
42~r  2 

K 0 
o-33 = 2~-~-2vcos~-+ Ec33 + vT (8c) 

K 0 0 30 
= ~ sin-- cos-- c o s - -  (8d) 

O'12 42nr  2 2 2 

O'13 : 0-23 = 0 (Be) 
where the subscripts 1, 2, and 3 suggest a local Cartesian coordinate system formed by the plane 
normal to the crack front, and the plane tangential to the crack front point s, r; and 0 are the local 
polar coordinates; K is the mode I local stress intensity factor; E is the Young's modulus; and v 
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is the Poisson's ratio. The T in Eq 8 is the elastic T-stress, representing a tensile/compressive 
stress acting parallel to the cracked plane. 

In this section, the calculation of fracture parameters: stress intensity factor, elastic T-stress, 
and the limit load for surface cracked plates under uniaixal and biaxial tension loading are 
presented. Figures 2 and 3 demonstrated the uniaxial and biaxial cases considered. Note that 

cr o is the nominal tensile stress in the direction normal to the crack face, and cr y is the nominal 

tensile stress in the direction parallel to the crack face. The biaxial ratio is defined as follows: 
crY 

2 = ~ (9) 
Oo 

For uniaxial tension, the biaxial ratio A = O. 

Stress Intensity Factor  Solution 

For surface cracked plate under uniaxial load (Fig. 2), the stress intensity factor correlations 
for semi-elliptical surface cracks were obtained using finite element methods [15,16]. For the 
current analysis, the stress intensity factors were taken from [16], which presents the stress 
intensity factors along the crack front for semi-elliptical surface cracks within the range of 0 < 
a/c < 1 and for a plate geometry within 0 < a/t <_ 0.8 under general linear and nonlinear loads. 
The stress intensity factor is presented as follows: 

K (O) = F(~k). cr o �9 ~ (10) 

where F is the so-called boundary correction factor, a0 z is the nominal tensile stress, and Qe is the 
shape factor of an ellipse. The shape factor depends on the crack aspect ratio a/c, and is given by 
the following equation: 

Q~ = 1.0 + 1.464(a) TM (i l) 
c 

The correlations for the boundary factor F ( ~  for different crack a/c and plate a/t ratios can be 
found in [ 16]. 

Under biaxial tension loading (A r 0), the stress intensity factor solutions are the same as the 
corresponding uniaxial loading case (A = 0). It is because the stress ao y is parallel to the crack 
face, which does not have any contribution to the stress intensity factors. Therefore, Eq 10 can 
be also used to calculate stress intensity factors for biaxial tension of  any biaxial ratio 2. 

Elastic T-Stress Solution 

Elastic T-stress solutions for the plate with semi-elliptical surface crack under uniaxial 
tension and bending loads were obtained in  [17] using the finite element method. In [17], 
empirical equations of  the T-stress solution are presented for a crack aspect ratio between 0 _< a/c 

< 1 and a relative plate thickness between 0 < a/t  <_ 0.8. The T-stress, for uniaxial tension, 2 = 0, 
is written as: 

TX-~ (~b) = V(~b)- cr o (12) 

where V(~b) is the normalized T-stress, andcr o is the nominal tensile stress. Equations of V at 

typical points, along the crack front can be found in [17]. 
The T-stress solutions for surface cracked plate under biaxial loading can be obtained using 

superposition method, demonstrated as follows. First, consider a cracked two-dimensional 
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specimen loaded by mode I load system Q, as demonstrated in Fig. 4a. The stress field of this 
problem can be divided into two parts: the regular field which appears under the same loading 
conditions in the uncracked specimen (Fig. 4b), and a corrective field due to the presence of  the 
crack (Fig. 4c). Note that the corrective field (Fig. 4c) is generated by the crack face pressure, 
~(x), induced by the load system Q in the uncracked body. Therefore, the elastic T-stress for the 
problem (Fig. 4a) can be calculated from the summation of the T-stresses for these two 
problems: 

T= T, ...... k + ~r,,.kp,. ...... (13) 

where T~,,.ra a is the T-stress generated in the regular field, and T~.~,,.kp ....... is the T-stress 

generated by crack pressure. Since the regular stress field (problem Fig. 4b) has no singularity at 
the crack tip, the corresponding stress intensity factor, K, is therefore zero. However, the same 
cannot be said for the elastic T-stress. Applying the crack tip stress field, Eq 8 and the 
relationship between local and global coordinates, we can find the corresponding T-stress for the 
regular field: 

=r~o+ Iv=o ~ )= (ax Crz)l ...... o (14) 7". ..... k lim(crlt ~ ~ - 

Here cr~ and ~ are the stress components from the uncracked body under applied load system Q, 
and the location is at the crack tip (x - a, z = 0). Now, substitute Eq 14 into Eq 13, and the T- 
stress for the problem we are considering, Fig. 4a, is then: 

L__-J 

(a) (b) (c) 

FIG. 4--Superpos i t ion  principle f o r  T-stress calculation (a-c). 

It is important to note that the current superposition method for T-stress calculation, Eqs 13 
and 15 is the extension of the well-known superposition method for the stress intensity factor 
calculations. From Bueckner [18], stress intensity factor K for the problem in Fig. 4a, is the 
same as the K for the problem shown in Fig. 4c, i.e., K = K~.rackpre~. .... However, since the K 
from the regular uncracked specimen (Fig. 4b) is zero, but the T-stress is nonzero (given by Eq 
14), the same is not true for the elastic T-stress. Instead, for T-stress calculations, Eq 15 should 
be used. 
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Now, let us consider the 3D surface cracked plate. For a cracked problem as shown in Fig. 1, 
the T-stress is changing along the crack front. The counterpart of  Eq 13 is 

T(P) -- T , , ~  (P) + T~ck p ........ (P)  (16) 

where P is the general point along the crack front. The uncracked T-stress, the counterpart of Eq 
14, is (see Fig. 5) 

g x 

where err and ~ are the radial direction and normal direction stresses (crH and ~r22) at the location 
P, respectively. The T-stress for the problem under consideration then becomes: 

T(P) = (o- - o-)[p + Tcrackp . . . . . . . .  (P) (18) 

Here, Eq 18 is used to calculate the T-stress under biaxial loading. For surface cracked plate 
under uniaxial tension loading, 2 = 0, shown in Fig. 2, and since both cry(P) and Cry(p) are zeros, 
crr(P) is zero. The uncracked T-stress is then: 

T2,=0 
. . . . . .  'k (P) = (~Yr - cy )[ p = - o r  [p (19) 

where the coordinates of  point a general point along the crack front P are: x = asinr y = ccosr 
and z = O. 

Y 
t 

X 

B 

ay 

FIG. 5--Determination of orientation O. 

For the case ofbiaxial  loading, as shown in Fig. 3, cry(P) is no longer zero, since ~y(P) is not 
zero. From the geometry relation as shown in Fig. 5, the angle representing the direction of  
normal to the crack front, 0, is found to be: 

i N 

0 = tan i f -  a----q---i+ a" (20) 

therefore, crr(P) = CryCOS20, and the uncracked T-stress for biaxial loading can be written as 

TLroc~(P) = ( ~ r  - crz)[~ = (cry cos 2 o -  crz)[~ = c r , ( ~ c o s  2 o -  1)[~ (21) 

where 0 is given in Eq 20. Note that the another portion of  T-stress, T~.r,ckpre.~s,r~(P), is the same 
for both the uniaxial loading and biaxial loading. Combing Eqs 19, 21 and 18, the following 
relation between T-stress solutions for uniaxial and biaxial tensions are established: 
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T x (P) = T x:~ (P) + ~r z 2 cos 20Ip (22) 

Substituting the T-stress solution for uniaxial tension, obtained earlier, Eq 12, the T-stress 
solution for any biaxial tension ratio, 2, is found to be: 

~. ctan~b) 2)  

Equation 23 is used in the current analysis to calculate T-stress for surface cracked plates under 
biaxial tension. This method has been verified in [19]. Three-dimensional finite element 
analyses were conducted to calculate the T-stress for surface cracked plates under biaxial tension 
[19]. Excellent agreements were obtained for biaxial tension between the finite element results 
and predictions from Eq 23. 

From Eq 23, it can be seen that the T-stress at the deepest point under biaxial tension is the 
same as the corresponding T-stress under uniaxial loading. However, for all other points along 
the crack front, moving away from the deepest point, the T-stress is gradually larger for biaxial 
cases than the unixial case. Therefore, the constraint level is generally higher along the crack 
front for the biaxial case. Figure 6 shows results for T-stress along the crack front for a/c = 0.2, 
a/t = 0.2 for different biaxial ratios. It can be observed that the constraint level is higher for 
higher biaxial ratio Z. 

o.4 

o 

--*-- ,k - 0  

,~ =0 .5  

= 

0.1 0.2 0.3 0.4 0.5 0.6 07  0.8 0,9 

~/90 ~ 

FIG. 6 Normalized T-stress, V=T/crJ, along the crack front  a/c=0.2, a/t=0.2, 2 = O, 0.5 and 1. 

Limit Load Solution 

Different limit load solutions for surface cracked plate under uniaxial tensile loads are 
presented by different authors. For example, Mattheck et al. [20] proposed an expression for 
ligament yielding based on Dugdale model calculations. Miller [21] proposed the limit load 
based on the effective load carrying area. Most recently, Kim et al. [22] suggested expressions 
based on detailed finite element analysis. In the current work, Kim's  expressions are used: 

For uniaxial tension: 
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where: 

PL : 2wtcryrl( ~ ) (24) 

~ = ( 1 - ( ) 2  + 2 ( ( N - ( )  

a 

t 
and q is the correction factor for the plate width effect: 

1 

~l = - O.Ol(w/ c)+ 1 ~04 

0.95 

a c  ~ = - -  
wt 

.]'or w / c < 4 

for  4 < w / c < _ 9  

f o r  w/c>_9 

(25) 

(26) 

Here a, c, t, and w are geometry parameters from Fig. 2, and ay is the yield stress. 
For biaxial loads, there are no generally accepted limit load solutions for semi-elliptical 

surface cracks in flat plates. In the present research, the limit load solutions of Miller [21] for 2D 
edge cracks under biaxial tension are extended to a semi-elliptical surface crack under remote 
biaxial tension. The limit load is proposed to be: 

- - ) / ~ / ( 1 - ) / .  + 22 ) (27) PL = 2wt~ + ~ + 

where 2 is the biaxial ratio given in Eq 9. 

Failure Assessment of  Surface Cracked Plate 

Based on the stress intensity factor, T-stress, and limit load solutions presented in the last 
section, failure assessments are now conducted. First, the constraint-based assessment of a 
surface cracked plate under uniaxial and biaxial loading conditions is demonstrated. Then 
comparisons of the current assessments with experimental data from Phaal [14] are presented. 

Constraint-Based Failure Assessments" 

First, a surface cracked plate under uniaxial load is assessed. Then the assessment is 
repeated for a plate under biaxial load. The biaxiality ratios 2 = 0.5 and 1.0 will be used. For 
each loading, the surface cracked plates were first assessed using the conventional FAD 
procedure, then reassessed using the constraint-based procedure. 

In the current analysis, the material used is A533B (typical nuclear pressure vessel low alloy 
steel, ASME [23]). The material properties are taken from [23]. At 70~ the tensile yield stress 
is 471 MPa, and the ultimate strength is 591 MPa. The Young's modulus of the material is 196.5 
x 103 MPa. The initiation toughness of  the material Jic is assumed to be 0.38 MJ/m 2 based on a 
conservative estimation. The fracture toughness Kic is then obtained by converting the Jic value. 
The constraint related material constants a and m, which define the dependence of the fracture 
toughness on constraint, are assumed to be 1.5 and 1, respectively, which were obtained from 
experimental results [5]. The thickness of the plate is assumed to be 95.25 mm (3 in.). 

The conventional failure assessment diagram equation used in all the analyses in the present 
work comes from Level 3 of PD 6493 [3]. The lower bound FAD curve in [3] is independent of  
the geometry and the material: 
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K r = (1- 0.14L,.2)[0.3+ 0.7exp(-0.65L,.6)] (28) 

Since the load ratio is defined in terms of  the yield strength, Lr can be greater than 1. The typical 
cut-off is 1.2 for C-Mn Steel and 1.8 for austentic stainless steel [3]. Since the flow stress is 
known for the material of the plate in the current analysis, the ratio of  flow stress to the yield 
stress, cr/crr=l. 12, is used as the cut-off. 

The constraint-based assessments use the failure assessment curve given by Eq 5, from which 
we have: 

Kr = (1- 0.14Lr2)[0.3+ 0.Texp(-0.65Lr6)] [ l+ l .5 ( - f lL  )] f o r f l < 0  (29) 

For any fl_> 0, corresponding to the high constraint conditions, the conventional FAD of Eq 28 is 
used. 

For a given a/c ratio, a series of  cracks with different a/t ratios are assumed. The 
corresponding FADs are then generated. Since we are dealing with 3D crack problems, any 
point along the crack front can be assessed for given crack geometry. Typical results of  failure 
assessment diagrams for a/c = 0.2, a/t = 0.2 - 0.8, at deepest point, ~b = 90 ~ and near the surface 
point, ~b = 5 ~ are presented in Figs. 7a-7c. Three loading conditions were considered, uniaxiaI 
case (2 = 0), and two biaxial cases (2 = 0.5 and 1). 

At the deepest point, the constraint-based FADs do not change when the biaxiality ratio 2 
changer from 0 to 1 (Fig. 7a), because the constraint parameter (T-stress) remains unchanged. 
However, at ~ = 5 ~ the constraint-based FADs converge back to conventional FADs as 2 
increases from 0 to 1 (Figs. 7b-7c), because at the surface point, the constraint parameter (T- 
stress) increases from negative to positive as 2 increases from 0 to 1. 

From the failure assessment diagrams, the maximum load carrying capacity for surface 
cracks under uniaxial and biaxial loading conditions can be calculated. Note that for this 3D 
problem, failure assessment can be conducted for any point along the crack front. However, 
detailed analyses for a typical low aspect ratio crack of  a/c = 0.2 have shown that the failures are 
controlled by the failure at the deepest point. 

Based on the failure assessment diagrams at the deepest points, the maximum load calxying 
capacity for surface cracks under uniaxial and biaxial loading conditions are calculated. The 
resulting maximum axial stress is normalized as follows: 

cr 
P, = - -  (30) 

o'f  

where cry, the flow stress of  the material, equals 0.5(cry + ~i), with err and ~, ad the yield and 
ultimate strengths, respectively. The resulting maximum normalized axial stress Pn for a/c=0.2 
with different a/t ratios is presented in Figs. 8a 8b. From the figures, it can be seen that the 
maximum load carrying capacity is increased using the constraint-based failure assessment 
diagram comparing to the results from conventional FADs. In the current analysis, it is found 
that the load carrying capacity is the same for the cases of uniaxial tension and the case of biaxial 
ratio of  1 (Fig. 8a). Due to the difference at the limit load solutions, (see Eq 27), for the case of  
2 = 0.5, the load carrying capacity is about 15 % higher for than that of 2 = 0 or 1 (Fig. 8b). 

From the above calculations, the low constraint has a significant effect on the allowable 
tensile stresses, and it can be observed that it is overly conservative to exclude the low constraint 
effect. By accounting for the effect of  low constraint, the increase in the allowable tensile stress 
can be as much as 16-38 % in the case of uniaxial and biaxial tension cases. 
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FIG. 7--FADs." (a) deepest  point, 2c = O, 0.5, and  1," (b) r = 5 o, 2c = O; and  (c) ~ = 5 o, 2 = 1. 
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FIG. 8--Comparison o f  conventional and constraint-based FADs, a/c = 0.2: (a) 2 = O, 1.0; 

(b)  2 = 0.5.  

Comparison with the Experimental Results 

Phaal et al. [14] conducted a comprehensive test program investigating the effects of  biaxial 
loading on the fracture behavior of A533B pressure vessel steel. All of their tests have been 
assessed to the conventional R6/PD6493 procedures, showing that the conventional R6/PD6493 
procedures are safe and conservative for assessing A533B under the action of a biaxial stress 
fields. Results for biaxial tension with biaxial ratio 2 = 0 (uniaxial), 2 = 0.5, and 2 = 1 were 
presented in [ 14]. It was observed that the deepest point is the location of crack initiation in all 
of the testing specimens [14]. The dimensions of the test specimens, crack geometries, and the 
resulting maximum load carrying stress ~,~o~ are summarized in Table 1. 

In the present research, bothconventional  and constraint-based failure assessments are 
conducted based on the deepest point for the 12 testing specimens. The T-stress solutions for 
different a/c and a/t crack geometries under different 2 ratios are obtained using Eq 23. The 
resulting FADs are shown in Figs. 9a-9c, together with the assessment points for each specimen. 
The assessment points of  the testing results are directly obtained from [14]. From all the cases, it 
can be seen that the constraint-based failure assessment presented is safe, and the conservatism at 
the conventional failure assessments can be reduced. 
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TABLE ] ~ s . ' n  result s rom 14]._ . . . . . . . . .  
..... Specimen No. k t (mm) W (mm) a (mm) 2c (mm) <7,~• (MPa) ,,-,, 

M01-01 0 51.5 496 24.9 
M01-10 0 51.0 500 25.9 
M01-11 1 25.0 500 17.0 
MOl-12 0 25.0 500 14.6 
M01-13 0.5 25.0 500 13.4 

M01-20(1) 1 51.0 500 24.2 
M01-20(2) 0 25.0 500 10.4 

M01-21 1 25.0 500 11.3 
M01-22 0.5 25.0 500 11.0 
M01-23 0.5 26.3 500 10.6 
M01-24 1 27.0 500 11.5 
M01-25 1 50.5 500 34.3 

145.8 476 
135.0 279 
135.0 460 
135.0 447 
148.5 618 
134.5 287 
135.3 501 
143.0 491 
145.0 625 
221.1 547 
145.0 462 
135.9 294 
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FIG. 9--Comparison o f  experimental data [14] and current FADs: (a) uniaxial tension, (b) 
biaxial tension, A = 0.5, and (c) biaxial tension, t = 1, 

It is also worth noting that the Crmax obtained from the testing for similar geometries is in the 

same level for 2 = 0 (uniaxial) and )~ = 1; and the O'max is about 20-25 % higher for 2 = 0.5. For 

example, specimen M01-20(2) (2 = 0, uniaxial) and M01-21 (2 = 1), the final stress ~rm,x is 

around 500 MPa, while M01-22 (2 = 0.5), the tymax is around 620 MPa. This agrees with the 
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predictions obtained in last section, that is for a given surface crack geometry, the maximum load 
carrying capacity is the same for the cases of uniaxial and biaxial tension of  2 = 1, but it will be 
15 % higher for biaxial tension of  2 = 0.5. 

Conclusions 

The constraint-based failure assessment of  a surface cracked plate under biaxial tension 
loading was presented. As a comparison, the constraint-based assessment of a surface cracked 
plate under uniaxial tension loading was also presented. The elastic T-stress was used as the 
constraint parameter. The calculations of  stress intensity factors, T-stresses, and limit load 
solutions for surface cracked plates under uniaxial/bi-axial tension loading were demonstrated. 
For a surface cracked plate under uniaxial tension, the constraint level is low around the whole 
crack front (T-stress below zero). Under biaxial tension, the constraint level remains low around 
the deepest point, but it increases to high constraint conditions (T-stress higher than zero). 

Failure assessments for typical points along the crack front for  surface cracks were 
conducted. It is found that the deepest point is still the critical point for fracture for low aspect 
ratio cracks (a/c = 0.2). It has been demonstrated that constraint-based failure assessments give 
more realistic predictions for fracture, and the conservatism in the conventional failure 
assessment procedures can be reduced significantly. The FADs for testing specimens obtained 
from the current analysis agree with the testing data from [14]. 

From the current analyses, for the same cracked geometry, the maximum load carrying 
capacity is found to be in the same level for uniaxial tension (A = 0) and biaxial tension case of 2 
= 1. It is also found for the case of biaxial tension of  2 = 0.5, the maximum load carrying 
capacity is actually higher than the uniaxial case and the biaxial case of  2 = 1. These results are 
found to be consistent with the testing results from [ 14]. 
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ABSTRACT: Surface crack growth in plates made of aluminum 7050 alloy is studied by the Rubber 
Impression Method (RIM). RIM is an experimental technique used to estimate the three-dimensional 
crack profiles by inserting and taking out gel-state rubber from the crack opening during the test. Far- 
field tensile loading was applied to the surface-cracked thin plates with various crack geometries. 
Three stages of fracture are found; (1) fiat stable tearing close or up to through thickness (2) unstable 
lateral tearing with flat tunneling transitioning to slant fracture and (3) unstable fully slant fracture. 
Crack profiles measured by the RIM were compared with the crack extension marked by fatigue 
loads. Generally, reasonable agreement is obtained except the region adjacent to the free surface. The 
Crack Tip Opening Displacement (CTOD) at the center of the crack was obtained by examining the 
crack opening profiles at different load levels. The results indicate that the shallow cracked specimen 
has relatively high value of CTOD at the initiation of stable crack growth. Due to complex geometry 
of the three-dimensional crack the RIM showed its limits in precise measurement of the crack tip 
details. Nevertheless the RIM could be an effective way to study the overall behavior of ductile crack 
growth. 

KEYWORDS: crack growth, Rubber hnpression Method (RIM), surface-cracked thin plate, 7050 
aluminum alloy, crack tip opening displacement 

I n t r o d u c t i o n  

Since the introduction of  CTOD/CTOA by  Wells  [1] as the fracture parameter  for growing 
cracks in elastic-plastic materials,  a great number  o f  experimental  studies have been reported to 
prove its validity as a ductile fracture criterion [2-6]. As a result, s tandardized procedures have 
been  established for CTOD fracture toughness  measurements  [7, 8]. However,  except for the 
determinat ion of  residual s trength of  the tension specimen outl ined by  A S T M  E 740-95, test 
standards use straight and through thickness crack in the test specimen geometry. On the 
contrary, common  cracks detected from real structures often have more complex geometries 
than straight cracks. Consequently,  in order to transfer  the fracture toughness  data obtained from 
standard test  specimens to real structures, knowIedge on the fracture behavior  of  non-straight,  
par t - through cracks is needed. 

For part- through surface cracks, the location o f  crack init iat ion site depends on the type of  
loading, specimen geometry and crack aspect ratio as well  as the crack-tip constraint. Assuming  
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plane-strain dominance at the deepest region of  a part-through crack, there is a high probability 
that the fracture initiates at the interior of  the crack rather than at the free surface. This behavior 
makes it difficult to validate with generic experimental techniques that depend on measurement 
at the specimen surface. Furthermore, it is almost impossible to predict what is really happening 
inside the surface crack during successive crack growth. 

In this study, the experimental technique called Rubber Impression Method (RIM) was 
applied to three-dimensional measurement of  growing surface cracks. Unlike the indirect 
methods such as acoustic emission and ultrasonic method, this method makes it possible to 
directly measure ~ the three-dimensional crack profiles by inserting the gel-state silicon rubber 
into the crack, and then taking out the solid-state rubber (or rubber replica) after it solidifies. 
This technique was previously applied for the study of ductile crack growth in compact tension 
(CT) specimens by the third author [9]. To verify the applicability of  this method for 
measurement of growing, surface crack profiles, in-plane crack growth profiles were also 
obtained by fatigue markings during the tests and compared with those obtained by RIM. In 
addition, CTOD was approximated from the crack opening profiles and the characteristics of 
stable crack growth were examined. 

Specimen Geometry and Loading Condition 

Aluminum 7050 alloy with yield stress 376 MPa and Young's Modulus E = 66.9 GPa was 
selected as the test material. Five thin plates were machined as shown in Figure l(a). At the 
mid-plane of the plate, a surface crack was introduced by the electric discharge machining 
(EDM) followed by fatigue pre-cracking. The overall dimensions of the test specimens are listed 
in Table 1. All the specimens have the same height (H), width (W), and thickness (t). Two kinds 
of  surface crack were considered; one is semi-circular ( a / 2 c  = 0.46, for Specimens A and E), 
and the other is elliptical ( a / 2 c  = 0.16, for Specimens B, C and D). Two crack depths (a/t = 0.40 
and 0.58) were prepared for semi-circular crack and three different crack depths (a/t  = 0.17, 
0.34, and 0.53) for semi-elliptical crack. Figure l(b) shows one half of the surface-crack 
geometry for Specimens A, B, C, D and E. Due to the small amount of fatigue pre-crack, only 
the initial crack profiles machined by the EDM are shown in Figure l(b). It should be noted that 
the crack shapes fabricated by the EDM are not exactly semi-circular or semi-elliptical as shown 
in Figure l(b). The choice of  these geometries came from easy reproduction of  the specimens 
with different crack depths but with the same aspect ratio as seen in Table 1. 

In this study, as shown in Figure l(a), a coordinate system is employed such that x-z  plane 
coincides with the crack plane, the x-axis lies along the direction of specimen thickness, the z- 
axis lies along the direction of specimen width, and the y-axis is orthogonal to the crack plane. 
Far field tensile loading along the y-direction is applied by a hydraulic loading frame. 
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F I G .  1- Specimen," (a) loading condition, and (b) the half  crack geometry 
o f  specimens A, B, C, D, and E 

T A B L E  1 2Dirqenq_!onsofs2eeimens 
Specimen a, mm c, m, aL t, m a, W, mm H, mm 

A 2.37 2.5! 0.z 6 0.z 50 180 
B 2.03 6.3, 0.] 6 0. 5 50 180 
C 1.03 3.1' 0.] 6 0.] 50 180 
D 3.20 9.7: 0.] 6 02 50 180 
E 3.45 3.7{ 0.~ 6 02 50 180 
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Experimental Procedure 

Rubber Impression Method (RIM) 

Polysulfidic rubber (normally called silicon rubber) consists of gel-state base material and 
catalyst sealed in separate containers at room temperature before using. Once they are mixed 
together with a volume ratio of 50:50 and cast into a mold, the mixture changes to an elastic 
material as time elapses. On account of  this characteristic, silicon rubber has long been used by 
dentists to mold the teeth set of patients. In this study, similar procedure as used by dentists was 
applied to fracture testing and named Rubber Impression Method. Mixed compound was 
injected into the mouth of the surface crack with pressure. In order to minimize the increasing 
viscosity with time, injection was finished within 30 seconds after mixing. At room temperature, 
the mixture turned into an elastic material in 5 minutes. Silicon rubber was then pulled out after 
increasing the load level to open the crack mouth slightly. This rubber replica bears the shape or 
"impression" of the crack shape or profile. Load or displacement was then increased again for 
the next crack growth and the new mixture was inserted. This insertion and pullout procedure 
was repeated until the specimen broke. By measuring the dimensions of the rubber replicas with 
optical microscope, three-dimensional geometries of the surface cracks at various load levels 
were obtained. More details about the RIM and fracture test results on CT specimens can be 
found in [9]. 

Fracture Test Procedures 

Tension tests were performed on five specimens. The cracks were first made by the EDM 
and then fatigue pre-cracked. Specimens were loaded monotonically under displacement control 
at room temperature. A Material Test System (MTS) machine was used for the tension test with 
a crosshead speed of 0.05 ram~rain. Figure 2 shows the typical loading sequence versus non- 
dimensional time. The test procedure is as follows. 

(a) The gel-state silicon rubber is inserted into the mouth of  the crack under a small load. 
(b) Wait about 10 minutes for the silicon rubber to solidify, reload to the next level, stop, and 

pull out the rubber replica. 
(c) Apply fatigue loading. The purpose of  fatigue loading is to generate the fatigue markings 

which can be examined later from the broken specimen to retrieve the intermediate crack 
front profile. Fatigue loading is schematically denoted as two reduced loading points from 
the overall loading curve, shown in Figure 2. The fatigue load range is 70% - 90% of the 
current loading level and 10,000 cycles were used. 

(d) Inject new gel-state silicon rubber into the crack mouth. 
(e) Procedures (b) to (d) are repeated until the specimen is broken. 

In Figure 2, the load levels when silicon rubbers are inserted into the specimen are 
marked with circled numbers. The open pairs of symbols for each reduced load denote the 
beginning and end Of fatigue cycling. Applied load levels for each specimen are tabulated in 
Table 2. 
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TABLE 2 - Applied load levels 

I st, kU ~ ,  kN ~ kN 

Time 

FIG.2 - Typical loading sequence (from Specimen A) 

A 66.7 111.2 123.2 124.5 110.0 
B 53.4 83.6 93.9 93.9 ..... * 
C 66.7 105.4 127.5 128.4 126.5 
D 44.5 66.7 80.1 ..... * 
E 66.7 89.0 97.9 105.7 ..... * 

* Fracture occurred before reaching the next intended load level 

E x p e r i m e n t a l  R e s u l t s  

Fracture mode 

Figure 3(a) shows the typical fractured surface where the initial crack is in dark gray and the 
final crack profile under stable crack growth is marked with solid line. Three distinct fracture 
modes are observed from the broken samples. The first one is the flat fracture zone that is 
located at the center part of  plate (line A-A in Figure 3(a)). In this zone, crack grew stable 
initially and when the amount of  stable crack growth reached certain size, fast fracture leads to 
the through-wall crack with nearly flat fracture plane (plane A-A in Figure 3(b)). The second 
one is the combined zone of flat fracture and slant fracture - the latter is usually referred to as 
shear-lips (line B-B in Figure 3(a) and plane B-B in Figure 3(b)). In Figure 3(b), plane B-B 
shows that the shear-lips started tO develop at the free surface from both front and the back side 
of  the plate while flat fracture was still dominant at the mid-part of  the plate. This behavior is 
similar to the tunneling effect during crack growth of through-wall cracks. The final one is the 
fully slant fracture zone with an inclination of  approximately 45 ~ to the free surface (line C-C in 
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Figure 3(a) and plane C-C in Figure 3(b)). In this zone, which corresponds to the late stage of 
the crack growth, a through-wall crack was already formed and showed unstable crack growth 
leading to the ultimate catastrophic failure of  the plate. All the specimens show remarkable 
formation of shear-lips before last stage fast fracture. As a good comparative example, similar 
experimental findings on fast fracture and shear-lips were reported from the study of thin plate 
with a through-wall crack by Narasimhan et al. [ 10]. 

In-plane crack growth profiles 

To verify the reliability of  the RIM on the measurement of the in-plane crack profile, i.e. 
complete penetration of the molding material to the crack tip, the crack front profiles obtained 
from the fatigue markings and from the rubber replicas are compared. 

Figure 4 shows the fracture surfaces of  broken specimens taken by optical microscope. The 
crack grew from an initial shape that is colored in dark gray. After the crack grew successively, 
through-wall crack is introduced by fast fracture under the tensile load or the fatigue load. The 
intermediate crack fronts during the crack growth are better illustrated in Figure 5 from 
specimen A. In Figure 5(a), dashed lines are drawn along the crack front clearly distinguished 
by the fatigue markings. The complete set of  in-plane crack growth profiles from specimen A is 
shown in Figure 5(b). 

Figure 6 is a magnified view of a typical rubber replica that was pulled out from Specimen 
A. The contours of initial notch and crack extension are clearly seen. By measuring the outer 
boundaries of rubber replicas carefully with the help of optical microscope, the crack growth 
profiles can be obtained. Optical microscope of 14X magnifications equipped with an automatic 
measurement device (known as Dynascope or LYNX) was used for determining the dimensions 
of  the rubber replicas. The crack profiles were regenerated from the x- and y- coordinates 
measured by a microprocessor measurement system. 
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A A B 

(b) 

C 

F I G . 3  - (a) Photograph of the fracture surface," and (b)the 
topography at sections AA, BB and CC 
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F I G . 4  - Fracture surfaces with crack growth profiles," 
(a) ~ (e) for Specimens A ~ E, respectively 
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F I G . 5  - Microscopic view of fracture surface of Specimen A; 
(a) fatigue marks, and (b) successive crack growth profiles 

F I G . 6  - The shape of crack growth by silicon rubber for 
Specimen A (half of the crack is shown.) 
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Figure 7 shows the crack profiles from both the RIM (the solid lines) and fatigue markings 
(the dotted lines). Generally the crack growth contours measured from the RIM compare 
reasonably well with those from the fatigue markings though there are some mismatches 
particularly near the free surface region. This mismatch appears to be from the lack of full 
penetration of  the silicon rubber to the crack tip due to the viscosity of silicon rubber and no 
space for the entrapped air to escape. 

It is interesting to note the evolution of crack geometry during the crack extension for the 
current tests involving monotonic tensile loads. Aside from the butterfly shape of crack growth 
for all specimens, Figure 8 shows the variation of  the aspect ratio (c/a, half of crack length to 
crack depth) versus the crack extension at the deepest point. The aspect ratio c/a = 1.0 is for 
semi-circular crack and c/a = 3 is for semi-elliptical crack considered in this study. As shown in 
Figure 8, the growth of  semi-circular cracks was accompanied by only a slight increase in the 
aspect ratio (specimen A and E). On the contrary, the growth of  semi-elliptical cracks shows 
significant decrease in the aspect ratio, i.e. changes towards semi-circular crack (specimen B, C 
and D). Once the semi-elliptical crack reaches the shape of semi-circular crack, it follows the 
trend of  the semi-circular crack (specimen C). Figure 9 is the schematics for this change of  
crack shape as the crack grows, i.e. semi-circular cracks tend to keep its own aspect ratio and 
maintain its semi-circular shape during the crack growth. But semi-elliptical cracks tend to grow 
into the semi-circular shape. Consequently, crack growth of a semi-circular crack is easily 
noticeable from the crack extension at the free surface. But semi-elliptical cracks grow far more 
inside the specimen than that at the free surface. This trend explains why, during the current 
tests, it was not easy to detect the crack growth from the specimen surface until shear-lips were 
formed. 

Crack opening profiles and crack tip opening displacement (CTOD) 

In order to obtain the crack opening profile, the center part of the rubber replica was sliced 
out and its dimensions were measured. Figures 10(a) - 10(e) show the crack 
opening profiles corresponding to the deepest point of  the crack (or the center plane of each 
specimen). These profiles were measured from the same rubber replicas as used for determining 
the in-plane crack growth profiles in Figure 7. For a clear demonstration of crack opening 
profiles, the x- and y-axes in Figure 10 are not on the same scale. The profiles are drawn from 
the initial to the final stage of  the crack extension according to the increase of crack extension 
(Aa). It is found that, at the early stage of crack extension, the material seems to advance just at 
the crack tip and the whole crack then progressed further. This failure mode is maintained 
during the entire successive crack growth. 

Using the profiles shown in Figure 10, crack-tip opening displacement (CTOD) is estimated. 
In general, there are two definitions of CTOD that are widely used; the opening displacement at 
the initial crack tip and the 90 ~ interception [11]. In this study the former definition is used for 
the calculation of  CTOD with the modification that CTOD is measured at the previous crack tip 
during each crack growth. Figure 11 displays the definition of  CTOD (denoted as 6) and crack 
extension (Aa). The location of  the current crack tip is measured from the fracture surface and 
the CTOD corresponding to this crack tip is measured from the shced rubber replica. 
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F I G . 7  - Comparison of the in-plane crack growth profiles (solid line by Rubber Impression 
Method and dotted line from fracture surface)," (a) ~ (e) for specimens A ~ E, respectively 
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FIG.7 (Continued) 
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F I G . 8  - Change of crack geometries with crack extension 

F I G . 9  - Schematics of crack shape as the crack grows 
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(e) 

F I G .  10  - Crack open ingprofiles," (a) ~ (e) f o r  Specimens A ~ E, respectively 
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Crack after second loading 

Initial fatigue crack 

& 

ng 

FIG. 11 - Definition of crack-tip opening displacement c~ 
and crack extension Aa adopted in this study 

Variations of CTOD versus crack extension are shown in Figure 12. To calculate CTOD, it is 
necessary to accurately measure the crack tip dimensions of  the rubber replica. But some rubber 
replicas were too damaged at the center part. As such, only two or three data points are 
obtained for each specimen. To estimate the critical CTOD at the initiation of  stable crack 
growth, the critical CTOD at Aa = 0 is obtained by extrapolating the linear fit of  the available 
data to Aa = 0 (i.e. 6~. in Figure 12(a)), Figure 13 summarizes the critical CTOD (6~.) versus the 
ratio of  the crack depth to specimen thickness. Due to limited number of data, the precise value 
of d;~. in each specimen may not be reliable. However, the trend of the critical CTOD's can be 
reasonably represented by the data. It is clear in Figure 13 that the shallowest cracked specimen 
C has a relatively high value of 6~. while the others show much lower values. Though the 
numerical analysis is not performed in this current study to access constraint, the high value of 
6~. for the shallowest crack seems to be attributed to the low crack-tip constraint [12, 13]. 

Conclusions 

1. Ductile crack growth behavior of  aluminum 7050 alloy was investigated using thin 
plates containing surface cracks under Mode-I tensile loading. Three distinct stages of  fracture 
are found; (1) flat stable tearing close or up to through thickness (2) lateral tearing with flat 
tunneling transitioning to slant fracture, and (3) unstable fully slant fracture. Through-wall crack 
with a flat plane always preceded the global failure where shear-lips were developed with 45 ~ 
inclination to the free surface. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



KIM ET AL. ON SURFACE CRACK GROWTH UNDER MODE-I LOAD 275 

0.08 

0.06 

0.04 

0.02 i n h , 

0.2 0.4 0.6 

A n  ( m m )  

( a )  

0.08 

0.06 

% 
~' 0.04 

0.02 

. � 9  

L 

0.2 

a a (ram) 

(b) 

i 

0.4 0.6 

0.14 

0.12 

0.1 

0.08 

0.06 

0.04 

0.02 

/ 
. ~ P J  

i a i 

0.2 0.4 0.6" 

A a (mm) 

(c) 

0.8 

0.08 

0.06 

......... ~ : : "  ~ " "  
0.04 

0,02 ~ ' ' ' 

0.0 0.2 0.4 0.6 0.6 1,0 

A n  (mm) 

(d) 

0.08 

0.06 

0.04 

0.02 ' ' ~ ' ' ~ ' 

0.0 0.2 0�9 0.6 0.8 

Aa (ram) 
(e) 

F I G .  12  - Variation o f  crack-tip opening displacement 6versus crack extension, �9 
(a) ~ (e) for  specimens A ~ E, respectively 
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FIG. 13 - Plot of CTOD near the initiation of stable crack growth de, 
versus a/t 

2. Rubber Impression Method was applied to the three-dimensional measurement of  crack 
profiles in growing surface cracks. Measured in-plane crack front profiles from rubber replicas 
agree reasonably well with the crack extensions marked on the fracture surface. But due to 
geometric complexity of the surface crack, inaccurate profiles were obtained at the region 
adjacent to the free surface. 

3. CTOD for the initiation of stable crack growth (6~) was estimated from the crack opening 
profiles. The shallowest crack shows relatively high value of  dc than the other cracks. Though 
the numerical analysis is not performed in this current study to access constraint, the high value 
of  6~ seems to attribute to the low crack-tip constraint 

4. Tendency on the evolution of  crack shape during crack growth is consistent with 
previous report, e.g. [13]. As the crack grows, semi-circular cracks tend to remain semi-circular 
in shape. On the contrary, semi-elliptical cracks tend to develop into semi-circular shape. 

5. The lack of  full penetration of the silicon rubber to the crack tip appears to be due to the 
viscosity of  silicon rubber and no space for the entrapped air to escape. Future work may 
benefit from adopting a different molding material (lower viscosity) and/or a different method 
(i.e. higher pressure) for injecting the un-cured compound. 
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Effect of Residual Stresses on the Fatigue Crack Propagation 
in Welded Joints 

ABSTRACT: The effect of residual stress on the fatigue crack growth was investigated for cyclic tension. 
Three-point bend specimens were used with through thickness notches at the center line of the welded joint. 
The experiments were performed for different load amplitudes and load ratios under conditions of small-scale 
yielding. The influence of the residual stresses on fatigue crack growth was estimated by experimentally 
observed fatigue crack growth rate and measurement of residual stresses at the surface of specimen. This paper 
describes an approach taken in two models to estimate the residual stress effect on fatigue crack propagation 
and to predict remaining service life of a welded structure. 

KEYWORDS: fatigue crack propagation, residual stresses, X-ray, fatigue crack growth rate 

Nomenc la ture  

aavj average crack length after number  o f  cycles Nj 

aav,, o. length along the crack front in specimen without  residual stresses after number  of  

cycles N i 
a,j real crack front, as results from the presence o f  a residual stress field 

B thickness o f  specimen 
B M  base metal  
C parameter  in power law funct ion (Paris-Erdogan's relation for fatigue crack 

growth rate) for material  free from residual stresses 
CRs parameter  in power  law function (Paris-Erdogan's relat ion for fatigue crack 

growth rate) in the case o f  the presence o f  a residual stress field 
d a / d N  fat igue crack growth rate 
Fm~x maximum fatigue load 
Fmi. min imum  fatigue load 
H width o f  weld gap 

KRs J value of  stress intensi ty  factor caused by residual stresses 

M mis-match factor (ratio be tween the yield stress o f  the weld  metal to the yield 
stress of  the base metal) 

m parameter  in power  law funct ion (Paris-Erdogan's relation for fatigue crack 
growth rate) for material  free f rom residual stresses 
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mRS 

N 
OM 
R 
Rpo.2 

Rm 
S 
UM 
W 
WM 

Aa 
AKff,j 

O'RS , j 

parameter in power law function (Paris-Erdogan's relation for fatigue crack 
growth rate) in the case of  the presence of a residual stress field 
number of  cycles 
Overmatch weld metal 
fatigue loading ratio (Fmin/Fmax) 
yield stress (index WM denoted weld metal and BM denoted base metal, e.g., 
Rpo.2, WM and RpO.2,BM) 
ultimate tensile strength 
span distance between support 
under-match weld metal 
width of specimen 
weld metal 
effective load amplitude 

crack extension 
effective stress intensity range 

applied stress intensity range 

interval of  number of cycles 

additional stress caused by residual stresses 

Introduction 

The effect of  residual stresses at the welded joint can have a significant influence on service 
life and safe use of  welded structures [1-3]. In some cases the residual stresses can be higher 
than service stresses, which can lead to unpredictable failure of  structures [4]. Prediction of 
residual fatigue life in the presence of residual stresses is difficult, because their actual values 
and distribution are usually uncertain. Since fatigue life of  welded structures is significantly 
affected by residual stresses, considerable research works were performed on these problems in 
the last decade. Through literature review, it is possible to recognize that theoretical and 
experimental studies were involved in some works. These studies were either based on the 
weight function method [5] or summation of  the stress intensity factors [6]. 

Initial residual stresses are usually produced as result of  manufacturing process. During the 
service of  components, the residual stresses can also be caused by local plastic deformation. 
Furthermore, the residual stresses are changed by the presence of  the crack, and they are 
redistributed by the plastic deformation in front of  the crack. In ductile materials the residual 
stresses influence the fatigue crack propagation mainly by a change of the crack closure load. 
Determining each component of  the residual stress and the crack closure on the fatigue crack 
growth rate is difficult [7,8]. 

Furthermore, it is important to ensure that the normalization of  the crack shape and the 
redistribution of the residual stresses does not allow a simple summation or subtracting of stress 
intensity factor over the entire crack path propagation [6]. Nevertheless, even when residual 
stresses are known, the procedure for determining residUal service life requires appropriate 
modeling and computation [3,9]. 

Usually it is possible to determine crack length and even in some cases the shape of  fatigue 
crack front (e.g., NDT inspection like neutron scattering technique), but the measurement of  
residual stresses is difficult or impossible. In spite of  this fact, it is possible to estimate the effect 
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of residual stresses to structure integrity by using the recommended residual stress profile, e.g., 
as according to the S1NTAP [10] procedure. In this case, the deviation between estimated and 
presented residual stresses can lead to either non-conservative prediction or overestimation. The 
aim of  this research is to determine the relation of  fatigue crack propagation caused by the 
residual stresses, then to estimate from this variation the residual stresses and compare them with 
the real measured residual stresses. 

In this paper, the calculated values of residual stresses are Compared with measured residual 
stresses at the surface. 

Materials and Welding 

A high-strength, low alloy-HSLA (steel ASTM grade HT 50), in a quenched and tempered 
condition, was used as base metal (BM). Figure 1 shows the arrangement for the welding of the 
plates. A Flux Cord Arc Welding (FCAW) procedure was applied, and two different tubular 
wires were selected for the welding in order to produce welded joints in over- and under- 
matched (OM and UM) configurations. The chemical compositions and mechanical properties of 
the BM and the OM and UM weld metals are given in Tables 1 and 2. The strength mismatch 
factors M, i.e., the ratio between the yield stress of the weld metal to the yield stress of the BM, 
are 0.86 for the under- and 1.19 for the over-matched welded joint. 

In Table 2, Rpo.2 is the engineering yield strength (offset a t  0.2 % of  strain), and Rm is the 
engineering ultimate tensile strength-UTS. 

Welding with filler wire for over-match configuration was made with preheating at 
temperature of  55~ and the under-match configuration was made without preheating. Welding 
was performed using MAG procedure (82 % Ar and 18 % CO2). The heat input was in the range 
of  16-20 kJ/cm, and the suit cooling time was between 800 and 500~ was At8/5 = 9 - 1 2  s .  The 

interpass temperature was 150~ 

2H 

FIG. 1--Welding arrangement (2H = 6, all units in mm). 
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TABLE 1--Chemical composition of  base metal and consumables in weight percentages. 

Material C Si Mn P S Cr Mo Ni 
Over-match 0.040 0.16 0.95 0.011 0.021 0.49 0.42 2.06 
Base metal 0.123 0.33 0.56 0 . 0 0 3  0.002 0.57 0.34 0.13 

Under-match 0.096 0.58 1.24 0 . 0 1 3  0.160 0.07 0.02 0.03 

TABLE 2--Mechanical properties of base metal and consumable. 

Material E Reo.2 R m M Charpy Cv 

[GPa] [MPa] [MPa] RpO&WM / RpO.2,BM [J/S0 mm 2 ] 

Over-match 184 648 744 1.19 >40 J at -60 ~ 
Base metal 203 545 648 >60 J at ~60 ~ 

Under-match 208 469 590 0.86 >80 J at -60 ~ 

Experimental Procedure 

Standard specimens with mechanical notch through thickness were cut out of  the welded 
plate as shown in Fig. 2. Specimens were used with through thickness notch at the center line o f  
welded joint. The thickness B and width W are the same, B = W = 25 mm. The mechanical notch 
was 4 mm in depth, and the specimens are pre-fatigued according to A S T M  E 647-99 [11]. 

FIG. 2--Positon of 3-point bend specimen and notch orientation in the welding plate. 

Two series o f  specimens were tested with over- and under-match weld metal denoted by V 
and N, respectively. Typical recorded data (crack extension versus cycle numbers) for two 
loading (R = 0.25 and 0.41) regimes are given in Fig. 3. The maximum load at the change of  the 
stress ratio remains constant. The variation o f  the R-ratio had been performed in order to mark 
the shape o f  the crack front in the interior o f  specimen. 

Based on experimental measured values Aa-N (Fig. 3), the differential quotient was 
calculated with derivations o f  approximation (polynomial) function. Note that a reasonable high 
correlation factor is achieved in polynomial function (e.g., 0.9874 and 0.9975). 
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FIG. 3--Recorded data Aa-N obtained by measuring the crack length at the surface of  specimen. 

M e a s u r e m e n t  o f  t h e  R e s i d u a l  S t r e s s e s  

The goal of this research is to compare estimated residual stresses with measured values in 
crack growth specimens to determine the effects of residual stresses on crack growth. Therefore, 
to determine the change of  residual stresses in dependence of fatigue crack length. Note that the 
residual stresses at the measured surface can be changed by mechanical treatment for example by 
grinding of specimen surface. Therefore, after machining (cutting, grinding), the measuring area 
had electro polishing about 10 microns in depth. 

Residual stresses are measured in the transverse direction perpendicular to welding direction, 
as is shown in Fig. 2 by standard X-ray technique (sin20 method). The measured direction is 
defined with change of the arc 20 or gt using the X-ray method. In our case we measured the 

intensity of  the reflected X-ray for two different arcs, ~/= 0 ~ and p" = 45 ~ , and the arc 20 was 

varied from 152-160 ~ SIMENS diffraction device was used for the sin20 method. On the 
specimen the residual stresses are measured in a region which was 2.5 mm ahead of the fatigue 
crack tip. In this manner a direct effect of the plastic zone was avoided. Further measurements 
were performed at the distance of 4 mm in crack growth direction, as is shown in Fig. 4. After 
each performed measurement set, the specimen was again subjected to fatigue loading until a 
crack extension of  4 mm was achieved at the surface of the specimen. The residual stress 
measurement was performed again on the same regions, but it was one point less each time due 
to the fatigue crack propagation. 

The residual stresses are calculated for each of  the measured points. Figures 5 and 6 show the 
distribution of the residual stresses versus the x-axes (in fatigue crack growth direction) at the 
surface of the specimen. The first (longest solid) line gives the residual stress distribution on the 
surface of the specimen without crack (only machine notch an = 6 ram). Each next line 
corresponds to measuring of  residual stresses at certain fatigue crack lengths (e.g., af= 10mm). 
After residual stresses, measuring the specimen was again subjected to fatigue. After certain 
fatigue crack increment (approximately 4 mm), the residual stress measurement is performed 
again. The start of this line is marked again with new crack length af= 14 mm. Each measured 
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set is connected by solid line and corresponds to one crack length as shown in Figs. 5 and 6 for 
the over- and under-match weld metals, respectively. 

The dashed line connects measured values and presents the change of  the residual stress 
magnitude near the crack tip during fatigue crack propagation. The results show that in the 
overmatch weld metal, higher compress residual stress appears than in the under-match weld 
metal. This is expected, since the welding process (heat input energy, number, and subsequence 
of welded passes) was the same, and only yield stresses were different. However, the residual 
stress field in the specimen depends on the location of the specimen in the welded plate, which is 
varying for each specimen (in middle or at the end of welded plate). 

FIG. 4--Shematic view to distribution of measured points at the surface of the specimen. 
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FIG. 5--The distribution of residual stress on the specimen surface for overmatch weld metal. 

FIG. 61The distribution of residual stress on the specimen surface for under-match weld metal. 

Model to Estimate the Residual Stresses from the Fatigue Crack Growth Rate 

In Fig. 7 the crack fronts are denoted with index j, and the lines parallel to the surface with 
the index i. Figure 8 shows that for each average crack length a,vj we have the crack front aav,.,j , 

which will appear if the residual stresses are not present. In reality, the crack front a~ appeared, 

as a result from the presence of  a residual stress field. All mentioned parameters of  crack lengths 
should be taken by observing the crack propagation front-through thickness. The results are 
analyzed by observing from point-to-point the change of  fatigue crack front shape and the 
knowledge of  fatigue crack growth properties of the base material, free from residual stresses. 
The same approach was applied in [5]. The shape of  the crack front was obtained by the crack 
length measurement after each fatigue regimej. Each fatigue intervalj is running at the constant 
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parameters of  Fmi . and F,~,x. The shape of  the crack front was characterized on the relative 

deviation of  the crack length d=v,o, along the crack front for each point i with the follow equation: 

d a~,~ - ai2 - a av"i2 (1) 
a av.j 

where au is the measured crack length, a,~v,,~ is the crack length for ideal crack front shape, and 

aov,/ is the average crack length. The index i is the mean line in the crack growth direction 

(parallel to the surface), and index j is the crack front corresponding to constant number of 
loading cycles as shown in Figs. 7 and 8. Intermediate relative deviation between two crack 
length (shape) measurements (e.g., j-1 and j) is possible to estimate by using Eq 1 and the 
principle shown in Fig. 9. For instance, if average crack length a,,,,/is chosen, then for certain 

crack depth i, it is possible to assess deviation of  crack length dav,~. Since aav,, ~ is also known, it 

is possible to assume crack length a~. With this approach, it is possible to determine the fatigue 

crack front shape through thickness of specimen for chosen number of  cycles N, as is shown in 
Fig. 10. 

The reference curve was obtained by observing the surface of  specimen and by recording the 
fatigue crack growth increment Aa versus the number of cycles N. The crack growth rate on the 
surface of specimen was determined as the ratio of  the differential coefficients by the equation: 

Aai2 - a~ - ai=l/ (2) 
ANj  AN/ 

FIG. 7--Schemat ic  view o f  fat igue crack 
f ront  and the used coordinal system. 

FIG. 8--Fat igue crack fronts  and definition o f  
different types o f  crack lengths. 
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FIG. 9--Determination of crack front deviation dav,~ by interpolation for average crack lengths. 

FIG. lO--The measured and assumed crack front within the analyzed interval. 

Models 

A procedure for an estimation of the residual stress effect on the fatigue crack growth is 
presented. The approximation is based on the following idealizations: 

�9 Stress intensity function-SIF through thickness of  the  component depends only on 
average crack lengths. 

�9 Obtained value of SIF is a constant through thickness of  component. 
�9 Crack propagation rate is locally driven by the effective stress intensity range AKe~-. 
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�9 The crack is closed over a certain part of  the load amplitude along the whole crack front. 
�9 The local crack closure stress intensity factor is not affected by local residual stresses. 
�9 The residual stresses change only Kmin and Kmax. 

In this case, the variations of the residual stresses are directly reflected in a variation of the 
effective stress intensity range. The residual stresses are recalculated from the variation of the 
effective stress intensity range, which can be determined from the local crack propagation rate. 

Model 1: Determination of  the Residual Stresses Based on the Effective Load Amplitude AFj 

The effective range of  SIF AKe/y,/ for a propagation from a/ ~ to aj for the known number of 

cycles AN/can be calculated from 

Nj La~ da 
f dN= m (3) 

C ,i ,~r~efl, j Nji aj-i 

where the kKe~, J andf(a/W) for three-point bend specimens are given by the terms: 

l~eff,jz- Bml. 5 f -~  (4) 

a/ a / W ) [ 1 ' 9 9  - w/1 -w)~215 -3"93~+ 2'7 

where B is the thickness of  specimen, W is the width of specimen, and S is the span distance 
(usually S = 4W). In Fig. 11, a flow chart is given to show how the experimental data can be 
used within the crack increment interval for the determination of local effective stress intensity 
factor AKe# J . A Monte Carlo type simulation is used for determination of AKecf,g, with the 

effective load amplitude AFj as variable in Eq 4. 

The additional stress intensity factor KRs J is calculated by the superposition principle as the 

difference between an effective SIF AK~,,j and applied SIF AKj. Applied SIF AKj is calculated 

by using Eq 4. 

(Fm,x,J-Fmin, j )S(aj)  
AKj = BW]. s f -~  (6) 

Since the effective range of  SIF AK+cj and the amplitude of  the external force (consequently 

applied SIF AKj ) are known within interval j ,  it is possible to calculate the additional stress 

intensity factor KRs J . 

KRs,j = AKe#,/ - ~d( / (7) 
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The values of the additional stresses tXRs,j are calculated from SIF KRs,j by using the term: 

Note that SIF KRS J 

front. 

KRS, j  
CrRs'J = X[--~J " f (aj / W) (8) 

is obtained for mean crack length and a certain position along the crack 

( S~ART ) 
I 

INPUT DATA 

l 

[ Assumed AF [ 

I 
AK = A K ( ~ )  

(Eq~ 7.,~) ] 

YES[ 

.I ( ) 

NO 
v 

FIG. 11--Flow chart for determination of local effective stress intensity factor AKeff J . 

Model 2: Determination of the Additional Stress at the Crack Tip from the Fatigue Crack 
Growth Rate Parameters 

By using the above-mentioned assumptions, the Paris-Erdogan relation can be written as: 
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da 
: CRS" I~mRS : C" ( A K  -~- KRS)m (9) 

dN 
where parameters CRS and mRS describe the fatigue crack growth rate, if  only the range of stress 

intensity factor AK caused by external load (Fmo~, Fmin) is known. From the above equation, it is 
possible to calculate the value of the additional stress intensity factor KRs.j : 

KRs.j = CRsj ~ AK i (10) 

If  the parameter m = mgsj are similar, then KRs J can be obtained by the term 

The values of  the additional stresses Ores J can also be calculated from SIF KRs,j by using Eq 8. 

Application in Model 

The proposed model is applied to the described fatigue experiment. It was mentioned that the 
specimens were subjected to different fatigue loading regimes in a load-control mode. After the 
fatigue tests and residual stress measurements, the specimens were broken at the fracture surface, 
in order to follow the different fatigue regimes. Figures 12 and 13 show the fractured surface for 
specimen CV6T of  the overmatch and CN6T specimen of  the under-match weld metal, 
respectively. The crack fronts at the end of  one fatigue loading regime and the beginning of the 
second loading regime are visible on the fracture surface. Fatigue crack front is actually denoted 
by changing the fatigue load ratio. At the beginning, the specimens were fatigued at R = 0.2, 
when the crack is about 4 mm at the surface, the loading ratio was changed to R = 0.4, and after 
approximately 4 mm, the load ratio was again reduced to R = 0.2. 

Crack length was measured at 26 equidistant lines along crack growth. The crack length was 
measured for all three cracks fronts. 

FIG. 12--The fatigue cracks fronts 
of  the over-match weld sample. 

FIG. 13--The fatigue cracks fronts 
of  the under-match weld sample. 
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The deviation d~ was determined by using Eq 1. The values for deviation between the 
measured points were approximated by a square function. Figures 14 and 15 show the crack 
front's deviations for CV6T and CN6T specimens, respectively. Note that the deviation d~=O 
corresponds to crack front without residual stress and ao~t,u=a~. 

On the base of these measurements and the obtained deviations, it is possible to estimate any 
intermediate increment of fatigue crack front corresponding to the same number of  loading 
cycles and average crack lengths. Figures 16 and 17 show reconstructed fatigue crack fronts 
(dashed lines) within increments of 1 mm and the measured crack length presented by points. 
The gray lines in Figs. 16 and 17 present the crack fronts of material free from residual stress. 
Since the dependence of crack length at the fracture surface vs. number of  cycles is measured, 
the fatigue crack front for a certain number of  cycles is also approximately known. 

FIG. 14--The deviation do~,~ (in %) of crack FIG. 15--The deviation dav,~ j (in %) of crack 

length in the overmatch weld. length in the undermatch weld. 

FIG. 16--The measured and assumed fatigue FIG. 17--The measured and assumed fatigue 
crack fronts profiles in the overmatch weld. crack fronts profiles in the undermatch weld. 
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Therefore, within each interval, it is possible to determine the shape of the crack front for any 
crack length at the surface. Hence, it is possible to plot a-N curves for average and the surface 
crack lengths, as shown in Figs. 18 and 19. The plots show that the average crack propagation 
plot mainly lies between both surfaces' (back and front) plots. Indirectly, it confirms the 
assumption that an average SIF value can be roughly used for the description of  crack growth on 
the surface of the specimens. The corresponding stress intensity factor range AK, for average 
crack lengths is determined by using Eq 6. The fatigue crack growth rate is expressed with Paris- 
Erdogan's relation in double logarithmic plot. Figures 20a and 20b show the plots of the fatigue 
crack growth rate for loading regimes R = 0.4 and R = 0.2, respectively, applied to the overmatch 
weld. Figures 21a and 21b show the plots of  the fatigue crack growth rate for loading regimes R 
= 0.4 and R = 0.2, respectively, applied in the under-match weld. In all cases the dashed lines 
correspond to the crack growth rate for the material free from residual stresses (e.g., base 
material). 

For each fatigue loading regime (different R-ratio and AFapp) one set of  fatigue crack growth 
parameters for front and back side of  specimens was obtained. Actually, the parameters C are 
varied during the fatigue crack propagation due to residual stresses. Hence, it is possible to 
estimate their maximum and minimum value within the same fatigue loading regime. The 
assumed values for parameters C are listed in Table 3. Reasonably, the parameter C is constant 
only for average crack growth rate. Parameters of  Paris-Erdogan's relation for material free from 
residual stresses are C = 8.0 E-12 [mm/cycle] and m = 3.287. On the base of proposed 
procedures it is possible to estimate the effect of residual stresses on the fatigue crack extension. 
Figures 22 and 23 show the calculated values CrRs.g. 

Both proposed models give similar results of  the additional stress CrRs.o for fatigue crack 

propagation caused by residual stresses. This is not surprising, because they are based on the 
same principles. Figures 22 and 23 show that a significant change of  residual stresses is 
connected by changing the fatigue loading regimes (mainly R-ratio from 0.4 to 0.2), and 
consequently that of the residual stress is changed. In this transition region the fatigue crack 
growth was retarded. It leads to lower (compressed) residual stresses. After transitional fatigue 
crack growth, the change of residual stresses becomes smooth, and the differences between 
calculated residual stresses values becomes smaller. Figures 22 and 23 also show that the 
difference between residual stresses from one to the other side (front and back) can be 
significantly different. A comparison between measured and estimated residual stresses on the 
surface as a function of crack extension show that actual residual stresses can be higher in 
compression (Fig. 22) and tension (Fig. 23) than the calculated residual stresses from fatigue 
crack growth. Therefore, the effect of  residual stresses on fatigue crack propagation is 
underestimated by the proposed model. The main reason for the discrepancy is most likely that 
the AK-variation along the crack front is not taken in account. 

However, the performed analysis confirms the results of another researcher [5], that'the 
effect of residual stresses is changing, and this effect is greater at the beginning of fatigue crack 
propagation (at lower AK). The model approximately predicts the changing of residual stresses 
during the fatigue crack propagation. 
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FIG. 1 8 B o t h  surface and avel~ge (dashed) crack lengths versus number o f  cycles in the 
over-match weld. 

FIG. 19--Both surface and average (dashed) crack lengths versus number o f  cycles in the 
under-match weld. " 
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FIG. 20--Plots da/dN versus AK for both surface and average crack growth lines for both 
fatigue regimes applied in the over-match weld. 

FIG. 21--Plots da/dN versus AK for both surface and average crack growth lines for both 
fatigue regimes in the under-match weld. 
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Appl. Over-match Weld Under-match Weld 
Ratio [mm/eycle] [ram/cycle] Note 

2.00E-13 6.22E-12 2.61E-13 2.53E-12 Surface front 
0.2 2.76E-14 1,25E-12 4.86E-13 1.19E-12 Surface back 

8.3E-13 3.0E-12 Average 
4.26E-18 5.30E-13 8.43E-12 4.64E-11 Surface front 

0.4 1.05E-18 2,92E-13 2.64E-12 8.18E-12 Surface back 
5.5E-13 2.8E-11 Averas.,~ ~ 
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FIG.  22--Comparisons of residual stresses on the specimen surface as a function of crack 
extension in the overmatched weld. 
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FIG.  23--Comparisons of residual stresses on the specimen surface as a function of crack 
extension in the undermatched weld. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



298 FATIGUE AND FRACTURE MECHANICS 

Conclusion 

The effect of residual stresses on fatigue crack propagation in welded samples is estimated by 
means of the difference between the average stress intensity factor (given by applied load) and 
local effective stress intensity factor necessary to cause the measured local crack growth rate. 

The proposed model is applied on two specimens cut out of weld joints of  different strength. 
Comparisons between measured and assumed residual stresses on the surface as a function of 
crack extension show that the actual measured residual stresses can be higher than the calculated 
residual stresses from the fatigue crack growth behavior. 

The proposed procedure gives the residual stress magnitude ~Rs,o at the surface of the 

specimen and along the crack front. The proposed model helps to estimate the effect of residual 
stresses without an often impossible and costly residual stress measurements. 
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Ultrasonic Fatigue Testing of Ti-6AI-4V 

ABSTRACT: The objective of this research was to investigate the high cycle fatigue behavior of a 
titanium alloy using an ultrasonic fatigue system. Fatigue testing up to one billion cycles under fully 
reversed loading conditions was performed to determine the ultra-high cycle fatigue behavior of Ti-6A1- 
4V. Endurance limit results were compared to similar data generated on conventional servohydraulic test 
systems and electromagnetic shaker systems to determine if there are any frequency effects. In addition, 
specimens were tested with and without cooling air to determine the effects of temperature on the fatigue 
behavior. Results indicate that the fatigue strength determined from ultrasonic testing was consistent with 
conventional testing. However, preliminary results indicate that cooling air may increase the fatigue limit 
stress at very long lives. 

KEYWORDS: high cycle fatigue, ultrasonic, Ti-6A1-4V, endurance limit 

In troduct ion  

Recent work [1-3] using ultrasonic test systems has shown that many materials, including 
some steels and titanium alloys, exhibit a sharp decrease in fatigue strength between fatigue lives 
of  10 e and 10 9 cycles. This is in contrast to the classical fatigue limit, which assumes a constant 
minimum fatigue strength below which a material is assumed to have an infinite life (normally 
assumed to be equal to the fatigue strength at 10 6 or 10 7 cycles). 

A large decrease in fatigue strength in the ultra-high cycles fatigue regime could have a 
major impact on turbine engine design. Recent changes to the Engine Structural Integrity 
(ENSIP) handbook [4], the Air Force manual used to provide guidance to the engine 
manufacturers, require that engine components subjected to high cycle fatigue be designed to 
meet lifetime requirements of 109 cycles (as opposed to the previous guideline of 107 cycles). 
Specifically, ENSIP states, "All engine parts should have a minimum HCF life of 109 cycles. 
This number is based on the observation that an endurance limit does not exist for most 
materials." Due to cost and time constraints, it is impractical to assume that conventional testing 
methods can be used to gather the experimental data necessary to understand the material 
behavior in this regime. Ultrasonic fatigue testing offers an alternative testing method for 
generating the data necessary at very long fatigue lives. 

Ultrasonic fatigue testing is not new, but it has not been widely used for fatigue and fracture 
mechanics applications until fairly recently. This may be due in part to the difficulty in 
accurately determining the test conditions. Although ultrasonic testing provides a means for 
generating data at long lifetimes very quickly, it is not an easy test method to control. However, 
advances in the speed and accuracy of  electronic measurement devices have made the 
determination of  displacements and loads during testing easier to ascertain and control. A 

Manuscript received 19 February 2004; accepted for publication 2 July 2004; published May 2005. Presented at ASTM 
Symposium on Fatigue arid Fracture Mechanics: 34 Volume on 19-21 November 2003 in Tampa, FL; S.R. Daniewicz, 
J.C. Newman, Jr., and K-H. Schwalbe, Guest Editors. 
1 Materials Research Engineer, Air Force Research Laboratory (AFRL/MLLMN), Wright-Patterson AFB, OH, 45433. 

Copyright �9 2005 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. 

299 
Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



300 FATIGUE AND FRACTURE MECHANICS 

thorough review of  the ultrasonic testing technique for fatigue and fracture applications can be 
found in [5,6]. 

The main advantage of ultrasonic fatigue testing is saving time. Experiments using the 
ultrasonic method can be completed 20-1000 times faster than conventional servo-hydraulic 
systems or electromagnetic shakers. For endurance limit testing at 10 9 cycles, this means that 
individual tests can be completed in less than one day versus weeks for conventional systems. 
This extreme savings in time, and therefore money, means that tests that may otherwise be 
impractical can now be accomplished. In general, this also allows for a much larger test matrix 
to be performed within any given time period, which allows for the generation of statistically 
significant data sets and can be very important depending on the degree of variability in the 
material properties being considered. 

The main disadvantages of  ultrasonic test systems are directly related to the speed at which 
the tests are performed. In order to test in the kHz range, resonance loading conditions are 
necessary, This restricts the size and shape on specimens that can be tested and means that full 
component testing would be unlikely. However, for basic material testing, this does not present 
a problem. A second issue involves the internal heat generation that is produced by the high 
cycling speeds and which may affect the material behavior leading to incorrect results if not 
taken into account. This issue will be discussed further in the results section. Another potential 
issue with ultrasonic testing involves the strain rate sensitivity of the material being tested. 
Many materials are frequency dependent, and this must therefore be accounted for when 
reporting data, as well as when using such data for design in applications that may be at much 
lower operating frequencies. 

Experimental Procedure 

Material 

The test material was a titanium alloy, Ti-6A1-4V, which has been used in many 
investigations as part of  the National Turbine Engine High Cycle Fatigue Program [7] and is 
shown in Fig. 1. It was produced in accordance with AMS 4928 and forged into flat plates 
approximately 406 m m •  150 mm • 20 mm. These forged plates were solution heat treated at 
932~ for l h, vacuum annealed at 705~ for 2 h, and argon fan cooled. More complete details 
of  the material processing are in [8,9]. This resulted in a duplex microstructure, 60 % (volume) 
of  which was the primary-~ (h.c.p.) phase, while the remaining was the transformed-J3 (b.c.c.) 
phase. This material form is commonly referred to as solution treated and overaged (STOA). 
The average grain size was approximately 15-20 ~tm. The room temperature longitudinal tensile 
properties (along the loading axis) were determined to be E = 116 GPa, Cyy = 930 MPa, and GUT s 

= 968 MPa. 

Ultrasonic Test System 

In order to test the fatigue limit of materials beyond l07 cycles, an ultrasonic fatigue system 
was designed. The main component of  the ultrasonic system is a piezoelectric transducer, which 
converts an electronic signal at a frequency of  20 kHz (+ 500 Hz) into a mechanical 
displacement at the same frequency. The electronic signal is supplied by a power supply that 
automatically tunes to the natural resonant frequency of  the system. If  the frequency falls 
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outside the 19.5-20.5 kHz range, the system shuts off automatically. The power supply and 
transducer are commercial products manufactured by Branson Ultrasonics. They were 
developed and are traditionally used for ultrasonic welding applications. 

Attached to the transducer are a titanium booster and a horn, which served to amplify the 
mechanical displacement. A specimen designed to run in resonance with the system is then 
attached to the horn. The specimens used in this study were cylindrical dogbones with a gage 
section diameter of 4 ram. They were machined using a low stress grind technique to minimize 
residual stresses. The specimens were designed so that the maximum strain is located in the 
gage section. The specimen dimensions are shown in Fig. 2. A dynamic analysis of the system 
is discussed in the following section. 

FIG. 1--Ti-6Al-4 V plate microstructure. 

FIG. 2--Ultrasonic fatigue specimen (all dimensions shown in mm). 

In this study, all testing was performed at a stress ratio, R, o f - l . 0 .  For fully reversed loading 
conditions, the end of  the specimen opposite the horn is a free surface. One of the greatest 
challenges of  ultrasonic testing is measuring the applied stress in the material. To that end, an 
eddy current sensor is used to measure displacement at the free end of  the specimen. This 
displacement is calibrated at the beginning of each test using a resistance strain gage bonded to 
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the gage section. The displacement, with the calibration factor, is then used in a feedback loop 
during testing to actively control the strain, and therefore stress, in the gage section. The test 
control software continuously records displacement and controls the output of  the power supply 
and, therefore, indirectly controls the magnitude of  the strain in the specimen. Strain gages 
cannot be used throughout the test because they quickly fall off of the specimen during testing. 

Dynamic Analysis" 

The ultrasonic test setup was modeled using the finite element software STADYN, which 
was written for the static and dynamic analysis of structures. The problem was modeled 
dynamically using 1-D rod elements. As described previously, the structure for the fully 
reversed test was made up of a booster, a horn, and the specimen. Figure 3 has a plot of  the 
profile of the geometry used in the model. Each rod element in the model had an area property 
that is equal to the average value over the length of  the structure that the element represents. The 
mesh was therefore more refined near locations of changing area and also in the gage section of  
the specimen. Forty-one total rod elements were used with 15 of these elements in the specimen 
gage section. This was found to result in a converged solution. The entire structure was made of  
titanium, and therefore each element used the material properties of Young's modulus E = 116 
GPa and density 9 = 2800 kg/m 3. The boundary conditions of the model were fixed-free. The 
structure was fixed at the center point of  the booster (X = 0), which was a displacement node in 
the system. This was also the location where the booster was physically clamped to the test 
frame. The end of the specimen (X = 264 ram) was modeled as free. 

The results of the vibration analysis for the fixed-free system are plotted in Fig. 3. The solid 
line represents the geometry of the booster, horn, and specimen (from left to right). The mode 
shape, u(x), results shown are from the third mode, which has a resonant frequency of 20 700 Hz 
according to the model. The actual experimentally measured resonant frequency for this 
geometry was 20 250 Hz, a difference of  about 2 %. The mode shape shows displacement nodes 
at the fixed end, at a point within the horn, and at the center of  the specimen gage section. The 
axial strain, ex = du/dx, is also plotted in Fig. 3. Two interesting observations can be made from 
these curves. First, the ends of the specimens are strain (stress) nodes. One end of the specimen 
is free so it must be stress free, and the end of  the specimen that joins the booster also has a very 
low stress, which is advantageous when testing brittle materials. Second, the gage section of the 
specimen not only has the peak strain, but it has nearly constant strain over the entire gage length 
with only a 0.2 % variation according to the analysis results. The strain decreases rapidly outside 
the gage section. 

Staircase Method 

The staircase method involves testing specimens at a constant amplitude loading condition 
approaching the fatigue limit. A stress level is chosen for each specimen based on the results of  
the test that has just been completed. I f  the previous test did not fail in some pre-determined 
number of  cycles (such as 10s), the next test is run at a higher maximum stress. If  the previous 
specimen fails before runout, the next test is run at a lower maximum stress. The stress ratio as 
well as the stress increment from one test to another (both increasing and decreasing) is kept 
constant. At the conclusion of this type of  testing there are data containing both failures and 
runouts at stress levels immediately surrounding the fatigue limit stress. Statistical methods can 
then be used to determine the mean of  the distribution to determine the fatigue limit stress. 
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FIG. 3--Plot o f  the ultrasonic test rig displacement and strain mode shapes' as well as the 
profile o f  the test rig geometry for  the fully reversed (no mean stress) test configuration. 

Figure 4 shows an example of staircase testing performed as part of the National Turbine 
Engine HCF Program on the same Ti-6A1-4V plate material used in this study. For that testing, 
completed at a stress ratio of R = 0. l, the fatigue limit was determined to be 540 MPa with a 
standard deviation of 60 MPa. It can be seen in Fig. 4 that all of the stress values used are in the 
near vicinity of the fatigue limit. For this reason, a very accurate value of the mean fatigue limit 
stress can be determined. However, this type of testing results in a very poor approximation of 
the standard deviation. In order to obtain a better idea of the true statistical distribution, testing 
would need to be performed at stress values approaching the tails of the population. 

FIG./I Plot o f  l O 7 cycle endurance limit staircase testing using servohydraulic test frames [7]. 
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Results 

Table 1 shows a summary of the experiments run in this study. In addition, Fig. 5 shows the 
results of the staircase testing graphically. A stress of 400 MPa was chosen for the initial tests 
based on 107 cycle fatigue limit results from the National Turbine Engin e HCF Program. These 
prior tests had been performed on the same Ti-6A1-4V material on conventional servohydraulic 
as well as electromagnetic shaker systems at frequencies ranging from 60-400 Hz. When a 
specimen in the ultrasonic rig failed at less than 108 cycles, the maximum stress was decreased 
by 10 MPa for the following test according to the staircase methodology. A specimen was 
considered failed when a crack had grown large enough to decrease the natural frequency of the 
system below the standard operating range (19.5-20.5 kHz). When this occurred, the system 
would shut down automatically. Typical crack sizes at this point were at least 2 ram, or half the 
gage section diameter. Due to the relatively long crack sizes at failure, the difference in total life 
calculations between the ultrasonic fatigue method and those tested using conventional methods 
(when failure was defined by the specimen breaking into two pieces) was considered minimal. If 
the specimen did not fail in 108 cycles, the maximum stress was increased by 10 MPa for the 
subsequent test. 

The results of these initial experiments seem to indicate that the 108 cycle endurance limit of 
the Ti-6A1-4V material is approximately 390 MPa. However, since only nine experiments were 
performed, a statistically valid endurance limit stress cannot be determined. The results of the 
ultrasonic test system can be compared with the previous results from the more conventional 
testing. These results are plotted together in Fig. 6, which clearly shows that the two sets of data 
are consistent with each other. 

The last four experiments listed in Table 1 show the results of additional ultrasonic testing 
incorporating cooling air. These tests were performed to see if the specimen heating caused by 
the dynamic loading was affecting the fatigue lives. Two cooling air jets blowing cold air at 
approximately 0~ at the gage section o f  the specimen are used to cool the surface of the 
material during testing. These tests were also begun at 400 MPa, but unlike the previous tests, 
the specimens did not fail (see Fig. 5). However, as with the previous results, not enough tests 
were performed to state conclusively that the cooling air had a significant impact on the fatigue 
strength of the material. 

TABLE 1--Staircase testing results (R = -1). 

Specimen c~ (MPa) Cooled (Y or N) Cycles 
1 400 N 2.9 x 106 
2 400 N 1.8 x 105 
3 390 N 7.7 x 105 
4 370 N 108 
5 380 N 108 
6 390 N 108 
7 400 N 6.0 • 10  6 

8 390 N l0 s 
9 400 N 10 s 
10 400 Y 109 
11 410 Y 10  9 

12 420 Y 10 9 

13 430 Y 10  9 
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FIG. 5--Plot o f  staircase testing results generated at 20 kHz in this study. 

FIG. 6--Comparison o f  results from ultrasonic and conventional test systems (R = -1.0). 
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Failure Analysis 

Previous studies using the ultrasonic fatigue method have shown an increase in internal 
initiation sites as the life to failure increases [10,11]. This has been observed in many materials, 
including Ti-6A1-4V [10]. The exact reason for this is unknown, but one possible explanation 
involves a change in failure mechanism. As the stress level decreases at longer lives, the effect 
of  surface defects decreases to the point where internal defects such as inclusions and voids 
become the initiation points [11]. This results in a bi-modal distribution of  failures, shown 
graphically in Fig. 7. At higher stresses and shorter lives, surface defects dominate, thereby 
obscuring the intrinsic material S-N curve. However, at longer lives and smaller stresses, this 
intrinsic material strength becomes the life-limiting factor. This change in failure mechanism is 
generally accompanied by a sharp decrease in the fatigue limit. 

09 

Surface initiation ~"~'~*~%'**'~ 

. . . . .  Interior initiation 

Number of cycles 
FIG. 7--Graphical description of bi-modal failure distribution. 

Failure analysis of  the specimens in this study showed no indication of  internal initiations. 
All four specimens failed from a surface flaw similar to the one shown in Fig. 8. Figure 8a shows 
the size of  the surface crack that had grown before the test machine automatically shut down due 
to the drop in natural frequency. Also visible in that picture are the areas around the crack tip, 
which appear to undergo a re-melt process. This is due to the extremely high temperatures 
generated at the crack tip at these very high strain rates. Figure 8b shows the fracture surface of  
the specimen. The initiation site is located at the top of the specimen in the figure. In order to 
break the specimen apart, the power supply was turned on manually. This produced a very short 
stress pulse before it would shut itself down again. This was repeated until failure. There appear 
to be distinct markings along the crack path due to these pulses. 

The lack of internal initiations may indicate that this material does not exhibit the bi-modal 
failure mechanism seen in other materials, or it may simply mean that the bi-modal mechanism 
will not appear until longer lives are tested. The processing of  the Ti-6A1-4V plate material used 
as part of the National Turbine Engine HCF Program produced very few internal defects such as 
voids. Therefore, the intrinsic material strength may be stronger than if a different processing 
procedure had been used. This would give a possible explanation of  why previous work has 
shown intemal initiations at the number of  cycles tested in this study. If  that is the case, then it 
might be expected that interior initiations might still occur, but not until even longer lives. 
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FIG. 8--SEM photographs of typical failure surfaces after ultrasonic testing: a) surface flaw 
in gage section and b)fracture surface. 

Conclusions 

The ultrasonic fatigue system provides an efficient way of determining material behavior of 
Ti-6A1-4V at very high cycles. It allows test matrices to be completed that were previously 
impractical and provides a potential means for engine manufacturers to meet the new Air Force 
ENSIP guidelines. 

Contrary to what has been reported for many materials, including Ti-6A1-4V, there was no 
noticeable decrease in fatigue limit of the Ti-6A1-4V plate material after 108 cycles at R = -1.0. 
Instead, the fatigue limit stress agrees with limited data from previous testing on the same alloy 
using conventional test techniques. In addition, there does not seem to be any significant 
frequency or temperature effects in this alloy. The fatigue limit at 10 v and 108 cycles is consistent 
with the previous data at lower frequencies. Based on data from the literature, it may be implied 
that these results are alloy dependent and may change due to processing and heat treatment. 
Preliminary data suggest that external cooling may slightly increase the fatigue limit, but 
additional testing needs to be performed before any statistically valid statements can be made. 
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ABSTRACT: Engine and turbine components that experience high cycle fatigue should operate under 
the fatigue threshold stress level to ensure their safe service life. In general, designers have to consider 
two types of thresholds, i.e. fatigue stress threshold for crack initiation, and fatigue stress intensity factor 
threshold for crack propagation. These two thresholds overlap for short cracks or materials with defects. 
A new approach, which is called the fatigue endurance diagram (FED) for the prediction of fatigue 
threshold of materials with defects, is presented. This approach indicates that the fatigue strength of 
materials with cracks or defects is determined simultaneously by two parameters, the normalized stress 
intensity factor range and the normalized stress range. The FED indicates that the fatigue threshold 
condition is governed mainly by the threshold stress intensity factor and by the fatigue limit for the long 
and short cracks, respectively. 

KEYWORDS: fatigue threshold, fatigue limit, small defect, crack, fatigue endurance diagram (FED), 
load ratio, adjusting parameter 

Introduct ion 

Many structural components experience very high cycle fatigue loading, e.g. the fatigue life 
of  a car engine ranges around 108 cycles and the big diesel engines for ships or high-speed trains 
operate up to 109 cycles. Moreover, the fatigue life of  a turbine engine is about 10 ~~ cycles. To 
guarantee reliable operation of  engine and turbine components under very high cycle fatigue 
loading, the components should be designed according to the fatigue threshold stress, A~th. 

There are two types of  thresholds currently used in fatigue analyses. One is the fatigue limit 
of  smooth specimen, A~n, that defines a loading criterion under which a fatal crack will not 
forul. The other is the fatigue crack growth threshold, AK• that defines a loading criterion under 
which an existing crack will not grow significantly. The former threshold is associated with the 
infinite life approach; it emphasizes initiation rather than crack propagation. The latter threshold 
presumes the existence of a crack and is used in damage tolerant design. 

The fatigue limit is related to the ability of  the material to resist strain localization and 
ultimately its resistance to plasticity. Fatigue cracks are initiated at heterogeneous nucleation 
sites within the material whether they are preexisting (associated with defects) or are generated 
during the cyclic straining process itself. A threshold stress intensity factor range, AKth, defines a 
service-operating loading below which a long fatigue crack does not detectably propagate. 

Modern defect tolerant design philosophy is based on the premise that all engineering 
structures are inherently flawed. It is generally accepted that the fatigue strength of  materials 
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containing defects or flaws is lower than that of  a defect free material. Figure 1 illustrates how 
the threshold stress range, AChh, may vary with the crack (or defect) size, a. A number of 
empirical or fracture mechanics based approaches have been proposed for fatigue strength 
prediction of  materials with small defects. These approaches are briefly discussed in the 
following section on Existing Methods for Small Defects. 

This paper presents a new approach based on Fatigue Endurance Diagram (FED) for fatigue 
strength predictions of materials with defects. The proposed approach gives an effective tool to 
correlate the observed dependence between the ACYth and AKth as a function of  the existing defect 
size. 

Crack size, a (log-scale) 

FIG. 1--  A Kitagawa-Takahashi type of diagram showing various AO'th regimes 

Defects in Materials for Marine Engine Components 

A defect may be regarded as any lack of perfection: striated metallographic structure, 
stringers or laminated inclusions, local heating, and other similar effects. In developing a design 
philosophy, it is proper to assume that all engineering materials contain "defects". A wide variety 
of  defects can be found in a given engineering component. These defects or flaws may result 
from such sources as material imperfections, defects generated during service, and defects 
introduced as a result of  faulty design practice [ 1 ]. 

For example, typical defects found in the components of  marine diesel engines include 
porosity, cracks, and notches. Cracks are the most harmful defects in terms of fatigue strength 
deterioration. Porosity is the biggest defect overall in terms of  physical size. Cracks are present 
in both cast and forged components. Common cracks found in cast components are the hot tear, 
the quench crack from heat treatment, the cold and hot cracks by repair welds, etc. Other defects 
present in forged components are hydrogen cracks, cracks by rapid heating, quench cracks, etc. 

Many of  the imperfections found in forgings, as well as problems that occur in forgings 
during service, can be traced to conditions that existed in the original ingot product. Typical 
material defects found on ingot are chemical segregation, shrinkage cavity (pipe), hydrogen 
flakes, and nonmetallic inclusions. Porosities can be as large as 5mm. On the other hand very 
small defects such as a segregation defect called a "ghost" (typically 0.05-0.2 ram), can be found 
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only when they are grouped together. Parts are inspected for defects or cracks by means of non- 
destructive techniques. Usually, surface defects are detected by magnetic particle inspection 
(MPI). Internal defects are detected by ultrasonic testing (UT) methods. In this case, the issue is 
not the smallest defect that can be detected with a sensor, but the largest defect that can be 
missed during an inspection schedule that can cause a fatal damage. 

Fatigue Strength According to Defect Size 

Assuming that small-scale yielding prevails, linear elastic fracture mechanics (LEFM) 
provides a threshold stress intensity factor range, AKtu. This AKth acts as a characteristic limit 
value that separates the condition for the propagation/non-propagation of  existing flaws. 
Therefore, fatigue cracks should not grow significantly at stress intensity ranges smaller than the 
value of  AKth and would grow at ranges above AKth. However, this is only applicable for long 
cracks. Many works show that the similitude concept of fracture mechanics, i.e. that cracks with 
the same crack tip condition (characterized by AK) will propagate at the same rate, does not hold 
true for small cracks [2]. 

The allowable fatigue stress regime is bounded by two limits shown in Fig. 1 (i.e. two 
thresholds); the upper limit is defined by the fatigue limit of  a material without defects, Ac~, and 
the lower limit that is determined by the long crack regime, 

A rY ,a = Al~ ,h / F ~ - ~ d  (1) 

where F is a correction factor for AK calculation. The fatigue limit, Aon, is often related to an 
infinite life of a "defect-free" material. 

Figure 1 shows a plot of  the threshold stress range, A~th as a function of  crack size a using 
logarithmic scales, which is widely known as the Kitagawa-Takahashi diagram. If AKt~ is a 
material constant, the line marked as "AK=AKth '', with a slope of-0.5,  should apply. This would 
predict an ever-increasing value of Aoth with decreasing crack size. However, it is well known 
that if the crack size is zero, as for a defect-flee specimen, the threshold stress for fatigue is not 
infinity but is equal to the fatigue limit Acyn. Therefore, a horizontal line at the stress value of  
Aon can be drawn in Fig. 1, This implies that for short cracks, the threshold stress range will be 
smaller than Acyfl or predicted from the AKth value; such cracks will be observed to grow at 
applied AK values less than AKth. 

Suggested mechanisms in the literature to rationalize short-crack behavior are microstructural 
effects, crack closure, high applied stress, stress field effects, crack deflection, etc. [3]. All these 
mechanisms can be expected to exert an influence. Although the relative importance of these 
different mechanisms is not fully understood, it is postulated that the closure phenomenon is 
most probably the major reason for the dependence of  the short crack threshold on the crack size 
and on the load ratio R (=PmiJPma~) [4]. 

Recently, it was suggested by Forth et al. [5] that the short crack propagation at a AK below 
the long crack AKth is due to the load history effect generated in standard tests when initiating the 
test at a high load and shedding load until threshold is reached. They proposed that the short and 
long crack thresholds are merely an artifact of  the constant R load reduction test procedure, 
which generates artificially high threshold values when compared to steady-state data. Therefore, 
it is considered that the load history effects introduced into the long crack data has generated a 
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database of  artificially high thresholds that do not accurately represent the material response of 
cracks growing under increasing K. 

The fatigue limit of a smooth specimen itself can be understood as a short crack threshold. 
This fatigue limit is determined by the propagation condition of  a microstructurally small crack. 
Therefore, the fatigue strength is determined by the threshold condition whether the crack will 
propagate or not regardless of its size. 

Existing Methods for Small Defects 

Existing approaches for fatigue strength of materials with defects may be classified into the 
following three groups [6]: Frost's empirical model and other similar models, methods based on 
fatigue notch fi~ctor, and fracture mechanics approaches. The most accepted approaches are 
briefly discussed in this section. Two methods, namely the E1-Haddad et al. [8], and the 
Murakami et al. [11] are widely used to predict Aoth for materials with defects or small cracks. 
The predictions of these models versus experimental data were found to be load ratio dependent. 

Kitagawa and Takahashi [7] first characterized the fatigue threshold for the short cracks 
quantitatively, namely that AKth decreases with decreasing crack size (F!g. 1). Their study 
contributed much towards the development of many subsequent studies on small cracks and 
small defects. 

E1 Haddad et al. [8] introduced fictitious or intrinsic crack length, ao, (see Fig. 1) defined as; 

ao x~.F.A~x) (2) 

Although ao was considered to be a material constant, the value of  ao itself does not correspond 
to any physical dimension within the material and depends on the load ratio, R, and the crack 
geometry. Equation (3) predicts smoothly varying threshold stress in short crack regime while 
approaching A~n and AKth as the crack length becomes zero and long enough, respectively. 

l~kK th 
ACr'h - F ~  (3) 

Usami and Shida [9,10] assumed that at the fatigue threshold condition the size of the cyclic 
plastic zone, at a crack tip, is equal to a material constant. Fatigue crack growth and threshold 
values for short cracks in steels were experimentally obtained and analyzed using non-linear 
fracture mechanics procedures. The fatigue threshold conditions were expressed in terms of a 
two parameter diagram for stress amplitude and threshold stress intensity. 

Murakami et al. [11] proposed a new geometrical parameter, a , / ~ ,  which is defined as the 
square root of the area obtained by projecting a defect or a crack onto the plane perpendicular to 
the maximum tensile stress. This approach is based on both microscopic observations on 
cracking from small surface defects and on three-dimensional numerical stress analyses of  cracks 
with various shapes. Equation (4) enables one to predict oth without a fatigue test. The concept of 
the a,/~rea parameter suggests that there should be no difference in the oth due to inclusion shape 
if the values of ~/area of two inclusions are identical. 
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er,h- a.~rea 1/6 . (4) 

where: C=1.43 for surface defects and 1.56 for internal defects, 

a = 0.226 + H v x l 0  -4 , 

Hv : Vickers hardness. 

Fatigue Endurance  D iagram (FED) 

A new approach depicted in Fig. 2, which is called the fatigue endurance diagram (FED) is 
proposed for the prediction of the fatigue threshold of materials with defects. This approach is an 
extension of that from Ref. 12 and is applicable for different materials, different load ratios and 
arbitrary crack or defect geometries. The FED is determined by the following relationship: 

(5) 

where: AK and Acy are the applied values of the stress intensity and stress range, and 
m, n are adjusting parameters 
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FIG. 2 - -  Fatigue endurance diagram 

The two adjusting parameters m and n characterize the apparent behavior of different 
materials. Equation (5) represents the fatigue threshold condition curve for materials with defects. 
The FED is plotted using normalized axes of AK/AKth and Ac~/A~. The FED indicates that the 
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threshold stress is bounded by the threshold stress intensity factor if  the crack is long (when the 
applied stress is low) and by the fatigue limit if  the crack is short (when the applied stress is 
high). When the crack size is between those two extreme cases, the threshold condition is 
influenced by both parameters. This means that the fatigue strength of  materials with cracks or 
defects is determined simultaneously by two parameters, the fatigue crack growth threshold and 
the fatigue limit of  smooth specimens, are dependent on the crack length and stress level. 

The FED is similar to the two-parameter fatigue threshold expression utilizing ~w/%c and 
A K t h / A K t h , R _ q  by Usami [10], and the failure assessment diagram for monotonic tensile fractures 
utilizing c~/~ and KI/KIc [13] (C~w : stress amplitude at fatigue limit, O-y c : cyclic yield stress, 
AKth,R=-I  : fatigue threshold for R = -1, ~ : collapse stress, KI~ : fracture toughness). 

The proposed diagram is not influenced by the R-ratio or geometrical correction factor, F, in 
the stress intensity factor equation and different material strengths because all the parameters are 
normalized. Two exponents in Eq. (5), m and n, can be used to adjust the actual dependencies on 
the two material strength parameters for different materials. As a particular case, this method is 
equivalent to the E1 Haddad approach [8] and the Smith model [14] when m = n = 2 and m = n = 
0% respectively. I f  m and n are different values, the curve loses its symmetric property with 
respect to the y = x line. In general, lower values of exponents (e.g. m = n = 1.5) result in 
conservative predictions. 

To properly use this diagram, the fatigue strength of a material, i.e. AKth and ~n, have to be 
known, estimated, or obtained by fatigue testing. The applied values of A~ and AK have to be 
determined for a given geometry, R-ratio, and defect size. Once these values are determined, the 
data points can be normalized and plotted on the diagram. 

For design purposes, a curve considering safety factor can also be drawn (Fig. 3). A safety 
factor can be introduced by the constant C in Eq. (6). Equation (5) is a particular case of  Eq. (6) 
when SF = 1. 

~.~-,~ ) = C  (6) 
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FIG. 3 - -  Fatigue endurance diagram considering design safety factor 
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To add the information about crack length in the diagram, some reference lines can be drawn 
corresponding to the actual crack size relative to intrinsic crack size. For example, a line when 
the crack length is the same as the intrinsic crack length, a0, this occurs when y = x i.e. A~/Acrn = 
AK/AKth in Fig. 4. Other lines corresponding to a = 10a0 and a = ao/10, are shown in Fig. 4 Two 
coordinate axes, x = AK/AKth and y = Acy/Acrn, correspond to the extreme cases when the crack 
length becomes infinity and zero, respectively. 
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FIG. 4 - -  Lines showing crack length relative to intrinsic crack length 

Test Data on Fatigue Endurance Diagram 

Fatigue test data from literature [4,8,15-18] were used to validate the FED approach. A total 
of  eight fatigue test data sets for the materials with defects were used. The defects in test 
specimen range from microstructurally short to long cracks. Test data and adjusting parameters 
for each case when m = n are shown in Figs. 5-10. Adjusting parameters were calculated by the 
least square method. 
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Considering that the fatigue endurance diagram and the El Haddad curve are equivalent when 
the exponents m = n = 2, it can be noted that the FED gives clearer estimation whether the data 
points are safe or not. This is because the Kitagawa-Takahashi diagram is plotted in log-log axes, 
therefore, points look closer to each other though the error is not very small. 

In many cases, the predicted curves with the exponents m = n = 2 agree well with the tested 
fatigue threshold condition. Calculated m and n factors are plotted with respect to material AKth 
values. Average value of  m = n is 2.25. It can be seen from Fig. 11 that the adjusting parameters 
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are increasing with AKth. This means that short fatigue crack experiences relatively more 
resistance to propagate when AKth becomes large. It can be stated from Figs. 5-10 that the safety 
factor SF = 1.5 or 2.0 is sufficient for the fatigue strength evaluation of the material with defects. 
However, if  we consider that these tests were carried out under highly controlled conditions in 
laboratory, it can be inferred that the safety factor should be at least 2.0 or greater. 
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FIG. 11- -  Effect of AKth on adjusting parameters m, n 

Conc lus ions  

Fatigue threshold strength, A(Yth, is usually characterized by a fatigue limit, Acy~, or by a 
threshold stress intensity factor range, AKth, which are related to infinite fatigue life or non- 
propagating crack, respectively. A sampling of the literature showed that two approaches, 
namely the Murakami and the El-Haddad models are widely used to predict A~th for materials 
with defects or small cracks. Experimental data available in the literature indicate, that 
predictions by these models are found to be substantially load ratio dependent. 

In order to improve predictions, a new approach based on Fatigue Endurance Diagram (FED) 
was proposed. This new approach gives an effective tool for correlating the observed dependence 
between A~ and AK as a function of initial defect size. Fatigue data from literature were used to 
validate the FED approach. A fairly good correlation of experimental data with normalized 
Aa/Acyn and AK/AKth values was demonstrated for the published fatigue test data. Adjusting 
parameters were calculated for different test data sets. It was shown that the adjusting parameters 
are slightly increasing with AKth. 
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Construction of J-R Curves Using the Common and Concise 
Formats 

ABSTRACT: A new method for consmtcting J-R curves is presented, which directly generates the J-Aa 
relation in a closed, analytical form. This new method makes use of the Concise Format and the Common 
Format, both developed by Donoso and Landes. These formats relate load, P, to ligament length, b, and 
displacement - -  in the elastic and in the plastic deformation ranges, respectively - -  and have proved 
useful in calculations in fracture mechanics. Key to the method is the postulate of a "'crack growth law" 
--a  power-law relation between crack extension, Aa, and plastic displacement - -  used to express Jpl in 

terms of material properties, size parameters, and crack extension, giving rise to a Jpl-Aa analytical 

expression, similar to the power law J = CI(Aa)C2 suggested in ASTM Standard Test Method for 

Measurement of Fracture Toughness (E 1820). A few examples are included to show the use of the 
method, and comparisons are made with J-Aa curves calculated as per ASTM E 1820. 

KEYWORDS: J-R curves, test evaluation, ductile fracture methodology, common format, concise 
tbmaat, fracture toughness 
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Introduction 

The construction of a material J-R curve from a single specimen test is described in ASTM 
Standard Test Method for Measurement of Fracture Toughness (E 1820). The procedure involves 
measuring load and displacement during the test, and simultaneously evaluating crack extension 
by using the elastic compliance technique or other alternative techniques. 

Landes et al. [1] developed a method to construct a J-R curve, which is extremely convenient 
when the standard crack length measurement techniques become difficult to apply. When using 
this method - -  called normalization - -  one or more calibration points are needed to evaluate the 
functional form that relates all three variables. 

Working along the same line, Donoso and Landes developed the Common Format [2], and 
the Concise Format [3]. These formats relate load, P, to ligament length, b, and d isp lacement - -  
in the plastic and in the elastic deformation ranges, respectively - -  and have proved useful in 
calculations in fracture mechanics [4]. Based upon these two formats, an improved method for 
constructing J-R curves is presented here, which directly generates the Jpl-Aa relation in a closed 
form, similar to the power law J = CI(Aa)C2 suggested in E 1820. 

The method is based upon the analytical integration of P-vpl curves at constant b - -  or 

constant crack length, a - - b y  using the Common Format, therefore expressing Jpl in terms of  Vpl 
and b. Next, a "crack growth law" - -  a power-law relation between crack extension, Aa, and 
plastic d i sp lacement - -  is used to express Jpl in terms of material properties, size parameters, and 
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crack extension, giving rise to a Jpl-Aa analytical expression. Only one calibration point is 

required: that for final load, Pj; total displacement, vj; and the associated crack length, aj; at the 

end of  the test. The elastic component is obtained by means of  the Concise Format, and it is 
subtracted from the total displacement. Thus, the coefficient of the crack growth law is obtained 
from the calibration data (Vfpl; af), without the need for compliance measurements. The crack 

growth law exponent, on the other hand, is obtained as the quantity that gives the best fit when 
reconstructing the actual P-v curve, by using both the Concise and the Common Formats. These 
formats will be shown next. Although these formats have an extended use for any specimen 
geometry, all the examples shown correspond to C(T) specimens. 

The Common Format Equation, CFE 

The Common Format Equation, henceforth CFE, proposed by Donoso and Landes [2] relates 
the applied load P with two state variables representing the deformation of a cracked component: 
Vpt/W, the plastic component of the load-line displacement, normalized by the width W, and b/W, 
the normalized ligament size. The CFE also includes a term that denotes the constraint, f~*, and 
it is written as: 

P = (,) 

In Eq 1, G(b/W) is a function that depends on the geometry of the specimen, and H(vpl/W) is 
a hardening function and a material property. Both the geometry and the hardening functions are 
written as power law expressions of normalized ligament and plastic displacement: 

G(b/W) = B. C. W. (b/W) m (2) 

where B is the specimen thickness, C and m are the G function parameters, and ~* and n are 
material properties obtained from a material stress-strain curve [2]. 

The values of the constraint factor, ~*,  go from 0.2678 for plane stress to 0.3638 for plane 
strain. In between, ~*  may be evaluated by a limit load analysis from a P-vpl plot, based on the 
following equations: 

Po (4) 
PNo = C(b/W) 

~'~*= PNO (5) 

CT 0 

where ryo is the material yield stress, Po is the yield load evaluated at v j W  = 0.002, and PNo is 
the yield load normalized by the geometry function, using the initial ligament. 

Should the stress-strain data not be available to get the values of o-* and n, the specimen 
load-displacement curve may be conveniently used to couple the terms o-* and ~* in one 
parameter, D: 

D = ~* �9 (y* (6) 
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The parameters D and n may be determined by adjusting normalized load and normalized 
displacement data to a power law relation, in which the coefficient is D and the exponent is 1/n. 
Such a relation is obtained by combining Eqs 1 and 3: 

C -~'~*.H(Vpl/W):~'~*o-,(Vpl/W~nn (7) 
G ( b / W )  - 

The fit must be performed in a restricted displacement range, from the initial data point 
through a few percent of normalized plastic displacement. In the model to be described later, it is 
equally valid to introduce as inputs D and n, or f~*, o-*, and n. 

The CFE, through Eqs 1-3 or Eq 7, was originally conceived to yield a mathematical relation 
to describe the load-displacement behavior for a blunt-notch specimen, or a specimen with a 
stationary crack (constant b). However, as will be shown in this paper, it may also describe the 
load-displacement behavior of  a specimen with a growing crack, provided an adequate relation 
between Vpl and b is established. 

Modification of  the CFE by a Crack Growth Law 

Because the load in the CFE depends on both the normalized displacement and the 
normalized ligament size, the inclusion of crack growth requires a relationship between these 
two variables. This information is usually not known in advance and only gets into play after the 
crack length is measured concurrently with a test. One example is crack extension measurements 
by using the elastic compliance technique [5], or other alternative, similar techniques [6,7]. 

It is always possible to assume a crack growth behavior that matches experimental evidence. 
Several authors have either proposed [8] or hinted at [9] crack growth laws. 

Based upon these ideas, a two-parameter power law type of  crack growth that relates the 
change in crack length, Aa, with normalized plastic displacement, Vpl/W , is proposed here, i.e., 

w (8) 

Since the ligament decreases with increasing crack length, then the normalized ligament size 
becomes: 

b bo a~_bo ,(vPl)11 
W -  W W W " o ~ - )  (9) 

where bo/W is the initial normalized ligament size, and lo and/1 are the adjustable parameters of  
the crack growth law. From Eq 9 it may be clearly seen that the term b/W, for an experiment in 
which there is crack growth, depends on the parameters lo and/1, and so will the function G. If  
both of these parameters are known, then P in the CFE, Eq 7, will change due to changes in b/W 
and in Vpl/W. Most likely, however, these adjustable parameters are not known in advance. 

Evaluation of  the crack growth law parameters lo and ll of Eqs 8 or 9 requires experimental 
data. In a fracture toughness experiment, both the initial and the final crack length are obtained 
from a direct measurement on the fracture surface once the specimen is broken in two. The final 
crack length, aj; corresponds with the final total displacement in the test, vf Therefore, the 

experimental datum, (Vp//W)final ~ (Aa/W)final, is known, after subtracting the elastic portion of 
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the displacement with the knowledge of  the final crack length and the corresponding elastic 
compliance. Thus, one of the two parameters of Eq 8 becomes fixed in terms of  the other, there 
being actually only one parameter to determine. If  we choose to leave lo in terms of  lz, then: 

(AaFinal]IVpl Final] -ll 
Zo w- ) (lO) 

On introducing Eq 9 for the normalized ligament in the geometry function, Eq 2, and bearing 
in mind Eq 10, the CFE will become a function for the load P in terms only of vH/W as the 
independent variable, having thus 11 as the only adjustable parameter: 

P = D B C W ( ~ - l o I ~ ] I I ) m I ~ ]  ~" (11) 

From Eqs 10 and 11 stems the following modified CFE: 

[ ~  f ",ll~m, " .,l/n 
P = D B C W  AaFi"~ / /  .2> 

W kVpZ_Fi,,,lJ ) \ W j 

Equations 11 or 12 are alternative ways of mathematically describing the load-plastic 
displacement behavior under a crack growth situation. The value of the exponent ll of the crack 
growth law may be looked at as that which allows the best fit for both the P-v and a-v 
experimental curves. This fit may be done by using the unloading compliance data to generate 
the a- VpZas,c curve as given by Eq 8. The elastic component of  the displacement is obtained with 
the following relations: 

vet = Cez " P (13) 

and (Concise Format) 

A b 

The Concise Format parameters for C(T) are A = 7.6055; ~ = 2.283 [3], and for plane strain 
Young's modulus is E '  = E / (l-v2). 

I f  there are no unloading compliance data available - -  or other type of  crack advance 
measurement - -  then the theoretical P-vtot, Z curve may be obtained by using both formats 
concurrently: the Concise Format (elastic displacement) and the Common Format (plastic 
displacement). Then 11 will be obtained by a fit to the experimental P-v,ot,l curve. This second 
option, used throughout this work, does not require crack advance measurements, since the 
compliance is calculated with Eq 14, being thus intrinsically included in the total displacement 
value: 

v,o,a I = v~l + Vpz (15) 

This would clearly become an advantage, helping to simplify the experimental procedures, 
especially those related to the unloading compliance. Equations 12-15 not only provide with a 
representation in the P-vtot,l plane, but also pave the way to the total J, with the aid of the crack 
growth law, Eq 8. 
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As for the ll parameter, it has not yet been related to material properties, nor to the specimen 
geometry. Although it is still premature to give a safe value, our results place it between 1.75 and 
2.25, with an average of  2.0. 

Examples of P-v Fit with Crack Growth 

Figure 1 shows an example of  a fit to Pw data under a crack growth situation, in which crack 
advance was evaluated by the unloading compliance method [5]. The experimental data belong 
to an A533 steel specimen, the dimensions of  which are shown in Table 1. 

Also shown in Table 1 are the parameters of  the fit, ll and n o f  Eq 12. The model cltrve 
obtained with the two formats (C&C) is shown for comparison. The two curves are strikingly 
similar; the maximum experimentally measured load is overestimated by the C&C curve by only 
1.2 %. 

P, kN 

40 

30 

20 

10 

0 1 2 3 4 
v, mm 

FIG. 1--Experimental and format model fit (C&C) P-v dataJbr A533 [5,,1. 

TABLE I--C(T) specimen dimensions and parameters of the CFE with crack growth, 

Parameter A533 A508 A533 
~ c e  ,and Link, [ 5 ] ) _ ~ a n d e s , j  1 0 ] )  ~L~des;..[lO]),,,__,_. 

W, mm 50 50.8 203 
B, mm 25 25.4 2.54 
BN, mm 20 20.32 2.54 
ao, mm 30.3 26.19 101 6 
at;mm 34.25 33.12 130.5 

n 5.65 5.75 8~9 
11 2.0 1,75 1.75 

Data available P-v; a-v; J-Aa P-v; a-v; J-Aa P-v; a-v 
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Figure 2 shows the a-v data obtained by Joyce and Link [5], together with the C&C fit. The 
a-vpl behavior has an exponent ll = 2.0. The match between the two sets of data is amazing. In 
this case the a-v fit was produced after doing the fit to the P-v experimental data. This is an 
important point to make, since the method should be really helpful when there are no a-v data 
available from the fracture test, only initial and final crack lengths. 

The second example is an A508 1T C(T) specimen. Like Joyce and Link's specimen, it has 
side-grooves. Figure 3 shows the P-v curves, and Figure 4 shows the Aa-v behavior. The CFE 
parameters are summarized in [10]. 

The third example is that of  a A533 steel C(T) specimen. The planar dimensions are those of  
a 4T specimen with a thickness B of 2.54 mm (Figs. 5 and 6). Given the ratio of the specimen 
thickness to its planar dimensions, the situation will be close to plane stress [10]. Once again, the 
match between the experimental and the C&C data is good. 

J Formulations 

The J integral; originally proponed by Rice [11], has come a long way as a fracture 
parameter. Several interpretations and uses have been done of J; the most often employed 
relations are: 

j : r le~  IPdvez+~B (17) 

J = Jel + Jpl (18) 

K 2 
J =~7+Jpl  (19) 

J is the energy introduced into the specimen, divided by the remaining ligament area. When 
this energy is split into its elastic and plastic components, so is the parameter J into its 
components, Eq 18. The Unifying Principle [3] allows one to obtain J as one single term, Eq 16, 
by showing that both r/factors - -  elastic and plastic - -  are very similar, and in practical terms, 
equal. In what follows, the relations for J will be obtained separately, since both formats used 
here have different ways of relating the displacement components elastic and plastic - -  to the 
load. Therefore, even though the total value of J may be obtained with the Unifying Principle 
relations [3]; J for a crack growth situation will be worked out from its separate components, Jel 
and Jpl, and added up again to produce the J-Aa curve. Alternatively, the elastic J may be 

obtained as K2/E ', this being the first term of  Eq 19. Using the latter form forJel does not affect 

the approach developed for the calculation of J, since the changes in crack length are nonetheless 
"absorbed" by K through the elastic compliance. 
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a,  m m  

35 

34 
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32 

31 

30 

�9 Joyce and Link [5] ,#~ 

o C&C Formats �9 

i i i 

0 1 2 3 4 
v, mm 

FIG. 2--Experimental and format model fit (C&C) a-v data for A533 [5]. 

P, kN 

60 

50 

40 

30 

20 

lO! ...... , o C~C 
0 

0 1 2 3 4 
v, mm 

FIG. 3--Experimental and format model fit (C&C) P-v data for A508 [10]. 
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Aa, mm 

8 

7 + A508 

6 

5 

4 

3 

2 

1 

~ r i I f [ i 

0 1 2 3 4 
v, mm 

FIG. 4--Experimental and format model fit (C& C) a-v data for A 508 [10]. 

25 

20 

15 

10 

P, kN 

- ' - ~  A533 

0 C&C 

0 v l I I 

0 5 10 15 20 

v, mm 

FIG. 5--Experimental and format model fit (C&C) P-v data for A533 [10]. 
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a, m m  

4O 

A533 

30 O 

20 ~o 

10 

o . . . . . . . .  

0 5 10 15 20 

V~ m m  

FIG. 6--Experimental  and format  model f i t  (C&C) a-v data f o r  A533 [10]. 

An Analytical Model for J Plastic 

Equations 16 and 17 are based upon the evaluation of area under a load-displacement curve, 
not including crack growth during the test. If  this is the case, the CFE provides an adequate 
description of  the P-vpla~tic behavior, summarized in Eq 20: 

If  one considers a generic state (i) at any instant of a load-displacement test, then the value of  
the plastic component of  J may be expressed as: 

Vpl(i) 

0 

Substituting P of  Eq 20 into Eq 21, the integration may be carried out, considering that: qpl = 
m and b/W = b( i ) / W  - constant. As shown earlier by Ernst, Paris, and Landes, the integration 
must be carried out at constant ligament [12]. 

Upon integrating and collecting terms, one gets: 

fb  ~ml 
= ~ +  / ~---~-) (22) 
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From Eq 22 one may directly obtain CTOD, as proposed earlier by Wilson and Landes [13]. 
The power-law-type of crack growth law is now considered, Eq 8, written in terms of Aa: 

Vp,(,) _ ( 1  kao) ]~  (23) 
w </o w )  

and 

b(0 - b~ Aa0) (24) 
W W W 

Substituting Eqs 23 and 24 into Eq 22 gives Jpl(i) directly in terms of  crack advance, Aa, and 
various coefficients. The sub-index (i) may be dropped now, to yield: 

jp,:rn~,cr,CW n (bo~ ( l_Aa]  ( 1 A a  ", ',) (25) 
.+eVw] < bo) % v/) 

The Concise Format 

According to the Concise Format [3], it is possible to represent the relation between P and Vel 
in a similar way to the CFE for P-vpl, by the following expression: 

P = BC* W E' (26) 

A n Analytical Model for J Elastic 
Following a methodology similar to that employed for Jpt, the corresponding relation for J~z 

will be derived from Eq 26: 
K 2 

Jel = (27) 
E'  

Further, from the Unifying Principle [3], Jel may be expressed as: 

K 2 1 P vel (28) 
E' - 2  -~ Bb 

Substituting Eq 26 into Eq 28, keeping in mind that E '= E/(1 - v2), and collecting terms, we 
obtain: 

1 ~ E  *w('b'@U-1)(:Ve/~ 2 |  | | | 
Jel 2v[1-v~) c <w) <w) (29) 

Much like the case of  Jpl, a power-law-type of crack growth law may be considered, only 
expressed in terms of  the elastic component of the displacement: 

Aa L(ve , ' ]  LI 
~ -  = 0~.~)  (30) 

In terms of crack growth: 

" 1 ~0/L,) 
v<= ( - - A a /  ' (31) 
w k~oW) 
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Making the appropriate substitutions, one gets, finally: 

(~_)(p-1)( Aa/(P-1)( 1 Aa/~'~! = 1/1 1 * W 1 Jel l _ v 2  E C  -~O J tLo ~ )  

The structure of Eq 32 is the same as that for Jp l ,  if  one looks at the following analogies: 
~*  ~ l/(1-v2); cy* ~ E; n / ( n + l )  ~ 1/2 (for elastic behavior, n = 1) 

(32) 

Summary of Relations for J 

J,o,a, = Je, + Jp, (33) 

(_~_) (/x-l) ( Aa/(,u-1)( 1 A a / ~  =1/. ,  1 * re 1-  Jel l -  v 2 EC ~O J t~o WJ (34) 

Jp, : #TI~"~*c)* CWr162176162176162 (35) 
t,.n+lJt,.WJ ( b o ) ( l  o W ) 

If  the assumption q j  = I~p I = m = p is made [3], then: 

L 1+ 1 
J,o,.l = (36) t- J [7 tLo w; t-+W0 w; j 

This form will be termed "C&C Formats," to denote that it was obtained by using both the 
Common and the Concise Formats. However, since the important issue here is the modeling of  
the plastic component - -  as well as the sake of simplicity - -  all calculations were carried out by 
using the following, equivalent expression: 

K2 (~+ 1)(~)(m-l)( /(m-l)/ //~I1+1/ 
-- E--T+mff~*ty * C W  1 A a  1 A a  J,o,al (37) 

bo) tdo wj 

J-R Curve Results 
The two J-R curves that follow were constructed using Eq 37. They are compared with 

available J-R curves obtained by using the corresponding ASTM Standard at the time the data 
were published. In the following two figures, the values o f  Jtot,:,l obtained with Eq 37 have also 
been termed "C&C Formats." Figure 7 shows the comparison between Joyce and Link's J-R 
curve for A533 [5] and that given by Eq 37. There is a very good correspondence between the 
two curves, although the experimental set of data displays a "tale" upwards: in this case the C&C 
Formats curve underestimates the experimental one by about 7 % at the final Aa point. 

Figure 8 compares the results for the A508 specimen J-R curve with that given by the C&C 
Formats. A very good match between the two curves may be seen up to the maximum Aa value. 
Although the A508 curve has fewer experimental points than the C&C Formats model curve - -  
compared with the large quantity of  experimental points of Joyce's A533 specimen shown in 
Fig. 7 - -  the C&C Formats points agree with all of  the experimental points but two. 
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There is no experimental J-R curve available for the Landes A533 specimen. However, since 
both the C&C model P-v and Aa-v curves shown previously (Figs. 5 and 6) agree well with the 
specimen experimental curves, there is a strong feeling that this new C&C approach ought to 
produce a J-R curve which is representative of  both the material fracture toughness and the 
specimen constraint. 

J, N/ram 

600 

500 o 

400 

300 

200 k [5] 

100 I O C&C Formats 

P 
0 I i '  i ' '  I 

0 2 4 6 

Aa, turn 
FIG. 7--Experimental and format model fit (C&C) J-Aa data for A533 [5]. 

J, N/mm 
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200 O 

100 ~ O C&C Formats 

0 I r T r f , I ~ r J ~ i r I I i 

0 1 2 3 4 5 6 7 8 

Aa, mm 
FIG. 8--Experimental and format model fit (C&C) J-Aa data for A508 [10]. 
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Summary and Concluding Remarks 

A new way to get the J-R curve directly from P-v data has been presented that takes away the 
need for a full crack advance measurement concurrent with the test. In this novel method, all that 
is needed are the initial and final crack length values. Only one calibration point is required: that 
for the load, P f  the total displacement, vj; and the final crack length, af  at the end of the test. 

The method uses the Common Format and the Concise Format to analyze the data. The 
Appendix at the end of the paper describes, in a step-by-step manner, the methodology used to 
obtain the J-Aa curve according to this new proposal. 

The method rests upon the introduction of  a "crack growth law," i.e., a relationship between 
crack advance, Aa, and the plastic component of the displacement, vpt. The first step of  the 
method is to reproduce the actual P-v curve with crack growth. To this effect, the Common 
Format, the crack growth law, and the Concise Format give rise to the so-called "C&C" P-v 
curve. This analytical expression has only one variable parameter: 11, the exponent of  the crack 
growth law, which varies between 1.75 and 2.25. The chosen, final value o f l l  is that which gives 
the best C&C P-v fit to the actual P-v data. 

The "C&C" P-v curve is the analytical description of the load versus total displacement 
behavior when there is crack growth in a fracture toughness test. It is important to stress the 
relevant issue behind the C&C analysis: from now on, there is a way to model the instability 
behavior of  the specimen, i.e., the fact that, when there is crack advance, the load rises to a 
maximum, then falls because the specimen ligament has decreased. The Common Format allows 
one to obtain the P-vpt expression, whereas the elastic component of  the displacement, vet, and its 
dependence on the load P, is obtained with the use of the Concise Format. The total 
displacement, v, will be then the sum of both components, Vet and v H. 

The expression for Jpl is obtained by the analytical integration of P-vpi curves at constant 

ligament size, b, by using the Common Format. The crack growth law is then inserted into the 
said relationship for Jpt, giving rise to a straightforward analytical expression for Jpt in terms of  
crack advance, Aa, and various material, geometry, and constraint parameters. The elastic 
component of  J, Jet, is obtained by means of the Concise Format; thus the total J is obtained as 
the sum of the elastic and plastic contributions, and has been termed here "C&C Formats." 

The examples presented in this paper show that the method works quite well in reproducing 
the P-v, a-v, and J-Aa curves, and may be compared with existing methods as to reproducibility, 
accuracy, and speed of calculation. This new methodology should be of  great help in evaluating 
the J-R curve under circumstances in which the only inputs are the P-v curve plus the initial and 
final values of  crack length. This could very well be the case when either the concurrent 
measurement of  crack advance is technically unfeasible, or when it becomes prohibited by cost. 
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Appendix: Procedure for the Construction of  the P-v Curve with Crack Growth and the J. 
R Curve Based on the C&C Formats 

Input: Pf, vf ,  af 

/ 

Calculate Vel,f with Concise [ .  [ 
Format: need Pf and af 

i 

Calculate Vpl,f as v f -  Vel,f I 
I 

Calculate 

Aaf = af- a o 

Crack growth law: determine 1 o in 

terms ofvpl,f , Aaf and 11 

Create list of tentative 
Vpl 

Compute values of P from Vpl/W using crack growth 
CFE, and parameter 1.5 < 11 < 2.5 

P = DBCW % fv<"]m[] I" w o wjj 

@ 

Vel,f = Cf Pf I 

Aa (vpl '~ 11 

i w='otsJ 

~ n is obtained from PN- 
v N without crack 

growth 

I m is 2.236 for C(T) and I 
I 2.0 for SE(B) I 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



DONOSO ET AL ON CONSTRUCTION OF J-R CURVES 339 
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between experimental curve and model P-v curve 
with crack growth 20 

Crack growth law may now be written in 
the form a = a (Vpl) 

~ 

The elastic displacement = f(a) is computed from the 
Concise Format or elastic compliance a5 a, r~n 

Crack growth may be stated as a = a (v t) and behavior 

compared to unloading compliance (or other) 
measurements 

Jpl may be calculated with formula as a function o f  

Aa. On the other hand, Jel may be calculated as 
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Temperature Dependent Fracture Toughness of a Single 
Crystal Nickel Superalloy 

ABSTRACT: An important application of nickel base superalloys is in the industrial gas turbine (IGT) 
industry, where the high temperature capabilities of these alloys are exploited. Extensive testing has 
focused on the tensile and fatigue properties of single crystal versions of these alloys. The single crystals 
are utilized in the hottest parts of the turbine, where a detailed knowledge of material behavior is critical 
to design and life assessment. However, studies on the effects of temperature on fracture toughness have 
largely been absent in both past and present literature. Therefore, the goal of this research is to 
characterize the fracture toughness properties of a second-generation single crystal nickel superalloy at 
elevated temperatures. The experimental methods follow ASTM guidelines, as does the analysis for the 
elastic (K) and plastic (J integral) deformation. The toughness values were invalid for plain strain fracture 
toughness, but this should be expected from a structural material. In spite of this fact, both the K- and J- 
based analyses reveal consistent trends. Increased plasticity at elevated temperatures results in an overall 
increase in toughness as temperature increases. Unusual cases with inclined pre-cracks and 
microstructural defects did not technically yield valid results, although they were consistent with the 
nominal cases. Overall, tile results indicate that the toughness of single crystal nickel alloys is actually 
quite high. Thus, the lack of work in this subject is understandable. However, it would seem that any 
design and lifing work would benefit from an understanding of such a fundamental property. 

KEYWORDS: plasticity, elevated temperature, angled pre-crack 

When examining current literature for studies on fracture toughness of  single crystal 
superalloys, one theme is prevalent: the lack o f  any extensive research on the subject. Noted by 
Walston [1] in 1991 and again by Yue [2] in 1997, there seems to be little attention paid to either 
experimental toughness studies or predicting such failures. The cause of  this trend is tied directly 
to the applications o f  single crystal superalloys. Viswanathan [3] points out that turbine blades 
are primarily subject to high cycle fatigue, thus the dominant concern for stress intensity is the 
threshold value for crack growth in cyclic loading. The rapid fractures associated with toughness 
failures are less o f  a concern, due to the loading conditions and the relatively high values o f  
toughness for nickel base superalloys [4] (at least those that have been reported). 

A study by Anton [5] examined Charpy impact results in a single crystal alloy at 
temperatures up to 1090~ (1994~ The increase o f  fracture energy with increased temperature 
corresponded to the ductile rupture that occurs under these conditions. Conversely, the fracture 
loads decrease as temperature increases. The "zig-zag" lines observed in some tensile failures 
were also evident in this study as slip occurred on multiple (111) planes. 

An effort by Yue to model fracture behavior based on strain energy density [2] represents 
one of  the few efforts at modeling based on the results o f  toughness tests. This study recorded the 
maximum loads and crack mouth displacements for a series of  toughness tests on the single 
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crystal alloy DD3. Comparing the displacements and normal stresses obtained experimentally 
and via 3-D finite element analysis, the results indicated good agreement for both values. While 
one of the few efforts of  its kind, its use of the strain energy density provided accurate results 
and perhaps an impetus for future research. 

Calculations of actual Kic and J~c toughness values for a nickel base superalloy tend to be 
primarily related to environmental concerns, including hydrogen embrittlement and neutron 
irradiation. Walston [1] and Moody [6] both noted a significant drop in toughness results upon 
exposure to hydrogen for conventional nickel base superalloys and single crystals. Specimens 
exposed to varying levels of hydrogen could expect drops in toughness of  up to 50 % from the 
unexposed values of 90-123 MPa~/m (82-112 ksi~/in). While the results of such studies typically 
report Kq values (the brittle nature of  superalloys rarely allowing valid Kic results), the use of 
short rod toughness tests indicates that these results are close to the true toughnesses [7]. The 
importance of hydrogen embrittlement is of concern to the aerospace industry, specifically in 
hydrogen fueled engines such as the Space Shuttle Main Engine. Another environmental concern 
for nickel base superalloys is neutron irradiation, which occurs in nuclear applications. It has 
been documented that exposure to radiation can greatly enhance the sensitivity of  superalloys to 
flaws [4]. Reported critical values of J (Jc) range from 368-854 kPa'm (2100-4800 psi.in.) at 
room temperature, with conflicting results on the effects of temperature. However, in all cases, 
radiation exposure decreased toughness. 

In both of  the above cases of  environmental degradation (at least in the conventional alloys), 
the decreased toughness seemed to be tied to changes in the mode of  slip. The unexposed 
specimens exhibited homogeneous slip, marked by microcoalescence of  voids. However, after 
exposure (to either hydrogen or radiation), the slip became heterogeneous in nature with channel 
fracture and slip band failure evident. 

Another facet of the limited current literature is tied to tlae study of single crystal 
intermetallics, including nickel-base [8] and titanium-base [9]. While these alloys are of  great 
interest to the aerospace industry, where their low densities are valuable to the thrust to weight 
ratio, it is their limited toughness that has restricted their use in such applications. Thus, there has 
been considerably more effort made to examine the properties of these alloys than those of  the 
superalloys. 

Material 

The alloy chosen for this research was Rene N5, a second-generation single crystal 
superalloy. This single crystal alloys has increased percentages of rhenium (3 % and 6 %, 
respectively), which increases both the stability and overall volume fraction of  the gamma prime. 

Two slabs of  material were cast in dimensions 254 x 197 • 32 mm (10 x 7.75 x 1.25 in.), 
such that the [001] crystallographic orientation was controlled along the length of the slab and 
the [ 100] orientation along the width. 

A standard heat treatment was applied to each slab, consisting of  three steps: 

1) A solution heat treatment is performed to ensure a proper microstructure in the form of a 
fine y' precipitate. This treatment typically takes place at a temperature in excess of  
1205~ (2200~ and requires a cooling rate of at least 55~ (100~ per minute to 
ensure the fine y' size. This step dissolves the coarse 3" and the y /7 '  eutectic, both of 
which can contribute to the degradation of  mechanical properties. 
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2) A coating heat treatment follows, which is typically used to bond the coating to the base 
metal. The temperatures during this step range from 980-1120~ (1800-2050~ for a 
time of up to 8 h. The combination of heating times and temperatures can result in the 
growth ofT' particles and influence the material properties. 

3) Finally, an aging heat treatment precipitates the final 7' particles. At lower temperatures 
of  700-900~ (1300-1650~ and times of up to 32 h, this step precipitates very fine 7' 
particles. Overall, heat treatments vary slightly in terms of specific temperatures, heating 
times, and cooling rates. Generally speaking, the specific details are often proprietary 
information of the individual turbine manufacturers. 

Experimental Methods 

The testing for fracture toughness was conducted according to ASTM E 1820-01 [10]. The 
specimen geometry chosen for this batch of  testing was compact tension, with a thickness of  12.7 
mm (0.5 in.). With W = 50.8 mm (2 in.), the rest of the dimensions meet the requirements stated 
in the appendix of  ASTM E 1820. The testing conditions chosen for the toughness tests included 
duplicate tests at 22~ 650~ 760~ and 870~ (72~ 1200~ 1400~ and 1600~ in the 
[001] crystallographic orientation (where the crystallographic orientation is perpendicular to the 
plane of  the crack). 

The CT specimens were first polished in order to facilitate visual measurement of cracks 
during pre-cracking. A corded drill with an attachment for affixing sandpaper was utilized, rather 
than sanding by hand. Starting with 320-grit sandpaper and progressing to 400, 600, and 800, 
both sides of the specimen were polished. Finally, a six-micron diamond paste was used to 
provide the final finish for observation under a microscope. After both sides had been polished, 
the notched region was cleaned and flushed with acetone to ensure that no debris would disrupt 
the crack front. 

After polishing, each specimen was pre-cracked on an MTS hydraulic test machine. The 
2270 kg (5000 lb) machine, controlled by an analog MTS 457 controller, was capable of 
applying the sinusoidal loads needed to initiate fatigue cracks. Each pre-crack was grown 
approximately 2.5 mm (0.1 in.) beyond the machined 23.7 mm (0.9 in.) notch. During pre- 
cracking, an optical microscope with a rotating dial gauge was used to measure crack extension 
from the notch. In addition, the use of  indirect lighting provided the necessary contrast to view 
the crack front. A typical pre-cracking procedure would take approximately 150 000 cycles (at 
10 cycles/s), with three to four load sheds during the course of testing. To ensure uniform 
loading, the specimen was flipped every 5000 to 10 000 cycles. In addition, the optical scope 
could only be placed in one location during testing, and only one crack front could be measured 
at a time. This restriction further necessitated the flipping procedure. 

A specimen with a sufficient pre-crack then had to be machined further, creating a side- 
groove that reduced the thickness by 20 % (down to 10.2 mm or 0.4). Once the side-grooves had 
been machined, the pre-cracks were no longer visible, and subsequent cracks measurements were 
made based on visual inspection of  the fracture surfaces after testing. 

In the toughness tests, an LVDT (linear variable differential transformer) was used to 
measure load line displacement. As the notch opens along the load line, the clip gauge depicted 
in Fig. 1 also opens. With the upper clip attached to a rod that travels inside the cylindrical tube 
attached to the lower clip, this rod extends down to the LVDT below. The spring loaded 
mechanism shown in Fig. 2 keeps the clip edges pressed against the inside surfaces of the notch 
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throughout the test, allowing for a continuous and accurate measurement of  the load line 
displacement. 

Also shown in Fig. 1 is the attachment of  the thermocouples for the high temperature testing. 
The leads were attached using a Unitek 250 spot welder. Both thermocouples could be read via 
an Omega temperature monitor. 

FIG. 1--Clip gauge for CT specimens. 

FIG. 2--View of  L VDT in toughness set up. 

Since both the top and bottom pull rods must be fixed while heating the CT specimen, the 
load must be adjusted continuously during the heating process. As the metals expand, the 
crosshead must be moved down to maintain a constant load on the specimen, which for most of 
these tests was around 45 kg (100 lb). 
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An Applied Testing Systems Furnace and Omega temperature controller were used for the 
testing at elevated temperatures. Even at a stable, uniform temperature, there is still a small 
thermal gradient from the top to the bottom thermocouple. This difference was kept to • 5-10~ 
(9-18~ which was the best that could be maintained reasonably. As the heat flowed from the 
bottom to top, attempting to escape via an effect similar to a chimney, this thermal gradient is 
created. Efficient and tight packing of  the insulation over all parts of the furnace is therefore 
especially important to minimize such effects. 

The pull rods, joints, clevises, and pins were all made of  Inconel | 713C (or a comparable 
alloy), and lubrication was again required at elevated temperatures. Special care was required 
when packing the bottom part of the furnace not to bump the load line attachment out of  
alignment, or out of  the crack notch altogether. 

Once a uniform temperature was attained and held, and the LVDT was in place and tuned to 
zero displacement, the testing procedure could begin. As stated earlier, a target preload of 45 kg 
(100 lb) was used for each specimen. This preload would not be reflected in the resulting data 
files, so it must be recorded by hand and adjusted later. Using the MTI software, the 
displacement rate is set to 0.042 mm/s (0.0017 in./s) for all tests, with the results file set to record 
both load and the output from the LVDT. Since the tests were conducted in displacement control, 
the crack never fully propagated through the remaining ligament during the course of these tests. 
Generally, a small portion of the ligament remained which could be cyclically loaded to failure 
after cooling to measure the final crack length. In general, it was deemed sufficient to identify 
the point where the original pre-crack had reached some critical load at which the unstable crack 
growth occurred [8]. The calculations for determining a toughness value required this maximum 
load, the length of pre-crack (as measured along the fracture surface) and interpreting the load 
versus displacement chart for the purposes of including plasticity effects. Also, several tests 
produced results where an out of  plane pre-crack was observed, necessitating further 
investigation into a stress intensity solution. The calculations for all of these cases will be 
discussed and examined in more detail in the results section. 

Results and Discussion 

The analysis of the toughness data will first follow an elastic interpretation of the test results. 
Next, the plastic deformation will be included in the analysis via the J integral. Finally, several 
unusual cases that did not adhere to ASTM standards for valid results will be analyzed and 
discussed. 

The primary result for each toughness test is the curve of load (P) versus load line 
displacement (v). Each of  these values is recorded directly during testing, with P coming from 
the load cell and v coming from the LVDT monitoring load line displacement. The recorded load 
(Pro) must be increased by whatever preload (P0 was applied prior to testing. Also, the initial 
reading of v (vo) shall be treated as the zero reference for subsequent measured values (Vim), due 
to the difficulty in tuning the LVDT to exactly zero. This allows one to obtain the actual load 
line displacement, Via. 

Pa =Pm + Pl (1) 

r i o  = v i , .  - v o (2) 
In addition to the two measured values, the pre-crack length (ao) must be measured for 

calculating the stress intensity factors. After the specimen has fractured and the two sides are 
separated, visual inspection and measurement with calipers is necessary to find ao. Following 
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ASTM E 1820, nine measurements are taken of the crack length across the width of  the 
specimen, and an average value is taken. The pre-crack region, with a smooth fracture surface 
due to the cyclic loading, stands in contrast to the rough surface created by the unstable crack 
growth during the toughness tests. Figure 3 demonstrates this contrast in an elevated temperature 
specimen. The oxidation at high temperatures on the smooth pre-crack (right) and fracture 
surfaces (center region) also makes final length of  unstable crack growth easy to identify. When 
the unstable crack growth fractures the specimen, the remaining ligament (left) is not fractured 
until after the specimen has cooled, leaving its fracture surface free of  oxidation. This 
phenomenon is also visible in Fig. 3. 

FIG. 3--Distinctive fracture surfaces in toughness specimen. 

Elastic Analysis 

Thus, all the necessary results (Pa, Via and ao) have been obtained for each test. The procedure 
for determining toughness values will follow ASTM E 1820. It is first necessary to use a secant 
offset to determine a Kq for the test. If  the Pq value (either where the two lines intersect, or the 
value of  the maximum load before that point) is at least 90 % Of Pmax, then a Kq can be calculated 
using the value of ao. The formula for Kq is simply the stress intensity for a CT specimen at Pq 
and ao: 

I/ao  ). (3) 

where B is the thickness, Bn is the thickness after side-grooving, W is 50.8 mm (2 in.), and 
f(ao/W) is defined as: 
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Once Kq is calculated, it is necessary to determine if  this will be a valid Km test, or if  further 
manipulation will be necessary. If  the specimen dimensions ao, W-ao, and B are more than the 
following quantity (dimmax), then the test results are valid for a K~c test. 

dimmax = 2.5 .(Kq] 2 (5) 
t.% J 

where Cyy is the 0.2 % yield strength. 
For structural materials, this is generally not the case in a specimen with small dimensions. In 

fact, for a typical test performed here, the necessary dimensions would have needed to exceed 45 
mm (1.8 in.). Both ao and W- ao are approximately 25.4 mm (1 in.), and B is 12.7 mm (0.5 in.). 
Therefore, it is generally not feasible to expect valid Klc results from materials such as those 
being studied here (and such was definitely the case with this testing). 

However, if  one chooses the critical load as the load at which unstable crack growth begins 
(Pc), then a critical toughness can be defined (K~). While not the same as Kic, the value does 
provide a measure of the toughness of the material that is quite accurate relative to the actual 
toughness [7]. Since the Pc is generally the maximum load during testing (after which a jump is 
typically seen in displacement as the crack grows), it is easy to identify on the load history plots. 

Thus, K~ follows the same formula as Kq, which was the definition of stress intensity in an 
elastic material: 

Pc 
K<= - f ~  B . ~ W ) I I  2, (6) 

The f(ao/W) function here is same as in Eq 4 and uses the same pre-crack length that is measured 
visually. Both toughness measurements assume that the critical crack length is the initial length 
of the pre-crack, ao. Figure 4 shows the trends of  K~ with temperature obtained from the tests. 
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FIG. 4~Kc results as a function of temperature. 

Effects of Plasticity 

To this point, the deformation in the material has been assumed to be elastic. However, the 
load histories generally indicate that the behavior is not necessarily linear. In order to account for 
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the effects of  plasticity, it is necessary to utilize the J integral as defined by ASTM E 1820. The 
total J consists of both elastic and plastic components. 

J = Je, + Jp, (7) 

j, ,  = Kc2 1 - v 2 (8) 
E 

J pl q" Apl 
= B '  b o (9) 

In the preceding equations, v is the Poisson ratio, E is elastic modulus, ~1 is a constant defined 
by ASTM (2 + 0.522*bo/W), Apl is the area under the plastic portion of  the P-v, and bo is the 
uncracked ligament (W-ao). 

Once a value for Jpl has been determined, it can be combined with J~l to give a total J. Figure 
5 shows how elastic, plastic and total J integral trends evolve with temperature. 

FIG. 5--Results f rom J integral calculations. 

Finally, a toughness value based on these J integral estimates is defined as Kjc. 
( J . E  ) 1/2 

~:J~ = (1--5-@ (lo) 

The Kj~ results are thus intended to more fully encompass both the elastic and plastic 
deformation seen during testing. The trends in Kj~ (in Fig. 6) do not exactly follow the trend 
already seen by the elastic fracture evaluation, but their appearance can be understood by 
examining the trends in the J integral calculations in Fig. 5. These trends include the dip in 
toughness at 760~ (1400~ observed in the elastic calculations, followed by an apparent 
increase at 870~ (1600~ However, once the effects of  plasticity are factored into the 
discussion, it seems the total toughness remains stable, even showing an overall, steady increase. 
This seems to be in agreement with the results obtained by Anton [5], who noted the increased 
likelihood of  ductile rupture (and therefore enhanced plasticity) at elevated temperatures. The 
increase in the plastic component of  J at elevated temperatures matches what one would expect 
with increased ductility. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



348 FATIGUE AND FRACTURE MECHANICS 

150 

140 

g-- 130 

120 

110 

~" loo 

9O 

8O 

200 400 600 800 1000 

Temperature (~ 

FIG. 6--Results of Kjc calculations. 

As a final note on the Kjc results, there appears to be more scatter in the Kjc trends than in the 
J trends. This is due to the variation in modulus between the temperatures. Since the K-J 
calculations involve a square of the modulus, calculations at different temperatures will be 
affected differently. This scatter is evident first in the J results, and then appears to be greatly 
increased in the Kjc results as a result of  the modulus differences. 

Angled Pre-Cracks 

In the course of  the toughness testing, it was discovered that several pre-cracks had grown at 
angles in excess of  45 ~ During the pre-cracking, many of  the cracks appeared to grow at extreme 
angles. However, this was primarily due to plane stress effects on the surface [8,3], and after 
side-grooving, the remaining crack would be straight. Indeed, once the specimens were tested, 
the majority of pre-cracks turned out to be straight. However, in several specimens, as mentioned 
above, this was not the case. For such instances, an alternate solution was developed to try to 
overcome this obstacle. 

Using the solution for an inclined crack in Anderson [11], and in conjunction with work by 
Chan [12], it is possible to determine the effective stress intensity. 

KI'= KI O, COS(~) (1 1) 
K~,'= K~, ~ cos(fl), sin(fl) (12) 

These are the equations provided by Anderson for the stress intensities in Modes I and [I for 
an inclined crack. In each equation, K ~ is the stress intensity for a specimen with a straight crack, 
13 is the angle of  inclination in the specimen, and K'  is the resulting equivalent stress intensity. 
Chan proposes an effective stress intensity (K,ff) that combines Mode I and Mode II solutions 
(along with several constants) obtained via Boundary-Integral-Equation (BIE) techniques. Chan 
also uses a Mode III term, but only Modes I and II were applicable here. Chan computed the 
constants (Cl and C2) for similar single crystal CT specimens, and the averaged values were used 
for the results presented here. 

Keff= KI2+ .KtI 2 (13) 
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The results of  these calculations for the specimens with angled pre-cracks are presented in 
Fig. 7, along with the previous results for K~. For each test, the values for both 50 ~ and 55 ~ 
angles of inclination are presented. Since these results are outside of  ASTM standards, they are 
simply an attempt to provide approximate solutions. Thus, the range of K values presented 
indicates approximate results for a crack that falls between these two angles. 
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FIG. 7--Approximate, K~ff(inclined), and actual, Kc(straigh O, solutions. 

From Fig. 7, it is evident that the range of  calculated, inclined results at least approximately 
follows the pattern of the straight results. Indeed, at 760~ (1400~ the valid result fits inside 
the range of the inclined results. Thus, while the inclined K solutions are not ASTM standard, 
they do follow the same trends seen in the valid results. 

Microstructural Anomalies 

Another interesting result from the toughness testing was the unusual behavior of several 
specimens during unstable crack growth. The straight pre-crack reached a critical load, at which 
point the specimen began to rupture perpendicular to the loading, axis. However, it then appears 
that the crack stopped and actually went out of the side-groove to eventually break nearly 
parallel to the loading axis. 

Initially, it may appear as though the fracture could have been related to placement of the 
thermocouples on the surface. In fact, the fracture runs right along where the leads were welded 
to the specimen. However, further examination indicates a different cause. Figure 8 shows a 
microstructural defect, perhaps a low angle grain boundary, within the fractured material. 

It is also evident in Fig. 8 that there was some initial fracture in the horizontal direction 
before the defect was encountered. The load history of these specimens reflects their unusual 
fracture behavior, with multiple gaps indicating unstable growth. 

The jump in load line displacement after the critical load is reached corresponds to the initial 
fracture. The subsequent loads represent the reloading prior to vertical failure. Since the initial 
toughness value was for a valid pre-crack and fracture occurred perpendicular to the loading~ this 
value could be used. This anomaly was observed several other times, but for each instance where 
a valid pre-crack was present, an initial toughness value could be obtained (calculated from the 
maximum load prior to initial fracture). A second toughness value could be obtained from the 
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point where the final failure began. In the above specimen such a value would be invalid since 
fracture occurs vertically. 

A similar defect was observed, both physically and in the load history, in another specimen. 
However, in this case, the secondary fracture continued along the horizontal plane, and a second 
toughness value could be extracted. Using the P-v curve for this specimen, this second rupture 
point produces a K~ of 91.7 MPa~/m (83.7 ksi~/in.). This value is consistent with the valid results 
(86.7-94.2 MPa~/m) at this testing condition. Thus, while such a result is not necessarily valid 
by ASTM standards, it is interesting to note. Also, it indicates the sensitivity of the single crystal 
casting process to defects and how these defects can affect mechanical properties. See Table 1 
for a summary of  toughness results. 

FIG. 8--Straight-on view of the defect in toughness specimen 1-2. 

TABLE 1--Summary of toughness results. 

Specimen Temperature I~ Ja Jpl Jtot Kjr 
(~ (MPa m 1/2) (kPa m) (kPa m) (kPa m) (MPa m m) 

1-1 21 103.2 93.8 17.9 111.8 115 
1-1a 21 100.2 88.3 23.1 111.4 114.8 
1-4 650 100.2 94.4 25.9 120.3 116.8 
1-4a 650 110 111.6 52.2 163.8 136.2 

1-3-high 760 97.4 . . . . . . . . . . . .  
1-3-low 760 87.6 . . . . . . . . . . . .  

1-3a-high 760 95.6 . . . . . . . . . . . .  
1-3a-low 760 85.9 . . . . . . . . . . . .  

1-6 760 88.7 86.5 66.1 152.6 120.5 
1-2 870 94.2 94.2 51.9 146.1 117.1 
1-2a 870 86.7 87.8 77.4 165.2 124.6 

1-2a (#2) 870 91.7 . . . . . . . . . . . .  
Notes: (a) 1-3 and 1-3a have inclined cracks and the reported values are for angles between 50 (high) and 55 degrees 
(low). (b) 1-2a(#2) is the secondary fracture point for this specimen. 
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Conclusions 

The results of  the fracture toughness testing provided a measure of  critical stress intensities 
prior to unstable crack growth. Initially, only an elastic analysis was performed. This analysis 
revealed steady (if slightly increasing) toughness up to 650~ (1200~ with a drop occurring at 
the peak test temperature of  760~ (1400~ However, when the effects of plastic deformation 
were accounted for, all the toughness values showed a small (but steady) increase with 
temperature. While previous research on toughness is limited, the results here are supported by 
previous conclusions. The increased likelihood of ductile rupture at higher temperatures is 
evident when examining the plastic component of  the J integral. While the elastic properties do 
show a decrease at elevated temperatures, it is the increase in the plastic J integral at higher 
temperatures that results in an overall increase in toughness. Recalling that the presence o f f  can 
enhance ductility of  an alloy, this trend should not be unexpected. 

The difficulties presented by testing single crystals are also evident during the toughness 
tests. Inclined cracks and microstructural defects are unfortunate (for the researcher attempting to 
obtain valid results) but necessary side effects of  testing with such an advanced material. While 
inclined, crystallographic cracks are inherent to all single crystals at room temperature; the 
appearance of a defect during testing highlights the difficulties in manufacturing these alloys. 
Controlling these conditions is not always possible, so developing altemate solutions can be 
greatly beneficial. For this research, results were obtained after encountering both of these 
unique conditions. Those specimens with inclined pre-cracks and a specimen with a defect that 
impeded fracture were both analyzed using elastic techniques. When compared with the valid 
results, these initially invalid tests provided useful data that matched the trends seen in the rest of 
the data. 

The primary reason for the lack of data on the toughness of  these alloys, as stated earlier, is 
that rapid fracture is generally not a concern. With elastic toughness values in the range of 87- 
110 MPa~/m (79-100 ksi~/in) and overall results (including the effects of  plasticity) of  115-136 
MPa{m (105-124 ksi{in), this alloy certainly is resistant to rapid, unstable crack growth. Such 
values are comparable to those of  advanced aluminum and titanium aircraft alloys [9] of  similar 
dimensions. Also, for the loading conditions in which these alloys are utilized, it is not the high 
end of  the stress intensity regime that is of  great concern. The growth of smaller, non-critical 
cracks over time (due to both fatigue and creep) is the likely route to failure. While it is therefore 
important to concentrate on crack growth, it would seem imprudent to simply ignore the 
fundamental fracture properties obtained via toughness tests. 

Recommendations 

In terms of toughness testing, it has already been noted that critical toughness values are not 
utilized to a great extent. However, should modeling demands dictate that toughness values 
become more of  a significant factor, the effects of  plane strain and plane stress should certainly 
be discussed. As the thickness of test specimens vary, so too does the toughness (as a result of 
changing boundary conditions). I f  deemed important to life assessments, the critical toughness 
results should then be related to those conditions and geometries where they are actually used. 
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Structural Reliability Analysis of Railroad Tank Cars 
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ABSTRACT: Reliability analysis of tank car structures undergoing fatigue crack growth and general 
corrosion (tank wall thinning) is illustrated to support informed decision-making and planning for 
reliability-centered maintenance. Two specific mechanisms that contribute to tank car deterioration are 
considered: (1) corrosion with negligible fatigue crack growth; and (2) corrosion-accelerated fatigue 
crack growth. Reliability analysis of corrosion-accelerated fatigue crack growth is performed with a time- 
dependent tank wall thickness reduction and a fatigue crack growth model that incorporates a three- 
degrees-of-freedom surface crack obeying Walker crack growth law under tank car spectrum loading. 
System reliability problems involving multiple corrosion sites are considered to illustrate important 
features of failure probability for a series system in relation to failure probability of individual corrosion 
sites. 

KEYWORDS: structural reliability, failure probability, series system, system reliability, general 
corrosion, fatigue crack growth, railroad tank car, surface crack 

Introduct ion 

Safe transport o f  hazardous materials is o f  vital importance to tank car builders, users, federal 
regulatory agencies, and the general public. Reliability-centered maintenance can be used to 
provide an acceptable level o f  integrity for tank car systems in guarding against lading (tank car 
cargo) loss due to equipment failures. Adequate and cost-efficient maintenance decisions depend 
on the ability to (a) understand a tank car 's  characteristics and its response under various service 
conditions and (b) predict tank car's performance and resistance deterioration as a function o f  
usage. 

The usefulness o f  the reliability methods in quantifying the effects o f  uncertainty in structural 
analysis has long been realized. Examples of  development and applications involving fatigue 
and/or corrosion can be found in the literature [1-13], where the focus has been on aircraft and 
aerospace structures. In recent years, reliability analysis methodologies have also been developed 
and applied to deteriorating railroad tank car structures due to fatigue crack growth [ 14,15]. 

To support informed decision-making and planning for a reliability-centered maintenance 
process through quantitative risk analysis and prediction, the objective of  this work is to illustrate 
how to perform reliability analysis o f  tank car structures subjected to fatigue and corrosion, two 
of  the commonly-encountered deterioration mechanisms for the railroad tank car structures. The 
form of  tank car corrosion damage is manifold. In this study, general corrosion (tank wall 
thinning) is considered. Three conditions are distinguished: (i) fatigue crack growth with 
negligible corrosion, (ii) corrosion with negligible fatigue crack growth, and (iii) corrosion- 
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accelerated fatigue crack growth. Since (i) has been studied previously [15], the focus in this 
work is on (ii) and (iii). Here, the effect of  corrosion on fatigue crack growth is modeled as a 
reduction in tank wall thickness. This Corresponds to a scenario in which fatigue crack growth 
occurs on one (outer or inner) surface of  the tank, while corrosion damage occurs on the opposite 
surface of  the tank, i.e., no coupling in the mechanisms between crack growth and corrosion. 

For corrosion reliability analysis, a simple, phenomenon-based, tank car general corrosion 
model is proposed. Using the methodology developed and demonstrated recently by the authors 
[15], reliability analysis of corrosion-accelerated fatigue crack growth is performed with a time- 
dependent tank wall thickness reduction due to corrosion and a fatigue crack growth model that 
incorporates a three-degrees-of-freedom (3-dof) surface crack obeying Walker crack growth law 
under tank car spectrum loading. 

System reliability problems involving multiple corrosion sites are considered to illustrate 
important features of failure probability for a series system in relation to failure probability of  
individual corrosion sites. 

Reliability Analysis of Tank Car General Corrosion 

A phenomenon-based general corrosion model is proposed and used for reliability analysis of  
corrosion without fatigue crack growth. Five cases with different corrosion rate/corrosion 
initiation time are considered individually to illustrate the effects of major parameters. 

A Phenomenon-Based General Corrosion Model 

As is well documented in the literature [16], corrosion behavior is sensitive to both material 
characteristics and environmental variables. Different corrosion behaviors occur for different 
combinations of  material/environment systems, as dictated by thermodynamic conditions and 
kinetic laws for specific operating situations. Without attempting to analyze a specific corrosion 
mechanism, the current work for corrosion reliability analysis is based on a phenomenon that is 
common to tank car general corrosion process. This common phenomenon is the material loss 
(tank wall thinning) as a function of time. 

Figure 1 shows a schematic of  tank wall cross-section, where Bo is the original tank wall 
thickness; the area designated "corroded" is the material loss (tank wall thinning) at time t; B(t) 
is remaining thickness at a corrosion site at time t; Bc is a critical tank wall thickness below 
which leakage or rupture may occur. The length unit used in this work is in inches. The time is in 
years. 

FIG. 1--A schematic of tank wall cross-section with corrosion damage. 
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Tank thickness at time t is equal to initial thickness minus thickness loss, i.e.: 

B( t )  = B o - C r ( t - t l )  a f o r  t > t i (la) 

B(t )  = B o f o r  t < t i (lb) 

where Cr is a corrosion rate in inch/year; h is corrosion initiation time, representing the effect of  
tank car with a lining or a coating for corrosion protection; and d is an empirical parameter to 
account for potential nonlinear behavior in time ( d = l  is assumed in this work). Equation 1 is the 
proposed phenomenon-based general corrosion model for tank cars. Although it is phenomenon- 
based, specific corrosion mechanisms and the corresponding material and electrochemical 
variables can readily enter into the model through kinetic laws dictating the corrosion rate and 
the corrosion initiation time. Thus, the phenomenon-based model retains generality to 
accommodate specific corrosion mechanisms and the corresponding parameters. 

P e r f o r m a n c e  Func t ion  a n d  B a s i c  R a n d o m  Var iables  f o r  Corros ion  

Since leakage or rupture will occur when the tank thickness, B(t),  reduces to the critical 
thickness, Be, the t'ailure criterion is simply 

B( t )  < B c (2) 

Using Eqs 1 and 2, a performance function for reliability against corrosion, gco, can be expressed 
a s :  

g,.o = B( t )  - B c = [B 0 - C r (t - t i )]- B e (3) 

The probability of failure due to corrosion, Pj; is therefore, 

5 = P(gco <- O) = P ~ B  o - C,. (t - t, ) ] -  B c _< 0} (4) 

In a general situation, Bo, Be, Cr, and ti are all random variables; Bo varies within tolerances 
of  the rolling process that produced the steel plate; B,. will change due to variations in the tank 
radius, loading density, tank pressure, material properties, as well as uncertainties involved in the 
measurement; the corrosion rate, Cr, is influenced by variability in numerous factors related to 
materials and operating conditions. Bo also has variability due t o  tank car manufacturing 
operations, such as rolling and grinding. In addition, if the initial condition is not "as- 
manufactured," then variability will occur due to prior history, such as a case where Bo 
represents a measured thickness after a certain period of service, instead of  starting from a 
pristine condition. 

Five different combinations of (Crj, t/j) with j = 1 ~ 5  are considered for a given tank wall 
thickness, Bo, and a critical thickness, Be. Table 1 lists the assumed probability density 
distributions for Bo, Bc, Cr, and ti. 

In Table 1, N(~t, or) stands for normal distribution with a mean value of  ~t and a standard 
deviation o f  or; also, LN(~t, or) stands for lognormal distribution with a mean value of  ~t and a 
standard deviation of (~. The tank thickness of  0.4375 in. is representative of non-pressure tank 
cars. It is noted that the values listed in Table 1 are for illustration purposes and do not represent 
any specific tank car design or usage data. 
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TABLE !~_Pr.obabi!is[i9 distrjbutjs the 
Name Symbol 

Initial tank thickness Bo 
Critical tank thickness Bc 
Corrosion rate at site 1 Cfl 
Corrosion rate at site 2 Cr2 
Corrosion rate at site 3 C,3 
Corrosion rate at site 4 Cr4 
Corrosion rate at site 5 C~5 
Corrosion initiation time at site 1 tit 
Corrosion initiation time at site 2 ti2 
Corrosion initiation time at site 3 t~3 
Corrosion initiation time at site 4 ti4 
Corrosion initiation time at site 5 ti5 

basic random variables in corrosion. 
Probabilistic DensityFunction 

N(0.4375 in., 0.021875 in.) 
N(0.2 in., 0.01 in.) 
LN(0.010 in./year, 0.010 in./year) 
LN(0.008 in./year, 0.004 in./year) 
LN(0.010 in./year, 0.010 in./year) 
LN(0.006 in./year, 0.003 in./year) 
LN(0.012 indyear, 0.012 in./year) 
LN(5 years, 1.5 years) 
LN(3 years, 0.9 years) 
LN(7 years, 2.1 years) 
LN(1 years, 0.3 years) 
LN(7__~ears, 2.1 years) 

Results and Discussion for Corrosion Reliability Analysis 

Using commercial software for structural reliability analysis, STRUREL [17] and a second 
order reliability method (SORM) [18] to account for nonlinearities in the performance function, 
component reliability analysis is performed to determine Pf  expressed in Eq 4 for the cases listed 
in Table 1. The SORM solution is further improved and verified using an importance sampling 
technique [18]. 

Figure 2 shows the results o f  failure probability, Pj, versus service time, t, where the vertical 
axis is in log scale to discern variations for small P f  As expected, three common trends are 
observed. First, Pf increases with time. Second, for the same distribution of  the corrosion 
initiation time, ti, Pf increases with corrosion rate (compare sites 3 and 5). Third, for the same 
distribution of  Cr, Pr  increases as ti decreases (compare sites 1 and 3). It is also noted that the 
curves o f  PU versus t may cross each other at a certain time in service when a higher corrosion 
rate occurs at a site with a longer corrosion initiation time (compare sites 2 and 4 or 1 and 5). 

t (years) 
FIG. 2--Corrosion failure probability versus service time at five individual sites. 
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The above component reliability analysis is for individual sites. When a tank car has 
corrosion at multiple locations, the failure probability for the tank car depends upon the failure 
probabilities at individual locations and is strongly influenced by the degree of correlation 
between individual failure events. This will be illustrated in the section on system reliability. 

Reliability Analysis of Corrosion-Accelerated Fatigue Crack Growth 

The recently developed reliability analysis methodology for tank car fatigue crack growth 
[ 15] is used for reliability analysis of corrosion-accelerated fatigue crack growth by introducing a 
time-dependent tank wall thickness. The acceleration of fatigue crack growth is due to a 
thickness reduction caused by the corrosion, corresponding to a scenario in which fatigue crack 
growth occurs on one (outer or inner) surface of the tank, while corrosion damage occurs on the 
opposite surface of the tank, i.e., no coupling in mechanisms between crack growth and 
corrosion. The corrosion-accelerated fatigue crack growth model is described, followed by 
example results and discussion. 

Corrosion-Accelerated Fatigue Crack Growth Model 

Figure 3 shows a schematic for the corrosion-accelerated fatigue crack growth scenario, 
where the time-varying thickness, B(t), is expressed in Eq 1. The fatigue crack growth model for 
a three-degrees-of-freedom (3-dof) surface crack is described in Ref. [15] and is capable of 
considering an asymmetric stress field present at a fatigue critical location in tank car structures. 
The 3-dof surface crack also allows unsymmetrical geometry, i.e., er 

FIG. 3--A schematic for the corrosion-accelerated fatigue crack growth scenario. 

To introduce the thickness reduction caused by corrosion into fatigue crack growth process, it 
is necessary to relate corrosion time with the fatigue load spectrum. Tank car usage can vary 
greatly, for example, from a few thousand miles a year to about 20 000 miles a year. For 
illustration purposes, a consensus tank car usage of  14 000 miles per year is adopted in this work. 
Therefore, one year of corrosion time corresponds to a fatigue load spectrum representing 14 000 
miles of  travel distance. More information about the tank car load spectrum can be found in [15]. 

The life prediction algorithm for the 3-dof surface crack has been given in [15], and is 
extended in the following to include the time-dependent thickness. The Walker fatigue crack 
growth law [19] is adopted, which can be expressed as follows: 
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da = Cw (R)[AK]m (5a) 
dN 

C 
C w ( R ) - -  f o rR<Rco  (5b) 

( 1  - R) q 

C 
C w ( R ) - -  forR>_R~o (5c) 

(1-R~o) q 
where Rco is the cutoff value of  the R-ratio (load ratio) above which the R-ratio effect diminishes 
in the Paris regime. The estimated mean values for the parameters in Eq 5 for A516-70 steel are 
as follows: C=1.36 xlO j~  in/(ksiv~n) m, q=2.09, m=3.15 and Rco=0.5, with crack growth rate, 
da/dN, expressed in in./cycle. 

The stress intensity factor for the 3-dof surface crack is determined with an enhanced 3D 
weight function method based on [20,21] utilizing a 2D weight function for eccentric cracks 
developed by Chen and Albrecht [22]. The functional form of the stress intensity factor range 
accounting for corrosion-thinning is as follows: 

AKj = ASjaj_lfj[aj_l,  c j , ,  ej_~, w, B(tj_l), ~o, S(x,y)]  (6) 

where ASj is the stress range corresponding to load stepj in the tank car spectrum; aj,1 is a stress 
magnification factor due to tank wall thinning and defined as Bo/B(tj4); S(x, y) is the stress 
distribution due to a unit load; ~o is a parametric angle of  the crack varying from 0-180~ 
(o=0~ point A in Fig. 3, ~o=90~ point C, and q~=lSO~ point D; and~ is stress intensity 
factor due to the unit load. The crack growth and corrosion time increments are calculated as 
follows: 

A a / =  C w (Rj)[AK(90 ~ ]m ANj (7a) 

Ac,j = C w (Rj)[AK(0 ~ ANj (7b) 

Ac~j = Cw(R j)[AK(180 o )j ~n ANj  (7c) 

Aej = Ac Aj - Aeoj (7d) 

At j = A N  j /Npy (7e) 

where Rj is the stress ratio for load step j, ANj is the number of  cycles for the load step, and Npy is 
the total number of  load cycles corresponding to one year of  tank car usage. Sub-incrementation 
of ~ will be performed if a large crack growth increment may occur during ANj load cycles. 
Then, the crack size, eccentricity, and the corrosion time are updated as follows: 

aj = aj 1 + Aaj (8a) 

c~j = c~j 1 + Ac~j (8b) 

cDj = c~j_~ + Ac~j (8c) 

ej = e j_ 1 + Aej (8d) 

tj = t j_ 1 + Atj (8e) 

The accumulated corrosion time, tj, is used to determine the current thickness, B(tj), using Eq 1. 
The stress magnification factor, aj, is then determined as Bo/B(tj). 
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The analysis procedure starts from an initial crack size and tank wall thickness and continues 
until the crack propagates through the tank wall. Fracture, as a potential failure mode, is not 
active for the cases considered because leakage occurs before break, as preliminary analyses 
showed. 

Performance Funetion and the Basic Random Variables 

Defining failure as leakage due to corrosion-accelerated fatigue crack growth, a performance 
function is expressed as follows: 

g~f = Ln(Np ) - Ln(N~) (9) 

where Ne is the predicted fatigue life, and ND is the demanded (expected) fatigue life during 
which a tank car is required to perform without leakage due to corrosion accelerated fatigue 
crack growth. As described in [15], the logarithm is taken to reduce the non-linearity of the 
performance function in the independent, standard normal space. The failure probability is, 
therefore, 

Pf = P(gcf < O) = P([Ln(Np)-  Ln(N D )] < 0) (10) 

which is determined using STRUREL [17] with the importance sampling technique [18] after 
locating the fl-point (the most probable point on the failure surface) with the first order reliability 
method (FORM) [23]. 

The basic random variables involved in Eq 9 are summarized in Table 2, in which U, LN, and 
N stand for uniform (rectangular), lognormal, and normal distributions, respectively. The 
parameters for these distributions are distribution intervals for the uniform distribution and are 
the mean and standard deviation for the lognormal and normal distributions. The dimensions for 
C correspond to crack growth rate expressed in in./cycle. The stress uncertainty factor, S,1~ 
represents the combined influence of uncertainty in amplitudes for the load spectrum and the 
stress analysis. For the corrosion rate, Cr, three different sets of values of  LN(t~r, ~.,.) are 
considered. They are as follows: pcr~=O.O005 in./year, ~rcrl =0.0001 in./year; pcr:=O.O01 in./year, 
~.~2 =0.0002 in./year; and p~3=0.0015 in./year, ~r3 = 0.0003 in./year. For the case of  corrosion- 
accelerated fatigue crack growth, the corrosion rate is such that the corrosion alone will not cause 
failure during the fatigue crack growth period analyzed. 

In addition, the following parameters are treated deterministically: fracatre toughness, 
Kc=250 ksiv~n; initial tank wall thickness, B0=0.4375 in.; welding residual stresses, Sr=6.5 ksi 
(45 MPa), which is achieved by adding a mean load of 7.6 kip in the load spectrum. The 
parameters m and q in the Walker equation are constants as given in Eq 5. 

TABLE 2--Probabilistic distributions for the basic random variables in corrosion- 
accelerated fatigue crack growth. 

Name Symbol Probabilistic Densi~ Function 
Initial crack depth a0 U(0.0125 in., 0.2 in.) 
Initial crack aspect ratio (a/c)0 U(0.1, 1) 
Crack growth coefficient C LN(1.36e-10,0.272e-10) 
R ratio cutoffvalue R~o N(0.5, 0.03) 
Initial crack eccentricity e0 U(0 in., 3 in.) 
Stress uncertainty factor Suf N(1, 0.08) 
Corrosion rate Cr L N ~ t ~  
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Results and Discussion for Corrosion-Accelerated Fatigue Crack Growth 

Figure 4 shows failure probability as a function of corrosion initiation time, ti, for the 
corrosion-accelerated fatigue crack growth, where ti is assumed to be a constant. The result is for 
a required fatigue life, ND, corresponding to about 28.5 years of service. The trends show that (a) 
a longer corrosion initiation time means a longer lasting protection of  the tank from corrosion, 
thus a lower failure probability; (b) at a given h, a higher corrosion rate corresponds to a higher 
failure probability, which is most pronounced at t,=0 and disappears at t,=28.5, at which the 
failure probability is equal to that for the case of  no corrosion. 

Corrosion-kfitiation tkne, t i (years, 1 year=14k miles) 

FIG. 4--Failure probability for corrosion-accelerated fatigue crack growth. 

System Reliability Analysis for Multiple-Site Corrosion 

The previous corrosion reliability analyses have been focused on individual sites. When a 
tank car has corrosion at multiple locations, the failure probability of  the tank car depends on 
failure probabilities at individual locations and is strongly influenced by the degree of correlation 
between individual failure events. For a tank car having corrosion at multiple locations, failure 
occurs when leakage is predicted at one or more of the corrosion sites. Therefore, the tank car 
failure event is a union of the failure events at individual locations, i.e.: 

J0 

F,y, = U F i  (11) 
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where Fsys is the system (tank as a whole) failure event, Fj is an individual failure event for 
location j, with j = 1-5 for this example. The failure probability for the system is, therefore, 

J0 
Pfsys(Fsys)= P(UFj) (12) 

j-1 

The system reliability problem represented in Eq 12 can be solved using SYSREL, a 
component for system reliability analysis in the STRUREL software suite [17]. The solution 
process of a series system is based on Ditlevsen's bounding method [24], which involves 
determination of: (a) [3-point (the most probable point on the failure surface) for the individual 
failure events; and (b)joint [3-point for the pairwise intersections of the individual failure events, 
by using FORM, or SORM in this case. For this simple series system, an alternative formulation 
is to consider the complementary event, ~j,  i.e., no failure at locationj. Thus, the system failure 

probability can be represented as an intersection o f ~  as follows: 

Pfsy~(F~y~)= l -  P(r'lFj) (13) 
j=l 

which is solved by the multi-normal integral based on FORM and SORM concepts [25] using 
SYSREL. In this work, the complementary formulation, Eq 13, is adopted to determine the 
system failure probability because it has only one cut-set (intersection of failure events), and the 
result is failure probability itself, instead of  failure probability bounds in the case of unions of  
five cut-sets from Eq 12. 

The system failure probability versus service time is shown in Fig. 5. For the same five 
individual components (locations) shown in Fig. 2, four different cases are considered with 
different degrees of  correlation between the components. For comparison, Fig. 5 also shows the 
result for the individual component for site 1 (dashed line), which represents approximately the 
highest failure probability of all five individual locations (Fig. 2). In all the cases, a correlation 
coefficient in ti between different corrosion sites is assumed to be 0.50 for the system reliability 
analysis. Four different values of correlation coefficient in Cr between different corrosion sites 
are considered. The key cccr=0.50 in Fig. 5 means that the correlation coefficient between 
corrosion rate Crj and Crk (/6k) is equal to 0.50, similarly for cccr=0.80, etc. The higher cccr 
between the basic variables corresponds to a higher correlation between failures at different 
locations. The correlation coefficient between failure events at site i and site j,  p~ (icj), varies 
from 0.03-0.08 for cccr=O, from 0.55-0.58 for cccr=0.5, and from 0.81-0.84 for cccr=0.8. It 
can be seen in Fig. 5 that (1) the system failure probability can be significantly higher than that 
of the highest individual failure probability; and (2) the higher the correlation between the 
individual failure modes (locations), the lower the system failure probability. On the other hand, 
negative correlation between components increases the system failure probability, as can be seen 
for cccr=-0.10. This is consistent with the reliability theory for series systems. If  all the failure 
locations were perfectly correlated, the system failure probability would reduce to that for the 
location with the highest failure probability. This example shows the importance of system 
reliability analysis, since a tank car may have deterioration at more than one location and/or in 
more than one form. 

Again, the numerical values for Pf presented in Figs. 2, 4, and 5 are not specific to any tank 
cars, as the input parameters used in these analyses are not from specific designs and operating 
conditions. 
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FIG. 5--System failure probability for corrosion versus service time. 

Sensitivity of the system reliability index, flsys (defined as flsys=-~-](Pf .ws); q5 is the 
cumulative distribution function of a standard normal variable), with respect to the component 
reliability index, fl/(/7/=-q~-l(pj)), is a measure of  importance for the components and is useful for 
identifying the relative importance of the components to the system reliability. Equation 14 
defines one such a measure [17]: 

yl = ( ~ ) / ~  (14) 

Figure 6 shows the relative importance according to Eq 14 for cccr=0.50 at t=lO years. It can be 
seen that in this case none of  the components is dominant, with site 1 more important than any of  
the other sites, and sites 2-5 being about equally important. This information indicates that an 
improvement in the reliability at site 1 has a more beneficial effect on the system reliability than 
a similar degree of improvement at one of  the other sites. 
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FIG. 6--Importance of the five components to the system reliability for cccr=0.50 at t= l O years. 

Concluding Remarks 

A phenomenon-based tank car general corrosion model is proposed, which includes the 
effect of  coating or lining's protection of  the tank metal from corrosion. The model has the 
versatility to incorporate specific corrosion mechanisms through characterization of corrosion 
rate and corrosion initiation time using applicable kinetic laws. Corrosion reliability analysis 
performed has illustrated the usefulness of  the reliability method in quantifying and predicting 
failure probability as a function of usage for given operating conditions. 

Expanding a previously developed fatigue reliability analysis methodology for tank cars, 
reliability analysis of  corrosion-accelerated fatigue crack growth is performed with a time- 
dependent tank wall thickness reduction due to corrosion and a fatigue crack growth model that 
incorporates a three-degrees-of-freedom surface crack obeying Walker crack growth law under 
tank car spectrum loading. Illustrative examples are given for quantifying the effects of corrosion 
rates and corrosion initiation time on probability of failure caused by corrosion-accelerated 
fatigue crack growth. 

System reliability problems involving multiple corrosion sites are considered to illustrate 
important features of  failure probability for a series system in relation to failure probabilities of  
individual corrosion sites. The results show that the tank car reliability may be lower than that 
predicted for the most severe site, confirming the importance of system reliability analysis in 
developing a reliability-centered maintenance program. 
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Simulation of Fatigue Crack Propagation in Railway Axles 

ABSTRACT: The need for optimizing inspection intervals of wheelsets has led to increasing attention to 
those of railway axles. This paper addresses this issue by comparing predictions obtained by an EPFM 
model and two widely used fatigue crack growth softwares (namely AFGROW and NASGRO) with a set 
of propagation data derived from small and full-scale specimens made of 30NiCrMoV 12, a high strength 
steel used for railway axles. Comparisons, made under constant amplitude and block loading, support the 
application of the considered fatigue crack growth algorithms to the estimation of inspection intervals. 

KEYWORDS: axles, fatigue crack growth, AFGROW, NASGRO, strip-yield, block loading 
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Introduction 

Failure of  railway axles is the technical problem that prompted the early fatigue studies of 
metallic materials [1]. The design of these components is based on technical recommendations 
[2] which essentially consider mild steels and the definition of maximum allowable fatigue 
stresses in a given combination of loads acting on the axle. However, applications to high speed 
trains (like Pendolino, TGV, and ICE) involve hollow axles and high strength steels. Therefore, 
besides the "classical" approach that defines the minimum strength requirements for axles, new 
design criteria are needed [3]. 

In particular, there is an increasing demand for reliability assessment, especially in terms of a 
new definition of  safety factor, which can be addressed with a defect tolerant approach [4], and 
inspection intervals, which involve predicting axle failure in terms of crack growth under service 
loads [5]. This prediction, the topic of the present paper, is based on fracture mechanics and 
fatigue crack growth (FCG) algorithms. The possible FCG approaches are: i) to fit "theoretical 
models" [6] to experimental tests carried out in conditions similar to applications (namely R = -1 
for railway axles), and ii) to use currently applied fatigue crack growth algorithms, which are 
based on the estimation of crack opening load (Sop) either from reference data (e.g., AFGROW 
[7]) or from Strip-Yield calculations coupled with the effective propagation curve da/dN-AI~f~ 
(e.g., NASGRO [8]). 

The first approach was already addressed in a previous paper [4] where short crack 
thresholds and growth data under constant amplitude rotating bending were analyzed with an 
"EPFM" growth model, which was successfully applied to full-scale tests. However, such a 
procedure cannot be applied to variable amplitude loading, especially in the case of inspection 
intervals of  high speed axles, whose load spectra are characterized by a great scatter [9]. 

It is therefore necessary, for a reliable estimation of  inspection intervals of real components, 
to use updated algorithms that are able to simulate crack growth under variable amplitude loads. 
The scope of  this paper is to compare the previously obtained EPFM model [4] and two widely 
used FCG softwares, namely AFGROW and NASGRO, for the prediction of crack growth in 
30NiCrMoV12 steel, a high strength steel adopted for the production of  railway axles [10]. In 
particular the main points presented in the paper are: i) the previous set of experiments under 
constant amplitude rotating bending and their interpolation with EPFM model [4]; ii) the fatigue 
crack growth experiments carried out for determining growth parameters for FCG software; and 
iii) the comparison between the EPFM model, AFGROW, and NASGRO in fatigue crack 
propagation at R = -1 under constant amplitude and block loading. Results support the 
application of FCG models to crack growth prediction in railway axles made of high strength 
steel. 

Experiments under Rotating Bending and EPFM Model 

Material 

The material under analysis is a high strength quenched and tempered 30NiCrMoVI2 steel 
(according to UNI6787-71 [11]) used in the construction of railway axles produced by Lucchini 
Sidermeccanica S.p.A. (Italy). Mechanical properties of  this material are [10]: tensile strength 
Rm = 1050 MPa, yield strength Rp02 = 995 MPa, reduction of  area Z = 67 %, fracture toughness 
at 20~ K~c = 120 MPa',/m, impact test at room temperature (U notch) KCU = 70 J, cyclic yield 
s t reng th  Rp0.Zcyc ~- 730 MPa, and Vickers hardness = 330 HV. 
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Threshold Tests on Micro-Notched Specimens at R = -1  

The "sensitivity" of the examined steel to the presence of  defects and micro-cracks was 
investigated with a series of  fatigue tests under rotating bending. In order to reproduce the 
presence of  defects, hourglass shaped specimens with a gauge diameter "d" of 8 mm and 10 mm 
were micro-notched with four different series of  micro-drilled holes, whose geometry, with 
dimensions in the range of 140-840 ~tm, is shown in Fig. 1, in terms of the Murakami's 
parameter ~/area [12]. Specimen preparation consisted of: i) hand polishing with emery paper up 
to #1000 grit; ii) buff polishing; iii) electro-polishing in a phosphoric acid solution in order to 
remove a 30 pm surface layer (the surface residual stresses were reduced to a level o f -30 / -50  
MPa); and iv) hole drilling [4]. 

I 
0 ,1  I 0 , 0 2  " " . . . .  

r (a)  I 

ffi n'l 7 
(c) 

(b) 

0,3 0,6 0,04 

(d) 
FIG. 1--Shape and increasing size o f  micro-notches adopted for  fatigue limit tests." a) ~/area 

= 140 ltm; b) a/area = 260 prn; c) ~/area = 420 pro; d) ~/area = 840/~m. 

Stair-case sequences (interruption of tests after l07 cycles) were carried out in order to 
determine the fatigue limit corresponding to the different micro-notches by means of  a 35 Nm 
rotating bending facility. Similar tests were also carried out on smooth specimens of  the same 
steel batch: the fatigue limit was CYwo = 525 MPa (R = -1). 

Run-out micro-notched specimens always showed non-propagating cracks at the tip of  the 
micro-holes (Fig. 2). It can be said, according to Murakami's concepts [13], that the fatigue limit 
of the micro-notched specimens is controlled by the threshold condition of the non-propagating 
cracks and that micro-notches should be treated as small cracks. 

Considering this fact, data were modelled by an E1-Haddad threshold model [14], whose 
original equation had been slightly modified for application to 3-D defects [ 15]: 

(l) 

This model was then fitted to the experimental results by the least square method, and the 
value of ~/areao was found to be equal to 130 ~tm. It can be seen from Fig. 3 that this modified E1- 
Haddad model is able to describe accurately the data with maximum error of about 3 %. 
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FIG. 2--Non-propagating cracks on run-out specimens: a) a crack at the tip o f  a micro-hole; 
b) a small surface crack from a micro-notch [4]. 

FIG. 3--Relationship between fatigue limit and defect size: experimental data and 
comparison with 3D EI-Haddad's model 

Fatigue Crack Propagation and EPFM Model 

The run-out micro-notched specimens were then subjected to a series of experiments for 
determining the short crack growth rate. In particular: i) crack growth rates were calculated from 
measurements of  crack surface length obtained by means of  plastic replicas; ii) the crack shape 
was determined interrupting the tests (Fig. 4a); and iii) the Stress Intensity Factor (SIF) was 
defined by Carpinteri's solutions [ 16]. Experimental results are summarized in Fig. 4b. 

The data show a slight "short crack effect" (i.e., the data for the same stress ratio but at 
different stress levels do not fall onto the same curve), and they could be interpolated with an 
EPFM model [4] of the type: 

d a / d N = C ' ( A K m - D  m) (2) 

where D represents the "mechanical threshold" (according to Miller's definition [6]), which has 
been determined by threshold experiments [4]. Particularly, since the experimental tests were 
carried out in the region of the Kitagawa diagram between the fatigue limit of  smooth specimens 
and the LEFM region (S < 0.3"(~wo [6]), the threshold value ~/areath is a function of  the applied 
stress range AS [4]: 
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aN/~-~-th : aN/~ea- o -- 1 (3 )  

and the mechanical threshold can then be computed by means of  the well known Murakami's 
formulation for the SIF of  surface defects [13]: 

D(AS) = 0.65 .AS. 4= �9 x/~-ath (4) 

The D parameter in Eq 2 shows the observed short crack growth effect in the EPFM model. 
Furthermore, it is important to add that the D parameter increases with the defect size, and it 
tends to AKth,Lc for long cracks (Fig. 5). 

FIG. 4--Summary of crack growth experiments on small cracks." a) shape of propagating 
cracks; 19) crack growth data. 

aV~-~ [l~m] 

FIG. 5--Significance of the mechanical threshold D. 
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EPFM Model Validation by Full-Scale Tests 

Other tests were carried out on full scale specimens, with minimum diameter of 140 mm, by 
means of  a test rig with a capacity of  250 kNm. Tests were carried out at a nominal alternating 
stress of  210 MPa. Crack growth was tracked by measuring surface crack length via a 
microscope equipped with an image analyzer [4] (Fig. 6). 

The EPFM crack growth model obtained on small scale specimen data, which incorporates 
the short crack effect, was successfully compared with experimental results obtained in the case 
of a small specimen subjected to high applied stress (Fig. 7a, where results were normalized with 
respect to AKth,LC at R = 1). Furthermore, a good correlation can also be seen (Fig. 7b) between 
the model, a small specimen subjected to low applied stress and full-scale specimens: this means 
that there was no other scale effects in crack propagation experiments (in particular under the 
conditions: a/d > 0.1 and S < 0.6 r~wo) [4]. 

Fatigue Crack Propagation Algorithms 

Different fatigue crack propagation algorithms for predicting life of cracked components are 
available in literature. In the present work, AFGROW v.4.0008.12.11 [7] and NASGRO v.3.0.21 
[8] (derived from Newman's FASTRAN II [17]) will be considered together with the empirical 
EPFM model. AFGROW and NASGRO have been chosen because they are the reference 
algorithms for this type of analysis. Particularly, both of the considered FCG algorithms take into 
account the different effects on crack propagation rate in metallic materials (i.e., stress ratio and 
load interaction effects) by means of"plasticity-induced crack closure" [ 18]. 

FIG. 6--Details of full-scale experiments [4]: a) micro-holes on full-scale specimen; b) test 
rig," c) example of axle surface during a propagation test," d) analysis of craek shape evolution. 
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FIG. 7--Propagation tests at R = -1: a) comparison between experimental data and EPFM 
model for high applied stress; b) same comparison for low applied stress. 

Paris-Based Algorithms 

Both AFGROW and NASGRO let the user choose between different crack propagation law 
formulations. In this work only the "NASGRO equation" [7,8] will be considered: 

~--~= LL~-S-ffj J I I -K==•  . (5) 
L Kcrit ) 

Equation 5 is a development of the classical Forrnan's formulation and incorporates all the 
important regions of  propagation curves (from threshold to Kcrit). The most important parameter 
is "s (called "Newman's closure function" [8]), representing the closure effect. This parameter 
depends on the constraint factor "cC' on the ratio between the maximum applied stress and the 
yield stress, and on the stress ratio. 

In order to introduce the dependence of  thresholds on the crack size and stress ratio, the ~ t h  
parameter included in Eq 5 has been described by the expression [7,8]: 

J. 
AKth = A K o .  a + a o 

i ](,+c,,=) (6) 1 - f  

where R is the stress ratio, f is the Newman's closure function, Ao is a constant used in the 
formulation of  f, AKo is the threshold SIF range at R = 0, Cth is an empirical constant, a is the 
crack length, and ao is the E1-Haddad's parameter in terms of crack length. The dependence of  
AKth,LC on stress ratio is controlled by the parameter Cth; different values of Cth have to be 
considered for positive and negative R values. For the versions of  AFGROW and NASGRO 
considered here, the E1-Haddad's parameter ao has a fixed value equal to 38.1 ~tm, while the 
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value corresponding to ~/areao = 130 ~tm is 88 gm (assuming a semicircular crack); the effect of  
the fixed ao on AKth is shown Fig. 5. 

Strip- Yield Models 

More advanced models for crack propagation are based on the Strip-Yield model originally 
proposed by Newman [19]. NASGRO contains a module implementing this kind of  model. 

The starting point for these models is the determination of the crack surface displacements 
and of the plastic zone dimension by the Dugdale model. The propagation is then simulated by 
cyclic loading so that the plastic wake is generated. Eventually, the plastic wake allows the 
determination of  opening load by means of equilibrium and compatibility of all the elements 
forming the crack and the elastic continuum in which it is inserted. The major feature of  Strip- 
Yield models is the ability to calculate Sop under variable amplitude loading. 

The drawback of  these models is the need to finely tune the constraint factor formulations by 
means of propagation data. It has been shown that formulations valid for A1 alloys are inadequate 
for predictions on mild steels and stress ratios below zero [20]. 

Fatigue Crack Propagation Tests on 30NiCrMo V12 Steel 

Constant amplitude tests for characterizing propagation behavior of  30NiCrMoV12 steel 
were carried out on CT, M(T), and SE(B) specimens (Fig. 8a) at stress ratios R = -1, R = -0.5, 
R = 0, R = 0.3, and R = 0.7 following the ASTM E 647-00 "Standard test method for 
measurement of  fatigue crack growth rates." On most of  the specimens, the "AK-decreasing" 
technique proposed in ASTM E 647-00 was also applied in order to determine the propagation 
threshold at different stress ratios. The crack growth rate chosen to define the threshold value 
was 10 -1~ m/cycle. 

In the case of tests at R > 0, CT and M(T) specimens were loaded by means of a SCHENCK 
Hydropuls facility, a uni-axial servo-hydraulic machine with a maximum nominal load equal to 
250 kN. The tests frequency was 15 Hz. In the case of  tests at R < 0 on SE(B) specimens, the test 
system was formed by a crack gage glued onto the specimen (Fig. 8b), a RUMUL Fractomat| 
control unit, and a resonant bending machine with a capacity of  160 Nm. The test frequency was 
120 Hz. 

The comparison of  all of  the obtained crack growth curves, normalized with respect to 
AKth,LC at R = -1,  is shown in Fig. 9a. The AKth versus R relationship was obtained by fitting 
experimental data by means of Eq 6 (see Fig. 9b). 

Comparative Application of FCG Algorithms 

Application to an M(T) Specimen at R = -1 

On the basis of  the propagation data obtained on the specimens, it has been possible to apply 
the different FCG algorithms previously described for estimating the crack growth rate at R = -1. 
In particular, a first analysis was carried out considering a center cracked panel (W = 200 ram, B 
= 20 ram), with an initial crack ai = 0.25 mm subjected to a 210 MPa alternating stress. 

Results, normalized with respect to AKth,Lc at R = -1,  are shown in Fig. 10; it can be clearly 
seen that all the considered algorithms are very close to experimental data. 
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FIG. 8--Details o f  fatigue crack growth experiments': a) M(T) and SE(B) specimens; b) 
SE(B) specimen equipped with a crack gage. 

FIG. 9--Results o f  fatigue crack growth experiments: a) obtained crack growth data," b) AKth 
versus stress ratio. 

FIG. lO--Comparisons o f  different FCG algorithms on a M(T) specimen (W = 200 ram, B = 
20 ram, ai = 0.25 ram) at R =-1. 
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Application to an Axle Subjected to Plane Bending 

The second analysis was carried out considering a 140 mm solid round bar containing a 
penny shaped crack of initial depth ai = 1 mm loaded by an alternating plane bending stress of 
+210 MPa (both AFGROW and NASGRO do not consider rotating bending). 

Results, in terms of  crack depth against cycles, are shown in Fig. 1 la; the estimates are 
similar for the considered FCG algorittuns. In addition, it should be mentioned that the predicted 
evolution of crack shape (which can be directly output by NASGRO) is not too far from the 
experimental results at R = -1 (Fig. l lb), thus suggesting that for smooth bars the crack 
propagation under rotating bending can be reasonably approximated with plane bending. 

FIG. l 1--Comparative applications o f  FCG algorithms to a solid round bar (d = 140 mm, ai 
= 1 ram) subjected to a 210 MPa alternating stress underplane bending: a) a-N curves," b) crack 
shapes. 

Application to an Axle Subjected to Spectrum Loading 

The application of  fatigue crack growth tools to real components should consider the 
application of random loads. On the basis of  a simple load spectrum derived from experimental 
results on a high speed train [10] (Fig. 12a) and normalized to a maximum stress of 210 MPa, a 
simple block loading consisting of  nine blocks was derived (Fig. 12b). The so defined block 
loading is 6 % more damaging than the original spectrum; this entity of error is commonly 
accepted during the discretization of real load spectra [21 ]. 

Results show that there is little difference between the Strip-Yield model adopted by 
NASGRO and the AFGROW algorithm (Fig. 13), which is otherwise based on the concept of  a 
"perturbation" of  Sop at different load blocks [7]. 
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FIG. 12---Stress spectra: a) normalized cumulative stress spectrum corresponding to 107 km 
onto Italian railway lines [10]; b) truncated and amplified spectrum for  2200 km. 

FIG. 13--Comparative application onto a 140 mm axle subjected to plane bending and block 
loading (d = 140 ram, ai = 1 mm). 

Comparison with Variable Amplitude Tests at R = -1 

The most remarkable point of Fig. 13 is that predictions without considering load interaction 
effects seem very close and comparable to those obtained considering this effect. In order to 
check the correctness of  this observation, we made a comparison between FCG predictions and a 
set of experimental tests [22] carried out on micro-notched specimens survived to previous 
fatigue limit tests. In the first test, the spectrum shown in Fig. 12b had been applied to an 
hourglass shaped specimen with a gauge diameter d = 10 mm and a starting micro-notch equal to 
{area = 840 ~,tm. Figure 14 shows the non-propagating crack before and after a number of  
spectrum blocks corresponding to 107 km of  service; crack growth is less than 20 ~tm. It is then 
possible to conclude that fatigue thresholds are not altered by spectrum loads - both AFGROW 
and NASGRO predict no growth under the spectrum. 
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FIG. 14--Effect o f  spectrum loads on fatigue thresholds: a) initial crack emanating from a 
micro-hole; b) crack length after cycles corresponding to 107 km (d = 10 ram, ai = 750/am) [22]. 

The second series of  experiments [22] dealt with a specimen similar to the one shown in Fig. 
14, but with a micro-notch corresponding to ~/area = 260 ~tm. Hi-Low blocks characterized by SH 
= 320 MPa and SL = 260 MPa were applied, and crack growth was measured by plastic replicas. 
The comparison between experimental data, the EPFM model (no interaction), AFGROW, and 
NASGRO predictions is shown in Fig. 15. 

FIG. 15--Analysis o f  crack growth experiments under block loading (d = 10 mm, ai = 300 ~am). 

As it can be seen, the prediction carried out by means of  the constant amplitude EPFM model 
is very similar to the experimental fatigue crack growth data obtained under block loading and to 
AFGROW and NASGRO predictions. This means that the load interaction effects during 
propagation are negligible for the considered material. 

The difference between block loading and constant amplitude growth is, however, expected 
to increase in a real spectrum with a high variability of applied stresses and fluctuations above 
and below the thresholds. 

Concluding Remarks 

This paper compares an EPFM model and two widely used FCG software (namely 
AFGROW and NASGRO) with a set of  propagation data obtained on small and full-scale 
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specimens made of 30NiCrMoV12 steel used for the construction of railway axles. Results can 
be summarized as follows: 

�9 FCG algorithms could predict experimental results at R = -1 of long and short cracks 
both for stress levels below 0.3-~wo (LEFM region) and for the range 0.3"~wo< S <0.6"~wo 
(EPFM region). 

�9 Comparative application of FCG algorithms to a block loading shows little load 
interaction effect and agrees with experimental results. 

�9 Present results support future application of FCG models to crack growth prediction for 
railway axles made of high strength steel under service spectrum. 
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Evaluation of the Effect of Biaxial Loading on the To 
Reference Temperature Using a Cruciform Specimen 
Geometry 

ABSTRACT: A series of 12 cruciform geometry fracture toughness specimens has recently been tested 
using A533B base plate obtained from the decommissioned Shoreham plant pressure vessel. Specimens 
were tested at -100~ placing them in the lower ductile to brittle transition of this ferritic structural steel. 
The overall objective of this work is to compare the results of these biaxial cruciform tests to the results 
of standard and shallow crack fracture toughness tests to assess the effect of biaxial loading on the 
measured master curve and the To reference temperature as defined by ASTM E 1921. Previous work 
done at Oak Ridge National Laboratory (ORNL) appeared to demonstrate an increase in the To reference 
temperature due to the presence of the biaxial stress field established in the cruciform test geometry. 
Because of the cost of the ORNL tests, only a few specimens could be run, and full statistical support of 
the "biaxial effect" could not be demonstrated. A second goal is to demonstrate that smaller size 
specimens, and hence lower cost tests, can be used to evaluate the magnitude of the biaxial effect in 
nuclear reactor pressure vessel materials. This report presents a brief overview of the test procedure, 
presents the test results, and compares the results to the database available on standard and shallow crack 
fracture toughness results available for the Shoreham plate material. 

KEYWORDS: J-integral, elastic-plastic fracture, bi-axial loading, ductile to brittle transition, Master 
Curve, To reference temperature 

In troduc t ion  

The Master Curve introduced by Wallin and co-workers [1-3] has become accepted for 
characterizing the fracture toughness transition o f  ferritic steels. ASTM has recently passed a 
new standard, E 1921, that prescribes a methodology to measure the Master Curve index 
temperature To based on a s  few as six replicate fracture tests [4]. This procedure has the 
potential for characterizing the entire ductile to brittle transition from tests on surveillance 
capsule Charpy size specimens, and for this reason it has become very important to the 
commercial nuclear power industry. The small size of  these specimens has caused concern as to 
whether the resulting To is accurate for applications involving large cross-sections, shallow crack 
geometries, and biaxial loading. 

A series o f  large (102 x 102 m m  or 153 x 153 m m  cross-section by 0.91 m square span) 
cruciform specimens has been tested by Oak Ridge National Laboratory (ORNL) [5,6], which 
seems to demonstrate an effect o f  the biaxial loading on the Master Curve reference temperature, 
To. Specifically, the To of  shallow crack specimens increased in the presence of  biaxial loading, 
and the scatter in the toughness was reduced. The biaxial loading effect offset the reduction in 
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To normally attributed to a loss of constraint in shallow cracked specimens. Because of the 
complexity and the large cost of these tests, too few large cruciform specimens have been tested 
to give full statistical support to the concept of a "biaxial effect." 

In this program, smaller specimens have been utilized to dramatically reduce the cost of 
specimen preparation and testing so that the reference temperature can be obtained in the spirit of  
ASTM E 1921. The lower cost and easier test methodology allow more specimens to be tested, 
resulting in a better statistical characterization o f  the ductile to brittle transition. Basically 1T 
plan, 50.8 mm (2 in.) thick cross-sections were used for the cruciform geometry, giving a basic 
specimen configuration of about 230 mm (9 in.) square. This specimen was then loaded in 
biaxial bending using a dual 203 mm (8 in.) bend span fixture. The bend fixture was made to 
accommodate a range of  bend spans in each direction, but for the first set of  12 tests, a 203 x 203 
mm bend span arrangement was used. Most other features of  the ORNL design have been kept, 
including the stress control grooves and the shallow crack with a/W = 0.12. In the following 
sections the specimen geometry is described in more detail, the precracking and testing plans are 
outlined, and a preliminary 3-D finite element anfilysis is described briefly. In subsequent 
sections, the results of  12 tests are presented and compared to existing ductile to brittle transition 
data available for this alloy. 

Description of Experiments 

The cruciform specimen geometry is shown in the photograph in Fig. 1. Specimens were 
machined from the center 100 mm of  the 150 mm thick Shoreham plate with the crack in the L-S 
orientation. The full geometry was cut using a wire EDM machine including the stress control 
slots. The crack starter notch was introduced using a plunge EDM process. The machined notch 
depth gives a/W = 0.07, and the expected test crack depth after fatigue sharpening is a/W = 0.11- 
0.12. To test these specimens in biaxial loading, a simple 5-point bend apparatus was 
constructed, shown in Fig. 2. The rollers were made adjustable at all four supports so that bend 
spans could be adjusted from 178~29 mm, though in this study 203 mm (8-in.) spans were used 
for both bend components. With two rollers removed, the fixture can be used for uniaxial 
loading of  the test samples. Prior to specimen precracking, a single reverse four-point bend 
loading was applied to each specimen to facilitate initiating the fatigue crack that was used to 
sharpen the shallow notch. The load used is based on standard E 399 LEFM calculations for a 
1T SE(B) geometry with a/W = 0.07 and W = B = 50.8 mm. Some insight obtained from the 3- 
D finite elements described below was also used to develop this load. The objective is to obtain 
a reverse plastic zone of  approximately 0.5 mm. The subsequent fatigue crack growth of  1.2 mm 
will extend well through the initial reverse plastic zone. This procedure has been found to work 
well in shallow crack standard SE(B) geometries[7], 

Fatigue precracking was done in a 250 kN servohydraulic machine using standard 
compliance procedures. This loading was done using uniaxial 3-point bending with a "ring 
gage" inserted in the crack mouth to measure the crack mouth opening displacement. This 
procedure has been used for several years to develop shallow crack fracture toughness 
specimens, and the procedure is presently in a draft annex format for possible inclusion in ASTM 
E 1820. The ring gage is mounted on integral 90 ~ edges machined into the specimen across the 
crack mouth with an initial gage length of  0.5 mm. This allows the ring gage to measure the 
crack mouth opening displacement right at the specimen surface with a very small modification 
of the specimen geometry. 
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FIG. 1---Cruciform specimen with size scale (in inches). 

FIG. 2--Cruciform ~pecimen in test machine with loading ram in place. 
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Precracking was done at room temperature. The finite element analysis showed that for 
cracks with a/W on the order of  0.1, the standard SE(B) compliance equations of  E 1820 could 
be used to estimate the crack depth during elastic loading or cycling. As the crack extended to 
a/W = 0.125, the standard compliance equations would underestimate the crack length as the side 
extensions on the cruciform specimen came into play, effectively stiffening the specimen. 
Target precrack lengths were kept short so that the extra stiffness provided by the specimen side 
extensions would not result in excessively long initial precracks. 

Specimens were tested at -100~ enclosed in a lab-built environmental chamber cooled by a 
liquid nitrogen spray system. Ten self-adhesive thermocouples were mounted at various 
locations on the fixtures and specimen and were used to measure the temperature distribution of 
the specimen as mounted in the environmental chamber. Thermocouples were adhered on both 
the upper and lower surfaces and along the edges of  the loading arms near the center test region. 
Temperature uniformity was checked over a range of temperatures at which it is expected that 
fracture tests will later be conducted, namely at temperatures from q 0 ~  to -110~ In each 
case, it was found that the specimen could be maintained at a uniform temperature within +2~ 
as required by ASTM E 1921. 

Analysis 
The cruciform specimens were modeled using finite element analysis to predict the 

deformation behavior and the crack driving force as a function of applied loading. One quarter- 
symmetric, three-dimensional models of the specimen were developed for several crack lengths. 
The general purpose finite element code, ABAQUS, was used to perform all analyses. 

The specimens were modeled with a combination of twenty-node bricks and ten-node 
tetrahedral elements. The crack tip was modeled with a keyhole-style blunt notch with a root 
radius of 0.025 mm (0.001 in.). Focused elements were used to capture the high stress and strain 
gradients in the near crack tip region. There were 12 rings of  elements distributed along the 
crack front to account for variations of the crack tip stress and strain fields parallel to the crack 
front. A typical mesh shown in Fig. 3 had 15 000 elements and 124 000 degrees of freedom. 
The analysis incorporated elastic-plastic material response, large strain geometric nonlinearity, 
and modeling of  the contact region where the loading tip contacted the specimen. 

A piecewise linear, elastic-plastic material model was used for the analyses. The stress-strain 
curve for the Shoreham A533B steel plate at 100~ shown in Fig. 4 was estimated by 
interpolating between experimental stress strain curves measured a t -80~ and-120~ 

Uniaxial Loading 

Uniaxial loading was used to model the fatigue precracking conditions. Models with crack 
length ratios, a/W - 0.09 and 0.125, were used to determine the specimen compliance and the 
stress intensity factor. Only the results from the first load step of the analysis, which remained 
elastic, were used to determine the specimen compliance. 
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FIG.3---Quarter-symmetric finite element model o f  the cruciform specimen geometry. 
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FIG. 4---Stress-strain curve for A533B steel plate (HEW) at -100 ~ used in finite element 
analysis. 
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Crack length was related to compliance using the relationships that: 
a 

- 1.8617 u + 0.8123 (1) 
W 

1 
u - ( 2 )  

I BWEC I'/2 
sST-j  +1 

These equations utilize a linear fit to the numerical crack opening displacement compliance 
results at a/W = 0.09 and 0.125. A comparison of  a/W versus compliance for FE results and 
standard SE(B) compliance expressions is presented in Table 1. The standard ASTM E 1820 
SE(B) compliance expression underestimates the crack length of the cruciform specimen for a 
given compliance. This is due to the increased stiffness of the cruciform specimen resulting 
from the transverse loading arms. 

Stress intensity factor calculations (at mid-plane) also show that the presence of the 
cruciform specimen arms results in a lower stress intensity factor at the specimen centerline than 
that predicted for the standard SE(B) specimen geometry. These results are shown in Table 2. 

TABLE l~omparison of compliance results for a standard SE(B) geometry and the 
uniaxially ljde(! cruci~_orm st?ecimen. 

a/W Compliance u (see Eq 2) a/W (FE) a/W % diff. 
mm/N ~SE~B))~ 

0.090 2.68 x ]-0~7 0.3880 0.090 0.076 15 
0.125 3.14 x 10 -7 0.3692 0.125 0.088 30 

TABLE 2~omparison of stress intensities' at the specimen centerline for the SE(B) and 
cruciform specimen. 

a/W f (~W) FE f(a/W) SE(B) % diff. 
0.09 0.7085 0.8075 12 

0.125 0.7502 0.935 20 

Biaxial Analyses 

A full elastic-plastic analysis of  the biaxial specimen with a/W = 0.112 and contact 
conditions at the load point was run on the model in Fig. 3 using ABAQUS. The analysis was 
used to determine the crack driving force, Kj, as a function of  crack mouth opening 
displacement, to determine suitable locations on the specimen for attaching strain gages, and to 
predict the evolution of  plasticity in the specimen. 

The predicted load versus crack mouth opening displacement (CMOD) for the biaxial 
specimen is plotted in Fig. 5. The CMOD is reported at three locations along the crack mouth - 
at the mid-plane, at the end of the crack, and midway between these points. The CMOD is 
nearly constant over the center 50 % of  the crack front and falls slightly lower toward the end of  
the crack as expected due to the extra stiffness of the transverse loading arm. 

The strains at a position near mid-span of  the loading arms are plotted in Fig. 6. The strains 
are greater on the transverse arm than on the opening arms. The ratio of transverse tensile strains 
to the opening tensile strain is approximately 1.1:1, and the ratio of compressive strains is about 
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1.05:1. The support reaction forces and bending moments in the loading arms are another way of  
characterizing the biaxiality ratio, and the ratio of transverse to opening bending moment was 
about 1.1:1. 

The crack driving force at the mid-plane of the specimen, expressed in terms of J and Kj as a 
function of the mid-plane CMOD, is presented in Fig. 7. For this analysis, Tl~e J-integrals were 
calculated by the ABAQUS finite element code using the domain integral method and converted 
to Kj from the relationship: 

K, = ~/J • E / (1 - v  2) (3) 

The variation of  driving force along the crack front, J(z)/J(z = 0), is plotted in Fig. 8. The 
crack driving force is very uniform over the center 75 % of the crack front. As the slot is 
approached, the driving force increases by up to 20 % (in terms of J, or about 10 % in terms of  
Kj) and then falls off dramatically. This is due in part to shielding of  the slot-crack region by the 
adjacent slots in the transverse arm. There is considerable plasticity at the adjacent slots that 
may be redistributing the stresses away from the end of  the crack and leading to a concentration 
where the shielding breaks down. The J distribution along the crack front is similar to that noted 
by Nevalainen and Dodds [8] in an analysis of a side-grooved C(T) specimen, which produced a 
concentrated peak in the local J as the side-groove root was approached and then fell off. The 
accuracy of the predicted J distribution in the vicinity of the slot, z> 0.9(B,et/2) is questionable 
because of the complex stress state that develops where the crack intersects the slot geometry. 

FIG. ~-The  predicted tup force versus crack mouth opening displacement at several 
locations along the crack mouth for the biaxially-loaded cruciform specimen. 
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FIG. 6~red ic ted  strains approximately mid-span along the cruciform specimen loading 
arms. 

FIG. 7 - - J  and Kj along the specimen mid-plane as a function of CMOD for the biaxially- 
loaded cruciform speeimen. 
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FIG. 8---Normalized variation of crack driving force along the crack front for the biaxially- 
loaded cruciform specimen. 

The exact details of  the stress distribution near the slot are not expected to be of  great 
significance as long as the cleavage initiates well away from the slot root. Despite the variation 
in J along the crack front, the fatigue precracks remained remarkably straight, as shown in Fig. 9, 
with only a slight indication of accelerated crack growth near the root of  the stress control slot. 

FIG. 9----Fracture su~ace showing the fatigue precrack geometry. 
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The evolution of plasticity in the vicinity of  the crack was monitored to determine when the 
plastic zones extend from the crack tip to the specimen boundary. The crack-tip plastic zone 
reaches the plastic zone from the loading tup at a CMOD = 0.15 mm. By the time the CMOD 
increases to 0.2 nun, the crack-tip plastic zone boundary extends back to the front surface of the 
specimen, and the test section is fully yielded. Calculations of the crack tip-constraint 
characterizing parameters such as the T-stress [9] or Q [10] may prove useful in interpreting the 
experimental results but were not performed as part of  this analysis. 

Experimental Testing 

Selection of the Test Temperature 

Considerable ductile to brittle transition data are available on the Shoreham vessel material. 
Work by Tregoning and Joyce [11 13] has shown that this material has a high upper shelf 
toughness and has very uniform fracture toughness and tensile properties. The Master Curve 
reference temperature depends quite dramatically on specimen geometry [12], being 
approximately -77~ for the C(T) geometry, -92~ for the deep crack SE(B) geometry, and 
-118~ for the shallow crack SE(B) geometry with a/W = 0.1 0.15. The results for the deep 
crack SE(B) specimen were verified by the thesis work of  Rathbun [14] for a wide range of B, 
W, and b specimen dimensions. The objective here is to test near the expected To temperature, 
so it was decided to use a test temperature of  -100~ for this series of  cruciform specimens. 
These specimens are shallow cracked, with a/W = 0.1 0.112, but they have the additional 
"constraint" possibly gained from the bi-axial loading. Several sets of  deep crack and shallow 
crack specimens have been tested at similar temperatures, including 1T SE(B), 1/2T SE(B), and 
1/2T SE(B) with a square cross-section. The presence o f a  "bi-axial" effect should be observable 
in a set of  12 cruciform specimens tested at this temperature. 

Experimental Details' 

The ring gage was installed on the specimen, and the specimen was installed in the test 
fixture and centered under the loading ram. Four to eight mid arm strain gages were connected 
to conditioning amplifiers, and all signals, CMOD, load, table stroke, and the strain gage outputs 
were input to a 16 bit analog to digital module inserted in a standard PC. Data were acquired and 
calibrated using VisualBASIC software, presented graphically on the monitor and stored on the 
PC hard drive. An initial loading was taken to a load of approximately 100 kN, and the load arm 
strain gages were monitored to ensure that the specimen was centered properly in the test 
fixtures. Adjustments were made as necessary. After the specimen was aligned properly, the 
chamber was closed, and the cooling process was begun. Cooling generally required between 2 
3 h. The specimen was held at the final temperature for �89 h. The specimen was then slowly 
loaded, and most tests took 15 30 rain to fracture. 

Load versus CMOD records for several specimens are shown in Fig. 10. Also shown in Fig. 
10 is the load versus CMOD prediction obtained from the finite element analysis. The load- 
CMOD records are repeatable, except for the point of cleavage interruption, and tend to lie 
somewhat above the finite element model prediction. 

Typical strain gage data are shown in Fig. 11 compared with the results of the finite element 
analysis. The agreement between the experiment and the model is excellent initially, but the 
experimental strains fall below the predictions after plasticity develops in the loading arms. 
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FIG. lO---Load versus CMOD for several cruciform specimen tests. The predicted 
relationship from the finite element analysis is shown for comparison. 

FIG. 11--Mid-arm strain gages showing comparison between measured strain and model 
prediction for specimen I5. 
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The experimental results were used for specimen alignment and also for showing the ratio of  
the experimental moments in the two bending directions. Both the experimental results and the 
computations show that the presence of the crack acts to reduce the moment acting to open the 
crack by about 10 % in comparison to the moment acting in the transverse direction. Using this 
as a basis, the biaxiality of  the loading can be estimated as 1.1:1, corresponding closely to the 1:1 
ratio targeted by the more sophisticated system used at ORNL. 

Post-test photographs of cruciform specimens are shown in Figs. 12 and 13. High-energy 
fractures caused nearly full separation of the specimen, while low energy fractures resulted in no 
observable cracking, being identified only by a sudden load drop during the test. Most 
specimens were given a heat tint, then immersed in liquid nitrogen prior to being broken open to 
expose the crack surface after the test. For specimens like I4 in Fig. 12, the side arms were 
sawed off to facilitate exposing the crack after immersion in liquid nitrogen. Most tests resulted 
in crack arrests at the end of the center stress control slot as shown in Fig. 12, while the cracks in 
other cases propagate out the end of the load arms or turn to the surface beyond the center stress 
control slot, as shown in Fig. 13. Specimens that demonstrated very low toughness, such as 
specimen I6, showed no observable crack extension until the specimen had been heat tinted and 
broken open. 

The critical J integral at onset of  cleavage was estimated by using the centerline finite 
element analysis presented in Fig. 7. These computational results were converted from J to Kj 
using Eq 3 as shown in Fig. 7, then fit with a function of the form: 

a + b C O D  + c C O D  2 
Kj = (4) 

d + C O D  

where a, b, c, and d are fitting coefficients. A spreadsheet was then used to evaluate the critical 
Jc at onset of unstable fracture for each specimen at the critical CMOD at onset of cleavage. The 
results for all tests are presented in Table 3; all specimens cleaved at a CMOD <_ 0.26 mm. 

D i s c u s s i o n  o f  Resu l t s  

The results of the 12 cruciform tests are summarized in Table 3 and plotted for comparison 
with other data sets obtained from the Shoreham plant material in Fig. 14. The Master Curve 
and confidence bounds plotted on this figure correspond to the deep crack 1T SE(B) data 
presented with the open circle data points on the figure. While the standard deep crack data sets 
generally correspond well with these confidence bounds, shallow crack data generally have a 
larger variability as shown in Fig. 14 and are concentrated above the confidence zone described 
by the deep cracked SE(B) test results. The cruciform data set demonstrates the same pattern as 
the shallow crack data sets with a larger scatter and an elevation of the measured toughness in 
comparison with the deep crack data sets, resulting in a much lower To reference temperature. 

Tables 4 and 5 summarize 15 deep crack SE(B) data sets and 6 shallow crack data sets and 
include the results of  the biaxial cruciform data sets obtained in this project. The first six tests 
were conducted at the US Naval Academy (USNA), but the test program was then rudely 
interrupted when Hurricane Isabel flooded the laboratory spaces with 0.8 m (32 in.) of 
Chesapeake Bay water. Fixtures and the environmental chamber were transported to Naval 
Surface Warfare Center, Carderock (NSWC) for the final six tests. The data sets were analyzed 
separately and then combined, and the results are presented in Table 5. 
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FIG. 12~Specimen 14 showing arrested crack after testing. 

FIG. 13--~pecimen 15 shown after testing. 
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T A B L E  3--Summary of cruciform specimen test results. 

Spec. I D  Kjc Kjclr Rank a/W CMOD~ M M 
MPa m ~ MPa m ~ ~ mm ~b~ ~ _ _  

I4" 145 168.6 11 0.119 0.22 206 28 
i5" 106 122.3 5 0,104 0.14 392 46 

I14" 122 141.3 8 0.112 0.17 294 37 
13" 128 148.4 10 0.108 0.18 268 32 

I12" 79 90.2 3 0.109 0.090 703 86 
II* 157 182.9 12 0.114 0.26 177 23 
I13 113 130.6 7 0.109 0.15 337 48 
I11 123 142.5 9 0.103 0.17 285 41 
I6 50 55.7 1 0.111 0.053 1723 246 
I8 67 75.9 2 O. 109 0.074 960 137 
I7 94 108.0 4 0.109 0.10 487 70 
12 108 124.6 6 0.115 0.14 369 53 

*Tested at USNA before Hurricane Isabel. Other tests conducted at NSWC Carderock using the same fixtures but a 
different test machine. 

FIG. 14 Comparison of cruciform data with other deep and shallow crack SE(B) data 
obtained previously on the Shoreham plate material. 
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TABLE 4--Summary o f  Shoreham To measurements - deep crack. 

Specimen Test Temp. To N r a/W MAvg 
Configuration ~ ~ 

1T -12 -80.2 7 4 0.53 31 
1T -27 -84.2 7 7 0.53 46 
1T -42 -86.5 12 12 0.53 100 
1T -82 -87.7 9 9 0.51 368 
1T -118 -94.1 12 12 0.50 592 

1/2T -40 -97.5 8 2 0.53 21 
1/2T -50 -94. 6 3 0.53 46 
1/2T -60 -82.2 6 6 0.53 58 
1/2T -116 -87.1 8 8 0.55 303 
1/2T - 8 1  94.1 8 6 0.74 50  
1/2T -115 -98.5 7 7 0.76 101 
I/2T -79 -101.1 8 7 0.51 116 

1/2T BxB -118 -93.8 8 8 0.51 413 
1/2T BxB -76 -93.6 8 8 0.51 99 
1/2T BxB -50 -90.5 12 9 0.54 56 
Avera~  ... -91.1" . . . . . . . . . . . .  

*Average taken of data with r > 5 only. 

TABLE 5--Summary of  Shoreham To measurements - shallow crack. 

Specimen 
Configuration 

1T 
1T 

1/2T 
1/2T 

1/2T BxB 
1/2T BxB 
Average 

Cruciform/USNA 
Cruciform/NSWC 

C r u c i f o r m  Av~. 

Test To N a/W MAvg MAvg 
_____ Temp. ~ .......... ~ (b) ............. (a) 

-120 -117.9 23 0.15 1001 179 
-40 -112.4 12 0.12 77 10 

-115 -127.7 15 0.12 323 42 
-96 -108.5 8 0.12 83 24 

-120 -109.3 8 0.12 650 92 
-92 126.0 8 0.12 165 23 
... -117.0 . . . . . . . . . . . .  

-100 -124.0 6 0.11 340 148 
-100 -107.0 6 0.11 545 197 
-100 -118.0 12 0.11 516 192 

The cruciform combined data set with a To = -118~ corresponds closely to the shallow 
crack data sets with an average To = -117~ in contrast with the deep crack data sets with an 
average To = -91.1~ The variation in the results between the USNA and NSWC tests is 
consistent with the variation found in the shallow crack data sets. Load versus CMOD curves 
were compared between the data sets of the two laboratories, and no systematic difference was 
found. The To obtained from the larger 1T SE(B) specimens demonstrates an even larger 
difference with an average To = -86~ Only a small biaxial effect of approximately I~ is 
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measured with the combined data set, with the result of  the biaxial tests being essentially 
identical to the average result of the shallow crack uniaxial specimen data sets. 

ASTM E 1921 requires that the critical Kj~ obtained for each specimen satisfy: 

(5) 

where M = 30. Generally, higher values of M Correspond to higher crack tip constraint at the 
onset of cleavage. The M value for each cruciform specimen calculated from: 

M = Eb~ (6) 
K jc 2 

is presented in Table 3. For shallow crack specimens the crack length, a, is often substituted for 
the remaining ligament b - (W-a) in calculating M since the crack tip is much closer to the crack 
free surface for this geometry. These values are also presented in Table 3, and the values 
measured here are generally larger than 30 even when based on the crack length. 

One concern with the shallow crack results in Table 5 is the tendency for the smaller data 
sets to have higher measured To results than larger data sets. Since the variability of the critical 
Kjc is much greater for shallow crack specimens, larger data sets might be required to obtain 
equivalent accuracies when using sets of  shallow crack specimens. Also noteworthy is that the 
1T data set at -40~ includes some very high Jc values, and since the specimens are shallow 
cracked, no censoring has been used in the evaluation of To. While the MA~g was 77 for this data 
set, if  the M calculation was based on the crack length rather than on the remaining ligament, 
MAvg would be approximately 10. Similar calculations are included in Table 5 for the other 
shallow specimen data sets. Additional work is underway at USNA to obtain more shallow 
crack SE(B) data to fill out some of the data sets presented in Table 5. Recent on-going work on 
3-D constraint correction by Petti and Dodds [15] might help by developing a censoring 
procedure for shallow crack specimens consistent with what is currently prescribed in E 1921 tbr 
the standard SE(B) test geometry. 

In the final technical paper reporting on the results of the ORNL cruciform tests [6], the 
authors cite an unpublished analysis result that demonstrates that a cross-section of 100 mm is 
required to observe the biaxial effect. The unpublished analysis shows that containment of the 
plastic strains is a requirement for the biaxial effect to be observed. The Mavg observed for the 
cruciform specimens in this program is quite high, whether the calculation is based on remaining 
ligament or on crack length, corresponding to high crack tip constraint, even though the cracks 
are shallow. As described above, the finite element analysis predicts that the plastic zone 
expands from the tup region and intersects the crack tip plastic zone at a CMOD of about 0.15 
mm, and that the plastic zone then breaks through to the crack surface when the CMOD is 
approximately 0.2 mm. As shown in Table 3, the critical CMOD at cleavage onset is between 
0.053 and 0.26 mm with only two specimens exceeding 0.2 mm. If  one sets a full constraint 
requirement of CMOD less than 0.15 mm, only six of the specimens tested in this data set can be 
taken as fully constrained, and it is possible that the lack of full constraint still affects the results 
of  this data set. 

An analysis for this geometry, like that performed by Dodds and Nevalainen [8], which 
would establish requirements for crack tip constraint in terms of M based on the remaining 
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ligament or the crack length, would be very useful to the interpretation of  this data. Publication 
by ORNL of the basis of  their requirement would also help clarify the situation. 

To address this issue further, it is proposed that another set of specimens be tested at a 
somewhat lower temperature to approach a full containment of the plastic strains during biaxial 
loading. Additional specimens would also be tested in a uniaxial mode to demonstrate that these 
specimens give results consistent with the "standard" shallow crack results obtained for this alloy 
as shown in Table 5. It is also proposed that a set of  50 x 50 mm cruciform specimens be made 
from the ORNL Plate 14 material and tested using the procedure described in this report so that a 
direct comparison of the 50 x 50 mm and 102 x 102 mm cross-sections can be made in this 
embrittled material. This material is now being made available by ORNL. 

Conclusions 

Cruciform specimens can be machined, precracked, and tested to develop shallow crack, 
biaxial loading E 1921 To reference temperature data at a reasonable cost, at least if  specimens 
with a 50 x 50 mm cross-section are acceptable. Precracking can be done using a 250 kN 
servohydraulic machine, while the fracture testing requires a 1 MN test machine. Straight 
precracks of  a repeatable size were readily obtained using a plunge EDM starter notch sharpened 
using uniaxial three point bending fatigue. 

The resulting To reference temperature does not show the presence of a "bi-axial" effect. 
The measured To is essentially identical to the average result obtained using shallow notch SE(B) 
tests loaded using uniaxial three point bending. The scatter in cleavage initiation toughness 
observed from the cruciform data set is also consistent with what is generally observed from 
shallow notch ductile to brittle transition data sets. 

Relatively large scatter in To in the existing database for shallow crack specimens makes the 
determination of  the magnitude of  the "biaxial effect" difficult, even with the relatively large 
data set of  twelve cruciform specimen results obtained in this study. 

Further study of plastic zone containment within the cruciform ligament and the ORNL 
assertion that this is a prerequisite for the bi-axial effect to be observed is required. A second 
series of 50 x 50 mm (2 x 2 in.) cruciform specimens fabricated from the Shoreham material and 
tested at a lower temperature and a series of  ORNL Plate 14 50 x 50 mm (2 x 2 in.) cruciform 
specimens could also help establish if  the 100 mm cross-sectional requirement is valid. 
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The Effect of Load Reduction Scheme on Crack Closure in 
the Near-Threshold Regime 

ABSTRACT: Three-dimensional elastic-plastic finite element analyses were conducted to model fatigue 
crack growth in an M(T) specimen. Variable amplitude loading with a continual load reduction was used 
to simulate the load history associated with fatigue crack growth threshold measurement. Load 
reductions with both constant load ratio R and constant maximum stress intensity Kma~ were used. 

Results indicated that load reduction with constant R generated a plastic wake such that remote crack 
opening occurred during loading, with the crack front opening prior to a region remote to the crack front. 
The last region to open was located at the point at which the load reduction originally began, and at the 
free surface. In contrast, for load reduction with constant Km~, the crack front was the last to open. The 
results also indicated the crack opening process is three-dimensional in nature, with regions in the interior 
opening prior to regions near the free surface. 

KEYWORDS: fatigue, crack propagation, threshold, crack closure 

Introduction 

Experimental  measurement  o f  the fatigue crack growth threshold AKth requires that a gradual 
reduction in the stress intensity factor range be applied during a fatigue crack growth test. The 
A S T M  standard test method E 647 recommends  that the load ratio R be held fixed during the 
required load reduction. A S T M  E 647 also allows load reduction under  a fixed mean  or 
max imum stress intensity factor, i f  ei ther of  these are more representat ive of  service conditions. 
Load reduction under  a fixed m ax i m um  stress intensi ty factor Kmax has attracted interest because 
it enables crack closure to be avoided as the threshold is approached [1-4].  This type o f  load 
reduction results in a continually increasing R such that  threshold measurement  is made in the 

absence of  crack closure. The result ing effective threshold stress intensity (AK~j))t~ is often 
referred to as an intrinsic measurement  of  fatigue crack growth resistance [1-4].  In contrast, 

Donald and Paris [5] and Vasudevan  et al. [6] have suggested a Km~ effect such that bo th  AKth 
and Km~ are needed to define resistance to fatigue crack growth in the near  threshold regime. 

Krenn and Morris  [7] have argued that a (AK)~h and Km~ driving force model  is 

mathematical ly  compatible  wi th  a (AKe~)th based model,  because the opening stress associated 

with plast ici ty-induced crack closure and required to convert  (AK)th to (AK~)th is a function of  
Km~. A threshold measurement  methodology which  employs constant  amplitude loading has 
also been  recently investigated by  Forth et al. [8]. 
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406 FATIGUE AND FRACTURE MECHANICS 

When a load reduction using a fixed R is used, plasticity-induced closure will occur, and the 
presence of the plastic wake will influence the resulting measured threshold. The effective and 
applied stress intensity factor ranges AKin-and AK are related as follows: 

Z1K e f f  _ S max - S o 1 -  S o / S ma x 
- ( 1 )  

A K  S m a  x - Smin  1 - R 

where S,,ax and So are the maximum and opening stresses, respectively. From Eq 1, the 
relationship between AKth and (AKe~)th may be written as: 

1-  R (AKeff )th (2) 
Z1Kth - 1 -- S O / S m a  ~ 

If  one considers (AKe~)th to be a material constant, then changes in the crack opening stress So 
will result in changes in the measured threshold AKth. The measured threshold is now a function 
of  plasticity-induced closure and no longer an intrinsic measurement of  fatigue crack growth 
resistance. Under a fixed Kmax load reduction, there is no closure in the threshold regime with So 
/S,,~x --~ R and AKth = ( AKeff)th. 

Donald and Paris [5] conducted fatigue crack growth experiments using AA6061-T6 and 
AA2024-T3 M(T) specimens and measured opening loads using compliance measurements. In 
the threshold regime, they conducted load shedding at fixed load ratios o fR = 0.1 and 0.7. The 
data generated at R = 0.7 was a closure-free baseline data set with AK = AKej/: Donald and Paris 
demonstrated that above the threshold regime, the closure-free data and the data generated at R = 
0.1 and corrected for closure correlated well. In the threshold regime, however, the measured 
opening stresses became excessively large such that the subsequently computed (AKeff)th w e r e  

too small when compared with the baseline data. A Kmox effect was used to explain this 
anomaly. Their observations could also be explained with the aid of  Eq 2. 

Two-dimensional fatigue crack growth simulations conducted by Newman [9] also resulted 
in large opening stresses in the threshold regime. Using a modified strip-yield model and a load 
reduction with a fixed load ratio R, remote crack closure away from the crack tip was observed. 
This remote crack closure resulted in the crack tip opening prior to regions remote to the crack 
tip during loading, and a subsequent rapid rise in the magnitude of  the opening stress So required 
to fully open the crack. For a M(T) specimen with R = 0 and a pre-cracking stress level of  
Sma• = 0.277, where ~ro is the flow stress, Newman observed closure within the region where 
the constant amplitude pre-cracking was terminated and the load shedding procedure was 
initiated. It should be noted that Newman did not observe remote closure and elevated crack 
opening stresses when pre-cracking at a stress level of  S~x/~ro = 0.108. Analyses conducted 
using a load reduction with a fixed K, nax resulted in closure-free crack surfaces as the threshold 
was approached, with the opening load below the minimum load. 

Two-dimensional plane stress simulations were also conducted by McClung [10,11], using 
both the finite element method [10,11] and a modified strip-yield model [11]. The type of load 
reduction considered was restricted to fixed R. McClung observed elevated crack opening 
stresses from the finite element analyses during the load reduction, although these elevated crack 
opening stresses were not associated with remote crack closure except for simulations employing 
large initial stress intensity factor ranges AKo. 

The objective of this paper is to elucidate the differences between a fixed R and fixed Km~ 
load reduction from a mechanics perspective. A comparative study was performed simulating 
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fatigue crack growth in an M(T) specimen under a gradually reducing stress intensity factor 
range using both a fixed R and fixed Km~ load reduction. Three-dimensional elastic-plastic 
finite element analyses were used to simulate the plasticity-induced crack closure developed, and 
the subsequent crack opening behavior as the stress intensity factor range was reduced. 

The two-dimensional modified strip-yield model analyses conducted by Newman averaged 
three-dimensional constraint effects through the thickness using an empirical constraint factor. 
The analyses conducted by McClung considered only plane stress. The three-dimensional 
analyses conducted in this study allowed a more realistic three-dimensional perspective of  the 
crack opening behavior. However, while Newman and McClung utilized many analyses to 
investigate the effects of  numerous variables, the current study was limited to two finite element 
analyses. 

Finite Element Modeling Methodologies and Difficulties 

The use of three-dimensional elastic-plastic finite element analysis to model plasticity- 
induced closure in cracked bodies undergoing cyclic loading has been limited as discussed by 
McClung [12]. Chermahini et al. [13,14] used three-dimensional elastic-plastic analyses to 
investigate the crack opening behavior of  M(T) specimens under constant amplitude loading. 
Chermahini et al. [15], Zhang et al. [16], and Skinner et al. [17] performed similar analyses 
focused on the more complex semi-elliptical surface crack under constant amplitude loading. 
More recently, Roychowdhury and Dodds simulated crack growth under small-scale yielding 
conditions [18]. 

Fatigue crack growth was modeled by repeatedly loading, advancing the crack, and then 
unloading. The model was incrementally loaded to the maximum load, at which time the crack 
front nodes were released, allowing the crack to advance uniformly one elemental length per 
load cycle. The applied load was then incrementally lowered until the minimum load was 
attained. Each load cycle then corresponds to two monotonic analyses. For constant amf01itude 
loading, perhaps five load cycles are required to achieve an approximate steady state condition in 
which the crack opening loads remain relatively constant. 

Utilizing three-dimensional finite element analyses to model plasticity-induced closure is in 
general a computationally intensive effort because the finite element models required must be 
analyzed multiple times in succession. A large number of  elements in the crack tip region is 
necessary to ensure adequate mesh refinement so that perhaps 5-10 elements exist within the 
plastic zone at any point on the crack front under the maximum loading. Alternately, mesh 
refinement requirements may be defined using the crack-tip reversed plastic zone generated upon 
unloading [12]. The computationally intensive nature of three-dimensional plasticity-induced 
closure simulation is further aggravated when a variable amplitude load reduction such as that 
used for threshold measurement is considered. Large amounts of  crack growth are required to 
generate meaningful results in which the stress intensity factor range undergoes a significant 
reduction. To simulate large amounts of  crack growth under the cyclic loading, a large number 
of load cycles is required, which will generally exceed the number needed for a constant 
amplitude simulation. In addition, the decreasing maximum stress intensity associated with 
fixed R load shedding results in a decreasing plastic zone size along the crack front. This 
necessitates a more refined mesh to ensure an adequate number of elements in the plastic zone as 
the maximum stress intensity factor diminishes. Under a fixed Kmax load reduction, the 
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decreasing stress intensity factor range results in a decreasing reversed plastic zone size and 
similar mesh refinement concems. 

Finite Element Analyses 

The M(T) specimen exhibits three planes of symmetry, and consequently only one eighth of 
the geometry was modeled using eight-noded he• elements as illustrated in Fig. 1. The 
model consisted of 13 430 nodes and 12 906 elements. Both model generation and solution were 
performed using the commercial finite element analysis program ANSYS. A thickness B = 4.78 
~ ,  width W = 80 mm, and crack length 2a = 34 nml were used. The material was assumed to 

be an elastic-perfectly plastic aluminum alloy with modulus E = 70 GPa and flow stress ~o = 400 
MPa. The von Mises yield criterion and the associated flow rule were used. Small deformation 
theory was employed. A total of 25 load cycles was used for the load reduction with fixed R, 
while a total of 19 load cycles was used for the load reduction with fi• Km~. The crack front 
was advanced uniformly one element length during each cycle with da = 0.125 ram. 
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FIG. 1--M(T) finite element model. 
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To advance the crack, node release at the maximum applied toad was performed in an 
incremental manner to avoid convergence difficulties [19]. This was accomplished using 
bundles of  truss elements to initially connect all nodes which were later to be released as part of 
the analysis. These truss elements were then released individually such that total node release 
took place in an incremental manner. Contact elements were placed along the crack surface, 
allowing the contact stress along the crack surface to be computed. This enabled determination 
of the opening load as that load which first produced zero contact stress along the entire crack 
surface during loading. The contact elements also allowed a determination of which region of  
the crack surface was the last to open under an increasing load. For additional details regarding 
the use of  finite element analysis to simulate fatigue crack growth, the reader is referred to 
Solanki et al. [20]. 

Two finite element analyses were conducted. The first modeled a load reduction conducted 
under fixed R conditions, while the second considered load reduction with a constant Km~. The 
load shedding used was defined using the following relationship 

A K  = AKo e cAa (3) 

where Aa is the amount of crack growth following pre-cracking, AKo is the initial stress intensity 
factor range at the start of  load reduction, and C is a constant. 

In the current study, AKo = 30 MPaqm was used. For the loading with fixed R, a value of R 
= 0 was used. For the loading with fixed Kmox, a value of Km~ = 30 MPa~/m was used. Of the 
total load cycles employed, five were used to simulate constant amplitude pre-cracking with AK 
= AKo and R = 0. The remaining load cycles were used to simulate load shedding such that Aa - 

2.5 mm for the fixed R load reduction, and Aa = 1.75 mm for the load reduction with fixed Kmax. 
While ASTM E 647 reconmaends a maximum value for C of-0.08/mm, a value of-0.25/mm 

was employed in this study. This large value was chosen because small values of  C result in the 
need for large amounts of  crack growth before appreciable reductions in the stress intensity 
factor range are produced. Large amounts of  crack growth in turn require an excessive number 
of sequential finite element analyses. The magnitude of  C has been shown to exhibit negligible 
influence on the opening stresses predicted from finite element analyses when increasing C an 
order of  magnitude above the ASTM value [11]. 

With the Aa as given above and C --- -0.25/mm, the final AK employed during the load 
shedding was 16.1 MPa~/m for the fixed R load reduction and 19.4 MPa~/m for the load reduction 
with fixed Km~x as computed using Eq 3. It should be noted that these values are well above the 
threshold value for aluminum alloys. Consequently, while the simulations performed addressed 
the load shedding process used for threshold measurement, they did not consider the threshold 
regime directly. 

To validate the adequacy of  the mesh refinement used, a monotonic analysis was performed 
using an applied stress intensity o f K  = 30 MPa~/m. In the crack plane ahead of  the crack front, 
the plastic zone size varied and was found to encompass between 9 and 13 elements. This level 
of  refinement was considered adequate. Assuming the crack tip plastic zone is proportional to 
K 2, for K = 16 MPa~/m the plastic zone would encompass between 3 and 4 elements. At this 
level of  stress intensity, which would exist at the termination of  the fixed R load reduction, the 
level of  refinement is suspect. 

The total amount of  crack growth modeled considering both the pre-cracking and the load 
shedding was 6a -- 3.125 mm (fixed R) and 2.375 mm (fixed Kmax). The newly formed crack 
surface created by the crack growth is illustrated in Fig. 2 for the fixed R load reduction. 
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Following the simulation of crack growth, the contact stress on the rectangular region shown was 
monitored using contact elements to determine which region was the last to open under an 
increasing applied stress. 

initial pre-cracking final 
crack front terminated crack front 

~a 

S interior 
F~t I I [ I 71111 I ~  -=i:-"iiiiiiiiiii=::=ii&bi [ iT i i i i ~ i i i i  4 B / 2  
( ) 

a free surface 

FIG. 2 - - C r a c k  surface formed  by cyclic loading (fixed R load reduction). 

Results for the crack growth simulations with fixed R and fixed Kma~ are shown respectively 
in Figs. 3 and 4. The rectangular region shown in these figures is the crack growth region 
illustrated in Fig. 2. The dark areas indicate regions of  the crack surface which are closed. From 
Fig. 3, note that remote closure was observed such that the crack front was not the last region to 
open. The crack front region was observed to open at an applied stress of  S/Smo~ ~ 0.40, while 
the crack became completely open at a value of S/Smo~ ~ 0.70. The last region to open was 
located at the free surface where the pre-cracking was terminated. 

The observed normalized opening stress value So/Sma~ ~ 0.70 is a relatively large value. 
Constant amplitude three-dimensional finite element analyses conducted by Chermahini et al. 
[13] at an applied stress level ofSm~/Cro = 0.25 resulted in So/Smo~ ~ 0.60. NO remote closure 
was observed, with the crack front at the free surface being the last region to open. For the 
simulations conducted here, the analysis started with Sm~x/Cro ~ 0.29 and terminated with Smax/O" o 

= 0.12. In general, for constant amplitude loading, increases in the applied stress result in lower 
opening stresses. Thus, it is unclear whether the increased opening stress value determined here 
from the fixed R load shed was due to remote closure or simply the result of a lower applied 
stress. It should also be noted that an increase in the amount of simulated crack growth for the 
fixed R load reduction could result in an increased opening stress, with the normalized opening 
stress possibly exceeding the value of  0.70 reported here. 

From Fig. 4, for a load reduction with a fixed maximum stress intensity factor, the crack 
front was the last region to open, and remote closure was not observed. Again, the last region to 
open was located at the free surface. The opening stress for this load reduction was similar to 
that determined for the fixed R load reduction with S/Sm~ ~ 0.72. Thus, while the crack opening 
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behaviors for fixed R and fixed Kmo~ were significantly different, the magnitude of the opening 
stresses were essentially the same. Clearly, the amount of  crack growth simulated was not 
sufficiently large to produce a closure free condition, which is the intent during threshold 
measurement. The results shown in Fig. 4 suggest that the threshold regime is approached 
without the occurrence of  remote closure. 

S/Sma x = 0.0 0.15 

[ ~  open 

�9 closed 

0.25 0.40 i l  
0.60 0.70 

FIG. 3--Crack opening behavior under fixed load ratio. 
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S / Sma x = 0.45 0.50 

1 
0.56 0.61 

open 

[ ]  closed 

0.67 0.72 

FIG. 4--Crack opening behavior under f ixed maximum stress intensity. 

Summary and Conclusions 

Three-dimensional elastic-plastic finite element analyses were conducted to model fatigue 
crack growth in an M(T) specimen. Variable amplitude loading with a continual load reduction 
was used to simulate the load history associated with fatigue crack growth threshold 
measurement. The analyses were conducted to compare the crack opening behavior under a 
fixed R and fixed K,,o~ load reduction. 

Results indicated the crack opening process is three-dimensional in nature, with regions in 
the interior opening prior to regions near the free surface. Load reduction with constant R 
generated a plastic wake such that remote crack opening occurred during loading. The last 
region to open was located at the point at which the load reduction originally began and at the 
free surface. This remote opening resulted in an opening stress So with So/Sm~ ~ 0.70. In 
contrast, for load reduction with constant Km~, the crack front was the last to open with a similar 
opening stress of  So/Sm~x ~ 0.72. The amount of crack growth simulated for the load reduction 
with constant Km~ was not sufficiently large to produce a closure free condition, which is the 
intent of  such a test. 

Due to the severe computational requirements of simulating fatigue crack growth and 
plasticity-induced closure in three-dimensional bodies undergoing large amounts of crack 
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growth, only two analyses were performed. The results given are thus limited in scope, and 
further research is required to assess the effects of the initial stress intensity factor range AKo, the 
load ratio R, the load shed rate constant C, and material properties such as flow stress and the 
degree of strain hardening. The amount of crack growth modeled was also limited, such that the 
final AKvalues used were not in the threshold regime. Further research is needed using models 
which simulate more extensive crack growth to explore the crack opening behavior in the 
threshold regime. 
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Interpretation of Material 
Size Effects on the AKth 
Closure Measurement 

Hardness, Stress Ratio, and Crack 
of Small Cracks Based on Crack 

ABSTRACT: Fatigue tests were performed on materials containing small cracks to investigate the 
effects of material hardness, mean stress, and crack size on the threshold stress intensity factor of small 
cracks. The crack closure measurement on a very small crack was done. Although most of those effects 
could be explained by the characteristic behavior of crack closure in small cracks, it was also shown that 
(AKeft')th was also affected by crack size. The combination of (AKeff)th and the crack closure behaviors 
caused the peculiar characteristics of AKth in small cracks. At an extremely high R region, an unusual 
decrease in AKth was found to occur. The large reduction occurred under the conjunction of three factors: 
extremely high stress ratio higher than 0.8, shallow crack less than a few tenths of a millimeter, and hard 
material whose HV is higher than 300. The near-threshold fatigue crack propagation rate could be 
uniquely evaluated even in such a short crack regime using the effective stress intensity factor with the 
following modification {AK~fl- - (AKeff)th, a}. This expression could be applicable in the short crack regime. 
AI~ff still plays a role as the governing parameter for fatigue crack propagation of short crack as short as 
0.04 mm. 

KEYWORDS: fatigue, fatigue limit, small crack, fatigue threshold, hardness, stress ratio, crack closure, 
threshold stress intensity factor 

Introduct ion 

The threshold stress intensity factor for fatigue crack propagat ion (AKth) o f  long cracks is 
relatively independent  o f  material  hardness and crack size. On the contrary, Murakami and Endo 
[1] found dependencies of  AKth on material  hardness and crack size in the case o f  small defects. 
They formulated the AKth as a function o f  material  hardness and defect size as shown in Eq 1 for 
fully reversed loading: 

AKth oc (HV+120)(  ax/~rea )i/3 (1) 

where  HV is the Vickers  hardness and a4~rea is the square root of  defect area projected to the 

stress direction and 1 ~  a for two-dimensional  defect whose  depth is a. 

In this study, fatigue tests o f  materials containing small  cracks were performed under  a wide 
range of  mean  stresses for steels with  different hardness. Since the crack closure behavior  [2] 
was assumed to play an important  role, experimental  effort was made to measure the crack 
closure of  a small crack. The cause o f  pecul iar  dependencies on material  hardness,  mean  stress, 
and crack size in the case of  small  cracks was examined based on the crack closure behavior.  
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416 FATIGUE AND FRACTURE MECHANICS 

Test Spec imen and Test  Method  

Four JIS (Japanese Industrial Standard) materials were used. $25C is a low carbon steel with 
normalizing heat treatment. $45C is a medium carbon steel with quench and temper heat 
treatment. SCM435 and SNCM439 are low alloy steels with quench and temper heat treatment. 
Chemical compositions and mechanical properties are shown in Table 1, 

The configuration of test specimen is shown in Fig. la. It has a 0.1 l-ram deep notch through 
the thickness. Two-dimensional cracks were used as initial cracks. At first, a 0.06 mm deep pre- 
crack was introduced at the notch root by fatigue, and a 0.17 mm deep pre-cracked specimen 
including the notch was prepared. After the pre-cracking, an appropriate amount of material was 
removed from the surface by grinding and polishing to prepare the desired initial crack shallower 
than 0.17 ram. In the case of initial crack deeper than 0.17 mm, a fatigue pre-crack was 
introduced so that the sum of notch and fatigue pre-crack was equal to the desired initial crack 
depth. 

TABLE 1--Chemical compositions and mechanical properties of test materials. 

Chemical Composition (wt%) Mechanical Properties (MPa, %) 

Material C Si Mn P S Ni Cr Mo Cu (Jy ,(Y0.2 

$25C 0.26 0.20 0.50 0.008 0.023 0.02 0.02 0.01 305 

$45C 0.45 0.22 0.78 0.020 0.021 0.01 0.15 0.01 585 

SCM435 0.35 0.19 0.75 0.022 0.014 0.02 1.09 0.19 0.02 870 

SNCM439 0.40 0.19 0.83 0.028 0.008 1.60 0.78 0.15 0.12 1128 

~B ~ ~ HV 

544 34.3 59.3 141 

790 27.1 60.9 261 

989 22.4 65.4 305 

1201 17.1 52.2 386 

�9 140 ~ 6auge for 

60deg 

'" ' v '  

~o=0.015 

(a) Test specimen (b) Strain gage 

FIG. 1--Test specimen (a) and strain gage (b). 

Gauge 

The physical substance of the major disturbance introduced by the pre-cracking is the 
undesirably raised crack closure stress [3], which might result in obtaining non-conservative 
results. In this study, compressive pre-cracking was used as the pre-cracking procedure, which 
prevents the undesirable increase of crack closure without applying additional heat treatment. 
The crack closure stress is sensitive to the maximum stress. If we apply stress amplitude higher 
than that in the fatigue test at the same stress ratio in pre-cracking, an excessively raised crack 
closure might be created. Therefore, the maximum stress in pre-cracking was chosen not to 
exceed the maximum stress in the fatigue test. In addition to this, the stress amplitude was 
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chosen at a stress slightly higher than the fatigue limit because too excessively compressive 
stress would introduce an artificial decrease of crack closure stress. The pre-cracking condition 
was determined as shown in Fig. 2. For fatigue tests whose stress ratios were equal to or higher 
than R = -1, the same pre-cracking condition was used. At first, the fatigue limit diagram of the 
0.11 mm deep notch specimen was experimentally determined as shown by the solid line. 
Secondly, the fatigue threshold at R = -1 for the specimen with the designated pre-crack depth 
was estimated as shown by the open circle in the figure. This estimation can be done using Ref 
[1] for example. Here, the broken line intersecting the open circle is the line on which the 
maximum stress is the same as that of open circle. The intersection of the solid and broken lines 
is the fatigue limit of notched specimen whose maximum stress is the same as that of the open 
circle. The pre-cracking was performed at a stress slightly higher than the intersection as 
indicated by the solid circle. The specific stress ratio and maximum stress was dependent on 
material. As a consequence, the stress ratio in the pre-cracking was about R = -2. The maximum 
stress in tension was within 30 %, and the maximum stress in compression was within 60 % of 
the yield stress or the 0.2 % proof stress, which is considered not to be too excessive 
compression loading. 

r.r 

Pre-crack condition N 
for 0A lmm deep notch ",, 

/ 
Fatigue test condition of 
cracked specimen at R~I 

Fatigue limit diagram 
of 0,11 mm deep notch 

~ , j  tile same o'm~ ~ 

45 d e g . ? ' , ,  

0 

Mean stress ~,, 
FIG. 2--Pre-cracking condition for  specimens tested at R > -1. 

Some fatigue tests were done at stress ratios lower than R = -1 for $25C. The principle of the 
pre-cracking procedure was the same as the above-mentioned, except that the maximum stress of 
pre-cracking was determined for each stress ratio R. 

It cannot be completely denied that an artificial influence on the crack closure was introduced 
by the compressive pre-cracking, However, the pre-crack was introduced at a stress slightly 
higher than the fatigue limit. Therefore, it is considered that the artificially introduced 
disturbance on the crack closure by the compressive pre-cracking was not so excessive, and 
conservative data of AKth were obtained. 

A strain gage was pasted at a nominal section to measure the applied nominal stress. Another 
strain gage was pasted directly on the crack to measure the crack closure behavior as shown in 
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418 FATIGUE AND FRACTURE MECHANICS 

Fig. 1 b. These two signals were put into a computer. The offset stress-displacement curve was 
calculated by the unloading elastic compliance method [4] to monitor the crack depth and the 
crack closure behavior. In-plane bending moment was applied to the specimen. The cyclic stress 
was applied at a frequency of  28 Hz. Fatigue tests were done in air at an ambient temperature. 

The AKth was determined in the following way. A number of  test specimens were prepared, 
and fatigue tests were conducted at different stress levels to determine the S-N curve for each test 
condition, i.e., crack depth, stress ratio, and material. The crack growth was monitored by the 
unloading elastic compliance method, whose resolution of crack depth measurement was 0.01 
mm. The stress levels that caused crack growth and those that did not were identified. The 
fatigue threshold of pre-cracked specimen was defined as no-break at 10 v cycles. The non-broken 
specimen was heat tinted after fatigue test. The crack was opened, and the final crack depth was 
measured on the fracture surface. The stress intensity factor was calculated using the equation for 
pure bending [5]. 

Effects of Stress Ratio (R) and Material Hardness on AKth 

Fracture Mechanics Evaluation of Fatigue Threshold of Small Crack 

The AKth data of long cracks from the literature [6-8] are shown in Fig. 3, It covers low 
carbon steels and low alloy steels whose tensile strengths were ranging between 400 MPa and 
1200 MPa. The AKth of long cracks is relatively independent of  material hardness. This data 
band of the long cracks is used as a reference. 

Specimens 0.17 mm deep cracked were used to examine the effects of stress ratio and 
material hardness. The AKth for fatigue threshold of small cracks is shown in Fig. 4. The hatched 
band shows the conventional AKth data of long cracks shown in Fig. 3. In spite of the AKth of  
long cracks being relatively insensitive to material hardness, small cracks behaved differently 
depending on material hardness and stress ratio. At low stress ratio R = -1, a strong dependency 
of the AKth on material is seen. That is, softer material had lower AKth. 

On the other hand, at high stress ratio around R = 0.5, no remarkable dependency is seen. The 
difference between long and short crack was caused by the difference in crack closure behavior. 

] �9 Low alloy steel ] 

-2 -1 0 
Stress ratio R 

FIG. 3--Conventional 3K, h of  long cracks [6-8]. 

E 
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FIG. 4---Effect of material and stress ratio on AKth. 

Measurement of Crack Closure of Small Crack 

The offset stress-displacement curves at fatigue thresholds are shown in Fig. 5. A short 
horizontal bar next to each curve indicates the crack opening stress. No crack closure was 
observed in the region higher than R = 0.6. A clear difference between materials was observed in 
the low R region. At R = -1,  the crack opening stress of  soft material ($25C) shown in Fig. 5a 
was zero. On the contrary, the crack closure in harder materials ($45C and SCM435) as shown in 
Figs. 5b and c was definitely higher. The crack closure was difficult to be formed in the case of 
short cracks in a soft material. 

The effect of  stress ratio on (AKeff)th is shown in Fig. 6. The (AKeff)th of  long cracks has been 
considered to be almost constant irrespective of stress ratio and material as shown by the hatched 
band. Solid symbols show the (AKeef)th obtained for small cracks in this study. Most of them 
were almost constant. However, a remarkable decrease in (AK~ff)th was observed in an extremely 
high R region in the case of  SCM435. Such a remarkable decrease has never been experienced 
by the authors in the case of  long cracks. This phenomenon is examined in a later section. 
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FIG. 5--Offset stress-displacement curves at fatigue thresholds. 
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FIG. 6--Effect of stress ratio R on (AK4f)th. 

Interpretation of Material Hardness Effect on the AKth of Small Cracks 

The effect of  material hardness on crack opening stress intensity factor (Kop) is shown in Fig. 
7. Figure 7a shows the results for R= -1. Kop shown by solid circles were strongly dependent on 
material hardness. Kop was higher in harder material. Since (AK~ff)th was almost constant, 
irrespective of material hardness as shown by the hatched band, the higher crack closure stress 
increased the capability to withstand higher applied stress, which resulted in higher fatigue 
threshold of harder material. It is not clear presently why the crack closure stress is affected by 
material hardness in the case of small cracks. Another study is necessary to investigate the reason 
of  this phenomenon and to specify which kind of crack closure mechanism [2,9] is operating. 

On the other hand, Kop in high R region were not so much affected by material hardness as 
shown in Fig. 7b. It resulted in almost constant/~th irrespective of material hardness. 
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FIG. 7--Effect of material hardness on the crack opening stress. 
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Effect of Crack  Size on AKth 

Fracture Mechanics Evaluation of Fatigue ThreshoM of Specimen with Small Crack 

The effect of  crack size was examined using $25C at R = -1 and high R. The high R 
condition was chosen such that the maximum stress was equal to the yield stress. As a 
consequence, R was higher than 0.47. The effect of  crack depth on fatigue threshold is shown in 
Fig. 8. Circular symbols show the results for R = -1. Half solid circles show that they endured 
10' cycles without any crack growth. When the initial crack was deeper than 0.2 ram, some 
amount of  crack growth occurred, and then it ceased to grow at the point indicated by the solid 
circle. Square symbols show the results for high stress ratios. Cracks did not start to grow from 
the initial crack at fatigue threshold in the case of  high stress ratio. Here, the slope of each curve 
was the same for crack shallower than 0.1 mm, and it was about 1/6 as Murakami and Endo 
reported [ 1 ]. 

Fatigue threshold specimens were heat tinted after fatigue tests. The crack was opened, and 
the crack depth was measured on the fracture surface. AKth for fatigue threshold was calculated 
using the final crack depth. AKth was plotted against crack depth in Fig. 9. The value of  the 
abscissa shows the initial crack depth for no-growth specimen and the final crack depth for 
crack-arrested specimen. The crack size at which size effect became apparent depended on mean 
stress condition. In the case ofR = -1, the size effect was present in relatively wide range up to a 
few millimeters. On the other hand, at high stress ratio, the size effect was present only for crack 
shallower than 0.1 ram. This difference can be explained by the crack closure. 

%-, 
10:3 ............. , .  , ] , , , , [  i i , [ , i i ,  I , , -~-l-~-i-,~- 

S25C O R=-I initial crack depth 
Fatigue limit �9 R~-I Final crack depth 

�9 R=-I No crack growth 
[] g ,  ax - 300 MPa No crack growth 

10 2 

10 
0.01 0.1 1 10 

Crack depth ao, a (ram) 

FIG. 8--Ef/bct of crack depth on fatigue threshold. 
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FIG. 9--Effect o f  crack depth on AK, h. 
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Effect o f  Crack Depth on Crack Closure 

The offset stress-displacement curves at fatigue thresholds for R = -1 are shown for each 
final crack depth in Fig. 10. The crack opening stress indicated by a short horizontal bar for the 
crack shallower than 0.1 mm was quite low and slightly negative. In the case of relatively deep 
initial crack, the crack closure was formed as crack grew and the crack was arrested. For high R 
conditions, the cracks were fully open for any crack depth. 

(AKerf)th is shown in Fig. 11. For a crack deeper than 0.1 ram, (AKeff)th was independent of  
crack depth and was the same as that of  long cracks. What should be noted here is that (AK~ff)th 
was not a constant value but was dependent on crack depth shallower than 0.1 mm. 

o~ 

2 0 0  - 

100 

-100  

"200 - 

0.05 

~ -  0.1~ 

C r a c k  d e p t h ( m m )  

0.50 
3.37 

FIG. l O--Stress-offset displacement curves at fatigue limit ($25C, R = -1). 
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FIG. 11--Effect of  crack depth on (JKeff)th. 

Interpretation of  Crack Size Effect on AKth Based on Crack Closure 

As shown in Fig. 12, the AKth for R = -1 was proportional to a 1/3, which well agrees with the 
dependency in Eq 1. The cause of this dependency can be interpreted by the crack closure. Open 
circles show the AKth. The crack size effect was caused by the following two reasons: for value 
larger than 4.6~rl 1/3 in the abscissa, which corresponds to the crack deeper than 0.1ram, Kop was 
higher in deeper crack; and (AKeff)th shown by the hatched band was almost constant in this 
region. As a consequence, the increase of Kov caused the increase of AKth. 
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FIG. 12--Effect o f  crack depth on AKth behavior. 
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For value less than 4.6 gm 1/3, where the crack was shallower than 0.1 m m ,  Kop was almost 
zero, and the (AKeff)th tended to decrease as was shown in Fig. 11. Although the (AKeff)th for the 
shortest crack could not be detected in this study, the general trend of (AKeff)th in Fig. 11 shows 
that (AKef~')th decreases in shallow crack region. 

These combinations of  Kop and (AKeff)th behaviors caused the peculiar behavior of AKth in 
short crack. As a consequence, the 1/3 power law of crack depth holds in relatively wide range. 

Large Reduction of (AKeff) t  h at Extremely High Stress Ratio 

Effect of Crack Depth on the Reduction of (AKe~)th 

The authors experienced a large reduction of  (AKeff)th as shown in Fig. 6 at an extremely high 
stress ratio in hard material. The authors have never experienced such an unusual decrease in 
(AKeff)th, even at high R region in the case of  long cracks. Since crack depth was supposed to 
affect this phenomenon, the effect of crack depth was examined. Other conditions were kept as 
follows: the stress ratio was chosen at extremely high value at R = 0.85-0.95, and SNCM439 
was used as an example of  hard material. Test results are shown in Fig. 13. Numbers next to 
symbols show crack depth in millimeter. When the crack was deeper than 1 mm, AKth was within 
the data band of long cracks. AKth decreased for cracks shallower than 1 mm. Since no crack 
closure occurred at high R condition, (AKeff)th also decreased as shown in Fig. 14. 

The dependency of (AKeff)th on crack depth is shown in Fig. 15. In the figure, all of the data 
obtained by the authors including materials with different hardness and different stress ratios 
were plotted. The hatched band represents the major trend of  small cracks in this study. It covers 
soft material irrespective of  stress ratio and hard material at low stress ratio. The results for hard 
material at extremely high R behaved differently as shown by the solid line. An extraordinary 
decrease was found in this case. The dependency of  crack depth could be expressed by a 1/3 
power law of crack depth also in this case. The mechanism of  such a large reduction is not clear 
yet. Since the maximum stress was less than 40 % of c~0.2 for SNCM439 and less than 50 % of  
c~0.2 for SCM435, the large scale yielding is not considered to be the possible cause of this 
phenomenon. 
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FIG. 13--Effect of crack depth on the AKth of hard material 
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Near ThreshoM Crack Growth Behavior of Short Crack at High Stress Ratio 

The crack propagation rates are shown in Fig. 16. Square symbols show the reference data of 
3.5NiCrMoV low alloy steel (0.24 % C, 0.2 % Si, 0.35 % Mn, 3.5 % Ni, 1.8 % Cr, 0.40 % Mo, 
0.12 % V), which has a similar strength to SNCM439. It is the "worst case" data [10] obtained at 
high stress ratio in crack closure free condition. The other symbols are for short cracks with 
different initial crack depth. The point with the arrow is for each fatigue threshold specimen and 
the other data were obtained tested at a stress slightly above each fatigue threshold. It was shown 
that short crack did propagate below the (l~kKeff)t h of long cracks. 
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FIG. 16--Effect of crack length on fatigue crack propagation rate. 
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Although AKeff as it is has failed to uniquely evaluate the crack growth behaviors of short 
cracks, the authors introduced a modification similar to the proposal by Ishihara and McEvily 
[11]. They proposed a new model to express the fatigue crack propagation rate. They expressed 
the crack propagation rate as a power law of {AKeff - (AKeff)th}. However, the (AKef0th varied 
depending on crack depth as shown in Fig. 17, and the authors defined (AK~ff)th,o for an 
instantaneous crack depth a and introduced a new parameter, {AK~ff- (AK~ff)th,~}. This shows the 
deviation of  applied stress intensity from the resistance of material. The re-evaluated results are 
shown in Fig. 18. All of the data fell in a narrow band irrespective of crack size including long 
crack. The result shows that AKeff still plays an important role to govern fatigue propagation rate 
also in the short crack regime as short as 0.04 mm. 
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FIG. 18--Fatigue crack propagation rate of short crack plotted against {AK~ty- (AKeff)th, a}. 

Fractographic Examination 

Since the large decrease in (AK~ff)th,, was observed only in hard materials at high stress ratio, 
an environmental effect was suggested. Fractographic examination was done and is shown in Fig. 
! 9. In the diagram, solid squares show no-breaks, and cross marks show failures. The fracture 
surface was a usual transgranular morphology, which is characteristic of low fatigue crack 
propagation rate. Although the effect of  atmospheric environment on this behavior cannot be 
denied, no typical morphology suggesting the existence of  environmental cracking was observed, 
at least on the fracture surface. 
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FIG. 19--Fracture surface of SNCM439. 

Conclusions 

Effects of  material hardness, mean stress, and crack size on the AKth of  small cracks were 
studied using two-dimensionally cracked specimens. The cause of  these effects was investigated 
on the basis of crack closure behavior. The crack closure measurements on very shallow cracks 
were done. The obtained results are as follows: 

1. The AKth of small cracks were substantially affected by material hardness in the low 
stress ratio region. No material hardness effect was seen in the high stress ratio region. 

2. The crack closure measurement showed that higher Kop resulted in higher AKth in harder 
material in low stress ratio region. It was also found that the crack was closure free in 
high R region, which resulted in the independency of  material hardness in high R region. 

3. The crack size effect was caused by two reasons. Higher Kop in deeper crack region and 
smaller (AK~ff)th in shallower crack region caused a 1/3 power law dependency of z~rs o n  
crack depth. 

4. A substantial decrease of (AKeff)th was observed in the case of  small crack at extremely 
high R condition in hard material. The large reduction of  (AK, ff)th was not caused by the 
environmental cracking. Even in such a case, the crack propagation rate could be 
uniquely evaluated using a new parameter {AKeff- (AKeff)th,o} to account for the change 
of resistance against fatigue crack growth. 
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Critical Assessment of the Standard ASTM E 399 

ABSTRACT: The plane-strain fracture toughness, Kxc, defined by ASTM E 399, is assumed to represent 
a size insensitive lower bound value. The interpretation is due to the original work by George Irwin. In 
this work the consistency of the ASTM Kic plane-strain fracture toughness standard (ASTM E 399) is 
examined by reassessing the original data used to develop the standard, based on present knowledge 
about fracture micromechanisms. Originally, the standard was based on continuum mechanics 
assumptions, which have later been found inadequate to describe the real physical fracture process. The 
materials used for the development of ASTM E 399 were generally aluminum and titanium alloys or 
extra high strength steels. The materials had in common that their fracture micro-mechanism was ductile 
fracture, i.e., the materials showed a rising tearing resistance curve. Therefore, the fracture toughness did 
not show the expected decreasing trend with increasing specimen size, but generally the opposite trend. 
The specimen thickness was assumed to be the limiting dimension, even though much of the 
experimental data indicated that the specimen ligament size, not the thickness, controlled the fracture 
toughness value. 

KEYWORDS: K~c, E 399, size effects, plane-strain, fracture toughness, tearing resistance 

Introduct ion 

Integrity assessment o f  structures containing planar flaws (real or postulated) necessitates the 
use o f  fracture mechanics. Fracture mechanics compares in principle two different crack growth 
parameters: the driving force and the material resistance. The driving force is a combination of  
the flaw size (geometry) and the loading conditions, whereas the material resistance describes the 
material 's  capability to resist a crack from propagating. To date, there exist several different 
testing standards (and non-standardized procedures) by which it is possible to determine some 
parameter describing the materials fracture resistance (ASTM E 399, ASTM E 1820, BS 7448, 
ESIS P2, etc.). Unfortunately, this has lead to a myriad o f  different parameter definitions, and 
their proper use in fracture assessment may be unclear. 

Historically, fracture mechanics evolved from a continuum mechanics understanding of  the 
fracture problem. It was assumed that there existed a single fracture toughness value controlling 
the materials fracture. I f  the driving force were less than this fracture toughness, the crack would 
not propagate, and i f  it exceeded the fracture toughness, the crack would propagate. Thus, crack 
initiation and growth were assumed to occur at a constant driving force value. The only thing 
assumed to affect this critical value was the constraint of  the specimen (or structure). Since at 
that time there were no means to quantitatively assess the effect o f  constraint on the fracture 
toughness, the fracture toughness had to be determined with a specimen showing as high a 
constraint as possible. This lead to the use o f  deeply cracked, bend specimens for the fracture 
toughness determination. 
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Historically, the micro-mechanisms of  fracture were not considered. It was assumed that the 
stress state assumption of the continuum mechanics analysis was valid for fracture toughness as 
well, regardless of  fracture micro-mechanism. This allegation has later been proven to be wrong. 
Different fracture micro-mechanisms exhibit different physical features that affect the properness 
of  a specific fracture toughness parameter to describe that fracture micro-mechanism. 

The common interpretation of the plane-strain fracture toughness Krc, defined by ASTM E 
399, is a specimen size insensitive lower bound fracture toughness corresponding to plane-strain 
stress state. The interpretation is due to the original work by George Irwin where he postulated 
the expected effect of  specimen thickness on fracture toughness (Fig. 1). George Irwin based his 
conclusions on maximum load toughness behavior of  center _cracked tension (CC(T)) specimens 
and 3-point bend (SE(B)) specimens of  two aluminum alloys, combined with the specimens 
macroscopic fracture surface appearance [1]. Even though the experiments did not really 
correspond to any proper fracture toughness description, nor fracture event, the postulated 
thickness effect was soon adopted as representing the physical "truth" of  fracture behavior. This 
constituted also the expectations for the development of  the ASTM E 399 testing standard. 

The original Irwin data did not, however, reflect the effect of specimen size on fracture 
toughness. The original data are shown in Fig. 2 [2]. In reality, the data show the difference in 
maximum load toughness between low constraint specimens with a large slim ligament and high 
constraint specimens with a short nearly square ligament. The aluminum alloy in question failed 
by a typical ductile fracture mechanism. Today it is commonly known that the ductile fracture 
process is connected with a rising tearing resistance curve. The steepness of  the curve is related 
to, besides material, loading geometry and ligament slimness (Fig. 3). 

The CC(T) specimens with a slim ligament, or a large W-a, in relation to B, show a steeper 
tearing resistance curve than the bend specimens. This explains part of  the fracture toughness 
difference observed by Irwin [2]. Additionally, the amount of ductile crack growth that 
corresponds to maximum load is roughly proportional to the original ligament size, The CC(T) 
specimens used by Irwin, had a 200 mm long ligament compared to the 25 mm ligament of the 
bend specimens he used. This means that the crack growth of  the CC(T) specimens was nearly 
10 times larger than for the bend specimens. This is the main reason for the fracture toughness 
difference observed by Irwin [2]. Actually, in the original test report [2] it is mentioned that the 
CC(T) specimens experienced large crack growth before load maximum. The amount of crack 
growth was even monitored during the test by making ink markings on the specimens. This large 
crack growth was, however, ignored, as it occurred during the rising load part of the test. This 
erroneous interpretation was made because the existence of  rising tearing resistance curves was 
not recognized. Even though the experiments in no way reflected the effect of specimen 
thickness, the thickness effect was still taken as the postulate for the development of  ASTM E 
399. The assumption was that a valid Krc value must represent a minimum toughness value of  
the material. 

The materials used for the development of ASTM E 399 were generally aluminum and 
titanium alloys or extra high strength and maraging steels. The materials had in common that 
their fracture micro-mechanism was ductile fracture, i.e., the materials showed a rising tearing 
resistance curve. Unfortunately, this was not understood at that time, when the continuum 
mechanics type fracture behavior was assumed. The standard developers therefore confronted a 
new problem, when it was observed that the fracture toughness did not generally show the 
expected decreasing trend with increasing specimen size, but the opposite trend as shown by Fig. 
4 [3]. This increasing toughness introduced the additional demand that Pr~• < 1.1. 
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The specimen thickness was still assumed to control the materials fracture toughness, as 
postulated by Irwin. The assumption prevailed, even though the experimental data indicated that 
it is the specimen ligament size, not thickness, that controls the fracture toughness value (Fig. 5) 
[3]. The belief in the plane-strain, plane-stress postulate was so strong that this evidence was 
disregarded. Also, the plane-strain fracture toughness was assumed to be a lower bound 
specimen size insensitive material parameter, even though the results indicated the reverse, i.e., 
that Kic increases with specimen size. Evidently, because it was tried to explain the results solely 
based on the constraint effect, the real reason for this increase in toughness was never understood 
correctly. Based on the present physical understanding of  ductile fracture, the increase in fracture 
toughness is easy to explain. 
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FIG. 5--Same data as in Fig. 4 showing that ligament size controls the increasing toughness [3]. 

Assessment of Experimental Data 

At the time of the development of the Kic standard, there were no reliable means of  
monitoring crack growth during the test, and also crack growth was assumed to occur at a 
constant value of Klc. This led to using the 95 % secant method for the determining KQ, If all 
non-linearity in a load-displacement curve of a KIc test specimen were due to crack growth, a 
95 % secant would correspond to approximately a 2 % crack growth with respect to the ligament. 
With increasing ligament size, the absolute crack growth, defined by the 95 % secant, also 
increases. Knowing that materials in the case of ductile crack growth exhibit rising tearing 
resistance curves, the increasing toughness with increasing specimen size is quite 
understandable. 

Much of the original work studying the size effects on fracture toughness was performed 
with other than bend specimens. Since the present ASTM E 399 covers only bend geometries, 
this assessment focuses on bend specimens. Next, vintage (and some newer) data for the 
different material types are examined in the view of the present understanding of ductile fracture. 

Aluminum Alloys 

Besides the comprehensive data set presented in Figs. 4 and 5, a few other size effect studies 
on aluminum alloys have been performed. Figure 6 shows results for a high strength aluminum 
alloy [4]. It is noteworthy that the thinnest and thickest specimens with the same ligament size 
show essentially the same fracture toughness. The intermediate thickness specimen, having the 
smallest ligament, produces the lowest fracture toughness. Figure 6c, which contains additional 
data, lacking ligament size information, also fails to show any clear dependence on thickness. 

A newer data set for a lower strength aluminum alloy behaves similarly (Fig. 7) [5]. In this 
case, the smallest thickness specimens also had the smallest ligaments. Thus, both increasing 
thickness as well as increasing ligament size increase the fracture toughness. The scatter in K~ is, 
however, clearly less when plotted in terms of  ligament size. Also here, specimens with different 
thickness but the same ligament size produce the same fracture toughness. 

The most recent data set shows again the same trend as can be seen in Fig. 8 [6]. Also here, 
the fracture toughness is clearly controlled by the ligament size, not the specimen thickness. 
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Titanium Alloys 

Due to their higher strength, titanium alloys have been investigated a little more widely than 
aluminum alloys. Figure 9a shows a classical data set used to defend the size criteria in ASTM E 
399 [7]. The fracture toughness first decreases and then becomes constant with increasing 
thickness. The data are affected, however, by the fact that the specimen ligament size is constant. 
This means that the results actually indicate that the tearing resistance curve for this material is 
unaffected by specimen ligament geometry as long as the ligament is less than five times the 
specimen thickness (Fig. 9b). 

When the ligament geometry becomes very slim, the tearing resistance curve will start to 
become increasingly steeper. Since the ligament size is constant, all specimens experience 
approximately the same amount of crack growth at KQ. Very slim ligaments, having steeper 
resistance curves, will thus provide higher KQ values. The behavior seen in Fig. 9 is thus not 
connected to absolute thickness of  the specimen, but to the ligament geometry (B/(W-a) < 0.2). 
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FIG. 9---Old Kic data used to develop ASTM E 399 showing reducing toughness followed by 
constant toughness with increasing specimen thickness [7]. The increase in toughness is related 
to ligament slimness (B/(W-a) < 0.2). 
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Another old data set, where also the ligament size is varied, shows again the typical behavior 
of  increasing fracture toughness with increasing ligament size (Fig. 10) [4]. Figure 10a, which 
also contains data lacking ligament size information, fails to show any clear dependence on 
thickness. 

Two slightly newer data sets were generated by Munz [8]. His data for two different heats are 
presented in Figs. 11 and 12. Both data sets show increasing fracture toughness with increasing 
ligament size and thickness. The most revealing point of  the Mtmz data is that for one heat, he 
also determined the material's actual tearing resistance curve (Fig. 1 lc). The tearing resistance 
curve shows no effect of specimen thickness. The reason is probably that the shortest ligaments 
were also connected with the thinnest specimens. Thus, the problem with extreme ligament 
slimness was avoided. Another very significant detail of  the results is the similarity between the 
tearing resistance curve (Fig. 1 lc) and the fracture toughness ( I~)  as a function of  ligament size 
(Fig. 1 lb). If, the assumption of the KQ value representing a 2 % crack growth is valid, one 
would actually expect exactly the seen dependence. The Munz data provide very strong proof for 
the assumption that the K o values are simply a function of  ligament size, not thickness. 

An even more recent data set [5] shows the same as the previous ones (Fig. 13). The fracture 
toughness is controlled by the ligament size, not the thickness. 

Extra High Strength Steels 

Extra high strength steels are typically alloyed quenched and tempered steels like AISI 4340. 
An old data set for AISI 4340 is shown in Fig. 14 [9]. This data set, like the one in Fig. 9, has 
been used to justify the ASTM E 399 size criteria. However, as in Fig. 9, the specimen ligament 
size was also held constant here, thus producing a slim ligament for the thinnest specimens (Fig. 
14b). Because of  the slim ligament, the data set cannot be used as evidence of an absolute 
thickness effect. 

Two other old data sets for high strength steels are presented in Fig. 15 [10]. The steels 
(A517F AM and HY-130 AM) are so tough that valid K]c results are not obtained. However, 
both materials show increasing toughness with increasing ligament size. Because of  this 
toughness increase with size, it is not possible to obtain a valid K]c for these materials even with 
extremely large specimens. The tearing resistance curves are too high to fulfill the size criteria at 
2 % crack growth. 
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An exceptional old data set for AISI 4340, where also the tearing resistance curves were 
estimated is presented in Fig. 16 [7]. The fracture toughness increases again with ligament size, 
but is essentially unaffected by thickness. The tearing resistance curves (Fig. 16c) show well the 
effect of ligament slimness on the steepness of the curves. The thinnest specimen with a slim 
ligament has a steeper tearing resistance curve than the thicker specimens. This is not related to 
the absolute thickness, but to the ligament shape. 

A newer data set for A1SI 4340 shows the same trend as before (Fig. 17) [5]. The fracture 
toughness increases both with increasing ligament size and thickness, but the scatter in KQ when 
plotted in terms of ligament size is less. 

Maraging Steels 

Maraging steels were popular materials in the development of ASTM E 399. They are 
precipitation hardened steels with exceptionally high yield strengths. Because of this, they are 
ideal for linear elastic fracture tests. The steels seemed to have an additional bonus. They 
appeared to behave according to the assumption of  the thickness-based constraint effect, where 
increasing thickness decreases fracture toughness until a constant lower bound value is reached. 
Three such "vintage" data sets are presented in Fig. 18 [9]. 
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FIG. 16--Old K/c data showing increasing toughness with increasing specimen ligament size 
but not with thickness [7]; Fig. 16c shows effect of ligament slimness. 
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FIG. 17--Newer Kjc data showing increasing toughness with increasing specimen thickness' 
and ligament size [5]. 
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FIG. 18--Old K/c data used to develop ASTM E 399 showing slightly reducing toughness 
with increasing specimen thickness, but no effect of ligament size [9]. Increase in toughness is 
related to ligament slimness. 

All three data sets are strikingly similar. The fracture toughness appears to be practically 
unaffected by the ligament size, but slightly dependent on specimen thickness. The lack of 
visible ligament size dependence means that the tearing resistance curves for these maraging 
steels are flat. However, in all three cases, the fracture toughness increase is connected to slim 
ligaments (Fig. 18c). 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



444 FATIGUE AND FRACTURE MECHANICS 

A fourth old data set showing the same behavior is shown in Fig. 19 [7]. Also here, the 
fracture toughness increase is related to the ligament slimness, not absolute specimen thickness. 

When data from specimens with less slim ligaments are examined, also the apparent 
thickness effect changes. Figure 20 shows data used to develop the British equivalent of ASTM 
E 399 [4]. Here, one large specimen provides a low fracture toughness value, whereas all other 
specimens yield size insensitive values. The large specimen behavior is likely to be caused by 
material inhomogeneity, not by the specimen size itself. The smallest specimens show actually a 
decreasing toughness with decreasing size (Fig. 20a). Unfortunately, ligament size information is 
not given for these specimens [4]. 

Figure 21 shows old data for two maraging steels with typical moderate fracture toughness 
[10]. Since these steels have a flat tearing resistance curve, the fracture toughness also appears to 
be insensitive to both specimen thickness and ligament size. When higher toughness versions of 
the same steel types were tested, it was difficult to obtain valid K~e results (Fig. 22) [10]. The 
increased toughness also led to the typical trend of increasing fracture toughness with increasing 
ligament size. 
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FIG. 19----Old Ktc data used to develop ASTM E 399 showing slightly reducing toughness 
with increasing specimen thickness, but no effect of ligament size [7]. Increase in toughness is 
related to ligament slimness. 
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Discussion 

All examined data sets show identifiably consistent trends. The absolute specimen thickness 
is not relevant for the fracture toughness value determined according to ASTM E 399. If  the 
material has a rising tearing resistance curve, the fracture toughness will be simply a function of 
the specimen's ligament size. Only if  the ligament becomes so slim that the steepness of  the 
tearing resistance curve is affected, thinner specimens begin to show increasing fracture 
toughness. Since the standard does not allow slim ligaments, even this phenomenon will not 
affect the results. For standard geometries, only the ligament size affects the fracture toughness. 
This size dependence is a direct consequence of  the 95 % secant procedure used in ASTM E 399 
to define Klc. The only way to remove the ligament size dependence would be to determine Klc 
at some absolute amount of  crack growth, like in the case of Jlc as defined in ASTM E 1820. The 
problem was partly recognized in the development of  ASTM E 399, but since the rise in fracture 
toughness was connected to thickness and not ligament size, only a partly functional remedy to 
the problem was pursued. The solution was thought to be the Pmax/PQ -< 1.1 criterion that was 
introduced as a consequence of  the data presented in Fig. 4 [3]. It was assumed that the Pmax/PQ 
ratio was a function of constraint, since the rising tearing resistance curve was thought to be the 
result of insufficient constraint. In reality, Pmax/PQ is mainly connected to the tearing resistance 
of the material. A simplified analysis of  the significance of  the criterion is given next. 

Significance of the Pmax/PQ -~ 1.1 Criteria 

In a linear-elastic situation, the crack driving force K1 is a function of load and crack length 
(Eq 1): 

K l = P. g(geometry), f(a / W) (1) 

The ductile tearing resistance of the material can usually be approximated by a power law 
expression (Eq 2). 

K l = A.  Aa ~ (2) 

Combining Eqs 1 and 2 enables the load to be written as a function of crack growth. 
Maximum load occurs when the derivative of  the function equals zero. Thus, the amount of 
crack growth at maximum load is for linear-elastic loading described by Eq 3. 

m . f  
Aa .... = - -  (3) 

f,  

The amount of  crack growth is governed by the power of the tearing resistance curve. It is 
equally easy to estimate the amount of ductile crack growth at the load PQ, using the specimen 
compliance equation. The crack growth at Pmax and PQ is presented graphically for C(T) and 
SE(B) specimens in Fig. 23. PQ corresponds quite closely to a 2 % crack growth of the ligament, 
in accordance with the experimental results of Munz (Fig. 11) [8]. 

The knowledge of crack growth both at Pmax and PQ also enables an estimation of the Pmax/PQ 
ratio as a function of crack length and tearing resistance curve steepness. The result is presented 
in Fig. 24. 

Figure 24 reveals some interesting details. Regardless of  specimen type, the tearing 
resistance curve must be quite flat (m < 0.1) to fulfill the Pmax/PQ criterion. It is slightly easier to 
fulfill the criteria with C(T) specimens than with SE(B) specimens. The crack length has a 
negligible effect on the Pmax/PQ ratio. The above derivation is of  course highly simplified, and it 
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should not be regarded as the absolute truth. Qualitatively, the outcome of the derivation is valid. 
An example of  the predictive capability of  the above derivation is presented in Fig. 25. Here, the 
KQ data from Fig. 5 were used to predict the maximum load K~ax values for the same specimens 
[3]. On average, the prediction is quite good, but the Kmax values show trends that are not 
described by the simplified derivation. The prediction overestimates the large specimens and 
underestimates the smallest specimens. The trend is due to crack tunneling, which is also 
connected to the specimen slimness effect. For a specific specimen thickness, the ligament 
slimness increases with increasing ligament size. This causes the tearing resistance curves to 
become steeper and the Kr~ax values to become higher. Ductile crack growth in a plane sided 
specimen occurs mainly in the center of the specimen. The crack growth at the side surface of the 
specimen is suppressed, causing the crack to form a tunnel shape. Ligament slimness enhances 
the tunneling effect, and this is the main reason for the steepening of  the tearing resistance curve. 
At relatively small crack growths, like at KQ, the tunneling effect is still quite small, and quite 
slim ligaments are needed to see a significant enhancement of the fracture toughness. At 
maximum load, the crack growth is significantly larger, and thus the ligament slimness effect is 
also enhanced. An example of this is seen in Fig. 25, where the different thickness specimens 
lead to different Kmax values, contrary to the KQ results in Fig. 5. 
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Figure 26 shows the Pmax/PQ ratio as a function of ligament slimness. A clear rising trend is 
visible with increasing slimness. This is a direct result of the crack tunneling. Noteworthy is that 
the ligament size dependence of  KQ predicts an average Pmax/PQ ratio of  approximately 1.24, but 
the actual data indicate a saturated average value of  1.12. This shows something about the 
qualitative nature of the simplified analysis. 

The one thing that is clear, based on the simple analysis, is that the Pmax/PQ criteria have no 
significance whatsoever concerning the matter of plane-strain. First, it describes only events 
occurring after KQ has already been reached, and second it only gives information regarding the 
steepness of  the materials' tearing resistance curve. There is no theoretical justification for the 
criteria to be used as a measure of  plane-strain. Use of  side-grooved specimens removes the 
tunneling and thus also the slimness effect. For some materials, side-grooving may lower the 
tearing resistance curve, thus lowering the Pmax/PQ ratio. However, since there is no need for this 
ratio in the first place, discussions regarding side-grooved specimens are not needed. Side- 
grooving is not expected to affect the KQ value, only the K~x value. Since KQ is considered the 
critical value, there is no reason not to allow the use of  side-grooved specimens. 

Significance of  the Size Criterion 

The size criterion in ASTM E 399 is really not needed to ensure plane-strain conditions at the 
crack tip. Elastic-plastic standards like ASTM E 1820 allow a magnitude of smaller specimens, 
and even these have a plane-strain condition at the crack tip. Globally, the specimens are closer 
to plane-stress, but locally at the crack tip, where fracture takes place, the stress state is plane- 
strain. The real need for a size criterion in the Kic standard comes from the need to be able to 
describe the fracture toughness based only on load. This requires that the specimen is globally in 
the linear-elastic regime. If  excess plasticity occurs, the fracture toughness estimated based on 
load only underestimates the true fracture toughness. Since linear-elasticity, not the stress state, 
is the controlling requirement, the size criterion should be given in terms of  the ligament, not 
thickness. 

A simple analysis of the possible error in fracture toughness as a function of loading can be 
performed, i.e., using the Irwin plasticity correction [11]. This way it is possible to express the 
ratio between the plasticity corrected K~p and the linear part KI as a function of  the linear loading 
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KI. An example of this is presented in Fig. 27. Based on the Irwin plasticity correction, the 
present size criteria produces at maximum approximately a 4 % underestimate of  the true 
fracture toughness. If  a 10 % error could be tolerated, the criteria could be relaxed from 2.5 to 
1.1. Since the plasticity correction does not account for strain hardening, it will usually 
overestimate the true fracture toughness to some extent. An example of a real material is given in 
Fig. 28. Here data from a cold formed stainless steel are compared with the Irwin plasticity 
correction. The data, from a 25 mm thick C(T) specimen, are presented in the form of 
normalized elastic plastic Kj and the linear part of  loading from load only. For this real material, 
it is seen that the error in using a criterion of 1.1 (instead of 2.5) still leads to a negligible error in 
the fracture toughness estimate. 

If  the present ASTM E 399 size criterion is compared to the specimens limit loads, one can 
see that the reserve, with respect to general yielding, is approximately a factor of 2 (Fig. 29). If  
the criterion would be relaxed to 1.1, the reserve would still be approximately 1.5. In most cases, 
a criterion of  1.1 would result only in a slight underestimation of the true fracture toughness. 
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Recommended Practice Changes 

The major drawback of  ASTM E 399 is the ligament size dependence that comes from the 
use of  the 95 % secant to define KQ. The only way of getting specimen size insensitive fracture 
toughness values is to make ihe PQ-secant dependent on ligament size. The problem is to define a 
target crack growth for PQ. ASTM E 1820 defines Jic at 0.2 mm crack growth, but excludes 
blunting. This means that from a compliance change point of  view, J~c corresponds to more than 
0.2 mm crack growth. On the other hand, a popular specimen size is the 25 mm thick specimen 
with a 25 mm long ligament. With an approximately 2 % crack growth, this would correspond to 
0.5 mm. It seems that a choice of 0.5 mm would make the fracture toughness values quite well in 
line with the definition of Jxc and with most vintage K~c data. 

Figure 30 gives a graphical and functional form of a new PQ-secant definition, which is a 
function of  ligament size. Use of this definition leads to approximately 0.5 mm crack growth, 
regardless of specimen size. The graph can be used for crack lengths in the range a/W = 0.4 0.6. 
This means that the present crack length requirements can be somewhat loosened. The size 
criteria, which should be based on the ligament size, not thickness, can also be somewhat relaxed 
to W-a > 1.1.(K~c/c~y) 2. The thickness is not a limiting dimension as long as the ligament is not 
made too slim. Thus, allowable thickness could be in the range B = (W-a)/2 .... (W-a)-2. The 
Pmax/PQ ratio is not related to the significance of Kic, and it unduly punishes materials with a 
good tearing resistance. Therefore, the Pmax/PQ criterion should be removed. Also, since side- 
grooving mainly affects the Pmax/PQ ratio and not the Kic, moderate side-grooving should be 
allowed. With these small changes, the ASTM E 399 standard can well continue to service the 
materials science for many years, by furnishing linear-elastic plane-strain fracture toughness 
values. 

The proposed changes were checked for the three data sets, shown in Figs. 7, 13, and 17, for 
which the raw data became available z. The data, analyzed with the new PQ-secant definition, are 
presented in Fig. 31. 
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FIG. 31--Analysis of fracture toughness data from Figs. 7, 13 and 17 using the new PQ 
definition. 

The Klc values based on the new PQ-secant definition are clearly less size dependent than the 
present definition. Close to the new size criterion, the Kzc values start to decrease. This is 
connected to the beginning of  yielding. The decrease is fully in line with the theoretical analysis. 
If  no effect of  yielding is accepted on the measured Klc, then the size criteria must be increased 
to W-a > 1.5.(Kic/C~y) 2. However, if  up to a 10 % conservative error is acceptable, W-a _> 
I. 1-(Kzc/Cyy) 2 is adequate. 

S u m m a r y  and Conc lus ions  

Many old and some newer data sets containing data revealing the effect of  specimen size on 
the Klc defined by ASTM E 399 have been analyzed based on present knowledge regarding the 
fracture mechanisms. All examined data sets show consistent ti"ends. The absolute specimen 
thickness is not relevant for the fracture toughness value determined according to ASTM E 399. 
If  the material has a rising tearing resistance curve, the fracture toughness will be simply a 
function of the specimen's ligament size. Only if the ligament becomes so slim that the steepness 
of the tearing resistance curve is affected, thinner specimens will begin to show increasing 
fracture toughness. Since the standard does not allow slim ligaments, this phenomenon will not 
affect the results. For standard geometries, only the ligament size affects the fracture toughness. 
This size dependence is a direct consequence of  the 95 % secant procedure used in ASTM E 399 
to define Klc. The only way to remove the ligament size dependence is to determine K~c at some 
constant amount of  crack growth. Based on the analysis, the following can be concluded: 
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�9 The specimen thickness is not the controlling dimension in a Kic test. 
�9 The controlling dimension is the ligament size, which, due to the 95 % secant definition 

of PQ, leads to specimen size dependent fracture toughness values. 
�9 The ligament size dependence can be removed by introducing a ligament size dependent 

PQ-secant definition. 
�9 The Pmax/PQ criterion should be removed. 
�9 The specimen size criteria can be somewhat relaxed and should be based on ligament 

size, not thickness. 
�9 Moderate side-grooving should be allowed. 
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Sensitivity of Creep Crack Initiation and Growth in Plates to 
Material Properties Variations 

ABSTRACT: In this paper, creep crack initiation and growth data are reported on type 316L(N) stainless 
steel at 650~ on compact tension (CT) specimens and on plates containing a semi-elliptical surface 
defect. The compact tension tests were carried out according to standard ASTM E 1457 procedures, and 
the results are plotted against experimental determinations of the creep fracture mechanics parameter C* 
derived from load-line displacement rate. Generally, satisfactory agreement is found between the CT 
specimen and plate results, although longer initiation times and slower cracking rates were observed in 
the plates consistent with the lower constraint anticipated in this specimen geometry. Also, predictions of 
the cracking behavior of the plates have been made using deterministic and probabilistic methods. In the 
former case, combinations of upper and lower bound material properties were used, which were based on 
the • 2 standard deviation (• 2SD) limits obtained from the measured scatter in the data. In the latter, a 
Monte Carlo simulation was adopted. It is found that the combination of bounds (:e 2SD) giving the 
shortest failure time corresponds with a failure probability of about 0.05 % from the probabilistic 
calculations. 

KEYWORDS: creep, fatigue, crack growth, crack initiation, life prediction, 316L(N), probabilistics 

Nomenclature 

A , A '  
d 

a, aini, afin 
Aa 
B, B,  
C, Cinb C/in 
C* 
c%. 
D, D"  D,, DI 
E 
er eocet ' 
e,~ e~ ee 

F 
J 
K 
L 
N 
n 

Norton power  law creep constant  in Eqs 5 and 14 
Creep crack growth rate 
Depth of  surface crack, initial and final depths o f  the surface crack 
Crack extension 
Thickness and net  thickness 
Half-length o f  surface crack, initial and final half- lengths of  surface crack 
Steady state creep fracture mechanics  parameter  
Value o f  C* est imated from the reference stress 
Constant  in Eqs 1, 12, 7, and 15 
Error o f  the Monte  Carlo Simulat ion in Eq 16 

Random uncertainties in ~b, ~i, and h 

Random errors in c~, tR, and 
Factor depending on specimen geometry and creep index n 
Elastic-plastic fracture mechanics  parameter  
Stress intensity factor 
Length  of  the plate 
Number  o f  simulations (or iterations) 
Norton stress index in power  law creep Eq 5 
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P 
R 
h, tR, th 
SD, SE 
W 
Yc, 
Za/2 

cf 

~ef, ~o 
tq, Ks 
~, CTb, am 

ffref r 
Ac 

Applied load 
Minimum to maximum load ratio in cyclic tests 
Initiation time, rupture time, and hold time 
Standard deviation of  the errors and standard error 
Width of  CT specimen- Half width of  plate 
Number of  C* data points 
Normalizes the standard deviation SD to a standard normal distribution 
Constant in Eqs 1 and 7 
Uniaxial creep failure strain 
Creep strain rate and secondary (or minimum) creep strain rate 
Creep strain rate at reference stress and constant strain rate 
Scaling factor for creep crack initiation and growth 
Stress, bending stress, membrane stress 
Reference stress and reference stress for plates 
Creep load-line displacement rate 

Subscript 

CT 
CP 
i 

Refers to compact tension specimen 
Refers to cracked plate data 
Refers to initiation 

Introduction 

For safety reasons and certification for life extension, components that operate at elevated 
temperatures must be inspected periodically. This has led to the development of  life assessment 
codes that deal with crack initiation and growth in components which operate in the creep regime 
(e.g., BS 7910 [1], R5 [2], R6 [3], ASME [4], and A16 [5]). These codes are designed to predict 
the onset of crack initiation and crack growth rate of defects that are found before or during in- 
service inspections in order to avoid unplanned stoppages and unscheduled replacement of  
cracked components unnecessarily. 

Most defect assessment codes [1-5] propose methods to estimate creep crack initiation and 
growth in components that are based on a deterministic approach using the creep fracture 
mechanics parameter C*. In order to estimate C* for components, the reference stress (~ref) 
method [6,7] is usually used. On the other hand, in measuring creep crack initiation and growth 
properties from laboratory tests on compact tension (CT) specimens, the parameter C* is derived 
directly from the experimental load-line displacement rate, as recommended in the standard test 
procedure ASTM E 1457-00 [8]. This means that different methods of estimating C* are used for 
making predictions of  cracking behavior in components than are used for determining material 
crack initiation and growth properties from CT specimens. The main reason for the use of small 
laboratory CT specimens as "benchmark" data is that it is very rare that actual component or 
"feature" component test data are available due to the prohibitive costs of performing the tests. 
As a result of these shortcomings, a number of  recent collaborative projects (see 
Acknowledgments) have been created to examine large components such as plates. 

Like creep deformation and rupture data, there is often a large scatter in creep cracking 
behavior. In such circumstances over the last few years, there has been a rising need to develop a 
quantifiable method based on a statistical and probabilistic approach to reduce the over- 
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conservatism arising from the use of a worst-case combination of  upper and/or lower bounds of  
material property data. Such approaches are expected to lead to an increase in confidence in the 
usage of  the Codes of  Practice [1-5]. 

In this paper, crack initiation and growth data are reported on CT specimens of type 316L(N) 
stainless steel at 650~ under static and slow cycling loading conditions. The results are 
compared with similar information that was collected on pre-cracked plates that each contained a 
semi-elliptical surface defect. Deterministic and probabilistic methods are used to interpret the 
findings. 

Steady State Crack Growth Analysis 

A steady state analysis considers the behavior of  a crack in a creeping solid once a steady 
state distribution of stress and creep damage has been developed ahead of  a crack tip. In such 
cases, it is usually found that creep crack growth rate d can be described by an expression of  
form (e.g., [8-10]): 

Z7 = D . C  *r (1) 

where D and ~b are material constants which can be determined experimentally or from models of  
the cracking mechanism. Most often these constants are obtained from tests that are carried out 
on compact tension (CT) specimens based on the recommendations of the ASTM E 1457-00 [8] 
procedure. In this procedure, C* is estimated experimentally from measurements of creep load- 
line displacement according to: 

p .Ac  
C* = �9 F (2) 

B , . ( W -  a) 

where P is the applied load, Bn is the net thickness between side-grooves (if  used), Wis the width 
of the specimen, a is the crack length, /~c is the creep load-line displacement rate, and F is a 
factor which depends on geometry and creep stress index, n. For CT specimens, F can be 
expressed by: 

The data obtained from CT specimens from Eqs 2 and 3 are usually considered as 
"benchmark" creep crack growth properties of a material in the same way creep strain rate and 
rupture are for uniaxial creep tests. These data are then employed directly in the crack initiation 
and growth models [9,10] described in the different codes [1-5] to estimate residual lives in 
components. 

When making calculations for components such as plates, C* must be determined from finite 
element analysis or estimated from approximate reference stress methods. In this study, the 
reference stress procedure is adopted in line with that used in the defect assessment codes [1-5]. 
With this approach, C* is expressed approximately as [6,7,10]: 

Cres = error "~..s " (4) 
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where gref is the creep strain rate at the appropriate aref for the component, and K is the stress 
intensity factor corresponding to the applied loading. When the creep strain rate g at an applied 
stress ~ can be described in terms of the Norton creep law [11]: 

= A. cr" (5) 

where A and n are material constants at constant temperature, Eq 4 can be rewritten as: 
* n-I. K 2 Cre f = A.Crre r (6) 

The typical value for n is between 5 and 12 for most metals. These equations will be used in 
the subsequent analysis to compare the cracking behavior of  the plates with the material 
properties data obtained from the compact tension specimens. 

Crack Initiation Analysis 

When a structure containing a defect is first loaded, the stress distribution is given by the 
elastic K-field or the elastic-plastic J-field. Therefore, time is required for the stresses to 
redistribute to the steady state creep stress distribution controlled by C*. During this period, 
transient conditions exist which are not uniquely defined by C*. In addition, a period of time is 
needed for creep damage to fully develop around the crack tip [12]. Furthermore, due to the 
practical limitations of crack detection equipment, the initiation of crack growth is difficult to 
determine precisely. Typically, this ranges between an extension Aa of between about 0.1 and 
0.5 mm depending on component and crack dimensions. For laboratory test pieces such as CT 
specimens, ASTM E 145%00 [8] identifies an extension of 0.2 mm to cover the entire transition 
time to steady state conditions, and this distance also takes into account the resolution of crack 
monitoring equipment. However, for consistency in crack measurement in the CT and plate 
specimens, it has been determined in this present work that Aa = 0.5 mm is the best value to 
choose to compare both sets of  data. 

From Eq 1 it may be expected that the time, ti, to initiate a crack extension of Aa can be 
expressed by: 

Di  
ti = C ,Oi (7) 

where Di and ~bi are material constants, For steady state conditions Di may be expected to be 
given approximately by Aa /D  with ~b~ = ~b so that Eq 7 can be rewritten as [13]: 

A a  
t~ D . C * ~  (8) 

Equation 8 assumes that during the entire initiation period a steady state distribution of stress 
and creep damage has developed ahead of the crack tip. This cannot be expected to be true 
during at least part of  the initiation period h. The applicability of Eqs 7 and 8 will be examined 
for both types of  specimen. 

Reference Stress Solutions for Plates 

Although it has been shown previously [14,15] that the majority of the codes employ Eq 4 to 
calculate C*, often different formulae are used to evaluate K and at4: It has also been 
demonstrated in the past [15] that greater sensitivity of C* to reference stress, rather than to K in 
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Eq 6 is obtained, since typically n >> 1. It has also been demonstrated previously that "global" 
collapse solutions, which are based on collapse of the entire cross-section at the site of a defect, 
represent best the cracking behavior in components [16,17]. Although the results are not 
presented here, the same conclusion has been found for the plate [17]. Consequently, in this 
present paper, a reference stress based on "global" collapse derived by Goodall and Webster 
[18], has been chosen which is expressed as follows: 

(~ + 3"Y'~ {(orb + 3"Y'O'm)2 + 9"O-~ " [(1-- Y)~ + 2"Y'(a--Y)] ~ (9) 
arefPlate = 3. [(1 -- y ) 2  q_ 2 .y. (a - y)] 

where am and ab are the elastic membrane and bending stresses, respectively, ,/= (a'c) / (W.B), 
and a = a/B. In this equation, a is crack depth, c is half crack length at the surface, B is the 
thickness of  the plate, and W is its half-width. 

Predictive Methods for Creep Crack Growth and Initiation 

The purpose of  most of the codes dealing with cracks is to predict the cracking behavior in 
components [1-5]. Equations 1 and 7 and are used in conjunction with Eq 4 to carry out 
predictions of  crack initiation and growth. However, in these equations, error and variability 
exist in the different constants, which must be taken into account. Therefore, it is important that 
in Eqs 1, 5, and 7 the following are considered: uncertainties in the values of D and 4 and errors 
in fi for creep crack growth; A, n, and g, for strain rate; and Di, 4i, and ti, for initiation. 
Combinations of  mean, upper, and lower bound properties or a probabilistic assessment can be 
adopted to develop a predictive methodology based on a simple deterministic sensitivity 
approach or a full probabilistic analysis. In the former case, the material constants D, 4, A, n, Di, 
and 4i, are obtained from regression lines which use least squares methods. Typically a • 2 
standard deviation of  the errors in 6, g, and h, termed SD, is used to set the bounds. To develop a 
probabilistic model, the scatter in the data as well as the uncertainties in the constants must be 
employed to determine the probability of failure, and Eqs 1, 5, and 7 must be modified. The 
methodology is shown graphically in Fig. 1. Hence, Eq 1 becomes: 

Ct = - -  ).C *(o+er .10 ~ (10) 

where eD and e~ are the uncertainties in log(D) and in 4, and e~ is the error in log(d) as illustrated 
in Fig. 1. Consequently, the uncertainty in D and the error in d are described by a lognormal 
distribution and the uncertainty in 4 by a normal distribution. For the different mean lines 
obtained due to the uncertainty in 4 to all pass through the "center of  gravity" of a log(6) - 
log(C*) data set, the uncertainties in D and 4 must be related according to: 

eD:eO [ Xc. :eo ~ SEr ) 

where Xc* is the number of  C* data points, and SED and SEr are the standard errors in log(D) and 
4, respectively. Consequently, D can be simplified according to: 

eO.(+SE~ I 
D ' = D ' 1 0  e D - D ' 1 0  ~ sE~) (12) 

where D '  is a modified value of  D due to a change in the slope 4. Hence, Eq 10 becomes: 
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it = D'.C *(o+e~) .10 e~ (13) 

where e0 and ea represent the variation in their respective parameters as shown graphically in 
Fig. 1. Also by analogy for creep strain rate and for crack initiation, Eqs 5 and 7 become, 
respectively: 

= A,<r( . . . .  ), 10 e~ (14) 

O ~ 
t i = ~ . 1 0  e' (15) 

where A' and D'i are the modified A and Di material constants, e~ and e0, represent the 
uncertainties in n and ~bi, respectively, and e~ and et~ are the errors in their respective parameters. 
In order to apply the probabilistic method, Monte Carlo Simulation (MCS) has been used to 
choose points randomly from the specific distribution for each variable. It is evident that the 
accuracy of the outcome will depend strongly on the number of iterations, N, selected. In fact, 
the accuracy of  the Monte Carlo Simulation increases only as the square root of N [19,20]. 
Therefore, the error of the MCS, E is given by: 

E = Zct/2 "SD 
t ~  (16) 

where zoJ2 normalizes the standard deviation SD to a standard normal distribution. For a 95 % 
level of confidence, z~ee equals 1.96. 

The only requirement of a Monte Carlo Simulation (MCS) is that the physical (or 
mathematical) system be described by probability density functions (pdf). However, this does not 
imply that a simple substitution of a distribution for a constant will produce an accurate MCS. 
This is due to the fact that the statistical relationships among the constants are often ignored [21]. 
Here normal and lognormal distributions are used depending on the parameter concerned. 

I .E+03 

4 Pivot = 10- ~" 
1.E+02 / ~ '  1 J 

t ~" 1 I ,  " +  2SE f t �9 �9 
Combinat ion  of  the error in a _.,,..........~..~--~ i . ,  ~ , h  ~ .~  ~ . t  . . 

and the uncertainty in ~ I J ~ ~ ~ - 2 S E ~  3. E+01 

d~ 

,e§ .If 7//i ...... 

1.E-01 I ~  ...... "" 

- - - -  M e a n + 2 S D  
1.E-02 ~ Mean 

. . . .  Mean - 2SD 
r ' ' ' # #  . " " �9 ~ P i v o t  

Expenm nta data I .. . . . .  + 2SE~ 
1.E-03 ~ ~ ~  

1 .E-05 1 .E-04 1 .E-03 1 .E-02 1 .E-01 1 .E+00 

C* [MPa.m/h]  

FIG, 1--Representation o f  error analysis including • SD and the uncertainties in the slope, 
~, and intercept, D. 
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Experimental Results 

Creep Crack Growth Data 

The material examined was type 316L(N) stainless steel with the chemical composition 
shown in Table 1. The "benchmark" crack growth data were generated at 650~ from standard 
CT specimens of width W= 50 mm which contained 20 % deep side-grooves on each side. Some 
tests were carried out at a constant load; others were subjected to slow load cycling at a 
frequency of less than 10 -2 Hz at a load ratio R = 0.1. The procedure adopted was that specified 
in ASTM E 1457-00 [8]. The results are shown in Fig. 2. It is evident that the results can be 
expressed in the form of Eq 1 with the values of D and ~ and their respective errors and 
uncertainties given in Table 2. It is apparent that both the static and cyclic loading results can be 
accommodated within the same scatter band of plus or minus two standard deviations, indicating 
little influence of cycle-dependent fatigue at R = 0.1 on the cracking process at frequencies of 
10 -2 Hz or less. Also in both cases the fracture surfaces were mainly intergranular, which is 
indicative of creep type fracture. 

TABLE 1 Chemical composition of 316L(N) steel (in weight %). 

C Si Mn P S Cr Mo Ni Cu AI N 
316L(N) 0.04 0.31 1.83 0.036 0.020 17.30 2.46 11.90 0.03 - -  0.07 

1.0E+00 

1.0E-01 

1.0E-02 

1.0E-03 

1.0E-04 
1.0E-05 1.0E-04 

FIG. 2--Creep crack growth 
specimens at 650~ 

O CT50 - CCG , n / / / "  

+ CT50 - CFCG" R = 0"1-- ~ ~ ~ / l  

/ .  ' . 0 ~ , "  . / /  Mean - 2SD 

/ 
, ~ . , , , , , h ,  I , , L , , , h  q , , , , ~ L ~  I , . . . . . . .  ' ' . , , , , , ,  

1.0E-03 1,0E-02 1.0E-01 1.0E+O0 
C* [MPa.m/h] 

data for 316L(N) stainless steel compact tension (CT) 
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TABLE 2--Mean and standard deviation o f  log(D) and ~b ,for CT laboratory tests. 

Temperature log(DcT) SE 
Materials .(oC) log_(_D_c~ ........ ~cT SE ~cr SD dcr 

316L~_N)_ 650 0.68 0.12 0.91 0.04 0.31 
C* in MPa.m/h, d in mm/h. 

The plates examined had a thickness B = 24.5 mm and a width 2W = 350 mm. Each was 
provided with a semi-elliptical surface defect (by electric discharge machining of  2.5 mm deep 
and total length between 80-85 ram), which was then extended by fatigue pre-cracking to 
between 7 and 17 mm deep and 87 to 121 mm long at the surface to give an aspect ratio, 
a/c ~ 0.25. Six specimens were tested in total; one at constant load, two at R = 0.1, and three at 
R = -1.0. The holding time at the maximum load was either 1 h or 3 h for plates subjected to 
cycling loads. The results are included in Fig. 3 together with the bounds obtained from the CT 
specimens. During cracking, the aspect ratio of the defects remained approximately constant, and 
the cracking rate at the deepest point (corresponding to an angle of 90 ~ from the surface) has 
been recorded. In making estimates of C* for the plates, the "global" reference stress taken from 
Eq 9 has been employed [14-18]. The mean uniaxial creep properties given in Table 3 were used 
to calculate the reference strain rate from Eq 5. 

FIG. 3--Effect o f  static and cyclic loading on crack propagation for 316L(N) stainless steel 
at 650~ for both CT and plate specimens. 

TABLE 3--Mean and standard deviation o f log(A) and n. 
Materials Temperature e' log(A) SE n 

(~ _ (h~ 1) . . . .  (Mpa -].h I ~ ( A )  

316L~N_. ~ 650 .... S e c 0 ~  -24.99 1.98 9.41 
a in MPa, g in h -~, 

SEn SD e" 

0.88 0.104 
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It is evident from Fig. 3 that the plate data scatter around the CT results. In some instances, 
the crack growth rate in the plates increases at an almost constant C* value. This is attributed to 
the build up of creep damage ahead of  the machined notches during the early stages of cracking. 
It can also be seen that crack growth is faster in the R = - 1 . 0  tests than in the other tests. 
Approximately, the constant load and R = 0.1 results scatter about the -2  standard deviation (SD) 
CT data and the R = -1.0 about the CT + 2SD results, indicating a significant fatigue contribution 
in this later case. Nonetheless, by considering all the results together, it may be argued that it is 
possible to assume the same slope ~b for both the CT and plate data. In such circumstances, Eq 1 
for the plate can be written as follows: 

ilcp = Dcp .C*~p r (17) 

Eq 17 corresponds to Eq 1 where the subscripts cp and CT stand for component (plate) and 
CT specimens, respectively. Furthermore, Dcp can be related to Dcv by: 

D ,p = x s �9 DCT (18) 

where ~c~ is a scaling factor which identifies the difference between the cracked plate and the 
"benchmark" CT results shown in Fig. 3. This factor is related to the intrinsic difference in the 
methods of  estimating C* in the plate and CT specimens and also to the difference in constraint 
that exists between the two geometries. Obviously, if  ~, < 1, prediction of  flop using CT data will 
be conservative. Provided that the methods of  estimating C* for the plates and CT specimens are 
consistent, it may be expected that a value of  K~ < 1 is obtained due to the lower constraint 
anticipated in the plate specimens. The actual mean values of  D and ~b and their uncertainties for 
each R-value are listed in Table 4 together with the respective K~ estimates. When creep 
dominates K~ = 0.23, which is less than unity as expected. At R = -1.0, tq ~ 2.98, corresponding 
to an increase in cracking rate by a factor of  about 12 due to a fatigue contribution for this R- 
ratio. 

TABLE 4- -Mean  and standard deviation o c and lo Dc , and ~, or lates. 
Temperature 

Materials .(oC) R log(Dcp) (kcp SD a~p K~ 

316L(N) -90 ~ 650 -1.0 1.15 0.91 0.49 2.98 
3 1 6 L ( ~  -90 ~ 650 0.1 0.05 0.91 0.16 0.23 

C* in MPa.m/h, fi in mm/h. 

Creep Crack Initiation 

In this investigation, creep crack initiation has been defined as the time to reach a crack 
extension of  Aa = 0.5 mm. The results for both the CT and plate specimens are presented in Fig. 
4. The respective mean values of  Di and ~i are given in Tables 5 and 6. Similar trends are 
observed for initiation as for crack growth rate. Tbe plates with R = -1.0 have lower initiation 
times than the constant load and R = 0.1 tests. Also the same value of ~i can be used for the plate 
and CT specimens so that Eq 7 can be rewritten for initiation time as: 

Dicp 
ticP C* ~,cT (19) 

ep 
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In Eq 19, like Eq 17, the subscripts cp and CT refer to the plate and CT specimens, 
respectively. Consequently, Dicp can be correlated with Dicr in the following form: 

Dic p = tr �9 Dic r (20) 

where ni allows for the difference in constraint and the method of  calculating C* in the two 
specimen geometries. In this case a value of  Ki > 1 results in a conservative prediction of 
initiation times in the plate from CT data. Table 6 indicates that this is the case for the constant 
load and R = 0.1 tests but that at R = -1.0, fatigue significantly shortens initiation times. 
Examination of  K~ and ~ci in Tables 4 and 6 implies that ~ = 1 / Ks for the respective constant load 
and R = 0.1 tests and the R = -1.0 tests. This suggests that the method of  calculating C* and the 
effects of  constraint in the two specimen geometries have the same influence on crack growth 
behavior and initiation times. 

The predictions of Eq 8 for the CT data are also shown in Fig. 4. It indicates a reasonably 
satisfactory correlation with the experimental results, suggesting that a steady state distribution 
of  stress and damage builds up quickly in the tests on the CT specimens. 

10000 
�9 CT50 - CCG data 

Prediction based on 
Eq. (8) using CT data �9 CTS0 - CFCG data 

~ Plates - CFCG - 90 ~ - R = -1.0 

1000 , , . ~ , ~  ~ A A Plates- CFCG - 90~ ~ R = 0.1 

"~- ' " - ,  ,. " ' - ~  Power fit for CT50 data 

1 00 I 
�9 

1 .E-05 1 .E-04 1 .E-03 1 .E-02 
C* [MPa.rn/h] 

FIG. 4--Effect o f  static and cyclic loading on time to crack initiation, t~ based on a crack 
extension of  O. 5 mm for 316L(N) stainless steel at 650~ both CT and plate specimens. 

~ a n  and s t~dard  d e v i a t _ ~ ( D ~  an d~i for  CT laborator~ tests. 

Materials Temperature SE 
(~ log(Dicr) log(Dic~ qJiCT SE OiCT SD tiCT 

3 1 6 L ~  650 -0.13 0.80 0,64 0.24 0.48 
C* in MPa.m/h, d in mm/h. 
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Materials Temperature (~ R log(Di~ ) i~ S D  tic IC i 

316L(N) - 90 ~ 650 -1.0 -0.70 0.64 0.18 0.27 
~ - 9 0  ~ 650 0.1 0.44 0.64 0.18 3.70 
C* in MPa.m/h,  ti in h. 

Sensitivity Analysis of the Number of Simulations 

Distribution functions provide a more effective way of  characterizing results than just mean 
and standard deviations. Both cumulative density functions (cdf) and probability density 
functions (pdf) can be used. They each have their strengths and weaknesses. The advantage of  a 
cdf is that it allows easy extraction of  the probability of failure. On the other hand, the type of  
density function is very difficult to determine. In contrast, a pdf  is easy to identify but does not 
allow easy extraction of  the probability of  failure. Consequently, Saltelli [ 19] recommends that 
both are plotted. 

In order to make a sensitivity analysis of  the number of  simulations, one of  the R = 0.1 tests, 
termed PLAQFLU5, has been examined. Details of the test conditions are given in Table 7. A 
hold time th of  3 h was imposed between each cycle, and a crack extension Aa = 1.1 mm was 
obtained in 3800 h. Figure 5 and Table 8 show the results of  repeat simulations of 1000 MCS 
and others up to 105 runs. In making the calculations for the CT specimen, only steady state 
conditions were assumed. Because initiation was ignored, all the calculations give average times 
less than what were measured experimentally. It is evident from Table 8 that it is necessary to 
undertake 105 MCS runs to achieve a safe probability of  failure of 0 .001% but that as few as 
1000 MCS runs are sufficient to give a satisfactory failure probability of  0 . 1 %  to within a 
lifetime of  about 10 %. From Fig. 5 it is apparent that the biggest difference occurs in the pdf  at 
low probabilities, whereas the cdf values virtually superimpose. 

1.0 - - = "  " = ~ , . ~ - -  ~ = = : 100 

o.8f. [ l l  l l ~ l # - , - p ~ -  1.000(b) runs[~ 80 
~=~ / / I ~ , / H  -=--pdf- 10,000 runs H 

:=., ~ 0.7 ~ I l l  / ~ ?  --*-pdf- 50,0O0 r '~ |k  7O 
u = ~ /11/ " ~  -e -pd f - lO0 ,O00 runs H c: :3 
" =" -~ 1/11 / ~ -.-cclf- 1,000(a) rms/J ' 6O E 
~ ~ ON6 # l/l I / ~)[~, -.-- cdf - 1,000(b) runs(1 

~ ~ ////~ i \'~ -~-c~- 1o,ooo r ~ [ t  8, 

~_~ - , ~  jr,f/ I ~ --~-pcif-lO0,000 runsl:~ ~ 0.4 ~ 40 #. 

Z o" 
0.3 30 

0.2 20 

0.1 I0 

~0.0 0 ~ 
100 1000 Time Ih] 10000 100000 

FIG. 5--Analysis o f  the number o f  Monte Carlo simulations to predict a crack extension o f  
1.1 mm in specimen PLAQFLU5, assuming only steady state conditions. 
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TABLE 7---Loading conditions and geometries for plate test PLAQFLU5 used in 
calculation. 

Materials Fm~ R C ~ _ g _ e o ~ _ m _ ~  th ti tR 
(kN) 2W B L aini 2eini da Ac (h) (h) (h) 
27.5 0.1 350.0 24.5 250.0 11.6 87.9 1.1 2.4 3.0 1143 3800 

TABLE 8--Results of sensitivity analysis between the number of runs for the plate 
PLA FLU5. 

Probability of Time Time Time Time Time 
Failure % 1000a runs 1000b runs 10 000 runs 50 000 runs 100 000 runs 

0.001 N/A N/A N/A N/A 120 
0.01 N/A N/A 234 198 195 
0,1 352 325 299 323 336 
0,2 410 451 357 398 402 
0.5 492 496 460 502 501 
1.0 630 660 584 602 607 

50.0 3527 3410 3513 3526 3530 
Mode 2285 2816 2017 2471 2854 

tR Mean or Case 1 3525 3525 3525 3525 3525 
Additional 

Information 
SD Log(tR MCS) 0.33 0.32 0.30 0.33 0.33 

2.05 x 10 -2 2.01 x 10 -2 6.46 x 10 -3 2.88 x 10 3 2.03 x 10 -3 

Comparison of Deterministic and Probabilistic Predictions 

Deterministic predictions of  the cracking behavior have been made for six different 
combinations of uniaxial creep strain rate, crack growth rate, and initiation time properties as 
shown in Table 9. The uniaxial creep properties are tabulated in column (i) and were used to 
estimate the C* values. Column (ii) contains the creep crack growth material properties, which 
were employed to predict the steady state crack growth phase. Finally, the creep crack incubation 
material properties are tabulated in column (iii). Case 1 assumed average material properties 
throughout, whereas the other cases considered various combinations of mean and • 2 standard 
deviations (SD) or standard errors (SE) in properties. The times to reach a crack extension of 1.1 
mm for specimen PLAQFLU5 for each case are given in Fig. 6. All of these cases result in 
conservative predictions, which are due to an under-prediction of initiation times. The use of 
average properties throughout (Case 1) gives a life of  2779 h, and assumptions of upper bound 
uniaxial creep and crack growth rate behavior combined with lower bound initiation times (Case 
2) result in a life of 362 h. All other combinations give intermediate predictions. 

Also included in Fig. 6 are the predictions obtained by MCS using 50 000 runs assuming a 
fixed slope of  r and variability in r Little influence of variability in ~b is apparent. Assumption 
of average properties (Case 1) corresponds to a failure probability of about 40 % (instead of 
50%) due to the under-prediction of initiation times. Choice of worst-case • 2SD in the 
deterministic calculations (Case 2) corresponds to a failure probability of 0.05 %. Other 
combinations of properties give intermediate predictions. 
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TABLE 9--Material properties used in the deterministic method 316L(N). 

Calculations 

Case 1 

Case 2 

Case 3 

. . . . .  _(~),,(Calculate C * ) _ ~ ' t i a t i o n )  . . . .  

Creep Strain Rate Creep Crack Growth Initiation Time 
(tr in MPa and ~ in h 1) (C* in MPa.m/h and (C* in MPa.m/h and 

~i in mm/h) ti in h)___.. _ 
A 

1.02 x 
Mean 

1.64 x iO ~ 
+ 2SD 

1.64 x 10 --z5 

9.41 1.13 0.91 2.76 -0.64 
Mean Mean Mean Mean Mean 
9.41 4.78 0.91 0.30 ~). 64 

Mean + 2SD Mean - 2SD Mean 
9.41 1.13 0. 91 2.76 -0.  64 

+ 2SD Mean Mean Mean Mean Mean 
............................................................... i i bSxS-6  =~3 .............. -9 i~- i  ............... - 4 5 - 8  ................ -6. 9 - i  ............................. g ~6-  ........................... : : ( )_  ~-4 .............. 

Case 4 
Mean Mean + 2SD Mean - 2SD Mean 

........................................ - i 7 0 ~ - ; ~ - i i ~  = ~  ........... ~ ; i i -  ............... ~ 6 ~  .................... i ~ 7 8 ~ -  ................... 5 i i . i ~ i -  ................ ~ i i ~  ........... 
Case 5 

Mean Mean Mean - 2SD Mean + 2SD 
9.28 x ]0 - -~-  7.65 0.66 0.84 111.01 -0.16 

Case 6 
Mean - 2 S D  Mean - 2SD Mean + 2SD 

1.0 
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{. ~ o.7 

"~ .cO.6 
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t .  
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.ff =o 0.4 
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.... ~ -  cdf - variable slopes 
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Ca*  
- -  Case 4 - 545 h 
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FIG. 6--Comparison of deterministic and probabilistic times to reach a crack extension of 
1.1 mm in specimen PLA QFL U5, assuming combined initiation and steady state crack growth. 
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Summary and Conclusions 

Creep crack initiation and growth data have been obtained on type 316L(N) stainless steel at 
650~ on standard compact tension (CT) specimens and plates containing a semi-elliptical 
surface defect. The compact tension tests were carried out according to standard ASTM 
procedures and the results plotted against experimental determinations of  the creep fracture 
mechanics parameter C*. Some tests were performed at constant load; others were conducted at 
a minimum to maximum load ratio R = 0.1 at frequencies of  less than 10 -2 Hz. No appreciable 
difference was found in C* between the constant load and cyclic test results. 

The CT data have been compared with the results obtained on the plate tests. These tests 
were performed at constant load and R = 0.1 and -1.0. In the case of  the plates, C* was 
calculated by reference stress methods. Generally, it has been found that initiation takes longer, 
and crack growth rate is slower in the plates than in the CT specimens consistent with the lower 
constraint anticipated in the plates. A significant acceleration due to fatigue was observed in the 
R = -1.0 tests in the plates. 

Predictions of  the cracking behavior of  the plates have been made using deterministic and 
probabilistic methods. Monte Carlo simulation was used to make the probabilistic calculations 
using statistical distributions obtained from the measured experimental scatter in the CT 
specimen data. Combinations of  upper and lower bound material properties data were used to 
make the deterministic predictions. It has been found that choice of worst-case combinations 
(based on + 2 standard derivations) corresponds with a failure probability of about 0.05 % from 
the probabilistic calculations. 
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Fretting Fatigue and Stress Relaxation Behaviors of Shot- 
Peened Ti-6AI-4V 

ABSTRACT: Relaxation behavior of residual stress and its effect on fretting fatigue response of shot- 
peened titanium alloy, Ti-6A1-4V were investigated at room and elevated temperatures under constant 
amplitude cycling condition using two contact configurations, cylinder on fiat and flat on fiat. 
Measurements by X-ray diffraction method before and after tests showed that residual compressive stress 
relaxed during fretting fatigue. Fretting fatigue life depended on the amount of stress relaxation as well as 
on the applied stress range. Elevated temperature induced more residual stress relaxation relative to that 
at room temperature, which, in turn, resulted in a reduction of fretting fatigue life. There was no effect of 
contact geometry on fretting fatigue life on the basis of the applied cyclic stress on the specimen, which 
did not account for any effects from contact stresses, even though less residual stress relaxation occurred 
with flat pad. A critical plane based fatigue crack initiation model, modified shear stress range parameter 
(MSSR), was computed from finite element analysis for tests incorporating various levels of stress 
relaxation. It showed that not only crack initiation but also crack propagation should be considered to 
characterize fretting fatigue behavior of shot-peened specimens. 

KEYWORDS: fretting fatigue, residual stress, shot-peening, stress relaxation, crack initiation parameter 

Introduct ion 

Shot-peening improves the fatigue strength of  metall ic parts by inducing the residual 
compressive stress on the surface o f  components .  The residual compressive stress on the surface 
can prevent  or delay crack initiation and propagat ion as well  as close the pre-existing cracks 
when  they are within the residual compressive stress zone. Therefore, there have been several 
investigations about  the fatigue response and  relaxation behavior  o f  residual stress under  various 
loading and envi ronment  conditions. However,  relaxation o f  compressive residual stress also 
occurs under  cyclic loading conditions that  result in a reduction of  its beneficial  effects. Further, 
fretting conditions and/or an  elevated temperature envi ronment  generally accelerate the stress 
relaxation process. Relaxat ion of  residual stress at elevated temperature is a thermal recovery 
process in which  elevated temperature accelerates a rapid annihi lat ion of  crystalline defects. 
Fretting involves micro-sl ip o f  contacting bodies subjected to cyclic load, which  promotes and/or 
induces the stress relaxation process. Kodama  [1] reported that the residual stress relaxation 
behavior  in the shot-peened mild steel showed a l inear logari thmic decrease of  residual stress 
with  an increasing applied number  o f  fatigue cycles. Holzapfel  et al. [2] investigated the residual 
stress relaxation behavior  of  AISI 4140 steel under  the plain fatigue loading condit ion at elevated 
temperatures and found that  thermal  and mechanical  mechanisms for the relaxation of  residual 
stress could be regarded as independent  processes. Kato et al. [3,4] studied effects of  shot- 
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peening on fatigue strength of  Ti-6A1-4V alloy at elevated temperatures. Their investigation 
showed that plain fatigue strength of a shot-peened specimen decreased with temperature up to 
350~ and reached the lower value than that of  unpeened specimen at 450~ due to the 
relaxation of compressive residual stress at elevated temperatures. Also, it has been demonstrated 
that fretting fatigue lives of  shot-peened components increase as compared to unpeened 
components [5,6]. 

The blade/disk attachments (dovetail joints) in gas turbine engines generally fail due to 
fretting fatigue. Titanium alloy, Ti-6A1-4V is a representative material used in these components 
of gas turbine engines, and its maximum usage temperature is about 275~ In recent studies 
[7,8], shot-peened Ti-6A1-4V showed longer fretting fatigue life than unpeened Ti-6A1-4V at 
room temperature, however this increase in fatigue life was significantly reduced at elevated 
temperature, and the difference in fatigue life between shot-peened and unpeened Ti-6A1-4V 
became negligible at 260~ This was attributed to an increased relaxation of  residual stress at 
elevated temperature. These previous studies were conducted under the cylinder-on-flat contact 
configuration. As contact configuration in dovetail joints is basically a flat with rounded edge- 
on-flat, the present study is an extension of these previous studies to include this contact 
geometry. The present study investigated both residual stress relaxation and fretting fatigue 
behavior of  shot-peened Ti-6A1-4V alloy with flat with rounded edge-on-flat contact 
configuration at room and elevated temperatures. Finite element analysis was also conducted to 
evaluate the ability of a critical plane based crack initiation parameter to characterize fretting 
fatigue crack initiation behavior of  the tests. 

Experimental Procedure 

A forged titanium alloy, Ti-6A1-4V was used in the present study. The material was 
preheated and solution treated at 935~ for 105 min, cooled in air, vacuum annealed at 705~ for 
2 h, and then cooled in argon. The resulting microstructure showed the nucleation of  60 % 
volume of  c~ (HCP) phase (platelets) in 40 % volume of  13 (BCC) phase (matrix). The measured 
grain size was about 10 pm. The material has elastic modulus of 126 GPa and yield strength of  
930 MPa at room temperature, and elastic modules of  92 GPa and yield strength of 741 MPa at 
260~ A dog-bone type of specimen was machined by the wire electrical discharge method. 
Both width and thickness of  the reduced gage section of  the specimen were 6.4 mm. After 
machining, specimens were shot-peened as per SAE Aerospace MateriaI Specification (AMS) 
2432 standard, using computer controlled equipment with an intensity of  7 Almen. The process 
was conducted with ASR 110 cast steel shots with 100 % surface coverage. Two types of pads, 
which were also made of Ti-6A1-4V, were used: a cylindrical pad with a radius of  50.8 mm and a 
flat pad with rounded edges, which had an edge radius of 2.54 mm and a flat region of 4.45 mm. 
Figure 1 shows schematic drawings of  the specimen and pad used in this study. 

A servo-hydraulic uniaxial test machine was equipped with a fretting fatigue fixture to 
conduct tests at a frequency of 10 Hz. The details of  fretting fixture as well as fretting fatigue test 
are provided in the previous studies [7,8]. Two pads were pressed symmetrically against 
specimen surface through this fixture. Normal contact load of  1335 N was applied on the 
specimen through pads. The specimen was fatigued under constant amplitude condition at 
different maximum stress levels, ~max, ranging from 333-666 MPa with a stress ratio, R of 0.1. 
To conduct fretting fatigue tests at elevated temperature, two heaters, placed at the front and 
back of  specimen, were used to heat and maintain the temperature at 260~ over a gage section 
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(10 mm) surrounding the contact region. Heaters were controlled through a feedback controlled 
system with two separate silicon controlled rectifiers (SCR). During fretting fatigue test, 
temperature in the gage section of the specimen was maintained within +3~ of the desired 
temperature. X-ray diffraction measurements of residual stress were conducted using a two-angle 
sine-squared-psi technique, in accordance with SAE J784a, employing Cu K-alpha radiation 
from the (213) planes of the HCP structure of the Ti-6A1-4V. The depth profile of the residual 
stress (i.e., away from the contact surface) was measured by iterative removal of thin layers of  
material by electro-polishing method followed by X-ray measurements. 

R1.91cm 0.64cm 

_ r  --559cm  b---508om . 
I- 17.78cm 

(a) 

9.98 mm 9.98 mm 

4.45mm 
(b) 

FIG. 1--Schematic of a) specimen and b)pad. 

Finite Element Analysis 

Finite element analysis (FEA) was conducted using a commercially available code, 
ABAQUS [9], to determine the stress, strain, and displacement in the contact region between pad 
and specimen. The 4-node, plane strain elements along with the master-slave contact algorithm 
on the contact surface between the fretting pad and specimen were used. Figure 2 shows the 
finite element model along with loads and boundary conditions. The fretting pad was constrained 
by a rigid body constraint in the longitudinal direction of  the specimen. A multi-point constraint 
(MPC) was applied at the top of  the pad to prevent it from rotation due to the applied loads. 
There was also a multi-point constraint between the border elements where element size changed 
to prevent free nodes of  smaller elements penetrating into the bigger elements. The normal 
contact load, P, was applied at the top, and the tangential load, Q, was applied on the pad. Axial 
stress, Oaxial, was applied on the specimen. Loads were applied to the finite element model in 
three steps. Normal load was applied in the first step on the top of  pad as a distributed load to 
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establish contact. In the second step, maximum tangential load, Qmax, and maximum axial stress, 
~a• obtained from experiments at the maximum cyclic load condition were applied. Then, 
minimum tangential load, Qmin, and minimum axial stress, O'axial,min , obtained from the 
experiments at minimum cyclic loading condition, were applied in the third step. Further details 
of FEA can be found in a previous study [6]. 

FIG. 2--Finite element model. 

Results and Discussion 

Fretting Fatigue Life 

Figure 3 shows the fretting fatigue life, Nf, of  shot-peened Ti-6AI-4V as a function of  applied 
stress range (A~ = O'ma x -- O'min ) for two contact geometries (i.e., cylindrical versus flat with 
rounded edge) at room and elevated temperatures (RT and 260~ As mentioned earlier, fatigue 
tests were conducted at several stress levels with contact load of  1335 N at room temperature 
(RT) and 260~ which provided the complete S-N relationships at these two conditions with 
both contact geometries, and these are shown in this figure by two trend lines. It can be clearly 
seen that an increase in temperature reduced the fretting fatigue life of  shot-peened Ti-6A1-4V 
relative to that at room temperature at a given stress range level for both contact geometries. 
Further, contact geometry appears to have no effect on fatigue life, on the basis of  applied stress 
range, as data from these fall within a scatter band at a given test temperature, i.e., data show two 
distinct trends depending on test temperature but not on contact geometry. Figure 3 also shows 
the corresponding relationships for the un-peened Ti-6A1-4V for the same two contact 
geometries (cylinder on flat and flat on flat) for both room and elevated temperatures. There 
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appears again to be no effect of the contact geometry on these S-N relationships from these two 
geometries when plotted on the basis of applied stress range. This is not always the case, i.e., S- 
N relationship could depend on the contact geometry [16]. Further, there was no effect of the 
elevated temperature on the S-N relationship in the case of un-peened material unlike shot- 
peened material. This was due to the larger relaxation of residual stress at elevated temperature 
than at room temperature in the shot-peened material as discussed next. Such a phenomenon was 
not present in the un-peened material. In spite of the relaxation, Fig. 3 clearly shows the 
beneficial effect of shot-peening, especially in the high cycle fatigue regime. 
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FIG. 3--Applied stress range versus cycles to failure with two different temperatures (RT 
and 260~ and contact geometries (fiat and cylindrical pads). Contact load was 1335 N. 

Residual Stress Relaxation 

Figure 4 shows three representative residual stress profiles in shot-peened specimens as a 
function of the depth (i.e., distance) from the contact surface. These three cases are for virgin 
specimen, i.e., before fretting test, and for specimens after fretting fatigue test until their failure 
at room and elevated temperatures. For untested shot-peened specimen, compressive stress was 
575 MPa at the surface and increased with depth up to 814 MPa at a depth of 25 ~tm, after which 
it gradually decreased to zero at a depth of 164 gm. Although it is not shown in Fig. 2, the 
compensating tensile stress would be present at the depth below where compressive stress 
becomes zero, to maintain internal forces equilibrium inside the specimen, i.e., the area under 
both the tensile and compressive stress profiles should be the same [6]. Further, it was assured 
that shot-peening generates a biaxial state of stress in the plane, C~xx = ~yy, as in a previous study 
[10], and Fig. 4 shows one of  this stress components. The Oxx component (i.e., along the 
longitudinal direction) of the specimen was measured by the X-ray diffraction method. 
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FIG. 4--Residual stress profiles as function of depth from contact surface. Fatigued 
specimens were tested with cylindrical pads at the contact load of  1335 N. 

Figure 4 also shows the residual stress profiles in the fretting fatigued specimen, which was 
subjected to the applied stress range of  400 MPa up to their failure at room temperature and 
260~ The residual stress measurements were taken at the center of the fretting scar (i.e., stick 
region). Further, the difference in measured residual stress between the stick and slip regions was 
negligible. For the specimen fatigued at room temperature, the compressive residual stress at the 
contact surface after the fretting fatigue test was 400 MPa, which was 69 % of  that on the 
untested shot-peened specimen. The specimen tested at 260~ showed greater stress relaxation. 
The compressive residual stress at the contact surface was 215 MPa, which was 38 % of  the 
surface residual stress on the untested shot-peened specimen. The depth from the contact surface, 
where the residual compressive stress reached to zero, also decreased after fretting fatigue at 
elevated temperature, i.e., 110 ~tm for the specimen tested at room temperature versus 90 gm for 
the specimen tested at 260~ Overall, the amount of stress relaxation inside the specimen (i.e., 
away from the contact surface) showed ahnost the same trend as that on the contact surface. 
Thus, it can be assumed that approximately 30 % of  residual stress relaxation occurred due to the 
fretting fatigue and an additional 30 % relaxation occurred due to the exposure to elevated 
temperature. 

Figure 5 shows the relaxation behavior of residual stress at the contact surface under various 
test conditions, i.e., when specimens were tested at two stress levels (350 and 500 MPa), and at 
two temperatures (RT and 260~ for both contact geometries. In Fig. 5, the magnitude of 
surface residual stress is represented by a percent value of the initial surface residual stress from 
the untested shot-peened specimen. Stress relaxation behavior at the contact surface was only 
analyzed since the relaxation behavior inside the specimen was similar to that on the contact 
surface. Although most of  the residual measurements were done at two temperatures (RT and 
260~ one measurement at 100~ was also conducted with cylindrical pad, which is also 
shown on this figure. Based on this, a linear dependence of stress relaxation on temperature for a 
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given test condition is assumed, so this trend is shown by straight lines in Fig. 5. Further, any 
discussion on the relaxation behavior in this study is not affected by this assumption. Figure 5 
clearly shows that a greater stress relaxation occurred when a specimen was exposed to either 
higher temperature or applied stress range. Further, specimens with a flat pad showed less stress 
relaxation compared to those with a cylindrical pad under all test conditions of this study. This 
might be due to a lower magnitude of stress components at contact surface with flat pad relative 
to the cylindrical pad, which will be discussed later. The trend lines between the stress relaxation 
and temperature for both contact geometries show relatively higher slopes at the stress range of 
350 MPa than those at the stress range of 500 MPa. This was due to the fact that specimens with 
both flat and cylindrical pad did not fail at room temperature due to run out limit on fatigue 
cycles, i.e., they survived 4 million cycles. A previous study showed that there was an additional 
stress relaxation during the crack initiation/propagation phase, which contributed a good portion 
toward the total residual stress measured after the specimen failure [2]. Therefore, un-failed 
specimens tested at the applied stress range of  350 MPa did not have this part in the measured 
value of residual stresses, and hence they show relatively smaller amount of stress relaxation 
than if  they had failed. 
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FIG. 5--Residual stress at contact surface as a function of  test temperature for two applied 
stress ranges and contact geometries. Residual stresses were measured after specimen failure. 
Applied contact load was 1335 N. Arrows represent un-failed specimens at 4 000 000 cycles. 

Contact Stress State and Crack Initiation Parameter 

A previous study investigated the fretting fatigue behavior of  the same unpeened material, 
Ti-6A1-4V at room temperature and 260~ experimentally as well as by finite element analysis 
[11]. There was no difference in fretting fatigue lives at these two temperatures, which is also 
shown in Fig. 3. Further, this study showed that there was no difference between FEA at room 
temperature and 260~ [11]. This was due to the fact that specimens were heated first before 
applying any load required to conduct fretting fatigue tests and all loads, used in analysis, were 
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measured after specimen achieved the test temperature of 260~ For this reason, all FEA 
computations were conducted without applying temperature to the model except for material 
properties used at 260~ which were Young's modulus = 92 GPa and Poisson's ratio = 0.3. 
Figure 6 shows the variation of longitudinal normal stress, Crxx, along the cyclic loading direction 
of  the specimen (x-direction) at the contact surface. Note that the distance x in this figure is 
normalized by the semi-contact width, a. The contact width, 2a was 0.92 mm and 5.08 mm for 
the cylindrical and flat pads, respectively. There is a very little effect of temperature on stress 
magnitude and its variation on the contact surface for a given contact geometry, but the specimen 
in contact with a flat pad has smaller magnitude of ~• along the contact surface due to its wider 
contact width. The maximum value of ~xx is located at the trailing edge for all cases, where all 
specimens failed in this study, and the absolute value of the maximum cy• at the trailing edge is 
much larger for cylinder-on-flat contact configuration. 
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x/a 
FIG. 6--Variation of  ~,x in x direction at contact surface o f  fretting specimen. Two different 

pads (cylindrical pad and flat pad) were used. The x-axis is normalized by contact hail'width, a. 

Stress state in contact region subjected to fretting fatigue is of  multi-axial nature. Hence, it is 
essential to utilize a fatigue parameter/model/criterion which can account for multi-axial stress 
for characterizing the fretting fatigue crack initiation process. Several attempts have been made 
to predict crack initiation life under fretting fatigue condition using critical plane based 
parameters/models [ 12-16]. Among them, a modified shear stress range (MS SR) parameter has 
been shown to be the most effective in terms of  predicting fretting fatigue life from plain fatigue 
data as well as orientation and location of  crack initiation [16]. Further, it has been shown that 
this parameter is also the most effective in terms of correlating fretting fatigue crack initiation 
lives from different contact geometries. This parameter involves a combination of shear and 
normal stresses on the critical plane and is elaborated next. 

To compute MSSR parameter, shear stress was calculated at all points along all planes 
ranging from -90~ ~ from the state of  stress (~x• ~yy, ~xy) computed from FEA by: 
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Crxx - Cryy sin 20 + r~y cos 20 (1) 
r = -  2 

where 0 is the orientation from a vertical to the applied axial load direction (x-direction) on the 
specimen. Then, shear stress range, Az = Zmax - Zmin, was computed at all planes and at all points. 
.... and ~min are shear stresses due to maximum and minimum applied axial loads, respectively. 

From these, the value of the maximum shear stress range, its location, and the critical plane 
where it was acting were obtained. Since the mean stress or stress ratio also affects fatigue 
behavior, this effect on the critical plane was accounted by incorporating a technique proposed 
by Walker [ 17]. Then, AZcrit was calculated from: 

AZcrit = Xmax(1-Rv) m (2) 

where Zm,x and Re are the maximum shear stress and shear stress ratio on the critical plane, 
respectively, and m is a fitting parameter, which was determined to be 0.45 from a previous 
study [15]. Finally, MSSR parameter was calculated by combining A'Ccrit with the maximum 
normal stress on the critical plane of maximum shear stress range as: 

MSSR = AA'cBcrit + CO'Dmax (3) 

where ~m,x is the maximum normal stress on the critical plane defined by shear stress range. A, 
B, C, and D are the fitting constants determined by curve fitting, and these were determined 
empirically in a previous study [16], A = 0.75, B = 0.5, C= 0.75, and D = 0.5. 

MSSR parameters were calculated at all locations, and the maximum value of  MSSR 
parameter for each test was chosen as a value of  MSSR parameter for the fatigue life diagram as 
shown in Figs. 7-9. These fatigue life diagrams include the effects of  contact stresses unlike the 
one shown in Fig. 3, which is based on the applied axial stress to the specimen. Figure 7 shows 
MSSR parameter calculated for all four different test conditions, without incorporating the 
residual stress from the shot-peening into the computed stresses from finite element analysis, as a 
function of fretting fatigue life. Unlike Fig. 3, specimens fretted with cylindrical pad show that 
MSSR parameter versus cycle-to-failure relationships are different than their counterparts from 
specimens fretted with fiat pad. Further, specimens tested at 260~ showed shorter fatigue lives 
on the basis of MSSR parameter for both pad geometries. The maximum values of  MSSR 
parameter for all cases in Fig. 7 were located at the contact surface, which will be discussed later. 

When initial residual stress from shot-peening (i.e., before fretting fatigue test) was added to 
the computed values of  •• and O'yy from FEA, values of  MSSR parameter decreased 
significantly as shown in Fig. 8. And the difference in MSSR parameter versus cycles-to-failure 
relationship between two different contact geometries increased since the decrease in MSSR 
parameter due to the addition of  residual stress for specimens with flat pad was relatively larger 
than that in the case of  cylindrical pad. This larger decrease in MSSR parameter for specimens 
with fiat pad was due to their relatively lower value of initial stresses as shown in Fig. 6, so that 
the effect of residual stress was more compared to specimens with cylindrical pad. Figure 9 
shows the fatigue life relationships when relaxed residual stresses obtained after fretting tests 
were included in the computation of MSSR parameter. For this, 42 % and 6 1 %  of stress 
relaxation at room temperature and 260~ respectively, were used at all locations at and away 
from the contact surface for both cylindrical and flat pads. Still, four separate scatter bands of  
data, i.e., MSSR parameter versus cycles-to-failure relationships, can be seen based on 
temperature and contact geometry, however, the difference among them is now less as compared 
to that in Fig. 8. 
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FIG. 9--MSSR parameters versus number of cycles to failure after including relaxed 
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As mentioned earlier, previous studies showed that MSSR parameter versus fatigue life 
relationships of  un-peened specimens under different test conditions, i.e., fretting and plain 
fatigue, two contact geometries, and room and elevated temperatures, were within a scatter band 
[11,16]. Considering that residual compressive stress can prevent or delay not only crack 
initiation but also propagation in the region where this stress is present, it can be expected that 
shot-peened specimens would show different fatigue life relationships from those for un-peened 
specimens. Among several fatigue life relationships shown in Figs. 7-9, the most appropriate 
ones are in Fig. 9, since they include the effects of relaxation of residual stress due to fretting 
fatigue. However, there are still differences in the MSSR parameter versus cycles-to-failure 
relationship from various test conditions in Fig. 9. This can be attributed to the differences in 
relative contribution of crack nucleation/initiation versus propagation phases in the total fatigue 
life. In previous studies with un-peened specimens, the nucleation and initiation part, which 
involved formation of  a crack o f -  0.1-0.2 mm length, was about 90-95 % of cycles-to failure, 
i.e., total life [16]. This may not be the case with shot-peened specimens where it is expected that 
crack propagation phase would contribute to a good part of the total life. So the differences in the 
MSSR parameter versus cycles-to-failure relationship from various test conditions in Fig. 9 may 
be due to the difference in crack propagation behavior between two contact geometries. This 
probably explains why data from flat pad at both temperatures fall below their counterparts from 
cylindrical pad. It is to be noted that after accounting the residual stress from shot-peening stress 
state was more compressive in magnitude, and it spanned over the longer depth away from the 
contact surface in flat pad than in the cylindrical pad (see Fig. 6). This would retard the crack 
initiation and/or the crack propagation. Further, the difference in MSSR parameter versus cycles- 
to-failure relationship between two temperatures for a given contact geometry suggests that crack 
nucleation/initiation in shot-peened materials may be temperature dependent phenomenon. Thus, 
further investigation is needed to understand these behaviors. 
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Next, the variation of  MSSR parameter along the depth from contact surface will be looked 
into to understand its effects on crack nucleation/initiation. These are shown in Figs. 10-13 for 
four fretting test conditions of  this study, which involved two pad geometries and two 
temperatures. Without including residual stress from shot-peening in the computed stresses, 
maximum values of the MSSR parameter were always located at the contact surface as shown in 
Figs. 10-13. When the initial residual stress from shot-peening (i.e., no relaxation) was added, 
values of the MSSR parameter lowered significantly, and the locations of maximum values of 
MSSR parameter were not at the contact surface but at a depth of  about 170 ~tm for all cases. 
However, when residual stress after relaxation was included in the calculation of  MSSR 
parameter, it changed the location of the maximum MSSR parameter. Maximum values of 
MSSR parameter for specimens tested at room temperature for both contact geometries were still 
about 170 ~tm away from the contact surface, but the difference between the values of  MSSR 
parameter at the contact surface and at a depth of  170 ~tm was significantly reduced as shown in 
Figs. 10 and 11. This small difference as well as microscopic damage at the contact surface from 
the fretting action (i.e., fretting scar) probably caused the crack initiation at the contact surface 
instead of away from it as seen in the experiments. 

At 260~ a greater stress relaxation yielded higher value of  MSSR parameter at/near contact 
surface in comparison to room temperature as shown in Figs. 12 and 13. These again show that 
the crack could initiate at contact surface or any location from contact surface at 150-200 ~tm 
inside the specimen, since variation in the MSSR parameter is not much over this distance when 
relaxed residual stress is accounted for for its calculation. However, crack initiated at the contact 
surface in all tests can again be attributed to the combination of maximum value of MSSR and 
microscopic damage from fretting fatigue at the contact surface, i.e., fretting scar. On the other 
hand, with no stress relaxation, a crack would have initiated within the specimen away from the 
contact surface, where maximum value of  MSSR parameter occurred as shown in Figs. 10-13. 
As more and more stress relaxation occurs, the location of crack initiation moves toward the 
contact surface. 
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C o n c l u s i o n s  

Fretting fatigue behavior of  shot-peened titanium alloy, Ti-6A1-4V, with two contact 
conditions (cylinder-on-fiat and flat-on-flat) was investigated at room temperature and 260~ 
Residual stress measurements before and after the fretting test showed that it relaxed during 
fretting fatigue, and higher applied cyclic load and elevated temperature fostered more stress 
relaxation. As more relaxation occurred at elevated temperature, fretting fatigue life of shot- 
peened specimen at 260~ was reduced. However, no effect of  contact geometry on fretting 
fatigue life was observed on the basis of  the applied cyclic stress on the specimen, which did not 
account for any effect from the contact stress, even though less residual stress relaxation 
occurred when specimen was fretted with a flat pad. A critical plane based fatigue crack 
initiation model, modified shear stress range parameter (MSSR), was computed from finite 
element analysis. It showed that not only a crack initiation but also a crack propagation process 
should be considered to characterize fretting fatigue behavior of  shot-peened specimens. Cracks 
always initiated at the contact surface in this study, which was correctly predicted by the MSSR 
parameter. 

Acknowledgments 

The authors gratefully acknowledge the support of Dr. Jeffrey Calcaterra, High Cycle Fatigue 
Program at Materials and Manufacturing Directorate, Air Force Research Laboratory. Also the 
help of  Ms. Sonia Martinez in some measurements of residual stress is gratefully appreciated. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



486 FATIGUE AND FRACTURE MECHANICS 

References 

[1] Kodama, S., "The Behavior of Residual Stress During Fatigue Stress Cycles," Proceedings 
of International Conference on Mechanical Behavior of Metals, Vol. 2, Society of 
Materials Science, Kyoto, Japan, 1972, pp. 111-118. 

[2] Holzapfel, H., Schulze, V,  Voehringer, O., and Macherauch, E., "Residual Stress 
Relaxation in an AISI 4140 Steel Due to Quasistatic and Cyclic Loading at High 
Temperatures," Materials Science and Engineering A, Vol. A248, 1998, pp. 9-18. 

[3] Kato, Y., Takafuji, S., and Kiriyama, M., "Effect of Shot Peening on Fatigue Strength of 
Ti-6A1-4V Alloy at Elevated Temperatures," Journal of the Society of Materials Science, 
Japan, Vol. 45, 1996, pp. 43-47. 

[4] Kato, Y. and Takafuji, S., "Fatigue Properties of Shot Peened Ti-6A1-4V Alloy at Elevated 
Temperatures," Journal of the Society of Materials Science, Japan, Vol. 46, 1997, pp. 
1136-1142. 

[5] Mutoh, Y., Satoh, T., and Tsunoda, E., "Improving Fretting Fatigue Strength at Elevated 
Temperatures by Shot Peening in Steam Turbine Steel," Standardization of Fretting 
Fatigue Test Methods and Equipment, ASTMSTP 1159, M. H. Attia and R. B. Waterhouse, 
Eds., ASTM International, West Conshohocken, PA, 1992, pp. 199-209. 

[6] Namjoshi, S. A., Jain, V. K., and Mall, S., "Effect of Shot-Peening on Fretting-Fatigue 
Behavior of Ti-6A1-4V," Journal of Engineering Materials Technology, Vol. 124, 2002, 
pp. 222-228. 

[7] Lee, H., Jin, O., and Mall, S., "Fretting Fatigue Behavior of Shot-Peened Ti-6AI-4V at 
Room and Elevated Temperature," Fatigue and Fracture of Engineering Materials and 
Structure, Vol. 26, 2003, pp. 767-778 

[8] Lee, H. and Mall, S., "Stress Relaxation Behavior of Shot-Peened Ti-6A1-4V under 
Fretting Fatigue at Elevated Temperatures," Materials Science and Engineering A, Vol. 
A366, 2004, pp. 412-420 

[9] ABAQUS Standard User's Manual, Hibbit, Karlsson and Sorensen lnc,, 2000. 
[10] Martinez, S. A., Sathish, S., Blodgett, M. P., and Shepard, M. J., "Residual Stress 

Distribution on Surface-Treated Ti-6A1-4V by X-Ray Diffraction," Experimental 
Mechanics, Vol. 43, 2003, pp. 141-147 

[11] Sahan, O., Fretting Fatigue Behavior of a Titanium Alloy Ti-6AI-4V at Elevated 
Temperature, M.S. Thesis, Air Force Institute of Technology, Dayton, OH, 2002. 

[12] Szolwinski, M. and Farris, T., "Mechanics of Fretting Fatigue Crack Formation," Wear, 
Vol. 198, 1996, pp. 93-107. 

[13] Fatemi, A. and Socie, D. "A Critical Plane Approach to Multiaxial Fatigue Damage 
Including Out of Phase Loading," Fatigue and Fracture of Engineering Materials and 
Structure, Vol. 11, 1988, pp. 149-165. 

[14] Findley, W. N., "Fatigue of Metals under Combination of Stresses," Transactions of 
ASME, Vol. 79, 1975, pp. 1337-1348. 

[15] Lykins, C. D., Mall, S., and Jain, V. K., "A Shear Stress Based Parameter for Fretting 
Fatigue Crack Initiation," Fatigue and Fracture of Engineering Materials and Structure, 
Vol. 24, 2001, pp. 461-473. 

[16] Namjoshi, S. A., Mall, S., Jain, V. K., and Jin, O, "Fretting Fatigue Crack Initiation 
Mechanism in Ti-6A1-4V," Fatigue and Fracture of Engineering Materials and Structure, 
Vol. 25, 2002, pp. 955-964. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



LEE AND MALL ON SHOT-PEENED TI-AL6-4V 487 

7] Walker, K., "The Effective Stress Ratio During Crack Propagation and Fatigue for 2024-T3 
and 7075-T6 Aluminum," Effects on Environment and Complex Load History on Fatigue 
Life, ASTMSTP 462, ASTM International, West Conshohocken, PA, 1970, pp. 1-14. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SESSION 8B: ADDITIONAL 
FRACTURE TOPICS 

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  S u n  D e c  1 3  1 9 : 1 3 : 0 7  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .



Journal of ASTM International, April 2005, Vol. 2, No. 4 
Paper ID JAIl 1997 

Available online at www.astm.org 

Jaroslav Pokluda, 1 Pave l  Sandera, 2 and  Jana  Hornikovd 3 

Analysis of Roughness-Induced Crack-Tip Shielding in 
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ABSTRACT: A new theoretical concept is introduced to describe the roughness-induced shielding 
effects in metallicmaterials. It is based on the statistics of the local ratio between the characteristic 
microstructure distance and the plastic zone size. Both the crack branching and the crack closure 
phenomena are generally described in the frame of linear elastic fracture mechanics under the assumption 
of the remote Mode I loading. Using this approach, intrinsic values of fracture toughness and fatigue 
crack growth threshold can be determined, and the roughness-induced component can be separated from 
other closure components, such as plasticity or oxide induced closure. In order to estimate the total RIS 
effect, standard material data as the yield stress, the mean grain size, the surface roughness, and the 
fracture mode are only necessary. Application examples concerning static fracture and fatigue are 
presented for UHSLA steels, ARMCO iron, aluminum, and titanium alloys. 

KEYWORDS: roughness-induced shielding, crack branching, crack closure, size ratio, statistical 
approach 

Introduct ion 

Two basic types of  mechanisms called intrinsic and extrinsic toughening [1] contribute to 
material resistance against the crack growth. The first mechanism represents the inherent matrix 
resistance in terms of  atomic bond strength or matrix ductility. Appropriate modifications o f  the 
chemical composition or of  the heat treatment are typical technological ways improving the 
intrinsic fracture toughness. On the other hand, processes like kinking, splitting, or meandering 
o f  the crack front (hereafter called crack branching) induced by microstmctural heterogeneities 
belong typically to the extrinsic toughening mechanisms [2]. They lead to a decrease in the crack 
driving force due to both the prolonged crack path and the local mixed Mode I + II + l I I  at the 
crack front even in case o f  a pure remote Mode I loading. Moreover,  rough asperities remaining 
in the wake of  a tortuous crack often cause a premature crack closure under cyclic loading [3]. 
Both effects, hereafter called roughness-induced shielding (RIS), lead to an apparent increase in 
the intrinsic resistance to the crack growth caused, in fact, by extrinsic factors. 

The technology o f  artificially induced crack branching was successfully used for enhancing 
fracture toughness in advanced ceramics. Due to the negligible plasticity o f  most ceramics, such 
a type o f  crack tip shielding is generally very important and can be relatively simply quantified 
using LEFM [4]. In the case o f  metallic materials, however, the assessment o f  the contribution o f  
the RIS appears to be a more complicated problem. Many experiments indicate that this type o f  
shielding plays a significant role only in special materials and under particular loading 
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conditions [5-7]. In the last two decades, several two-dimensional models of RIS have been 
submitted [3,5,8 11]. However, none of them explains the diverse nature and manifestation of  
RIS in fatigue and fracture of metallic materials in a sufficiently general manner. 

This paper attempts to introduce a more general approach to RIS in metallic materials. Its 
theoretical concept is based on the statistical effect of the local ratio between the characteristic 
microstrncture distance and the plastic zone size. For crack stability and growth assessments, the 
one-parameter LEFM is considered to be relevant. Therefore, conditions of  both small-scale 
yielding and plane strain are particularly assumed to be fulfilled in all analyzed cases. 

Statistical Aspects of the Size Ratio Effect 

During the last three decades of  fatigue and fracture research, a lot of experimental evidence 
was collected concerning a special role of  the ratio between the characteristic microstructure 
size d and the plastic zone size rp - the so-called size ratio SR = d / rp .  The parameter d means, 
for example, the grain size, the packet size, or the distance between inclusions or large 
incoherent precipitates. Hitherto, the mean values dm or SRm were only taken into consideration. 
Numerous experiments, e.g., [5,12, l 3], have shown that the crack path is particularly influenced 
by microstructure (grain boundaries, interphase boundaries, precipitates, inclusions) when the 
relation Sere > 1 is fulfilled when the plastic zone size is comparable to or lower than the 

characteristic microstructure size. Intergranular or crystallographic fracture morphology is 
predominantly observed in these circumstances. On the other hand, the crack path becomes 
insensitive to the microstructure in case of SRm << l ,  where the plastic zone size embraces many 

microstrnctural elements. Many authors, e.g., [12-14], reported the maximum percentage of 
intergranular facets in those sites of  the fatigue fracture surface, where the cyclic plastic zone 
size is exactly equal to the mean grain size (SRm = l ). The recently published theory of  the yield 

stress gradient effects in inhomogeneous materials [ 15] yields a general basis for the explanation 
of  the above-mentioned phenomenon. According to this theory, the interaction between the crack 
tip and the near inhomogeneous region becomes significant only when S R > 1. Following this 

interaction, the crack will either circumvent a hard-strength heterogeneity or deflect to the low- 
strength one. 

In most engineering materials, a large scatter of the grain size and particle spacing means a 
variation of  the parameter d within more than two orders along the crack front. On the other 
hand, a sharp decrease of  the stress with distance from the crack front causes localization of the 
plastic deformation within a narrow zone of a nearly constant width. As a consequence, the size 
ratio SR varies in a wide range along the crack front. In other words, there are many sites where 
S R << 1 or S R > 1 is to be expected. 

The basic idea of  the statistical approach, first introduced in [11], lies in the assumption that 
the microstrncture elements can be simply divided into two main categories - with a low and a 
high SR. It means that the low-SR part of the probability density fimction does not influence the 
shielding phenomenon controlled by the high-SR part. The boundary value is denoted SRc and the 
related structural parameter d c -- SRcrp. Although one can usually assume SR~..~ 1, the SRc value 

is expected to change, e.g., with the impurity concentration at grain boundaries - a higher 
impurity concentration means a lower SRc value. Therefore, it is to be considered as a rather free 
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(fitting) parameter in the transient range S~. ~ (0.3, 3.0), where the plastic zone size becomes 

within an order comparable to that of the characteristic microstrncture parameter d. 
When denoting p(SR), the probability density function in terms of SR, the relative length of  

the crack front contributing to the shielding effect, can be expressed as 

S S..p(S,)dS, 
q _ s ~  (1) 

oo 

ISR "P(SR )dSR 
0 

In other words, the parameter r/means the probability of finding a shielded element of the crack 

front. This statistical parameter is suggested to be a suitable measure of the RIS efficiency and 
will be used in the further analysis. For a particular material, value 7/can be calculated when 
determining both the yield stress from the tensile test (in order to estimate rp) and the statistical 
distribution o f d  from a metallographical sample. The ratio SR can be simply estimated as 

d o-y 
: - -  : cd  - -  (2) 

SR r e K ' 

where ~y is the yield stress, K is either the applied stress intensity factor (SIF) in case of the 
monotonic loading or its amplitude K a = AK/2 in case of  the fatigue loading, r = lr for plane 

stress or r = 3ir for plane strain. In all analysed cases, Weibull statistics of SR are used as 

gSR(e-0ex F ('SR~r =d, .  = p F ( l + l ] ,  (3) 
PL-t7) ]' r v 

where/z and ~ are Weibull parameters, F is the Gamma fimction, SRm is the mean size ratio, and 
dm is the mean characteristic microstructure parameter. The value ~ .~ 2.2 can be considered 

acceptable for all metallic microstructures [!0, 11]. 
The total effect of both the shielded and the unshielded parts of  the crack front can be 

approximately estimated by means of a proportional rule, as it will be shown later. 

Theoretical Concept of Roughness-Induced Shielding 

Shielding Ahead of/he Crack Front 
A local mixed-Mode I+II+III generally exists ahead of a tortuous crack front even in case of 

a pure remote Mode I loading. In that case, friction forces between fracture surfaces are 
minimized owing to the large crack tip opening, and the crack propagates perpendicularly to the 
external stress direction in a microscopically self-similar manner. Hence, the energetic criterion 
in terms of SIFs 

K o.=~K~+K~+I@vK~a (4) 

can be used for the crack stability description [16]. 
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The standardized procedure ASTM E 399-72 for calculation of the Ksc value assumes only a 
planar crack of a straight front and neglects the extrinsic RIS effect. According to the approach 
introduced by Faber and Evans [4] and generalized in [17], a simple relation 

R J# 
KI~ = ~ Ksc i (5) 

'~ejf 
can be applied, where Kic is the measured (nominal) fracture toughness, Km is the intrinsic 
toughness of the material, k~ff is the local effective SIF normalized by the remote/(i for the 
straight crack front, and Rs is the surface roughness, defined as the ratio of real and projective 
areas of the fracture surface. A larger fracture area (Rs > 1) is created, and a smaller local SIF 
(kej f <1) is available at a tortuous crack front in comparison with a straight one and 

consequently, Ktc > Kin. Since Kic =Km +Kjce, one can also write 

K,c ~ = ( 1 -  k~Jy ~ K ~. R~/: ) i,., (6) 

where Kxc~ is the extrinsic component. Unfortunately, increase in K~c~ often observed in case of 
microstructure coarsening is usually accompanied with a decrease in most other mechanical 
properties [6]. Since Eq 5 holds in the whole applied SIF range, one can define the global 
effective SIF as 

k4f 
K #,g = Rls/2 K~ , (7) 

assuming K,::.,g -= K~. A single elementary kink approximation 

keff =(k? -.~k2)l/2/Kl = c o s  2 ~9/2, (8) 

where ~ is the kink angle, is often used in the simplified 2D crack models [5]. 
Microscopically tortuous crack fronts typically appear in brittle fracture associated with 

intergranular or cleavage morphology (see Fig. la). However, mixed brittle-ductile morphology 
is observed in most practical cases, and the transgranular ductile part of the crack front can be 
considered to be straight, i.e., R s = 1 (see Fig. lb). Fine dimples reflect the plasticity (intrinsic) 

response of  the matrix itself, so that the corresponding micro-roughness should be neglected 
when calculating the extrinsic component. Therefore, in a pure ductile fracture mode, the 
equality Keff,g = K s is to be accepted. 

a) 

b) 

c) 

FIG. 1--Schematic line profiles of  fracture surface morphology." a)intergranular or 
cleavage, b) straight ductile, c) zigzag ductile. 
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The portionpt of the tortuous (brittle) morphology can be theoretically assessed by setting 
p, = r/, since the parameter r/means a probability of finding a shielded (tortuous) element at the 

crack front. Assuming the proportional rule, the following expression can be accepted for the 
mixed brittle-ductile case: 

K+.,, : U -  r/+ r/~7~JK/.  (9) 

Equation 9 reduces to Eq 7 for r/--1 (pure brittle fracture) and to the identity K<~.,,, = K s for 

7/= 0 (pure ductile fracture). It should be emphasized that the Rs value does not correspond to 
the averaged surface roughness but to the tortuous (brittle) part of  the fracture surface. 

A tortuous Crack front can be produced also by a special mode of  ductile fracture 
morphology modified by large inclusions or incoherent precipitates (Fig. lc). In that case, the 
prolonged crack front (R s > 1) has to be taken into account, provided that the plastic zone is 

smaller than crack deflections. On the other hand, the shielding caused by crack branching can 
be neglected (k<jf = 1 ) in very ductile metals, where the dislocation fracture mechanism is 

controlled by shear stress instead of  the effective stress [ 18]. Consequently, 

= ( 1 -  + '/2 ) x , .  (10) 

Shielding in the Wake of the Crack Front (Crack Closure) 

The roughness-induced crack closure (RICC) represents an additional important component 
of RIS particularly in case of  long fatigue cracks. Its existence is determined by asperities on 
fracture surfaces in the wake of  the tortuous crack front. Suresh and Ritchie [3] offered a simple 
two-dimensional LEFM model describing the essential mechanism of this phenomenon. 
Irreversible working of the local Mode II at the front of the tortuous crack causes the mutual 
horizontal shifting of  fracture surfaces and their premature contact. Large-scale crack tip cyclic 
plasticity in comparison with the characteristic microstrticture size allows multiple slip systems 
to operate. It means an easy overcoming of  microstructural barriers as well as an inhibition of  
large pile-ups. As a result, a very limited and almost reversible Mode lI slip is to be expected. On 
the other hand, ~c <dm means that the crack path is controlled by crystallography or grain 

boundaries. Long dislocation pile-ups produce a mixed trans-intergranular fracture surface with 
large facets and a high degree of  the Mode II displacement irreversibility [7, 10]. Hence, a high 
level of  RICC is to be expected in microstructure elements where S R _> 1, whereas the local 

contribution to RICC can be neglected if S R << 1. Similarly to the previously mentioned models, 

RICC due to Mode III displacements is considered to be equivalent to that of  Mode II by 
neglecting their superposition effects. 

The two-dimensional zigzag crack path characterized by an average angle ~9 is assumed to 
produce the RICC according to the scheme in Fig. 2. During the loading part of  the cycle, the 
crack tip is opened in the mixed-mode reaching the maximum CTOD denoted as ~ax at the 
moment of  the peak stress (Fig, 2a). This displacement is composed of  the reversible normal 
component 6s and the irreversible shear component 6:. During the unloading phase, the shear 
displacement is not recovered so that the crack surfaces come into the contact before the applied 
stress becomes zero (Fig. 2b). 
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~ 8cl 

a) " ~  b)  u ~ :  : ~  

FIG. 2--Mechanism of  roughness-induced crack closure. 

Let us denote ct the irreversibility level. For the simplicity reason, a = 0 is assumed in grains 
with S R << 1, unlike a = 1 in grains with S R _> 1. In terms of our statistical approach, the mean 

value a m ~ q is considered to be the relevant irreversibility parameter. Following the scheme in 

Fig. 2, one can easily obtain 

tic, _ qS~ sin ~9 . ( l l )  

6max fil COS ~9 + 82 sin ~9 

For a periodical zigzag crack path approximation [ 19], one can accept 

c71 = ( k l / 2  = 2 c o t  2~9 . (12) 
8 2 ~k2) 3 2 

By substituting Eq 12 into Eq 1 l,  one obtains 
~cl 17 

8m.x 2cot2 ~ c o t S + l  
3 2 

Since R s = 1/cos ,9, the final relation for RICC ratio can be written as follows: 

6cl K 2 3rl(R s - 1 )  3/2 
_ Rid _ (13) 

6~ax K~,x 2 ( R s + l ) l / 2 + 3 ( R s - 1 )  3/2" 

In case of  r /= 1, Eq 13 can be rearranged to the form derived by Suresh and Ritchie [3]: 

K2~d _ tc tan O 

K 2 1 + tc tan~9 ' 
m a x  

where 
3 R s - 1  

2 Rs+l  

The value ~c = 0.5 for R s = 2 can be considered to be an upper band of the displacement ratio 

u J u  I in terms of the statistical model (see Fig. 2). It is in agreement with the highest 

experimentally obtained data [5]. The profile (linear) roughness Rc is often used instead of Rs, 
and the simple relation Rs, ~ 1.15R L can be nearly accepted [20]�9 

For the cyclic loading characterized by the asymmetry ratio R, the "opening" value 

Kmax ) max K ..... K m a x J l - R '  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  S u n  D e c  1 3  1 9 : 1 3 : 0 7  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
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where K d = KRi~t + Kpcl, KRicl is the roughness-induced SIF component at the moment of the 

crack closure, and Kpd is the sum of other closure components, in particular the plasticity- 
induced one (PIC). The notation Kpc,/Km, x = Cp~, and KR~JK,,a~ = C~ will be used further, and, 

in the range of R e (-0.1, 0.7), one can write 

Cpc , =Co(l+0.2R +O.8R2), (15) 

where Co is the material constant [5]. 

Fatigue Threshold Values of  Long Tortuous Cracks 

Let 17 be the fraction of  elements of S~ > 1 at the crack front. Then the weighted average of 

the local SIF range along the crack front can be, similarly to Eq 9 and omitting the index I, 
expressed as 

\ 4R,) 
Considering the branching effect, the nominal AK/in Eq 14 has to be replaced by AKd];m from Eq 
1 6, and both branching and closure effects can be described as follows: 

l ~ i  ==--- l ~ e f f  '~ = ~-1 zxK-- R ' (17) 

where 
f~ = ~l" f22, 

. !  

g~l=l-Cr,'l-Cpc'=l- . 3r/(__ R.s - l ) . ~  3 -Co(I+0"2R+O'8R2), 
2(Rs 

. ke]] 
g~2 = l - r ] + r ]  ~ .  

The term gll reflects the closure effect and g22 the branching shielding. It should be noted that 
experimental SIF data corrected for the crack closure effect, the so-called AKdfvalues, retain the 
geometrical shielding contribution ahead of  the crack tip. Therefore, they can be obtained from 
intrinsic (opening) values as follows: 

AKez = AK~ / f~2. (18) 

The shielding factor f2 expresses a total reduction of the nominal SIF range caused by RIS. It 
means that, in the long crack threshold region, the intrinsic AKthi value is lower than the 
measured AKth according to the relation 

f2 

1 - R  
The extrinsic component 

AKth e _ 1 - R - f2 AKth 
1 - R  

increases with decreasing ~ ,  that is with increasing r/and Rs (microstructure coarsening). 
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Interpretation of Experimental Results 

Application of the theoretical concept to experimental data of  Kit or AKth enables us to 
calculate the intrinsic values Kici or AK, hi and to determine both the RIS and PIC contributions to 
the measured KIc or AKth values. One needs only standard materials data as the yield stress, the 
mean size of  characteristic microstructure elements (grains, packets, secondary phase particles), 
the surface roughness, and the dominant type of  the fracture morphology. Setting the boundary 
value SRc = 1, the only one fitting parameter in the analysis remains to be Co in Eq 15. 

Increase in Kit with Increasing Prior Austenite Grain Size in UHSLA Steels 

During the 1970s and 80s, many authors reported an increase in fracture toughness of ultra- 
high strength low alloy (UHSLA) steels with increasing prior austenite grain size (Fig. 3). 
However, the impact absorbed energy dramatically decreased, although the values of fracture 
toughness and absorbed energy are usually well correlated [25]. This anomalous behavior was 
explained in [6] as follows: while the fine-grained samples exhibited a transgranular dimple 
fracture morphology, those coarse grained fractured by an intergranular decohesion along prior 
austenite grain boundaries. The latter process is accompanied by a high level of  RIS at 
microscopically tortuous, intergranular crack fronts. The two-dimensional and deterministic 
model [8] attempting to quantitatively estimate the intergranularly induced shielding level was 
only partially successful. 

I [ I I [ 

loo 0 

9O �9 

~E 80 �9 

n X 
70 X-~.~ * Zeman [6] 

/ A  0 Datta [2"1] 
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~ " I's �9 Lee i24] 

50 ~ ~ " - -  x Pokluda [29] 
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FIG. 3 Fracture toughness o f  UHSLA steels in dependence on the mean size o f  prior 
austenite grains. 

For the 3D assessment of  RIS effect by means of the statistical approach, the following steps 
were preliminary realized: 

1. construction of a realistic 3D model of an intergranular crack 
2. calculation of local values kz, k2 and k3 along the crack front 
3. determination of  the surface roughness Rs 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



POKLUDA ET AL. ON CRACK-TIP SHIELDING 499 

The first step was succeeded by means of  the computer procedure generating an intergranular 
crack within the 3D Voronoi tessellation simulating the grain boundary network [26]. The 
second problem was solved using the program system FRANC3D [27] based on the boundary 
element method. The third step demands a quantitative fractography of real and artificial fracture 
surface [26]. Finally, a simple pyramidal model of  the intergranular crack front was proposed as 
an efficient method for practical reasons [28] (Fig. 4). Each oblique segment of  the pyramidal 
front can be understood to be associated with one grain of  an idealized regular grain boundary 
network related to the real one by the same mean grain size d~. The maximal angle Om at the end 
of  the oblique segment is related to �9 as 

d,, tanqb = 2Aatan| Aa = rp/2.  (19) 

/F.-Q . . . . . . .  

/ / /  \\ 

FIG. 4--Pyramidal  model o f  an intergranular element at the crack front. 

The value q) = ~ /4  corresponds to the profile (linear) roughness R L ~ 1.4 (R s ~ 1.6) typical 

for intergranular crack surfaces in metallic materials independently on the mean grain 
size [20,26]. To calculate normalized local SIFs at the tortuous crack front, following analytical 
relations can be used as derived from simple tensor transformations: 

 os( l[2 sin O+cos (->os o l 
)  20, 

Using Eq 7 for a pure intergranular crack, the global normalized effective factor kegg for the 
pyramidal approximation can be computed as 

k2 _ k4f _ 1 k~ + k22 + dO. (21) 
e~',g Rs 3.2| ,, 

Using Eqs 9, 19, 20, and 21, the increase in the extrinsic component Klce with increasing dm can 
be calculated. The yield strength cry ~1500MPa determined by their martensitic matrix was 

nearly the same for all steels. Values g = 2.2 and Ksc i -= K~ = 52 MPa. m v: for the ultra fine- 

grained UHSLA steels (dm < 10/.tm) were used for the statistical analysis. The parameter r/ 

reflects correctly the portion of intergranular morphology of  fractured CT specimens [29]. The 
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computed values K~c = Kit ~ + Kzc ~ are plotted in Fig. 3 as a solid line. The agreement between 

experiment and theory is very good in spite of a slight underestimation of the shielding level for 
steels with coarsest prior austenite grains (dm > 200/.tm). This seems to be caused by often 

observed splitting of some intergranular crack front segments that is not taken into account in the 
pyramidal model. 

Dependence o f  AK, h on Grain Size and Cyclic Ratio in ARMCO Iron 

Recently, the statistical model was applied to a quantitative elucidation of the experimental 
dependence AKth versus dm obtained in the ARMCO iron [11]. This interpretation can be further 
modified and generalized by including the AKth versus R dependence. Experimental data for 
different grades of the ARMCO iron [7,30] are summarized in Table 1. The measured intrinsic 

threshold AK,h i = 2.75 MPa. m ~/2 does not depend on the mean grain size. Also, the parameters 

R s = 1.6 and ~ = 2.17 can be considered to be the same for all investigated grades. The shear 

mode fracture in the very ductile ARMCO iron means that ke~ j ~ 1. The only one fitting 

parameter C O = 0.05 was obtained as a difference between theoretical and experimental data for 

various din. 
The calculated AKthi values in Fig. 5 lie close to the experimental doted and dashed line. The 

decisive contribution of RIC (Crc I >> Cpc~) explains well the strong dependence AKth(dm) 

observed in the experiment. Note that AK,h ~ AK,~ for R > 0.55, which means no closure during 

cycling. 

TABLE 1- Experimental data for  ARMCO iron. 

dm, ~m D~n 4, ~m ~ MPa R AKth, MPam v2 
2 1.0 530 0.1 4.50 
2 1.0 530 0.7 2.90 

20 10 240 0.1 5.30 
20 10 240 0.7 2.90 
90 44 150 0.1 6.80 
90 44 150 0.55 3.65 
90 44 150 0.7 2.80 
90 44 150 0.8 2.90 

410 200 108 0.1 8.70 
410 200 108 0.7 3.20 

3550 1700 96 0.1 10.30 
3550 1700 96 0.7 3.60 

4 D d  m is the standard deviation. 
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FIG, 5--Experimental and intrinsic threshold values of the SIF range in dependence on the 
mean grain size of ARMCO iron. 

Aluminum Alloys at Fatigue Crack Growth Threshold in Air and Vacuum 

The crack closure contribution in the threshold region (da/dN = 10 ~0 m/cycle, R = 0.1 ) has 

been experimentally studied using underage and overage compact tension samples of a 7475 
aluminum alloy in air and vacuum [31]. Different thermomechanical treatments have produced 
microstructures with grain sizes of 18 gm and 80 ~,m. The experimental and theoretical data are 
displayed in Table 2. The value r/~ 1 could be generally applied since SR," >> 1 for all 

microstructures. 

TABLE 2 - -  Experimental and theoretical data for 7475 aluminum alloy. 

Rs dm 13y AK Cpd Crcl AKthi AKeff 
[am MPa MPam 1/2 MPam 1/2 MPam 1/2 

vacuum 
1.30 18 505 4.0 0.01 0.37 2.12 2.74 
1.21 18 455 2.9 0.01 0.30 1.85 2.23 
1.90 80 45I 8.8 0.0t 0.65 1.82 3.28 
1,25 80 445 4.1 0.01 0.33 2.41 2.99 

air 
1.30 18 505 2.6 0.31 0.38 0.69 0.90 
1.21 18 455 1.7 0.31 0.30 0,62 0.74 
1.36 80 451 2.7 0.31 0.42 0.61 0.82 
1.25 80 445 2.2 0.31 0.33 0.71 0.88 
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The calculated AKthi values for the tests in air are practically identical. Values AKejf obtained 
according to Eq 18 lie only slightly below the measured data [31 ] and perfectly within the range 
of AKe: ~ �9 (0.75, 0.9) reported by Pippan [32] for aluminum alloys, Values zXKejy �9 (2.2, 3.3) for 

the vacuum tests are distinctly higher and, again, well comparable with the experiment, except of 
the extremely high value zkKj r = 7 . 1 M P a . m  1/2 for the underaged 80 pm sample [31]. This 

discrepancy can be understood in terms of the extremely high value R s = 1.9 corresponding to 

very irregular and sharp crystallographic facets, while a regular zigzag linear profile is assumed 
in the RICC model. As expected, the very low values of Cp~l in vacuum indicate much more 
suppressed plasticity in comparison with the air environment. 

Titanium Alloys near Fatigue Crack Growth Threshold 

Near-threshold crack growth experimental data (da/dN=lO-9m/cycle)  for various 

c~-titanium grades of different mean grain sizes dm [33] were analyzed by means of the statistical 
approach. Values Rs=l .45  (determined from Fig. 11 [33] for Ti 115) and ~=2 .2  were 

considered for all grades. Calculated values q �9 1.0) reveal that practically all grains 

contributed to the RIS effect. The experimental AKth and the calculated AK, hi in dependence on 
the mean grain size are plotted for Ti115 (d  m = 35/.tin, 230/.tm), Til30 (40 #m), and Ti155 (20 

p.m, 210 #m) in Fig. 6. Intrinsic values lie in a sufficiently close range 

of A K ,  h ~ �9 (1.0, 1.9) MPa .m ~/~ contrary to the large scatter of  experimental zXKth points. The 

computed range of zXKe~, e (1.4, 2.7) is in the best agreement with the averaged measured value 

of 2 MPa. m J/2 [34]. As expected, the calculated Crcl was higher than Cpcl particularly for lower 
asymmetries ( R = 0.07 ). 

12 

i R ' - -  . . . . . .  ' ' 
10 �9 o 0.07 �9 

�9 z~ 0.35 

8 �9 [] o 7 o  I 

2 
- l ~ l  . . . .  t ~ 1 ~  . . . . . . . . . . . . .  - ~  - 

lo ~ [,rn] loo 

FIG. 6--Experimental and intrinsic values o f  the SIF range near the threshold in dependence 
on the mean grain size o f  a-titanium alloys. 
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Experimental and theoretical threshold data (da /dN=10  -1~ m/cycle) for two grades of 
Ti-2.5%Cu are displayed in Table 3 [10]. The microstructures consisted of  coarse lamellar 
colonies of  d,, =580/~m and a fine basket weave Widmanstatten microstructure of 

d ~ 10 ~ m ,  respectively. The value R s ~ 1.32 (Rr = 1.15) was used for both microstructures 

[10]. Again, AKejy values correspond well to the measured A K ; ~ l . 5 M P a . m  1/2. For 

comparison, the averaged value AK~..~ 3.2 MPa. m v2 was obtained for Ti-6A1-4V alloys [35]. 

The calculated Crcl ratio is somewhat smaller than Cpcl. 

TABLE 3--Experimental and theoretical data for  Ti-2.5%Cu. 

dm Cry AKth R q Cpd Crd AKthi AI~ff 
.............. ~m MPa MPam 1/2 MPam ~/z MPam 1/2 

580.0 420.0 9.0 0.1 1.00 0.43 0.39 1.37 1.79 
10.0 499.1 7.0 0.1 0.81 0.43 0.35 1.37 1.69 

Conclusion 

The analysis of roughness induced shielding effects in terms of  the size ratio enables us to 
separate the extrinsic component of fracture toughness or fatigue crack growth resistance from 
experimental data. In addition, the intrinsic component can be directly related to either the 
fracture energy of the matrix or the surface energy of grain boundaries in order to assess the 
materials quality or the degradation level caused by the impurity segregation. Inputting materials 
data are the yield stress, the mean grain (or packet) size, the surface roughness, and the dominant 
type of  the fracture micromechanism in a particular material. The sum of components other than 
the roughness-induced closure is, in fact, the only one fitting parameter. The method can be 
applied successfully to a quantitative interpretation of some interesting or even surprising 
phenomena observed in fatigue and fracture. Some examples presented in this paper yield the 
following main results: 

1. A change in fracture toughness values of  UHSLA steels treated by different austenitizing 
temperatures was a quantitatively elucidated on the basis of  the change in the roughness- 
induced shielding level. 

2. Calculated values of  the intrinsic AKthi and crack closure ratio revealed a decisive role of 
roughness-induced closure in coarse-grained ARMCO iron grades. 

3. For titanium and aluminum alloys, a good agreement was achieved between the 
calculated and experimentally determined AKejf values near the crack growth threshold. 

4. For all investigated materials, the computed intrinsic AK~hi values do not exhibit an 
apparent dependence on either microstructure coarseness or cyclic ratio. 
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Characterization of Crack Length Measurement Methods for 
Flat Fracture with Tunneling 

ABSTRACT: This paper compares area-average and unloading compliance crack-growth values with 
experimental crack-front shapes recorded at various stages of crack growth during fracture tests 
conducted on 2024-T351 aluminum alloy plate. Crack-front shapes were determined by fracturing the 
specimen up to a predetermined amount of crack growth and fatigue cycling the specimen for about 4000 
cycles at a high stress ratio to mark the crack-front location. For each shape, the area-average and 
unloading compliance crack lengths were determined. Bounda~2r collocation results provide an 
approximation to the 5~ unloading compliance crack length. The crack tunneling results show that the 
area-average technique produces crack-length measurements more representative of the straight-front 
finite element analyses than optical based surface measurements. The 8s technique is significantly more 
sensitive to tunneling than the CMOD technique and is easier to apply than the area-average technique. 

KEYWORDS: CTOA, crack growth, unloading compliance, area-average, tunneling, 65, resistance 
curve, finite-element analysis 

N o m e n c l a t u r e  

a crack length, m m  
B specimen thickness,  m m  
d distance behind  moving  crack tip where CTOA is measured, m m  
E Young ' s  modulus,  MPa  
F tunneling fraction (F = t / T) 
P applied load, kN 
P,~a~ max imum applied load, kN 
Pmin min imum applied load, kN 
R stress ratio (min imum to max imum applied stress) 
S applied remote stress, MPa 
t difference between average crack-growth and surface crack-growth, m m  
T tunneling depth, m m  
Vi crack-opening displacement  at location i, m m  
VLL crack-opening displacement  at centerl ine of  pin, m m  
W specimen width, m m  

Aa crack growth, m m  
Aai interior (centefline) crack growth, m m  

Aa~ surface crack growth,  m m  
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V 

55 

13y 

~c 

Poisson's ratio 
crack-tip-opening displacement measured at the original crack-tip location with a 5- 
mm gauge length, mm 
Yield stress, MPa 
crack-tip-opening angle measured at a fixed distance, d, behind moving crack tip, 
deg 

Introduction 

During the 1990s, as part of  a national aging aircraft program, NASA Langley Research 
Center (LaRC) conducted intensive research on the fracture behavior of  thin sheet aluminum 
alloys [1]. Some of the products of that research were the constant critical crack-tip-opening- 
angle fracture criterion (CTOA, ~ ) ,  optical/digital imaging means for measuring CTOA, and 
optical methods for measuring surface crack growth [2]. Two additional means of characterizing 
crack growth, unloading compliance and area-average, were not used in favor of  the optical 
methods. One consistent observation of  fracture prediction results that were performed using the 
constant CTOA fracture criterion is that the analysis results consistently over-predicted crack 
growth, even when the analysis is able to predict maximum load very accurately. 

The objective of  this work is to gain a better understanding of the shortcomings of  the 
comparisons between the experimental crack length measurements and the finite element 
analysis results. Figure 1 shows a schematic of  a typical flat fracture surface for a compact 
tension, C(T), specimen. Initially, the aluminum alloy material fails by ductile fracture, most 
likely due to micro-void coalescence. Tunneling occurs in the interior and maintains the tunnel 
shape until fracture. In some cases, shear bands start on the surface and eventually join to form a 
single shear dominated fracture surface. Other possibilities exist, such as V-shear fracture, 
where the shear bands join to form a V-shaped fracture surface. This work is restricted to the 
case shown in Fig. 1, where the fracture surface remains flat for the duration of the test. This 
paper presents a comparison of  experimental crack-front shapes recorded at various stages of 
crack growth with crack length values calculated using unloading compliance and area-average 
techniques. This paper also shows how these various measures compare with surface measured 
crack length and typical straight crack-front finite element predictions. 

Background 

Wells originally proposed the use of  the crack-tip-opening displacement (CTOD) as a 
fracture criterion during his experimental work in the 1960s [3]. The crack-tip-opening angle, 
CTOA (~Fc), which is related to CTOD, is applied here as the angle formed by a stable tearing 
crack measured at a fixed distance, d, behind the moving crack tip (typically, d is taken as 1 
ram). The fracture methodology developed as part of the NASA program assumes that the 
critical CTOA is constant and independent of  loading and in-plane configuration, as long as the 
crack length and remaining ligament are greater than about four times the plate thickness [4]. 
The criterion has been applied in both two-dimensional (2D) and three-dimensional (3D) finite- 
element analyses (FEA). The methodology is applied by finding ~ c  such that the analysis 
matches the average maximum load for coupon tests (preferably, compact tension specimen, W 
: 152 ram). This angle is used in subsequent analyses for predictions of  crack growth, failure 
loads, and R-curves. 
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Fatigue surface 

FIG. 1--Schematic of a flat fracture surface for a C(T) specimen. 

Recently, a wide variety of fracture tests and analyses was performed on 6.35-mm thick 
2024-T351 aluminum alloy in the LT orientation [5]. Both C(T) (compact tension) and M(T) 
(middle-crack tension) specimens were tested. Analyses were run using ZIP3D [6], a small 
strain FEA computer program, and WARP3D [10,11], a large strain FEA computer program. In 
both cases, the analyses used the above-described methodology with the constant CTOA fracture 
criterion. Figure 2 shows load versus surface measured crack growth results on 152-mm wide 
C(T) specimens, including both test and analysis results. These results were used to find q'c, the 
critical value of  CTOA, by matching the analysis with the average maximum load for the tests. 
This value of qJc was used to predict the behavior of  the other C(T) and M(T) configurations. 
Two different angles resulted because of the differences in computer program formulation (small 
strain versus large strain). The dash-dot line in Fig. 2 shows the plane-stress limit load based on 
the material flow stress, i.e., average between yield and ultimate, using the EPRI solution for a 
C(T) compiled by Anderson [7]. 

Figure 3 compares the predicted load-crack growth behavior with test results for a specimen 
restrained from buckling by anti-buckling guide plates and with test results for buckling 
specimens without anti-buckling guides. The results of the previous study [5] show that the 
constant critical CTOA fracture criterion is transferable between C(T) and M(T) specimens and 
that the analyses were able to accurately predict the maximum load for C(T) specimens ranging 
in size from 50-152 mm and for M(T) specimens ranging in size from 75-1016 mm, each to 
within 3 % of their respective test maximum loads. 

A consistent observation made of these load-crack growth curves (and similar curves for 
other thin sheet and plate materials) is that the straight crack-front analysis generally over- 
predicts crack growth, before and after maximum load. A number of factors could be 
contributing to the discrepancies in crack growth, including crack-frnnt tunneling, transition 
from initially flat fracture to slant fracture after maximum load, and the simplification of the 
assumed constant value of CTOA. 
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FIG. 3--Experimental and numerical load versus surface measured crack growth for 1016 
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CTOA is a local fracture criterion that for this work is always measured a fixed distance from 
the current crack tip. An alternative fracture criterion is 6s, which is the displacement measured 
across the original crack tip location using a 5 mm gauge length. 65 is initially a local parameter, 
but after crack growth behaves more like a remote parameter. 65 was measured using either of 
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two non-contacting methods: 1) a high resolution traveling microscope was used to measure the 
distance between two surface marks at the 8s location on the surface of the specimen [2]; 2) a 
digital image correlation system, where a high contrast surface preparation in the region of 
interest (i.e., around the crack tip for 85 measurements) facilitates high resolution and high 
accuracy displacement measurements [8,9]. Figures 4 and 5 show load-65 plots for the 152-mm 
wide C(T) and 1016-mm wide M(T) specimens, respectively, from the previous study [5]. In 
contrast to the load-crack growth comparisons, shown in Figs. 2 and 3, the analysis matches the 
55 behavior of the tests very well. The 55 results compared very well, both before and after 
maximum load, corresponding respectively to the local and remote stages of  crack growth. 

The results in Figs. 4 and 5 strongly suggest that the flat, straight crack-front in the 3D 
analysis represents the "average" crack length at any given load. Returning to Fig. 2, the amount 
that the analysis over-predicts crack growth is on the order of the plate thickness. The crack 
growth was measured on the surface of  the specimen during the test using a traveling-stage 
optical microscope. The surface measured value is the shortest crack length if the specimen is 
experiencing crack-front tunneling. A more appropriate comparison metric may be to use an 
average crack length measure, such as unloading compliance or area-average. 

Fracture Analyses 

Fracture analyses were conducted for this study using two different approaches. Elastic 
analyses were conducted to investigate the compliance crack length, including baseline straight- 
crack-front analyses, and tunneling crack-front analyses. The analysis code WARP3D [10,11] 
was used for these 3D fracture analyses. Material properties used for the 2024-T351 aluminum 
alloy were the same as in the previous study [5]: E = 71360 MPa, v = 0.3, and Cyy = 345 MPa. 
The finite-element mesh used throughout this study was refined to a 0.5 mm element size at the 
crack front and used eight elements through the half-thickness. The model used two planes of 
symmetry: the crack plane and the specimen center plane. The average crack growth was 
characterized by using four parameters: 1) traditional unloading compliance using CMOD from 
ASTM E1820-99a "Test Method for Measurement of Fracture Toughness;" 2) a new 65 
unloading compliance method based on calibrations from 2D FEA analyses; 3) a 2D boundary- 
collocation analysis approximation to the 65 opening displacement; and 4) area-average crack 
length based on measured crack front shapes from the tunneling tests described in a subsequent 
section. 

CMOD Unloading Compliance Verification 

The CMOD calibration for unloading compliance described in E1820-99a is based on plane 
stress boundary-collocation analysis results [12]. Because the current study is primarily 
concerned with 3D fracture analyses, it seems appropriate to verify that the 2D analysis results 
(currently used in compliance measurement methods) accurately represent the unloading 
behavior of  the 3D cracked specimens under investigation. Linear elastic 3D analyses were 
conducted for the C(T) specimen with a/W= 0.3, 0.5, and 0.7 for the 152-ram wide specimen 
with B = 6.35 mm, and V0, VLL, V1, and V2 from ASTM E 647 were evaluated. Rotation 
corrections were not considered because the analyses were linear elastic. The 3D FEA 
compliance differed from the original 2D boundary-collocation compliance [12] by less than 2 % 
in all cases. 
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55 Unloading Compliance Calibration 

The 65 displacement works very well as an R-curve fracture parameter because it is unique 
up to a maximum load and remains valid within a tolerance for significant crack growth past 
maximum load for many configurations [5,13]. 65 is essentially a local fracture parameter for 
small amounts of crack growth and transitions into a more remote parameter as crack growth 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



512 FATIGUE AND FRACTURE MECHANICS 

proceeds because it is measured at a fixed material position, rather than traveling with the crack. 
For small amounts of crack growth, 55 is significantly more sensitive to tunneling than CMOD 
and has the potential to respond to small changes in crack growth much more effectively than 
CMOD [14]. One way to express the sensitivity of 55 or CMOD to tunneling is to consider the 
percent change in the parameter as tunneling evolves. Figure 6 shows FEA results where the 
percent compliance change was calculated for a tunneling crack-front relative to a straight crack- 
front for 5s, and CMOD compliance with as/W = 0.4. 65 is about two orders of  magnitude more 
sensitive to the tunneling changes than CMOD. 
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FIG. 6--c~5 and CMOD sensitivity to tunneling. 
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This increased sensitivity motivated a new approach to unloading compliance based on 55 to 
describe crack growth. Mall and Newman [15] developed equations for the opening 
displacement behind the crack tip of a C(T) specimen based on previous work [12]. They 
developed polynomial expressions for compliance as a function of crack length based on a 
boundary collocation analysis of the specimen. Given compliance, the equations were easily 
solved for crack length using the Method of False Position [16]. This approach introduces two 
additional approximations: 1) the 5s displacement is approximated by the collocation crack face 
opening displacement (see inset, Fig. 7); 2) the 3D surface value is approximated by the 2D 
collocation value (centerline average). Figure 7 compares 55 from 2D FEA using the 
FRANC2DL code [17] with the crack face collocation results using normalized compliance as a 
function of crack-length-to-width ratio for five crack configurations. The lines show the 2D 
FEA results of 55, and the circles show the collocation approximation. The collocation model 
gives crack-opening displacements, which approach zero as the crack growth approaches zero. 
However, for Aa greater than 1 mm and for 0.3 _< a/W _< 0.8, the collocation equations for 
compliance were within 4 % of the 2D FEA results. A crack length comparison for W = 152 
ram, a/W = 0.4, and 1 < Aa < 5.4 ram, shows that the collocation approximation produced less 
than 1% error in crack length. 
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FIG. 7--65 compliance from 2D FEA and the collocation approximation [15]. 

As discussed above, 85 is initially a local surface displacement, rather than a far-field 
centerline displacement. But the collocation model approximates 85 using 2D plane stress, 
which is effectively a centerline model. Table 1 summarizes 3D FEA results that show how 65 is 
affected by the 3D geometry. The results show that the 65 compliance is somewhat sensitive to 
changes in thickness. The 25-ram thick material is 7.4 % less compliant than the 6.35-mm thick 
material of the current study. The 1-mm thick material is 4.6 % more compliant than the current 
material. As might be expected, the 1-mm thick material behaves closer to plane stress, and the 
25-ram thick material behaves closer to plane strain. The 6,35-mm thick material is of the order 
of  the 85 gage length and behaves between the two thicknesses listed in Table 1. 

TABLE 1--Percent Change in Compliance Relative to B = 6.35 ram, 152-mm wide C(T), 
a/W 0.4. 

A a ( m ~  B = 2 5 m m  B = l m m  
0.0 -7.4 % 4.6 % 
0.5 6.5 % 3.3 % 
1.0 5.8 % 2.2 % 
1.5 -5.1% 1.4 % 

Tunneling Tests 

Experiments were performed to characterize the crack tunneling for the 6.35-mm thick 2024- 
T351 aluminum alloy. One approach to characterize crack tunneling is to perform a multiple 
specimen test to obtain one crack-front per specimen [2]. In an effort to obtain more data per 
specimen, a combined approach was taken here. Five specimens are single crack-front tests, 
while two specimens were used as multiple crack-front specimen tests, 
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The specimens were fatigue pre-cracked at low stress-intensity factor levels (8 MPa-~/-m ) to 
an a/W ratio of 0.4. Each specimen was loaded in displacement control just enough to cause a 
predetermined amount of surface-crack growth. Then the fracture crack-front was marked using 
fatigue crack growth at a high stress ratio (R = 0.75 or 0.8) and a relatively high maximum load 
(80 % of the current fracture load). Typically about 4000 cycles were applied to mark the crack 
front. After the test was concluded, the specimens were broken open, and the crack-front shapes 
were measured using an optical microscope with X-Y traveling stages. 

For each specimen, some or all of the following were collected: load, load-line displacement, 
crack-mouth-opening displacement using a clip gage, 65 using digital image correlation [8,9], 
surface-crack growth, and surface field displacements in the vicinity of  the original crack tip. 
Loading proceeded in 2.2 kN increments. Unloading compliance measurements were recorded 
at each increment by unloading 2.2 kN for loading greater than 4.4 kN. The amount of  crack 
growth was based on the desire to characterize the tunneling progression along the crack front 
for various loading levels. The first specimen was loaded until about 0.25 mm of surface-crack 
growth was visible. Two subsequent specimens were loaded to lower loads based on the CMOD 
unloading compliance load-crack growth curve. Other specimens were loaded to higher loads 
and more crack growth (see [18] for details). The load corresponding to Kic for this material and 
crack configuration is about 10.7 kN. 

Unloading compliance calculations were performed for the CMOD and 65 displacement 
measurements. Representative data were examined over the unloading range, and no significant 
nonlinearities were found. Over the monotonic unloading range, the first and last points were 
excluded, and the remaining points were least-squares fit with a straight line. 

Results 

The visual surface crack length is in many cases the shortest crack length for a tunneling 
crack front, and this single value may not be representative of  the average behavior of the 
specimen. Two other crack length measures are unloading compliance and area-average. The 
CMOD unloading compliance crack length can be calculated using the calibration in ASTM E 
1820. The area-average crack length can be calculated from the measured crack face tunneling 
profile using the nine-point weighted average in ASTM E 1820. For this work, the trapezoidal 
rule was used because more than nine points were collected and because the points were not 
evenly spaced. 

Figure 8 shows a typical measured fatigue pre-crack shape and the fracture surface crack 
shape. The fatigue marking process, although at a high load ratio and high maximum load, does 
in most cases leave a damage zone near the specimen side surface apparently caused by the 
closure of  the ligaments near the surface. The optically measured side-surface crack growth lies 
within the damage zone, as shown in Fig. 8. The average surface crack-growth was calculated 
by averaging the fracture surface values from both sides of  the specimen. The consistent 
location of the visual surface measurement in the cyclic damage zone indicates that both the 
fracture surface tunneling shape and the tunneling magnitude may be affected by the fatigue 
cycling. 

Figure 8 also compares several other crack length measures with the crack profile shape. The 
measured CMOD unloading compliance crack length is nearly the same as the visual crack 
length. However, an elastic FEA analysis with this same tunneled crack front shape showed that 
the elastic analysis CMOD compliance crack length extends into the tunneling region by about 
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35 % of T, the tunneling magnitude. The experimental tunneling is approximately the same as 
the material thickness, B, so the discrepancy between the measured and computed crack-growth 
is about 1.8 ram. One possible explanation for this is that the crack closes in the ligaments near 
the specimen surface as unloading occurs. 
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FIG. 8--Scale drawing of crack length measures compared with a tunneling crack front 
shape. 

Another measure shown in Fig. 8 is the area-average crack length. The crack front shape 
nearly matches a half sine-wave form. The mean-value theorem applied to a sine-wave yields a 
crack growth that is 64 % of T. Experimental area-average values from the trapezoidal rule on 
the through-thickness data ranged from 46-60 % and were dependent on symmetry of  the crack- 
front shape. The area-average length in Fig. 8 is 54 % of T. 

Figure 9 shows measured fatigue and fracture crack fronts from a single specimen test. As in 
Fig. 8, the side surface visual crack-growth value always falls in the fatigue damage zone. The 
area-average crack length is always the longest of  the calculated crack-growth measures, and the 
experimentally measured CMOD compliance is always the shortest. The experimentally 
measured 85 compliance value always falls between CMOD compliance and area-average. The 
ZIP3D straight crack-front results were determined at the respective equivalent load for each of 
the measured crack-front shapes. These results agree well with the area-average crack-length 
measurements from the tunneling specimens. 

Figure 10 shows the normalized tunneling magnitude versus normalized surface crack 
growth. The figure shows an estimate of  the cyclic damage zone on the tunneling magnitude. 
The symbols show the measured data, and the lines show the best-fit curve through the data. The 
open symbols show the tunneling from the fracture surface data. The closed symbols show the 
tunneling corrected by the amount that the side-surface visual measurement exceeds the 
respective fracture surface measurement. The first three data points were not corrected because 
the damage zone was small. The overall difference in the tunnelil)g magnitude between the 
fracture surface measurements and the side-surface visuals ranges from about 10 % after one of  
thickness of  growth, to about 15 % after three thicknesses of  growth. 
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Figure 11 shows the normalized tunneling fraction as a function of  crack growth on the 
interior of the specimens for all of the flat-fracture specimens. The normalized tunneling 
fraction is the location of each crack length measure relative to the respective tunneled crack 
front shape. The area-average crack length is the longest experimental crack-length measure 
with an overall average value of  54 % of T. The experimentally measured CMOD compliance is 
the shortest measure at 17 % of T. For each, there is more variability early, but as tunneling 
stabilizes after about 2B of crack growth, the tunneling fraction is approximately constant for all 
three measures. Figure 11 also shows the tunneling fraction for ZIP3D analyses obtained by 
interpolating the ZIP3D load-crack growth curve with the load for each tunneling shape. The 
overall average value for ZIP3D is 75 % ofT. 

Copyright by ASTM Int ' l  (all  r ights reserved);  Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement.  No further reproductions authorized.



JAMES AND NEWMAN, JR. ON FLAT FRACTURE 517 

la. 

t- 
o 

IJ. 

e- 

l .  
e- 

l -  

t 

F=~ 

A a P - m a x  
1 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T u n n e l i n g  

M a x i m u m  I m 

0 . 8  �9 ~ �9 
.................................... :- .................................................................... Z I P 3 D  

0.0 o o  .......................... o 
...o........o .................. o ........................ A r e a  a v e r a g e  

8 i 
: .................................... ~ ........... a.......A ............................................. d 5 c o m p l i a n c e  0 . 4  I �9 �9 

0 I 
o i 

0 . 2  .................................... i.......o..~......~ .................. o ............... o. ...... C M O D  c o m p l i a n c e  

~ , 
0 . 0  , , , , ~ , S i d e  s u r f a c e  

0 5 1 0  1 5  2 0  2 5  3 0  ( t  = O)  

A a i ,  m m  

F I G .  1 1 - - C o m p a r i s o n  of tunneling fraction for various crack length measures. 

Figure 12 compares tunneling data with surface crack growth and analysis results. The open 
symbols show the "original" surface measured data from Fig. 2. The closed symbols show the 
new data from the tunneling test. The circle is the "tunneling surface" value of the tunneling 
crack growth, the inverted triangle is the "tunneling area-average," and the upward pointing 
triangle is the "tunneling maximum" value. Before maximum load, the tunneling surface values 
show shorter crack growth than the original tests, as discussed for Figs. 8 and 9. After maximum 
load the tunneling surface values follow the original values. The longest crack length measure is 
the maximum tunneling value, as shown in Fig. 11, and the analysis results fall between the area- 
average and maximum values. The points up to maximum load are unique first-front markings 
on each specimen. The points after maximum load, and the fourth point, are from multiple front 
specimens, where more than one tunneling shape was obtained from a single specimen. Since 
the surface values do not deviate significantly from the original values, the data are valid within 
a reasonable tolerance. The variability may lie in the evolution of tunneling for each specimen; 
however, there does appear to be a trend (see Fig. 10). 

Figure 13 compares analysis predicted crack growth with experimental values. These data 
are generated by evaluating the analysis crack growth at the load for each point of  the two 
experimental curves. The dashed lined indicates perfect agreement between analysis and test. 
Points above the line indicate over-predicted growth, and points under the line indicate under- 
predicted growth. Figure 13 shows that the analysis consistently over-predicts the surface 
measurement crack growth and consistently under-predicts the tunlieling maximum. 
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D i s c u s s i o n  

Figures 9 and 10 show that tunneling develops rapidly and is nearly developed after only 
AaJB = 0.5, so surface crack measurements are significantly different from the maximum crack 
length in the interior at maximum load. In Fig. 11 the area-average crack growth is closest to the 
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analysis results, but the analysis still over predicts area-average by about 20 % of the tunneling 
magnitude. However, the straight crack-front analysis does fall within the tunneling range 
throughout the full extent of the test data. The experimental CMOD compliance based length is 
the shortest of  the crack length measures, in most cases essentially matching the side-surface 
length (i.e., t = 0.0). 

The 85 based crack length is between the area-average and CMOD lengths, but is only about 
12 % of the tunneling fraction below the area-average. It is unclear from this study why the 65 
measurement is closer to the area-average than the CMOD measurement. Figure 6 shows that 
the 65 compliance is significantly more sensitive to tunneling. That sensitivity may outweigh the 
influence of  other factors such as crack closure of faces behind the crack front as unloading 
occurs. The unloading fraction early in the test process was about 15 % of the current load, 
while at maximum load it was slightly less than 10 %. This provides more oppommity for 
closure at the lower loads, but at the higher loads plasticity is more developed, also increasing 
the possibility of  closure. No obvious changes were observed in the unloading curves, which 
may indicate closure. 

Figures 11 and 12 show that although the FEA results do over-predict the surface 
measurement crack length, the FEA results also always under-predict the tunneling maximum 
crack length for flat fracture. But one detail from Fig. 2 complicates the matter. Of the two 
experimental curves, one specimen failed in flat fracture and one specimen failed in slant 
fracture. The flat-to-slant transition was complete near maximum load, so the curve after 
maximum load was failing with slant fracture. But the load-crack growth curve is essentially the 
.same as the curve for flat fracture. The slant fracture crack-front has very little tunneling, so the 
average crack length is nearly the same as the surface measured value. The flat fracture crack- 
front has significant tunneling by approximately the material thickness, so the average crack 
length after maximum load is longer (by approximately half the material thickness). The 3D FEA 
over-predicts the crack length for the slant fracture experimental results. 

This evidence is consistent with the previous argument that the straight crack-front analysis 
is approximating the area-average crack length of the specimens that fail in flat fracture with 
tunneling. This evidence simply supports the argument that the specimen that fails in slant 
fracture has a different failure mode than the flat fracture specimens, and that the flat fracture 
analysis results are not representative of this difference. Note however that for many analyses of 
specimens that failed in slant fracture, maximum load was predicted accurately, even for very 
complex structural configurations [19,20,21]. 

The analysis load-crack growth results of  the wide panel in Fig. 3 also over-predict the crack- 
growth by about the material thickness. These specimens typically failed in a combination of  fiat 
and flat-to-slant fracture, and the presented crack growth values are averages of the two crack 
tips. A careful inspection of  the tunneling behavior of these specimens may recover part of the 
over-prediction, but Dawicke and Sutton [2] found that M(T) specimens tunnel less than C(T) 
specimens and concluded that the reduced in-plane constraint for the M(T) was likely a 
significant contributor to the difference in tunneling. 

Since tunneling does occur in many cases, it is desirable to account for the tunneling either in 
the analysis or in the test data. The most desirable approach is to modify the analysis to include 
crack-front shapes that match the experimental results [22] or use a modeling methodology that 
allows the tunneling to evolve naturally as part of  the analysis [23,24]. This is a topic for future 
work. 
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Conclusions 

The excellent match between the experimental and analytical results for the load versus local 
crack-tip displacements (85) curves is compelling and led us to consider the tunneling issue more 
carefully. The objective set down at the onset of this paper was to gain a better understanding of 
the shortcomings of the comparisons between the experimental crack length measurements and 
the finite element analysis results. The load versus crack-growth results show improved 
correlation between the area-average test data and the analysis results compared to the original 
load-surface crack growth. Optical measurement methods for crack growth will likely remain 
the method of choice for the buckling wide panel tests. Unloading compliance measurements are 
difficult for buckling panels, and direct current potential difference (area-average) is not 
currently a viable option for tests with large-scale plasticity. However, unloading compliance is 
relatively straightforward for constrained specimens. The 85 compliance approach is the overall 
best here because it is sensitive to tunneling, approaches the area-average measurements, and is 
relatively easy to implement using digital imaging systems. The results show that although the 
FEA results do over-predict the surface measurement crack length, the FEA results also always 
under-predict the tunneling maximum crack length for flat fracture. 
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A New Method for Opening Load Determination from 
Compliance Measurements 

ABSTRACT: A brief review of the most popular compliance based methods for determination of the 
crack opening load is included in the introduction. This review reveals the demand for a noise resistant 
method that is especially needed in the near-threshold region where a partial crack closure prevails and 
the existing ASTM method does not calculate the correct opening load. With this in mind, a new 
technique was developed ('Q' method). It uses integration instead of differentiation of the compliance 
data. It also accounts for the partial crack closure situations. The derivation of the Q method is discussed 
together with its relation to the ASTM procedure, and both methods were used to analyze experimental 
data of 2324-T39 and 7475-T7351 A1 alloys tested at 0.1 and 0.9 toad ratios. On average, the crack 
opening load values from the Q method are smaller by the factor of about 2ht in comparison to those 
obtained from the ASTM procedure. 

KEYWORDS: crack opening load, crack closure, partial crack closure, compliance, load ratio, 
correlation 

Nomenclature 

Acl  

AQ 
CC 
CMOD 
CTOD 
PCC 
PICC 
Pop 
SIF 

Closure area 
Area  under  a load-displacement  curve 
Crack closure 
Crack mouth  opening displacement  
Crack tip opening displacement  
Partial crack closure 
Plasticity induced crack closure 
Opening load 
Stress intensity factor 

Introduction 

More  than 30 years ago, Elber  [1] observed that  fatigue crack faces come into contact  under  
tensile load before the applied load reaches zero. Based on this observat ion he introduced the 
crack closure (CC) concept  and postulated that the plastic deformation left at the crack wake is 
responsible for the closure phenomenon.  Subsequently,  he introduced the effective range of  the 

stress intensity factor (SIF), AKcff, defined as: 

Z~eff = K m a  x -Kop (1) 
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where Kmax and Kop are the SIFs calculated for the maximum load, P . . . .  and the opening load, 
Pop, respectively. This means that in order to use this model in practice, one has to find Pop first. 
It is commonly done by using the ASTM standard E 647 recommendation. According to this 
recommendation, Pop is determined as the load associated with 1, 2, or 3 % deviation of  the 
compliance offset. 

Equation 1 implies that only the load range between Pmax and Poo would affect the crack tip 
opening displacement (CTOD) and the associated damage. The CC model (as defined by Elber) 
is illustrated in Fig. 1 in terms of load versus CTOD. 

FIG. 1--An ideal crack closure as defined by Elber. 

The Elber CC model has been widely adopted as the dominant mechanism responsible for 
load ratio, or in general, load history effects on fatigue crack growth behavior in metallic 
materials. However, despite the large amount of  data generated on CC over the last 30 years, 
many difficulties were continuously reported in this area. As a result, the concept evolved mainly 
in respect of identifying additional mechanisms that may contribute to the CC phenomenon. 
Now it is recognized that not only the plastic deformation at the crack wake (plasticity induced 
crack closure - PICC), but also asperities, roughness, oxide debris, or fluids may induce CC. 
However, there is no general agreement on how and whether Eq 1 should be modified depending 
on the actual closure mechanisms involved. 

In metals, in the near-threshold region, crack growth is usually associated with a single-shear 
mode of growth, which gives rise to a faceted fracture surface and Mode II loading. This may 
result in a mismatch between upper and lower fracture surfaces promoting premature contact 
before the crack fully closes. Thus, the rough fracture surface dominated at the near-threshold 
crack growth might result in isolated contact between asperities at some distance behind the 
crack tip (Fig. 2). Such isolated contacts would induce partial crack closure (PCC) at low rates 
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associated with near-threshold growth. In addition to surface roughness contact, corrosion or 
debris-induced contact is also encountered at a very low growth rate [2]. In contrast, at higher 
crack propagation rates corresponding to the Paris region, the crack surface is rather 'flat' due to 
two intense slip systems operating simultaneously at the crack tip. Since the largest plastic 
stretch occurs just behind the crack tip, where the crack opening is the smallest, it can be 
speculated that in the Paris region the crack face contact would start from the crack tip and 
progress toward the crack mouth. This is so-called 'zipping' or 'peeling' closure mode (Fig. 2). 
These three mechanisms of  crack closure have been observed experimentally for modified 1070 
steel [3]. They can operate separately or together, which poses a fundamental question regarding 
their apparent significance on crack tip shielding. 

FIG. 2--Phases of the fatigue crack growth. 

Hertzberg et al. [4] conducted experiments on artificially-induced closure in which shims 
were placed into the crack mouth, to wedge the crack. A compliance change was noted, but the 
effects on crack propagation rate and threshold were much less than what would have been 
predicted using Eq 1. This finding clearly indicated that the closure caused by artificial crack 
wedging was only partially effective. In order to achieve a more consistent and realistic 
estimation of the effective SIF range, some modifications of  Eq 1 have been proposed. 

Paris, Tada, and Donald [5] analyzed the PCC phenomena and demonstrated that interference 
between crack faces at a small distance behind the crack tip only partially shields the crack tip 
from fatigue damage. Thus, the difference between CC and PCC is that the latter recognizes that 
the crack tip will continue to deform below Pop, as illustrated in Fig. 3, and therefore will 
accumulate damage depending on the position and the size of the contact between the crack 
faces. They proposed to calculate an effective SIF range, AKz/PI0, due to partial closure as 
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FIG. 3--  Partial crack closure. 

The above equation implies that P o p  should be reduced approximately by 2/n in the case 
when PCC is present. For aluminum alloys this new effective SIF range was shown to improve 
significantly the correlation of  FCG rates versus load ratios R, in the threshold region [5]. 

A similar rigid-wedge model was used earlier by Suresh, Parks, and Ritchie [2] to estimate 
the effect of crack tip oxide formation and its influence on the near-threshold crack closure level. 
Findings from the partial crack closure model concur with that of  Hertzberg that closure or 
interference of crack faces at some distance from the crack tip only partially shields the crack tip 
from the damaging action due to cyclic loading. 

Donald [6] addressed the PCC problem by developing the adjusted compliance ratio (ACR) 
method. The ACR value is determined by subtracting the compliance Cn from the secant 
compliance, Cs, and the compliance above the opening load, Co, as follows: 

ACR = Cs -C"  (3) 
C o - C .  

The compliance Cn is an average value of  two slopes, the first between 2 % and 12 % of the 
applied load, AP, and the second between 9 % and 19 %. This ratio appears to be independent of 
the measurement location and can be used to directly calculate the effective SIF as 

AKin, = A C R  " l~kK appl (4) 

where z~kKappl -~-Km~ x -Kmi n . Equation 4 was shown to give better correlation than Eq 1 when 

PCC is present [6]. However, the ACR method remains mainly empirical and does not provide 
insight on the mechanisms of  the CC. Also, it is not applicable when the crack starts to close 
from the tip. 

Vasudevan, Sadananda, and Louat [7,8] have reconsidered fatigue crack closure and its 
contribution to fatigue crack growth behavior. They demonstrated that contribution to closure 
due to residual plastic stretch has been greatly exaggerated. Further, when asperity or roughness 
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induced closure is present, the contribution is small and is about one quarter of that computed 
from the experimental compliance data. 

The above discussion clearly indicates that there is a need for a more consistent and realistic 
estimation of the Pop. Therefore, the next section presents a new integration based 'Q method' for 
an effective determination of Pop based on compliance measurements. 

Q Method 

The ASTM standard E 647 recommended procedure for Pop determination from compliance 
measurements is based on a numerical differentiation algorithm, making the noise in the 
experimental data a major source of problems, especially in the threshold region [9]. This 
problem can be solved partially by using low pass filters or numerical algorithms for smoothing 
the experimental data [10]. However, the interest of  the researchers is constantly shifting to 
smaller specimens and crack sizes, raising the expectations for more accurate crack closure 
determination. With this in mind, a new method for Pop determination was developed, based on 
integration rather than differentiation of the compliance data. This gives the name of  the method 
- 'Q '  (from quadrature - numerical integration). The noise resistance is improved simply 
because the numerical integration algorithms (like trapezoidal rule for example) are more stable 
and easy to implement. 

D e r i v a t i o n  

Load-displacement curves for ideal and partial crack closure are shown schematically on 
Figs. 4a and 4b, respectively. If  there is no CC, the area AABc can be calculated using 
compliance Co when the crack is open. 

AA, c - C~ (5) 
2 

The 'real' area AQ under the load-displacement curve represents the effect of crack closure. 
The difference between these two areas, At1, is called 'closure area' and can be calculated as 

Ac, = AAB c -- AQ . (6) 

In the case of ideal CC, Ac~ forms a right triangle ADE (Fig. 4a). For PCC, the associated 
'closure area' (Fig. 4b) can be represented by the equivalent right triangle AD'E' ,  which 
corresponds to an ideal CC behavior. The 'closure areas' can be calculated from 

C0(Pop- Pm'o)  
2 

Substituting Eqs 5 and 7 into 6, and solving for Pop we get 

Pop =Pmt,+~/(AP) z - (Z/C0)A9 (S) 

Two limits for Pop can be derived from Eq 7, for At1 = 0, Pop = Pmin and for Ad = AABC, Pop = 
Pmax, which corresponds to no-closure and full-closure situations, respectively. 
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FIG. 4--Derivation of  the Q method 

Theoretical Comparison with ASTM Method 

Figure 5 shows four cases of  crack closure. The crack is shown in all cases at maximum load, 
Pmax. In case (a), a rigid wedge having the shape of the crack at load Pw is inserted to simulate 
ideal CC throughout the whole crack length. Horizontal dashed lines in Fig. 5 correspond to Pw. 
The other cases (b, c, and d) show the same crack containing different segments of the rigid 
wedge (hatched region). For all cases, the crack faces would contact the inserted wedge during 
unloading when P = Pw. The graphs on the left show P versus crack mouth opening displacement 
(CMOD) curves. Also on these graphs the values of  Pop are indicated as determined using Q and 
ASTM methods. The graphs on the right show P versus CTOD curves together with the 'real' Pop 
values. 

An Ideal Crack Closure (Fig. 5a)--The crack closes along the whole length at the same time, 
which corresponds to an ideal CC situation (a full shielding effect). In this case there is no 
difference between the CMOD and CTOD curves. Theoretically, both Q and ASTM methods 
should give the exact values for opening load, Pop = Pw. However, the real CMOD data contains 
noise, and ASTM method requires at least 1%, 2 %, or 4 % compliance offset to occur in order 
to register Pop. This affects the accuracy of  the ASTM method because Pop will always be 
somewhat lower than the real value of Pw. On the other hand, the Q method does not require any 
arbitrary offset and is expected to give the exact result in terms of accuracy. In terms of 
precision, Q method is also advantageous since the numerical integration of the whole curve is 
more stable than the differentiation, which is performed using small segments. 

The Crack Starts to Close from the Tip (Fig. 5b)--The tip will be shielded immediately at Pop 
= Pw. However, the crack mouth displacement will continue to decrease with a slower rate and 
eventually stop before reaching Pmin. Due to the noise in the raw data, the ASTM method will 
detect the first 1%, 2 %, or 4 % compliance offset, i.e., Pop~Pw. The Q method will give Pop < 
Pw, corresponding to Ad that is transformed to a right triangle (Fig. 4b). There are two factors 
that minimize the error. First, metals have significant stiffness, which makes the shape of the 
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'closure area' almost a right triangle (especially in the threshold region). Second, the crack can 
actually close at the mouth also, before the load is reduced to Pmin. 

FIG. 5--Theoretical comparison between Q an ASTM methods. 
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The Crack Closure Occurs at Some Arbitrary Position along the Crack (Fig. 5c)--The 
ASTM method will register the load of the first contact between the crack faces as Pop = Pw. Both 
mouth and the tip will continue to experience deformation below Pw. The actual opening load at 
the crack tip will be bounded by Pmin and Pw. The Q method will adjust the Pop value by 
transforming the 'closure area' at the crack mouth to a right triangle (Fig. 4b). This will result in 
the Pop value somewhere between Pmin and Pw. In general, the Q method is sensitive to PCC, 
whereas the ASTM procedure is not. It is expected that the Q method will give Pop close to the 
opening load at the crack tip. 

The Crack Starts to Close from the Mouth (Fig. 5d)--This is a limiting case and is not likely 
to be observed in the practice. Both Q and ASTM methods (and any other compliance based 
method) will register erroneous Pop = Pw. It will correspond to the point where the crack mouth 
touches the wedge. The crack tip, however, will continue to deform, causing more damage at the 
crack tip. Thus, both methods will give the same error in this hypothetical case. 

The proposed Q method (and any other compliance based method) is phenomenological 
because it is impossible to relate the crack 'closure area' at the crack mouth to any of the fatigue 
mechanics parameters at the tip (K, G, or J) without knowing the area and the position of the 
contact of crack faces. 

Specimen and Test Procedure 

The load-displacement data were obtained from 2324-T39 and 7475-T7351 aluminum alloys. 
The specimen geometry is shown in Fig. 6. Specimens with the thickness of 2.54 and 5.08 mm 
were used to generate the data. Each specimen was precracked using compression-compression 
loading in order to minimize any load history effects [11]. Then, a constant load range scheme 
was applied in tension at a load ratio R = 0.1 or 0.9. The tension tests were started with a AK 
value somewhat smaller than the expected threshold level. I f  no crack propagation was observed 
for 106 cycles, then the AK value was increased by 0.1 MPam ~ Once progressive crack growth 
rate was achieved, the specimen was cycled at that constant AP value until failure. 

During the test, digital pictures of the crack tip area were taken using a charge coupled 
device (CCD) camera with a resolution of 106 pixels. This allowed for 5 ~m resolution in the 
crack length measurement. In addition, the CMOD was measured using a 'clip on' gage. Each 
compliance curve consists of 600 load-displacement pairs, spaced at equal load intervals. This 
procedure was used for both the loading and unloading compliance curves. Approximately 55 
measurements were taken from each specimen at equal crack increments. 

Results and Discussion 

The results are depicted in Fig. 7a, b, and c in terms of normalized opening load, Pop/P~x, 
versus normalized crack length, a/w. It can be noted that the Pop results exhibit considerably 
smaller scatter when calculated using the Q method. Another important observation is that the 
difference between Q and ASTM increases for small crack lengths. For the particular test, this 
corresponds to the threshold of  the fatigue crack growth. In this region, the CC is believed to be 
caused by asperities. This means that the crack face contact appears at some distance behind the 
crack tip, causing the ASTM method to register unrealistically high Pop in this PCC situation. In 
contrast, the Q method shows a gradual increase in opening load. This trend is in agreement with 
compression-compression pre-cracking and subsequent tensile crack growth. It is widely 
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accepted that compression-compression pre-cracking generates a closure-free crack, which will 
develop closure under tensile growth from the threshold to the Paris region. 
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FIG. 6--Specimen geometry and dimensions. 
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Figure 7d shows the ratio of the opening loads determined by Q and ASTM procedures. 
Presented results clearly demonstrate that the Q method effectively reduces the ASTM Pop by a 
factor of 2/7 as proposed by Paris et al. [5] for the PCC model. 

Another comparison was made based on the correlation between da/dN vs. 2xI~ff data for R = 
0.1 and the closure free data obtained at R = 0.9 using both the ASTM and Q methods (Fig. 8). 
An examination of  Fig. 8 indicates that both methods do not collapse the R = 0.1 data on that of  
R = 0.9. This can be possibly attributed to Kma~ effects as proposed by Vasudevan and 
Sadananda [12]. In the near-threshold region, where Q method is expected to give better 
correlation than ASTM, this comparison could not be performed due to multiple crossings in the 
compliance offset diagram, using the ASTM procedure, which resulted in oscillating values of  
Pop/Pmax between 0 and 1. 
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FIG. 7--Experimental comparison between Q and ASTM methods, based on Pop. 
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FIG. 8--Crack growth rate in terms o f  AK or AKeg. 

Conclusions 

The following conclusions can be drawn: 

�9 A new Q method reduces the variation in the opening load in comparison to the ASTM 
method. This is because the Q method uses a more stable numerical integration algorithm 
instead of  numerical differentiation algorithm utilized in the ASTM procedure. 

�9 The Q method allows Pop to be determined where multiple crossings on the compliance 
offset plot will invalidate ASTM results (typically in the threshold region). 

�9 The Q method is sensitive to PCC, whereas the ASTM procedure is not. On average the 
Pop values determined using the Q method are lower by a factor of  about 2/n in 
comparison with the values obtained utilizing the ASTM procedure. 
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Crack Initiation, Propagation, and Arrest in 316L Model Pipe 
Components under Thermal Fatigue 

ABSTRACT: There is a continuing need for reliable thermal fatigue analysis tools to ensure that high 
safety levels are maintained in the main coolant lines of light water reactors. As a contribution to this 
effort, a combined experimental and numerical investigation has been conducted on cylindrical 
components of 316L stainless steel subjected to cyclic thermal shocks of varying intensity. It exploits a 
dedicated rig in which the tubular test pieces are subjected to induction heating and water quenching. 
Under the applied loading, a network of cracks initiates at the inner surface; some of these propagate 
further through the wall thickness. The number of cycles to crack initiation is estimated from surface 
replicas taken during intermittent stops, whereas the crack depth of fatigue cracks is measured using an 
ultrasound time of flight diffraction technique (TOFD). The analysis is done by a sequentially coupled 
thermal-stress finite element analysis using a cyclic plasticity model. Predictions of the crack initiation 
life (based on crack initiation curves as well as crack propagation models for microstructurally short 
cracks) are in good agreement with the test results. Crack propagation for small fatigue cracks was 
estimated by plastic strain amplitude based propagation formulas, Whereas long crack propagation is 
analyzed by Paris law type criteria using AK as well as ACTOD. 

KEYWORDS: thermal fatigue, 316L, replica, TOFD, crack initiation, crack propagation, crack arrest 

Introduct ion 

The development  o f  analysis procedures and laboratory techniques for accurate assessment  
o f  damage due to thermal  fatigue is a topic of  increasing importance,  particularly in relation to 
the life assessment  o f  main  coolant lines in aging light water  nuclear reactors. Thermal  fatigue in 
a fluid mixing area (the mixing Tee problem) is a recognized problem in this respect, which  due 
to the complex loading and effects o f  material  degradat ion is still not  well  understood [1]. This 
phenomenon  is l inked to a turbulent  mixing of  two fluids at different temperatures,  which  
induces large thermal  fluctuations at the surface and associated stress and strain variations with 
often large plastic straining. Damage usually starts with  the formation o f  a network of  surface 
cracks in the region with the largest thermal  fluctuations, or as discrete cracks at welds. Thermal  
fatigue is also a serious problem for a range of  structural components  in non-nuclear  
applications, such as boilers, heat  exchangers,  gun barrels, turbine rotors, and different loading 
situations, e.g., start-up and shutdown events. 

There have been a number  o f  studies publ ished on the thermal fatigue problem, usually with 
different simplifications, often using flat plates [e.g., 2 -4]  or by inserting a notch starter crack 

E5]. 
The ongoing research presented in the fol lowing sections aims to advance the understanding 

o f  the basic mechanisms and loading condit ions under  which  thermal  fatigue cracks initiate and 
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propagate, and to translate this into improved practical methods for predicting thermal fatigue. 
Cylindrical test pieces of  low-carbon austenitic steel 316L are subjected to thermal loads to 
initiate and propagate axial as well as circumferential cracks. The results provide a validation 
benchmark for the analysis procedure, based on a sequentially coupled thermal-stress finite 
element analysis, in which initiation and crack propagation criteria are applied. 

Description of the Experimental Set-Up 

The thermal shock experiments are carried out on cylindrical specimens in a special test 
facility previously developed for high temperature thermal cycling (Fig. la) [6,7]. The 
specimens are made of  a low carbon 316L stainless steel with an outside diameter of 48 ram, a 
wall thickness of  14 ram, and a length of  224 mm (Fig. lb). 

FIG. 1--Experimental set-up: a) specimen with induction coil and b) specimen dimensions. 

The specimens are heated continuously by an external induction system. The thermal cycling 
is achieved by periodically injecting room temperature water through the test pieces bore (i.e., 
down-shock), which induces strong tensile strain variations at the inner surface. During the 
cycling, the test piece itself is held in a lever arm test machine, which allows application of a 
static axial load, but places no restraint on any global axial displacements of  the test piece. 
Hence, the system allows the following parameters to be controlled: 

�9 induction heating power, which determines the maximum temperature and heating rate 
�9 duration of  quenching, which controls the AT at the inner surface and the cycling 

frequency 
�9 applied axial load 

The testing procedure is outlined in Fig. 2. The test piece is first heated without the water 
flow in the bore of the specimen for 9 s to reach the prescribed maximum external temperature. 
This is followed by a 'dwell time' of 900 s at the maximum temperature to allow the temperature 
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through the wall thickness to equalize to the maximum value. From this constant temperature 
distribution stage, thermal cycling starts by internally quenching the specimen with room 
temperature water for a prescribed time, tQuench, and by heating for a certain time, tneat, when the 
quenching is stopped. The resulting very strong temperature variations induce transient thermal 
stress and strain gradients through the pipe thickness, whose intensity depends on the 
temperature difference between the water and the maximum temperature of  the outer surface of 
the pipe (AT), the quench duration, the material properties, and the heat transfer between the pipe 
and the water. In designing the testing program, a compromise was sought between having a 
relatively low AT representative of  the plant operating conditions and the need to apply a 
sufficiently severe shock to produce damage in reasonable times. This resulted in typical values 
for tQuench and ttIeat of 5 and 45 s, respectively, implying an overall cyclic frequency of 
approximately 0.02 Hz. 

FIG. 2--Measured temperature history at different depth locations in calibration specimen. 

The through-wall temperature variations during the cycle were measured in a specially 
prepared calibration specimen equipped with six thennocouples, which were connected to a 
computer for continuous monitoring. Figure 2 depicts typical tempera~re variations at different 
depths through the wall thickness when the external surface is kept at 300~ and the inner 
surface is quenched by room temperature water. The specimens used in the fatigue tests had 
therrnocouples spot-welded on inner and outer surfaces only. The induction heating was 
controlled so that the outer surface temperature was kept constant. 

Monitoring of  the resulting fatigue damage is essential to provide data on crack initiation and 
propagation and to verify the analysis methods. To this end, three non-destructive techniques 
were employed: 

�9 The surface replica technique was used for the multiple cracking at the quenched surface. 
�9 Radiography with a panoramic exposure was employed to detect internal cracks for some 

specimens; this provided a check on the replica results and also additional information on 
the distribution of  cracking on the bore. 

�9 Time-of-flight-diffraction (TOFD), which is an ultrasonic technique, was adopted to 
monitor the location, length, and depth of  cracks. 
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None of these methods could be used during the thermal cycling. The tests were therefore 
stopped at certain intervals to allow the test piece to be dismounted for the damage monitoring 
measurements. On-line damage monitoring methods had also been considered initially. The 
potential drop technique had been used in previous work on specimens with a circumferential 
starter notch from which a discrete crack developed rather uniformly. For the present case in 
which multiple cracks initiate and grow, it was judged that this would not produce meaningful 
data. A trial was also conducted with an acoustic emission system; in this case the overall system 
noise (from the induction coil's electromagnetic system and to a lesser extent the water flow 
during the critical quench period) made it impossible to reliably detect signals that could be 
related to damage development without switching off the external heating system. 

Description of the Computational Model 

The analysis was done by a sequentially coupled thermal-stress analysis using the 
commercial FE-code ABAQUS. Both cracked and un-cracked body analyses were performed 
using axisymmetrical eight-nodes elements. Symmetry was assumed, and only the upper half of  
the specimen was therefore modelled. Auxiliary software routines were developed to 
automatically generate finite element meshes with a progressive mesh refinement toward the 
inner surface to capture the large strain variations induced by the thermal shocks. For the cracked 
body analyses, a refined mesh was used to model the crack tip behavior and to determine crack 
tip fracture mechanics parameters (Fig. 3). Since the model is axisymmetric, it is implicit that 
such cracks are fully circumferential; to date, full 3-D modelling of partially circumferential, 
axial, or multiple cracks has not been considered. 

FIG. 3--Typical FE-mesh for cracked body analysis, 

Thermal Analysis 

The thermal analysis was based on Fourier heat conduction equations, with the temperature 
dependent properties of the steel given in Table 1 using ABAQUS heat transfer finite elements. 
Referring to Figs. 2 and 3, the following time dependent boundary conditions were applied. 
Initially, the entire specimen is at room temperature. The outer segment covered by the induction 
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coil (BC*) was constrained to follow the experimental temperature variation of the outer surface. 
During the heating-up period, the temperature at the outer surface increases linearly from room 
temperature to the maximum temperature, T,, .... which is then kept constant during all of the 
thermal cycles. The remaining part of the outer surface (C*CDE) is assumed to lose heat from 
free convection and radiation. The bore-hole (FA in Fig. 3) is cooled by forced convection 
during the quenching and by free convection and radiation when there is no quenching. Both the 
forced and free convection heat transfer were implemented in ABAQUS by mean of  the 
"*FILM" option. The heat transfer coefficient increases with temperature and depends on the 
geometry, flow rate, and direction, and the physical properties of air and water, respectively. 
Temperature dependent heat transfer coefficient of  11-15 W/m~ and 125-270 kW/m~ were 

used for the free, hj?ee, and forced convection, hjbrce, respectively for 50~ < T < 400~ The 
adopted values have been determined from formulas based on the air/metal and water/metal 
surface interface [8]. Other formulas may give slightly different values, but the effect on the 
computed strains is small. 

TABLE 1--316 L temperature dependence of physical and mechanical properties (from the 
m a m f ~  

Temperature ~ 20~ 300~ 500~ 700~ 

Density, kg/m 3 8000 7870 7780 7680 
Thermal Conductivity, W/mK 14.5 18 20 23 
Specific Heat, J/kgK 480 550 580 600 
Thermal Expansion, 10-6/K from 20~ 15.16 18.92 20.36 21.28 
Electrical Resistivity, 10-9~m 760 950 1040 1120 

Tensile Modulus of Elasticity, kN/mm 2 192 175 155 140 

Cyclic Plasticity Model 

Since the thermal cycling produces significant stresses at the inner surface, accurate 
modelling of  the resulting plastic strains was required for the analysis. For this purpose, the 
stabilized non-linear kinematic hardening model proposed by Lemaitre and Chaboche [9], which 
is implemented in ABAQUS, was used. It is based on a v o n  Mises flow criterion where the 

center of  the flow surface is shifted by a back stress, X ,  to model the cyclic plasticity. The 
plasticity criterion is expressed in the form: 

/ = J 2 ( ~ - X ) - o - y = 0  where d X = 2  CdTpl-?'Xdp, (1) 
3 

Here, ,/2 is the second stress invariant, dp is the accumulative plastic strain, cry is the cyclic yield 
stress, C is the kinematic hardening modulus, and y determines the rate at which the hardening 
decreases with increasing plastic deformation. The three parameters cry, C, and y depend on the 
applied strain range and need to be calibrated from uniaxial cyclic test data. In the one- 
dimensional case with proportional loading, the back stress relation can be integrated analytically 
(see Fig. 4). 
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cr = Eg when c < 2or r / E  ] 

cr = 2~r r + X  ]} 

where Y = ~ [ 1 - e  r('-~/E) when ~ > 2 a r / E  
(2) 
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FIG. 4~Hysteresis loop for uniaxial loading with nonlinear kinematic hardening. 

Once crr and yam known, the kinematic hardening for a given strain range can be detemlined 
directly from Eq 2 and the applied stress-strain range at the location, 

- 2~  r ) [1 _ e-f(a<-aa,/E)] 8-- r(A< 2 (3) 

Low cycle fatigue data for 316L from several sources was analyzed to determine the model 
parameters. Figure 5 depicts the stress range, A ~ ,  versus the strain range, Ag~, at saturation 

from different strain-controlled cyclic tests [10,6], together with the curves predicted by the 
formula in the French RCC-MR procedure [11] for 20, 400, and 700~ where stress is given in 
MPa, c% = 718 MPa, m = 0.318, and the elastic modulus is as given in Table 1. 

A~t -= Agel + As  I _ 2(1  "t- v ) A ~  t -}- 1 0 _  2 ( 4 )  

3E 

Despite some scatter, the overall consistency is good. Figure 5 also shows that there is no 
significant temperature dependence of  the cyclic stress-strain properties. Indeed, in the RCC-MR 
formula, the temperature enters only through the temperature dependence of  Young's modulus. 
The RCC-MR equation was used to estimate the three strain range dependent parameters in the 
cyclic-plasticity model. Firstly, the yield stress, ~ r ,  was determined by first computing the stress 

range, Aft,, for a given total strain from Eq 4 and then stipulating that ~r  = A~-,(1 + v) /3 .  In 

the absence of full hysteresis loop data, a fixed value 7 = 150 was adopted for all strain ranges. 
The kinematic hardening modulus C was computed from Eq 3 with stress and strain calibrated 
with the RCC-MR curve (Eq 4). The resulting C and ~y are plotted in Fig. 6. On account of  
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the significant strain range dependence of ~-y and C arising from the calibration, in the 
ABAQUS finite element analysis, these values were updated via a user subroutine. Although 
approximate, this procedure was considered to better represent the local cyclic plasticity effects 
than assuming fixed values of  the Chaboche model parameters. 

FIG. 5--Experimental data and RCCM-curves for  stress range versus strain range. 

FIG. 6--The parameters, cry and, used in the analysis versus applied strain range with 7/= 150. 

Thermal Stress Analysis 

The computed temperature transients were read into the stress analysis as predefined fields to 
compute the resulting deformation and stresses in the specimen. The temperature dependent 
thermal expansion coefficient, a, and Young's modulus, E, as given in Table 1 were used 
together with the cyclic plasticity model described above. The edge ED in Fig. 3 was constrained 
in the radial direction (ur = 0) and a symmetry condition was imposed (u~ = 0) along the un- 
cracked segment of  AB. All other edges were traction free. To verify the model, a test piece was 
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prepared with special temperature resistant strain gauges on the outer surface. The measured 
strains were monitored during several thermal cycles and corrected for thermal mismatch effects 
between the gauge material and the austenitic pipe. The results were in good agreement with the 
FE model predictions. 

Crack Propagation 

The large strain variation at the inner surface implies that the propagation phase of the 
fatigue life will be significantly longer than the initiation phase. The crack propagation rate 
depends on the size of  the defects and whether large-scale yielding effects need to be considered. 
The crack growth can be divided into three regimes: microstructurally short cracks, mechanically 
short cracks, and long cracks. Orbllk, Polfik, and Va~ek [12 14] have found that the crack 
propagation rate of small cracks in 316L steel can be correlated to the amplitude of  the plastic 
strain, Aept. For microstructurally short cracks, the growth rate is independent of  the crack 

length, whereas for mechanically short cracks it also depends on the crack length. The relations 
can be written as: 

--=da 10_4(A ~076 [1 (a/a ,)~]  (5) 6.4- ~ ep/) . r  
dN 

The transition crack length, at, depends on the plastic strain amplitude. For A,ffpl ,~ 0.1%, at 

is about 100 ~tm [12]. The parameter, fl, depends on the plastic strain amplitude and the strain 
history under variable loading, and values between 1 and 2 were reported in [14]. The relation 
with crack propagation rate proportional to the crack length (fl = 1) is in agreement with the short 
crack equation proposed by Tomkins [15]. The validity of  Eq 5 depends on the loading and 
material data but can typically be applied for cracks of order 1 mm [16,17,14]. 

For long cracks, fracture mechanics models are invoked. Under small scale yielding 
situations, the Paris law is conventionally used to correlate the crack growth rate with the stress 
intensity factor range: 

da /dN  = Cx{AKd~"K (6) 
/ x 

The subscript "eft" stands for "effective" and denotes that only part the variation of  the crack 
growth parameter when the crack remains open should be accounted for as first proposed by 
Elber [18]. Test data for the Paris' law parameters have been reported in the literature [e.g., 
19,20]. In large-scale yielding situations it has been found that crack propagation rate can be 
related to the energy based cyclic J-integral, AJdy [21], as well as the cyclic crack tip opening 
displacement (ACTODeg') [22]: 

da CcroD (ACTOD d ~, ' ..... 
dN (7) aa 

dN 
Calculation of the cyclic J-integral is not straightforward for complex loadings and 

geometries; furthermore it is difficult to account for crack closure effects. The CTOD parameter 
requires detailed modelling of  the crack tip deformation but is more straightforward to compute 
in more general situations. It also has the advantage that, at least theoretically, crack closure 
effects can be accounted for. For these reasons it is favored for the present application. To 
compare the large and small-scale yielding crack growth parameters, the elastic AK is related to 
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ACTOD as follows. Firstly, the CTOD can be related to J for a power-law hardening material 
[23] by: 

CTOD = d.  . J (8) 
O" 0 

Here, or0 is the yield stress, d, depends on the hardening and the ratio E/cro, and CTOD itself is 
defined as the crack opening at the 90 ~ line [23] (Fig. 7). Secondly, under small-scale yielding 
and plain strain situation, the J-integral and the stress intensity factor are related through 

J = (1 - v 2)K 2/E (9) 

which holds for cyclic as well as monotonic loading. 

FIG. 7--Definit ion o f  CTOD at 90 ~ the intersection line. 

With the cyclic plasticity material model, ACTOD is computed directly from the crack 
opening profile given by the FE analysis, whereby CTOD and ACTOD are taken as the 
maximum range of  CTOD during a cycle. In the elastic model, ACTOD is computed via Eq 8 
with J-integral value directly from ABAQUS. Thus: 

ACTODEeFM (1 O) CTOD~FM CTOD E~FM 
ACTODLEFM = dnAJLeFM /0" o = d.  ( gLm~g -- JLmEFM ) /G O 

For what concerns closure effects, no contact analysis is done, but the computed CTOD and J are 
set to zero if the computed crack opening close to the crack tip is negative. The dn values are 
determined from the normalized curves given in [23] and the power-law hardening stress-strain 
relation (Eq 4). 

Results 

Test Results 

Four specimens have been tested so far and are referred to as TF0, TF1, TF2, and TF3. The 
thermal loading and the results are summarized in Table 2. The first specimen, TF0, had a 
circumferential notch on the outside with a depth of  1 mm and was used as an initial exploratory 
test while waiting for the unnotched specimens to be machined. The other three specimens had 
no notch. The notched specimen was exposed to three different thermal loadings, whereas the 
thermal loading for each unnotched specimen was constant. The specimen TF1 was tested up to 
55 600 cycles without any intermittent stops. 

The surface replica technique was used to determine crack initiation. For all the specimens, 
cracking was obtained at the inner surface. The cracking was characterized by a large number of  
cracks arranged in a network. Figure 8 shows the surface replicas for the specimen TF1 before 
cyclic loading and after 55 600 cycles. The fourth specimen, TF3, has accumulated 20 000 cycles 
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with evidence of  surface cracking from replica and X-ray. Overall, it is noted that there is some 
ambiguity concerning the detection of crack initiation and its physical interpretation. In cyclic 
thermal shock loading, the first damage usually appears as formation of persistent slip bands 
from which micro-cracks are initiated. The surface replicas are taken when the specimen is 
unloaded. Closed surface cracks or internal cracks therefore may not be noticed. 

TABLE 2--Thermal ~ e  test summary 
Test toucn~h THeat Tmax Twater Cyclic Range of Cycles Crack Propagation 

(s) (s) (~ (~ First Damage Done 
(indicated by 

replica or X-ray) 
TF0 11 14 300 25 ... 5000 Failure after application of external load 

6 44 300 25 20 000 50 kN after 52 500 cycles in total 
6 49 400 25 20 000-27 500 27 500 

TF1 6 44 300 25 0-55 600 151 000 See Table 3 
TF2 6 49 400 25 14 700-20 000 47 000 Axial crack with maximum depth 5ram 
TF3 6 44 350 25 15 000-20 000 25 000 Several mer.~ed shallow cracks 

FIG. 8--Replicas of cracking at inner surface of specimen TFl l a) before cycling and b) at 
55 600 cycles. 

To assess the crack depth of  specimen TF1 when first cracking was detected by the replica 
technique, TOFD measurements with a sizing tolerance of  +0.5 mm were made. Five cracks 
were found with a depth of more than 1.5 mm. 

The location and direction of  the cracks are given in Fig. 9, and the estimated depths after 
55 600 and 70 000 cycles are given in Table 3. Only the largest circumferential one (defect ID 1) 
showed detectable growth, with an increase of crack depth from 2.2-3 mm but with no 
circumferential extension. However, a relatively large number of  new small axial defects 
(< 1 ram) were also found. The specimen TF2 was also analyzed by the TOFD technique after 
20 000 cycles. It had two cracks in the axial and one in the circumferential direction with depths 
of  about 1 ram, but more importantly a large axial crack with an estimated maximum depth of  
5 mm and length of at least 80 mm. The tests on specimens TF1, TF2, and also TF3 will be 
continued with intermittent TOFD measurements to follow the crack growth. 
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FIG. 9--Orientation, 
measurements. 

location, and length of defects in TF1 after 55 600 from TOFD 

TABLE 3--Crack d e h o r n  TOFD measurements. 
Defect ID T ~ e  Dej~th Leng_th 

55.6 kcycles 70 kcycles 151 kc~cles 55.6 kcycles 70 kc•cles 
1 Circumf. 2.2 mm 3 mm 3.3 mm 135 ~ 135 ~ 
2 Circumf. 1.8 mm 1.8 mm 3.3 mm 90 ~ 90 ~ 
3A Axial 1.7 mm 1.7 mm 3.1 mm 5-10 mm 5-10 mm 
3B Axial 1.7 mm 1.7 mm * 5-10 mm 5-10 mm 
4 Axial 0.9 mm 0.9 mm * 5 10 mm 5-10 mm 
5 Axial 2.0 mm 2.0 mm 3.9 mm 5-10 mm 5-10 mm 
6 Axial 1.7 mm 1.7 mm 3.3 mm 5-10 mm 5-1 _.r~lm 

�9 The welded thermocouples on the specimen decrease the area to inspect. 

For the notched specimen TF0, cracking was detected at the bore by replicas after 52 000 
cycles (25 000 and 27 000 with Tmax = 300~ and 400~ respectively). An axial load (50 kN) 
was then applied to accelerate their propagation, and the entire specimen failed after a few more 
cycles. The fracture surfaces are shown in Fig. 10. There is a distinct change in the fracture 
surface appearance at 4 mm depth. The outer part had a much finer fracture surface than the 
inner. The outer also showed a pattern of  striations indicating that the main crack had initiated 
from the notch on the outer surface and propagated toward the inner surface. But there was also 
the typical crack network o f  multiple cracks at the inner surface. 

Stress and Strain Analysis 

The coupled thermal-stress analysis was performed for a number o f  Tm~ values using both 
the elastic and cyclic-plasticity material models. Figure 11 shows the variation o f  the computed 
axial stress and axial plastic strain at the inner surface during several thermal cycles using the 
cyclic-plasticity model. The model predicts plastic shakedown, and a stabilized state is attained 
after seven cycles. The hoop and axial stress components are virtually identical, whereas for the 
plastic strain the amplitudes were essentially identical but with a slightly lower mean strain for 
hoop component. Figure 12 depicts the through-thickness distribution o f  the range and mean 
value of  the axial plastic strain at the stabilized cycle for different Tma~ values. 
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FIG. 1 O--Fracture surfitces of  the notched specimen, TFO, after failure. 

FIG. 1 l - -a )  The axial stress component and b) the plastic component o f  the axial strain at 
the inner surface versus time for Tmo~ = 100, 200, 300, 350, and 400~ 

max rain FIG. 12--Computed distributions of  a) the axial plastic strain range (Aepl = Cpl - Opt ) 
max rain and b) the mean value of  the plastic axial strain ( ~  + Sp~ )/2 for stabilized cycles at different 

Tma~ values. 
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Crack Initiation and Propagation 

Crack initiation is a very complex process, and the actual initiation can be defined in various 
ways. From an engineering point-of-view, the Coffin-Manson ( N .  Ae~j = const) and Basquin 

( N .  Act ~ = const ) laws are natural candidates for low and high cycle fatigue, respectively, using 
the cyclic strain and stress variation at the surface. Figure 13 compares experimental and 
literature data for cyclic plastic strain range versus cycles to failure. The continuous lines 
correspond to the RCC-MR mean curves. The fraction of  the fatigue life spent in the initiation 
phase generally increases with lower strains. Tests on 316L indicate that the initiation phase is 
5 %, 60 %, and 90 % for 103, 104, and 105 cycles to failure, respectively [10]. 

FIG. 13--Experimental fatigue failure data, the mean RCC-MR curves, and initiation results 
of  the present tests. 

The values from the present test series (with number of cycles to detection of surface 
cracking by replica and the local plastic strain range from FE-analysis) are also plotted in 
Fig. 13. The results indicate that the initiation life can be reasonably well predicted by the 
'initiation corrected' curves for the high AT tests, whereas for the lower AT test initiation occurs 
earlier than expected. 

If  crack initiation is defined as a specific short crack length, then the short crack models 
given by Eq 5 can be used to determine the duration of  the crack initiation phase. Figure 14a 
shows the crack depth versus the number of cycles for three different temperatures with/7 = 1 
and 2, and at = 0.1 ram. The depth has been calculated by direct integration ofEq 5 with the axial 
plastic strain component as reported in Fig. 12. By virtue of the constant crack propagation rate 
for very short cracks, there is no need to define an initial defect size. The transition length is the 
natural choice to define initiation. It follows from Fig. 14a that the initiation phase is about 
17 000, 24 000, and 37 000 cycles when Tmax = 400, 300, and 200~ respectively. 

Figure 14b shows the computed crack depth for a circumferential and axial crack at Tmo~ = 
400, 300, .and 200~ and where the hoop component of  plastic strain range has been used to 
describe the circumferential crack growth. The results are practically identical since the loading 
is equi-biaxial; this correlates well with the experimental observation of  cracks in both 
directions. 
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a) b) 
FIG. 14--Computed crack depth versus number o f  cycles using short crack model with fl = 1 

and 2: a) Circumf crack Tmox = 200, 300, and 400~ and b) Circumf and axial crack Tm,, = 
400~ 

Cracked body FE analyses were performed to determine propagation of long cracks 
following the procedure. The analyses were done for a fully circumferential crack with the mesh 
illustrated in Fig. 3 and with a crack depth a ranging from 0.5-10 mm. Both elastic and cyclic- 
plasticity models were considered to allow the extent of large-scale yielding effects to be 
assessed. Figure 15a shows the computed ACTOD versus crack depth for the elastic and cyclic 
plasticity material models and for Tm~ values of 400 and 300~ respectively. The crack opening 
displacement is higher in the elastic case because the test is essentially strain controlled. As 
expected, the plasticity effects decrease with increasing crack length after a peak value has been 
attained and with the applied thermal load. In the plastic model, the crack tip remains open by 
virtue of  crack tip blunting during the entire cycle, whereas in the elastic case it approaches zero 
at the end of the heating phase of the cycle when the stresses are compressive at the inner 
surface. The maximum CTOD was therefore higher for the plastic case, although the cyclic 
ACTOD was lower. 

Figure 15b shows the corresponding predicted crack growth rate using a Paris law calibrated 
with 316L fatigue data [19,20] (m K = 3.89 and C x = 2.67.10 -l~ with AK and da/dN in MPa and 

mm/cycle, respectively). The elastic analysis used the Paris law (Eq 6) directly with AK 
computed from the elastic A/as  defined by Eq 9. The plastic analysis used the same growth law 
but with the parameter AKcToD from Eqs 7 and 8, 

=/o"  o . ACTODEPFM �9 E 
z~kK cToD (1 1) 

d,, (1-  v '2 ) 

With this approach the crack growth rate reduces to the elastic case for small-scale yielding 
while providing a means of  extending the Paris law into the large-scale yielding regime. The 
crack propagation rate using the short crack formula (Eq 5) with axial plastic strain range as 
given in Fig. 12, with f i= 1 and 2 is also shown in Fig. 15b. With/7= 1 it predicts a crack growth 
rate trend, which is a factor 10 lower than that given by the axisymmetrical long crack model. 
Since the short crack model is empirical and relates to cracks that are small in depth and length, 
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it is therefore not surprising that the calculated growth rate is substantially smaller than that for a 
complete axisymmetric crack of  the same depth. Further, the present long crack model does not 
consider premature contact behind a propagating crack tip that may lower the effective ACTOD 
and hence lower the growth rate. 

Concerning the experimental validation of these growth rate models, only a limited amount 
of  data is available at this point. The TOFD analysis indicates that for specimen TF1 one crack 
grew from 2.2 to 3 mm in the interval from 56 000-70 000 cycles, and that in specimen TF2 an 
axial crack had grown to 5 mm in 20 000 cycles. The number of cycles for these crack 
extensions as estimated by integration of  the short crack model (Eq 5) is shown in Fig. 14 for f l=  
1 and 2 with at = 0.1; the results are summarized in Table 4. 

22 . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . .  

' J g,2 / . .  

a ,ram 

Tm~4(X~C 

g 
/ 

.~ l o ,  I 

~ !* "" " "  i 

O 2 4 R g "~0 12 14 
~* mm 

a) b) 
FIG. 15--a) Computed crack tip opening displacement at T,,~ = 300 and 400~ for an 

axisymmetrical defect using elastic and cyclic-plasticity mode# b) comparison of the computed 
crack growth rate for axisymmetrical defect using the Paris law and that determined by short 
crack model given by Eq 5. 

TABLE 4~Computed number of cycles for four crack propagation scenarios using short 
crack model at=O. lmm and fl=l and 2 and corresponding measured values. 

TEST # astart astop Crack ........... Predicted Cycles . . . .  
(mm) (mm) Type at = O. l at= O. 1 Exp. Cycles 

p = l  ...................... p - 2  
TFI (300~ 0 2.2 Circ. ID 1 125 000 52 000 55 600 
TF1 (300~ 2.2 3 Circ. IDI 20 300 820 14 400 
TF2 (400~ 0 5 Axial ID 4 140 800 39 200 20 000 

~TF2 4~oC) * 0.1 5 Axial ID 4 123 600 21 469 20 000 
*Assuming an initial crack ofO.1 mm at the start of the test. 

The first phase of  the crack growth follows better the f i=  2 model, whereas the subsequent 
growth is better described by the ,8=1 model. The deviation in crack growth using the upper and 
lower bound values of  the crack model parameters are obvious in Fig. 14. The apparent 
inconsistency is not really unexpected since the model is being extrapolated well beyond the 
1 mm for which it was originally verified. 
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The notched specimen, TF0, failed after application of  the small 50 kN load. From the 
fracture surfaces (Fig. 10), the conjecture is that a crack had initiated from the notch and 
propagated through most of  the thickness when failure occurred. It is known that cracks may 
initiate at notches under cyclic compressive loads due to reversed tensile stresses ahead of the 
notch, but then they usually arrest [24]. To assess whether crack extension could be supported 
by fracture analyses, elastic and cyclic-plastic models were performed with an axisymmetric 
crack starting from the outside. In the cyclic plastic model the crack remains closed during the 
entire cycle, whereas the elastic model predicts that the crack opens during the heating and AK 

increases from 5 to 10 MPa~m when the crack depth increases from 2 to 6 mm. The 

corresponding crack growth rate from Paris law (Eq 6) is, however, only 1.10-Tand 
2.3. l 0  -6 mm/cycle. Such a model therefore cannot explain fatigue crack growth from the notch. 
The plastic strain variation at the outer surface is 0.06 %, which gives a crack growth rate of  
2.6.10-4mm/cycle for a 2 mm crack for the short crack model. The short crack model, however, 
should not be used for compression loading. 

An alternative scenario is that the cracks propagated from the inner surface until an 
approximately axisymmetric crack formed and the specimen failed. The border between the 
distinctly different fracture surfaces in Fig. 10 is about 4 mm from the inner surface. The 

computed maximum stress intensity factor in the elastic analysis was 73 MPaa[-m. In the plastic 
analysis, the maximum 'plastic stress intensity factor' calculated from Eq 11 using the maximum 

computed CTOD is 117 MPa~m. This should be compared with the static fracture toughness, 

Kic, which is typically lOOMPax/-s for 316 steel [25]. Thus, from the analysis an unstable crack 
propagation from a circumferential crack depth of  4 mm would be possible. 

Concluding Remarks 

�9 A thermal fatigue rig has been developed to produce crack initiation and propagation at 
the inner surface of  tubular test pieces under controlled temperature down shocks. At 
periodic stops, replica and X-ray measurements are made to check for crack initiation and 
the distribution of  surface damage. The growth of such a crack is followed subsequently 
using ultrasound time-of-flight-diffraction measurements. The development of cracking 
takes place in three stages. First, a network of surface cracks develops. A few cracks 
(typically 10 and axial as well as circumferential) propagate to a depth of 1 mm in the 
tests. One or two of  these become dominant and may reach sufficient depth to cause 
failure of  the component. 

�9 The surface replica is a good technique to map the surface cracking, but it proved 
difficult to detect very shallow cracks. The TOFD measurements offer significant 
advantages for monitoring crack propagation under complex thermal fatigue loading 
because it can locate and size multiple cracking sites. 

�9 Predictions of  the number of  cycles to produce surface cracking detectable by replicas 
based on low cycle fatigue data and the FE-computed plastic strain range are in 
reasonable agreement with the experimental data. 

�9 The short crack strain-based model together with a specified initiation crack depth at of  
0.1 mm appears to predict initiation life. 
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Comparison of the predicted thermal fatigue crack growth rates according to the short 
crack growth model and a long crack (fracture mechanics) model for a fully 
circumferential crack indicate up to an order of magnitude difference, with the latter the 
more conservative. To date, very limited TOFD crack measurement data are available for 
the thermal fatigue specimens. The short crack strain-based model underestimates the 
initial crack growth, but the subsequent development appears to follow the/3 = 1 model 
trend for cracks up to 3 mm deep. The transition between initiation, short, and long crack 
propagation needs to be established. Three-dimensional crack models and incorporation 
of crack closure effects are expected to improve understanding of thermal fatigue crack 
growth in this regard. 
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Effect of Periodic Overloads on Threshold Fatigue Crack 
Growth in AI-AIIoys 

ABSTRACT: Experiments were performed on 10 mm thick C(T) specimens cut from Al-alloys to assess 
fatigue crack growth behavior under periodic overloads by comparison to constant amplitude loading. 
The tests were performed at a sufficiently high stress ratio to avoid crack closure, whose absence was 
confirmed from Load-COD response. AK,h values were determined under these loadings in air, salt water, 
and vacuum. Even though closure was absent, AKd~ shows a systematic dependence on overload plastic 
zone ratio. Similar results were obtained in both air and salt water. In vacuum however, near threshold 
crack growth is accelerated by comparison to no-overload conditions, while higher growth rates see a 
reversal in this trend. These results appear to support the possibility that residual stress moderates crack- 
tip surface chemistry in near-threshold fatigue, an effect that ceases in vacuum. 

KEYWORDS: crack growth mechanisms, thresholds, residual stress effect, crack closure, periodic 
overloads, environmental action 

Introduct ion 

The significance of  near- threshold fatigue is underscored by its direct impact  on durability. 

Predictive analyses use threshold stress intensity factor, AKth, as a measure o f  near- threshold 
fatigue behavior.  A S T M  E 647 describes a recommended  practice for its measurement .  As 

explained by  Miller  [ 1 ], AKth thus determined is associated with linear elastic fracture mechanics 
(LEFM) conditions. Condit ions not  covered by the standard include short crack effects and 
variable amplitude fatigue. 

Crack growth predict ion models general ly assume that  AKth obtained under  constant 
ampli tude conditions may  be used in fatigue crack growth predict ions under  spectrum loading 

[2]. AKth is treated as a material  constant,  and it is accepted that as long as AK is suitably 
corrected for load history and stress ratio, crack extension per  cycle will follow from the growth 
rate equation obtained from correlation of  constant  ampli tude data. 

AKth decreases with increasing stress ratio, an effect often attributed to crack closure [3]. 

Another  way of  looking at the same relationship is in terms of  the dependence of  AKth on 
max imum stress intensity, K . . . .  Sadananda et al. observe that there exists a certain Kmax, beyond 

which  AKth will remain  constant [4]. This interpretation is part  o f  their  rationale that AK and 
Kmax are sufficient similitude criteria to cause similar crack growth rate. 

Assuming  that the AKth versus Kmax relationship is dr iven by crack closure, it would indeed 
fol low that beyond a certain Km~ (or stress ratio, R), the crack may remain  fully open, thereby 

leading to growth rate uniquely related to AK. I f  AKth depends on R or Krnax, it can no longer be 

treated as a constant. Then, one may search for a certain "min imum"  AKth, referred to as AKth, min, 

Manuscript received 17 November 2003; accepted for publication 6 April 2004; published January 2005. Presented 
at ASTM Symposium on Fatigue and Fracture Mechanics: 34 th Volume on 19-21 November 2003 in Tampa, FL; 
S.R. Daniewicz, J.C. Newman, Jr., and K-H. Schwalbe, Guest Editors. 

BiSS Research, 41 A, I stA Cross, AECS 2 "d Stage, Bangalore 560 094, India. 

Copyright �9 2005 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. 

557 
Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



558 FATIGUE AND FRACTURE MECHANICS 

obviously associated with a fully open crack, to serve as a conservative material constant. A 
convenient experimental method to determine AKth,,l~,, is by holding Kin,• = Const. at a value that 
is sufficiently high to ensure a fully open crack [5]. 

More recently, Lang and Marci proposed the so-called "KpR" concept in an attempt to explain 
load interaction effects, some of  which cannot be explained by crack closure [6]. Kp~ is defined 
as a stress intensity level that must be exceeded for a crack to grow in fatigue. KpR at a given 
crack size is estimated by applying fatigue cycles of AKth.min magnitude at progressively 
increasing Kmin to a point when the fatigue crack begins to grow. Kmin at this point is treated as 
KpR. 

KpR is determined on the assumption that closure-free AKtu is a material constant. This 
assumption is rendered questionable by evidence from different materials indicating substantive 
near-threshold retardation effects under closure-free conditions [7-9]. 

Previous work has indicated that moderation of environmental action may be a major 
operative mechanism of residual stress in fatigue [8,9]. Near-tip hydrostatic stress superposed on 
residual stress can determine the extent to which environment embrittles the fatigue crack tip. 
There is potential for both AKth as well as near-threshold crack growth to be thus affected. The 
present study focuses on this possibility through experiments designed to avoid crack closure as 
a potential variable. 

Experimental Procedure 

Sensitivity of AK~ to load history can be investigated using periodic overloads of controlled 
magnitude. A systematic study using this procedure is described in [7]. Our testing was similar 
but restricted to higher stress ratio in order to eliminate the potential for closure related 
retardation. For the same reason, applied overload ratio was restricted to 50 %. This is much less 
than the magnitudes typically used in experiments on overload-induced retardation. Also, 
overload cycles carried reduced minimum load that was designed to act as a wake-suppressing 
under-load to preclude closure. 

The experiments were performed on 10 mm thick, 40 mm wide C(T) specimens cut with L-T 
orientation from 7075-T7351 A1-Cu-Zn alloy plate stock. Some experiments were repeated on 
similar size specimens cut from A1-Cu alloy 2124-T851 (da/dN tests) and 2014-T6511 (threshold 
tests) cut from plate stock. Most tests were performed under uncontrolled ambient conditions 
with temperature varying from 23-28~ and relative humidity 72-85 %. A few threshold tests 
were performed with the specimen submerged in 3 % solution of  NaC1 (common salt) in distilled 
water. Also, some crack growth tests were performed in vacuum. 

Two types of test programs were used. One was threshold testing at Km,~ = Const., with 
exponential decrease in AK (as described in ASTM E 647) using decay constant, ct, in the range 
(-0.15 < ct <= -0.08 l/ram) to estimate AKth, and the other was to determine the da/dN versus 
AK relationship (da/dN tests). Kmax was held constant at values ranging from 5-15 MPa'lm. The 
threshold tests used baseline cycling at frequency ranging from 50-100 Hz with two or three 
periodic overload cycles applied at 1-3 Hz. During pre-cracking and in the da/dN tests, baseline 
cycling was in the range 30-50 Hz. Load versus COD data from clip gauge mounted on the 
specimen edge were recorded during the overload cycles in order to track potential non-linearity 
associated with crack closure. 

Initial overload periodicity was set to 2000 cycles. The application software would suitably 
extend the baseline cycle interval up to 10 000 cycles with approaching threshold conditions. 
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Thus, at Kmax = 10 MPaqm (plastic zone size approximately 0.15 mm) and da/dN = 10 6 
mm/cycle, overloads will repeat about seven times before the crack tip traverses a given plastic 
zone. As the growth rates drops further, overloads will repeat more often within a plastic zone, 
thereby providing the option of increasing cycle interval between overloads. The goal was to 
obtain sustained overload-induced near-tip residual stresses, conservative threshold estimates 
with negligible overload-induced crack extension. Threshold was estimated to be associated with 
150 000 cycles of no detectable growth. The test software ignored computed crack increment 
less than 0.005 mm. 

Test Automation 

All the tests were performed on a 5 kN servo-hydraulic load frame equipped with a BiSS 
2350 digital signal processor (DSP) control system. Adaptive control algorithm on the DSP 
ensured precision fatigue cycling to within 2 % of assigned range and mean. Peak-valley 
statistics were continuously monitored by the host application and recorded at each crack 
increment. The software was set to abort testing in the event of inadvertent overload exceeding 
5 % of required range. Overload cycle magnitude was controlled through supervisory adaptive 
control implemented on the host computer. With progression of  testing, overload error margins 
settled to within a few Newtons, or less than 0.5 % of applied range. 

Uninterrupted Testing 

The hydraulic pump was driven by a servo-controlled variable frequency drive to conserve 
energy and avoid forced oil cooling. A back-up power generator with accumulator charge on the 
hydraulics along with uninterrupted main power to the electronics ensured continuous and 
unattended testing of indefinite duration. Typical test duration was about 3-4 days, with some 
tests running as long as one week. 

Testing in Salt Water 

The tests in 3 % common salt solution were performed with the desktop load frame in a 
horizontal position. Water level in the bath was sufficient to submerge the specimen from crack 
size a/W > 0.2, but the loading pins and COD gauge were left dry. No attempt was made to 
circulate the water, though a cotton wick was left at the notch to wet the notch area. The solution 
was periodically topped off with distilled water to compensate for evaporative loss. 

Vacuum Testing 

Testing in vacuum was performed using a transparent Perspex cylindrical chamber capped by 
stainless steel disks. The lower cap is mounted through bellows to the actuator end. Vacuum 
induced load cell readout of about 150 N was tared at the commencement of testing. Vacuum 
level was maintained at 10 -5 torr or less. In order to avoid chamber vibration leading to leakage 
and potential error in load readout due to inertia component, vacuum test frequency was 
restricted to 50 Hz. Comparative tests in air were also performed at the same frequency. 
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Crack Size Measurements" 

Crack size was estimated from unloading compliance using functions described in ASTM E 
647. The procedure for crack size estimates used a statistical sample of five unloading 
compliance measurements from a data window covering 50-95 % of maximum load. A 
polynomial fit of these measurements against cycle count was used to derive weighted 
measurement that would account for potential growth between successive measurements as well 
as scatter. Estimates indicating reduction in crack size were ignored. The latest compliance 
measurement would replace the earliest measurement in the statistical sample. However, if the 
latest measurement were to be less than the previous one, it would replace the latter on the 
consideration that the latter may have been exaggerated. 

Whenever the statistical sample indicated an increment in excess of 0.005 ram, the readout 
along with other relevant parameters including cycle-count, stress intensities, load error statistics, 
and the complete digitized Load-COD trace over the overload cycles was recorded for post 
processing. The latest crack estimate, updated crack size, and compliance readouts from the 
current statistical sample were continuously on display for visual assessment of the quality of 
measurements. 

Repeat measurements showed a scatter of up to ~0.07 mm at a/W - 0.25, with progressive 
decrease in scatter down to ~0.02 mm at a/W > 0.5. However, crack size estimates were 
sometimes distorted by jumps in load level associated with switch from one step to another in 
threshold testing. Typically, a 50 % increase in load level would cause an immediate reduction 
of up to 0.5 mm in estimated crack size, particularly at lower a/W. This margin appeared to 
reduce to negligible proportions at a/W > 0.5. As a consequence of  the above algorithm, crack 
growth would appear to be arrested for some time. This did not affect AKth because consistency 
in crack size measurements is restored several millimeters before crack arrest as the effect of 
abrupt change in load level wears off after crack increment by a margin equal to the above 
mentioned error. 

COD ranging and balance were unchanged from the commencement of testing, right up to 
failure. Also, no attempt was made to re-position the specimen or COD gauge in the course of 
the test, as this has been known to change crack size estimates. To keep clevis pin-induced 
frictional component minimal, greased undersize pins with about 1.5 mm clearance fit were used. 
These features, combined with CNC wire-cut knife-edge profiles on the specimens, were 
intended to ensure stable Load versus COD output throughout the test. 

Step-to-step changes in test program starting from pre-cracking to the conclusion by crack 
arrest of individual threshold steps is marked on many fractures with excellent clarity of 
associated crack fronts on the fracture surface (see Fig. 1). Digital micrographs of such fractures 
permitted cross-verification of test measurements and invariably indicated that estimates were 
well within 0.5 mm of actually observed crack sizes. The associated deviation in K was treated 
as negligible. As these were systematic errors covering a large interval of crack growth, their 
effect on growth rate estimates also was ignored. 

The above test procedure was intended to improve reproducibility of results, given the 
sensitivity of  near-threshold fatigue crack growth data to the accuracy of fatigue loading, 
potential effect of even minor unintended overloads, hold times, and shut downs. 
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FIG. 1--Fracture surface halves from multiple threshold test on 7075-T7351 BIO/W40 C(T) 
specimen. Crack size estimates can be readily verified against clearly distinguishable beach 
marks. 

Test Results 

Threshold Stress Intensity 

Figure 2 summarizes baseline (no overload) threshold data from different 7075-T7351 
specimens plotted against associated crack size, applied load, stress ratio, and Kma• Different 
symbols indicate different specimens. These data were obtained without application of overloads 
and at constant Kma• that led to threshold at R > 0.8. 

Figure 2 indicates that in AKth, variation is random and independent of  crack size, stress 
ratio, Kmax, and load levels. Of particular note is the independence of AKth from stress ratio, 
suggesting crack closure was indeed absent. However, a small but noticeable trend is observed 
in results plotted against Kmax. It has been suggested that beyond a certain K . . . .  AKth = Const. 
[4]. It is likely that a strong dependence of  AKth on Kmax is primarily associated with closure. In 
the absence of closure, AKth may indeed vary little wi thK . . . .  However, as Kmax approaches K1o, 
an increasing fraction of  fatigue may accrue from localized quasi-static crack extension. This 
may indeed be the trend seen when AKth is plotted against Km~. 

Random checks of Load versus COD data indicate that the fatigue crack was fully open 
during the threshold tests. It will be seen below that this was the case even when periodic 
overloads were applied. 

The plots in Fig. 2 confirm the generally accepted trend of AKth for long cracks being 
independent of crack size, applied load, Kmax, and stress ratio (given fully open crack). Overall, 
the AKth data appearing in Fig. 2 suggest that the estimated value may indeed be the lowest 
associated with a long and fully open crack. Further, it would appear that stringent conditions of 
uninterrupted testing and tight tolerance on loading error did indeed yield fairly reproducible 
values ofAKth - 1.1 MP~/m within a margin of:~10 %. 

Threshold Under Periodic Overloads 

Figure 3 summarizes results from threshold tests under periodic overloads. These data are 
from tests on 2014-T6511 and 7075-T7351: The results are plotted for the two materials as AKth 
versus overload plastic zone ratio, given by the square of  overload ratio. This ratio is 
independent of  assumed stress state, and the relationship appears to be approximated by a linear 
trend line. 
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FIG. 2--Baseline (no overload) threshold data representing 22 measurements from five 
specimens designated by different symbols. No result was discarded. As expected, the effect o f  
crack size and applied load level appears negligible over the interval studied. The apparent 
trend when plotted against stress ratio is due to arrangement o f  scattered readouts obtained at 
same Km~. A decreasing trend appears in data plotted against Km~x, suggesting a small, but 
noticeable effect. 

FIG. 3--Summary o f  threshold data obtained under Kmax = Const. With periodic application 
of  overloads o f  O, 10, 25, and 50 %. Tests on both materials were performed in both air and 3 % 
common salt solution. Results are plotted against ratio o f  overload to baseline monotonic 
plastic zone size. Data for  both media fall in the same scatter band. Test frequency in all cases 
was 50-100 Hz during baseline cycling and 1-3 Hz during overloads. Systematic effect o f  
overload is apparent even though there was no evidence of  closure. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SUNDER ON THRESHOLD FATIGUE CRACK GROWTH 563 

AKth in both the A1-Cu and as A1-Cu-Zn alloy shows similar sensitivity to periodic overloads. 
Further, both materials appear insensitive to the change in test medium, with data for both air and 
salt water falling in the same band, just as in the case of  data in Fig. 2 for constant amplitude 
loading. This may come as a surprise particularly in the case of  7075-T7351 that is known to be 
susceptible to corrosion. Accelerated fatigue in these materials is attributed to hydrogen activity 
[10]. Both atmospheric humidity and saltwater solution serve as hydrogen sources. It has been 
shown [11] that for every test frequency there is a threshold partial pressure of  water vapor at 
which crack growth rate can change by about one order of magnitude. It is likely that at the 50- 
100 Hz frequency used in our tests, both air and salt water induced conditions that lie on the 
same side of  this threshold partial pressure. 

Figure 4 shows fractures from 2014-T6511 tested in air and 3 % common salt solution under 
identical multiple threshold load programs. As already seen in Fig. 1, the fracture from testing in 
air (Fig. 4, top) shows individual AKth test bands, with boundaries marking crack arrest in the 
previous step. As seen in the last two bands prior to fracture at the right in Fig. 4 (bottom), there 
is little evidence of  environmental attack. The rest of  the fracture surface does appear worn by 
corrosion, but this was clearly due to sustained exposure of  the fracture surface, combined with 
the bearing and micro-rubbing action (due to Mode II component) during cyclic loading. The 
sides of the specimen submerged in the medium also carried signs of  pitting corrosion from the 
approximately 100 h of exposure. These mechanisms along with inter-granular attack may lower 
fracture resistance considerably, promote inter-granular stress-corrosion cracking, and perhaps 
even lower frequency fatigue corrosion. However, these are obviously not the dominant 
mechanisms driving near-threshold fatigue at 50-100 Hz. 

FIG. 4--2014-T651 fractures obtained under periodic overloads o f  up to 50 % with 
decreasing AK at Kmox = Const. Fracture at bottom was from test in 3 % common salt solution 
in distilled water. Note that the region just  prior to fracture at right does not show any sign o f  
corrosion. This suggests that the appearance o f  the rest o f  the fracture may be largely due to 
wear in corrosive medium o f  the fracture faces. 
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Stress Ratio and Load Versus COD 

It has been suggested that corrosion products in the wake of  the crack can affect threshold 
through increased closure [12]. To investigate such a possibility, the linearity of Load versus 
COD curves was investigated by studying the last record associated with each AKth estimate. 
Records for all three materials studied consistently showed no sign of  non-linearity over the 
window of  baseline loading, except when minimum load approached the 25 % mark. This should 
not come as a surprise, as crack arrest at threshold was always associated with high stress ratio. 

Previous fractographic measurements of  closure in 2014-T6511 and 2024-T351 specimens of  
similar thickness were of  the order of  25-30 % [8,13]. Typical traces from 50 % overload tests in 
air appear in Fig. 5 (top). A few traces from tests in 3 % salt solution did show some non- 
linearity at lower load as seen in Fig. 5 (bottom). The two curves at the bottom are from the same 
test with the one on the left at aJW = 0.3 and the one on the right at aJW = 0.75. Both curves are 
associated with similar AKth. even though they may indicate different closure levels, suggesting 
that the Load-COD traces were misleading, perhaps because of the influence on them of  
corrosion debris. When located away from the crack tip, such debris may affect the nature of  the 
Load-COD trace without really changing crack driving force. Near-tip debris may lead to 
asperity-induced closure [12]. However, very high associated contact stresses may lead to their 
wear and break down into smaller particles that eventually "flow" to the surface to be seen as 
characteristic black tell-tale trails that serve airframe inspectors as signs of  fatigue cracking. 
Corrosion products are unlikely to serve as sustained asperities, given the intense cyclic contact 
stresses associated with their stated action. In previous work, near crack-tip displacement 
measurements over a gauge length of  about 0.01 mm using laser interferometry appeared to 
provide closure estimates consistent with fractographie measurements [ 13]. 

Overload AKth is plotted in Fig. 6 against an "effective" stress ratio, Rcff. R~f~- is determined as 
the ratio of baseline minimum load to overload maximum load. If  closure were present, AKth 
would decrease with increasing ILff. Figure 6 indicates the opposite, suggesting closure was 
indeed absent - even under overloads. 

The above evidence precludes closure as a factor in any of the threshold measurements 
reported above. These include AKth estimates made under the influence of periodic overloads of 
up to 50 % magnitude over baseline Kraal. Baseline AKth values were consistent and reproducible 
within ~:10 % over the range of variation in crack size, load level, and Kmax. Closure-free AKth 
shows a systematic and apparently linear variation with overload plastic zone ratio. 

In the absence of closure, one may attribute increasing threshold fatigue resistance to near-tip 
residual compressive stress induced by the larger overload plastic zone. This is similar to 
increasing fatigue limit under the influence of  tensile overloads. It has been suggested in related 
work that residual stresses influence fatigue crack growth by moderating crack tip environmental 
activity [14]. 

Crack Growth Rates 

Two possibilities follow from the above observations. One is that even in the absence of 
closure, crack growth under periodic overloads will be retarded. Further, observed trends may 
change or even disappear in vacuum. Earlier work demonstrated both of these at the microscopic 
level through electron fractography of an Al-alloy and also of a nickel-base superalloy [9,15]. In 
an attempt to confirm these possibilities in terms of macroscopically measured growth rate that is 
of relevance to engineering application, tests were performed at high stress ratio with and 
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without application of periodic overloads. Fatigue pre-cracking in these tests was under high- 
amplitude, low-R loading. This was followed by a decreasing K segment up to approximately 
a/W = 0.25, with Pmax always dropping below the constant load level used in subsequent testing 
to failure. This was to preclude any transients due to retardation. 

In tests on 2124-T8511, baseline data were obtained at R = 0.5. The baseline crack growth 
rate curve thus obtained was then compared with crack growth rates at R = 0.5 with periodic 
25 % and 50 % overloads applied every 2000 cycles. Another test was performed at R = 0.7 with 
50 % overloads. Figure 7 shows results from these experiments. Note that given similar overload 
levels, the extent of retardation does not diminish with increasing baseline stress ratio, 
underscoring its potential independence from closure. 

FIG. 5--Typical Load-COD curves from tests under 7075-T7351 under periodic 50 % 
overload. COD was measured at crack mouth. Each curve was the last recorded in the 
threshold step. Curves at top are from tests in air, while those at the bottom are from tests in 3 % 
common salt solution. Indicated Pop level o f  25 % corresponds to fractographie measurements 
on other Al-alloys. Pop, COD corresponds to visually determined point of  deviation fi"om linear. 
AKth f 'om all four measurements were within 10 % of  one anothet, suggesting a fully open crack 
in all cases. The observed non-linearity may be due to corrosion deposit on the fracture away 

from the crack tip. 
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FIG. 6--AKth under 50 %periodic overload plotted against Rcg = P,,in/Po~. Data obtained at 
Km,~ values in the range o f  Z5-15 MPa "~m. In the event closure was involved, AKth would 
decrease with increasing R,#: 

FIG. 7--Effect o f  periodic overloads on da/dN in 2124-T851 at R = 0.5 and 0.7. Dotted 
lines indicate expected trend, based on AKth estimates under periodic overloads as reported for  
2014-T6511 and 7075-T7351 in Fig. 3. 
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Near-threshold crack growth under 50 % overload is noticeably retarded as expected from 
earlier estimates of  AKth under periodic overloads. Dotted lines represent extrapolated trend, 
leading to threshold levels established in the previous tests. The retardation effect steadily 
diminishes with increasing crack growth rate. Retardation under 25 % overload appears 
negligible. 

Tests on 7075-T7351 were performed at R = 0.65 in air and vacuum with and without 35 % 
overloads. This was to reproduce similar stress and overload ratios used in previous work on 
2014-T6511 [9]. In order to confirm the somewhat surprising results in vacuum, the vacuum tests 
were repeated and, as shown in Fig. 8, suggest excellent reproducibility. 

FIG. 8--Fatigue crack growth rates in 7075-T7351 in air and vacuum with and without 
periodic overloads. Both baseline as well as overload tests in vacuum were repeated to confirm 
reproducibility of  results. Extrapolated trend is indicated by dotted lines. 
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Thirty-five percent periodic overloads appear to cause noticeable retardation even though 
baseline loading is at a high R = 0,65, which further reduces the probability of closure by 
comparison to the tests on 2124-T851. From earlier experience on notch root cracking in air and 
vacuum, we expected to observe retardation-free crack growth under 35 % periodic overloads in 
vacuum. Indeed, when expressed in terms of crack growth life from a/W = 0.25 to failure, all 
four results (two with and two without overloads) fall within 5 % of one another. It comes 
somewhat as a surprise that near-threshold crack growth rate under overloads in vacuum may in 
fact even be accelerated. This is somewhat compensated by retarded growth at higher growth 
rates. A discussion of this anomaly is forthcoming. 

FIG. 9--Load-COD data recorded at Imm interval in tests on 7075-T7351 under periodic 
35 % overloads. Data on left are from air, while those at right are for vacuum. Pop level at 25 % 
is from previous fractographic and laser IDG measurements [13]. 

In order to confirm that closure was totally absent in all these tests, Load-COD data were 
analyzed from tests under periodic overloads in air and vacuum. These are presented in Fig. 9 as 
Load-COD curves recorded in air (left) as well as vacuum (right) tests at approximately 1 mm 
interval from a/W = 0.25 to aJW = 0.5. These traces confirm that closure was indeed absent over 
the entire interval of crack growth rates covered in our tests (<10 7 to 10 3 ram/s). 

Discussion 

For over 30 years, fatigue crack closure has been used to explain the effect of stress ratio and 
load history on metal fatigue. Given its amenability to mechanistic modeling, it is a natural 
choice in attempts at predictive modeling. The experiments in this study were specifically 
designed to preclude crack closure, This was achieved by imposing higher stress ratio under 
baseline loading and also by restricting the magnitude of periodic overloads. Even though 
closure was absent, both threshold values as well as crack growth rates exhibited considerable 
sensitivity to the application of periodic overloads as illustrated in Figs. 3, 7, and 8. 

Fracture mechanics similitude criteria form the basis for extrapolating laboratory constant 
amplitude data to other loading conditions. Enlarged plastic zone size due to overloads distorts 
these criteria. It enhances compressive residual stresses ahead of the crack tip, which is much 
similar to surface treatments like shot peening used to enhance surface residual compressive 
stress. The beneficial effect of reduced local mean stress in fatigue has been known from 
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Wohler's time. However, there hasn't been a compelling explanation for the effect, given the 
understanding that fatigue is driven by cyclic slip, which is mean stress-insensitive. Crack 
closure does explain why crack growth can be affected by stress ratio and load history, however, 
quantitative fractography in related work has indicated that in the cases studied, closure was able 
to account for only 15-25 % of observed retardation [15]. Test conditions in this study altogether 
precluded closure. Besides, closure cannot explain sensitivity of crack formation to load history. 

Evidence from this study supports the possibility that residual stress operates quite 
independently of fatigue crack closure. Related work on similar materials and test conditions 
suggests that residual stress may operate as a "valve" to control environmental action on fatigue 
crack extension [8,14]. If  this is in fact the case, compressive residual stress effects can at best 
reduce the rate of fatigue to vacuum levels. As seen in Fig. 8, overload da/dN curves in air and 
vacuum are closer to each other than under no-overload conditions. This was under periodic 
overloads of  50 % relative magnitude. Application of higher overloads will cause even greater 
retardation in air. However, the potential inducement of partial crack closure with increasing 
overload magnitude would complicate interpretation of test results. 

As shown in Fig. 8, crack growth in vacuum is about one order of magnitude slower than in 
air, with the gap widening toward threshold, as AKth in vacuum is about three times greater than 
in air. For the same reason, vacuum fatigue limit also would be considerably greater than in air. 
Given such material response, fatigue cracks seldom initiate on the notch surface in vacuum. 

Fractographic evidence from M-alloys shows that in vacuum fatigue is initiated at a sub- 
surface secondary particulate interface with the matrix in the form of multiple penny-shaped 
interfacial cracks that eventually separate the particulate from the matrix [17]. The resulting 
fatigue void proceeds to grow as a penny-shaped crack normal to loading direction. High cyclic 
triaxial stresses enhanced by local constraint cause innumerable cracks such as these to form and 
propagate in the notch area, with potential asymmetry in crack shape toward the notch surface, 
given local stress gradient. The dominant crack is formed when one of these cracks reaches the 
notch surface and stress intensity jumps due to the edge effect. This crack will now grow into the 
material and coalesce with existing internal cracks if their plane is in its proximity. This scenario 
may perhaps explain the reproducible -3.5 mm segment of  accelerated crack growth at the 
commencement of  constant amplitude loading (bottom end of  no-overload vacuum data in Fig. 
8) to failure. This interval is several orders of magnitude greater than plastic zone size. In order 
to facilitate early pre-cracking of the vacuum test coupons, initial loading was about 80 % more 
than in air and also at low stress ratio. The associated cyclic loads may have induced internal 
cracks at secondary particulates, causing the initial plateau of  accelerated crack growth. 

Stated differently, near-threshold fatigue of M-alloys in vacuum may be the result of 
interaction of  two parallel processes. One is notch root crack formation or crack growth from the 
free edge as in air, but with the difference that much higher AK values are required to propagate 
the crack. The other is internal cracking from fatigue voids enclosing secondary particulates, 
driven by high cyclic triaxial stresses, enhanced by local constraint (as opposed to the free 
surface). Internal cracking can also occur in air, but it would be outpaced by the progress of the 
main crack tip that is exposed to environment. 

We have thus far discussed closure and residual stress effects. The fatigue fracture surface 
under near-threshold conditions is usually devoid of incompatibility in crack front geometry with 
applied load conditions, with the exception, perhaps, of  blunting. Other forms of crack front 
incompatibility including branching, crack front shape variation, and kinking evolve at higher 
growth rates, where there can be a substantial difference in preferred crack extension modes 
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between overload and baseline cycling. This may explain why vacuum growth rates can be 
retarded at higher AK levels, even if closure is absent. 

It is well known that environment accelerates fatigue crack growth by affecting the very 
mechanism of crack extension. Schijve and his co-workers have noted that under the same 
loading amplitude, crack plane rotates much earlier in vacuum from tensile to shear mode, 
suggesting that crack tip critical shear stress (in vacuum) takes over from critical tensile stress (in 
environment) as the driving parameter [18-20]. Comprehensive experiments and analysis by 
Bowles identified hydrogen diffusion into the crack tip and the latter's consequent embrittlement 
as the potential agent for local rupture by reduced critical tensile stress, thereby supporting 
Schijve's conclusion that environmental action cannot be attributed to closure as suggested by 
Buck et al. [21]. Clinching evidence may come in the form of recent work by Gach and Pippan, 
which shows crack-tip radius to be strongly controlled by environment [22]. Their observation 
that the crack tip in vacuum is the most blunted is also suggestive of greater shear activity in the 
absence of environment-induced embrittlement conducive to crack extension by de-cohesion. 
The significance of environment in determining crack extension mechanism is obvious. 

Both near-tip compressive residual stress and crack closure retard fatigue crack growth, but 
they do so differently. The former appears to moderate environmental action at the crack tip. At 
the extreme, it can only enforce vacuum conditions, including crack arrest, if AK drops below 
vacuum AKth. In contrast, closure operates by truncation of crack driving force. A fully closed 
crack will remain arrested, quite independent of applied AK. Thus, apart from macroscopic 
closure associated with the crack wake, one must contend with microscopic closure and opening 
of  crack tip atomic lattice spacing that, in turn, controls the kinetics of  crack-tip surface physics 
(diffusion) and chemistry (oxidation), and associated cyclic crack tip embrittlement. This 
concept is the subject of a separate paper [14]. 

Conclusions 

Fatigue crack growth tests on Al-alloys under constant amplitude loading and under periodic 
overloads in air, salt water, and vacuum lead to the following conclusions: 

1. AKth estimated under closure-free conditions is insensitive to crack size, applied load 
level, stress ratio, and to a large extent also to Kmax. 

2. In air and salt water, closure-free AKth, as well as crack growth rates, are sensitive to 
overloads as small as 35 %. AKth more than doubles under periodic 50 % overload, and 
crack growth rates are retarded correspondingly. 

3. In vacuum, closure-free near-threshold fatigue crack growth under periodic overloads is 
accelerated by comparison to no-overload conditions. This is reversed at higher growth 
rates, where vacuum data show retardation, like in air. 

4. Near-threshold vacuum crack growth behavior may be associated with the absence of  
residual stress effect and also by overload-induced micro-cracking ahead of the crack tip. 
Vacuum retardation at higher growth rates may be due to the onset of crack front 
incompatibility, including blunting and branching. 
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ct,[3 Indices, c~,[3 = 1,2,3, no summation is implied. 
A Finite difference 
cij Components of  strain tensor 
p( ) Memory function 
p Notch root radius 
G~j Components of stress tensor 

Intrinsic time measure 
f~ Total strain energy density 
d(.) Differential form of variable or constant 
(.)e Elastic components of a variable 
(.)~f) Reinforcement component of a variable or constant 
(.)N Elastic-plastic components estimated by Neuber's rule 
(.)(m) Matrix components of a variable or constant 
(.)P Plastic components of a variable 
(.) q-th step component of  a variable 
(.)~ Total components of a variable 

Introduction 

Due to benefits in their material properties, particulate metal matrix composites (PMMCs) 
are increasingly finding applications in aerospace, automotive, sports equipment, and electronic 
industries. In contrast to their long fiber counterparts, PMMC components generally have 
isotropic properties and are much easier to produce and machine by standard methods. 
However, since the mechanical behavior of PMMCs is still not well understood, the use of these 
materials in fatigue applications is still met with reluctance in practice. 

Engineering components generally contain geometric discontinuities (notches), such as 
keyways, bolt holes, and splines. These discontinuities result in a local intensification of the 
stress field. In components made of PMMCs, this field may additionally be raised due to the 
material discontinuity at the particle-matrix interface. When the components are used in fatigue 
applications, these stress raisers act as perfect sites for crack initiation. Thus, if their effect on the 
stress field is not minimized in design, the result is often premature component failure. 

In low cycle fatigue applications, although the bulk of  the composite may remain elastic, the 
highly stressed metal matrix material in the vicinity of a notch may undergo plastic deformation. 
Strain based fatigue failure criterion applicable to PMMC components under multiaxial cyclic 
loads have only recently appeared in the literature [1,2]. In these papers, critical plane and 
energy-based models, developed for homogeneous materials, are shown to be applicable to 
PMMC components. These papers further highlight the need for both the elastic-plastic strain 
and stress history at a component's critical location to be known before a fatigue life prediction 
can be made. These values can be obtained by three methods: experimental measurements, 
numerical solutions, or simplified analytical techniques. Although experimental and numerical 
methods are the most accurate, they are expensive and time consuming, particularly when the 
components modeled are subjected to long histories of  non-proportional cyclic loads. 

For homogeneous materials, to make fatigue life prediction methods more conducive to 
average design environments and to shorten design lead times, there has been a great effort 
employed to develop simplified analytical techniques that approximate the actual elastic-plastic 
notch root material behavior. Neuber's rule [3] is the most frequently used approximation 
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method used for uniaxial loading applications. Neuber's rule uses the results of  an elastic notch 
root analysis to approximate the actual elastic-plastic notch root strains and stresses. Motivated 
by its simplicity in application, several researchers [4-7] have developed similar relations to 
address multiaxial non-proportional cyclic loading in homogeneous materials. A direct extension 
of  Neuber's rule is found in [4,5], where a multiaxial incremental energy based form of Neuber's 
rule is validated against numerical and experimental data. 

To benefit from the simplicity of  implementation of  these models, in [8], Owolabi and Singh 
laid out a similar methodology for approximating the notch root elastic-plastic strains in PMMC 
components under monotonically increasing multiaxial loads. To date, little research has been 
conducted on developing such simplified models for determining the elastic-plastic strain and 
stress history in PMMC components subjected to multiaxial cyclic loads. 

It should be mentioned that all three of the aforementioned notch root elastic-plastic strain 
and stress history prediction methods require the adoption of  a cyclic constitutive model. 
Inelastic constitutive models for homogeneous materials subjected to non-proportional loads are 
numerous and still evolving. A good review of  such models is given in [9]. Only a few cyclic 
plasticity models applicable to PMMC components subjected to non-proportional loading have 
recently appeared in the literature [ 10,11 ]. 

This paper is an effort to develop a simplified analytical methodology for determining the 
notch root elastic-plastic strain and stress histories in PMMC components subjected to non- 
proportional cyclic loads, and to experimentally assess the solution. This methodology 
incorporates both a cyclic plasticity routine and a modified form of the incremental Neuber's rule 
given in [4,5] for homogeneous metals. All relations are developed to respect the heterogeneous 
nature of PMMCs and are presented first. The experimental set up and procedure is subsequently 
presented followed by a comparison and discussion of the results obtained. Finally, conclusions 
of  the investigation are drawn. 

Cyclic Constitutive Relations 

In a composite system, the matrix follows an elastic stress-strain path until the state of  stress 
in the matrix satisfies the yield condition. For small deformations, the components of  the total 

T e incremental matrix (m) strain tensor, deiJ(m), can be decomposed into its elastic, d~ij(m), and 

plastic, d~j~m > , components as: 
T __ e p 

d c i j ( m  ) - d E i j ( m  ) + d c i j ( m  ) . (1) 

Since the reinforcement (f) remains relatively stiff, the components of the increment in the total 
�9 . T reinforcement strain tensor, d~ij(f > , are comprised of  only elastic parts, or: 

ds ) =deij~f~ �9 (2) 

An approach to determine the elastic components of the matrix, fiber, and composite strain/stress 
from the applied incremental stress/strain is first described below. The plastic components of the 
matrix strain are subsequently presented. 
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Elastic Relations 

The concept of average stress and strain in the composite and its constituents has been used 
extensively in the past to describe the effective elastic, and in some cases plastic, behavior of 
PMMCs. Most of the proposed models are based on Eshelby's original solution of the ellipsoidal 
inclusion [12]. The most frequently used of  such models is the Mori-Tanaka's mean field theory 
[13], which was reformulated in incremental form by Li and Chen [14] to make it applicable to 
elastic-plastic non-proportional analysis. On the basis of this model, the approach given in 
[10,11] to determine the incremental elastic stress and strain components in the matrix, fibers, 
and composite is briefly presented. 

As shown in [10,11], if an unreinforced matrix is elastic, the resulting increments in elastic 
stress components in the matrix, d~ij(~) , can be related to those associated with the nominally 

applied loads, d~j,  as: 

dGij(m ) = d(~ij - WfCk/st(m ) (Sklst --  I)L-' (Cklst(f) - Cklst(m))Ckllst(m)dO-ij.  ( 3 )  

In Eq (3), 

L = [(V~ - 1)Cijk~(m ) (I - Sijkl) + Cijk~(~ ) [Vf (SijkL -- I ) - S0k I ], (4) 

where V is the volume fraction of the subscripted constituent, Cijkl represents the components of 
the stiffness matrix of  the subscripted constituent, I is the identity matrix, and Sijkl are the 
components of Eshelby's tensor [12]. Eshelby's tensor can be found from the inclusions 
geometry and the matrix Poisson's ratio. 

The components of the incremental matrix elastic strain tensor are related to the above 
increments in the corresponding stress tensor as: 

e l 
dgiJ(m ) = Cijkl(m)d(ykl(m ) . ( 5 )  

The components in the incremental stress and elastic strain tensors in the reinforcement can be 
found respectively from: 

do' i j (f  ) : d~ i j  + WmCklst(m ) (Sklst --  I )  L -1 (Cklst(f) - -  Cklst(m ))Cklst(rn)d(yij , (6) 

and 

deij:f ~ = C~l(f)d(3kl(f ). (7) 

The composite elastic mean stress can be obtained from the nominally applied loads, while the 
composite mean strain components can be obtained using the weighted sum of the work done by 
the stress increments of  the constituents, or 

dcyijd~ij = Vmd~ij(m)dr ) + Vfdo'ij(f)d~2ij(f ) . (8) 

It should be noted that Eq (8) applies for both elastic and elastic-plastic material behavior. 
Equations (3)-(8) make it possible to determine the average components of the fiber and 

matrix elastic stress and strain increments knowing just the stresses associated with the applied 
load and the properties and volume fractions of the constituents that make up the composite. 
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Elastic-Plastic Cyclic Constitutive Relations 

The increments in the plastic components of matrix strain, deij~m~, from Eq (1) are obtained 

here using a cyclic plasticity theory that is appropriate for both proportional and non- 
proportional loading conditions. In [11], the authors have shown that the constitutive behavior of  
PMMCs can be predicted using either the Mr6z model [15] or the endochronic theory of 
plasticity [16,17] (developed for metals) in conjunction with the Mori-Tanaka's mean field 
theory presented above. In all the loading cases considered, both models produce a reasonable 
qualitative and quantitative response of the composite. The endochronic theory has the benefit of 
not requiring the definition of a yield surface and loading/unloading conditions. Furthermore, it 
has been reported in [17] that the endochronic theory is capable of predicting transient effects 
associated with variable amplitude non-proportional cyclic loading when applied to 
homogeneous materials. In this paper, the endochronic theory will be used in conjunction with 
the incremental mean field theory presented above to determine the elastic-plastic cyclic 
constitutive response of a PMMC. Since this methodology has been presented in detail by the 
authors in [11], only the main equations will be presented here. 

In [16], the endochronic constitutive equations for plastically incompressible, rate- 
independent, initially isotropic materials are given by: 

Sij(m ) = 2 ~13(z-z ' )df 'P(m)  (z ' )  dz' ,  (9) 
dz' 

where, 

and, 

d z -  d~ f ( ~ ) ,  (10) 

= gP P (11) d~ (d ij(m)dgij(m ))1/2. 

In Eqs (9) (11), S0(m ) are the components of the matrix deviatoric stress tensor, 
Sij(m ) = O'ij(m ) --(Ykk(m)~ij / 3 ,  where 8ij is the Kroneker delta. Also, z is the intrinsic time scale, and 

is the intrinsic time measure that defines the memory path in plastic strain space. Deformation 
history effects are introduced into the constitutive relations through these parameters, and d~ is 
the distance between two neighboring points in plastic strain space. Also in Eqs (9)-(11), f(z) is 
the hardening function that can be determined from a set of  transient uniaxial cyclic stress-strain 
tests. In this investigation, only stabilized cyclic response of PMMCs will be considered. As 
such, neglecting cyclic hardening (or softening), f(z) = 1 [17]. The hereditary function, p(z), 
(otherwise known as kernel function) is represented by an n-order Dirichlet series: 

n 
_ -  g " c  e ..... (12)  

r=l 

where Cr and c~r are material constants determined from the uniaxial cyclic stress-strain curve of  
the material. 

As shown in [11] and [17], for stress-controlled simulations, dividing the loading path into q- 
steps and assuming a small increment, the incremental stress deviator can be calculated by: 
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F 1 * n C 3 n 
r ctrAz p r CCrAZ (ASij)q(~) = 2[~z Z~-(1-  e )l  (Agi,(rn))q + Z (Sij(m))q_l ( e - 1 ) ,  

L r=l r j r=l 

from which we can obtain, 

where, 

and, 

(13) 

P a~jAz (14) 
Agij(m) = b ' 

lI(ASij(m) ) s  e-c~ Az)l 
au;; q q-I 

r=l 

(15) 

b =  Cr (l-e-~'a~) (16) 
(X r 

Rearranging and taking the inner product of Eq (13) yields: 

b 2 - a~jaij - 0 = R ( a z ) .  ( 1 7 )  

For a given increment of composite stress tensor, Eq (17) can be used to solve for Az, using the 
Secant method to find the roots of  the equation. 

The matrix cyclic constitutive relation can be finalized by combining Eqs (1), (5), (14)-(17) 
giving: 

1 "~ Din D m aij(m)Az 
Aaij~,,~ = AcYij(r~, - - - (Ac~k( , , ) )S i j  -~ (18) 

E(m ) b 

Incremental Neuber's Rule for Heterogeneous Materials 

In the most general case, due to the traction free surface, there are seven unknown notch root 
parameters: three stress and four strain components. As such, an equation set aimed at defining 
these parameters must consist of seven independent relations. Four of these relations can be 
obtained from the cyclic constitutive model described above. The remaining three relations are 
defined in this section and are based on the incremental forms of  the Neuber's rule developed for 
homogeneous materials in [4,5]. 

For homogeneous materials, it is proposed [4] that for a given increment in the external load, 
the corresponding increase in the total strain energy density (i.e., sum of the increment in strain 
energy density and complementary strain energy density) at the notch root in an elastic-plastic 
body can be approximated by that obtained if the body was to hypothetically remain elastic 
throughout the loading history. Mathematically, this can be represented as: 

. . . .  N N N N (19) (~ijAgij -t- gijA~ij : O'ij AEij -t- gij A~ij , 

where "e" represents notch root components that can be found from an elastic analysis, and "N" 
represents elastic-plastic notch root components as estimated by the incremental Neuber's rule. 
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This model has the benefit of  predicting non-linear behavior from the results of  a simple elastic 
analysis. Equating elastic and elastic-plastic energies at only the point of highest stress 
concentration is justified in [4] based on the assumption of localized plasticity. That is, the 
plastic zone around the notch root is small, and thus its behavior is largely controlled by that of  
the surrounding elastic field. Equation (19) reduces to the original form of  Neuber's rule given in 
[3] for a body in plane stress. 

The heterogeneous nature of the PMMC material can be respected in the above relationship if 
the total strain energy density is appropriately defined. In [ 18], Duva and Hutchinson formulated 
an expression for the macro strain energy density within a PMMC. On the basis of this 
definition, the weighted total strain energy density of a composite, f~, with two phases is 
expressed here as: 

a = l ~ v ,  W f d V + + f  W ~ , r , d v + l f  W , , , d v + l  ~vmW~(m)dV. (20) 
V ave ' ' V arm V 

In Eq (20), V is the composite material volume, Wf and Wm are the fiber and matrix strain 
energy densities, respectively, and We(0 and We(m) are the fiber and matrix complementary strain 
energy densities, respectively. Here, it is proposed that for an increment in load in the composite 
system, the corresponding increment in the constituents weighted total strain energy density at 
the notch root in an elastic-plastic body, ~N, can be approximated by that which would have 
been obtained if the composite system were to remain elastic through out the loading history, Qe. 
This proposed hypothesis can be expressed using Eq (20) as: 

Z~n e = (1 -- g f  ) z~N, )  -b g f  A~O'~f) . (21) 

The formulation can be re-written as: 

+ e A e _  Y A N + N A N + e A e e e (~A~;  gij ( :Yi j - ( l -Vf) ( (Yi j (m)~i j (m)gi j (m)(Yi j (m))Vf( (Yi j ( f )g i j ( f )+gi j ( f )A(Yi j ( f ) )  �9 (22)  

It should be emphasized here that the elastic components "e" in Eq (22) are not nominal 
values, but values obtained at the notch root. These values can be found using Eqs 0)-(8)  and 
the stress concentration factors of  the notched geometry modeled. If  Vr = 0, thus indicating a 
homogeneous material, Eq (22), reduces to Eq (19), and for plane stress, the original form of 
Neuber's rule given in [3]. It should be pointed out that being based on Eq (19), Eq (22) is valid 
under the assumption of localized notch root plasticity. 

Two additional equations are required to completely define the notch-root elastic-plastic 
strain and stress. Similar to that validated for homogeneous materials in [5], here it is proposed 
that for the composite system, the weighted contribution of  each of  the elastic-plastic strain- 
stress component to the increment in total energy density at the notch root is the same as the 
contribution of  each stress-strain component to the increment in composite total strain energy 
density at the notch root when obtained from elastic analysis. The proposed formula can be 
expressed as: 

e e e e N N N A N q_ e e 
O'et{3Jga~ q- gcq~Ao-cq3 (1-- Vf ) (O'al3(m)~gc~[~(rn) q- gal3(m) (~ct[3(m)) Vf (O'ctl3(f)Aga,3(f) -k ge3(f)A(ye3(f)) 

e A e+ e-- e : ( 1 - V  x{ N A N [ e A ~ (23) 
O'ij gij gij/~O'ij f)[O'ij(m, gij(m)+g~m,A(:yN(m))+Vf q- (O'ij( f ) eij(f ) E~(f)AO';(f) ) 

In Eq (23), the indices, i, j, a, 13 = 1, 2, 3, and summation is assumed over i, j, while, for a, 13, 
summation is not implied. Combining Eqs (22) and (23) yields: 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



580 FATIGUE AND FRACTURE MECHANICS 

e -- e _it_ e A e =(1-- Vf)(O'oq}(m,A~ct~(m) N A N "l_{_ . . . .  I~'IX~AgC~ I~ct[~ {~'ot~3 N N + I~cx~(m) ~a[3(m)) Vf (l~ct[~(e)Aec~[}(f) + e~(r)k~13(f)).(24 ) 

It should be noted that Eq (24) yields three relations, and when used in conjunction with the four 
relations defined by the cyclic plasticity relation (Eq (18)), they are sufficient to solve for the 
seven unknown notch root elastic-plastic strain and stress components. 

Summary of the Simplified Methodology 

In this section, the two sets of relations defined above are written fully on the notch root 
element of  a circumferentially notched bar subjected to a tensile (P) and torsional (T) load shown 
in Fig. 1. Although highlighted for this case, these relations should apply for any notch root that 
has a traction free surface. 

P 

) o o o~'~-~x, 
o ~ 1 7 6  I 

O O O O I 

I ~176 ~ ~ 

x 

a 2  2 

7,7=0 ~ 3[ 1 

x~ 

FIG. 1 - -Genera l  state o f  stress at a notch tip. 

Elastic-Plastic Constitutive Relations (Eq (18)) 

] A~IN(m) -- l - -  Em --6tr= 1L~ r ~ " - r  J.] Az (A(~22(m) -[- Al~22(m) ) 

( ~Az -~ ~ 1 e ~ z  -1 
r / - - / /  

= 1 +1 3 C 1 - e '  N -Io m 1 - ' 

t ~, ))  J L E,~ 6Jr=, [ % )) 

(25) 

AZ] AI~'N(m) 

(26) 
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A~3N(m) E m 3 [ r=l ~ ~r  ) )  

(27) 

3 1 a Az -1 3 
1 - e  ~ N 1 -- s2N3(r) (1 __ e_~Az ) m Z II-~-L)m+--/ZCr(--)] Az]AcY23(m)+--Z[(Cr 1 earAz] 1 

Ag2N(ra)=[ Era 2~r=l ~ 0t r ) )  ~ 2 1 ~. 0t r J J 
(28) 

Modified Incremental Neuber "s Rule (Eq (24)) 

N N g22(m) Ao'22(m))+ (Vf)(o22(f)A~22(f)-{-~22(f)A~22(f))(29) O.22ACe2 +1322AO.22 = (1_Vf)(O.22(m)Z~g22(m) .+_ N N . . . .  

(S~3 Ag~3 -t ~3/~(~3 = ( 1 - -  Vf )((y3N(m)Ag3N(m) q- g3N(tn)/~12~aN(m)) 1- (gf)((Y~a(f)Ag~3(f) -{- g~3(f)A~3(f)) (30)  

e e e e N N N N q- V e A e e e 
~23~g23 {-~23Z~O'23 =(l-Vf)(O'23(m)~t~23(m)+~23(m)/~O'23(m)) ( f)(O'23(f ) 1323(f ) q-1~23(f)A(~23(f)) (31)  

The modified incremental Neuber's relations (Eqs (29)-(31)) can be used in conjunction with 
the endochronic theory of  plasticity (Eqs (25)-(28)) to define the seven relationships needed to 
solve for the elastic-plastic notch root strain and stress increments. In all of  the above equations, 

N and N only Ao~j(~) Ag0(m) are unknowns. All the other parameters are obtained from the elastic 

solutions and the stress and strain state prior to the load increment and the properties of the 
PMMC. All of  the relations are linear, and thus they can easily be simultaneously solved. For 
each point in the loading history, the elastic-plastic strain and stress state at the notch root can be 
calculated using the elastic-plastic matrix strains and stresses calculated above, the elastic fiber 
strains and stresses, and Eq (8). 

Experimental Set-Up and Procedure 

The PMMC used was a 606 l-T6 aluminum reinforced with both 10 % and 20 % volume 
fractions of alumina (A1203). The material properties of  these materials are given in Table 1. 
The 25.4 mm diameter rods were both commercially extruded and heat-treated. Specimens with 
geometries shown in Fig. 2 were machined from the PMMCs. 
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TABLE 1--Composite material properties. 

Young Modulus, E Poisson Ultimate Elongation 
(GPa) Ratio, v Strength (MPa) (%) 

6061-T6 69 0.33 262 20 
Alumina (A1203) 399 0.25 . . . . . .  

6061/AlzO3/10p-T6 81 0.31 324 10 
6061/A1203/20p-T6 97 0.31 344 4 

Overal l  Spec imen Length,  L = 228 

~ p  = 6.35 h A D  

1 

Q 3 ---{ 
D = 2 5 . 4 0  d = 1 2 . 7 0  

_A,_ 

FIG. 2--Geometry of specimen (all dimensions in mm). 

For the notch geometry shown in Fig. 2, the elastic stress concentration factors, IG's, with 
respect to the coordinate system (1,2,3) shown were determined to be Kt22 = 1.43, Kt33 = 0.30,  

a n d  Kt23 = 1.14. These were obtained first theoretically, and then confirmed experimentally, 
Following the notation in Fig. 2, if a uniaxial tensile load P is applied in the axial (2) direction, 
the resulting elastic notch root axial, cY22, and hoop, 0"33, stresses can be found using: 

4PKt22 (32) 
0"22 - -  gd 2 , 

and 

4PKt33 (33) 
0"33 - -  red 2 

It should be noted that the hoop stress induced due to the notch root constraint was less than the 
nominal net section axial stress, and as such the stress concentration factor in the hoop direction, 
Kt33, was found to be less than unity. I f  a torsional load T is applied to the end of the bar, the 
resulting elastic notch root shear stress, 0"23, call be determined from: 

16TKt23 (34) 
0"23 = red 3 

The specimens were subjected to load-controlled tests conducted on a biaxial (tension- 
torsion) servo-hydraulic load frame. The load frame has axial and torsional load capacities of  
+250 kN and 4-2500 Nm, respectively. The three load paths considered are shown below in Figs. 
3a-c. The first is a monotonic load path, and the next two are cyclic load paths. For both cyclic 
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paths, cycles were applied until stabilized material behavior was observed. All paths were chosen 
to induce notch root plasticity. 

O 

0.0 

-20 -10 0 10 20 

Axial Load, P (kN) 
(a) 

O 

"~ 0.03 

Ig o 

~ -0.03 
F- 

~.(,~ 

-20 -10 0 10 20 

Axial Load, P (kN) 
(b) 

-20 -10 0 10 

Axial Load, P (kN) 

(c) 

20 

FIG. 3--a) Monotonic torsion - combined tension-torsion, b) cyclic proportional tension- 
torsion, c) non-proportional cyclic box path. 

During the tests, the notch root strains were obtained using an advanced photogrammetry 
system that uses 3D image correlation to measure surface strain fields. To use this commercial 
piece of  equipment [19], a random or regular pattern with a good contrast is applied to the 
surface of  a specimen in the vicinity of the notch. This pattern deforms with the specimen as the 
load progresses. The deformation of the specimen under different loading conditions is recorded 
by two CCD cameras (Fig. 4) and is evaluated using digital image processing. Using 
photogrammetric principles described in [19], the specimens 3D coordinates, the 3D 
displacements, and surface strains are precisely calculated. 

Figure 5 shows typical output from the optical strain measurement device. A section line 
drawn through the notch area (Fig. 5a) allows the surface strain distribution along the line to be 
recorded as the load is increased (Fig. 5b). It should be mentioned that the manufacturers have 
extensively validated this system. However, preliminary testing by the authors using the strain 
gauge technique and the results from the optical strain measurement device confirmed the 
accuracy of the system for the materials tested in this analysis. 
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FIG. 4--Bi-axial load frame and CCD cameras. 

FIG. 5--Axial strain distribution along section line for increasing loads. 

Comparison of Results 

A short MATLAB [20] program was written to solve the governing equation set (Eqs (25)- 
(31)). This program requires as input the elastic notch root stress history. For the 
circumferentially notched specimen, these values were obtained on the basis of the applied load 
paths, the stress concentration factors, the volume fractions, material properties of  the 
constituents, and Eqs (3)-(8). This program further requires as input the material constants for 
the Dirichlet function (Eq (12)) that defines the hereditary function for use in the cyclic 
constitutive model. These constants were obtained on the basis of  a uniaxial tension test results 
of  the 6061-T6 aluminum. For this material, three terms were found to be appropriate, and details 
of the extraction of  these constants are given in [11]. These were determined to be Ca = 7841132 
MPa, cq = 60172, C2 = 218948 MPa, ct2 = 2097, C3 = 17115 MPa, 1~2 = 348. 

The composite's notch root elastic-plastic shear strain, r is plotted against the axial strain, 

~=, for all load paths shown in Fig. 3, in Figs. 6 8 .  The figures show the experimental and 

calculated results for both the 10 % and 20 % volume fraction PMMCs. It should be mentioned 
that although the program calculates the full elastic-plastic stress and strain history at the notch 
root, for the purpose of comparison to the experimental results, only the major strains above are 
presented. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



OWOLABI AND SINGH ON ESLASTIC-PLASTIC STRAIN-STRESS 585 

In general, the analytical model predicts the general trend in and all the characteristic 
phenomena occurring of the experimental test results. An initially elastic region is observed at 
the onset of loading or unloading, followed by region of elastic-plastic deformation. This 
confirms that the non-linear elastic-plastic behavior can be predicted from a linear elastic 
analysis. As the nominally applied loads increase, small differences are observed in the estimated 
and the measured strains. It should also be mentioned that the analytical methodology predicts 
the notch root strains in the materials with both volume fraction of fibers. This is a welcoming 
result, since the model uses only the material properties of  the constituents separately. 

The results from the non-proportional monotonic load path (Figs. 6a and b) show that the 
approximate methodology slightly over-predicts the axial strain, as the shear is kept constant. 
However, the differences are small, and furthermore, the slightly conservative result is 
advantageous in design. The results for the cyclic tests are presented for the last cycle of  loading 
in Figs. 7 and 8. The results of the proportional loading path (Fig. 7) clearly show the model's 
ability to predict the elastic-plastic hysteresis loops associated with cyclic loading. The results of 
the box path (Fig. 8) show that the methodology is capable of predicting the elastic-plastic notch 
root strains for this 90 ~ out-of-phase loading sequence. Although the results for both volume 
fractions of  fibers indicate that the analytical methodology sometimes over-predicts, and at other 
points under-predicts the notch root elastic-plastic strains, the differences are small in all cases. 

It is important to note that these highly supportive results are in part due to the fact that the 
elastic-plastic strains are relatively small in this investigation. For larger strains, it is expected 
that elastic-plastic subsurface strain distributions in the vicinity of the notch would violate the 
assumption of localized plasticity and thus lead to erroneous results using the proposed 
methodology'. However, it should be mentioned that in [5], it was shown that the incremental 
Neuber's relation, developed for homogeneous materials, yielded such supportive results for 
much larger strains than those investigated in this study. 

0.003 

r 

.~ 0.002 

o.ool 

a) 

0.003 

=~ 0.002 

Analytical r./z 
- - - Experimental ~ 0.001 Analytical 

- - - Experimental 

i i i 0 i i i 

0 0.0005 0.001 0.0015 0.002 0 0.0005 0.001 0.0015 

b) Axial Strain, e22 Axial Strain, e22 

0.002 

FIG. 6--Notch root shear strains versus axial strains for  torsion, combined tension-torsion 
monotonic loading path: (a) 10 % volume fraction, (b) 20 % volume fraction. 
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.4 
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~ ~ ~ [  0.( 
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. . . .  E~erirnental 

02 
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~-0  

0.002 / 

)02 - 0 1 0 0 1 Z  / 0.001 

Analytical 

0.( 

. . . .  Experimental 

Axial Strain, ~22 Axial Strain, ~22 

(a) (b) 

02 

FIG. 7--Notch root shear strains versus axial strains for torsion tension proportional cyclic 
loads'." (a) 10 % volume fraction, Co) 20 % volume fraction. 

u,uu~ ' 

r.~ -0.0025 ~ Analytical ~ -0.0025 Analytical 

. . . .  Experimental -0.005 . . . .  Experimental 
'~ ~05 

-0.003 -0.0015 0 0.0015 0,003 -0.003 -0.0015 0 0.0015 0.003 
Axial Strain, ~22 Axial Strain, e2e 

(a) (b) 
FIG. 8--Notch root shear strains versus axial strains/or box-shape loading path: (a) 10 % 

volume fraction, (b) 20 % volume fraction. 

Conclusions 

A methodology has been presented to predict elastic-plastic notch root strains in bodies 
subjected to non-proportional cyclic loading sequences. The method incorporates a cyclic 
plasticity routine and an incremental form of Neuber's rule suitable for the analysis of 
heterogeneous PMMCs. The model presented provides an easy to implement linear 
approximation to the otherwise rather complex non-linear problem. The validity of the developed 
models was assessed by comparing the results obtained with experimental results for both 
proportional and non-proportional cyclic loading paths. The comparison indicates that the 
methodology is suitable for estimating the elastic-plastic strains at a notch root in PMMCs for 
small scale local yielding. 
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Influence of Crack-Surface Oxidation on Creep-Fatigue Crack 
Behavior of lCr- and lOCr-Steels 

ABSTRACT: High temperature components with notches, defects, and flaws can introduce crack 
initiation and crack propagation under service conditions, Fracture mechanics procedures are needed to 
study crack problems and to support an advanced remnant life evaluation. Since a more flexible service 
mode of steam power plants causes a higher number of start-up and shut-down events, creep- 
fatigue crack behavior is decisive for life assessment and integrity of components. Usually, fracture 
mechanics experiments are carried out under air conditions, although in cases of internal cracks they are 
not in contact with air. Therefore, it is of interest to realize the degree to which environmental conditions, 
e.g., crack-tip oxidation, can influence crack initiation and crack growth behavior. 

In order to reveal problems related to high temperature components, the crack initiation time and crack 
growth rate were determined in air environment and in a gas with controlled atmosphere on 
1CrMofNi)V- and 10CrMoWVNbN-steels. Crack initiation and propagation under creep-fatigue 
conditions have been described with the fracture mechanics parameters C*, KI, and AK I and C*. A 
modified "Two-Criteria-Diagram" was used to describe creep-fatigue crack initiation. 

KEYWORDS: creep-fatigue conditions, crack propagation, crack initiation, modified Two-Criteria- 
Diagram, air and shielded gas, 1CrMo(Ni)V-steel, 10CrMoWVNbN-steel 

Introduct ion  

Documents  on the material behavior  o f  crack-like defects/flaws and unavoidable  notches are 
required for the design and inspection of  power  plant components  in high temperature long-term 
service. In the case o f  design with unavoidable  notches,  cracks may  be initiated or propagated by  
creep-fatigue loading. In both  cases, an experimental ly safeguarded and quantitat ive description 
is required. The necessary experiments  were most ly  performed under  normal  air conditions in the 
laboratory. However,  the locations of  the stress concentrat ions in components  under  potential  
crack danger are often inside the material  or below the surface and are consequently not affected 
by  the environmental  medium. Therefore, there is great interest  to study the influence o f  an 
oxygen-free envi ronment  on the crack behavior  under  creep-fatigue loading. 

This  paper  deals with results f rom research projects [1-3]  in which the creep-fatigue crack 
behavior  was examined. The crack initiation and crack propagat ion behavior  under  creep-fatigue 
loading were invest igated on 1CrMo(Ni)V-steel  and on 10CrMoWVNbN-s tee l  in air and a gas 
under  controlled atmosphere (shielded gas) on specimens o f  type CT. Addit ional  results under  
pure fatigue and creep condit ions are also included. 
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Materials, Specimens, and Test Procedure 

The test materials were taken from industrial products before they were introduced in service. 
The forged steel 30CrMoNiV4-11 and the cast steel G17CrMoV5-11 are taken as reference for 
the well-established 1CrMo(Ni)V-power plant steels, The steels X12CrMoWVNbN10-1-1 and 
GX12CrMoWVNbN10-1-1 refer to the modern 10CrMoWVNbN-steels, 

In this study, CT-specimens were used (Fig. 1). The specimen crack start notch was spark 
eroded with a notch tip radius of 0.1 mm. All CT-specimens were 20 % side-grooved in order to 
ensure a uniform crack growth front. 

The specimens were tested under constant tensile loads (creep crack tests) and under cyclic 
tensile loads (fatigue and creep-fatigue crack tests). The tests under cyclic tensile loads with 
stress ratio R = 0.1 were performed in maximum hold times t H of 0.3 h and 3.0 h (Fig. 2). 

+ 
FIG. 1--Specimen geometry. 

_ 1  

F 

Fma x 

Fmin 
0 

R = Fmi n / Fma x = 0.1 

t 

FIG. 2---Applied load cycle for creep-fatigue tests. 

With regard to typical service temperatures, the test temperatures are as follows: 550~ for 
the 1CrMoNiV-forging steel, 530~ and 550~ for the 1CrMoV-cast steel, and 550~ and 
600~ for the 10CrMoWVNbN-steels. The tests in controlled gas environment were performed 
in argon with 3 % hydrogen (Ar + 3 % H 2, shielded gas) in order to avoid crack-surface 

oxidation. 
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Parts of the tests were carried out by means of the interrupted test technique (multi specimen 
method), and others were carried out by means of  continuous test technique (single specimen 
method). The interrupted test technique can be described as follows: for each stress level, a 
series of  up to eight specimens were tested under the same loading conditions in a multi- 
specimen machine. After reaching time proportions from 10-80 % of predetermined test 
time, the row of specimens was unloaded. During each interruption, the load line 
displacement of  all specimens was optically measured at room temperature. One specimen 
was fractured in brittle form at low temperature. The crack length of  the specimen was 
determined fractographically. 

By using the continuous test technique, an online measurement of  the load line 
displacement was performed using capacitive high temperature strain gauges. The crack 
propagation was online-monitored with alternating current potential drop (ACPD) 
technique. At the end of  each test, the potential drop signal was calibrated with the final 
crack length measured on the fractured specimens. 

Test Results and Discussion 

For the evaluation of  the test results, the linear elastic stress intensity factor K I [4] was used 
as well as the parameter C* [5]. The stress intensity factor is defined for CT-specimens as 
follows: 

F 2 + a/W 
: �9 f(a/W) (1) 

x ,  ~/B. B N �9 w ( 1 -  a/W) s/: 

where F is the applied load, B is the specimen thickness, B N is the net specimen thickness, W is 
the specimen width, a is the current crack length, and 

f (a/W)=O.886 + 4.64.(a/W)-13.32.(a/W)2 +14.72.(a/W)3 - 5.6.(a/W) 4 (2) 

The stress intensity factor is valid for linear elastic behavior only, but it can be approximated for 
a limited plastic zone near the crack-tip. The parameter C* is valid for stationary creep in the 
crack-tip environment. In [6], the parameter C* is calculated for CT-specimens, using the 
following formula: 

B N ' ( m - a )  n + l "  2+0 .522 .  (3) 

where n is the exponent in Norton's law, and ?c is the creep component of  the load line 

displacement rate. The creep component of  the load line displacement rate is given by: 
Pc = Vt --(f:e +'Op) (4) 

where ~?t, ";'e and "r are the total, elastic, and plastic load line displacement rates, respectively. 

This procedure only applies to the continuous test technique, where the total load line 
displacement rate is measured under load. 

The procedure to measure load line displacement in the interrupted test technique is different, 
because all measurements are taken on unloaded specimens at room temperature without taking 
into account the elastic component v c. By choosing relatively small test loads, the plastic part 
of  total displacement can be neglected; therefore the measured values are used for the 
determination of  creep displacement rate "b c . Metallographical investigations on cut specimens 

have proven this statement. The crack-tip vicinity of Cs25-specimens taken from 1CrMoNiV- 
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steel tested in air and shielded gas is shown in Fig. 3. Specimens were subjected to equal loads 
and similar test durations. The oxide layer on the crack-surface can be seen clearly (Fig. 3b). For 
the test conducted under shielded gas (Fig. 3a), this is not to be expected. This means that the 
calculated displacement rate ? ,  using measured displacements of tests under shielded gas, 
reflects exactly the creep component ?c. For experiments in air environment conducted in this 

manner, the calculated rate # includes creep rate #c and oxide layer ~ox. Therefore, the oxide 

layer component has to be subtracted from measured displacement. The appropriate laws for 
oxide layer thickness as a function of time for l CrMo(Ni)V-steel and 10CrMoWVNbN-steel are 
given in Fig. 4. Accordingly the 10CrMoWVNbN-steel shows favorable oxidation behavior. The 
laws were produced using a limited number of specimens but with test durations up to 35.000 h. 
With the respective equation, the calculated load line displacement rate (and/or load line 
displacement) can be corrected. This procedure is represented in Fig. 5 for an interrupted creep 
crack test at 550~ on Cs25-specimens of the steel 30CrMoNiV4-11. The correction, made in 
accordance to Fig. 5, was applied for the determination of the parameter C* for the interrupted 
tests in air. The results are described below. 

FIG. 3--Crack-tip appearance o f  Cs25-specimens in creep-fatigue crack test in "At + 3 % 
" (a) and "Air" (b) 30CrMoNiV4-11/AMA, 550~ 

FIG. 4--Change o f  oxide layer thickness on crack-surJaces on Cs25-specimens, 
1 CrMo(Ni)V-steel at 550~ and 10CrMo WVNbN-steel at 600~ 
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30CrMoNiV4-11/AMA 15 specimens 
T=550oc [] c101 -c115 

0.6 ~ Cs25-specimens ~' 

04 a~ = 0"55 / 1 /  

0 1000 2000 3000 4000 5000 6000 7000 8000 t (h) 10000 

FIG. 5--Corrected load line displacement f o r  crack-surface oxide coating, 30CrMoNiV4-11, 
550~ 

Crack Propagation Behavior 

In the following, the crack propagation under fatigue, creep, and creep-fatigue conditions in 
air and shielded gas will be described for crack length Aa between 0.01W and 0.05W. 

Crack Growth under Pure Fatigue--Under pure fatigue conditions, the fatigue crack growth 
can be described by depicting the crack propagation per cycle against the range of stress intensity 
AK~. The range of stress intensity AK I is given by: 

A X  I = X~ max - X~ mi. (5 )  

With logarithmic presentation of  the fatigue crack growth rate da/dN against the cyclic stress 
intensity factor AK~, a linear part results, which can be described by the Paris-equation [7]: 

da/dN = c o �9 AKI  m (6) 

The fatigue crack growth rates against the cyclic stress intensity factor AK~ for 1CrMo(Ni)V- 
steel and for 10CrMoWVNbN-steel in air and under shielded gas are shown in Figs. 6 and 7, 
respectively. In both cases, no difference between forging steel and cast steel can be observed. 
Shielded gas leads to lower values of  fatigue crack growth rate in comparison to air conditions 
(Fig. 6). The results lie below the scatter band of  the tests in air, but this effect is not significant 
for the 10CrMoWVNbN-steel (Fig. 7). This effect is caused by the different oxidation behavior, 
indicated in Fig. 4. The oxide layer increases relatively quickly (especially for the 1CrMo(Ni)V- 
steel) on the newly formed crack-surface, and it is destroyed during the following load cycle. 
Destruction of oxide layer takes place with small resistance. Finally, an additional part of crack 
propagation can be found in air. 

In Figs. 6 and 7 the cyclic stress intensity factor was determined by using Fmax and Fmin, 
without including the "crack closure phenomenon." Therefore, it was of interest to consider the 
"crack closure" effect and attempt to make an appropriate quantification. 

The cyclic stress intensity factor AK I is not an appropriate parameter for the fatigue crack 
growth characterization, where crack closure can occur already at positive nominal stresses. In 
that case, the effective stress intensity factor (Fig. 8) is defined by: 

AKeff = K I  max -- Kope, (7) 
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FIG. 6--Change of crack propagation rate for fatigue tests versus parameter A K  I 

1CrMo(Ni) V-steel, 530 and 550~ 

FIG. 7--Change of crack propagation rate for fatigue tests versus parameter AK~ 
10CrMo WVNbN-steel, 600~ 

FIG. 8--Schematic of effective stress intensity factor. 
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One distinguishes different kinds of  the cr ack closure, which are based on different 
mechanisms. The three essential crack closure mechanisms for metals [8] are: 

�9 plastically-induced crack closing 
�9 oxide-layer-induced crack closing 
�9 roughness-induced crack closing 

In practice, it is impossible to separate the individual influence of  each mechanism on the fatigue 
crack growth. 

Through crack closure, only a part of  the applied load contributes to the crack growth. The 
stress intensity factor AK I is introduced by a correction as effective stress intensity factor AKer ~ 

[9] in the following form: 
AKeff = U AK 1 (8) 

where U is the crack opening factor. There are different procedures proposed for the calculation 
of  U. One of  them is given as [9]: 

U = 0.5 + 0.4. R (9) 
Shielded gas tests are conducted without oxidation; therefore factor U is smaller than for air 
tests. The statement: "fatigue crack growth rate under shielded gas is lower than in air" is still 
valid. A quantitative determination of  the crack closure factor U for fatigue crack tests in air and 
under shielded gas is still under investigation. 

Crack Growth under Pure Creep--The parameter C* has been chosen for the presentation of 
the creep crack growth rate. The above-mentioned correction for the determination of  the 
parameter C* for creep crack tests in air was considered. The creep crack growth rate for tests in 
air and under shielded gas of 1CrMo(Ni)V-steel is plotted in Fig. 9 and for 10CrMoWVNbN- 
steel in Fig. 10. In both cases there is no difference between forged steel and cast steel. The 
results under shielded gas are within the scatter band of  the results from air tests. This result is 
not surprising if  the creep crack damage mechanism is considered. The formation of  pores and 
microcracks occurs in front of the crack-tip in the ligament of  the material, irrespective of  the 
kind of  surrounding medium used. 

FIG. 9--Creep crack growth rate versus parameter C* 1CrMo(Ni)V-steel, 530 and 550~ 
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FIG. l O--Creep crack growth rate versus parameter C*, l OCrMoWVNbN-steel, 550 and 600~ 

Crack Growth under Creep-Fatigue Conditions--The creep-fatigue crack growth rate can be 
compared with the pure creep crack growth rate, as well as with the pure fatigue crack 
propagation rate. In Fig. 11 some results for 1CrMo(Ni)V-steels are compared with the results of 
the fatigue crack test. With increasing hold time, an increase of  the creep crack propagation per 
cycle can be observed. As a result, there is no significant influence of air and shielded gas on 
creep-fatigue crack propagation rate. However, this crack propagation rate is achieved with a 
lower cyclical stress intensity factor. This is an acceleration of  the creep-fatigue crack 
propagation rate under shielded gas. 

At creep-fatigue crack experiments, crack closure effects must be considered. The oxide 
layer has a great influence (Fig. 3) as indicated by the assumed load process in Fig. 12. The crack 
will be closed earlier during the creep-fatigue crack test in air than under shielded gas. The 
effective load at the crack-tip under shielded gas is greater than in air. The creep-fatigue crack 
closure in air cannot be taken as a constant crack opening factor U, like in the fatigue crack test. 
The influence of  the oxidation on crack closure is a function of time (Fig. 4). Future 
investigations are planned. 

FIG. l 1--Creep-fatigue crack growth rate versus parameter Z1KI, ICrMo(Ni)V-steel, 530 
and 550~ 
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- - - growing up oxide layer between the crack tip surfaces 
- -  "supposed" load cycle 

"true" load cycle for tests in "Air" 

t ime t 

FIG. 12--Load distribution during the creep fatigue crack test in "Air, "schematically. 

Crack Initiation Behavior 

A technical crack initiation length has been defined to determine the crack initiation behavior 
under creep and creep-fatigue conditions for tests in air and under shielded gas. This paper deals 
with a technical crack initiation length of  A a  i = a i - a 0 = 0.5 ram. 

Crack Initiation under Pure Creep--The creep crack initiation time t i c against the parameter 
C* is shown in Fig. 13 for the 1CrMo(Ni)V-steel and in Fig. 14 for the 10CrMoWVNbN-steel. 
No significant difference between forged and cast steel can be observed. Furthermore, there is no 
difference between creep crack initiation in air and under shielded gas. The solid lines 
correspond to the lower boundary of  the scatter band, which is the worst case. 

The creep crack initiation time t i c is shown as a function of  Kx0 in Figs. 15 and 16 for 
1CrMo(Ni)V- and 10CrMoWVNbN-steels, respectively. For the forged and cast 
10CrMoWVNbN-steels (Fig. 16), a common creep crack initiation function can be reproduced. 
This is not valid for the 1CrMo(Ni)V-steels. There is a difference between forged and cast steel. 
However, the respective shielded gas results overlapped the air results. 

Using the so-called "Two-Criteria-Method" [10], it is possible to determine analytically the 
crack initiation of  components under creep conditions. The nominal stress Crn pl considers the 
stress situation in the ligament, and the fictitious elastic parameter KI id characterizes the crack- 
tip situation. These loading parameters are normalized in a "Two-Criteria-Diagram" ("2CD") by 
the creep rupture strength R~evT and the parameter Kilo, which characterized the creep crack 
initiation of the material. The normalized parameters are the stress ratio R~ = ~n pl/R,/vT for the 
far-field and the stress intensity ratio RK = K~ ia/K~i ~ for the crack-tip. The "2CD" distinguishes 
three fields of  damage modes. Above R~/RK=2, ligament damage is expected, below 
P~/RK = 0.5, crack-tip damage is expected, and between these two lines a mixed damage mode is 
observed. Crack initiation is only expected above the boundary line. The "2CDs" are shown in 
Figs. 17 and 18 for 1CrMo(Ni)V- and 10CrMoWVNbN-steel, respectively. This shows that the 
"2CD" can also be used for creep crack initiation under shielded gas without any changes. 
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FIG. 13--Creep crack initiation time versus parameter C*, lCrMo(Ni)V-steel, 530 and 
550 ~ 

101 

C'* 

(I mh)  

10 "~ 

10 .2 

104 J - - 0 " i 0 5 = 5 ' 5 " ( t , )  -1"09 ~ 

E1 XI2CrMoWVNbN10-1-1/1A II I 
I < >  *y1~R'~~ ! . . . . . . . . .  

10CrMoWVNbN-steel 
T = 550 and 600 ~ 

Cs25-specirnens 
ae/W = 0.55 

~xa i = 0.5 mm 

I 

*} creep crack initiation 
in "Ar + 3% H2" 

10 -s 
10' 102 103 10' t I (h) 10 ~ 

FIG. ]4--Creep crack initiation time versus parameter C*, lOCrMoWVNbN-steeI, 550 
and 600~ 

8O 
70 

40 

30 

20 
I [3 30CrMoNiV4-11 lAMA 

- -  Kli c = 105.0.(ti) -022 
T 

I ~ G17CrMoV5-11/BAR 
- -  Kli c = 236.0.(tl) .0"35 

. . . . . . . .  J , , , .  

1 CrMo(Ni)V-steel 
T : 530 and 550 *C 

Cs25-specimens 
ao/W = 0.55 
z~a i = O.5 mm 

i 

") creep crack initiation 
in "At + 3% H2" 

[ ]  

%,~-~[] 
~ ,~  

, % .  

10 . . . . .  , . . . .  ' . . . . . . .  
10 ~ 102 103 t04 t l c ( h  ) 102 

FIG. 15--Creep crack initiation time versus parameter K z, lCrMo(Ni)V-steel, 530 and 

550~ 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



MUELLER ET AL. ON CRACK SURFACE OXIDATION 599 

?o I . . . . . . . . . . . . . . . . . .  # 
T = 600 ~ | 

KIO Cs25-specimens ~ ] 
1 ~om = 0.55 p 
/2) Aa i = 0.5 rnm | 

(MPa m 

40 I-. i 

I* )  creep crack initiation / 
30 L_ in "Ar + 3% H2" I-- 

C ~  X12CrMoWVNbN 10-1~1/IA 
GX 12CrMoWVNbN 10-1-1/2A 

10 , . . . . . . .  i . . . . . . . . . . . . . .  
101 102 103 104 _ t ic  (h) 105 

FIG. 16--Creep crack initiation time versus parameter K~, 10CrMo WVNbN-steel, 600~ 
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FIG. 17--Presentation of 2CD for creep crack initiation, 1CrMo(Ni)V-steel, 530 and 
550~ 
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Crack Initiation under Creep-Fatigue Conditions--The crack initiation under creep-fatigue 
conditions is shown in Fig. 19 for the 1CrMo(Ni)V-steel and for the 10CrMoWVNbN-steel in 
Fig. 20 in a respective K10-t i crdiagram. A reduction in time for crack initiation time t i cf at 
decreasing holding times t n could be determined. The results under shielded gas are clearly 

below the respective air results in some cases. The solid and dash-dotted lines are the creep crack 
initiation curves taken from Figs. 15 and 16. The dashed and dotted lines represent the reduced 
creep crack initiation curve for the modified "2CD" by the factor 

L i ~ = t i cf/ti ~ (10) 
for creep-fatigue experiments in air for hold times of 0.3 < t H < 3.0 h, as assumed in [11] and 

[12]. In Fig. 21, the ratio Lic is represented against hold time for 1CrMo(Ni)V-steel and in 

Fig. 22 for 10CrMoWVNbN-steel. The line Lic = 1.0 reflects the correlation for creep crack 

initiation, and the line L i c = 0.6 gives the above described reduction for the creep-fatigue crack 

behavior in air. For hold times of 0.3 h, in order to stay on the conservative side, an L i c reduction 

to 0.25 would be necessary. The use of the engineering factor of 0.6 will result in a certain 
increase of the crack initiation length, but it will still be tolerable within the values of 
A(Aai) < 0.5 mm. That means that the predicted creep-fatigue crack initiation time by "2CD" is 

longer than the real one. For creep-fatigue crack tests with hold times of 3.0 h, a reduction is not 
necessary [11,12]. 

The modified "2CD" of 1CrMo(Ni)V-steel is shown in Fig. 23 and for 10CrMoWVNbN- 
steel in Fig. 24. The validity of the boundary line is confirmed by the results of creep-fatigue 
crack initiation tests in air and under shielded gas. No data points were found within the NO- 
CRACK area. 
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FIG. 19--Creep-fatigue crack initiation time versus parameter K I, 1CrMo(Ni) V-steel, 

530 and 550~ 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



MUELLER ET A U  ON C R A C K  S U R F A C E  O X I D A T I O N  601 

80 
70 10CrMoWVNbN-steel 

T = 600 ~ 
K I  0 n1/2 ) _ Cs25-specimens 

a0/W = 0.55 
Aa i = 0.5 mm 

40 

30 \ 

20 

10 
10 ~ 

i 
4 ") creep-fatigue crack initiation 

- - |  in "At + 3% H2" 
/ 

Klic = 151"5"(ti )-0'27 
Kuc f = 132 0.( i )-0"27 

-.,.%. 
X12CrMoWVNbN10-1-1/1A~,[] tH = 3'0 h tH = 0"3 h ~ ~ , ~ ,  

GX12CrMoWVNbN10-1-1/2A ".  
~> tH = 0,3 h 

tH=3.0h J 

10 ~ 10 ~ 104 t ic,  ticf (h) 10 ~ 

FIG. 20--Creep-fatigue crack initiation time versus parameter K I, tOCrMoWVNbN- 
steel, 600~ 

2.00 

L,o= I 
t ic l / t ic f 

1.50~ 

1.25 

100 

0.75 

050 

0.25 

0.00 
0.01 

1 I 
1 CrMo(Ni)V-steel 

T = 530 and 550 ~ 
Cs25-specimens 

aoAN = 0.55 
Aa i = 0.5 mm 

. El 

(*~ 

*) creep-fatigue crack initiation 
in "Ar + 3% H2" 

0.05 0.1 

a)maa ~ 0 .3  m m  

0.5 1 

30CrMoNiV4-1 llAMA 
B tH = 0.3 h 
BI ta = 3.0 h 

G17CrMoV5-11/BAR 
<~ tH = 0.3 h 

tH= 3.0h 

1'0 t H (h) 100 

FIG. 21--Dependence o f  Ratio Lic on hold time, 1CrMo(Ni)V-steel, 530 and 550~ 

2.00 

)C in ,,At + 3o~o H2. 
Li c = Xl 2CrMoWVNbN10-1-1/1A reep-fatigue c ack initiation 

tH =0.3h 
t~cf / tic 01 tH = 3.0 h [11 

[] 
1.50 GX12CrMoWVNbN10-1d/2A 

<> tH = 0"3 h 1 
1.25 q" tH = 3.0 h / 

1.00 

0.75 i j ~ / !  10CrMoWVNbN-steelT = 600 ~ 

0.25050 ' ~ l  a)m"x i 05 mm Cs25-specimenSAaiaOAN= 0.5 = 0,55mm 

0.00 ll0 L 
0,01 0.05 0.1 0.5 1 5 t H (h) 100 

FIG. 22--Dependence o f  Ratio Lic on hold time, lOCrMoWVNbN-steel, 600~ 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:13:07 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



602 FAT IGUE AND F R A C T U R E  M E C H A N I C S  

1.4 J , t , J 

I I ' lCrMo(Ni)V.stee21 j 

C~ n p~/Ru/uT ~ ~ I T = 530 and 550 ~ 

J I I C s 2 5 - s p e c i m e n s  

~ ~ ao /W=0.55  
�9 - ~ ' ~  i r n i x e d d a m a g e  F / L  Aai = 0.5 rnm 1.0 tt 

! i'l:/Arlr / r ) creep-fatigue crack initiation 
- ~ ' - - ~ ' "  / in "Ar + 3% H " 

o.s ~ .,8' . [ 
' ~ ~ D  " "  - -  

o.6 R JR,-- 2 " - , , , ~ )  , - 
I I crack tip - -  

" ' ~  NO ~ darna e 30CrMoNiV4-11/AMA 

/ I ~ border l ine ~ tH = 3.0 h 

I / ~ '  ~1, tH=3,0h 

0.0 , i , , ; ( �9 
0.0 0.5 1.0 1.5 2.0 RK = KI idlKfi cf 3.0 

FIG. 23--Modified 2CD for creep-fatigue crack initiation, 1CrMo(Ni)V-steel, 530 and 
550~ 

i i . r , i @ 

1.4 [ [ [ 10CrMoWVNbN-steel R a  = I 
~ '  �9 ' / T = 600 ~ 

O'npl/Ru/t/T ~ ~ t / Cs25-speci rnens ~ t m i x e d  damage 
~ J ao/W = 0.55 

1.0 "~ ~ ~ Aa i = 0.5 rnm ,, % c,~,( .A 

0.6 ~ t I ~ crack tip 
i -  NO ~ d a m a g e  X12CrMoWVNbN10-1-1/1A 

0.4 11 CRACK / / ] Q t H = 0.3 h 
I p z  [ borderI ine m tu=3.Oh 

0.2 t t RJRK = 0.5 U GX12CrMoWVNbN10-1-1/2A~ tH=0"3h 

I / "  ~ tH = 3.0 h O,OII''~I,  I . . . . . . .  

0,0 0,~ 1.0 '~ .5 2.0 RK = Ki id/Kij ~f 3.0 
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Concluding Remarks 

This paper describes the results of a series of  creep-fatigue crack tests in air and shielded gas, 
performed on CT-specimens prepared from 1CrMo(Ni)V- and 10CrMoWVNbN-steels. The 
investigations have been carried out on forged and cast steel samples. The creep-fatigue results 
were supplemented by pure creep and fatigue crack tests. Crack initiation and propagation 
behavior were characterized by the fracture mechanics parameters C* and K~ and C*. Parameters 
were corrected depending on used test techniques (interrupted or continuously), test conditions 
(creep and/or fatigue), and the environment (air or shielded gas). 

The results of crack initiation and crack propagation in air and under shielded gas can be 
summarized as follows: 

�9 Under fatigue conditions, crack behavior under shielded gas show advantages. 
�9 Under creep conditions, there are no differences between results in air and shielded gas 

environment. 
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* Under creep-fatigue conditions crack initiation time is shorter and crack propagation rate 
is higher for shielded gas compared to air environment. 

Additionally the creep crack initiation results were evaluated with the "Two-Criteria- 
Diagram" ("2CD") for both environmental conditions. For creep-fatigue crack initiation, the 
modified "2CD" can be established. At creep-fatigue crack experiments with Short hold times, 
the modified "2CD" is a less conservative description. 
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