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Foreword 

The Symposium on Fatigue Testing and Analysis Under Variable Amplitude Loading Con- 
ditions was a joint international event conducted by ASTM International Committee E08 on 
Fatigue and Fracture and the Fatigue Commision of French Metallurgical and Materials 
society (SF2M). 

The symposium was chaired by Dr. Peter C. McKeighan, Southwest Research Institute, 
San Antonio, Texas, USA and Professor Narayanaswami Ranganathan, Laboratoire de Mr- 
canique et Rhrologie, University Franqois Rabelais de Tours, Tours, France. 

The symposium was held from 29-31 May 2002 in the prestigeons town hall of the city 
of Tours (Hotel de Ville). 

The following two pages show the highlights of the three day symposium. The Symposium 
would not have been as successful as it was without the assistance from the city of Tours, 
the Ecole Polytechnique (Drpartement Productique), the University of Tours and all of the 
other kind sponsors. 

There are a number of groups that had a significant impact on the organization of the 
meeting. These groups functioned at a variety of different levels and are described further 
below. 

INTERNATIONAL SCIENTIFIC COMMITEE 
A. Bignonnet (France), A. Braun (USA), A. Davy (France), A de Koning (Holland), K. 
Donald (USA), G. Glinka (Canada), R. L. Hewitt (Canada), G. Marquis (Finland), E. Macha 
(Poland), J. C. Newman (USA), I. Sinclair (UK), C. M. Sonsino (Germany) and M. Thomsen 
(USA). 

ORGANIZING COMMITEE 
Chairmen: P. C. McKeighan (SwRI, USA), N. Ranganathan (LMR, EIT) 

Members: C. Amzallag (EDF), C. Bathias (CNAM), G. Baudry (Ascometal Creas), A. Big- 
nonnet (PSA), J. F. Flavenot (CETIM), Y. Franchot (SF2M), A. Galtier (Usinor R&D), G. 
Henaff (ENSMA), M. Huther (Bureau Veritas), H. P. Lieurade (CETIM), J. Petit (ENSMA), 
P. Rabbe (CEM), L. Remy (ENSM Paris), J. Renard (ENSM Paris). 

LOCAL ORGANIZING COMMITTEE 
D. Sigli, L. Vet, N. Ranganathan, D. Ouahabi, A. Tougui, R. Leroy, O. Girard, E Meichel, 
E Lacroix. 
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Overview 

The type of loading that a fatigue critical structure is subjected to depend largely on what 
the function of the structure is and what controls the loading applied. In some cases, for 
instance rotating machinery for power generation, the loading can be adequately simplified 
and represented by a constant load amplitude cycle. In this case, loading is dictated by 
function on an angular rotation-by-rotation basis. This is contrasted to the case of a fighter 
airplane where the loading is dictated by external aerodynamic loads combined with highly 
variable pilot inputs. In many cases, the use and function of a structure can significantly 
impact the loading. An example of this is the case of a passenger aircraft where taxis, takeoff, 
cruise at altitude and landing dictate a primary loading cycle. Given that most of the service 
time is spent at cruise, the magnitude of the repeated load for the fuselage is largely driven 
by the cabin pressurization. 

Whatever the source and magnitude of the cyclic loading, the challenge for the structural 
engineer is to determine the amplitude of the variable amplitude spectrum loading and sim- 
plify it in a manner that can then be combined with analytical fatigue design approaches to 
adequately size the structure. Design tools and approaches have been available for many 
years to assist in accomplishing this objective. The term 'fatigue' was originally coined by 
Wohler in the 1840's when he examined railroad car axle failures. Sixty years later Goodman 
and Basquin examined the mean stress effect and developed the stress-life approach to de- 
sign. The second World War spurred a significant amount of activity including development 
of the concept of linear damage as postulated by Palmgren and Miner. Methods to design 
and maintain aircraft when cracks are growing in a structure were developed after a series 
of high profile failures in the 1970's by the USAF. All of these developments have culminated 
in the design tools now available to treat fatigue crack initiation and propagation under 
variable amplitude loading. 

Applying these fatigue design strategies often requires a significant mechanical testing 
effort to tune  the analytical models to predict actual laboratory observation. Hampering this 
process is the absence of any standardized test method to perform fatigue testing under 
spectrum loading conditions. While standards have been developed to characterize material 
responses to fatigue loading, no methods yet exist for the more complicated spectrum loading 
test and laboratories have consequently developed their own custom approaches. Although 
little standardization also exists for fatigue analyses, there are some accepted methods and 
techniques available for treating variable amplitude loading. Nevertheless each organization 
that performs this type of work tends to have customized the methods to suit their needs 
and specific approaches. One of the primary goals of this symposium was to provide a forum 
to communicate amongst technical professionals involved in this type of work. Applications 
reported on include those focused purely on testing, fatigue design techniques/approaches 
as well as a combination of both. 

The technical papers in this book represent peer reviewed and approved papers of those 
presented at an international symposium focused on fatigue testing and analysis under vari- 
able amplitude spectrum loading conditions. To aid in assimilating this information, the 
papers are categorized into six sections: Fatigue Testing, Aerospace Applications, Design 
Approach and Modelling, Other Applications, Load Interaction, and Probabilistic and Mul- 
tiaxial Approaches. 



xi i  FATIGUE TESTING AND ANALYSIS 

The first section begins with a historical overview paper by Sonsino, which presents the 
development of variable amplitude tests starting with the approach of Gassner in the 1930's. 
This paper lays the groundwork and background for the scientific problems addressed in the 
remainder of the symposium. The paper by Hopkins et al. presents the efforts made by 
different non-ASTM standardization organizations to develop a future standard for carrying 
out variable amplitude fatigue tests. This is followed by another standardization-related paper 
by McKeighan and McMaster presenting a framework for a standardization approach for 
fatigue crack growth testing under spectrum loading conditions. Donald and George follow 
this paper with an examination of a state-of-the-art variable load amplitude test control and 
monitoring system. The paper by P6ting et al presents a variable amplitude test facility using 
resonance principles. This is followed by a paper by George et al examining non-visual crack 
length calibration issues associated with part-through cracked specimens. 

The section addressing aerospace applications leads off with three papers addressing full- 
scale aircraft testing. A paper by Sullentrup discusses one organization's experiences during 
full-scale testing of the F/A-18. Hewitt et al then discuss Canadian experiences on spectrum 
editing of a fighter aircraft wing. Loading spectra complications associated with commercial 
aircraft are then addressed in a paper by Le Divenah and Beaufils associated with spectrum 
testing Airbus aircraft. This is followed by a paper by Yanishevsky and Everett that examines 
the spectrum fatigue tests carried out on the CF188 Hornet in Canada. Transient load effects 
at different temperatures in a titanium alloy are next examined in a paper by Stephens et al. 
McMaster and McKeighan examine the topic of life improvement of fastener holes under 
spectrum loading considering the effect of cold working and different fastener geometries. 
This paper is followed by one by G6rard et al showing that fatigue crack initiation life can 
be treated as a short crack growth life considering the proper crack configuration. The section 
concludes with a paper by Tumanov presenting random fatigue tests for aircraft engine fan 
blades, using an equivalent load amplitude concept. 

The paper by Marquis et al opens the section on design approaches and modelling with 
an examination of a high cycle variable amplitude fatigue test program on a nodular cast 
iron where a fracture mechanics based closure model is used to correlate the data. Newman 
and Phillips then explore the life prediction capability of a plasticity induced closure model 
applied to selected variable amplitude tests in a titanium alloy. This is followed by a paper 
by Ball examining a fracture mechanics approach to notch tip plasticity effects. McClung et 
al continue discussions of strip yield models, in this case examining spectrum loading on 
aluminum alloy materials. Sunder et al assess the broader implications of variable amplitude 
fatigue loading examining multiple mechanisms. This is followed by a paper by Song et al 
who show that fatigue life under selected narrow and broadband loading can be modelled 
using crack closure concepts for short and long cracks. Stress intensity factor calculation is 
addressed by Wu et al under complex stress conditions. The section concludes with a paper 
by E1-Ratal et al concerning fatigue life modelling and accelerated testing. 

The next section opens with a paper by McEvily et al examining reasons why the Palm- 
gren-Miner rule deviates from unity with examinations of three variable amplitude loading 
conditions. Thomas et al then address some of the issues related to fatigue testing in the 
automotive world. Continuing in the automotive vane, Morel and Ranganathan then examine 
high cycle fatigue testing and analysis using a car wheel loading sequence. This is followed 
by a paper by Petermann et al considering composite materials and examining a two-stress 
block loading that exhibited load-sequencing effects. Tomita et al who again showed with 
analysis and experiment clear sequence effects then examine fatigue loading of ship structure 
with a paper. The section concludes with a paper by Htinecke and Sch6ne examining short 
crack behavior as applied to low carbon steel. 



OVERVIEW xi i i  

The section of the book examining load interaction opens with a paper by Romeiro et al 
who studied load interaction in carbon steel concluding that interaction effects are closely 
related to the cyclic plastic zone size and Bauschinger effect. Two papers continue with load 
interaction examining overload effects including (a) Ranganathan et al who examine plastic- 
ity and environmental considerations testing 7075 and 2024 alloy and (b) Tabernig et al who 
examined primarily the near threshold regime for two different aluminum alloys. Darcis and 
Recho deal with the reliability analysis of welded specimens using a probabilistic approach 
to the overload effect. Finally, the paper by Aubin et al deals with the effect of load history 
examining strain amplitude and loading path on duplex stainless steel. 

The final section is devoted to probabilistic and multiaxial approaches starting with a paper 
by Akpan et al developing a fuzzy probabilistic approach to aircraft components that permits 
the estimations of the distribution of reliability index and failure probability. Huther et al 
focuses on the development of a probabilistic approach used in the ship building industry. 
The paper by Lagoda et al compare a rain flow analysis and that based on power spectral 
density to fatigue life estimations under uniaxial and multiaxial loadings. A paper by Fischer 
follows this on multiaxial laboratory tests on complex automotive structures. Finally, the 
paper by Banvillet et al applies different multiaxial fatigue damage models to the life esti- 
mation under random loading for tension and bending conditions. 

In conclusion, this book reflects the state-of-the-art in fatigue testing and analysis under 
variable amplitude loading and can therefore serve as an important reference for engineers 
and scientists for years to come. 

Finally, we regret to report that one of the authors, Michael Sullentrup, recently passed 
away under tragic circumstances. We offer our heartfelt condolences to his family. Many of 
us will miss Mike's wisdom, humor and technical contributions to the fatigue testing world. 

Peter C. McKeighan 
Southwest Research Institute 

San Antonio, Texas 
Symposium Co-chairman and Editor 

Narayanaswami Ranganathan 
University Frangois Rabelais de Tours 

Tours, France 
Symposium Co-chairman and Editor 
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Principles of Variable Amplitude Fatigue Design and Testing 

ABSTRACT: The proper consideration of variable amplitude loading by utilizing service spectra and 
appropriate Gassner-lines is essential for the design of light-weight components and structures by 
allowing loads in significant excess of the Woehler-line (S-N curve). This permits higher stresses than 
under constant amplitude loading and renders reduced component dimensions. Reliable reconstitution and 
simulation methods for service load-time histories require not only the rainflow matrices, but also 
information about the order of the cycles described by Markovian matrices, the power spectral density 
and, for multiaxial applications, the cross-correlations between the particular load directions as well as the 
phase relations. A major problem in numerical fatigue life assessment is still the fatigue life calculations 
for spectrum loading, because of the scattering of the real damage sum D over a wide range, which is not 
entirely understood. These findings demonstrate the need for experimental spectrum tests, which are 
indispensable for ensuring the safety of parts. With regard to safety and liability requirements, the failure 
probability resulting from the probability of occurrence of the spectrum, from the scattering of the fatigue 
strength and from the failure criterion (technical crack or propagation), must be taken into account. 

KEYWORDS: variable amplitude fatigue, design and test spectra, damage accumulation, rainflow 
counting, reconstitution, fatigue life assessment, experimental proof 
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I n t r o d u c t i o n  

The assessment of the service durability of components and structures has become more 
important in a variety of  technical areas, such as vehicles (automotive, railway), aeronautics, 
transportation, energy production, heavy machinery, and maritime technology, with regard to the 
increasing trend toward light-weight constructions and greater demands conceming costs, 
reduction of time-to-market periods, product safety, and liability. In order to fulfill these 
demands, numerical and experimental methods must be applied for effective development and 
proof of products. This survey focuses on variable amplitude fatigue design and testing, which 
also may be influenced by other aspects of structural durability, such as special loads (overloads, 
buckling, impact), creep, and wear (Fig. 1). 

[ Structural, Durability I 
J t t i 

I Special loads Jl Creep I I Wear J I Fatigue Loads t 

I 
[ J 

t I I [ I 

S Structural yield 
_ ~ 

= 
~i~cement 

c.u mulat i'..e N 
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~a 
t3 

~ e r - l i n e  

I A ~ Woehier-line 
NfJ 5 104 5.10413 N~ 106 t l  

Cycles N, 

FIG. 1 Partition of structural durability. 
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Historical Background 

With regard to variable amplitude loading, the importance of load spectra was recognized by 
Ernst Gassner, who, in 1939, was the first to formulate a procedure for simulating variable 
amplitude loading: the historical blocked program sequence (Fig, 2) with a Gaussian-like 
distribution of loads [ 1 ]. 

a. Load sequence b. Cumulative frequency distribution 

--r 

4.1~. z. 

M~.  stress in individual steps _ 1 .I 

--I-t " -~ - ~  (is conM~I/f~' ~st ops) l---t-'l'-I I1 ]'-]--] 

" " '  1[11  
Min. ~r~in indi~duat steps / -1.1 

SequencelengthLs=5. lOS~des ~ [ - ~ = ~  

. .+... . . . ~ t " ~  =~ 

~ = 5 "  10 s 

FIG. 2 Ernst Gassner's historical 8 step-blocked-program-sequence (1939). 

This sequence was used frequently as a standard into the 1970s, until blocked program tests 
were replaced by random load sequences applied with modern servo-hydraulic actuators. In the 
meantime, different standardized load spectra for different application areas were developed, 
mainly for testing and comparisons [2]. Computer controlled multiaxial test facilities for the 
experimental proof testing of  structures and units, the establishment of  new counting methods 
(rain-flow), spectrum generation, and local concepts based on continuum and fracture mechanics 
accompanied these developments [3]. 

Spectrum and Structural Dimensions 

Variable amplitude loading is often discussed in the context of fatigue life assessment, 
forgetting the main benefit recognized by Gassner, namely the influence of spectrum loading on 
fatigue life and especially fatigue strength with regard to structural dimensions. Figure 3 shows 
the Woehler- and Gassner-curves for a steering rod tested under constant amplitude loading 
(rectangular spectrum), a Gaussian spectrum, and a straight-line spectrum. The fatigue life 
curves (Gassner line) correspond to variable amplitude loading, while the S-N curve (Woehler 
line) relates to constant amplitude loading conditions. 
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FIG. 3 Influence of spectrum-shape on fatigue life and component dimensions. 

Fatigue life is seen to increase with decreasing fullness of the spectrum: the higher the 
amount of small amplitudes, the longer the fatigue life. On the other hand, the increasing fatigue 
life displayed by the position of the Gassner-curves can be exploited for the reduction of 
dimensions; for a fatigue life of 108 variable amplitude cycles of a steering rod, the maximum 
endurable stresses are 50 100 % higher than the constant amplitude fatigue limit, depending on 
the spectrum shape. So significant reductions of  cross-sectional size and component weight can 
be realized; however, it must also be ascertained that an impact load does not lead to a 
catastrophic (brittle) failure, if a crack should be present. This last example underlines the 
contribution of spectrum shape to light-weight design. 

Testing and Presentation of Results 

A further important issue in variable amplitude loading is the method used for testing and the 
presentation of results. Tests are carried out using a load sequence which is defined by the load- 
time history; the maximum value of the load; strain or stress amplitude, ~ ,  ga, or ~a; the ratio 
between the minimum and maximum values R; the sequence length L~; and the spectrum shape 
(cumulative frequency distributions according to different cycle counting methods). In cases 
where not single components but systems are tested, the power spectral density distribution is an 
additional piece of  necessary information [4,5]. Tests are carried out at different load levels, 
repeating the sequence until failure (defined crack depth or length, deformation, or total rupture). 
The only variable is the load, which affects the level of  all amplitudes and mean values, and is 
linearly amplified or reduced (Fig. 4). It is obvious that the amount of repetition of the sequence 
is larger on a lower level than on a higher level. A variable amplitude test is valid only when the 
sequence is repeated more than five to ten times [6]. 
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Performance of variable amplitude tests and presentation of results. 

According to Gassner, results are presented via the maximum load (strain or stress) 
amplitude and the number of cycles until failure ~ .  This method of presentation enables the 
engineer to compare the maximum spectrum load directly to the material's yield stress or 
component's structural yield point [7] and also to evaluate the degree to which constant 
amplitude high-cycle fatigue strength is exceeded. There are also other ways to present variable 
amplitude test results, e.g., by the effective mean value of the spectrum or by weighing the 
spectrum with the slope of the Woehler curve [8]. Such methods intend to transform the variable 
amplitude test results into the scatter band of the Woehler curve and to circumvent cumulative 
damage calculations. However, such methods cannot be recommended, not only because they 
often fail, but mainly because the information with respect to the distance to the yield stress and 
the exceeding of the Woehler curve is suppressed. 

Gassner's idea of using a defined sequence to be repeated until failure is justified by the fact 
that in most applications, mission profiles occur periodically, e.g., flights between two 
destinations, travelling of a train along the same routes, repetition of sea-states (wave heights), or 
driving routes of a vehicle from one year to another. 

In the following sections, selected subjects of  variable amplitude loading, such as description 
of load-time-histories, derivation of design and test spectra, experimental simulation, fatigue 
lifing, and last, but not least, reliability aspects, will be addressed. 

Description Criteria of Load-Time Histories and Determination of Spectra 
Variable amplitude loading has multiple causes and origins [4], as compiled in Fig. 5. 

According to this systematic separation of the different origins, variable amplitude loading can 
be grouped into discontinuous and partially continuous random processes. Figure 6 displays, for 
the example of a wheel-bearing-suspension assembly, different local strain/stress-time histories 
produced under the same external loading [9]. On rotating components, i.e., wheel or hub, the 
local strain/stress-time histories are more or less amplitude modulations around a mean-load 
resulting from dead weight. However, on non-rotating parts, such as the stub-axle, a large mean- 
value fluctuation is observed. 



8 FATIGUE TESTING AND ANALYSIS 

Load- t ime histories 

I 
I Basicloads ] 

I 
t t 

Constant Quasist atic 
_ _  variable 

Dead weight 
assembly load shift (crane), 

take-off / landing, 
load cydes (plane), 

temperature transents 

1 
Rare 

events 
Impact by 

unexloected 
obstacles, 
mislJ~, 

accidental events 
(motor vehicles) 

t 
Discontinuous random 

processes 

I 
I Superimposed loads I 

I 
q I 

Usage related I Vibrationscaused by I 
processes I 

I I 
E~/st em Environment 

Excitation by I Road 
engine, I roughness, 
rotating wave-action, 

components gusts 
I I I l 

Segments of continuous 
random processes 

Control-, 
manufacturing- 

processes 

Driving maneuvers 
(motor vehide) 

FIG. 5 Origin of  load-time histories. 

a. Suspension eomoonents b. Local stress-time histories 

Lateral 
Force +r-y 

._} . 

Vertical Force +Fz 

nee' 
rim 

| 
Hub o 

| 
Wheel 
spindle 

Straight driving Cornering 
~ v o l u t i o n  - ~  

t ~ 

t ~ 

Time t 
FIG. 6 Local stress-time histories on different suspension parts. 

The knowledge of these random processes, which can be determined only by service 
measurements and not by calculations, is essential for the following purposes: the recognition of 
the causes for concluding consequences for operation, e.g., how to decrease or avoid damaging 
loads; the determination of the design spectra for fatigue lifing and design; and the experimental 
simulation and proof testing of components and systems. 
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Design and Test Spectrum 

Design spectra for the required service duration of particular components and structures, e.g., 
25 years for offshore rigs or railway buggies, 300 000 km for automotive suspension components 
(wheels, front, and rear axles), 250 000 km for gearbox transmission axles, 50 000 flights for 
passenger aircraft, etc., must include all possible loading conditions resulting from usage 
(operator, maneuvers), environment (sea-states, road roughness), and structure (stiffness, 
damping) [3]. For these applications the design spectra may have a length of 1 �9 108 to 5.109 
cycles, but in order to allow for testing in a reasonable time, the test spectrum is shortened to a 
damage equivalent spectrum (Fig. 7). Note that the damage sums of the design spectra obtained 
by a linear damage accumulation must be identical for equivalent spectra. This is achieved by 
increasing the amount of higher stress cycles. If mean stresses are present, they also must he 
considered by an amplitude transformation using a mean-stress-amplitude diagram or a damage 
parameter. The test spectrum should not be shorter than about 5 106 cycles for considering 
damaging influences by fretting or environmental corrosion. For testing, the test spectrum must 
be partitioned into sequences, which are then repeated. 
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Damage equivalent design and test spectra for reduction of testing time. 

There are also other possibilities for the reduction of testing time, like increasing the 
maximum spectrum load or omission [3]. An increase that exceeds the maximum service load 
must be avoided because of the possibility of yielding and consequently producing unrealistic 
fatigue lives; omission without damage equivalent compensation is also not recommended [3]. 

Methods of Cycle Counting 

The derivation of spectra is performed by cycle counting methods [4] (Fig. 8), which is 
accomplished by additional methods for the reconstitution of the load-time histories for the 
purpose of cycle by cycle calculation and experimental simulation. 
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FIG. 8 Most important one- and two-parameter counting methods. 

The one-parameter level-crossing and range-pair counting methods are historically well 
established, while the most commonly used two-parametric rainflow method was developed in 
the 1970s [10,11]. The reason that both counting methods are applied simultaneously is to 
determine if mean-load (stress) fluctuations are present because they can influence fatigue life 
significantly, and to compare the maximum values of the level-crossing spectrum directly with 
the yield stress and the constant amplitude high-cycle fatigue strength. After the introduction of 
the rainflow method, which contains the counting of level crossings and range pairs, one 
parameter counting methods unfortunately have been applied rarely because the more elegant 
rainflow counting allows for an immediate amplitude transformation for fatigue lifing [5,12] 
with the resulting plotting of related means and amplitudes. However, the illustration of spectra 
by both older counting methods should not be given up completely for the reasons mentioned 
already. 

Reconstitution 

The main disadvantages of the rainflow counting method are that the order of the cycles and 
their frequency content disappear. Such information is especially significant for the 
reconstitution of the load-time histories because from one rainflow matrix, different load-time 
histories can be composed randomly or blockwise (Fig. 9) [13,14]. 

However, with regard to the ordering of the cycles, the best reconstitution is realized if the 
instantaneous-value transient counting of the original load-time history, i.e., the Markov-matrix, 
is available. In Fig. 9, the Markov-matrix of the original sequence is better approached by the 
random arrangement than by the block arrangement. This has an important influence on the 
fatigue life (Fig. 10). 

While the random arrangement results in the same fatigue life as the original sequence, the 
block arrangement delivers a higher fatigue life [13], due to coaxing effects. But by appropriate 
mixing of the blocks, the original fatigue life can be obtained. 
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FIG. 9 Different load sequences with identical rainflow-matrix. 
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FIG. 10 lnfluence of  sequence arrangement on fatigue life. 

In [15], a modified Gassner's blocked-program sequence with a length of Ls = 5.2 105 
cycles resulted in a fatigue life that was a factor of more than three higher than for a random 
sequence of same size and almost same Gaussian-like amplitude distribution (Fig. 11). An 
omission of the sixth step with the lowest stress level did not influence the fatigue life. However, 
tests carried out with a partitioning of this sequence into five subblocks of size Ls = 4 104 cycles 
delivered almost the same fatigue life of  the random sequence, proving that a random 
arrangement is not conditionally required to reproduce the original fatigue life. 
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The frequency content of a load-time-history, described by the power spectral density (Fig. 
12), may be neglected for single component testing as long as temperature, cyclic creep, and 
corrosion effects are not involved. However, when complete systems are tested multiaxially, e.g., 
suspension units, the reproduction of the original frequency range is required, although 
interactions between hydraulic actuators and non-linear elements of the system, such as dampers 
or elastomers, may limit the quality of mechanical simulation. Limitations may result not only 
from non-linearities, but also from heating of non-metallic materials, such as composites, or 
friction. For multiaxial testing, the reconstitution of load-time histories also must maintain phase 
relations between the different axes [16]. This is controlled by cross correlations. 

FIG. 11 Influence of load mixing on variable amplitude fatigue life. 

FIG. 12 Power spectral density and joint density distribution. 
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Fatigue Lifing 

Cumulative Damage Calculation 

Since Palmgren (1924) and Miner (1944), attempts to estimate damage and fatigue life have 
continued [17 19]. Despite the complexity of this issue, the most commonly used method is still 
the modification of the Palmgren-Miner Rule, where in the high-cycle fatigue area the inclination 
k of the S-N curve is maintained (k' = k) or reduced (k' = 2k-i), depending on the material [5] 
(Fig. 13) in order to account for the damaging influence of small load cycles. 
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Most commonly used cumulative damage calculation methods. 

In addition, these modifications postulate failure when the damage sum D = E (n/N)i = 1.0 is 
reached. However, an extensive research project evaluating a vast database [20] revealed a large 
scatter of the real damage sums (Dreal = ~xp/Iq~L (D=I.0)) for different materials, loading 

modes, stress ratios, and spectra. Figure 14 displays results obtained for wrought steels with the 
failure criterion of  crack initiation, as well as total rupture, using a modification of the Palmgren- 
Miner Rule with the fictive prolongation of the S-N curve with the slope k' = 2k - 1. The 
probability of finding the conventional value of D > 1.0 is only 5 10 %; this means that only 5 
10 % of the fatigue life estimates were on the "safe" side, while the rest were "unsafe." 

Some causes for this large scatter can be explained by the previous examples in Figs. 10 and 
11 where, despite the same rainflow-matrices, fatigue life differences with a factor of 2 10 were 
observed due to different load-time histories. Again, this demonstrates that the knowledge of a 
rainflow matrix is not sufficient for a proper fatigue life calculation. Another reason for the 
significant failing of fatigue life calculations results from the fact that for load-time histories with 
mean value fluctuations, the additional damaging effect caused by the mean values is not 
accounted for properly; the consideration of the mean values by a mean-stress-amplitude 
diagram or a damage parameter is not enough. This is demonstrated by investigations carried out 
on forged stub-axles of commercial vehicles [21,22]. The fatigue tests were performed with a 
truck load sequence (P, =-1 .4 ,  I = 0.45, Ls -- 0.95 105) derived from service measurements and 
containing mean value fluctuations caused by cornering, which are superposed on the mean 
value from the weight and payload (Fig. 15). 
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FIG. 14 Real damage sum distribution for  wrought steels. 

FIG. 15 Applied local strain-time histories on a stub-axle and failure locations. 

In order to study the effects resulting from mean values, a second test series with a Gaussian 
load sequence and a constant mean strain (R = -0.7, I - 0.99, Ls = 1 105) was also carried out. 
For both strain-time histories with comparable sequence lengths, the upper side of  the stub-axles 
was the expected failure location because of  the more tensile strains. However, this was only 
observed to be true for the Gaussian sequence with the constant mean strain level. 
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In Figs. 16 and 17, applied spectra using different counting methods are presented for the 
particular failure locations identified in Fig. 15. 

The variable amplitude test results obtained with both spectra are plotted in Fig. 18 for the 
criteria of crack initiation for a defined crack depth of a = 0.5 mm. Figure 18 also contains the 
calculated Gassner lines. The fatigue lives to crack initiation were assessed on the basis of the 
rainflow matrices and the cyclic data of the material (cyclic stress-strain, strain-cycle, and 
damage parameter-cycle curves). For the damage accumulation of small amplitudes in the high- 
cycle region (N > 106), the slope of the elastic part of the S-N curve was kept, and failure was 
assumed for D = 1.0. 

FIG. 16 Truck load sequence. 

FIG. 17 Gaussian load sequence. 
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FIG. 18 Experimental and calculated Gassner-lines. 

For both spectra, the numerical assessment is on the unsafe side: for the Gaussian sequence 
with the constant mean value by a factor of about four corresponding to a real damage sum, 
Dreal = 0.24, and for the truck sequence with the high mean value fluctuation by a factor of about 
12, meaning Drea~ = 0.08. 

This example underlines two important messages which justify the performance of variable 
amplitude testing, especially for complex structures: 

�9 Despite the simple geometry of the stub-axle, the failure location for the truck sequence, the 
lower side, could not be predicted by the conventional local strain approach. 

�9 Even if the fatigue life assessment uses the strain-time history of the failure location, the 
fatigue life is significantly overestimated for the sequence with the high mean value 
fluctuation. 

Fatigue life calculations for the stub-axle, also considering short crack propagation [22,23], 
could not improve the quality of the assessments. 

Another inconsistency of fatigue life calculation can be understood from the comparison of 
Woehler- and Gassner-curves for different cast nodular iron materials (Rm=400, 600, and 1000 
MPa) in Fig. 19. The low-strength material (GGG 40) has a ferritic microstructure, the medium 
strength material (GGG 60) a ferritic-pearlitic microstructure, and the high strength material 
(GGG 100) an ausferritic microstructure. 

The fatigue-life relations between the materials determined under constant amplitude loading 
change completely under the variable amplitude loading with the Gaussian spectrum (R = -1, I 

= 0.99, Ls = 5.105) [24]. A damage accumulation calculation would not only fail in the 
assessment of the right position of the Gassner-curves, but it would also maintain more or less 
the same ratios found under constant amplitude loading. 
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FIG. 19 Constant and variable amplitude fatigue behavior of different cast nodular irons. 

The reason why the Gassner curves for GGG 40 and GGG 60 are closer to each other than 
under constant amplitude loading is not understood, but the extreme life increase observed for 
the GGG 100 can be explained. The local plastic deformations under the variable amplitude 
loading transform the ausferritic microstructure into a martensitic one, thereby developing a 
higher strength. 

The most probable reason that all present assessment methods fail is that they are based on 
constant amplitude fatigue data, while the physics of damage under variable amplitude loading is 
not comparable to the physics of constant amplitude loading. However, despite the 
inconsistencies demonstrated, fatigue life calculations are still very useful for relative 
comparisons. In cases where experimental results with similar spectra, materials, and 
manufacturing are available, experience can be adapted to increase the reliability of the 
assessment [25]. 

Test and Design Criteria with Regard to Safety and Liability 

The occurrence of  variable amplitudes does not necessarily require spectrum testing when 
amplitudes are below the constant amplitude high-cycle fatigue strength (Fig. 20). This is the 
case for connecting rods, valves, and crankshafts, where during a fatigue life of about 5 1 0 9  
cycles, the maximum stresses occur more than 106 times and therefore allow a strength 
evaluation and design to be based on constant amplitude fatigue data. Variable amplitude testing 
and evaluation become necessary when a certain number of stress amplitudes exceeds the 
Woehler line. 
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Criteria for component design based on constant and variable amplitude loading. 

Another important design criterion is the safety requirement for a component, which can be 
expressed by a theoretical probability of failure Pf corresponding to a safety factor [26,27]. The 
design probability of failure Pf is determined based on the importance of the part itself. For a 
secondary component (e.g., a connecting rod), where failure only affects functionality, the 
probability of failure is handled in a tolerant way. However, for a safety-critical component 
(primary component), where failure would cause danger to the user and the environment, 
numerical and experimental validation (proof-testing) procedures must be carried out according 
to liability requirements. For this, the following prerequisites (Fig. 21) are necessary [25,26]: 

�9 Design spectra for the expected life cycle containing all loading conditions, from normal 
usage to accident-like special events. 

�9 The design spectrum must cover the scatter of  stresses resulting from service by a defined 
probability of occurrence, e.g., for safety-critical parts Po < 1 % ,  meaning that 99 % of 
service is related to the lower stresses. 

�9 The quality of the component must be assumed by design and manufacturing in the way that 
mean value and scatter of the strength must remain above an allowable level, e.g., a 
probability of survival, P3 = 99 %. 

�9 This results in a probability of failure of the component of Pf_< P o  (1 - Ps) = 10 -4 for one 
design life. 

�9 The tolerated probability of failure also depends on the failure criterion. If only crack 
initiation is allowed, a higher Pf value will be assigned to the component than if crack 
propagation is included. 

�9 As a damage occurrence can never be excluded, safety-critical parts must be designed so that 
a catastrophic brittle failure is at least avoided. 

If the design life is exceeded, the probability of failure increases. For safety-critical 
components that might be used for more than one design life, a higher degree of safety can be 
achieved if, by design, the service stresses are decreased or the allowable stresses are increased, 
e.g., by appropriate surface treatments. 
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FIG. 21 Determination of durability life for safety components. 

With regard to experimental testing, the derivation of the test spectrum from the design 
spectrum already has been discussed (Fig. 7). The design spectrum has the same probability of 
occurrence of  the test spectrum. 

The scattering of  the component 's  strength is determined under spectrum loading. In cases 
where not many components can be tested, statistical methods [3,5,27,28] must be used in order 
to cover the risks associated with a small number of  test specimens and to correct the mean 
fatigue life L ps = 50 % resulting from few fatigue tests. The risk factor 

=(• 
JR.C=90~ ~,TN ) (11 

with which the required design life must be repeated, depends on the confidence level (C = 90 % 
is considered to be sufficient), the number of  tests n, and the expected life scatter 

TN = 1 : (N i0%/Ngovo ) (2) 

of  a particular component, which is assumed on the basis of  experiences with variable amplitude 
fatigue tests, e.g., TN = 1 : 4. In Gaussian statistics, the scatter TN is related to the standard 
deviation by following relation 

TN = 10 "2'56 sN (3) 

With this value, the fatigue life for a required theoretical probability of  failure 

Pf* = 1 - Ps (4) 

of  the fatigue life curve is calculated 
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The risk-compensated fatigue life for a required theoretical probability of failure Pf* of the 
fatigue life curve reads 

L .,p, =50"/, 
(6) 

L• JR,c " JN 

The total theoretical probability of failure Pf of  a component results from the interaction between 
the probability Pf* and the probability of occurrence Po of the spectrum 

Pe < Po" Pf* (7) 

Figure 22 displays a fatigue life assessment of the driving shaft of a gearbox [27] under 
consideration of few durability tests under spectrum loading. The question to be answered was: 
how many times can the load sequence for one life cycle (250 000 km) be applied without 
exceeding the theoretical probability of failure Pf = 10 -5 [27]? 
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FIG. 22 Safety analysis of a drive shaft. 

Conclusions and Outlook 

The proper design of components subjected to variable amplitude loading requires the design 
spectrum and the strength properties, i.e., Woehler- and Gassner-curves. While today service 
load-time histories can be reconstituted and experimentally simulated fairly well, the most 
critical part of variable amplitude fatigue design remains the fatigue life assessment. Presently 
used damage accumulation hypotheses, which originate most commonly from the Palmgren- 
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Miner Rule, reveal a high and unacceptable scatter of the real damage sum and result in unsafe 
fatigue life estimations. This fact makes experimental validations inevitable, especially for safety 
critical parts, because of the safety and liability requirements. 

The present unsatisfactory state of the fatigue life prediction process requires new and 
unconventional solutions (e.g., the use of constant amplitude data, which are based on a very 
different physics of damage) to be given up. On the other hand, it is clear that spectrum intensity 
and damage accumulation lead to failure, so means to reduce them and to increase the fatigue life 
and the reliability of structures should be developed. In the future, for many components and 
structures, these improvements will be realizable by the development and application of adaptive 
smart materials [29] with sensor - and actuator - functions (Fig. 23). The main requirement and 
challenge for these new materials will be longer durability and functionality than the structures 
on which they are applied. 

FIG. 23 Adaptive elements for reduction of spectrum intensity on steering and chassis 
components. 
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Role of Variable Amplitude Fatigue Standards in Improving 
Structural Integrity 
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Amplitude Fatigue Standards in Improving Structural Integrity," Fatigue Testing and 
Analysis Under Variable Amplitude Loading Conditions, ASTM STP 1439, P. C. McKeighan and 
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ABSTRACT: Fatigue failures of structural components continue to be a serious concern to the 
well-being and economics of our worldwide society because the majority of all such components 
fail by this mechanism. If some of these failures could be prevented through better design with 
our understanding of how materials behave, it would have a major impact on the economics of 
society. 

American Society for Testing and Materials International (ASTM) Committee E08 on 
Fatigue and Fracture, International Organization for Standardization, Technical Committee 164, 
Subcommittee 5 (ISO/TC164/SC5) on Fatigue Testing of Metallic Materials and other relevant 
committees interested in the fatigue phenomena are involved in developing standards for testing 
and analysis under variable amplitude loading. Currently no variable amplitude fatigue testing 
standards exist. The organizational structures of some committees are provided along with 
examples of variable amplitude fatigue failures. There is some interaction between ASTM, 
European Structural Integrity Society (ESIS), and ISO, and it is hoped that additional interaction 
will occur so that all of the vast knowledge on fatigue from around the world may be focused to 
develop standards that will benefit everyone. 

To demonstrate the need for such international standards, several examples of variable 
amplitude-type failures are presented and discussed. As a result of such failures, there is an 
obvious need to translate the constant amplitude and variable amplitude laboratory test data into 
the design of real structures. 

KEYWORDS: Fatigue, constant amplitude, variable amplitude, endurance limit, standards, 
AFNOR, ASTM, ANSI, ECISS, ESIS, ISO, structure integrity 

Introduct ion  

The economic benefits o f  improving the structural integrity o f  the equipment and 
components  being built today can be immense! In the early 1980s, the National Bureau 
o f  Standards issued Special Publication 647 that assessed the costs to the United States 
for material fractures for a single year (1978) [1]. The estimated total cost was $119 
bil l ion dollars per year (1982 dollars) or 4% of  the Gross National  Product. The 
publication authors bel ieve that almost  1/3 ($35 billion per year) could be saved through 
the use o f  currently available technology and almost another 1/4 ($28 billion per year) 
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could be saved through fracture-related research. It was concluded that these savings 
could be realized by reducing the uncertainty related to structural design through better 
lifetime predictions of structural performance from material properties, better process and 
quality control, in-service monitoring, and decreased materials variability. The $119 
billion per year cost of fracture includes all sectors of the economy including: 
automotive, aircraft, building construction, petroleum-refining, etc. Since that report was 
written (20 years ago), it is hoped that some of these savings have resulted. The authors 
of this paper are not aware of any follow-up report(s) that documents the current cost of 
material fractures. It is believed, through education and material testing standards, that 
some material fractures have been avoided, thereby reducing this $119 billion dollar/year 
cost estimate. However, some failures or fractures will still happen simply due to human 
error and other non-controllable occurrences. 

Material testing standards that result in reproducible fatigue data assist our 
understanding of how materials behave under fatigue loading situations, and provide the 
basis for improvements in designs. Fatigue loading on most, if not all, structural 
components is variable amplitude and not constant amplitude. In spite of this, the vast 
majority of the material testing is conducted at constant amplitude and all of the current 
testing standards (e.g., Association francaise de normalisation (AFNOR), American 
Society for Testing and Materials (ASTM), British Standards Institution (BSI), Deutsches 
Institut fur Normung (DIN), European Committee for Iron and Steel Standardization 
(ECISS), European Structural Integrity Society (ESIS), and International Organization 
for Standardization (ISO)) on fatigue methodology deal only with constant amplitude 
loading. 

In order to understand correctly variable amplitude fatigue effects, it is obvious that 
constant amplitude fatigue behavior must first be understood. 

Fatigue Failures 

Some fractures are more noteworthy than others are, but all contribute to this 
economic loss. The Aloha Airline Flight 243 plane that suddenly became a convertible 
during flight on April 28, 1988, is shown in Figure 1 [2]. Reportedly this fracture was 
driven by the number of flights (pressurizations) that the plane had experienced, such that 
small fatigue cracks were growing within the fuselage until, on the critical last flight, the 
cracks became unstable and grew to failure. Airplane fuselages typically experience a 
fatigue cycle as a result of every flight due to pressurization of the interior of the fuselage 
and the depressurization after the flight. In 1954, there were two high altitude 
catastrophic failures of British airplanes design known as the Comet. The Comet was the 
first jet powered passenger airplane. One Comet crashed in 1954 into the Mediterranean 
Sea just four days after an inspection. The team investigating these accidents concluded 
that small fatigue cracks originated from sharp re-entrant window comers in the 
fuselages. The fatigue loading cycle was again the pressurization of the airplane [3]. 

Another example of a fatigue failure that was less dramatic, but still very important 
and very expensive in terms of lost production, was a drive shaft that failed at a 
continuous hot rolling stand in 1980 at a French steel plant. This fracture surface is 
shown in Figure 2. Major cyclic loads were generated when the steel strip entered and 
exited the roll stand and minor cyclic loads were generated during rolling due to the 
irregular shape of the strip (e.g., seams at the strip edges). High cyclic loads might be 
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generated by slight changes of the strip shape and therefore produce fatigue stresses in 
the shaft. 

FIG. 1--Aloha Airlines Flight 243, April 28, 1988. 

FIG. 2--Broken shaft in a roll stand, the shaft diameter is 900 mm (courtesy of  
J. P. Bertrand, IRSID - Steel Processing R&D Center of  the ARCELOR Steel Group). 

The shaft, being directly connected to the rolls, was subjected to the cyclic loads 
without any damping. It was also loaded mainly in rotating bending and torsion. This 
roll stand had been in service for 20 years without any trouble. Then, after a regular 
maintenance inspection, the shaft failed 18 months later. During that 18-month period of 
additional operation the electric power needed for roiling was 20% greater than before 
the inspection. During the maintenance and inspection, the steel production process also 
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changed: ingot casting was replaced by continuous casting. Since rolling slabs produced 
by a continuous caster are harder than rolling slabs formerly produced from ingots, the 
cyclic load amplitudes at the rolling stand had increased substantially. This would 
explain the fatigue failure after a short time as well as the rise in electric power 
consumption needed for strip rolling. The sequence of cyclic loads generated by strips 
entering, leaving, and to a lesser extent, passing through the roll stand is a typical 
example of a variable amplitude stress history leading to complete fracture of the 
component. 

The cost of this shaft was approximately 1,500,000 French francs (228,600 s or 
$200,400 US). It should be noted that the cost of an eight-hour production loss and the 
repair cost of the roll stand should be added to the abovementioned component cost to 
obtain the global cost of  such a failure. 

No paper on variable amplitude fatigue would be complete without showing at least 
one railroad fracture, given the history of the subject. In the late 1970s, a series of  train 
trucks that support the commuter train were experiencing surface cracking in a number of 
different components attached to these trucks. The railroad axles were not cracking, but 
most of the other items associated with these trucks were cracking. Figure 3 shows a 
complete truck after the commuter train had been removed. Fortunately, these cracks 
were detected and the cracked trucks were removed from service before any serious 
injuries had occurred. The issue was to identify the cause of the cracking and whether it 
was a result of  unanticipated loading from the rail tracks or due to the trucks being under- 
designed. Repair and/or replacement of a large fleet of these trucks were very expensive, 
as much as $72 million US. The conclusion of this investigation was that these trucks 
were failing due to the unmeasured, variable amplitude loadings. During the design stage 
of this project the variable amplitude loading was experimentally measured with strain 
gages placed at "critical locations" on the truck frame. Unfortunately, the data was 
filtered to eliminate what was believed to be electrical noise from the strain gage signals. 
By filtering the data, they missed the exceptionally large impact forces and the trucks' 
response to those forces. Subsequently, the engineers designed the trucks to the reduced 
measured forces, and the trucks failed by fatigue and crack propagation because of the 
unmeasured high impact forces. This latest example is included to emphasize the point 
that proper reduction of experimental field data in a variable amplitude history is 
extremely important. 

Lifetime Predictions 

One of the most famous early researches on fatigue was performed by August Wohler 
in Germany on railway axles in the 1850s. He systematically conducted constant 
amplitude fatigue tests on railway axles and showed that below a certain cyclic stress 
amplitude the axle would not fail. This introduced the concept of the "Fatigue Limit" or 
"Endurance Limit." Thus, Wohler has been called the "Father" of fatigue research [4]. 
Then Palmgren in 1924 and later Miner in 1945 suggested that a linear cumulative fatigue 
damage criterion could be used for variable amplitude fatigue lifetime predictions using 
as input the constant amplitude material property data. This linear fatigue damage 
criterion is now recognized as the Palmgren-Miner Rule. Although this rule has some 
shortcomings, it remains an important tool in fatigue life prediction under variable 
amplitude loading after more than 50 years. 
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FIG. 3 - - T r a i n  truck with commuter  train remove& 

One of  the important issues in design of  structures subjected to variable amplitude 
fatigue is the "Endurance Limit." If  al__!l of  the cycles in a stress history are below the 
"Endurance Limit," then it is presumed that the structure is not going to fail by fatigue. 
However, in the presence o f  an occasional large stress or strain cycle, Brose, Dowling, 
and Morrow [5] showed that a stress cycle slightly above the "'Endurance Limit" will 
contribute significantly to the fatigue process and result in a non-conservative estimate of  
fatigue life. In fact, they showed that the "knee" in the S-N curve is completely 
eliminated by an occasional overstrain that is quite common in a variable amplitude 
history. 

The most accurate way to do variable amplitude fatigue life prediction is to subject 
the exact structure to the exact service loads in the laboratory until the structure fails. 
This approach is extremely expensive and time consuming. A less expensive and more 
expeditious approach is shown in Figure 4. One starts by directly measuring all of  the in- 
service forces and then analyzes the data using a cycle counting procedure such as "zero 
crossing up" or "rain flow." From this one can generate a cumulative exceedance 
diagram and then divide the data into programmed blocks or develop a transition matrix 
that points are drawn from in a random manner. After this, some engineering judgment 
can be applied to eliminate most of  the "non-damaging" occurrences. This edited 
information is then used as input to subject a laboratory fatigue specimen to these cyclic 
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loads. These results are then used to closely approximate the projected life of the 
structure. 
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FIG. 4---Flowchart for collecting variable amplitude loading data and converting it into 
input data for conducting laboratory variable fatigue tests. 

Even this approach can be costly and very time consuming. Therefore, several 
"standard" variable amplitude-loading histories have been developed, such as CARLOS, 
TWIST, and WASH, for the automotive, aircraft and offshore industries respectively. 
Using these standardized loading histories on different materials, the designer can make 
use of the information without actually conducting a fatigue test himself. The designer 
will still have to establish which standardized loading history best represents the service 
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loading for the structure under study and the conversion in lifetime between the actual 
service loading and the standardized loading history that was selected. Therefore, 
standardizing how in-service data is converted to programmed blocks or random draw, 
and standardizing loading histories so the results are valuable to a large group of 
designers, will help reduce design costs. 

Developing a good standard is difficult and quite time consuming. If the test standard 
is too loose, the resulting data will have additional scatter. I f  the standard is too tight, the 
cost of the resulting data will be too great and fewer people will actually conduct the 
tests. For the fatigue and fracture community, a number of  different countries and 
regions have their own organizations developing standards. For example, there is the 
Japanese Standards Association (JSA) in Japan, AFNOR in France, American National 
Standards Institute (ANSI), ASTM, Society of  Automotive Engineers (SAE) in the 
United States, and ISO. Each organization is different and in this paper, the authors will 
provide only the structure of the French, European Union, ASTM International, and ISO 
standardization systems. Unfortunately, there are no current standards concerning 
variable amplitude fatigue testing. This situation most likely reflects the idea that not all 
of the variables that affect the resulting data are clearly understood. A standard can only 
be developed after most, if  not all, of the variables are understood. 

French Standardization System 

AFNOR is the official French standardization institute like BSI in England or DIN in 
Germany, for instance. AFNOR manages the whole French standardization process and 
acts on behalf of corporate sectors and French governmental institutions (mainly Ministry 
of Industry, Ministry of  Agriculture, Ministry of Health, Ministry of Transportation, etc., 
as well). The French standardization system is shown in Figure 5. 

Ministry of Mlnlstl~/of ] 
Industry .., / 

I ].-- . . . . . . . .  
I 

A F N O R  [ 
French Standards Assoc ia t ion 

J 
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FIG. 5--French Standardization System. 
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Standardization offices specialized in various industrial sectors do the technical work 
within standardization committees, which gather experts representing companies, state- 
owned institutes, universities, etc. Each company or institution counts for one vote. 
Consensus is reached upon a majority rule but negative votes are taken into account and 
committee chairmen always try to reach agreement through compromise arrangements. 
Each standardization office is dedicated to an industrial sector, for instance: Union de 
Normalisation de la Mrcanique (UNM) for mechanical engineering, Bureau de 
Normalisation de l'Automobile (BNA) for automotive, Bureau de Normalisation de 
l'Arronautique et de l'Espase (BNAE) for aerospace, Bureau de Normalisation de la 
Sidrrurgie/Bureau de Normalisation des Tubes d'Acier (BNS/BNTA) for steel. AFNOR 
has its own standardization office responsible for general standards (statistics, metrology, 
waste management, environment, etc.). Like others, BNS and BNTA (BNS for steel and 
BNTA for steel tubes and pipes) manage many standardization committees dedicated to 
steel products (carbon flat and long steel products, stainless steels, tubes, etc.). There is 
one standardization committee devoted to mechanical testing of metals and concerns all 
metallic materials, not only steel. 

The standardization committee on mechanical testing of metals is the French mirror 
committee of the European Committee for Iron and Steel Standardization/Technical 
Committee 1 (ECISS/TC1) and of the International Organization for 
Standardization/Technical Committee 164 (ISO/TC164). It is divided into working 
groups, each specializing in one type of mechanical test: tensile, hardness, impact, and 
one working group on both fatigue and fracture mechanics. The standardization working 
groups on fatigue and fracture works in cooperation with fatigue working groups of the 
French materials society SF2M and the CCRS-Fatigue Committee, which is the French 
mirror committee of IIW-Commission XIII (Fatigue Commission of the International 
Institute of Welding). 

European Union Standardization System 

European standards are produced by three institutions: European Standardization 
Committee (CEN), European Committee for Electricity Standardization (CENELEC), 
and European Telecommunications Standards Institute (ETSI). The last two deal with 
electricity and telecommunications respectively while the first deals with everything else. 
Figure 6 shows the details of the European Union Standardization System. 

The three institutions work in close relationship with the European Commission; 
especially, when the Commission orders the institutions to produce harmonized 
standards, which are standards, related to European Directives, and therefore become 
mandatory within the European Union (EU). CEN manages technical committees 
(CEN/TCs) specialized in technical aspects in a wide variety of sectors, both industrial 
and non-industrial (e.g., agriculture, banking, environment). However, two Associated 
Standards Bodies act on behalf of CEN, which are AECMA for aerospace and ECISS for 
steel. Those Associated Standards Bodies were founded to support the intensive intra- 
European cooperation in aeronautics and steel making. In the case of steel, ECISS had 
been initiated by European Community for Steel and Coal (ECSC) and contributes to 
intra-European free trade of steel products, which had been the main aim of ECSC. 
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FIG. 6--European Union Standardization System. 

ECISS manages technical committees (ECISS/TCs) similar to the CEN/TCs. Among 
the TCs, ECISS/TC1 is responsible for mechanical testing of  metals. ECISS/TC1 is in 
charge of  drafting standards about tensile, hardness, impact testing, and other monotonic 
tests. ECISS/TC1 does not work on fracture and fatigue since work on these items is 
already done by ISO/TC 164/SC4-F and SC5, respectively. 

When CEN needs a standard on fatigue or fracture mechanics, the Vienna Agreement 
between CEN and ISO applies. So far, the Vienna Agreement has been used once to 
adopt at the European level, international standard ISO 12737 about Ktc determination 
that therefore became EN ISO 12737. European standardization conducted by CEN is o f  
utmost importance because once a European standard is ratified; all EU Member States 
have to incorporate it into their own national collection of  standards replacing the 
national standards dealing with the same subject. In other words, these national standards 
are automatically withdrawn and replaced by the European Standard. 

ASTM International Standardization System 

ASTM started in 1894 by specializing in the testing of  materials, especially 
mechanical tests. It has expanded the areas it covers since then and recently changed its 
name and logo and is now known as ASTM International with a tag line of "Standards 
Worldwide." Materials and testing standard development is performed within the ASTM 
International technical committees and subcommittees in a similar way as in CEN, 
ECISS, or ISO, with some key differences. Three key differences are: any technical 
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expert can join and participate within ASTM International from any country; technical 
expert represents himself, not his country or his company; and one negative vote can stop 
a document from becoming a standard. The ASTM International standardization system 
is totally voluntary and members do not receive compensation for attending or 
participating in standards development. There are other standards development 
organizations (SDOs) in the United States; most are dedicated to main industrial sectors. 
These SDOs are like the French Standardization Offices but at a much greater scale. 
There are ASTM, ASME, SAE, API, and IEEE, which work on materials and testing, 
mechanical engineering, automotive and aerospace, and petroleum and electronics, 
respectively, among the most famous SDOs. The American National Standards 
Institution (ANSI) of the United States like AFNOR is for France, DIN is for Germany, 
and BSI is for England. 

The Fatigue and Fracture Committee (E08) has eight subcommittees as shown in 
Figure 7. Variable amplitude fatigue activities are occurring within E08.04 on 
"Structural Applications" and E08.05 on "Cyclic Deformation and Crack Formation." 
Subcommittee E08.05 does have a standard on cycle counting (ASTM E 1049) that is 
important to this subject, and Subcommittee E08.04 is concerned with how to separate 
those cyclic loadings that are "damaging" from those that are "non-damaging." The 
laboratory test can be conducted much faster once all of the non-damaging cycles have 
been removed. 

ISO Standardization System 

ISO standards are considered to be international standards and have been prepared to 
assist free trade across borders. ISO standards are typically a blending of national 
standards from its members (AFNOR, ANSI, BSI, D/N, etc.). The standards are drafted 
within ISO Technical Committees and Subcommittees composed of international experts 
from various countries. Organizationally the countries that join an ISO committee need 
to decide if they want to be a "P"articipating or an "O"bserving member of that 
committee. Both "P" & "O" members can send representatives to the meeting but only 
the "P" member countries have a vote. There is one vote per country. The technical 
experts that attend the ISO meetings have to be selected by their country to attend and 
they represent their country. All voting on standards is done electronically through the 
ISO website and each country either votes affirmative or negative on the standard. A 
negative vote does not stop the document from becoming a standard provided a sufficient 
percentage of the "P" member countries vote affirmative. Typically, five "P" member 
countries are required to vote affirmative for a standard to pass. To avoid duplication of 
work, ISO has made agreements with other SDOs, such as the "Vienna Agreement" with 
CEN. 

ISO/TC164 is dedicated to mechanical testing of metallic materials. The 
organizational structure of ISO/TC 164 is shown in Figure 8. Subcommittees SC1, SC2, 
SC3, and SC4 work on monotonic test methods including impact tests and fracture 
mechanics tests. 

The Fatigue and Fatigue Crack Growth Subcommittee (ISO/TC164/SC5) is the one 
committee on cyclic loading and has 13 working groups (WG) or activities as shown in 
Figure 9. WG8 is Project 12110 on "Variable Amplitude Method" of fatigue and is at 
present collecting information before they decide what standard should be developed 
first. 
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Conclusions 

Standardized test methodologies are very important and we hope through such 
standardization of variable amplitude fatigue test methods that laboratory data will be 
generated and used by people around the world. Only through such standardization, can 
meaningful intra- and inter-laboratory results be cross-correlated and readily references 
with some semblance of continuity and meaning. 
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A Framework for a Standardization Effort for Fatigue Crack 
Growth Testing Under Variable Amplitude Spectrum Loading 

ABSTRACT: Fatigue crack growth testing under variable amplitude loading conditions is currently not 
standardized. Without standardization, the methods and techniques applied by different laboratories vary, 
and as such, lab-based bias can occur readily. The goal of this paper is to discuss in detail the experience 
developed and lessons learned during years of spectrum crack growth testing. Issues concerned with 
specimen geometry, crack geometry, precracking methodology, crack length measurement, spectrum 
content, load magnitude control, and interpretation of results are addressed herein. Although the ASTM 
Standard Test Method for Measurement of Fatigue Crack Growth Rates, E 647, provides guidance that is 
useful to this test, the specialized nature of spectrum testing does provide its own unique set of issues 
different from da/dN versus AK testing. 

KEYWORDS: fatigue testing, crack growth testing, variable amplitude loading, spectrum loading, 
standardization 

Introduct ion  

Of the major types of fatigue testing currently performed by laboratories all over the world, 
fatigue crack growth testing under variable amplitude, spectrum loading conditions remains one 
test without any unified standardization. The advent of state-of-the-art digital servohydraulic 
controllers in the laboratory has provided further tools making this type of test possible for a 
wider range of laboratories. However, there are some specialized concerns during spectrum 
crack growth (SCG) testing that make the results obtained for this test critically dependent upon 
the conditions applied. 

Without standardization, the methods and techniques applied by different laboratories vary, 
which inevitably introduces lab-based bias in the crack propagation results obtained from these 
types of tests. Some of the most relevant issues that require some industry standard guidance 
include: specimen geometry, precracking load levels, load control methodologies, crack length 
measurement method(s), crack geometry, character of the load spectrum, and load spectrum 
editing. Consequently, standardization can assist by ensuring that (a) the test community is at 
least aware of the issues, and (b) lessons learned during past testing are applied so as to minimize 
the possibility of laboratory-based bias. 

If we assume that spectrum crack growth testing should be standardized, the next question is 
what form should this standardization take? ASTM standardization documents include the 
following: standard specification (usually materials and the like), standard terminology (terms, 
definitions, or abbreviations), standard classification (materials, products, systems, or services), 
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standard test method, standard practice, and standard guide. Spectrum crack growth testing 
would nominally fall under one of the last three; however, the standard test method and practice 
are both specifically "definitive procedures." Since the SCG test is driven by the specific details 
of the application and as such must be broad and loose in definition, it is believed that the 
standard guide is the best approach. A standard guide is defined as a series of options or 
instructions that does not recommend a specific course of action. 

In this paper, the issues related to standardization are explored, and, where possible, 
candidate recommendations for standardized guidelines are provided. These recommendations 
are based upon suitable fracture mechanics and fatigue calculations as well as empirical lessons 
derived from standard testing practice over many years of performing these types of tests in the 
Southwest Research Institute (SwRI TM) Solid and Fracture Mechanics Laboratory. The content 
of this paper is intended as an initial draft or starting point for an ASTM standard guide for 
spectrum fatigue crack growth testing. 

Motivation for Performing SCG Testing 

The usual reason for performing spectrum fatigue crack growth tests is to evaluate whether a 
given component can maintain its structural integrity under service-loading conditions. In the 
context of this discussion, "component" refers to a simulation of the actual hardware or, if the 
geometry is sufficiently simple to be gripped in a uniaxial frame and loaded as desired, the 
hardware itself. Inevitably, the results from a spectrum crack growth test are used in a damage 
tolerance analysis (DTA). Damage tolerance is the ability of a structure to sustain defects or 
cracks safely until such a time that action can be taken to eliminate the cracks [1]. In other 
words, it is the capability of a structure to resist failure and operate safely with damage (e.g., 
fatigue cracks) in the primary structure. Primarily as a consequence of cracking issues with the 
F-I 11, the United States Air Force adopted the damage tolerance methodology for airframe 
design in the early 1970s [2]. 

During a durability and damage tolerance assessment, the goal is to (a) determine the effect 
of a crack on the strength of the structure, (b) calculate the amount of crack growth as a function 
of time under variable amplitude loading, and (c) determine the inspection threshold and 
intervals required to operate the structure safely. Due to the complex and multi-faceted nature of 
a DTA, it is essential to perform some type of validation of the process. In this context, 
validation refers to the process of demonstrating that predictive models produce results that agree 
with observations from relevant experiments (e.g., coupon or full-scale tests) and real-world 
experience (structural teardowns) 2 [3]. Often, part of a validation exercise includes some type of 
calibration whereby empirical parameters in the model are adjusted depending upon the results 
obtained. 

Validation and calibration of the DTA process is essential due to the complexity of the 
process and the large number of different models included in the process, for instance: 

�9 loads model (spectrum) 
�9 stress analysis model (finite element models) 

z This is in contrast to verification, which is the process of demonstrating that predictive models work as intended 
by comparing to relevant analytical solutions or limiting eases where answers are known. Verification demonstrates 
that a model is solved correctly; validation demonstrates that the model correctly predicts the results of experiments 
or service experience. 
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�9 fracture mechanics model (stress intensity factor solutions for different crack geometries) 
�9 crack growth model (method to characterize the da/dN versus AK data) 
�9 integration model (crack growth software) 

Each of these different models possesses its own inherent fidelity, and increasing the accuracy of 
the overall DTA process depends upon optimizing the performance of each independent model. 
Practically, this is often achieved by calibrating DTA results to experimentally measured data. 

Perhaps the clearest need for calibration during the DTA process occurs when the load 
spectrum causes crack growth retardation. The earliest DTAs (for instance, that used for the F- 
111) employed a Wheeler model [4] to predict retardation following an overload. An integral 
part of this model is an empirical constant determined by comparing life predictions with results 
from spectrum load tests. Critical inputs into the DTA include the relationship used to describe 
the crack growth properties. In fact, using normalized damage models for calculating crack 
growth rate on a flight-per-flight basis, including sequence effects, allows separation of material, 
geometry, and stress parameters during the DTA [5,6]. 

Following the initial development of the DTA design process, there was a flurry of activity 
concerning fatigue crack growth behavior under spectrum loading conditions [7 10]. 
Nevertheless, this issue has been of  less interest for the past 20 years as DTA has evolved past 
the aerospace sector and into Transportation as well as Oil and Gas Industries. During this 
period, laboratories have been quietly performing DTA validations and calibrations using 
unproven methods and techniques with few common forums available to share lessons learned. 

Features of SCG Testing 

In the absence of any other guideline, the basic requirements of the ASTM fatigue crack 
growth standard, Standard Test Method for Measurement of Fatigue Crack Growth Rates (E647- 
00), should be maintained. However, spectrum crack growth testing typically encompasses a 
broader range of topical issues as compared to standard fatigue crack growth testing where da/dN 
and AK are measured and controlled. 

Specimen Configuration and Preparation 

The goal of the geometry used during SCG testing is to capture the salient features of the 
overall geometry of the structure or hardware under evaluation (shown in Fig. 1) without 
creating a situation that cannot be modeled adequately using damage tolerance philosophies. A 
structure is typically examined and fatigue critical locations defined as shown in Fig. 1. It is 
critical that the test specimen geometry be relatively simple to ensure that the DTA model can be 
calibrated appropriately using the experimental test results. As such, the level of complexity of 
the test specimen (also called coupon) is often limited by what can be accommodated in the 
crack growth design software. 
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FIG. 1 Schematic of actual aircraft geometry simulated during SCG testing. 

Some geometries used in the past are shown in Fig. 2. A common feature of these 
geometries is the stress concentration (hole or geometry change) where cracks nucleate. In the 
case of Fig. 2a and b, cracks initiate and grow from features that model an aspect of the actual 
component geometry. The most common case of a crack growing through the short ligament of 
a fastener hole is shown in Fig. 2c. In addition to capturing the salient geometric features, the 
test geometry also must capture relevant detail for how the crack will grow in the structure. In 
the case of Fig. 2a and b, the type of crack is quite different; it grows as an edge crack in Fig. 2a 
as opposed to a surface crack in Fig. 2b. 

A more complex 1-1/2 dogbone joint geometry is indicated in Fig. 2d. Testing built-up joints 
is a challenge in the laboratory. It is essential that a sufficient number of strain gages be placed 
on the joint geometry to ensure that the load path and secondary bending are characterized fully. 
Results from these strain gages often can be correlated to finite element analyses or theoretical 
load transfer calculations to ensure that the modeled behavior is consistent with that observed in 
experiments. Load train stiffness, specimen length (for joint specimens, especially), hydraulic 
actuator concentric tolerances, and inherent grip features can all contribute to large differences in 
the applied moment, which has a large effect on secondary bending and to some extent load 
transfer. Despite these challenges, the complexity of  a typical built-up structure necessitates 
joint testing capability. An excellent AGARD reference [11] is available for candidate joint 
geometries, detailing their overall mechanical response and providing results from an extensive 
round-robin test program with eight laboratories. 

Unfortunately, there is no universally applicable specimen geometry for a given fatigue 
critical location. The optimum geometry is a judicious selection balancing realistic modeling of  
the actual structure with practical laboratory considerations. However, it is always good policy 
to ensure that the specimen is loaded as expected. This is ensured by strain gaging an uncracked 
sample and measuring strain levels while loading to 80 100 % of the peak load. As a minimum, 
this provides sufficient confidence that the boundary conditions applied to the specimen are 
consistent with expectation. 

In addition to strain gaging the specimen, it is also common to polish the specimen 
metallographically in the region where the crack is expected to grow to aid in making visual 
crack length measurements. 
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FIG. 2 Different specimen geometries including (a) an edge crack at a radius, (b) a surface 
crack near a scalloped detail, (c) cracking from the edge of  a fastener hole, and (d) multiple 
layer joint simulation with low levels o f  load transfer. 

Crack Geometries 

The vast majority of cracks during SCG testing are initiated from a thin electric discharge 
machined (via EDM) notch. Nevertheless, in some cases, especially when the desired starting 
crack length of a test is small, it is desirable to have a freely initiating crack (e.g., one not created 
at a notch deliberately placed in the coupon). For instance, if the starting crack length from the 
edge of a hole during a test is on the order of 0.127 mm (0.005 in. or 5 mils), an effective way to 
do this is to machine an undersize hole, put in a typical EDM crack starter, precrack the 
specimen, and then use a stepped reamer 3 to carefully drill the hole to the full size. What results 
is a very small crack; on the order of 0.127 0.254 mm (5 10 mils) is fairly typical. 

However, when performing this exercise, care must be taken to ensure that (a)during the 
reaming process plastic upset is not caused to the crack, (b) the loads are sufficiently low during 
the initial precracking that the plastic zone at the tip of the small crack is sufficiently small for 
the new initial loading conditions, and (c) the crack tip environment is not altered by cutting 
fluids, cleaners, oils, etc. Prior to taking data, it is not uncommon to "freshen the crack" a bit by 
fatigue cycling at low constant amplitude loads to get the crack growing again. 

Four different EDM crack starters are shown in Fig. 3. The most common equilateral comer 
crack at the edge of a through hole is shown in Fig. 3a. Provided the thickness of the specimen 
is not too large relative to the hole diameter, this type of  notch can be created with a wire EDM 
machine. Sometimes it is not possible to EDM the starter notch, and a jeweler 's saw or even a 
razor blade is used to create an initial notch. Nevertheless, the remaining three notches in Fig. 
3 b d  were created with sinker (e.g., plunge) EDM. In the case of the surface crack, Fig. 3b, the 
starter is a triangular notch pointing through the thickness, whereas in Fig. 3c and d, the EDM 
tool left a semi-circular notch. Using a semi-circular notch provides some nominal control over 

3 A stepped reamer has an initial tip diameter equal to the undersize hole diameter gradually flaring to the full 
diameter of the hole. Hence, the initial portion of the reamer guides through the pilot hole, and material is equally 
removed around it with the flared portion of the tool. These special order tools are available in any custom desired 
dimensions. 
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the aspect ratio (defined by the ratio of  the crack surface length to depth) immediately after the 
crack initiates. Additional detail regarding surface flaw notch creation is contained in the 
Standard Practice for Fracture Testing with Surface-Crack Tension Specimens, E 740. 

FIG. 3 Different types o f  crack starter notches f o r  part-thru cracks including (a) corner at 
a hole, (b) surface, (c) corner at a countersink, and (d) corner on a radiused lug edge. 

Aspect ratio is relatively difficult to control in SCG coupons. Generally the microstructure 
or texture of the material, inherent stresses in the part, or the shape of the overall geometry itself 
controls the aspect ratio of the crack. Sometimes the aspect ratio is stable, whereas other times it 
changes continually during a test. The aspect ratio of  the growing fatigue crack is a critical 
parameter during this type of testing. It is probably the clearest and most obvious contributor to 
scatter in spectrum crack growth tests, assuming a significant portion of the life is spent growing 
a part-through crack. Crack aspect ratio should be measured during or after testing through the 
use of marker bands, heat tinting, or metallurgical examination after the test. 

Precracking Methodologies 

The E647 guidelines 4 for precrack length are generally too restrictive for spectrum crack 
growth testing. For aircraft applications, the spectrum test generally starts at a crack length of 
1.27 mm (0.050 in.). The usual approach is to create a fatigue crack extending from the EDM 
notch that is equal to the width of the notch (on the order of 0.25 mm or 10 rail). 

Regardless of whether the crack is naturally initiating or growing from an EDM notch, 
constant amplitude loading is typically used to precrack the specimen prior to spectrum loading. 
Although it is not unheard of to precrack the specimen under spectrum loading conditions, this is 
less common although probably more rigorously accurate from the viewpoint of what the service 
hardware experiences. The magnitude of the precracking load is typically controlled as a 
percentage of the peak load in the cycle. An approximate rule of thumb is to start precracking at 
a constant amplitude low r-ratio with the maximum load 50 % of the peak spectrum load. Higher 
levels for more benign spectra on the order of 80 %, and on rare occasions 100 % of the peak, 
have sometimes been necessary due to an absence of  crack growth. 

The argument for being able to precrack at these high load levels is as follows. After one 
pass through the spectrum, peak loads higher than the precrack load level will have been applied. 
Therefore, if anything should be discarded, it should possibly be the first portion of the spectrum 
pass before the peak load is achieved. Although simple in concept, unfortunately we know that 
sustained cyclic loading and crack growth at a certain load level will create crack closure 

4 The ASTM E 647guidelines require a precrack length equal to the greater of(a) 10 % of the thickness, (b) the 
width of the EDM notch, or (c) 1 mm (40 rail). 
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conditions different than if the crack had grown under variable amplitude loading cycles. 
Nevertheless, as with many aspects of a spectrum crack growth test, the practicalities of 
generating data in a finite amount of time trump the theoretical arguments. 

Some of the newest analytical modeling tools for crack closure (FASTRAN) could prove 
beneficial for understanding the role of  precrack level on the response of the material under 
spectrum loading conditions. In the absence of this information, there are some relatively 
straightforward methods that could be applied to determine the precrack load level. In a 
subsequent section discussing the spectrum loading, a method is described that can be used to 
determine the critical cycles that are the most damaging in the full spectrum. Consequently, the 
most critical cycle magnitude could be used to define the maximum possible constant amplitude 
level suitable for precracking. 

Crack Length Measurement 

Variable amplitude fatigue cycling creates some challenges with regard to the conventional 
methods of  non-visual crack length measurement. As a consequence of this, it is critically 
important to ensure and validate crack length data with periodic visual crack length measurement 
(using a conventional traveling microscope and vernier scale). Since the primary end result of a 
spectrum test is the crack length versus cycle count data, it is essential to use care and maximize 
accuracy when measuring crack length(s). 

At SwRI, we perform visual crack length measurement continuously and throughout the 
spectrum test if possible. Admittedly, this does increase the amount of time that a test takes; 
however, experience has shown that this is the most effective method of  recording crack length. 
Although it may seem a bit archaic to emphasize visual crack length measurements, there are 
some specific reasons for why potential drop and compliance (the two most popular forms of 
non-visual crack length measurement) can be problematic to implement during SCG testing. 

Perhaps the most obvious reason is that the cracks created during spectrum tests are rarely 
thru-thickness cracks. Inevitably, a crack length measurement is desired in two dimensions; for 
example, on the face of the specimen and along the bore of the hole. Custom mirrors created by 
polishing drill rod at 45 ~ angles have proven effective in making bore hole measurements of 
crack length. Even when the crack does transition from part-through to completely through- 
thickness, it is typical for asymmetry to exist between the front and back face crack length 
measurements. Typically, this asymmetry continues until specimen failure without the short 
crack length side ever catching up to the longer side. 

The second reason why non-visual crack length methods are difficult to implement is that the 
specimen geometry is rarely ever sufficiently standard to have either PD or compliance 
calibrations available. A close examination of the various geometries shown in Fig. 2 clearly 
illustrates this with unusual geometric cut-outs and thickness changes. The third reason is that 
the range of crack length measurement typically required during spectrum crack growth tests is 
quite large. For example, it is not uncommon to desire measurements from 0.64 64 mm (0.025 
2.5 in.). Even the most robust non-visual crack length measurement technique would have 
difficulty coping with two orders of magnitude change in crack length, ensuring that sufficient 
sensitivity, repeatability, and resolution were available throughout. 

Although visual crack length measurements overcome many of the challenges during 
spectrum fatigue crack growth testing, they are not possible for all specimen geometries. For 
example, consider the case of the multiple layer joint when the crack grows in a layer obstructed 
from view by another layer. In this situation, indirect potential drop can be used by adhesively 
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bonding KRAK | gages (Hartrun Corporation, St. Augustine, FL) to the specimen. On the laying 
surface of the joint that would nominally be in contact with the KRAK gage, a pocket is milled 
out to ensure that the surface does not rub the face of the KRAK gage. The depth of this pocket 
is sufficiently small (on the order of 0.5 mm or 20 mils) that it has little or no effect on overall 
joint stiffness. 

Some examples of KRAK gages on joint specimen geometries are shown in Fig. 4. The 
KRAK gage, Fig. 4b, is a pre-calibrated foil gage on a polymeric backing that is affixed to the 
metallic specimen in a similar manner to a strain gage. The foil gage cracks in parallel with the 
underlining material, and the associated FRACTOMAT ~ instrumentation can be used to measure 
crack length. KRAK gages are available that conform to the edge of a hole and have sufficient 
sensitivity to measure small cracks. Furthermore, the gages are well tailored to large changes in 
crack length. In the case of Fig. 4b, measurements are made on both the short ligament side of 
the hole as well as the longer, continuing damage side of the fastener hole. On the short 
ligament, a scrap piece of aluminum is bonded onto the side of the specimen, with a silicone 
RTV, to support the KRAK gage and wire terminals. 

FIG. 4 Indirect potential drop used to measure the crack growth on an inner layer o f  a 
multiple piecejoint (a,c). The gage on the specimen in (c) is shown close-up in (b). 

Although the advantages of KRAK gages for SCG testing are many, users are cautioned to 
ensure that sufficient physical crack length measurements are available to validate the non-visual 
measurements that are made. Regardless of which non-visual crack length measurement method 
is used, it is essential to post-test correct the data to the physical measurements [12]. Some 
issues have arisen in the past with systematic differences between physical and KRAK gage 
derived measurements. In [13], a lag on the order of  0.40 0.75 mm (15 30 rail) was observed 
for low load, crack growth in a 2xxx series aluminum alloy. The greatest challenge in using 
KRAK gages appears to be with lower yield strength (larger plastic zone size) materials at 
relatively low stress levels. In these cases, KRAK gages with thinner, more brittle backings (the 
so-called high temperature series) are recommended to ensure that the gage output tracks the 
structural response. 
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Validating KRAK gage output in blind multi-layer joint tests requires using a crack marking 
scheme whereby a deliberate loading block is applied to create an easily observed artifact on the 
fracture surface. The simplest form is to use a load fixed at near the maximum load of the 
spectrum (on the order of 70 90 %) with an r-ratio of approximately 0.85 or higher. Simple 
cyclic predictions using the Paris relationship can determine how many cycles are required to 
leave an artifact band 0.05 mm (2 mil) wide. Be aware, however, that it is not uncommon to 
apply on the order of 50K to 250K cycles of this artifact load to mark the fracture surface. 
Furthermore, some materials will mark better than others, and it is important to validate the 
process empirically before relying on it for incremental measurements. 

This deliberate form of crack marking is illustrated in Fig. 5a. Even to the naked eye, 
without a moderate to high power light microscope, the dark marker bands are evident. The 
disadvantage of this type of marking scheme is that it will potentially contribute to different 
crack tip conditions (possibly change the crack closure state) and therefore impact the growth 
rate that occurs. This is easily overcome, however, by ensuring that lives are the same both with 
and without the marking scheme applied. Moreover, it is not uncommon for the spectrum pass 
itself to mark the fracture surface as shown in Fig. 5b. However, these natural marks are difficult 
to use to discern incremental growth since it is difficult to definitively attribute the marks to any 
event or know when repeating occurs. 

FIG. 5 Illustration of  fracture surface features or crack marking for (a) 12. 7 mm (0.5 in.) 
and (b) 6.25 mm (0.25 in.) fastener hole specimens subjected to spectrum loading. 

Previous work examining the influence of different segments of the loading spectrum has 
utilized a marking scheme that leaves a feature discemable in the scanning electron microscope 
[14]. One of the most recent methods utilized by Piascik and Willard [15] uses a decreased 
minimum load segment to leave a series of deliberate sequence of marks, for instance 5-9-3. 
This allows a complete understanding of the sequence and makes determining incremental 
growth rate fairly straightforward. Again, however, readers are cautioned to make sure that 
artificial marking schemes do not influence the overall measured crack growth behavior. 

The periodicity required for crack length measurement is a function of how quickly things 
are changing. Given a conventional concave-up a versus N curve, experience has shown that the 
salient features of this response can be captured with approximately 20 50 discrete crack length 
measurements. The measurement interval varies: during the early portion of the test, crack 
length measurement intervals are on the order of 5x the base resolution of the crack length 
measurement system. As the crack speeds up, the cycle count between measurements is 
gradually reduced so that at the end of the test each crack length interval between measurements 
is on the order of 1.27 2.54 mm (0.05 0.1 in.). 
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Spectrum Content, Magnitude, and Editing 

Multiple treatises could be written addressing the issue of how spectra are measured, 
processed, and developed. Only some of the major spectrum issues will be addressed briefly 
herein. There are a number of standardized load sequences available in the literature. NLR in 
the Netherlands have recently compiled a CD that contains thirteen of the most common 
standardized load sequences including TWIST, M1NTWIST, FALSTAFF, and TURBISTAN 
[16]. A fuller listing of the different sequences available on this CD, including the application, is 
shown in Table 1. This excellent resource saves an enormous amount of time by compiling all of 
the sequences together in one single reference. 

TABLE 1 .j, L i s t i n ~ , t h e  standardspectra available on the NLR CO ~16]. 

Sequence Name AppLication 

TWIST, Mini-TWIST 

FALSTAFF, Mini-FALSTAFF 

ENSTAFF 

Cold, Hot TURBISTAN 

Helix, Helix-32 

Felix, Felix-28 

WISPER, WISPERX 

Transport aircraft wing root (lower wing skin) 

Fighter aircraft wing root (lower wing skin) 

Tactical aircraft composite wing skin 

Cold/hot section disks in fighter aircraft engine 

Hinged helicopter rotors 

Fixed helicopter rotors 

Horizontal axis wind turbine blades 

Whereas generic spectra may be useful in the absence of a specific sequence for ranking 
materials or making some other type of specialized research assessment, the majority of applied 
SCG work uses spectra supplied by customers and based upon field measurements. Two 
example spectra are shown in Fig. 6. The fighter aircraft spectrum, Fig. 6a, has a lower effective 
mean stress when compared to the civil spectrum in Fig. 6b. The civil spectrum is also 
populated by frequent ground-air-ground cycles (the vertical perturbations to slightly 
compressive loading, e.g., the aircraft sitting on the ground). Taking the time to review a given 
spectrum in this manner is useful for understanding the essential character of the loading before 
testing in the laboratory. 

The test spectra (also referred to as a "usage" or "sequence" when describing a particular 
mission mix or series of maneuvers) are often common between a given series of fatigue critical 
locations. The only modification required is a different scale factor for each. This is determined 
by a structural engineer calculating the relevant transfer functions to relate loading at the control 
point where the load is measured and at the fatigue critical locations. Although these transfer 
functions usually take the form of simple scale factor differences, stress offsets are also 
sometimes applied to the original supplied sequence. Readers are cautioned that scaling the 
spectrum is one of the most common errors that can be easily made during this type of testing. 

Sometimes an SCG coupon is unable to capture adequately a stress gradient applied to the 
real structure. For instance, if a certain mix between axial and bending load is evident and the 
form of the coupon does not simply allow the correct mix between tension and bending, an 
artificial gradient can be applied by modifying the load as the crack grows. Normally, this takes 
the form of changing the mean (set point) load incrementally every 2.5 mm (0.1 in.) or so. This 
adjustment is typically performed manually and not automatically, because an effective 
automatic crack length measurement method is problematic under spectrum loading. 
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FIG. 6 Two time history samples of (a) trainer aircrafi and (b) civil aircrafi loading spectrum 

A spectrum is typically provided where one pass equals some physical quantity: for instance, 
flights, miles, hours of operation, etc. There is an enormous number of degrees of freedom in a 
given spectrum pass. Users are cautioned, however, that if less than ten spectrum passes are 
made before the test completes, there could be potential sequence effect variables at play where 
reordering of the spectrum (e.g., changing when certain loads are applied) could make a 
significant difference in crack growth rate. It is also useful to examine graphically the spectra 
and analyze some of its features prior to performing testing. 

In addition to preparing for the unexpected, some characteristics may necessitate different 
fixtures in the laboratory. For instance, applying a spectrum with a considerable amount of 
compression (e.g., compressive load magnitude is in excess of 25 % of the peak tensile load) 
requires antibuckling fixtures to simulate stiffened, constrained structure. The purpose is to 
restrain the specimen from buckling/rotating but not overly constrain it so that test data are 
unrepresentative. 

While the nature of  the two spectra was characterized by the time history plots in Fig. 6, it is 
sometimes beneficial to characterize the usage analytically (statistically) prior to testing. Two 
methods for making this assessment are indicated for a trainer aircraft spectrum in Fig. 7 and a 
railroad tank car spectrum in Fig. 8. Also shown in Fig. 7 is a damage measure [17] obtained by 
summing the cubes of  the load ranges. This can be an effective measure of damage in the pass 
from a crack propagation viewpoint (the cube essentially comes from the Paris relationship 
slope). 

Several points are noteworthy from the trainer aircraft spectrum. The most damaging cycles 
are not the most numerous cycles, nor is the primary damage content confined to a narrow band 
of loads. The majority of  the damage tends to occur for stress ranges in excess of 70 MPa (-10 
ksi). 

The railroad tank car spectrum shown in Fig. 8 contains an enormous amount of 
compression, including a large percentage of load cycles that are full compression (e.g., never 
pass through zero load). Although there are sometimes practical reasons for ordering a sequence 
to be applied in the sequential manner indicated in Fig. 8 for full-scale structural tests, systematic 
ordering such as this (minimum load sorted with increasing maximum load) should be avoided 
for spectrum crack growth testing. Note the smallest loads in the sequence occur immediately 
after a high load, clearly not a desirable approach from the viewpoint of sequence effects and 
plasticity induced crack closure. 
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Finally, it is not unheard of to truncate the spectrum by eliminating loads that are not 
believed to be significant in the overall damage process. This often occurs with low amplitude 
cycles if the spectrum pass is inordinately long and impractical to use in the test laboratory. 
Similarly, the largest peak loads in the spectra are sometimes clipped (clipping is the process of 
limiting the peak load to some specific magnitude). The problem with either of these spectrum 
modifications is knowing a priori with confidence what the truncation or clipping is doing to the 
damage content of the sequence. Therefore, before arbitrarily performing some type of spectrum 
modification, the user is cautioned to perform some analytical modeling to justify the approach 
and some empirical testing to ensure that the resultant effect has been understood and validated 
fully. 

Load Magnitude Control 

Careful load magnitude control is one of the keys to performing a spectrum fatigue crack 
growth test accurately. This load control issue is one that the ASTM E 08.03 task group on Test 
Automation and Apparatus is currently addressing. The initial stages of a standardization 
development process are currently underway in two areas" (a)methods for validating and 
assessing control algorithms and (b) developing metrics for assessing overall performance. The 
following paragraphs briefly introduce some of the salient issues involved with controlling the 
end level magnitudes during spectrum crack growth testing. 

A recent publication [17] introduced the concept of a damage parameter for tracking 
spectrum crack growth test performance. The basic idea is that the traditional method of tracking 
missed endlevels is insufficient for determining the degree of control (good or bad) in a given 
test. Clearly, the fewer missed endlevels, the better. But how many missed endlevels is 
unacceptable? What is the impact? In an effort to address some of these issues, the damage 
parameter concept in [17] (clearly unproven and as yet not fully developed) was developed and 
coincidently is the focus of another paper in this symposium [18]. The concept of the damage 
parameter is that when a test finishes, a metric will be available that includes a real-time range 
analysis to indicate how much of the theoretical damage (e.g., crack growth) occurred with the 
imperfect load application. These types of tools have been available to the structural testers for 
quite some time and are only now being made available to the materials testers. 

There are well-established methods for optimizing system performance under variable 
amplitude loading. Perhaps one of  the most effective ways to ensure peak load performance is to 
develop a to-from correction matrix. This is essentially a two-dimensional matrix that determines 
the extent required to over- or under-drive an actuator to get from load A to load B. The 
disadvantage with this approach is that you must have tried to hit the loads once to have anything 
other than a null value in the matrix. However, experience has shown that the matrix converges 
fairly quickly, leaving only the first pass through the spectrum problematic. Although this type 
of control strategy is usually invisible to the typical user, if one is going to perform spectrum 
crack growth testing it is imperative that one fully understand how the computer control system 
ensures that the appropriate load is being applied. This is an issue that cannot be stressed 
enough. Accurate end levels and test computer control are some of the most critical issues for 
ensuring high quality spectrum test results. 

The control strategy also should be sufficiently robust in order to cope with significantly 
changing specimen compliances. Recall that this is one clear characteristic of a spectrum crack 
growth test: a range of crack lengths that vary by three orders of magnitude. The coupon designs 
used during this type of testing tend to be relatively stiff when the test starts, in part because the 
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crack length is typically on the order of 1.25 mm (0.050 in.) at the beginning of the test when the 
initial spectrum loop control parameters are set. As the crack grows, compliance increases 
dramatically, thereby putting enormous pressure on the control algorithm to accommodate this 
significant change in compliance. Inevitably, the loop control parameters will need to be 
modified. Unsupervised (or open loop) control is simply not good enough for any form of SCG 
testing. 

Finally, one of the most effective methods for running a spectrum test is to perform constant 
rate loading. This differs from the normal mode of fatigue tests, which is constant load cycle 
frequency. Effectively, what constant loading rate implies is that the low load magnitude cycles 
run at a higher frequency than the higher amplitude cycles. For the larger loads, a constant stress 
rate implies a slower rise time. Although this does introduce another variable into the testing, 
frequency sensitivity is generally relatively small for the majority of typical structural materials. 
Yet another similar approach is to set the frequency range desired, say for instance 20 Hz 
maximum (for the small amplitude cycles) and 5 Hz minimum. Although similar in principle to 
the constant loading rate approach, this method bounds the meaningful engineering variable 
(frequency) instead of a less understood loading rate. 

Interpretation of Results and Number of Specimen 

The fundamental result obtained during spectrum fatigue crack growth tests is the crack 
length versus cycle count data. A sample plot illustrating typical data is shown in Fig. 9. 
Although data are sometimes represented on a growth rate basis (slope of the a versus N curve), 
the difficulty is always determining what parameter to plot for driving force because the concept 
of a driving force (similar to AK) is meaningless for variable amplitude loading. Representing 
the growth rate data using a logarithmic scale also tends to confuse the differences between data 
sets clearly evident when plotting on an a versus N basis. 

When planning SCG testing, experience has shown it is useful to plan on running 2.5 
replicate tests for every given spectrum and specimen geometry combination. The implication of 
2.5 replicate tests is that 50 % of the time two tests are run, and 50 % of the time three tests are 
run. The criteria typically applied to determine whether the test needs to be repeated is based 
upon the cyclic life for a given crack length interval (usually at least 80 90 % of the full range 
measured during the test and definitely starting at as small a crack length as possible with the test 
data). If the cycles required for this crack length interval are within +10 15 % from each other, 
the test is deemed successful and not repeated. Obviously, a greater level of scatter implies that 
the test needs to be repeated. Moreover, if the crack length range is based upon longer crack 
lengths, the +10 15 % empirically observed guideline can be lowered significantly. 

Although the +10 15 % factor is purely empirical, in a general sense the Virkler et al. data 
[19] tend to support it. Virkler et al. carried out 68 replicate crack growth tests on 2024 
aluminum. Although the initial notch size in these M(T) samples was longer than a typical SCG 
test (9 mm or 0.35 in.), the standard deviation ~og N = 0.03 for the longest and shortest lives in 
the Virkler data. Hence, applying +c~ implies a factor of 15 % on cycle count for a given crack 
growth envelope. It should also be kept in mind that the Virkler et al. data were generated using 
constant amplitude loading almost 25 years ago. 
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FIG. 9 Typical primary result from a spectrum crack growth test (crack length versus cycle 
count or a versus N plo O. 

There are some conditions under which repeatability from specimen-to-specimen appears to 
be greater. For instance, specimen geometries that tend to be similar to single-edge-notch 
specimens with fixed clamp grip conditions can be problematic, especially if different test frames 
are used in the laboratory. Although this has not been validated, it is believed to be a 
consequence of the fact that different frames have different loading train compliances. Very 
slight differences in tolerances that an actuator or gripping arrangement has can make a large 
difference when the geometry is such that a moment is applied to the specimen (inevitable with 
fixed grip loading of an edge cracked specimen). Although this has not been validated, either 
modifying the boundary conditions to pin load the specimen or testing on the same frame 
consistently (sometimes difficult for programs that require a rapid response) would presumably 
solve this problem. In cases such as this, up to five specimens sometimes have been required to 
generate the spectrum crack growth response. 

Summarizing Remarks 

The preceding discussion has highlighted successful methods for conducting spectrum crack 
growth tests. Are the methods presented the only techniques that could be used? Absolutely not, 
Furthermore, are they the best methods that are available? This is clearly an arguable point. In 
engineering laboratories today we tend to do what works and what has proven to be relatively 
bulletproof in the past. The luxury of striving for the optimum setup and exploring new methods 
is no longer normally possible given the schedule and financial pressures typically applied. 
Nevertheless, the techniques described herein have proven effective in at least one laboratory and 
as such provide a valuable resource for other labs to apply the lessons learned and develop their 
own empirical base of experience. 

The spectrum fatigue crack growth test is not a trivial test to perform. Effective testing 
requires detailed knowledge of what the designer intends to do with the data. This is always the 
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first issue the test engineer should explore since it can have a significant bearing on what 
methods are applied in the laboratory. This is also the type of test that requires that the test 
engineer fully understand how the test control system operates to ensure that it is set 
appropriately to control the applied loads. During constant amplitude testing, the load magnitude 
applied can be monitored simply. The danger with variable amplitude testing is that there is no 
manual method to ensure the loading is accurate, and testing requires complete faith in the test 
control software. With the complexity of the modern control system software and flexibility that 
these systems provide, making assumptions regarding test control can be problematic. 

It is anticipated that this paper will provide the basis for development of an imminent ASTM 
standard guide. In addition to providing some guidance for labs that desire to perform this type 
of testing, development of a standard guide will also spur discussion and debate throughout the 
technical community. Presumably this discussion and debate would probably not occur without 
development of some type of formal standardization document. 
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Variable Amplitude Fatigue Crack Growth Using Digital 
Signal Processing Technology 

ABSTRACT: An automated variable amplitude fatigue crack growth system has been developed using 
digital signal processing (DSP) technology to provide waveform generation, command-feedback 
verification, and crack growth monitoring. The system is designed to interface with existing analog or 
digital closed-loop servo-hydraulic mechanical test systems. An important parameter in the control of 
variable amplitude testing is the effect of loading errors on the fatigue crack growth rate response. A 
damage parameter (F) has been incorporated to quantify the magnitude and effect of loading errors. In 
this paper, a FALSTAFF, Mini-TWIST, and truncated Mini-TWIST aircraft spectrum were applied to an 
M(T) crack growth sample to demonstrate the correlation between the damage parameter and fatigue life. 

KEYWORDS: fatigue crack growth, variable amplitude, automation, servo-hydraulic closed-loop 
control, digital signal processing 

Introduction 

Generating reliable fatigue crack growth data under variable amplitude loading requires 
sophisticated control and verification to assure that the targeted peak and valley loads have been 
achieved. A data acquisition and control system will be described that uses digital signal 
processing (DSP) technology to provide automated fatigue crack growth testing under variable 
amplitude loading [1]. Quantifying the magnitude and effect of  loading errors by incorporating a 
damage parameter (F) represents a significant advance over previously available concepts [2]. 
Correlating this damage parameter with crack growth rates is an important part of evaluating 
how well the targeted peak and valley loads have been achieved. The success of this approach 
was investigated using an M(T) sample of 2524-T3 aluminum alloy and two aircraft spectrums, 
FALSTAFF and Mini-TWIST [3]. 

Unique features of the system include: 

�9 A command-feedback optimization method that minimizes the error between the target 
load and actual load for each endpoint 

�9 Storage of the tuning parameters used to optimize each endpoint, allowing pre-tuning and 
optimizing prior to generating real test data 

�9 A real-time damage parameter, F, that characterizes the degree of command-feedback 
optimization 

�9 Crack monitoring using compliance, reversing DC potential drop, or foil Krak gages 
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System Description 
The hardware consists of a dedicated DSP processor, local memory, and high-speed 16-bit 

resolution analog input and output. The process runs independently of the PC operating system 
using the software language ADBasic for waveform generation, data acquisition, and the data 
processing required for command-feedback verification, crack length determination, and K- 
control. Individual modules can be programmed in a high Priority mode for time critical 
functions such as command control and data acquisition. Calculations such as the linear 
regression analysis for compliance based crack length determination and crack growth rates as a 
function of the applicable K parameter are performed in a low priority mode. High priority 
processes can interrupt a low priority process. However, a high priority process cannot be 
interrupted by another high or low priority process. This guarantees that time critical functions 
are completed as scheduled. However, the code associated with high priority functions must be 
sufficiently concise to prevent process delays with other critical events. Either compliance, 
reversing DC potential drop, or foil Krak gages can be used to monitor crack length. A 
photograph of the control and data acquisition system is given in Fig. 1. 

FIG. 1 Photograph of data acquisition and control system. 

Microsoft Visual Basic provides the communication link between the DSP process and the 
user. The software supports a graphical display of the target, command, load, and displacement 
signals, as well as an online display of crack growth rates. Control and data acquisition are 
continuous with flexibility to modify test parameters "on the fly" as necessary. In the event of a 
PC system crash, the DSP system will continue to run, maintaining control and collecting data. 
The PC can then access the process once it has been rebooted. An example of a graphical 
display is shown in Fig. 2. 
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FIG. 2 An example of the Visual Basic interface. A snapshot of  a FALSTAFF spectrum is 
shown. 

Data Acquisition 

The ADBasic module responsible for analog to digital data acquisition is executed at a rate 
proportional to the loading rate such that a 1 millivolt average change in amplitude can be 
captured. Up to six channels of data (force, displacement, and four channels of potential drop 
data) can be acquired at a maximum throughput of  20 kHz. The data are temporarily stored in a 
100 000 point circular buffer. This routine includes a three-point rolling average for peak 
reading [4]. 

Waveform Generation 

The ADBasic module responsible for waveform generation is executed at a rate of 10 kHz. 
At this rate, the code updates the analog output by scaling a look-up table of either a sine or 
triangle waveform according to the range of maximum and minimum output desired. Typically 
the waveform follows a constant peak to peak loading rate. This provides automatic frequency 
control inversely proportional to the amplitude, thus optimizing the dynamic performance 
characteristics of a typical servo-hydraulic test machine. In addition, upper and lower frequency 
limits may be specified. Other modes of control include a block mode that includes hold time 
capability and allows for changing the block at a specified crack length or after a designated 
number of cycles. At each peak and valley, the following steps are executed: 

�9 Increment the endpoint count. 
�9 Select the next endpoint. 
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�9 Adjust the endpoint for the previously determined target-feedback error. 
�9 Select minimum or maximum level of load-cell feedback for the previous endpoint. 

Methodology 
Command-Feedback Compensation and Verification 

A closed-loop servo-hydraulic system has dynamic performance limitations depending on 
load capacity, hydraulic flow, servo-valve response, etc. Under dynamic conditions, a 
significant lag may occur between the command (target load) and the actual load (feedback from 
the load cell). Figure 3 shows an example of significant lag and under compensation due to poor 
PID tuning. In this case, the target and the command are identical since command-feedback 
compensation has not been enabled. This mismatch can usually be minimized through proper 
tuning of the control loop. However, under variable amplitude loading, it can be very difficult to 
use simple PID tuning parameters to handle all combinations of endpoints. This is especially 
true as the cyclic frequency is increased. 

Modification of the command signal based on historical performance results in greater load 
precision than possible with simple PID tuning. In most cases, the target-feedback errors can be 
reduced to less than 0 .1% of range even if the phase lag between command and feedback is 
quite large (45 90~ The successful implementation of this approach requires that the historical 
performance of the command-feedback relationship be based on the level of the previous, 
current, and next endpoint. Such an approach provides a signature unique to each endpoint. The 
command-feedback algorithm scans an array to determine if this unique combination of 
endpoints has occurred in the past. If  so, then correction is applied to the next occurrence of this 
endpoint signature such that the magnitude of  this correction is equal to one-half the target- 
feedback error. The correction of one-half the error may require several passes of a given 
sequence to reduce the error to less than 0 .1% of range. However, a more aggressive correction 
scheme could lead to oscillations and instability under certain tuning conditions. Figure 4 
illustrates the use of this command-feedback compensation routine. Note that the target and the 
feedback are out of phase but at the same amplitude. However, the level of command signal for 
the same target level differs as a function of the previous and next endpoint. 

Once the command-feedback compensation has been optimized, the correction array required 
for the spectrum may be stored in a file for future use. This provision allows reserving an extra 
sample for tuning the system. Once tuned with command-feedback compensation enabled, the 
real test sample may be mounted in the test frame with the knowledge that the targeted endpoints 
will be achieved starting with the first cycle. Since the tuning parameters may change as the test 
progresses due to compliance change with crack length, it is important to start a test with tuning 
parameters based on the initial crack length. For tuning purposes, it is not necessary to run the 
complete spectrum as long as a simplified spectrum has the same unique combination of 
endpoints. This can greatly simplify the tuning process for large spectrums. 
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FIG. 3 Target-feedback response with no command-feedback compensation. The 
controller was de-tuned to accentuate the desired effect. 

FIG. 4 Target-command-feedback response with command-feedback compensation 
enabled. Note that the command level differs for the same target level. 
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Damage Parameter 

The effect of loading errors on crack growth rates should take into account the Paris 
relationship [5] between the stress intensity range AK and the fatigue crack growth rate da/dN as 
follows: 

da 
= CzXK" 0) 

dN 

where 
da = crack length increment, 
dN = cycle count increment, 
C = intercept, 
AK = cyclic stress intensity, and 
m =power law exponent. 

Values of m are generally between 3 and 3.5. Since for a given crack size, AK is 
proportional to AP, we can rationalize that the effect of  loading errors on fatigue crack growth 
rates is also proportional to the ratio of the target and actual AP raised to the power of m. The 
accumulated effect is given as follows [2]: 

F= Z (M''"~176 (2) 

where 
F = damage parameter, 
APAcrvAL = actual cyclic load, and 
APrAm~-r = target cyclic load. 

This damage parameter estimates the success in attaining load peaks in a spectrum fatigue 
test. Figure 5 illustrates the calculation of  the damage parameter. A damage parameter of 
1.0000 would indicate perfect agreement. Since the magnitude of the exponent, m, may not be 
precisely known, an integer power of three was selected for real-time calculation of the damage 
parameter. An integer power greatly speeds up the processing time and guarantees that this 
calculation can be performed along with other functions during the less than 0.1 millisecond 
duration of the ADBasic function generation routine. Since this may only approximate the slope 
of a da/dN-AK relationship, an adjusted damage parameter may be estimated given knowledge of 
the more precise exponent as follows and as illustrated in Fig. 6: 

FADj = F m/3 (3) 

where 
FADJ = adjusted damage parameter. 
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An accumulated damage parameter is calculated for every crack growth rate data point. In 
theory, the damage parameter is now a direct measure of the relative damage accumulated due to 
errors in loading, For example, for a given increment of applied cycles, a damage parameter of 
0.75 would indicate that 75 % of the fatigue damage occurred compared to test where the applied 
loads were exact (F = 1.000). Therefore, the number of cycles applied can be adjusted as 
follows: 

z~kNcoMP = ~ N A c  T " FAD j (4) 

where 
ANcoMe = cycle count increment adjusted for damage parameter, and 
ANAcr = actual cycle count increment for each crack growth data point. 

r = y-  do 

Z(l~DTarge,~/ll d g  

= C . A K  m 

1 
Load 

P1 

Pz 

Ps 

Actual P6 
Target 

Time 

FIG. 5--1llustration of damage parameter concept. 
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FIG. 6 Method to calculate adjusted damage parameter. 

Experimental Approach 
Objectives 

The first objective of the experimental approach was to evaluate fatigue crack growth rate 
variability [6] in spectrum tests with a well-tuned, command-feedback compensated system (F = 
1.000). Both material variability and test frame/controller variability were investigated. 
Triplicate tests were run on two spectrums for this purpose. 

The second objective was to evaluate the correlation of the damage parameter with crack 
growth rates using a poorly tuned system without command-feedback compensation compared to 
the test data generated using good control as in the first objective. The poorly tuned system was 
achieved by reducing the controller gain by a factor of two, attenuating the command signal by 
5%, and disabling the command-feedback compensation so that no adjustment was made to the 
command signal. The same de-tuning parameters were made to all three spectrums, resulting in a 
damage parameter of-0.75 to -0.80. 

Outline 
The experimental approach is outlined with a summary of key test conditions in Table 1. 

Photographs of the test set-up are shown in Fig. 7. Anti-buckling guides were not used because 
calculations indicated that the peak compressive loads were about half the allowable limit for 
fixed grips. Peak tensile forces were also less than the allowable size requirement limit 
according to ASTM E 647. For compliance measurements, the output of  two clip gages was 
used. This method increased sensitivity and provided a more precise through-the-thickness 
average compliance. The linear range of the compliance measurements was determined to assure 
that the measurements were taken with the crack in the fully open state. All samples were pre- 
cracked under the same constant amplitude loading conditions to the same starting crack length. 
Visual inspection of the crack length revealed that all crack straightness guidelines were 
satisfied. 
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TABLE 1 Summary of test conditions. 

Material 
Mechanical Properties 
Specimen Type 
Environment 
Crack Size 
Constant Loading Rate 
Spectrums 

Special Features 
Test Damage 

Series Parameter 
A 1.000 

2524-T3 Alclad aluminum alloy 
O'y s - ~  310 MPa (45 ksi), crult = 427 MPa (62 ksi) 
M(T) (B -- 4.6mm (0.182 in), W = 101.6ram (4.000 in) 
lab air (23~ 75~ relative humidity = 40 50 %) 
6.3ram (0.25 in) to 25.4mm (1.00 in) 
945 MPa (137 ksi)/second (typically 5 30 Hz) 
FALSTAFF, Mini-TWIST 
Mini-TWIST truncated above 1.995• the mean stress (level 5) 
dual clip gages used for compliance measurements 

Spectrum Comments 

B 1.000 

FALSTAFF 137.9 
MPa (20 ksi) max 
Mini-TWIST 
truncated 68.9 MPa 
(10 ksi) max 
Mini-TWIST 68.9 
MPa (10 ksi) max 
FALSTAFF 

Triplicate tests to investigate material 
variability 
Triplicate tests to investigate material/test frame 
variability 

C 1.000 Single test to investigate retardation effects 

D -0.75 

E -0.79 Mini-TWIST 
truncated 

F -0.80 Mini-TWIST 

Test with poor control to investigate damage 
parameter 
Test with poor control to investigate damage 
parameter 
Test with poor control to investigate damage 
parameter . . . . . .  

FIG. 7 Photographs of specimen configuration. 
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Results and Discussion 

Figure 8 (Test Series A and B) shows excellent agreement between triplicate tests conducted 
using a FALSTAFF spectrum and a truncated Mini-TWIST spectrum. The variability is well 
within guidelines of 5 10 % anticipated for these types of tests. The truncated Mini-TWIST was 
conducted on two frames (one with a digital controller and the other with an analog controller), 
again showing that neither the material, the test frame, nor the controller are significant sources 
of variability. In all cases, the indicated damage parameter was 1.0000 _+0.0002. Due to this 
high degree of repeatability, all damage parameter comparisons and the full Mini-TWIST 
spectrum were conducted with single tests. 

Figure 9 shows the effect of a test conducted with a damage parameter of  1.000 (One test 
from series A compared to series D) compared to a test with poor control and a typical damage 
parameter of-0.75.  For computing the cycle count compensated for the damage parameter (Eqs 
3 and 4), steady-state FCGR data were used at a stress ratio of 0.1. It is clear that the damage 
parameter compensated data are shifted to the left more than the baseline data would suggest. 
However, if the actual spectrum data are used for determining the exponent (see Fig. 10), the 
agreement between the baseline and damage parameter compensated data is much better. 
Although the damage parameter accounts for the power law relationship between da/dN and AK, 
there is no provision for retardation in this model. Note also in Fig. 10 the evidence of crack 
growth retardation as shown by the early downward trend of the da/dN versus Kmax data. It is 
probable that the exponent associated with the spectrum provides a more appropriate adjustment 
to the damage parameter. To see if this works on a different spectrum, the same procedure was 
applied to a truncated Mini-TWIST spectrum as shown in Fig. 11. Here again the agreement is 
quite good, although not as good as with the FALSTAFF spectrum. 

FIG. 8 Triplicate tests show excellent repeatability ( F  = 1.000). 
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FIG. 9 Damage parameter compensation based on steady-state FCGR (m = 3.466). 

FIG. 10 Damage parameter compensation based on FALSTAFF spectrum (m = 1.992). 
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FIG. 11 Damage parameter compensation based on truncated Mini-TWIST spectrum (m = 
2.441). 

In the previous example, a truncated Mini-TWIST spectrum was shown. This spectrum has 
the same number of cycles per pass as the full spectrum (62 442), but 14 of  these cycles were 
originally above the truncated stress level of 1.995 times the mean stress, the highest being 2.600 
times the mean stress level. This truncated spectrum was used to reduce the test time for 
triplicate tests and to simplify the determination of  the exponent, m, for this spectrum. Figure 12 
shows the dramatic amount of crack growth retardation associated with the full Mini-TWIST 
spectrum. The truncated and the full spectrum are identical for the first four data points. This is 
prior to the occurrence of the first load level of the full spectrum exceeding the truncated level. 
The retardation is an accumulative effect over several passes, as shown by the almost constant 
average slope in the crack versus cycle count plot for the first half of the test. This is so, despite 
the increase in crack size and corresponding increase in Kave or Km~x. This is almost certainly a 
crack closure effect and may be more pronounced under plane-stress conditions. Although the 
sample size was sufficient for validity according to ASTM E 647, the thickness of the sample 
was not sufficient to remain plane-strain. 

Figure 13 shows the damage parameter compensation concept applied to the full Mini- 
TWIST spectrum. Compensating for loading errors is much less certain for two reasons. First, if 
only the highest levels were missed, the average damage parameter would remain close to 1.000, 
yet the effect of these missed levels would be dramatic. Second, determination of an exponent, 
m, for this spectrum is complicated by the variability in growth rates associated with different 
segments of the spectrum. As shown by the data on the right in Fig. 13, this slope can vary from 
a negative value to a very steep value depending on the range of crack length, the size of the Aa 
increment, and the selection of the independent variable. For this slope determination, a large Aa 
was selected, and da/dN was the independent variable as per ASTM E 647 threshold fit 
recommendations. 
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FIG. 12 Full Mini-TWIST spectrum shows significant retardation. 

FIG. 13 Damage parameter compensation based on Mini-TWIST spectrum (m = 2.974). 
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Summary and Conclusions 

The excellent agreement among the triplicate tests shows that good control with command- 
feedback compensation leads to more consistent fatigue crack growth rate data from variable 
amplitude tests. 

A real-time damage parameter may be a good indicator of control and, therefore, confidence 
in the data. However, the damage parameter only accounts for AP errors, not mean stress level 
errors. Because of retardation effects, a damage parameter concept should be combined with a 
log of"missed endpoints" to guarantee accuracy within a specified tolerance. 

Damage parameter adjustment and cycle count compensation should not be used in place of 
good control and verification of that control. 
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ABSTRACT: The uncertainty in fatigue lifetime calculations brings up the necessity of experimental 
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Indices 

calc calculation 
exp experiment 
i constant amplitude level i 
j variable amplitude maximum stress level j 

Introduction 

The experimental safeguarding of safety relevant components has an increasing significance 
because more and more components are designed using lightweight design philosophies. Even 
though experiences show good correlations between calculation and experiment, in some cases 
they do not match that philosophy. Therefore experiments are still essential to verify the safety of 
components. 

Today most fatigue tests under variable amplitude load are performed on servo hydraulic test 
facilities. In some cases these tests have long test times and high costs because the machines 
have a high demand on energy and investment costs. 

Resonance test facilities for constant amplitude tests are well known. These tests are 
performed with higher test frequencies and therefore with shorter test times at substantially less 
cost, (Figs. 1 and 2). Therefore, the question arises whether such facilities can be used for 
variable amplitude fatigue tests. 

Status of the Current Technology 

Fatigue Life Test 

Fatigue life tests can be divided into random tests and service load duplication tests. The 
random test applies a stress time history that is generated from a load spectrum. Even though th e 
applied load spectrum is the same, the applied stress-time history can differ from the service 
load, whereas in service duplication tests the stress-time history is exactly the same. The load 
spectrum of a stress-time history can be determined by measurements using counting methods 
such as rainflow counting. 

Fatigue life tests on a resonance test facility can be performed only in the sense of random 
test. The applied load signal comes close to a "beat" signal. 

Block Program Loading 

In the past, several efforts have been made to use resonance test facilities for variable 
amplitude loading. The first development was made by the Schenck Company on an out of 
balance driven resonance test stand. The principle of this test facility is that of a simple 
mechanical two or three mass swing system with spring, masses, and exciter. The idea of 
variable amplitude tests on a resonance test facility came from Gal3ner. He suggested eight step 
block program tests. The applied load spectrum is divided into blocks of  equal amplitude height. 
The number of cycles of  each amplitude block is divided into smaller blocks of  equal length. All 
blocks of equal length are applied in a defined sequence that sums up to the load spectrum. The 
machines manufactured by Schenck additionally used hydraulic power for the application of 
upper four steps of  the loading. 
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FIG. 1 Time reduction for spectrum load tests. 

FIG. 2 Cost reduction for spectrum load tests. 

These test stands were superseded by servo hydraulic test facilities when they became 
available with peak value control. The experimentally achieved fatigue life on those test facilities 
match in-service loading [1 ]. 

The block program tests show a difference in fatigue life compared to the service duplication 
tests. A survey referred to in [2] shows the influence of the applied load-time history on the 
fatigue life derived from experiments. The comparison of test results from random and block 
program load shows a longer fatigue life for block program loading (Fig. 3). The results are 
given in "as-normalized" value where the experimental fatigue life is normalized by the 
calculated fatigue life: 
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~__ Jgexp (1) 

FIG. 3 Influence of  the load time history on the experimental fatigue life. 

Further experiments show that the influence of the block length where the mixture of  the 
block in the sequence has a significant influence on the fatigue life. When the blocks become 
shorter, and therefore the mixture of the blocks rises, the fatigue life of such block program tests 
come closer to the one of random tests[3,4]. 

Noise Generator Control 

According to Schfitz [5], the first application of a noise generator for a control of a resonance 
test facility was reported from Edwards and Kirby [6] at the Royal Aircraft Establishment and 
later by White und Lewszuk [7]. A simple noise generator has the disadvantage of a low Crest- 
Factor (peak value referring to the RMS-value). Therefore, only a limited use for variable 
amplitude tests was possible. 
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Process Computer Control for a Noise Generator 

A control using a process computer and a noise generator was developed at the IABG [8] to 
improve the noise generator control for resonance test facilities [8]. They used a process 
computer to generate repeatable load-time history with any kind of  spectrum form [5,9]. The 
tests of equal specimen on a resonance and a servo hydraulic facility showed no significant 
difference in the fatigue life [5]. The system was not brought to industrial application due to the 
high complexity and cost, but it proved that, in general, variable amplitude tests could be 
performed on resonance test facilities. 

Ultrasound Test Facilities 

Another type of resonance test system is the ultrasound system. Small test specimens can be 
subjected to constant and variable amplitude loading in the test frequency range of 2 20 kHz 
[10]. Characteristic of these systems is that local strains are applied to the critical section plane 
that is to be tested. One of the biggest advantages of  these systems is the high test frequency, 
even though only small and defined geometries can be examined. The variable amplitude loading 
is also available [10,11]. Increasing and decreasing load pulses are being applied sequentially. 
The achieved spectrums are measured and used for calculation and control. 

Variable Amplitude Control for a Resonance Test Facility 

The resonance control for variable amplitude consists of two regular personal computers 
rather than a process computer [12]. The increase in computing speed makes it possible to use 
one of  the PCs to control the time critical resonance system and to use the second to provide the 
user interface and the non-time critical parameters. The time critical system regulates the power 
electronics driving the electromagnetic resonance test stand and computes the system signal 
online (Fig. 4). The user interface control PC is used for the initial data generation and 
communication with the user (Fig. 5). 

The separation of the tasks is necessary to ensure a safe operation of the time critical circuit. 
The control PC drives the power electronics for the magnet and the mean load motor in this 
circuit. The machines are presented in Figs. 6 and 7. 

Load Spectrum and Load Signal Generation 

The applied load spectrum is generated from a continuous load spectrum, which is defined by 
the maximum stress amplitude, the spectrum shape, and the block sequence size (Fig. 7). The 
continuous spectrum is transformed into a discrete spectrum. Therefore a continuous spectrum is 
divided into steps (Fig. 7). All steps have an equally increasing distance of their amplitudes in 
between the minimum and maximum value of the spectrum. The steps are divided into blocks of 
equal lengths of 60 cycles. This block length has been tested on a wide range of preliminary test 
and was verified for the tested specimens. This block length has been evaluated to be the 
minimum block length, which has no influence on the test results independent of the specimen, 
material, spectrum, and machinery. The blocks off all steps are then brought into a random 
sequence using the Markov Algorithm for reconstruction of random load sequences from a 
rainflow matrix [13]. 
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FIG. 6 Two mass resonance test facility,  l o a d  20 kN  amplitude, stress ration 
R = -1,  die cast aluminium component in the resonance test facility. 

FIG. 7 Three mass resonance test facility. 

For the resonance test facility the target load spectrum is divided into 20 steps of equal height 
at amplitudes above a negligible level. The number of steps for the load spectrum has been 
evaluated with the same preliminary tests as the number of cycles. 

This spectrum describes the subsequence of a random sequence of load amplitudes that will 
be applied at the test facility. The subsequence is reproduced on the test stands until the 
component fails. The applied load spectrum can be derived from the online rainflow counting 
and meets the mathematical extrapolation of  the subsequence. 
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Amplitudes inducing stress less than 50 % of the fatigue limit are neglected for random load 
[14]. This is necessary for the generation and control of the test stand but does not interfere with 
the test results. 

Tests of three different test specimens and materials showed comparable failure behavior for 
each test series. When the test results were plotted as if the neglected amplitudes had been 
counted, the results of each series showed comparable numbers to failure for tests with and 
without neglected amplitudes. Therefore test results of such components can be plotted as if 
those neglected amplitudes have been included (Fig. 8). 

FIG. 8 Cumulative frequency distribution of a load spectrum. 

Further neglecting of amplitudes for these kinds of tests and components is acceptable for 
tests in the range up to 108 cycles to failure, because in 149 analyzed series of constant and 
variable amplitude, tests of component failures from the inside as described for smaller 
specimens and high strength steels [ 15,16] could not be observed [ 17,18]. 

Adaptive Control 

The load spectrum is verified by a comparison of the demanded and achieved spectrum 
derived from an actual measurement. The load amplitude is analyzed using an online rainflow 
counting. The results of the rainflow counting are transformed into a load spectrum and 
compared to the demanded spectrum. For a better comparison, the target spectrum is 
mathematically extrapolated with the number of replications of  the spectrum. The comparison of 
the spectrums shows a good consistency due to the adaptive control (Fig. 9). 
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FIG. 9--Comparison of  mathematical extrapolated and achieved spectrum load for a 
resonance test facility. 

Load Time History o f  the Resonance Test Facility 

The generated load-time history of the resonance test stand differs (Fig. 10) from the random 
toad-time history of a servo hydraulic test stand (Fig. 11). The load-time history of the resonance 
test stand is similar to a "beat" signal, even though they were generated from the same spectrum. 
Still, the load-time history of the resonance test facility comes close to service loading of 
technical systems. Most technical systems have damper and spring behavior, which do not allow 
sudden changes of the load amplitude between two consecutive cycles. The load cycles in 
between two relative amplitude maximums have gently increasing and decreasing amplitudes 
(beat signal). The resonance test facility has smooth changes from high to low or low to high, 
just as it appears to be in technical systems. 

Both time-history plots in Figs. 10 and 11 were recorded from real force signals at test stand. 
The demanded load spectra were the same; the achieved load spectra were comparable. The 
power spectrum density of the signals differs, but as it is shown, observed lifetimes are not 
influenced. 

The generated load sequence of a "beat like" signal could have an effect on the 
experimentally derived fatigue life because the signal can be classified in between a block 
program load signal and a random load signal. The load-time history has an important influence 
on the experimental fatigue lifetime [2,15,16]. The significance of  the load-time history can be 
seen from Fig. 3 as the fatigue life of  block sequence load is longer by factor of 5.9 for the mean 
value [1,17-19]. Therefore, the achieved test results with the resonance test facility were 
verified. 
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FIG. 10 Normalized time plot o f  a "beat like" load sequence. 

FIG. 11 Normalized time plot o f  a random load sequence. 

Verification of the Applicability 

A comparison of achieved test results on a "beat like" (resonance test stand) and a random 
(servo hydraulic test facility) load-time history have been performed for three specimens. They 
show no significant influence on the fatigue life. The results of the load-time histories can be 
plotted in a single diagram and scatter band as shown in Figs. 12 14. 

The test results for both types of load-time histories applied to a die cast aluminium 
component, an aluminium and a steel welding in different test series, are shown in Figs. 12 14. 
These test results were obtained in two research projects on high cycle fatigue. The test facilities 
are shown in Figs. 6 and 7. The results of the research are published in [20,21]. For each test 
series it is observed that the results of the "beat like" load and the random load achieved with the 
test systems fit into the same scatter band. This leads to the expectation that the "beat like" load- 
time history of a resonance test facility and the random load-time history of a servo hydraulic test 
stand are damage equivalent. 
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FIG. 12 Test results for a die cast atuminium motor holder (200 x 130 x 250 mm) at 
spectrum load for a random and a "beat like" load sequence. 

FIG. 13 Test results for a welded aluminium hollow t-section, AW-6OO5A, T welding of  
hollow sections (160 • 80 • 8 mm), lengths 250 mm and 450 mm, at spectrum load for a random 
and a "beat like '" load sequence. 
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FIG. 14 Test results f o r  a welded steel cross-section at spectrum load f o r  a random and a 
"beat l ike"  load sequence, S 235 JRG2, cross section welding, K seam, 220 x 45 x 8 ram. 

Field of Application 

Most components in service are subjected to variable amplitude loads. If  a safe and economic 
dimensioning for a definite utilization time is required and no fatigue lifetime information is 
available about the component, in many cases a fatigue test may be necessary. In case the 
utilization can be defined by a representative load spectrum and the expected lifetime exceeds 
more than 10 times the block length of the spectrum, the resonance test control can be used to 
perform fatigue lifetime tests. The effects of  rapidly changing mean values of the load amplitude 
have not yet been examined with this control system. So far the system is restricted to constant 
quasi-constant mean stress tests. 

Conclusions 

A resonance test facility for variable amplitude [oading has been validated for testing of 
components. The system generates and controls online the amplitude loading of a defined load 
spectrum. The load spectrum is met and repeated continuously. The system has been tested on 
full scale components. The results of these tests can be compared to the once-commonly used 
servo hydraulic test. Even though the applied toad-time-history differs for the tests, the results in 
failure and lifetime are equal. For three series of  aluminium and steel components, a sequence 
effect due to the applied load-time-history could not be observed, even though an effect of other 
load-time-histories has been observed in other publications. The resonance control system allows 
to reduce test time and cost significantly for full scale component tests. 
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Development of a DCPD Calibration for Evaluation of Crack 
Growth in Corner-Notched, Open-Hole Specimens 

ABSTRACT: A direct current potential drop (DCPD) calibration was developed for an open-hole 
specimen to characterize fatigue crack growth (FCG) behavior of cracks initiating from a small comer 
flaw and transitioning to a through-thickness crack. A single Mode I stress intensity (KI) solution was 
derived covering the entire range of crack growth. The purpose of using this specimen geometry was to: 
1) capture short crack behavior for specific crack length intervals of damage tolerance criteria and 2) use 
the data to evaluate predictive FCG methodology. Driven by these objectives, a non-standard specimen 
was chosen that better simulated the geometry and stress state of the component of interest: an aircraft 
wing design detail. Thin panels of selected 7XXX and 2XXX aluminum alloys were prepared with a 
centrally located open-hole with a comer notch of 0.13 mm (-0.005 in.) to serve as a crack initiation site. 
Testing was conducted in high-humidity air under constant and variable amplitude loading. Short crack 
results agreed well with existing, closure-corrected, long crack data. Duplicate tests of the 7XXX alloys 
confirmed repeatability. The 2XXX alloys exhibited greater variability than the 7XXX alloys in the short 
crack regime. Evaluation of the predictive methods is beyond the scope of this paper and will be 
published separately. 

KEYWORDS: variable amplitude, fatigue crack growth, short crack, aluminum alloys, direct current 
potential drop 

Introduct ion  

Mechanical  testing coupled with computer modeling of  FCG behavior  has become an 
integral part of  managing the life of  damage tolerant structures. Applying modeling technology 
to material trade studies may afford the opportunity to optimize and improve material selection 
efficiency by enabling crack growth prediction for various applications, crack configurations, 
and loading profiles from a single database comprised of  standard fracture mechanics tests. 
Described herein is the use o f  a single specimen to obtain FCG data over a large range o f  damage 
tolerance parameters starting from short crack behavior  close to a small notch transit ioning to a 
through crack. This was done to determine the feasibility of  producing such data in a timely, 
cost-effective manner  and to employ said data with  FCGR modeling for design/material trade 
study end-use. The modeling and trade study results are ongoing and beyond the scope of  this 
paper. 

The selected test parameters were based on durability and damage tolerance allowables of  a 
specific structural application: the tension-loaded upper skin of  a transport aircraft horizontal 
stabilizer. The open-hole specimen geometry was chosen because it was the closest match to the 
application, and it provided flexibility in starter notch geometry and location. An approximate 
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0.100 mm (-0.004 in.) notch was cut on one edge of the open hole to represent a worst-case 
machining imperfection in a fastener hole. The number of  cycles to grow a crack from 0.127 to 
0.762 mm (0.005 to 0.030 in.) was of particular interest. The 0.762 mm crack length 
approximates a maximum allowable rework limit enabling complete flaw removal by resizing 
the hole, thereby returning the hole to its virgin fatigue life state. Also addressed were the 
number of cycles from a 1.27 mm (0.05 in.) comer crack to a 15 mm (0.60 in.) through crack to 
simulate a typical aircraft threshold inspection (first interval) requirement for a skin/stiffener 
joint detail. 

Experimental Procedure 

Aluminum alloy (AA) panels were machined (Fig. 1) from rolled sheet materials listed in 
Table 1. A notch was introduced in the open-hole by drawing a serrated razor across one edge at 
a 45 ~ angle to the specimen face, resulting in triangular cross-sectional geometry. The target size 
was 0.100 mm for each leg of the triangle. This procedure was delicate and had to be performed 
under an optical microscope. Notch positioning within 0.5 mm of the hole's centerline was 
achieved by carefully scribing the specimen. The final notch size and aspect ratio were verified 
at 30• magnification. 

A study was conducted [1] to compare drilling and reaming to end milling to determine the 
best (least distortion) hole machining practice using phase shift microscopy. Deformation 
measurements in directions axial (edge height) and radial (width) to the bore (Fig. 2) are 
summarized in Table 2. End milling was found to produce a minimal deformation of 22.5 Ixm in 
the width dimension - -  less than 25 % of the flaw depth. Therefore, all specimens were 
machined using the end mill practice. This translated to better repeatability of cycles to crack 
initiation. 

A direct current potential difference (DCPD) calibration was formulated using a marker band 
technique [2 4] with an AA 7075-T651 specimen. Active and reference leads (0.127 mm 
diameter platinum wire) were resistance-welded to opposite specimen faces with respective gage 
lengths of 3.18 mm and 63.5 mm measured from the hole's center (Fig. 1). A reversing direct 
current of 20-A was applied through threaded fasteners at each end. 

The crack's classification differed as the crack front configuration changed to describe it 
mathematically as an ever-increasing crack. Three classifications were assigned: comer crack, 
transition, and through crack. With this in mind, the marker band crack lengths were tabulated 
along with corresponding DCPD values. Applying a splined curve fit to the data leads to the 

calibration curve of  average crack length ( c )  versus DCPD. Figure 3 summarizes the marker 
band specimen topography and crack length definitions. Also shown is the resulting calibration 
curve with normalized DCPD voltage defined by 

V~o~li~o = (VdVa0)/(VrodV,o~) (1) 

where 
v. 
Va, o 

v,<i 
VreiO 

= instantaneous active lead voltage, 
= initial active lead voltage, 
= instantaneous reference lead voltage, and 
= initial reference lead. 
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FIG. 1 Schematic of M(T) open hole specimen with initial smrter flaw geometry. 

TABLE 1 Alloys and selected materiah'properties. 

Alloy Lot Sheet Longitudinal Tensile Prope~ies 
Thickness Yield Strength Tensile Strength Elongation 

(mm) (__MPa) (MP__a) ......... ( % ) _ _  
7075-T651 548-232 7.94 530 570 14.1 
7075-T651 783-815 12.70 564 607 12.5 

7475-T7351 688-212 12.70 431 495 16.0 
7055-T7751 113-402 19.05 627 648 11.1 
7150-T7751 113-586 12.70 561 595 13.0 

2324-T39 113-401 19.05 452 482 15.7 
C433-T39 662-563 19.05 435 469 14.3 
C47A-T8 768-941 19.05 437 470 11.8 

FIG. 2 Micrograph and schematic showing typical distortion of material at 
tool exit for drill~ream procedure. 
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TABLE 2 Quantification of distortion due to open hole machining procedure. 

Tool Entry Side Tool Exit Side 
Machining Position Edge Height Width Edge Height Width 

Practice O'clock (~tm) (Era) (~m) (Em) 
. . . . . . . . . . . . . .  ] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

End Milled 3 6.3 16.3 2.5 20.4 
9 6.6 17.1 2.7 22.5 

Drill/ream 2 3 0.9 89.6 11.5 89.2 
9 0.9 78.4 10.0 80.5 

Drill/ream 3 3 3.0 117.5 11.2 126.8 
9 4.l 91.4 13.2 100.0 

End mill: 0.8 mm/s, 2500 rpm. 
2Drill:l.7 mm/s, 800 rpm; Ream: 1.7 mm/s, 250 rpm. 
3 Drill: 4.2 mm/s, 800 rpm; Ream: 1.7mm/s, 250 rpm. 

a a v e r a g  c = - -  

t ~  . . . . . . . .  1 . . . . . . . . .  1 . . . . . . . . .  1 . . . . . . . . .  , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1,7 t.8 

Normalized DCPD 

I .,m. ("ii '.T: 

a§ / i  
' g /  

a+3+o i /" 

/', 
l(c+c' ) a.v.,.l, = 5 [ ~  + r ) 

a a v e r a g  r : -  

FIG. 3 Crack length formulation for each crack front configuration and resulting 
DCPD calibration. Specimen L-5 was the calibration subject, while L-1 and L-9 show 
corroboration�9 
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To obtain crack growth information as a function of the applied stress intensity factor (K), 
Reemsnyder [5] derived a numerical K solution for the specific geometry using AFGROW [6]. 
The K solution took the form of 

K~ = p~. ~ ~,/~-/ (2) 

where [3 factors are computed as a function of crack length c. Details of the solutions are given 
in the Appendix. 

All testing was performed in a servo-hydraulic test frame under closed-loop computer 
control. In addition to careful system tuning, the command signal was compensated continuously 
based on system response to achieve desired end levels. The damage parameter concept [7] was 
incorporated as a metric for cumulative end level accuracy throughout the spectrum tests. The 
damage parameter value varied between 0.9995 and 1.0000, where unity is perfect agreement of 
target and response. Prior to testing, the specimens were subjected to a 12.9-kN compressive 
load while constrained in an anti-buckling device to promote crack initiation. The device was 
removed, and the specimens were encased in a Plexiglas humidity chamber to allow in situ crack 
growth measurements in high-humidity air (HHA) with RH > 90 %. 

It is well known that the electrical conductivity of aluminum alloys is acutely sensitive to 
temperature [3,4]. To ensure sufficient stability, the DCPD signal was observed over time while 
cycling at low load prior to starting each test. Once the specimen and its local environment were 
in thermal equilibrium, the signal deviation was less than +/- 0.002 p,V, which was deemed 
adequate for crack growth detection and measurement. When Pmax was raised to the test level, a 
short transient period was observed. The voltage at the starting notch length was determined by 
averaging the voltage signal at max load (excluding the transient readings) prior to crack growth. 
Once the crack began to grow, a clear rise in the DCPD signal was evident. The cycles pertaining 
to a 0.127 mm crack length were determined by linear interpolation. This calibration procedure 
proved robust in terms of probe placement, and no evidence of  cracking at the attachment points 
was found. However, as a result of the chosen probe locations, crack length calculations less than 
1 mm were particularly sensitive to small changes in voltage due to the steepness in the early 
part of the DCPD calibration curve (Fig. 3). Therefore, equipment with nano-volt resolution was 
required. A typical measured DCPD response and associated crack lengths are depicted in Fig. 4. 

Input data for a DCPD test includes an estimate of initial flaw size. Because the growing 
cracks quickly formed a nearly semi-circular crack front prior to transitioning to a through crack, 
an equivalent radius, rcq, was found by equating the area of a quarter circle with the triangular 
flaw. This was assumed to be a more accurate method of establishing a starter flaw size. The 
equivalent radius was calculated by 

req = (3) 

where l is the length (assumed equal to the base dimension) of one leg of the triangle measured 
on the specimen surface. 

At least one constant amplitude and one spectrum test were performed on each alloy. 
Duplicate constant and variable amplitude tests were run using the 7075-T651 alloy, and three 
duplicate variable amplitude tests were performed on the C433-T39 alloy. Load control with a 
Pmax corresponding to a constant 82.7 Mpa gross cross-section stress, Crref, was applied during all 
tests. Although the selected reference stress was slightly greater than that of the application, it 
was the lowest stress capable of  initiating a crack from the starter flaw within a reasonable 24-h 
period. 
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Constant amplitude tests were conducted at 20-Hz. The largest peaks of the variable 
amplitude spectrum were assumed the most damaging cycles. To form a comparison between 
constant and variable amplitude tests, the largest amplitudes were matched in terms of stress 
level and frequency with the constant amplitude tests. Smaller amplitude cycles were limited to a 
frequency of 40 Hz to maintain good control. The variable amplitude spectrum profile is shown 
in Fig. 5. 

- B -  DCPD 
--e- Crack Length 
- -  cycles count start 
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FIG. 4 Typical DCPD signal versus cycles. Corresponding change in crack 
length is shown on right. 

o 1 O.S 

0.8 

0 .7  

O.S 

(T~ f  O.S 

O.4 

0.3 

0 2  

oi, 
0.0 L 

FIG. 5 Generic civil transport aircraft horizontal stabilizer spectrum. Peak 
loads correspond to extended flap condition. 

Results and Discussion 

Fracture surface measurements were used to refine the analysis [4]. The number of cycles for 
each test was found by subtracting the cycles incurred prior to a crack length of  0.127 ram. In all 
cases, the starter notch was less than 0.127 ram, therefore, it was possible to construct curves of 
crack length versus cycles starting from a consistent sharp crack length of 0.127 mm pertaining 
to zero cycles. 
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The results of all constant amplitude and variable amplitude tests in terms of  crack length 
versus number of cycles (or blocks) are shown in Figs. 6 and 7. Approximately 90 % of tests 
were successful in that a single crack initiated and grew as anticipated. In the remaining 10 %, 
either a secondary crack was found on the opposite side of the hole, or the specimen failed from 
cracking at the loading hole (one case). These data were excluded. 

It was found that the alloy ranking was preserved between the constant amplitude and 
variable amplitude testing. Further, the ranking matched existing long crack data [1] obtained 
using 102 mm wide by 6.4 mm thick M(T) panels at 20 Hz in HAA. Comparison of Figs. 6 and 7 
shows close agreement between duplicate testing of AA 7075-T651 in the small crack and long 
crack regimes, demonstrating repeatability. In Fig. 7, however, duplicate tests of AA C47-T6 and 
triplicate tests of AA C433-T39 (both 2XXX series alloys) exhibited marked variance with the 
predominant divergence arising in the small crack regime. Recall that starting the cycle count 
once the crack length reached 0.127 mm was based on an allowable specific to this work. If, for 
example, the same data were re-evaluated, and the count zeroed once it became a stable through 
crack of length 3.8 mm, the scatter associated with small crack behavior would be reduced 
significantly (Fig. 8). 

Figure 9 depicts constant amplitude FCG data for AA 7075-T651 and AA 2324-T39. Here, 
comer crack data from this study are compared with long cracks [1]. The comer crack data are 
shown versus AKapplied and are assumed closure-free for small crack lengths; the through-crack 
data have been collected using the compliance method of crack measurement and corrected for 
closure using the adjusted compliance ratio technique (ACR) [8]. It should be noted that the 
ACR method works well for accounting for closure in the near threshold regime but yields AK~ff 
values approaching AKapplied for crack growth rates above 1 • 10 -~ mm/cycle for aluminum 
alloys. Therefore, it was reasonable to expect good agreement between the comer crack data for 
small crack lengths and existing long-crack ACR closure-corrected data in the near-threshold 
regime. Also, it was expected that as the cracks became through-thickness cracks, growth rate 
versus AKappliea behavior should again agree with existing increasing K from the M(T) panels. 
This was proven correct as shown in Fig. 9, lending credence to the specimen design and K- 
solution. 

The fractographs below each da/dN plot in Fig. 9 depict typical fracture surface features of 
the 7XXX and 2XXX alloys near the starter notch. Note that the relatively flat surface 
appearance of AA 7075-T651 relates to a smooth da/dN curve, while the rough fracture surface 
and tortuous crack path of the 2324-T39 corresponds to a jagged da/dN curve. The fracture 
morphology would be similar in long crack tests as well, hut the effect on the da/dN plot is not as 
apparent (Alcoa M(T)-ACR tests) because: 1) the data have been analyzed by a seven-point 
polynomial method as opposed to the secant method used for the comer crack data; 2) crack 
length of an M(T) panel is based on the average of two through-thickness cracks; and 3) the 
M(T) panels were twice as thick as the comer crack specimens, thereby allowing the crack front 
to cover a larger number of grains. Combined, these factors have a significant smoothing effect 
on the data. 

A final point of interest is the kink that arises in the da/dN curves as the crack transitions 
from a corner crack to a through crack (Fig. 10), where FCGR suddenly drops and then 
accelerates. The behavior is also evident in the a-N curves of Figs. 6 and 7 as a decrease in the 
slope at a crack length of approximately 3 mm. 
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FIGS, 6, 7, and 8--Crack length versus cycles and crack length versus blocks. 
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FIG. 9--Comparison of short crack and closure-corrected long crack da/dN data. 
Short crack data are assumed essentially closure-free (AKap p = AKeff  ). Corresponding 
crack length of open hole data is shown on secondary Y-axis. 

At first, the kink seen in the da/dN curves was thought to be an artifact of the crack length 
calculation or K-solution. By plotting the change in area/cycle versus area (dA/dN) versus crack 
area (Ar as shown on the right side of Fig. 10, all mathematical physical phenomena of this 
crack geometry can be seen. One could possibly speculate that as the crack approaches transition, 
the ligament in the z-direction becomes fully plastic, ultimately failing locally due to overload. 
This may be the initial rise in growth rate (Fig. 10) at a crack area Ac of 5 mm 2. Following that 
event, the growth rate slows as the crack front straightens. When an area of 10 mm 2 is attained, 
the crack is growing along the same curve as the long crack data again. Although this is a curious 
feature of the geometry requiring further investigation, it should be noted that the number of 
cycles elapsed during the transition is relatively small compared to the total cycles in the overall 
a-N curve. Therefore, whether a modeling code simulates this or not will not adversely affect the 
predicted results in terms of total life. 
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FIG. 1 O--Graph on left shows this phenomenon is associated only with the open 
hole tests. On right, change in crack area~cycles versus area is plotted to remove 
crack length and K solution assumptions. 

Conclusions 

A DCPD calibration and K solution was used successfully to characterize FCG from a small 
notch through transition to a through-thickness crack. A starter notch size of 0.1 mm was 
attained routinely. The minimum stress required to induce cracking was approximately 82.7 
MPa, corresponding to an approximate K value between 2-3 MPa~/m. 

Repeatability was demonstrated using duplicate AA 7075-T651 coupons. Use of a sharp end 
mill reduced hole distortion and increased repeatability by reducing residual stress effects. 
Precise notch implementation was required. 

DCPD equipment with nano-volt resolution was required. Tight control of temperature (+/- 
1 ~ and the use of a reference probe are recommended. 

Within the short crack regime, FCGR is sensitive to local microstructure. This was noticed 
particularly in the larger-grained 2XXX alloys. Therefore, in certain cases, consideration should 
be given to selecting the notch depth, test specimen geometry, and crack configuration to 
represent the physics of the application. Long crack data may not be sufficient as a sole means of 
material characterization for all cases. 

For this specimen geometry, a kink in the da/dN curve occurs when the crack transitions 
from a corner crack to a through crack. Although not completely understood, the overall cycles 
associated with the occurrence are small relative to overall life. 
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Appendix 
Corner Crack- An Ellipse or Not? 

o~176 t~176176176 . . . . . . . . . . . . . . . . . . .~ 

The following verifies that a corner crack growing in the open-hole specimen geometry can 
be assumed elliptical. The equation of an ellipse is 

x__]_2 y2 
c2 + ~ - = 1  and at ~ = 4 5  ~  (A1) 

The corresponding ray length, r, at d~ -- 45 ~ is 
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c l ~ p  ~ c r = : where the aspect ratio p = a" (A2) 

The corner-crack ray lengths of a calibration specimen as well as several corroboration 
specimens were measured and compared to the computed ray length of Eq A2 (ff = 45 ~ for both 
cases). In view of the small differences, the assumption of an elliptical crack was reasonable. 
Measurement results of  the calibration specimen 232L5 with comparisons to computed values 
are shown in Table A 1. 

TABLE A 1--Comparison of measured versus computed values of  elliptical ray length. 

Specimen ID 

232L5 
(lab air) 

Measured Computed % Diff.1 
c, mm a, mm r, mm P = c/a r, mm 

. . . . . . . . . . . . . . . . . .  E.~.A_2 .. . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.762 1,092 0.889 0.698 0.889 0.6 
0.864 1.194 1.041 0,723 0.991 5,0 
1.346 1.600 1.549 0.841 1.448 6.0 
1.524 1,778 1.676 0.857 1.626 2.4 
2.057 2.286 2.083 0.900 2.159 -3.8 
2.286 2.515 2.235 0.909 2.388 -7.0 
2.565 3.124 2.667 0.821 2.794 -5.1 
2.616 3.175 2.743 0.824 2.845 -3.7 

l Percent Difference - ((r . . . .  ~-r~mp~t~)/r . . . . .  ,~) 100. 

For the corner cracks, the potential drop was calibrated versus the average of crack lengths 
measured at ff = 0 ~ 45 ~ and 90 ~ i.e., the equivalent quarter-circle crack shape E. Generally, the 
shape of a corner crack is assumed to be that of an ellipse. Equating the area of a quarter-circle to 
that of a quarter ellipse yields 

/ ~ 2  /Tac 
- - -  ( A 3 )  

4 4 

and thus the equivalent quarter-circle crack length is 
C 

= o r  

where c/a is the aspect ratio. 

(A4) 

Kz Solution 

The Kl-solutions ofAFGROW Ver. 4.0002.12.8 fracture mechanics software were used for 
both the comer-crack and the through crack. The solutions take the form of 

KI 
13 = ~,/-s (A5) 

where ~ is the remote axial stress on the gross section area, and c is the general crack length. 
AFGROW software was used to determine the 13 factors as a function of crack length 
corresponding to the specific specimen geometry and two cases of crack front configuration 
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(corner crack and through crack). Details for calculations are included in the AFGROW manual 
[6] with the corner crack analysis based on the Newman-Raju comer crack stress intensity 
solutions [9,10].. The tabular output of 13 factors from AFGROW were fit to polynomial 
expressions encompassing the corner crack and through crack. 

Kj Solution, Corner Crack 

In the following, the average Kl, i.e., Kaverage is defined as 

K ..... go = K, + K+ 
2 

where 

K, = 13,. ~,,/-~, K c = 13c" ox/~~c, and K+ = 13-+-crY. 
Substituting Eqs A7and A8 into A6 yields 

13 . -~4~-aa  + 1 3 o - ~ 4 ~ c c  
Kav'r+g~ = 2 

o r  

Substituting Eq A4 into Eq AI 1 yields 

. . . . .  ++ = ~ c , / ~ a  �9 2 K 

o r  

where 

K~=Kav+r,s+ and 13e= 4c~[c~a (13 ,  +13c) 
- 5 -  

(A6) 

(A7, 8, 9) 

(A10) 

(All)  

(A12) 

(A13) 

(A14, 15) 

K1Solution, Through Crack 

For the through crack, the stress intensity factor is simply expressed by 

Kc = 13c" G~nc (A 16) 

where c is the length of the through crack measured from the circumference of the circular hole. 

Combined Solution 
Using AFGROW, tabular data of 13a and 13c for aspect ratios of 0.7, 0.8, 0.9, and 1.0 were 

generated. These data are shown in Fig. AI with the comer crack region emphasized. Using an 
expression in the form 

13 c = D  0 + D  I . c + D  2-c 2 + D  3.c 3 + D  4.c 4 (A17) 

data pairs of comer crack and through crack 13 factors of aspect ratios 0.7, 0.8, and 0.9 versus 
crack length were curve fit to provide continuous K expressions for either case. 
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FIG. A1 fl Factors for a range of  crack front aspect ratios and resulting 4 th order 
polynomial curve fit for corner cracks and through cracks. 

For the comer-crack, the regression coefficients (based on an average of  the aspect ratio of  
0.7, 0.8, and 1.0) and statistics are given in Table A2. 

TABLE A2--Regression coefficients and statistics, corner crack. 

Coefficient c/a = 1.0 c/a = 0.7, 0.8, 0.9 

Do 2.008390774 2.015478053 
D1 -13.40370452 -11.8449015 
D2 106.551886 74.69436031 
D3 -321.7117387 -168.3084932 

. . . .  P a r  ame__ter . . . . . .  c/a -_1_._0_ ................. c_/a -_0..7,_.0_8_, . 0 9  .... 
n 13 16 
Sylx 0.0025159 0.0032038 
R 0.99991 0.99986 
c-~.t 2 0 . t25 0.124 

2 Intersection of the comer crack K,wag c /Ke  -c" curve with that of the through crack. 
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For the through crack, the regression coefficients and statistics are given in Table A3. 

TABLE A3--Regression coefficients and statistics, through crack. 

Coefficient Value 
Do 2,165631381 
D1 -9.651274024 
D2 32.02464844 
D3 --49.30998855 
D4 29.85015335 

Parameter Value 
n 48 

Sylx 0.0041825 
R 0.99926 

~im 3 0.124 

3 Intersection of the comer crack curve with that of the through crack. 
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The F/A-18E/F Full-Scale Static and Fatigue Test Programs - 
An Overview 

REFERENCE:  Sullentrup, M. G., "The F/A-18E/F Full-Scale Static and 
Fatigue Test Programs - An Overview," Fatigue Testing and Analysis Under 
Variable Amplitude Loading Conditions, ASTM STP 1439, P. C. McKeighan and 
N. Ranganathan Eds., ASTM International, West Conshohocken, PA, 2005. 

ABSTRACT:  The structural certification of  F/A-18E/F airframe included full- 
scale fatigue and static test programs. This paper outlines the test programs, 
discusses test objectives, discusses test results, highlights some significant 
advancements in the state-of-the-art developed to support this test program, and 
offers recommendations for future full-scale certification test programs. 

The method used to correlate static test measured strains to finite element 
model predictions is discussed. The method used to certify redesigned structural 
components without the benefit of  a full-duration fatigue test is discussed. 
Innovations involving real-time data monitoring, rapid post-test analysis of  
results, characterization of  measured endpoint strains during fatigue cycling, and 
comparison of  block-to-block measured strain response are discussed. 

There were many lessons learned during these test programs. These are 
summarized and discussed. Recommendations for future full-scale certification 
test programs are also discussed. 

KEYWORDS: full-scale fatigue test, full-scale static test, structural certification, 
strain measurement 

Introduction 

The final step in the building-block approach to airframe structural certification is the 
full-scale ground test program [1]. The F/A-18E/F ground test program encompassed 
two major testing activities, namely the static and fatigue test programs. Table 1 presents 
a brief introduction to these test programs. Figure 1 presents the structural configuration 
o f  the full-scale static and fatigue test articles. 

The static design and test requirement for the airframe was 150% of  design limit load. 
The fatigue design criteria were primarily driven by durability. The airframe was 
designed to 2.67 lifetimes (16 000 flight hours) and was tested to two lifetimes (12 000 
hours). 

i Associate Technical Fellow, The Boeing Company, P.O. Box 516, MC S106-6420, St. Louis, MO, 63166. 
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Table 1 - -  F/A-18E/F Full-Scale Static and Fatigue Test Programs. 

Test Article Designation 

ST50 
Full-Scale Static Test 

FT50 
Full-Scale Fatigue Test 

Baseline Test Plan 

Static Test of Critical 
Design Conditions 

Fatigue Test of Two 
Lifetimes of Simulated 

Design Fleet Usage 

Stretch Test Plan 

Static Test of Flight Loads 
Outside the Design 

Envelope, 
Failure Tests 

Fatigue Test of Third 
Lifetime of Simulated 

Design Fleet Usage 

Omit - Antennas/Radomes ~ ~_.~Omi t  - Formation 

Omit - IFR Probe--~ ~ ~  , ~ ~  / ~ , ~  ~ ~'--Omitstabilators- Horizontal 

~ 
~__ Omit - Missile 

Omit- Boarding Ladder --J ~ Omit-Landing ~--Omit-Wi~:: nchers/~pLightspylons 
Gears and Doors GP42~o~5~V 

FIG. 1 - -  F/A-18E/F Full-Scale Static and Fatigue Test Article Structural Configuration. 

Common Test Setup 

The design of the test setup was common to the static and fatigue test articles. Loads 
were introduced via hydraulic servocylinders that were synchronized through a single 
load-control computer. Pressure loads were transmitted through neoprene pads bonded to 
the airframe surface. The pads were connected to the hydraulic cylinders through tension 
and tension/compression whiffletree systems. Additional loads were transmitted through 
simulated aircraft components such as store pylons, engines, and horizontal tails. The 
weight of  the test article, simulated aircraft components, and test load application 
hardware were counterbalanced by compensatory tare loads in the hydraulic loading 
cylinders, and by weight baskets connected by cable via levers and pulleys. 
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Full-Scale Static Test Program 

Objectives and Success Criteria - The objectives of  the full-scale static test program 
were to demonstrate the static strength capabilities of  the various airframe components. 
The success criteria were that there be no evidence of  gross section yielding at 115% of 
the test limit load (TLL) and no failures at ultimate load (150% TLL). 

Test Matrix - A test matrix including some 142 loading conditions was devised to 
apply critical loading conditions to all parts of  the aircraft structure. Table 2 presents a 
summary of  these loading conditions. The static test program was conducted over a 
seven-year period, with most o f  the first year dedicated to the major wing and fuselage 
loading conditions to support rapid expansion of  the flight envelope. The extended 
period also included structural modifications and periods where component fatigue test 
programs were conducted. 

Table 2 - -  Static Test Program Loading Conditions. 

Ultimate Load Stretch 
Failure 

Structure Conditions Conditions 
Conditions 

Tested Tested 
Wing, Fuselage, & Vertical 

112 3 3 
Tail 

Canopy 2 0 0 

Arresting Hook 3 0 0 

Stabilator 2 0 1 

Main Landing Gear 7 0 0 

Nose Landing Gear 9 0 0 

Total 135 3 4 

Failure conditions are planned for 2003 timeframe. 

Static Test Program Results - There were no major failures during the static test 
program to 150% TLL. However, there were occurrences of  fastener failures, bushing 
migration, composite delamination, a few local buckling instabilities around door edges 
and minor yielding of  the metal structure at 115% of limit load. All the anomalies found 
during testing were addressed by redesign of  the affected structure. 

Full-Scale Fatigue Test Program 

Objectives and Success Criteria - The objective of  the full-scale fatigue test program 
was to demonstrate that the test article met the fatigue durability design requirements of  
the design specification [2]. The success criterion was to complete two lifetimes of  
simulated design loading environment without failure. For metallic structures, the 
primary failure mode is crack initiation, defined as 0.01 inch (0.254 mm) crack depth. 
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Fatigue Test Spectrum - The full-scale fatigue test spectrum was based on the 
requirements o f  the design specification [2]. For the sake o f  convenience and efficiency, 
the events were compiled into a repeatable block of  events simulating 1000 flight hours. 
There were 448 490 loading events required to simulate the flight maneuvering, landing, 
catapult, and dynamic buffet events in each 1000 simulated flight hours. Figure 2 
presents a summary of  the multivariate parametric loading events simulated in the fatigue 
test spectrum. 

Service Life (6000 Flight Hours) Requirements 

Ground-Air-Ground Cycles . . . . . . . . . . . . . . . . . . .  15 750 
Field Taxi Runs . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 750 
Catapult Launches . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 250 

Landings 
Arrested . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 250 
Touch and Go . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  450 
Field Cartier Landing Practice (FCLP) . . . . . . . . . . .  6 450 
Field Mirrored Landing Practice (FMLP) . . . . . . . . .  6 600 

38% Sea-Based Missions 
62% Land-Based Missions 

�9 Various combinations of  Mach, altitude, Nz, and stick throw. 
�9 Symmetric and asymmetric flight maneuvers. 
�9 G-jump events due to store release. 
�9 Dynamic buffet events derived from flight-measured data. 
�9 Differential cockpit pressure based on altitude. 
�9 Various store carriage configurations as required for mission type. 
�9 Distributions of  aircraft gross weight and off-center angle in the catapult 

events. 
�9 Distributions of  forward landing speed, sink speed, pitch angle, roll angle, roll 

rate, crosswind velocity, and landing surface condition for the various landing 
types. 

�9 Distribution of  Nz excursion for the taxi events. 

FIG. 2 - -  F/A-18E/F Full-Scale Fatigue Test Spectrum Synopsis. 

Fatigue Test Setup and Instrumentation - At the time the test program began, the full- 
scale fatigue test of  the F/A-18E/F was one of  the most complex ever attempted in terms 
of  its load introduction system and data recording requirements. Figure 3 presents a 
summary of  the instrumentation, applied loads, reactions, and cycling rate performance. 
Figure 4 presents a photograph of  the F/A-18E/F full-scale fatigue test article in the test 
fixture. 
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FIA-18E/F Full-Scale Test Program 

�9 Strain Gage  Channe ls  at Start  of  Test  ..................................... 1 643 

�9 Def lect ion Po ten t iometers  at Start  of Tes t  ................................. 89 

�9 App l ied  Load Actuators  ............................................................ 176 

�9 React ions .................................................................................... 6 

�9 Fat igue Spec t rum Lines per  1000 S imula ted Fl ight Hours .... 448 490 

�9 Pretest  Strain Surveys ............................................................... 27 

�9 Channe ls  of  Data Recorded  for  Each Endpo in t  ....................... 1 560 

�9 M a x i m u m  Cycl ing Rate (Lines Per Minute)  ............................... 14.1 

FIG.  3 - Full-Scale Fatigue Test Summary. 

FIG.  4 - -  F/A-18E/F Full-Scale Fatigue Test Article in the Test Fixture. 
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Fatigue Test Program Results - As with any full-scale fatigue test, a number of 
structural anomalies with the test article were discovered during the periodic inspections 
[3]. Each anomaly was documented, as well as the corrective action. There were 487 
anomalies documented during the first two lifetimes of fatigue testing. Each was 
categorized as either significant or insignificant. Insignificant findings included 
anomalies such as worn or rotating fastener heads, broken fasteners, migrated bushings, 
hole wear in composite doors, minor composite door delaminations, and the like. All 
other findings, mostly cracked structural members, were considered significant. Figure 5 
presents a summary of the findings. 

FIG. 5 - -  Summary of Full-Scale Fatigue Test Findings. 

The full-scale fatigue test program was executed with great skill and efficiency 
considering the high degree of complexity in the loading system, data collection 
requirements, and the large size of the fatigue spectrum. The many improvements to the 
various processes that were implemented along the way aided in minimizing downtime 
and completion of this test program. Examples of  these improvements include the 
establishment of  an integrated test team led by the Test Authority, the establishment of  a 
requirements change review / approval process, and the establishment of a rapid response 
team. The Navy customer gave the test program consistently high marks for cost, 
schedule, and quality performance. 

Finite Element Model Correlation 

One of the objectives of full-scale static testing was the correlation of measured strains 
to finite element model predictions. The results of  this correlation not only validated the 
analysis performed to design and build the airframe, but also validated the analytical tools 
and analysis methods used for fleet modification and repair support activities. It is often 
difficult to achieve close correlation on a gage-by-gage basis, even in rather simple 
structures. This issue was addressed by prioritizing the importance of each recorded 
measurand for each condition. Table 3 presents a summary of the measurand 
classifications used. 
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Table 3 - Full-Scale Static Test Measurand Classifications. 
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Designation 

El 

LP 

LPB 

SC 

Description 

Engineering Information 
Measurands recorded for information only. 
Load Path 
Measurands of  secondary interest for a given 
loading condition. 
Load Path Basic 
Measurands of  primary interest for a given 
loading condition - most highly loaded / critical 
areas. 
Structural Certification 
Special classification of  LPB measurands 
located on composite structure. Used to address 
the fact that critical areas are not tested under in- 
flight environmental conditions. 

Percentage o f  
Active Measurands 

-60  

-33 

-5  

-2  

By focusing the correlation efforts on the measurands designated Load Path Basic and 
Structural Certification, a more meaningful and achievable correlation was made 
possible. In general, measured strains within 15% of the predicted values were 
considered acceptably close. When acceptably close correlation with FEM-based strain 
predictions was not possible, an investigation was conducted to understand better the 
discrepancy and to resolve it. 

Root Cause Investigation 

Fatigue cracking during full-scale fatigue testing is inevitable. When this happened, a 
root cause analysis was performed to gain an understanding of  the reason for the 
structural deficiency. The structural analyst had to consider not only how to repair the 
affected structure in order to resume testing, but also how to certify the redesigned 
structure. The method used to certify redesigned structural components without the 
benefit of  a full-duration fatigue test is outlined in Figure 6. 

Significant Advancements 

Numerous significant advancements in the state-of-the-art were realized during the 
F/A-18E/F ground test program. Each of  these improved the cost, schedule, and/or 
quality of  the final product. Some of  the more important advancements are discussed in 
the sections to follow. 

Real-Time Data Monitoring - Monitoring the data collected during full-scale static 
tests in real time is highly desirable since it not only gives the analyst an instantaneous 
view of  structural performance, but it also minimizes risk of  test failures. Previous 
generations of  real-time data displays provided very limited capabilities. It was only 
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F/A- 18E/F FATIGUE TEST 
CERTIFICATION PLAN 

5 S t e p  Process 

�9 Step 1 - Understand The Cause Of Failure 

�9 Step 2 - Categorize Complexity Of Analysis And 

Type Of Redesign Changes 

�9 Step 3 - Establish Redesign Life Criteria 

�9 Step 4 - Quantify Stress Reductions/Life Enhancements 

�9 Step 5 - Document Redesign Stress/Lives 

FIG. 6 - -  Approach to Certification of Redesigned Structural Components. 

possible to view the digital strain output for a very small number o f  measurands. The 
display was difficult to interpret and provided a very limited view of  the response of  the 
test article. 

A state-of-the-art real-time display system was developed that allowed the structural 
analyst to view easy-to-interpret graphical displays, and the capability to monitor a large 
number o f  measurands (up to 1500 for a load condition) in real time. Modem 
workstations were used to collect and display loads, deflection, and strain measurements 
in engineering units. 

Two types o f  displays were utilized. The first was a simple x-y plot o f  measured load, 
strain, or deflection versus loading level. The measurand prediction was also displayed 
for reference. The displays were programmed to rescale themselves automatically during 
the test, if required. Figure 7 presents an example of  the line graph display. The second 
type was a bar chart that displayed the measured loads, strains, and deflections compared 
to a previous run. The bars were color coded to aid in visual interpretation. This display 
allowed the analyst to monitor strains quickly and efficiently. Figure 8 presents an 
example of  the bar chart display. 

Rapid Post-Test Analysis of  Recorded Data - State o f  the art data collection 
capabilities allow for the collection and storage of  so much test data that it would require 
excessive time and effort to be properly analyzed. During the F/A-18E/F static test 
program, it was imperative that test conditions be executed and the data analyzed quickly 
and efficiently in order to continue to expand the flight envelope to support the 
concurrent flight test program. 

An algorithm was developed to filter out insignificant data readings so as to 
concentrate on the significant few. Figure 9 presents the rules contained in the filter. 
Employing this approach reduced data review time from days to hours. 
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F I G .  7 - -  Real-Time Measured Data Display, Line Graph. 
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F I G .  8 - -  Real-Time Measured Data Display, Bar Chart. 
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Measured Filter Criteria 

1. Strain magnitude is greater than +/- 20 ksi (137.9 MPa on metal or +/- 2000 
microstrain on composite. 

2. Deviation from predicted value is greater than +/- 15% and stress greater than 
+/- 10 ksi (68.95 MPa) on metal or +/- 1000 microstrain on composite. 

3. Linearity is such that the computed correlation coefficient is less than +/- 0.95 
and stress greater than +/- 10 ksi (68.95 MPa) on metal or +/- 1000 microstrain 
on composite. 

4. The offset measured at 40% TLL is greater than 10% of the measured value at 
maximum test load and stress greater than +/- 10 ksi (68.95 MPa) on metal or +/- 
1000 microstrain on composite. 

5. Any other instrumentation channel deemed appropriate for consideration per 
engineering judgment. 

FIG. 9 - -  Post-Test Data Analysis Filter. 

Characterization of Measured Endpoint Strains During Fatigue Cycling - During the 
execution of  the full-scale fatigue test of  the F/A-18E/F, more than 1500 measurands 
were sampled and recorded for each line o f  the fatigue spectrum, resulting in more than 
eight billion data points to be analyzed. These very large quantities of  test data required 
an innovative approach to efficiently and effectively analyze them. 

The methodology to capture and characterize structural response data from any test 
measurand resulting from the multivariate flight-by-flight spectrum fatigue loading was 
developed. The technique that worked best was to interrogate the tails of  the exceedance 
curves. The average and number of  peaks and valleys that were greater than 75% of  the 
extremes was computed and saved. These parametric characterizations of  measurand 
response at each strain gage location were compared from block-to-block for 
repeatability. 

Using these techniques, a large database of  measured strain responses were 
electronically analyzed and archived. A good block of  measured strain response data was 
captured for more than 90% of the 3000+ strain gages attached to the test article. This 
information has proven to be quite valuable to address test failures and fleet structural 
integrity issues. 

Intelligent Measured Strain Trend Monitoring - By repeating the characterization 
process described above for each block of  test data collected, it was possible to conduct a 
parametric comparison of  strain response for each measurand for each block of  recorded 
data in a timely manner. Interrogating the large quantity o f  data collected in this way, 
potential areas of  change in structural integrity were quickly identified, based on changes 
in the parametric strain response. 
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There were three notable instances during the completion of  the full-scale fatigue test 
when this approach identified structural cracks in the data. The test was stopped, the 
local area inspected and repaired, and the test was resumed. 

Lessons Learned 

There were many lessons learned during the execution of  the F/A-18E/F ground test 
program. These are summarized in Figure 10 below. 

L e s s o n s  L e a r n e d  

o:o Establish a single Test Authority to coordinate final decisions regarding cost, 
schedule quality and risk 

o:o Establish a multi-disciplined integrated test team 

~ Get  the customer fully engaged in the decision-making process from the start 

~176 Develop a failure notification procedure and have call list available at the test 
site 

�9 :o Establish change request process and change requirement management 
board 

o:o Make use of digital photography and email  for quick dissemination of test 
failure information 

�9 :o We can record significantly more data than we can analyze with traditional 
approaches 

Must develop and rely upon data filters and obtain customer 
concurrence 

- Real-time data review and rapid post-test data analysis key to 
keeping the program on track 

~ Catalog large volumes of test data throughout testing for future use 

~ Actively maintain a good summary of test failures is key to structural 
certification of redesigned structure 

- 4-panel charts a good way to provide fleet management information 

o:o Document the redesign certification plans for test failure locations 

- Coordinate and get customer agreement to pave the way for 
engineering change proposal 

o:o Form a dedicated Rapid Response Team to address test anomalies and 
repairs 

FIG. 10 - -  Lessons Learned 

Customer involvement was key to the successful execution o f  this extensive test 
program. Extensive usage of  digital photography and e-mail to disseminate failure 
information quickly to a large audience was highly effective in keeping the key players 
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informed at all times. A computer system capable of  handling the very large quantity of  
measured test data is imperative to saving these valuable data for future reference. The 
change request process and requirements change management board were very effective 
in keeping the test program on track, and implementing appropriate changes to the test 
plan at appropriate times. 

One of  the most important requirements was to identify and track significant structural 
failures discovered during the test. This requirement was expanded also to consider fleet 
retrofit and redesign implications. Figure 11 presents a typical "four-panel chart" that 
was used to identify and track such failures. The fleet impacts were efficiently monitored 
by this means. 

FIG. 11 - -  Example of  Identification and Tracking of Significant Fatigue Test Failures. 

Recommendations for Future Test Programs 

The following are offered as recommended considerations for future full-scale fatigue 
test programs. 

Strategic Allocation and Placement of Strain Gages - A plan to manage strain gage 
requirements is mandatory. Instrumentation requests can quickly get out of  control, 
resulting in adverse cost and schedule impacts. A disciplined process for the placement 
o f  strain gages should also be established. Gages should be located in relatively low 
strain gradient fields, where significant measured strains are likely, and located 
coincident with flight test instrumentation. 

More Control Points to Ensure Close Design Loads Simulation - It is truly a 
combination of  art and science to create a fatigue loading spectrum that accurately 
simulates the in-service loading environment. The importance of  analytic focus on 
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evaluating the difference between design and test loading conditions at key structural 
interfaces cannot be overstated. Establishing control points at key fuselage interfaces is 
very important due to the complexity and redundancy of the internal load paths. 

Significant Effort on Load Introduction Evaluation - Special attention must be paid to 
how the loads from the hydraulic cylinders are introduced into the airframe structure. For 
instance, it is very difficult to simulate accurately the complex external pressure 
distributions on flight control surfaces. Detailed evaluation of all load introduction 
systems is absolutely essential. 

Conclusion 

The F/A-18E/F full-scale fatigue and static test programs have been an unqualified 
success. Many significant advances in the state-of-the-art have been realized. Lessons 
learned from these test programs will be applied to future full-scale test programs. 
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ABSTRACT: This paper describes the spectrum editing techniques that were used to 
derive the test spectrum for the full-scale fatigue test of an F/A-18 wing that is currently 
underway at the Institute for Aerospace Research, National Research Council Canada. 
The derivation of the baseline spectrum and the truncation methodology are described, 
together with details of the validation process and the calculated effects of the truncation 
levels that were accepted. 

Even with aggressive truncation, the test spectrum contained nearly 135 000 unique 
load conditions. Because of control system limitations and the time required to optimize 
and check the actuator loads for so many load conditions, a binning process was used to 
reduce the number of unique load conditions to less than 50 000. The process is detailed 
and the effects on the calculated life are discussed. 

KEYWORDS: aircraft, spectrum, fatigue, full-scale testing, truncation, buffet 

Introduction 

With the advent of on-board data recording devices and digital flight control systems 
on modem fighter aircraft, it has become possible to derive aircraft manoeuvre loads on 
an almost continuous basis [1]. It has also been realized that buffet loading can be 
significant at high angles of attack and must often be included in the loads spectrum. 
Turbulence effects can also be important, particularly if the aircraft is flown at low 
altitudes. The raw spectrum then contains many millions of  lines, all of which are 
different. Since it is impractical to apply such a spectrum in a full-scale fatigue test, 
spectrum editing (typically truncation) is required to reduce the number of load lines. 
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Typical truncation levels for a manoeuvre dominated fighter aircraft wing would 
involve removal of  load cycles that were less than about 15% of the maximum for any 
location. Removal of  these cycles would have a negligible effect on fatigue damage. 
However, for a spectrum that contains buffet or turbulence, there may be sufficient 
numbers of  these small cycles to cause measurable damage and so the truncation level 
may need to be lower. Alternatively, it may be necessary to accept a non-negligible 
effect on damage. An added problem with a very large spectrum is the difficulty of  
experimentally verifying the effects o f  truncation on the damage using coupon tests 
because of  the very long testing times. 

This paper describes the spectrum editing techniques that were used to derive the test 
spectrum for the full-scale fatigue test of  an F/A-18 wing that is currently underway at 
the Institute for Aerospace Research (IAR), National Research Council Canada, and 
shown in Figure 1. The derivation of  the baseline spectrum is briefly described and the 
process of  truncation of  a complete loads spectrum (rather than a single load sequence) is 
discussed. The methodology used for the wing test is presented, together with details of  
the validation process and the calculated effects o f  the truncation levels that were 
accepted. 

FIG. 1 - -  Full-scale fatigue test ofF~A-18 wing at IAR. 

Even with aggressive truncation, the test spectrum contained nearly 135 000 unique 
load conditions. Because of  control system limitations and the time required to optimize 
and check the actuator loads for so many load conditions, a binning process was used to 
reduce the number of  unique load conditions to less than 50 000. This process grouped 
similar load conditions into bins and then used one of  the load conditions in the bin to 
represent all the loads in that bin. The process is detailed and the effects on the 
calculated life are discussed. 



HEWlTT ET AL. ON AIRCRAFT WING WITH BUFFET LOADING 115 

Derivation of Usage Spectrum 

Usage Monitoring 

The F/A-18 Maintenance Signal Data Recording System (MSDRS) records flight 
parameters, engine data, stores data, weapons data and seven channels of  strain data 
automatically at specified frequencies and on specified events. Some data, such as 
mission type, pilot id and weapons configuration, are also added to the system by the 
pilot and armorer. These MSDRS data files are available for every flight of  every aircraft 
in the fleet. 

Usage Characterization 

The usage for the test was defined as the average usage of  the most severe squadron. 
A damage calculation based on the wing root strain obtained from the MSRDS system 
was used as an initial estimate of  individual aircraft usage severity because this was the 
parameter that the fleet managers were employing. Then two average and two severe 
usage aircraft were selected from each squadron based on this damage index, and the 
flying statistics for each squadron were developed from these aircraft. These statistics 
included mission distribution, stores distributions, g exceedance versus point in the sky 
(PITS), roll rate exceedance versus PITS and angle of  attack (AOA) exceedances versus 
PITS. The most severe squadron was then selected based on these statistics and an 
additional six aircraft selected from this squadron for analysis. The average statistics for 
this squadron were then developed from these ten aircraft. 

Usage Spectrum 

A time history representative of  one year of  average flying for this squadron was then 
developed. This was achieved by assembling a collection o f  individual flights in such a 
way as to produce a time history with the same flying statistics as the average of  the 
selected squadron and ordering the flights to give the correct mission distribution with 
time [2]. This time history o f  recorded data was the basic usage spectrum. 

Loads Derivation 

Manoeuvre Loads 

An empirical Parametric Loads Formulation (PLF) process was developed at 
Bombardier Aerospace Defence Services based on a knowledge of  the aerodynamic 
loading actions and an analysis of  measured flight loads data. This gave the section loads 
as a function of  flight parameters and control surface deflections. Since the control 
surface deflections are measured only once every five seconds, intermediate values were 
derived using the once per second flight parameter data and the flight computer control 
laws. Calculated loads were verified by comparing against flight measured data for 
typical missions. 

Since the PLF method was able to predict loads at 10 Hz, the manoeuvre loads 
spectrum contained more than ten million lines before trtmcation. 
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Buffet Loads 

The wing is also subjected to aerodynamic buffet that adds large numbers of  relatively 
low amplitude cycles to the manoeuvre loads. This was addressed by  characterizing the 
buffet in terms of  AOA and dynamic pressure (Q) and collecting time segments of  flight 
test data for relevant wing loads in each of  the AOA/Q bins. The flight test buffet data 
were separated from the manoeuvre data by filtering at 2Hz. 

Buffet loads were reconstructed for the test spectrum based on the AOA/Q trace of  the 
spectrum flights by selecting a length of  buffet data from the database for the appropriate 
AOA/Q bin and adding it to the previously developed manoeuvre loads. The dynamic 
loads were captured at 483 Hz, so the addition of  buffet to the spectrum increased the 
number of  lines in the spectrum by an order of  magnitude. 

Turbulence Loads 

Turbulence loads were developed in a similar manner to buffet loads except that they 
were limited to very low AOAs and low altitude. 

Truncation Methodology 

Truncation is a process used to remove small cycles that are not considered to be 
damaging. Two types of  truncation are typically used. A range truncation removes 
cycles that have an amplitude smaller than the chosen range criteria while a deadband 
truncation removes all cycles within a chosen band (usually around zero). 

For a single load or stress sequence, this process is straightforward. For a structural 
test, however, the concept o f  a cycle is more complex. A series of  four load conditions, 
for example, may result in two complete cycles for one part o f  the structure but perhaps 
only one for another part because two of  the load conditions may not be peaks for that 
part. Thus, for a structural test, it is necessary to derive stress or load sequences for every 
critical part of  the structure, truncate the individual sequences, and then retain every end 
point that remains in each o f  the individual sequences. 

Although traditionally the individual sequences have been for section loads (wing root 
bending moment, control surface lug load etc.), truncation on critical stress sequences 
may be better i f  the critical areas are known and there are reliable stress transfer 
functions. This process was used in Reference 3. A similar process was used for the F/A 
-18  centre fuselage test [1]. However, for the centre fuselage test none of  the critical 
locations for which stress sequences were derived was significantly influenced by wing 
root torque and yet wing root torque was felt to be important. A wing root torque 
sequence was therefore also included in the truncation sequences to account for unknown 
critical locations that might be sensitive to wing root torque. 

For the current test, as is usually the case, it was expected that there were unknown 
critical locations. In addition, there were no reliable load to stress transfer functions for 
many of  the wing critical areas when the truncation process was required. It was 
therefore decided to use section load sequences for truncation. Basing test spectrum 
sequences on the critical section loads that drive the critical area stresses ensures that 
multiple known and unknown critical locations are addressed. These critical section 
loads were defined as control point loads. 
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Control Point Loads 

The aim of  the wing test at IAR is to determine the economic life o f  the inner and 
outer wing box under representative loading. The loading actions on the wing were 
reviewed and it was determined that the twelve section loads listed in Table 1 were the 
critical section loads that drive the critical area stresses. The loads in this table are listed 
in approximate order of  importance and accuracy of  prediction. 

Table 1 - -  Control Point Loads. 

Control Point Load Abbreviation Manoeuvre or Dynamic 

wing root bending moment WRBM 

wing fold bending moment WFBM 
inboard leading edge flap hinge moment ILEFHM 

outboard leading edge flap hinge moment  OLEFHM 
trailing edge flap hinge moment TEFHM 

aileron hinge moment AILHM 

trailing edge flap outboard vertical lug load TEFOLZ 

aileron outboard vertical lug load AILOLZ 

wing tip torsion WTTOR 

inboard pylon rolling moment IBPMX 

wing root torsion WRTOR 

wing fold torsion WFTOR 

MAN 

SUM 

MAN 
MAN 

SUM 

SUM 

SUM 

SUM 

SUM 

SUM 

MAN 
MAN 

Initially, control points loads were selected based only on manoeuvre (MAN) loads. 
However, when it was found that dynamic effects on the wing were significant, some 
additional control points were added. Of  the 12 control points, five were manoeuvre 
(MAN) and seven were for a combination of  both manoeuvre and dynamic (SUM) loads. 

Methodology for the Assessment of Spectrum Modifications 

Whenever changes are made to the spectrum, it is important to be able to assess the 
effect of  the changes on the life of  critical components in the structure. Ideally, spectrum 
modifications should not change the fatigue life of  any component by more than a few 
percent. It is both time-consuming and expensive to assess all changes experimentally 
because of  the large number of  specimens required for statistically significant results 
when trying to assess changes of  only a few percent. The situation is even worse for this 
test because of  the very large number of  cycles in the basic spectrum. The effects of  
changes must therefore be assessed using an experimentally verified analytical tool. 

A strain life prediction method was previously verified for use with a manoeuvre- 
dominated spectrum. This used hysteresis loop counting with the spectrum rearranged so 
that it started with the peak spectrum load. The Smith Watson Topper [4] equivalent 
strain equation was used together with pre-strained material life data. The method was 
shown to give good relative predictions of  life for spectra with different levels of  
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truncation. However, there was some concern that it may not be able to predict reliably 
the effect of  removal of  the many lower amplitude cycles associated with buffet. 

An extensive coupon test program was therefore undertaken using representative 
buffet dominated spectra and the primary materials used in the wing, 7050-T7452 
aluminum forging and beta annealed Ti-6A1-4V. Some 7050 T7451 coupons 
manufactured from a 6-inch plate were also tested. Details of  parts of  this program are 
reported in References 5 and 6. The results of  this coupon test program showed that the 
life prediction method used provided good relative life predictions for spectra with and 
without buffet and at various truncation levels. Some typical results for coupons from a 
7050-T7452 6-inch hand forging are shown in Figure 2 for several variations of  a 
preliminary trailing edge flap hinge moment spectrum. 

FIG. 2 - Test versus predicted life for preliminary trailing edge flap hinge moment 
spectrum. 

The shortest sequence, the manoeuvre only sequence with a 5% range truncation 
(man05), contained about 17 500 turning points. The longest sequence tested, the 
combined manoeuvre plus dynamic sequence with a 5% range truncation (sum05), 
contained about 410 000 turning points. The ratio of  predicted lives for these two 
sequences was 4.6, while the ratio of  the log average lives for 5 coupons was 4.7. 
Sequences with a lower truncation level were not tested as they were too long; the 
combined sequence with a 1% tnmcation contained more than 1.2 million turning points. 

Baseline Spectrum 

The raw spectrum contained the 12 control point loads at 0.1 second intervals for 
manoeuvre only conditions and every 0.002 seconds where there was dynamic activity. 
Because there were too many lines even for an analytical life prediction, the baseline 
spectrum was obtained by performing a 1% range tnmcation on each of  the individual 
control point load sequences and retaining any line that was retained in any of  the 
individual sequence truncations. The sum of  the lines in the individual sequences was 
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about 25 million, which resulted in a full sequence of about 20 million load lines because 
turning points for some control point loads occurred on the same line. 

Fatigue lives were calculated for each of the control point loads using a single load to 
stress multiplier that was selected to produce a predicted manoeuvre-only life of about 
twice the original design life. The rationale for this was that no location should fail at 
less than the original test life, which was performed to two lifetimes under manoeuvre- 
only loading. Negative multipliers were used for five of the sequences, TEFHM, 
AILHM, WTTOR, WRTOR and WFTOR, so that they were tension dominated. 

Because dynamics were not considered important for some of the control point loads, 
such as wing root bending moment, dynamic loads were not generated for these loads 
during the dynamic loads development. Thus, fatigue life calculations were performed 
using manoeuvre-only loads for these loads, whereas SUM loads were used for the 
remainder. 

Individual Sequence Truncation 

Truncation was performed on each control point sequence using a combination of 
range and deadband truncation. The truncation used for a given spectrum is written as a 
six-digit code. The first two digits are the upper deadband level, the next two are the 
lower deadband level (usually negative) and the last two are the range level. The 
numbers indicate a percentage of the maximum manoeuvre range (MMR) observed 
during the flight loads survey. For example, the code 101520 indicates a deadband 
truncation of+10% and -15% and a range truncation of 20% of the MMR. Note that the 
MMR may be less than the maximum range for control point loads that include a 
dynamic component, as the MMR was based only on the manoeuvre load component. 

The first stage of the truncation sensitivity study was to determine an acceptable range 
truncation level. Truncations were performed on the raw spectrum for each of the 12 
control point loads at 1%, 5%, 10%, 15%, 20% and 25% of MMR. In some cases, further 
range truncations of 30% and 35% MMR were performed. Results for selected MAN 
and SUM control point loads are given in Table 2 as a function of load lines remaining 
and increase in life (decrease in damage) over that for the 1% range truncation. 

Table 2 - -  Effect o f  range truncation level on life increase and remaining lines. 

Truncation WRBM (MAN) WTTOR (inverted) (SUM) TEFOLZ (SUM) 
Level, % 

remaining %increasein remaining %increase remaining 
lines li~ lines inli~ lines 

1 322124 0.00 2859890 0.0 10405752 

5 48914 0.11 1376670 0.2 2517964 

10 22932 0.42 756326 1.8 1156360 

15 15754 0.96 403944 6.6 618734 

20 11626 2.22 211896 15.4 349846 

25 8700 4.67 112758 28.4 200360 

30 62520 45.6 113122 

35 35180 70.0 63668 

% increase in 
life 

0.0 

0.1 

1.7 

5.7 

13.1 

25.6 

45.0 

74.0 
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There is clearly a difference in the response to truncation of  the MAN and SUM 
control point loads. The MAN control point load shows the typical relatively small 
increase in life for low level truncation and then a more rapid increase. This 'knee'  in the 
curve is where the typical manoeuvre truncations are usually set. The SUM control point 
loads show a similar type of  response but the 'knee'  occurs at a lower truncation level 
and a much higher number of  remaining lines. This is shown more clearly in Figures 3a 
and b. The right-hand graph in Figure 3b is an expanded version of  the left-hand plot to 
show more clearly the large number of  remaining lines near the 'knee ' .  
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FIG. 3a - -  Increase in life versus remaining lines for  WRBM. 
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FIG. 3b - -  Increase in life versus remaining lines for  WTTOR and TEFOLZ 

Using the 'knee '  o f  the curve for the SLIM loads to determine the truncation level 
would result in a sequence of  more than half  a million lines for one location with 
probably more than 5 million lines in the assembled sequence for one year of  flying. A 
test with this number of  load lines could not be applied in a reasonable time period. It 
was therefore necessary to accept relatively large increases in life for the dynamic control 
point loads. 
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To assess the effectiveness of a deadband truncation, a range-mean summary was 
completed for each of the control point loads, and a deadband truncation level was 
selected for analysis based on the number of cycles that would be removed. Based on the 
results of these fatigue calculations, the set of truncation parameters shown in Table 3 
was finally selected. While the damage increase for many of the control point loads was 
not negligible, the total number of lines in the spectrum was still more than 150 000. 
Any number beyond this was considered to be too many to apply in order to get test 
results while they were still useful for fleet management. 

Table 3 - -  Effect of Selected Truncation Level on Life. 

Control Point T y p e  Truncation Level % Increase in Life 
over Baseline 

WRBM MAN 25 25 25 5 

WFBM SUM 25 25 20 14 

ILEFHM MAN 20 20 20 6 

OLEFHM MAN 15 15 20 6 

TEFHM SUM 15 15 15 41 

AILHM SUM 15 15 15 52 

TEFOLZ SUM 35 35 35 74 

AILOLZ SUM 15 15 17 63 

WTTOR SUM 25 25 35 77 

IBPMX SUM 25 25 25 57 

WRTOR MAN 15 15 25 10 

WFTOR MAN 15 15 25 12 

However, the damage increases for the loads with dynamic components can be put 
into perspective by comparing the damage for the manoeuvre only component of the 
load. While the increases in life for WTTOR and TEFOLZ, for example, are 77 and 
74%, respectively, as compared to the 1% truncated sequence, using manoeuvre only 
loads results in life increases of about 60 and 44 times the baseline life. Thus, the results 
from this test should be more than an order of magnitude more representative in terms of 
lives for locations associated with the dynamic control point loads than the original test, 
which only used manoeuvre loads. 

Sequence Re-assembly 

The sum of the lines in the 12 individual truncated control point loads sequences was 
about 200 000 lines. However, some lines are in more than one sequence. When the load 
lines were put into a single set and the repeats eliminated, the total number of lines was 
reduced to about 182 000. However, it was observed that the 1BPMX dynamic response 
was independent of the other loads and was therefore not essential to the wing box 
dynamic distribution. The IBPMX peaks from these lines were therefore moved to the 
closest adjacent residual time step from the other 11 control points. This reduced the 
number of lines to about 175 000. 
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The re-assembly effectively adds a number of  small cycles to each individual 
sequence, thereby reducing the difference from the baseline fatigue lives. For example, 
the individual truncated sequence for WRBM contained about 9 000 lines compared to 
the 175 000 lines for the total re-assembled sequence. The damage increase compared to 
the 1% truncation baseline was reduced to 2% for the re-assembled sequence compared 
to the 5% for the individual sequence. The effect on life for all the control point loads is 
shown in Table 4. All  show an improved comparison to the baseline lives. 

Table 4 - -  Effect of Sequence Re-assembly on Life. 

Control Point Type % Increase in Life 
over Baseline 

WRBM MAN 2 
WFBM SUM 9 

ILEFHM MAN 5 

OLEFHM MAN 4 

TEFHM SUM 28 

AILHM SUM 45 

TEFOLZ SUM 72 

AILOLZ SUM 57 
WTTOR SUM 72 

IBPMX SUM 53 

WRTOR MAN 5 

WFTOR MAN 7 

Distributed Loads 

In order to apply representative loads to the wing, it is necessary to have load 
distributions over the wing, in addition to the section loads. Of  the approximately 175 
000 load lines in the total truncated sequence, about 135 000 were independent because 
there were some repeated flights within the spectrum. Distributed loads for these 135 
000 load conditions were developed by Bombardier Aerospace Defence Services based 
on the aircraft weight distribution for the inertia loads, wind tunnel distributions for the 
aerodynamic loads and optimized force distributions for the dynamic loads. The latter 
were optimized to give the correct dynamic control point loads and were checked against 
a number of  measured strains and accelerations from the flight test data. 

The aerodynamic distribution process used an optimization process to find the best set 
o f  distributed panel loads that matched the wind tunnel distributions and, when 
integrated, matched the 12 target interface loads (control point loads). Since these target 
interface loads were predicted from flight parameters and had an associated level of  
uncertainty, they were allowed to vary within their level o f  uncertainty during the 
optimization process to ensure that realistic distributions were obtained. The final control 
point loads for the distributed loads set were therefore slightly different from the original 
control point loads. Fatigue calculations were therefore performed for the distributed 
loads sequence to quantify the effects of  these changes. While some of  the manoeuvre 
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control point loads now include a dynamic component, e.g., the WRBM increases due to 
the integration of  the additional panel loads resulting from the dynamic loads distribution 
on the control surfaces and outer wing, only the manoeuvre portion of  the load was used 
in the fatigue calculation to keep it consistent with the baseline. 

The results are shown in Table 5. The change from the baseline is given as before, 
together with the incremental change from the previous life calculations, which were for 
the truncated and re-assembled loads in this case. Generally, the changes were small, 
particularly for the most important interface loads. However, there were significant 
changes for the wing fold and wing root torque load sequences. 

Table 5 - -  Effect of  Distributed Loads Process on Life. 

Control Point Type % Increase in Life % Incremental Increase 
over Baseline in Life from Previous 

Sequence 

WRBM MAN 2 0 
WFBM SUM 8 -I 

ILEFHM MAN 5 0 

OLEFHM MAN 4 0 

TEFHM SUM 34 5 

AILHM SUM 56 8 

TEFOLZ SUM 69 -2 
AILOLZ SUM 50 -5 

WTTOR SUM 83 7 

IBPMX SUM 55 1 

WRTOR MAN 693 654 

WFTOR MAN 914 849 

When the wing fold and wing root torques were constrained, the optimization 
produced unrealistic panel loads on the inner wing box. The major drivers for these 
torques are the control surface hinge moments, and these were considered to be more 
reliable than the torques (wing torque is notoriously difficult to measure in a flight test). 
The decision was therefore made not to constrain the torques during the optimization 
process. This decision was subsequently proved correct, when comparisons to flight test 
strains were made during the initial strain survey. 

Binning 

At the time the control system was purchased for this test, the maximum number of  
independent load conditions that could be accommodated without large economic 
penalties was 50 000. Thus the number of  independent load conditions had to be 
reduced, or the sequence split into three and continually reloaded throughout the test. 
The latter solution is prone to making errors. Furthermore, a large number o f  load 
conditions significantly increases data handling problems associated with developing 
actuator loads for application of  the load conditions to the test article and their subsequent 
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verification [7]. It was therefore advantageous to reduce the number of independent load 
conditions. 

Since the control point loads can only be predicted to within a certain confidence 
range, there is some scatter on the loads. It is therefore possible to have two, or more, 
load cases that exist at different times in the spectrum that, considering the accuracy of 
their prediction, are essentially the same. The assumption is therefore made that if all of 
the 12 control point loads for a number of load cases are within a given range, then the 
resulting load distributions are not distinguishable. This 12-dimensional definition of a 
load case is referred to as a bin. 

The bin size for each load was initially set based on the accuracy of the calculated 
load and then all bins were equally scaled until the number of occupied bins was less than 
50 000. Generally, the bins at low loads (around lg) were heavily populated while bins 
at the extremes of the envelope contained only one load case. One load case from each 
bin was selected for application to the test, generally with near mid bin values. Because 
the bins at the extremes of the envelope contained only one load case, this was the load 
case selected and the binning therefore did not alter the extremes of the spectrum. 
Fatigue life calculations after the binning process are shown in Table 6. Many of the 
sequences show a small decrease in life; this was done deliberately to recover some of the 
damage lost in previous processes and was achieved by choosing the representative load 
case from a bin slightly off mid bin values. 

Table 6 - -  Effect of Binning Process on Life. 

Control Point Type % Increase in Life % Incremental Increase 
over Baseline in Life from Previous 

Sequence 

WRBM MAN -1% -3% 

WFBM SUM 8% - 1% 

ILEFHM MAN 1% -4% 

OLEFHM MAN 1% -3% 

TEFHM SUM 28% -5% 

AILHM SUM 60% 2% 

TEFOLZ SUM 72% 2% 

AILOLZ SUM 53% 2% 

WTTOR SUM 82% - 1% 

IBPMX SUM 38% -12% 

WRTOR MAN 604% -13% 

WFTOR MAN 974% 6% 

When the original load lines are replaced by their representative bin load condition, it 
is possible to have consecutive lines that are identical. Removal of these consecutive 
repeat load cases clearly makes no difference to the spectrum. 

It is also possible to have consecutive load lines from adjacent bins, where adjacent 
means that only one of the 12 control point loads is different. If this control point load is 
not a turning point for either load case, then removal of one of these lines will make no 
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difference to the fatigue life. Similarly, if more than one of  the control point loads are 
different but are not tuming points for either load line, they can be removed without 
changing the fatigue life. Using this logic, all of  the turning points for all o f  the 12 
control point spectra were preserved in the final test sequence, but the total number of  
lines in the spectrum was reduced from about 175 000 to 155 000. 

Conclusions 

The spectrum editing techniques used to derive the test spectrum for a full-scale 
fatigue test of  an F/A-18 wing with buffet loading have been described. The 
methodology for assessing the effects o f  the editing, using an experimentally verified 
strain-based fatigue life calculation, has also been detailed. 

Truncation was based on ranges and deadbands o f  individual sequences o f  section 
loads derived from the full loads sequence for a representative year of  flying. Because 
the buffet added a very large number of  end points to the sequences, aggressive 
truncation was found to be necessary in order to be able to apply the test spectrum in a 
reasonable time period. Truncation reduced the number of  lines in the spectrum from 
about 20 million for the initial sequence with a 1% range truncation to about 175 000. 

Even after this aggressive truncation, it was found that there were about 135 000 
independent load cases. This number was reduced to less than 50 000 by a binning 
process so that the sequence could be accommodated by the test controller. 

Overall, the lives based on manoeuvre dominated loads (e.g., wing root bending 
moment) were not changed by more than a few percent by all the spectrum editing 
processes. Lives based on buffet dominated loads (e.g. trailing edge flap lug load) 
increased by up to about 80%. Almost all o f  the increase was due to the aggressive 
truncation used for these loads. However, this was still a significant improvement over 
previous tests, which did not include buffet. 

The binning process made a negligible difference to calculated fatigue lives and 
appears to be a useful tool for reducing the number of  independent load cases. This has 
benefits both in terms of  calculating and verifying actuator loads for the test and reducing 
the size o f  the file for the test controller. 
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ABSTRACT: The purpose of this paper is to present an overview of an Airbus' approach regarding 
fatigue spectra for large commercial aircraft. An accurate load representation is essential to the modem 
aircraft fatigue optimization process. The effort to develop spectra must be consistent with the efforts 
made to optimize materials and geometries. The main characteristics of large commercial aircraft spectra, 
both for prediction and testing, are presented. Recent advances are specifically highlighted. 
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Introduction 

An important part of the structural analysis of  an aircraft comes from the loads applied to 
each component. An accurate load representation, through the use of complex spectra, is 
essential to designing modem large commercial aircraft. This paper presents the Airbus state of 
the art on this subject. After reviewing briefly the way to manage a fatigue calculation, the 
method to build a fatigue loading spectrum for prediction will be described. Then the load 
specificities of large commercial aircraft will be highlighted. The following section will be 
dedicated to the modification of the spectrum necessary to provide a fatigue test spectrum. The 
last paragraph will present how to review loading spectra during the aircraft's life, if necessary, 
to always have an accurate representation throughout that life. 

General Overview of  Fatigue Calculation 

Airworthiness authorities require a fatigue and damage tolerance justification before 
delivering an airworthiness certificate. Fatigue and damage tolerance analysis consists of  both a 
review of structural parts whose failure may impact airworthiness and the justification that these 
parts will not have any damage or that any damage will be detected before jeopardizing the 
integrity of the structure. These calculations lead to a structural maintenance program, 
consisting of several dates representing the first inspection threshold and inspection intervals. 
The justification includes crack initiation analysis, crack propagation analysis, and residual 
strength analysis. 

A linear cumulative law (Miner's rule [1]) is used to perform crack initiation analysis. 
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nl n2 nk 
D = - : :  + --77_ + . . .~:-  ; D = 1 being the failed condition 

N I  N 2  N/c 
(1) 

where 

ni = number of  stress loading cycles, and 
Ni = number of cycles to failure. 

Then, thanks to test data, from coupon to full-scale and their analytical representation, the 
fatigue life is deduced. For example, we can use a representation named IQF law: 

10 ' (  IQF , I P : N  (2) 
~,O'max.f(R) ) 

where 

IQF = index of  quality in fatigue (depending on material, geometry, treatments, etc.), 
R = stress ratio, 
p = material parameter, 
~max = maximum stress value of the cycle, and 
N = number of cycles to failure. 

The crack propagation, on the other hand, is not based on a linear cumulative damage law. 
One approach used in Airbus is based on the Elber's [2] opening concept and on a propagation 
model named PREFFAS, which takes into account the effects of overloads and underloads 
present in the spectrum. 

aa BR)]m (3) --~ : Ce# [zlS.f(a).(A + 

where 

da/dN = crack growth rate, 
Cell, A, B & m = material parameters, 
R = stress ratio, and 
f(a) = geometrical function. 

The non-linearity of the model is of  importance because it means that the order of stress 
cycles influences the propagation of  damage. Consequently, the load spectrum has to be 
described through an individual stress cycle sequence. We cannot achieve a good level of 
accuracy in fatigue and damage tolerance analysis by studying only cumulative stress cycles. 

Building of Fatigue Load Spectrum for Prediction 

General 

At the  beginning of an aircraft design, missions are built in cooperation with potential 
customers, in order to describe what should be the usage of this new aircraft. Describing a 
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mission consists of splitting a flight into several segments and attributing a duration, an altitude, 
an aircraft mass, disturbances, etc. to each of these segments. Thanks to this information, 
external loads are computed, and stresses are then calculated for each part of the aircraft finite 
element model. 

Mission Building 

The mission is a series of equilibrium stresses (named n = 1) which represents an equilibrium 
state of the structure, representing loads having a low evolution along time, such as weight or 
pressure. Stresses from disturbances are superimposed on the equilibrium stresses. These 
stresses, called incremental stresses, are due to a quick evolution of loads such as gusts or 
bumps. 

To build a fatigue mission, we must associate disturbances on each segment and decide how 
to combine them. It is obvious that the description depends on the kind of structure analyzed. For 
example, the fuselage is sensitive to pressure and to the ground phases (taxi out, take-off roll, 
roll-out, etc.), whereas the ailerons are not. 

Disturbances 

To represent the disturbances, Airbus uses cumulative distribution functions (Fig. 1), which 
represent the number of times that a stress surpasses a given level. 

FIG. 1 Cumulative distribution function. 
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In this example, the stress level 50 MPa is surpassed 31 times per flight. 
Let us have a closer look at the different kinds of disturbances we have to consider and how 

to treat them. We can separate disturbances into two great families: continuous and discrete. 
Continuous disturbances are described with analytical functions. A frequency is associated with 
any value of the disturbing phenomenon. 

For example, for taxiing, the cumulative distribution is 

f =  10 A,z+B (4) 

where 

f = cumulative frequency of the phenomenon, 
nz = local acceleration, and 
A,B = constants. 

This kind of disturbance is represented with a smooth function (Fig. 2). 

FIG. 2 Taxi cumulative frequency distribution. 

The other family of  disturbances is discrete disturbances, which has only a finite number of  
values (maneuver angles for ailerons). It also includes disturbances such as dynamic landing, 
which are not linear with frequencies. Those disturbances are represented with a discontinuous 
function (Figs. 3 and 4). 
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FIG. 3 Dynamic landing cumulative frequency distribution. 

FIG. 4 Isolated event. 
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An important aspect in the statistical description of the mission is to decide how different 
disturbances have to be treated. At this stage, the disturbances are split again into two new 
categories: the flight disturbances and the ground disturbances. The hypothesis made here is that 
flight disturbances may be dependent. For example, if the aircraft is in stormy weather, it will 
meet very severe disturbances due to vertical gusts, but also to lateral gusts. On the other hand, 
on the ground, there is no reason if the runway is rough to have very hard braking at the same 
time, for example. Except in very particular cases, we will consider that disturbances on the 
ground are independent. 

The last point to take into account before generating individual stresses is to decide if stresses 
are juxtaposed or superimposed. Let us have two examples to illustrate this point. Since gusts are 
continuous functions, it is not probable that a lateral gust will come exactly at the same time as a 
vertical gust. That is why we will state that lateral and vertical gusts have to be juxtaposed. On 
the contrary, it is possible to have a turn on the runway and to meet btmaps during this turn. In 
this case, we will say that the disturbances may be superimposed; the stresses due to the two 
phenomena may be added (but are not always added; it depends on a statistical approach we will 
discuss later). 

Statistical Description 

Since we now have the different segments, the n = 1 stress and the various disturbances 
associated, the statistical description of the mission may be represented as follows (Fig. 5). This 
description provides the stress levels reached for each segment of the mission, with their 
associated cumulative frequencies. 

FIG. 5 Statistical description of the mission. 
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Flight by Flight Description 

We now have built our fatigue mission, with every disturbance on every segment, and the 
way to treat them (dependence, juxtaposition ). We must now generate individual stresses from 
the cumulative frequency distributions for a number N of flights. One method used in Airbus is a 
random drawing of stresses from the cumulative frequency distributions. 

Let us have a closer look at this method for a single disturbance, and then we will generalize 
it. Let us assume that we have the following description of the disturbance (Table 1): 

TABLE 1--Numerical description of the disturbance before drawing. 

Stress Level(inMPa) Cumul~ive Frequency 
100 1 
80 10 
50 100 
20 1000 

Table 1 shows that a stress of 100 MPa is reached exactly once, 80 MPa is reached exactly 
nine times, and so on, in N flights. To generate the series of stresses, we will draw a random 
number between 1 and 1000. Let us say 81 for example; 81 is between I0 and 100, and that 
means that we choose 50 MPa as the first stress of our spectrum. The cumulative description 
becomes (Table 2): 

TABLE 2--Numerical description of the disturbance after the 1 st drawing. 

Stress Level (in MPa) Cumulative Frequency _ _  
100 1 
80 10 
50 99 
20 999 

Then, we will draw a random number between 1 and 999. Let us use 253. 253 is between 99 and 
999, then we choose 20 MPa as the second stress of our spectrum. 

And we continue this random drawing (between 1 and 998) until there is no stress remaining 
in the table. This way, we have randomly mixed the stresses, and we are sure that all stresses 
have been included in the spectrum. 

This series of stresses is now split into the number N of flights chosen to generate the 
spectrum. Depending on the kind of disturbance, the partitioning will be done in N equivalent 
number of stresses, or the number of stresses (due to this disturbance) in each flight will be 
proportional to the highest stress value of the disturbance in the considered flight. It is the case, 
for example, for the gusts. If the flight conditions are bad (storm, etc.), the stress values will be 
high, and the stresses will be numerous. 

The same approach is used when there are many disturbances on a segment. If the 
disturbances are dependent, the stresses of each disturbance will be sorted, and then these 
stresses will be included within the same flight, disturbance by disturbance. The last step will 
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consist of mixing them. If disturbances are independent, the stresses do not have to be sorted; 
they are only joined and then mixed flight by flight. 

Concerning superposition of disturbances, the aim of  the treatment is to enable stresses to be 
added. Depending on the probability of having two stresses at the same moment, the stresses of 
the different disturbances will either be juxtaposed or superimposed. For example, if Stress 1 
from Disturbance 1 has a probability of 0.1, and if Stress 2 from Disturbance 2 has a probability 
of 0.05, then the probability that Stress 1 and Stress 2 will occur at the same moment is 0.005. If  
the number of flights to generate is higher than 200 (1/0.005), then Stress 1 and Stress 2 will be 
added, or else they will remain separated. 

With regard to the methods described earlier, we obtain a description of the load spectrum 
flight by flight, stress by stress (Fig. 6). 

FIG. 6 Fatigue spectrum flight #128. 

Large Commercial Aircraft Specificities 

In this section, two main specificities of large and modern aircraft will be highlighted. 

Load Alleviation Function 

The first specificity concerns load alleviation and its impact on structural weight. To save 
weight, we may add some systems enabling the decrease of  loads due to some disturbances, 
because the thickness of a component is directly correlated with the applied loads. 

The Load Alleviation Function (LAF) is this kind of  system. It enables loads due to vertical 
gusts to be decreased if they exceed a determined velocity (Fig. 7). 
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Intensity (ftTs) 

Cumulated 
frequency 

flu) = frequency of LAF 
activation for positive 
intensities 

if-u) = frequency of LAF 
activation for negative 
intensities 

LAF activation 
a r e a  

FIG. 7 L A F  act iva t ion  a rea  on  a vert ical  gus t  spec trum.  

This kind of  system has to be taken into account when modeling a fatigue spectrum since it 
modifies the statistics associated with vertical gust disturbance. 

LAF is expected to have the following two main effects on a mission spectrum when gust 
velocity exceeds a given level: 

�9 to decrease the equilibrium stress value crn=l of  x % 
�9 to alleviate the increment (i.e., the magnitude of  a vertical turbulence or maneuver) by y % 

The method to consider LAF includes the following: 

where 

generating the series of  stresses due to vertical gust for each flight, 
testing each stress level, and 
if  the stress value is greater than the LAF activation level, then the stress is modified as 
follows: 

O'd,, = (1--Y)*ffd,s,- X* O',=1 (5) 

O'dist  = incremental stress, 
O ' n =  1 = steady stress, 
x = decrease of  equilibrium stress, and 
y = decrease of  incremental stress. 

The LAF provides significant gains in fatigue life. 



136 FATIGUE TESTING AND ANALYSIS 

Mission Mix 

Another specificity of modern aircraft is to take into account a mix of mission from design 
phase. Today, airlines want to operate their aircraft on various missions. Design is made for 
different missions and also for a mixing of  these missions. Indeed, some mixes of missions are 
more penalizing for fatigue life than any of the missions considered separately. The fatigue 
spectrum analysis also may be able to mix these missions. 

As said in the first paragraph, in the general overview of fatigue calculation, the order of 
stress cycles is of importance because it influences the propagation of the damage. So the 
mission mix may not only be a juxtaposition of various missions but also a real mixing 
subordinate to specific rules. 

Once the most severe mix of missions is determined, the approach applied consists of 
generating the flights for each mission involved in the mix. Then, the flights are sorted 
depending on their severity. Once sorted, a regular selection (depending on the occurrence in the 
mix) of the flights is performed. The last step is a mix of these various flights in order to be as 
close as possible to the real series of missions viewed by the aircraft. 

Load Spectrum for Test 

A full-scale fatigue test is conducted as part of the type certification program because 
analysis must be supported by tests. The simplest solution to conduct the test should be to use the 
complex spectrum used for analysis. The drawback is that testing complexity is the enemy of 
cost. A pragmatic trade-off between complexity and accuracy is then necessary. 

To reach this goal, spectrum reduction (truncation and omission) is an important way of 
improvement (Fig. 8), but always keep in mind that a test spectrum has to be representative of 
the real spectrum. 

f~m 
I I 

ft~,o fom I 
I 
t 

f m a x  

fc 

FIG. 8 Truncation and omission frequencies. 

The truncation frequency (ft~c) depends on the length of the test sequence and the frequency 
of each kind of flight to be represented. The length of the sequence is usually between 1500 and 
2000 flights. 

The aim of omission (fore) is to decrease the number of stresses by suppressing the low 
stresses because they are the most frequent ones and are individually the least damaging. 
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The next step is to replace a continuous distribution (between truncation frequency and 
omission frequency) with a discrete one. To do that, we divide the frequency range in equal 
intervals (in a logarithmic scale). An equivalent stress level is then calculated on each interval by 
integrating elementary damage. Depending on the area considered, a fatigue or a damage 
tolerance approach is used. With a fatigue approach, and considering the IQF law described in 
the first paragraph, we obtain 

zlE i = zlf[f(Rj)t:r~] p k (6) 

where 

z f ,  = fc ,+ ,  - f c , ,  

- -  O -  i -4- 0"~+ 1 
O" i - - ,  

2 
"1 R "~ 

1 
k - - - ,  and 

105.IQF p 
p = material coefficient. 

In each interval, the damage corresponding to the range of frequency fc_inf to fc_sup is then 

fc_ sup 

E(fc_inf ;fc_sup)= ~_AE~ (7) 
fc inf  

Concerning the case where fom <fmax, the damage due to the omitted cycles is taken into 
account (Fig. 9) using an equivalent approach as described previously. 

We determine an equivalent stress O'equi , such as 

E ( f c  inf ; f c s u p )  = ( f c o m -  fc_inf){f(Req,,)treq,,]P.k (8) 

This method is iterative: we suppress stresses, and we check by a numerical approach that the 
damage with omission is always close to the result with no omission. If  it is not the case, a new 
calculation is performed with a higher omission frequency. 

In parallel, other methods used to derive the test spectrum from theoretical spectra can be 
listed, such as filtering process to suppress non-damaging cycles, reduction of the number of 
segments to be taken into account, regrouping of some disturbances, etc. 

Once the test spectrum is generated, stresses may be automatically adapted to reference 
levels in order to be applied by test equipment. 
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FIG. 9 Omission method. 

Updated Spectra 

During the aircraft life, the fatigue loads spectra are sometimes updated depending on the 
information coming from the fleet. This review of  the usage of the fleet is done not only for 
safety reasons, but also to improve the maintenance program. Fleet surveys provide information 
on the missions operated by the airlines (mainly range and weight information). Spectra are 
updated if airlines do not operate their fleet within the boundaries previously defined for the 
design phase or from the previous fleet survey. It must be noted that, whatever the result is, even 
if the spectra are not updated, maintenance programs are reviewed. Indeed, certain areas of  the 
airframe are sensitive to the aircraft flight duration. In these cases, the fatigue damage increases 
as a function of the flight time. Parametric studies of Airbus aircraft have indicated that several 
parameters have an effect on fatigue behavior. In general, a representative value for each 
parameter is chosen for use in fatigue and damage tolerance calculation. However, the range 
parameter varies so widely in service that to select only one value (long range) severely 
penalizes short and mid range operators. Consequently, the range parameter is treated 
independently of the other mission parameters and has been accounted for by a method named 
flight cycle/flight hour limit. This method enables a maintenance program in flight hours and in 
flight cycles to be given to each structurally significant item. This way, the degree of 
conservatism of the maintenance program is reduced but always keeps a whole coverage of the 
range of utilization of the aircraft. 

Spectra also may be updated thanks to recording information on loads. The spectra have to be 
updated regarding new material or new runways. For example, the tractors to tow aircraft from 
boarding door to runway have changed in time. Some airports have very fast tractors, impacting 
phases such as towing phase or push-back phase. 

Conclusion 

This paper provides an overview of the Airbus way to build a complex fatigue spectrum for 
the design of large commercial aircraft but also for tests. Thanks to our knowledge of the usage 



LE DIVENAH AND BEAUFILS ON AIRCRAFT LOADING SPECTRA 139 

of our fleet and to modem methods, Airbus is able to build an accurate representation of fatigue 
loads to support its fleet. This accurate representation is essential to process optimization, saving 
weight, and increasing safety. 
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Analysis on a Coupon Similar to a Critical Design Detail of a 
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ABSTRACT: Numerous studies have shown that small-crack methodology can be used to predict the total 
fatigue life of laboratory type (Kx = 1 and 3) specimens under variable amplitude loading. Prior to 
investigating how well this fatigue life prediction capability could be extended to "real" aircraft structures, 
an intermediary step was taken where total fatigue life was predicted for a laboratory type specimen similar 
to a critical design detail in a fighter aircraft fuselage bulkhead. Using the small-crack analysis in the 
computer code called FASTRAN and assuming an initial crack size of 20 microns, the time to catastrophic 
failure of the test coupons was predicted to within 10 % of the average test times. 
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Introduction 

The Canadian Forces (CF) and the Royal Australian Air Force (RAAF) have been involved 
in a joint International Follow-On Spectrum Test Program (IFOSTP) Full Scale Test of  their 
F/A-18 (CF 188) Hornet fighter aircraft since the early 1990s [ 1 ]. The goal of  the program was to 
establish appropriate inspections, maintenance actions, and repairs that would allow continued 
safe and economical operation of  the aircraft fleets to reach their full 6000 flight hours potential 
over a 30-year period. Monitoring of  manufacturer installed strain gauges in the wing and 
fuselage structures showed that the CF and RAAF land-based usage of  the aircraft is 
significantly more severe than the US Navy service fatigue spectrum, to which it was originally 
designed and tested. During the original ST16 Full Scale Test by McDonnell Douglas, the 
Original Equipment Manufacturer (OEM), a highly stressed area at location X19 on the Y470.5 
wing carry through bulkhead failed catastrophically after 12 205 Simulated Flight Hours (SFH), 
as shown in Figs. 1 and 2 [2]. 

To establish the potential fatigue life enhancement benefit offered by shot peening the area, 
the CF undertook a test program at the Quality Engineering Test Establishment (QETE) [3] to 
establish the crack nucleation and crack propagation lives of  pristine coupons and those with shot 
peen repair. The test results from pristine coupons were analyzed and predicted in a TTCP (The 
Technical Cooperation Program) Short Crack Effects program [4] to determine the effectiveness 
and limitations of  small-crack life prediction methodology prior to conducting predictions in real 
aircraft structure. 
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FIG. 1 CF188 fuselage and the left side of the Y470.5 bulkhead (looking aft). 

FIG. 2 Close-up of the location Xl9 flange/web stiffener where failure occurred during the 
U.S. Navy ST16 Full Scale Test after 12 205 SFH of usage [2]. 

Description of the X19 Coupon and Stress Concentration Analyses 

The X19 test coupon was designed by Bombardier Military Division, the CF188 repair and 
maintenance contractor, with a general geometry and stress concentration similar to the fatigue 
prone flange/web pocket of the X19 area. The test coupons, shown in Fig. 3, were manufactured 
from a 102-ram thick 7050-T7451 aluminium (A1) alloy plate, replicating the local X19 24 
degree grain orientation with respect to the rolling direction of the plate. 
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FIG. 3 The X19 coupon simulating the flange~web transition (circled in Fig. 2): as 
manufactured (left); instrumented with strain gauges on one side (center); and with photoelastic 
coating on the opposite side (righO. 

The first test coupon produced was instrumented with strain gauges and photoelastic coatings 
to establish the strain gradient through the flange/web pocket transition. Finite Element 
Modeling (FEM) of the area was also conducted [5], with the close-up of the flange/web 
transition, where cracks first originated, shown in Fig. 4. Analysis of the experimental 
photoelastic coating and strain gauge measurements indicated that the stress concentration in the 
area of interest was 1.68 [3]. The FEM analysis determined that the stress concentration in the 
transition area was 2.15 [5]. 

FIG. 4 Close-up of  the FEM analysis o f  the X19 flange/web pocket [5]. 
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Loading Spectrum 

The IARP03a loading spectrum (Fig. 5) for the IFOSTP program was developed from CF188 
fleet data at the National Research Council Canada [6],[7]. The strain spectrum used to test the 
X19 coupons was measured on the FT55 Full Scale Fuselage Test. The load magnitude was 
scaled to the cross-sectional area of the X 19 coupon geometry, producing a peak remote stress of 
258 MPa. The spectrum contained 15 893 end levels representing a typical year of  flight of 325 
SFH. At a test frequency of 5 Hz, it took 1.25 h to reproduce in the load frame. 

1 
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FIG. 5--Portion of the IARPO3a IFOSTP F/A-18 fatigue spectrum. 

Spectrum Fatigue Testing and Crack Inspection Techniques 

The symmetric X19 coupon presented four identical crack nucleation/inspection sites, and 
these were identified as Location 1 (upper front), Location 2 (lower front), Location 3 (upper 
back) and Location 4 (lower back), evident in Fig. 6a. 

The coupon was fatigue-tested in a 100 kN computer automated servo hydraulic test system. 
During fatigue testing, a video microscope system was used to monitor and record crack 
development and progression; a typical image is shown in Fig. 6b. 

Surface crack length measurements were conducted using an Enhanced Liquid Penetrant 
procedure described in [8], whereby a thin layer of penetrant was applied to the area of interest, 
and the coupon was loaded to 50 % of the maximum test load while the image was recorded on 
video with the aid of an ultraviolet light. The cracks appeared dark while the rest of the surface 
was bright, a bright background being necessary for video capture. 

The Enhanced Liquid Penetrant Inspection (LPI) technique was found to be significantly 
more sensitive than Eddy Current (EC) in detecting developing cracks for the X19 geometry. 
Once cracks were detected by Enhanced LPI, the fatigue prone areas were inspected using the 
EC method as well. The latter method is used presently on the CF188 aircraft fleet. 

As evident in Fig. 6, multiple cracks would develop on different planes and at different 
points along the flange/web transition. Though there were a few cases of only one to three 
cracks developing in the radii, in many cases there were in excess of six identifiable cracks 
measuring less than 1 mm in length (-0.5 mm depth). When one or more of the cracks would 
become dominant or linking of neighboring cracks occurred, smaller secondary cracks often 
became dormant. 
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FIG. 6 Experimental setup showing the test coupon mounted in the load frame, video 
microscope, and ultra violet illumination (a). Close-up of  an Enhanced Liquid Penetrant 
Inspection image of  the multiple cracking situation on coupon PL50 Location 3 at the point 
where EC inspection reliably detected the presence o f  fatigue cracks Oo). The reference grid 
below the fluorescent dye has 0.25 mm spacing. 

Two coupons were sacrificed to measure crack sizes upon detection by EC. The crack sizes 
were measured after sectioning the coupons and exposing the crack surfaces by breaking them 
open. The measured crack sizes are shown in Table 1. EC crack detection was on the order of  
0.2 1 mm (0.6 mm typically) in depth due to the radius and the local material thickness change 
at the flange/web transition. 

The relationships between EC response to a 7075-T651 A1 alloy calibration block with 
Electron Discharge Machining (EDM) slots and to fatigue cracks in the X19 coupons are 
provided in Table 2. The spectrum fatigue test results from this program are provided in Table 3. 

TABLE 1 Crack dimensions at first detection by EC on baseline coupons. 

Coupon / Site# (EC Reading ) Surface Length (2a) Depth_~ 2a/c Ratio 
PL3 #1 (EC = 1/4 div) 0.45 mm 0.21 mm 2.14 
PL3 #4 (EC = 1 div) 0.90 mm 0.58 mm 1.55 
PL20 #4 (EC = 1/4 div) 0.56 mm 0.30 mm 1.87 

TABLE 2 Comparison of  EC response to EDM slots and to fatigue cracks in the X19 
flange/web transition on pristine coupons. A O. 5 mm deep fatigue crack provided half a division 
of  EC response," a comparable EDM slot provided a 4 division response. 

................................................................................ 7 0 _ 7 . ~ - ~ { 5 !  ?r.!_.a_.!.!O_:~ . . . ]  ................................... . .7_O..S.P:~74~_! 6 ! A ! k ~  ........................... 
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Response Calibration Block ] 4.0 mm radius 
................ ( P ~ x ! ~ . ! p n s )  .................... 
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TABLE 3 Crack nucleation (to EC ~0. 5 div), crack propagation, and total life results. 

Specimen Location 

PL9 1 
2 
3 
4 

Total 
Life 

(Blocks) 
28.5 

28.5 

Largest Crack 
Final Single Nucleation Crack 

Crack Length Surface Crack (EC-0.5 div) Propagation 
_(.re_m) (ram) (Blocks) ...... (Blocks)__ 

20.3 
0.6 18.8 

20.3 

PL50 1 27.6 20.3 1 18 9.6 
2 
3 27.6 20.3 0.8 14 13.6 
4 1 20 

Metallography 
An example of the 7050-T7451 A1 alloy plate microstructure on the Longitudinal Transverse 

plane in the vicinity of the failure surfaces with the rolling direction oriented vertically is shown 
in Fig. 7. The surface was polished and etched with Keller's reagent. Several examples of 
stringers containing intermetallic particles were found measuring 20 30 gm wide by up to 300 
p.m long. 

FIG. 7 The 7050-T7451 AI alloy microstructure near the flange/web transition of  the )(19 
coupons. Lower photos are close-ups o f  the stringers of  particles in the upper photos. 
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Fraetography 

Scanning electron microscope (SEM) examination of the coupon failure surfaces performed 
at QETE indicated that crack nucleation had occurred at multiple sites, consisting primarily of 
intermetallics, pores, clusters of pores, and clusters of intermetallics, as well as long shallow 
machining marks, as shown in Figs. 8 12. 

Fatigue Life Analysis 

Damage tolerance methods used in the design of  conventional aircraft have been used 
routinely for many years. These methods have used the long crack thresholds for crack growth 
in successfully defining inspection intervals for maintaining flight safety. Experience has shown 
that there could be crack growth at stress intensity values significantly below the long crack 
threshold. In some cases, these cracks have been found to grow rapidly in the early stages. This 
growth below the long crack threshold, AKth, is illustrated in Fig. 13 and is often referred to as 
the small-crack effect. As stated previously, the TTCP member countries have conducted studies 
in the small-crack effect for some time [4]. The X 19 coupon problem presented an opportunity 
to conduct such an analysis, predicting fatigue life with small-crack considerations, on a well- 
characterized coupon loaded to a service representative fatigue spectrum with many similarities 
to a critical structural detail. 

FIG. 8 SEM photos of coupon PL50 Location 1 with multiple crack nucleation sites. 
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FIG. 9 SEM photos of  coupon PL30 Location 3 with multiple crack nucleation sites. 

FIG. 10 SEM photos of  crack nucleation sites on: coupon PL9 Location 4 (left), coupon 
PL9 Location 3 (center), and coupon PL9 Location 2 (righ O. 

FIG. 11 SEM photos o f  coupon PL9 Location 4 (left), PL9 Location 3 (center), and PL50 
Location 3 (righ 0 crack nucleation sites. 
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FIG. 12 SEM photos of  coupon PL30 Location 4 with multiple crack nucleation sites. 

FIG. 13 
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Small Crack Data 

In order to predict the fatigue life of a material that exhibits a small-crack effect using only 
crack growth data, the crack-growth rate curve must take into account the small-crack effect as 
shown by the dashed line in Fig. 14. One source of small-crack data is a small-crack database, 
which has been under development in the United States ever since the AGARD cooperative test 
program on small-cracks was started. This work was summarized in December 1988 [9]. 
Follow-up work to the initial study for the materials 4340 steel and 2090 aluminum-lithium was 
completed in August 1990 [10]. (It is interesting to note that some materials, such as 4340 steel 
shown in Fig. 15 [10], do not exhibit a significant small-crack effect.) 

In this small-crack database, no data existed for the material used in the X19 test coupon, 
which was 7050-T7451. However, data did exist for 7075-T6, which is a 7000 series aluminum 
alloy, as is 7070-T7451. Hence, it was decided to use the 7075-T6 small-crack crack growth 
data as an estimate of the crack growth behavior of 7050-T745 I. 
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FIG. 14 
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FIG. 15--Measured and predicted small corner crack growth at a notch in 4340 steel [10]. 

Analysis o f  the Location X19 Coupon 

To calculate the total fatigue life using only crack growth data, an equation such as the Paris 
equation shown in Eq 1 is integrated to solve for the quantity N, which is the number of cycles to 
failure. 

da/dN = C(AK) m (1) 
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In Eq 1, da/dN is the crack growth rate, and AK is the stress intensity factor range, with C 
and m being curve fit parameters. As stated previously, the da/dN data must include the small- 
crack effect as defined by the dashed line in Fig. 14. 

A total fatigue life computer algorithm was developed by J. C. Newman, Jr., based on crack- 
closure concepts in fracture mechanics and small-crack considerations. The total life of the X 19 
coupon was predicted using only a crack-growth analysis that employs small-crack methodology. 
The total fatigue life was calculated by numerically integrating Eq 1 from the initial crack length 
to failure as: 

4I Aa 

N=~c[(Smax-So~ra)l/2f]" 
(2) 

where ai is the initial crack length determined from a small-crack study, af is the crack length at 
failure, Smax is the maximum stress, So is the crack opening stress, and F is the boundary- 
correction factor. Cycles are summed as the crack grows under the applied loading until Kmax 
= Kc ,  where Kc is the fracture toughness of the material. When Kmax = Kc ,  the summation of 
the load cycles, N, is the total fatigue life. This computer program was developed almost two 
decades ago and was originally conceived as a crack growth analysis tool based on fatigue crack- 
closure concepts in fracture mechanics and was shown to help explain load interaction effects 
(crack growth retardation and acceleration) in fatigue crack growth. This computer program was 
originally called FAST (Fatigue Crack Growth Analysis of Structures) [11]. Later the use of 
"small-crack" concepts was incorporated into FASTRAN, and this analysis was shown to be 
very effective in calculating total fatigue life based solely on crack growth data [12]. 

Initial Crack Size and Life Prediction 
To calculate the total fatigue life using the computer algorithm developed by Newman [12], 

the initial crack size, ai, used in the analysis is often determined from a cumulative distribution 
function of small-crack measurements obtained from a small-crack study based on 
metallographic examination of etched pristine material and fractographic examination of failed 
specimens. Scanning electron microscope (SEM) examination of the coupon failure surfaces [3] 
performed at the Quality Engineering Test Establishment (QETE) indicated that crack nucleation 
had occurred at multiple sites, consisting primarily of intermetallics, pores, clusters of pores, and 
clusters of intermetallics, as well as long shallow machining marks, as shown in Figs. 8 12. The 
range of the crack nucleation sizes in these figures varied from 3 ktm deep • 4 p.m long to 19/am 
deep • 32 ~tm long. 

Another way to determine the appropriate initial crack size is to use engineering judgment 
based on previous work with the material of interest. Previous tests on the aluminum alloy 7075- 
T6 determined the initial crack length for constant amplitude predictions at KT = 1 and 3 to be 20 
pm and 6 p.m, respectively [14.] Since crack nucleation lengths up to 32 ~tm were seen in the 
7050-T7451 used in the test coupon, and the fatigue life predictions described in [14] for 7075- 
T6 alloy used a 20 ~tm crack length, it was decided to use a semi-circular crack geometry where 
ai = ci = 20 pm as a first try for the life predictions. A second solution was also tried using a 
crack geometry of 19 ktm deep • 32 p.m long, which was the largest crack geometry shown in the 
fractographic study of the crack nucleation sites, as shown in Fig. 11. 
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A 3-D finite element analysis [5] of the test Coupon showed a bivariant stress distribution 
exists at the flange/web pocket transition where the fatigue cracks occurred (see Fig. 3). The 
elastic stress concentration, KT, where the fatigue cracks occurred was 2.15 as calculated from 
the finite element analysis, FEA. The FEA also showed that the stress distribution through the 
thickness at the flange/web pocket transition is nonlinear. At present, FASTRAN only has a 
stress intensity, K, solution for a linear variation of stress through the thickness. Consequently, 
in this analysis the fatigue life was predicted by bounding the fatigue life with a solution for pure 
tension and pure bending with a linear variation of stress through the thickness. Assuming this 
approach, the fatigue life from the tests would be bounded by these two solutions. The two tests 
in the CF188 IFOSTP program failed at 219 337 and 226 490 cycles. 

Using a KT of 2.15 from the FEA and the applied stress in the two tests of 207 MPa, the local 
stress in the vicinity of the crack would be 445 MPa. The results of these two analyses from 
FASTRAN compared to the test results are shown in Fig. 16. One can see that the pure tension 
and pure bending solutions using a semi-circular crack geometry bounded the test data very well. 
The solutions using a crack geometry of  19 p.m deep • 32 I.tm long were slightly unconservative. 

FIG. 16 
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Conclusions 

Small-crack data on several metallic materials have been assembled and included in a small- 
crack database. The work presented here has shown that small-crack methodology can be used 
to predict the total fatigue life of metallic materials. This has been demonstrated in this study on 
a coupon similar in geometry and stress concentration to a fatigue critical aircraft structural detail 
on the CF188 Hornet aircraft. The coupon level experimental fatigue test data agreed very well 
with small-crack analysis using the computer code FASTRAN for 7050-T7451 aluminum alloy. 
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Effect of Transient Loads on Fatigue Crack Growth in 
Solution Treated and Aged Ti-62222 at-54,  25, and 175~ 

ABSTRACT: Transient loads consisting of single tensile overloads and single tensile overloads followed 
by single compressive underloads were applied to Ti-62222 solution treated and aged titanium alloy at 
-54, 25, and 175~ Tensile overload ratios were 2.0 and 2.5, and the compressive underload ratio was 
-0.5. Four reference steady state AKss values, using constant AK testing at R = 0.1, were investigated at 
each temperature. Cycles of delay, fatigue crack growth during delay, and minimum fatigue crack growth 
rate during a transient load were obtained for all tests. Cycles of delay ranged from zero to crack arrest. 
Higher tensile overloads caused greater delay cycles, and underloads were often detrimental. Low and 
high temperatures were primarily beneficial to delay cycles relative to those at room temperature. Crack 
growth delay distance was always greater than the pertinent reversed plastic zone size. Fatigue crack 
growth life predictions were made using FASTRAN III and AFGROW computer programs and produced 
both conservative and non-conservative results with more than half the predictions being within _+ 2 of the 
experimental results. Macro- and microfractography revealed surface crack closure, Mode II 
displacements, crack tip blunting, branching, and tunneling contributed to the transient fatigue crack 
growth behavior. 

KEYWORI)S: titanium alloy, fatigue crack growth, tensile overloads, compressive underloads, 
temperature, life predictions, fractography 

Introduct ion  

Damage-tolerant  aspects of  fatigue crack growth (FCG) in aircraft require the consideration 
of  load interaction and sequence effects since they affect FCG rates and subsequent fatigue life. 
Aircraft  subjected to subsonic and supersonic speeds are subjected to both spectrum loading and 
temperature changes. Wing skin temperatures reach -54~  at subsonic flight and |75~  at 
supersonic flight. These low and high temperatures affect FCG load interaction and sequence 
effects. Transient loads aimed at FCG in aircraft, consisting of  both single tensile overloads and 
single tensile overloads followed by compressive underloads, have been studied since the 1970s 
[1]. Despite the fact these transient loads occur at the above three temperatures, most  transient 
load research has been done at room temperature [1 5], and results have been assumed to be 
conservative or similar at the above low and high temperatures. In t i tanium or aluminum alloys, 

transient load FCG life from single tensile overloads and overloads/underloads at 175~ was 
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primarily enhanced compared to that at 25~ [6,7], and at -54~ FCG life was found to be both 
reduced [8] and enhanced [7,9]. The objective of  this research is to provide FCG response and 
life predictions and to evaluate micro/macro mechanisms of solution treated and aged Ti-62222 
titanium alloy sheet specimens subjected to single tensile overloads and single tensile overloads 
followed by single compressive underloads. The overload/underload ratios (OLR/ULR) were 
2.0/0, 2.0/ 0.5, 2.5/0, and 2.5/ 0.5. These transient values are consistent with values occurring in 
aircraft ground-air-ground flight spectra. This research complements previous variable amplitude 
FCG research with Ti-62222 solution treated and aged material [7,10]. 

Mater ia l  

The titanium alloy used in this research was a 1.61 mm thick sheet of alpha-beta Ti-62222 
(Ti-6A1-2Sn-2Zr-2Mo-2Cr) that was solution treated at 732~ for �89 h and aged at 510~ for 10 
h followed by air cooling. This resulted in an alpha phase dispersed evenly throughout an alpha- 
plus-beta matrix. The resulting composition is given in Table 1, and the microstructure is shown 
in Fig. 1 with an estimated grain size less than 10 ~tm. All test specimens were loaded in the L-T 
orientation. Monotonic tensile properties, along with AK~ and AKth.e~ values for R = 0.1, 
obtained from eccentrically-loaded single edge crack tension, ESE(T), specimens are given in 
Table 2 for all three temperatures. Figure 2 shows constant-amplitude R = 0.1 FCG rate 
behavior at the three temperatures. From Table 2 and Fig. 2, it is evident that temperature 
influenced both monotonic tensile and constant amplitude FCG properties. Relative to room 
temperature, monotonic strength properties, Sy and Su, increased at -54~ and decreased at 
175~ while constant amplitude nominal FCG resistance primarily increased for both -54~ and 
175~ Fatigue crack growth temperature effects are most notable in Region I, where at near 
threshold conditions low and high temperatures exhibit lower crack growth rates for a given AK 
than at room temperature. AKeff behavior however, as presented in [7], showed a significant shift 
to the left of the FCG curve at 175~ with a moderate shift at -54~ and 25~ These curve 
shifts resulted in lower AKthxff as given in Table 2. Surface roughness, oxidation, and plasticity- 
induced closure are attributed to the lateral shifts in the effective da/dN-AK curves at the three 
temperatures. 

TABLE 1 Nominal composition. 

Element Ti A1 Sn Zr Mo Cr Si O Fe C N 

- ~ v - i ~ h o s  ........... _i~---STi---ibS--76 ~ -  

FIG. 1 SEM micrograph ofTi-62222 STA microstructure. 
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TABLE 2 Mechanicalproperties. 

Temperature 
(oc) 

Sy Su Elongation 
(MPa) (MPa) (%) 

1397 1459 7.8 
1223 1341 9.5 
1015 1237 9.4 

-54 
25 
175 

AKth (R=0. l) AKth,eff 
(MPaJm) ~_(_M_PaJm)__. 

4.1 2.6 
3.1 1.9 
4.6 1.5 

10-2 

10 3 
e~ 

--~10 -4 

~ 10-5 

�9 -~ 10-6 

10-7 

OlD 

~ v  

o �9 
% �9 

%*�9 �9 -54oc 

�9 175~ 

1 ~giPa~ m 100 AN, 

FIG. 2--da/dN versus AK for -54, 25, and 175 ~ 

T e s t  P r o c e d u r e s  

All transient tests were performed with a 100 kN servohydraulic test system in computer 
control using constant AK procedures. M(T) test specimens were 1.61 mm thick, 50.8 mm wide, 
and 178 mm long and were tested in the L-T orientation with 'clamped ends using hydraulic 
grips. Starter notches were formed using EDM, followed by pre-cracking at the test temperature. 
Multiple transient loads were applied to each specimen using 2a/w between 0.25-0.66 with pre- 
cracking involving load shedding between each transient load. Specimens were polished in the 
crack growth region for supplementary crack measurements, however, principal crack 
measurements were made using the compliance method with a centered clip gage spanning the 
crack according to ASTM Test Method for Measurement of  Fatigue Crack Growth Rates (E 
647). Specimens were also chemically etched in the crack growth region for pre- and post-test 
scanning electron microscopy surface observations. 

Transient loads consisted of both single tensile overloads and single tensile overloads 
followed by single compressive underloads. The overload/underload ratios, OLR/ULR, were 
2.0/0, 2.0/-0.5, 2.5/0, and 2.5/-0.5. Steady state AKss values of 4.4, 8.8, 13.2, and 17.6 MPa~/m 
with R = 0.1 where used with the transient loads. These steady state values corresponded to 
Regions I and I1 constant amplitude fatigue crack growth rates. Steady-state FCG rates were 
approximately 10 -9, 10 -8, 5 • 10 -8, and 10 - 7  m/cycle, respectively, for the four different AKss 
values. Triplicate tests were performed for each transient test condition. Sinusoidal steady-state 
fatigue cycling was performed at 20 Hz, while transient loads were applied at 0.02 Hz. 
Compliance crack growth data were taken every 0.04 ram, and between 9 and 15 data points 
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were taken in the pre- and post-steady-state regions for each transient loading. Crack arrest was 
defined as 500 000 cycles of delay following a transient load without measurable crack 
extension. All room temperature tests (25~ were performed in laboratory air, while -54~ tests 
were performed by enclosing the test specimen in a temperature chamber cooled with liquid 
nitrogen. A resistance thermal gage was attached to the specimen to provide low temperature 
measurement and feedback to the coolant controller. All 175~ tests were performed in 
laboratory air with strip heaters placed above and below the crack plane. 

Figure 3 shows the schematic transient response and parameter definitions. TL stands for 
transient load, and bl and b= are the pre- and post-steady state FCG rates, which were usually 
similar for a given test condition. Cycles of delay, No, and fatigue crack growth during delay, ad, 
were obtained for all tests during a transient load. as was the crack extension that sometimes 
occurred during the transient loading, ad was compared to appropriate reversed plastic zone sizes, 
2ry'. Both macro and micro scanning electron microscopic analysis of crack profiles and fracture 
surfaces were performed with representative transient conditions at all temperatures. 

FIG. 3 

ad 

.~ X'Point of TL Application 

(..9 J bl l" Nd " 

> 
Applied Cycles 

a versus N schematic illustrating transient loadparameter definitions. 

Results and Discussion 

FCG Delay 

The average of triplicate tests for all transient test results are given in Table 3. This includes 
No and ad for each of the three temperatures for given AKss and OLR/ULR conditions. Scatter in 
triplicate tests for both ad and Nd was within a factor of two or three for the vast majority of test 
conditions. Exceptions occurred if a specimen would arrest while a replicate specimen would 
not. The total scatter was considered to be reasonable. No dma are included for AKss = 4.4 
MPa~m at 175~ due to an inability to pre-crack the specimen to AKss = 4.4 MPa~]m, since this 
is essentially less than AKth at this temperature. 

It is seen in Table 3 that aa varied from 0 0.30 mm, and for a given temperature and overload 
condition, ad tended to increase as AKss increased. For a given transient condition, ad decreased at 
-54~ for most conditions, while at 175~ ad decreased or was similar to that at 25~ From 
Table 3, Nd varied from zero to crack arrest (500 000 cycles) depending on AK~s, the transient 
event, and the temperature. No consistent correlation or trend between Nd and AKss for a given 
transient condition could be made. However, 14 of 16 tests at -54~ and I 1 of 12 tests at 175~ 
provided greater or equivalent delay cycles, Nd, than at 25~ 
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TABLE 3 Delay cycles (Na) and delay distance (ae), average of three tests. 

AK~s OLR/ULR Delay Cycles, Nd Delay Distance, ad 
(MP a_4.m) (mm) 

-54~ 25~ 175~ -54oC 25~ 175~ 
2.0/ 0.5 0 0 No test 0 0 No test 

4.4 2.0/0.0 0 110 000 No test 0 0.09 No test 
2.5/ 0.5 Arrest Arrest No test No test 
2.5/0.0 Arrest Arrest No test No test 
2.0/ 0.5 3 500 3 700 >230 7 0.02 0.06 0.06 

8.8 2.0/0.0 15 000 3 700 140 000 0.08 0.04 0.05 
2.5/ 0.5 31 000 16 700 Arrest 0.08 0.08 
2.5/0.0 62 000 43 000 Arrest 0.08 0.12 
2.0/ 0.5 5 500 2 800 20 000 0.09 0.11 0.16 

13.2 2.0/0.0 7 500 3 900 18 000 0.09 0.13 0.16 
2.5/ 0.5 61 000 14 000 145 000 0.12 0.23 0.14 
2.5/0.0 195 000 34 500 >235 000" 0.11 0.26 0.12 
2.0/ 0.5 8 000 3 200 6 500 0.16 0.21 0.14 

17.6 2.0/0.0 9 500 3 500 8 500 0.12 0.15 0.19 
2.5/ 0.5 77 000 38 000 41 000 0.10 0.30 0.23 
2.5/0.0 210000 >400000"* 43 000 0.13 0.30 0.22 

"One of three tests arrested. 
"" Two of three tests arrested. 

Typical average crack length, a, versus applied cycles, N, for triplicate tests is shown in Fig. 
4 for AKss = 13.2 MPa~/m at -54~ for all four transient load types. N = 0 represents the transient 
load application point. The small scatter in the pre- and post- transient a versus N data is evident. 
The effect of the higher overload ratio of 2.5, as compared to 2.0, is evident in that significant 
delay cycles, or even crack arrest, occurred for the higher overload. Arrest is indicated in Table 3 
for only the 2.5/0 or 2.5/ 0.5 transient conditions. Also evident in Fig. 4 is that the underload 
following the overload decreased delay cycles for OLR = 2.5 but not significantly for OLR = 2. 
This was rather common for all conditions as given in Table 3. The discrepancy can be due to the 
small delay cycles, Nd, that occurred for the 2.0 overloads relative to that for the 2.5 overloads. 

Figure 5 shows the average da/dN versus a curves associated with Fig. 4. Scatter is increased 
in the figure due to the secant method used for reduction of data. da/dN following the transient 
loads is shown to decrease by up to two orders of magnitude. The largest decrease in da/dN 
occurred with only the tensile overload and the highest overload ratio (OLR/ULR = 2.5/0). The 
minimum da/dN for all tests occurred at less than 0.05 mm of crack extension following the 
transient event. Figure 6 shows a comparison of average da/dN versus a for AKss = 13.2 MPa~/m 
and an OLR/ULR = 2.5/-0.5 for the three test temperatures. The minimum crack growth rate 
occurred at 175~ followed by -54~ and then 25~ The condition associated with minimum 
crack growth rate after the transient load is coincident with the largest delay cycles, which can be 
seen in Table 3. This trend was typical for all tests involving the various transient events, AKs~, 
and test temperatures. 
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Plastic Zone Size Correlation With aa 

Plastic zone sizes corresponding to steady state and transient load levels were calculated 
using LEFM. However, before such calculations could be made, the stress state related to each of 
the load levels and specimen geometry had to be determined. Specimen and loading 
combinations were assumed to be either plane stress or plane strain. No mixed-state assumptions 
were made. Equation 1 from ASTM Standard E 647 was used to determine plane strain 
conditions. If a given set of test conditions violated this criterion, the test was assumed to be 
associated with plane stress. 

B, a, (w/2-a), h _> 2.5(K/Sy~) 2 
(1) 

In Eq 1, B is the specimen thickness, a is the fatigue crack length, (w/2-a) is the uncracked 
ligament, h is the half-height of the ungripped portion of the specimen, K is the stress intensity 
factor associated with the applied load, and Sy is the material yield strength for a given 
temperature. Km~ values associated with steady state and transient load levels were used for K in 
the plane strain criterion calculations. If  the plane strain criterion was satisfied, LEFM plastic 
zone size restrictions were automatically satisfied. Plane strain occurred for all steady state 
loading conditions. When the plane strain criterion was not satisfied during transient loadings, 
Eq 2 was used to ensure that LEFM assumptions were valid. All loadings satisfied this LEFM 
criterion. 

a, (w/2-a), h _> (4/~(K/Sy) 2 (2) 

Monotonic plastic zone size, 2ry, and reversed plastic zone size, 2r'y, were calculated using Eqs 3 
or4 [11]. 

plane stress: 2ry = (1/ ;,r) (K/Sy) 2 
plane strain: 2ry = (1/3r 2 

2r "y = (1/;r) (AK/2Sy) 2 (3) 
2r "y = (1/3 ~ (AK/2Sy) 2 (4) 
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K ....  ss and KoL, were used to calculate 2ry, while AKTL = Kmax,ss - Krnin,ss for no underload and 
AKTL = Kma• - 0 with underload was used to calculate 2r'y,TL. Steady state monotonic plastic 
zone sizes were all under plane strain. Transient reversed plastic zone sizes were under plane 
strain or plane stress conditions depending on the AKs~ and OLR, where higher AK~s levels 
tended to promote plane stress. 

Table 4 gives ratios that compare average delay distances to the corresponding calculated 
transient load reversed plastic zone for tests that resulted in post-transient load FCG. These ratios 
are denoted ad/2r'y,TL and are often assumed to be one in fatigue crack growth retardation life 
prediction models. In Table 4, ratios that involve plane strain plastic zone sizes are shown in 
standard print, and ratios that involve plane stress are shown in bold print. Table 4 shows 
ad/2r'y,TL ratios that involved plane strain plastic zones varied from 0 57, but these two extremes 
are significant outliers that occurred only with AKs~ = 4.4 MPa~/m. The remaining ratios 
involving plane strain varied from 3.8 11.8. That is, the average delay distance for these 
conditions were 3.8 11.8 times larger than the applicable plane strain rex~ersed plastic zone size. 
For tests associated with plane stress conditions, the average delay distances were only 1.0 4.0 
times larger than the applicable plane stress reversed plastic zone size. These results distinctly 
show a better correlation (closer to the value of 1) with tests associated with plane stress 
conditions. 

TABLE 4 Ratio of  delay distance/reversed plastic zone size (ad/2r'y, rl). 

Temperature OLR/ULR AKss (MPa~/m) * 
(~ 4.4 8.8 13.2 17.6 

-54 
2.0/-0.5 0.0 3.8 7.7 2.6 
2.0/0.0 0.0 17.0 8.5 2.1 
2.5/-0.5 Arrest 9.8 2.2 1.0 
2.5/0.0 Arrest 10.7 2.2 1.4 

25 
2.0/-0.5 0 8.8 7.4 2.6 
2.0/0.0 57 6.5 9.1 2.1 
2.5/-0.5 Arrest 7.9 3.1 2.4 
2.5/0.0 Arrest 11.8 4.0 Arrest 

175 
2.0/-0.5 N/A 6.1 2.4 1.2 
2.0/0.0 N/A 5.6 2.7 1.8 
2.5/-0.5 N/A Arrest 1.3 1.2 
2.5/0.0 N/A Arrest 1.2 1.3 

*Bold-faced values indicate plane stress. 

For a given state of stress, plastic zone sizes (Eqs 3 and 4) are proportional to (1/Sy) 2. Thus, 
for a given state of stress, 2r'y,TL values at -54~ were about �90 that at 25~ while at 175~ they 
were about 1.5 times larger than at 25~ These ratios were valid for all transient test conditions 
except at AKss = 13.2 MPa~/m with 2.0/0 and 2.0/ 0.5 transient loads where plane strain existed 
at 25~ and -54~ and plane stress existed at 175~ This gives even a smaller value of 2r'y,TL at 
25~ and -54~ for these tests. Because delay cycles, Nd, at both -54~ and 175~ were 
generally larger than at 25~ for a given test condition, this implies that reversed plastic zone 
size, 2r'y,TL, was not a consistent indication of delay in these tests. 
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FCG Life Predictions 

FASTRAN III and AFGROW computational fatigue crack growth life software were used to 
predict the fatigue crack growth delay cycles for each temperature, OLR/ULR, and AKss 
condition. Details of  the FASTRAN III and AFGROW programs can be found in the users' 
handbooks [ 12,13]. However, general comments regarding use of each program will be provided. 
FASTRAN Ill is a structural analysis program that was developed at NASA by Newman [12] 
and is based on the plasticity-induced crack closure concept. It utilizes a plasticity-induced 
closure model that resembles the Dugdale strip-yield model and takes into account load 
interaction effects. AFGROW is a crack growth life prediction program developed by Harter [13] 
at Wright-Patterson Air Force Base that has three different load interaction models to choose 
from. These include models such as the Elber, Willenborg, and Walker. 

Like most life prediction/calculation computer codes, FASTRAN III and AFGROW rely 
heavily on constant amplitude FCG data for input parameters. The constant amplitude fatigue 
crack growth data itself, as presented in Fig. 2, is not directly used in FASTRAN III but instead 
is modified in a program called DKEFF. The purpose of  DKEFF is to take the da/dN - AK data 
from a constant amplitude test and convert it to a daJdN - AKeir relationship. The FASTRAN III 
code was developed to utilize the effective stress intensity factor and not the nominal stress 
intensity factor. AFGROW, on the other hand, does not require da/dN - AK~ff but uses nominal 
da/dN - AK data. Experimental da/dN - AK data are curve fit in AFGROW and used as the FCG 
data input. Both codes include use of adjustable material constants to allow better fit of  
calculated to experimental results. Default values suggested for various materials within each 
code also can be chosen. 

The purpose of the life predictions in this study was to generate unbiased fatigue crack 
growth life predictions for the various temperature and loading conditions and to compare the 
predicted and experimental results. Modifications to various input parameters that allow better fit 
to calculated values were not done, while suggested or calculated input parameters within each 
code were used. An important element to the FASTRAN III model is the variable constraint 
regime between fully-fiat (plane strain) and fully-slant (plane stress) crack growth. The 
constraint loss value, c~, was chosen as 2.0 for plane strain and 1.2 for plane stress. In FASTRAN 
III, tx varies from 2 1.2 as the crack grows from a state of  plane strain (flat fracture) to one of 
plane stress (slant fracture). In AFGROW, tx remains constant at 2 for all crack growth rates. 
FASTRAN III also utilizes two FCG rate values (ratel and rate2) as primary input, where these 
FCG rates are associated with the transition region from plane strain to plane stress where the 
constraint varies linearly. The transition point is defined by [ 12]: 

anen t  = ~ O'o~ (5) 

where AKeff, r is the effective stress intensity factor range at transition, ~t is the proportionality 
coefficient, ~ro is the flow stress (the average of Sy and Su), and B is the specimen thickness. A 
value of 0.5 was used for p as suggested for a wide range of materials and thickness [12]. The 
extent of the transition region is not well understood, but it is estimated conservatively at 1.5 
decades of FCG rate. Based on the calculated AKeff, x at each temperature, the corresponding 
rates were then determined. 
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The closure model selected for AFGROW works by determining a value for the crack 
opening load ratio (Pop/Pmax) for R = 0 called Cf, the closure factor. The closure model is based 
on a material parameter Cfo, defined by the following relationship: 

Cfo = [ (C f  - 1)/(1 + 0,6R)(1 - R)] + 1 (6) 

where R is the stress ratio. The initial crack opening load level to determine Cf can either be 
determined from the first cycle of an input spectrum or input by the user if the load history is 
known. A generic default value of  Cfo = 0.3 is suggested in the operation manual. However, a 
Cfo value of 0.33 was used, as determined by Kop/Kmax at AK = 5 MPa~m, for the constant 
amplitude FCG data associated with Fig. 2 and Table 1. Variations of Cfo and their effects on the 
life predictions will be discussed later. 

Figure 7 shows a typical da/dN versus a output using FASTRAN III for AKss -- 13.2 MPa~/m 
at -54~ for all four transient load types. These crack growth prediction curves are for the same 
AK~s as the experimental data shown in Fig. 5. The minimum crack growth rate for the four 
OLR/ULR conditions shown is lower for the FASTRAN III predictions than the experimental 
results. This leads to longer delay lives for the FASTRAN III predictions as discussed later. It 
should be noted that the FASTRAN III life predictions using the Dugdale yield strip model 
predicted an initial acceleration following the transient event, then an abrupt deceleration. 
Fatigue crack growth predictions using FASTRAN II1 for other temperature and AKss levels 
produced similar trends. 

FIG. 7 
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Table 5 shows the ratio of predicted (Nd,pre) and experimental (Nd,exp) fatigue crack growth 
delay cycles, Nd,pre/Nd,exp, for the FASTRAN III and AFGROW results. Ratios less than one 
mean conservative life predictions, while ratios greater than one mean non-conservative life 
predictions. In general, room temperature life predictions compared more favorably to 
experimental lives than the low and high temperature results, with the high temperature results 
being least favorable. At 175~ half of the predictions were overly conservative (Nd,prefNd,ex p < 
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0.5), with A F G R O W  being more conservative than FASTRAN III. Life predictions were 
conservative in more cases than non-conservative at each temperature, with each code having a 
similar number  of  conservative or non-conservative results. Of  the 88 comparable results, 48 

were within + 2 (0.5 < Nd,pre/Nd,exp -< 2) of  the experimental results, 19 were overly non- 
conservative (Nd,pre/Nd,ex p > 2), and 21 were overly conservative. Most  of  the overly conservative 

life predictions occurred at the two higher AKss conditions (13.2 MPa~]m and 17.6 MPa']m),  
while most of  the overly non-conservative life predictions occurred when crack arrest was 

predicted. FASTRAN Il l  was not able to pre-crack to AKss = 4.4 MPa~/m at 175~ similar to the 
experimental results, while A F G R O W  was able to, yet A F G R O W  calculated arrest with the 
application o f  the transient load events. These are designated in Table 5 as "No Test" and 
"Arrest." In general, FASTRAN III produced slightly better life predictions than A F G R O W  at 
room temperature, while the accuracies obtained at -54~  and 175~ were similar for each code. 

In all transient load events, FCG life predictions at -54~  and 175~ were equal to or greater 
than FCG life predictions at 25~ for both FASTRAN III and AFGROW. This behavior  is 
consistent with experimental  results reported in Table 3. 

TABLE 5 Fatigue life ratio of predicted delay and experimental delay ('Nd, pre~d, exp), 
-54~ 25~ 175~ 

AK~ OLR/ULR FASTRAN AFGROW FASTRAN AFGROW FASTRAN AFGROW 
(MPa~/m)_ (Nd,prJNd,exp) ~ r e / N d , e x p )  - - - -  ('Nd,pre/Nd,exp) 

2.0/-0.5 001 o 1 ~l ~l No test Arrest 
2.0/0.0 oo * O01 >4 >4 NO test Arrest 

4.4 2.5/-0.5 12 12 12 12 No test Arrest 
2.5/0.0 12 12 12 12 No test Arrest 

8.8 

2.0/-0.5 1.8 1.2 1.1 0.6 <0.023 4.013 
2.0/0.0 0.6 1.1 1.4 1.5 0.6 0.1 
2.5/-0.5 1.4 >16 0.6 0.9 12 12 
2.5/0.0 >8 >8 4.2 >11 12 12 

13.2 

2.0A0.5 0.5 0.5 0.8 0.6 0.2 0.1 
2.0/0.0 0.7 0.9 1.0 1.l 0.3 0.3 
2.5/-0.5 0.3 0.3 0.7 0.7 0.1 0.1 
2.5~.0 0.6 >2 1.2 2.3 13 13 

17.6 

2.0A0.5 0.5 0.3 0.8 0.5 0.7 0.3 
2.~0.0 0.7 0.6 1.4 1.0 0.9 0.5 
2.5/-0.5 0.3 0.2 0.3 0.3 0.4 0.3 
2.5/0.0 >2 >2 4 . 6  3 <0.13 >11 >11 

Indicates zero experimental delay. 
2 Indicates experimental arrest and predicted arrest. 
3 Indicates at least one out of three experimental arrests. 

The life predictions made using both FA ST R A N  III and A F G R O W  are extremely sensitive 
to key input values as previously mentioned. The FCG rates (ratel and rate2) used to define the 
flat to slant transition in FASTRAN III are most  accurately obtained by trial and error methods to 
match experimental  and calculated values [12]. In this study, however,  Eq 5 was used to define 

AKe~- at transition, which then allowed determination of  ratel  and rate2 based on 1.5 decades of  
crack growth rate. At room temperature, the rates (ratel and rate2) determined and used in the 

code appear to be good estimates as most o f  the life predictions were within a factor o f +  2 of  the 
experimental. However,  a t - 5 4 ~  and 175~ the life predictions did not fair as well. Thus the 
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suggestion that the transition region take place over 1.5 decades of growth appear to be most 
accurate for room temperature FCG behavior. 

Life predictions made using AFGROW used Cfo = 0.33 for all three test temperatures. This 
value was determined using crack opening data from an earlier study [7] where at near threshold 
(AK = 5 MPax/m), Cf = Kop/Krnax = 0.36 for both -54~ and 25~ However, at the same AK (AK 
= 5 MPax/m ) at 175~ Cf = 0.72, resulting in Cfo = 0.71. Life predictions performed using Cfo = 
0.71 resulted in complete arrest at all AKss and OLR/ULR test conditions, thus this value of Cfo 
was unreasonable. To be consistent, Cfo was chosen as 0.33 for all three temperatures. A Cfo = 
0.37 used to make subsequent calculations at 175~ did produce more favorable results, 
however, these results were not included, as they were generated in a biased manner. Selecting 
Cfo = 0.3 as suggested in the manual as a default value resulted in even more conservative life 
predictions than using Cfo = 0.33. 

The better FCG life predictions observed at 25~ in comparison to -54~ and 175~ are 
attributed to the fact that other closure mechanisms are operating at -54~ and 175~ such as 
roughness-induced and oxide-induced in conjunction with plasticity-induced closure [7]. Neither 
FASTRAN III nor AFGROW account for these other closure mechanisms. Development of 
computer codes that take into account the various crack closure mechanisms will lead to the 
ability to make more accurate life predictions for a wide range of load and temperature 
conditions. 

Fractography 

Fractographic analysis using scanning electron microscopy was made for many of the 
transient loadings. Most analysis was performed near the end of a specimen testing to minimize 
load history effects. Analysis consisted of surface crack profiles and the fracture surfaces. In all 
micrographs that follow, fatigue crack growth is from left to right. 

Figure 8 shows fatigue crack profiles along the specimen surfaces for AKss = 8.8 MPax/m 
with OLR/ULR = 2.5/0 at-54~ and 175~ Transient load applications are noted with arrows. 
Surface crack closure is observed for a distance of approximately 40 ~tm (0.04 mm) in the post- 
transient load application region at both temperatures, but is more evident at -54~ Fig. 8a. No 
crack closure is evident in the pre-transient load fatigue region. In fact, the crack is open 
approximately 2 3 p.m along the surface crack profile prior to the overload and approximately 
the same amount after the surface crack closure region. Surface Mode II displacement is evident 
at both temperatures and was also observed at 25~ at this and other AKss. Under all temperature 
and loading conditions, fatigue crack growth before, during, and after a transient load was 
transcrystalline. At AKs~ = 4.4 MPa~/m and 8.8 MPaqm, no surface crack extension (stretch) 
during a transient load event was observable using a 30• traveling microscope. 

Figure 9 shows typical fractographs involving mid-thickness fracture surface morphology 
from the transient event shown in Fig. 8. While no stretch was observable on the surface profiles 
at AKss = 8.8 MPa~/m, Fig. 8, stretch zones were apparent at both -54~ and 175~ at the mid- 
section. For a given transient event, stretch zones were largest at -54~ and smallest at 175~ 
The stretch zone shown in Fig. 9a is relatively flat with limited faceting, while the stretch zone in 
Fig. 9b is small and resembles a beachmark, identifying the transient load application. 
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FIG. 8 Transient load surface profile: AKss = 8.8 MPa~/m, OLR/ULR = 2.5/0.  (a) -54~  
(b) 175~ 

FIG. 9 Transient load fracture surface: AKss = 8.8 MPa v~n, OLR/ULR = 2.5/0: (a) -54  ~ 
(b) 175~ 

Figure 10 shows typical surface crack profiles at AK~ = 17.6 MPa~/m with an OLR/ULR = 
2.5/0 at all three temperatures. Surface deflection behavior as evident in Fig. 10 was common for 
higher AKss levels where plane stress conditions due to the overload existed, as identified in 
Table 4. Surface crack deflection typically occurred at about 45 ~ , and with subsequent growth, 
returned primarily to a Mode I crack extension. At higher AKss levels, stretch during a transient 
load event was observed on the free surface, unlike that at AKss = 8.8 MPa'Jm. At higher AKss 
and higher OLR transient load applications, crack branching, crack tip blunting, and secondary 
cracking were more prevalent than at lower AK~ values. Surface crack closure was observed in 
some cases after the point of transient load application and at the higher AK~ levels, crack 
closure often encompassed the surface stretch zone portion of the crack. 
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FIG. 10 Transient load surface profile: AKss = 17.6 MPa ~/m, OLR/ULR = 2 . 5 / 0 :  (a) -54~ 
(b) 25~ (c) 175~C. 

Macro fracture surfaces showing typical stretch zones during transient loading are shown in 
Fig. 11 for -54~ and 25~ Stretch zones observed at higher AKss levels were usually rough or 
granular in texture and increased in size with higher AKss, higher overload, and lower 
temperature. Stretch at the mid-section approached 0.5 mm at AK = 17.6 MPa~m, OLR = 2.5, 
and -54~ yet was less than 0.1 mm at 25~ for the same OLR. For a given transient event, the 
extent of the stretch zone did not necessarily dictate the degree of crack growth delay. Stretch 
zones were much more prominent at OLR = 2.5 in comparison to OLR = 2. Stretch zone 
behavior was similar for both overload only and overload followed by an underload, where the 
underload had little influence on the stretch zone. The top and bottom of Fig. 11 (a and b) 
approximately indicate the free surface of the specimens showing very little stretch at the surface 
with significant stretch or crack tip tunneling, at the mid-section of the specimen. The higher 
magnification section shown in Fig. 1 la  indicates the different morphology associated with a 
transient load and a return to steady state. The overload region (Kmax = 49 MPa~/m) was 
characterized by ductile dimples, while elongated facets in the direction of crack growth 
characterized the transition and steady state region. The transition region following the stretch 
zone, as seen in Fig. 1 la, was always less than the delay distance, ad. In many cases, the 
transition region was not discernible from the steady state region. 
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FIG. I 1 Transient load fracture surface. AKss = 17. 6 MPa ~m, OLR/ULR = 2.5/-0.5." 
(a) -54  ~C, (b) 25 ~ 

Comparison with Ti-62222 Mill Annealed Material 

A similar transient load test program was applied previously to Ti-62222 1.61 mm thick M(T) 
sheet specimens in the mill annealed, MA, condition at the same three temperatures [9]. This 
condition resulted in about a 15 % decrease in monotonic strength properties relative to the 
solution treated and aged, STA, condition. The MA FCG was also transcrystalline. For both 
materials, higher OLR increased delay cycles at all temperatures except when fracture occurred 
in MA at -54~ with the higher OLR and highest AKss. Underloads were usually detrimental. Nd 
was consistently larger for MA relative to STA at -54~ and 25~ with greater similarity at 
175~ The MA material, as with the STA material, had increased or similar delay cycles at 
-54~ and 175~ relative to 25~ The ratio a~ ]2r'y,TL for the MA material was also not a 
correlating factor with values ranging from 0 60. Multiple FCG mechanisms from transient 
loads also were observed with the MA material. 

Summary and Conclusions 

1. Fatigue crack growth response to a transient load was dependent upon AKss, OLR/ULR, and 
temperature. Specific trends, however, were sometimes mixed, making it more difficult to 
draw specific conclusions. 

2. Delay cycles, Nd, increased with the overload ratio, while an underload following an 
overload tended to decrease delay life particularly at the higher OLR of  2.5. 

3. Delay cycles, Nd, for a given transient load, were usually greater at -54~ and 175~ than at 
25~ consistent with FASTRAN III and AFGROW predictions. 

4. Minimum FCG rates following a transient loading ranged from I 3 orders of magnitude 
lower than steady state rates. 

5. A l : l  correlation between measured average delay distance, a~, and reversed plastic zone 
size, 2r'y,rL, was not evident, since delay distances were often much larger than the reversed 
plastic zone. 2r'y,TL by itself was also not a consistent indication of delay cycles. Most of the 
delay cycles occurred within about 0.05 mm of crack growth following a transient event. 
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6. More than half of the FCG life predictions using FASTRAN III and AFGROW for the 
various load/temperature conditions gave results within + 2 times those of the experimental 
results. 

7. Life predictions were more accurate at 25~ in comparison to -54~ and 175~ This was 
attributed to the fact that FASTRAN III and AFGROW are based on plasticity-induced 
closure models, while at -54~ and 175~ other closure mechanisms are significant and 
operate in conjunction with plasticity-induced closure. 

8. Stretch zones due to transient loading often experienced significant tunneling and increased 
with OLR and AKss. Stretch zone size also increased at-54~ but decreased at 175~ 

9. Surface crack profiling revealed transcrystalline FCG only, Mode lI displacements, no crack 
closure before transient loadings, and crack closure, crack tip deflection, blunting, and 
branching after transient loadings. Fractographic evaluation indicated elongated facets and 
isolated secondary cracking. Stretch zones contained ductile dimples. These fractographic 
findings indicate multiple mechanisms are involved with this transient behavior and include 
crack closure, crack tip tunneling, blunting, and branching. 
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Spectrum Coupon Testing of Fatigue-Resistant Fasteners for 
an Aging Military Aircraft 

ABSTRACT: An experimental program of work was undertaken to assess the life improvement gained 
through utilizing cold expansion technology to enhance the resistance of cracking at fatigue critical 
locations (FCLs) in an aging military trainer aircraft. The FCLs considered included a countersunk hole 
and nutplate on two different wing spars. The overall goal of the experimental work was to provide a 
comparative assessment of the influence of the major variables examined, which included cold expansion 
method and process, hole size, countersink size, nutplate geometry, flight spectrum, and joint 
configurations. The results of this work clearly illustrated the inherent sensitivity of life improvement 
factors to the myriad of variables involved. Nevertheless, the foregoing experimental work clearly 
demonstrated the valuable life improvement that is provided by cold expansion for nearly all cases 
examined. 

KEYWORDS: cold expansion, fatigue, life improvement, spectrum testing 

Introduction 

Historically, the highest incidence o f  aircraft structural fatigue has been associated with holes 
in fastened joints and other stress concentrations in the structure. Modem manufacturing 
technologies and closer attention to detailed design and analysis of  fatigue-sensitive joints have 
substantially reduced the occurrences o f  severe structural fatigue damage at holes in newer 
aircraft. However, in many cases the growing need to extend the operational lives of  existing 
aircraft to well beyond their original life expectancies requires the use o f  all tools available to 
maximize the fatigue lives at holes and other stress concentrations. Relatively simple and cost- 
effective techniques have been used for many years to improve the fatigue resistance of  fastener 
holes. An example is the cold expansion process, which generates beneficial residual stresses 
around the hole by permanently enlarging the bole. The work described in this paper outlines a 
testing program undertaken to assess the life improvement gained through utilizing cold 
expansion technology to enhance the resistance of  crack initiation and propagation at fatigue- 
critical wing locations on the United States Air Force (USAF) T-38 trainer aircraft [1]. 

The introduction of  the cold expansion process to the T-38 wing refurbishment program was 
performed so as to obtain the target service life of  the wing; that is, 4000 and 12 000 flight hours 
for the Lead In Fighter (LIF) and Student Undergraduate Pilot Training (SUPT) usages, 
respectively. The fatigue critical locations (FCLs) considered in this testing program included a 
nutplate configuration around the aileron access door (44 % spar) at wing station (WS) 92, and a 
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countersunk hole along the 15 % spar at WS 64.8. Both of these FCL geometries have a short 
edge distance. The overall goals of this program included a number of key interrelated efforts: 

�9 determine the benefits of cold working for a countersunk hole 
�9 evaluate the effectiveness of contractor-developed tooling for countersunk holes 
�9 determine the effect of various cold expansion techniques for a nutplate hole geometry 
�9 assess the difference between fastener-filled holes and load-carrying joints 
�9 compare the relative life improvement gained with different hole geometries 
�9 assess the difference between two different cold expansion procedures 

In this paper, the key variables and conditions evaluated during the testing program are 
outlined, with the results of experimental fatigue tests performed on the nominated FCLs 
provided. Relevant discussion of the key observations and conclusions made during the testing 
program are presented. 

Test Program 

Material 

The material used in the lower wing structure of the T-38 aircraft is 7075-T7351 aluminum 
plate. Given the geometric dimensions for each of the FCLs, a 0.250 in. (6.35 mm) thick plate, 
48 in. • 144 in. (1.220 m • 3.658 m) section, was selected as the most appropriate to 
manufacture the relevant specimens. Limited tensile tests, performed in accordance with ASTM 
Standard Test Methods for Tension Testing of Metallic Materials (E8-00), were undertaken to 
verify that the 7075-T7351 plate did in fact meet aerospace grade material specifications. The 
blanks were machined into standard specimens with gage lengths of 2.000 in. (50.8 mm). A 
summary of the tensile data obtained for the 7075-T7351 aluminum plate is shown in Table 1. 
All data exceeded the minimums provided for this material as presented in MIL Handbook 5G 
[2]. 

TABLE 1 Average mechanical properties of Al 7075-T7351. 

Orientation Elastic Modulus, 0.2 % Yield UTS Elongation 
E (GPa) Stress (MPa) (MPa) (%) 

Longitudinal 71.6 427.5 497.8 11.9 

MIL HNDBK 5G min 71.0 393.0 468.9 7.0 

Specimen Geometries and Cold Working Methods 

The fatigue testing included in this program evaluated the influence of cold working on total 
fatigue life, including crack initiation and propagation. Two different types of specimen 
geometries were considered: a countersunk fastener hole and a nutplate geometry, as shown 
schematically in Fig. 1. 
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FIG. 1 Test specimen geometries." (a) the nutplate hole specimen and (b) the countersunk 
hole specimen. All dimensions in inches. 
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The  m a n u f a c t u r e  o f  the  requ i red  s p e c i m e n s  w a s  a mul t i - s t ep  p roce s s  invo lv ing  s p e c i m e n  
m a c h i n i n g ,  cold  work ing ,  and  ins ta l la t ion  o f  fas teners .  S even  d i f fe rent  t ypes  o f  c o u n t e r s u n k  ho le  

s p e c i m e n s  and  four  d i f fe ren t  t ypes  o f  nu tp la te  s p e c i m e n s  were  m a n u f a c t u r e d ,  as de ta i led  in 
Tab les  2 and  3, respec t ive ly .  

T A B L E  2 Details of the countersunk hole specimen testing. 

Flight Type of Hole Specimen Configuration 
Spectrum 

LIF 

CO 

OS 

OE 

OE' 

COJ 

OEJ 

OE'J 

conventional C-sunk hole 

1 St oversize C-sunk hole 

1 st oversize cold-expanded C-sunk hole 

1 st oversize cold-expanded C-sunk hole (undersize C-sink) 

conventional C-sunk hole joint 

1 at oversize cold-expanded C-sunk hole joint 

1 st oversize cold-expanded C-sunk hole (undersize C-sink)joint 

SUPT 

CO 

OS 

OE 

OE' 

conventional C-sunk hole 

1 st oversize C-sunk hole 

I st oversize cold-expanded C-sunk hole 

1 st oversize cold-expanded C-sunk hole (undersize C-sink) 

T A B L E  3 Details of the nutplate specimen testing. 

Configuration Cold Expansion Satellite Hole 
Hole Description Procedure Done By 

conventional None 0 ~ filled 
nutplate 0 ~ open 

45 ~ filled 

90 ~ filled 

90 ~ open 

nominal FTI FTI 0 ~ filled 

F~174 45 ~ filled 

90 ~ filled 

nominal FTI FTI 0 ~ filled 

F~174 45 ~ filled 

90 ~ filled 

FTI USAF 45" filled 

USAF USAF 45 ~ filled 

0 ~ filled 

2 n~ oversize FTI FTI 45 ~ filled 

F~174 90 ~ filled 

USAF USAF 45 ~ filled 

Flight 
Spectrum 

LIF 
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The two types of cold-expansion methods used on the nutplate specimens were the 
ForceTec | and ForceMate | methods (Fatigue Technologies, Inc., Seattle, WA). Both cold- 
expansion arrangements are illustrated in Fig. 2. The rivetless nutplate (or ForceTec | system, 
patented by Fatigue Technologies Inc (FTI), uses an interference fit to hold the nutplate in place 
as opposed to the two satellite hole fasteners for the conventional nutplate and ForceMate | 
configuration. In order to reflect the T-38 wing hardware, coupons were processed already 
having a conventional nutplate geometry machined in them. The ForceMate method radially 
expands an initially clearance fit, internally lubricated bushing into the hole using a tapered 
expansion mandrel. When the mandrel is drawn through the bushing, the bushing and 
surrounding metal are subjected to radial expansion forces. The radial expansion and subsequent 
unloading impart residual stresses around the hole and simultaneously install the bushing with a 
high interference fit. 

FIG. 2 The cold-expansion methods used on the nutplate geometry: (a) ForceMate | and (b) 
ForceTec | (figures obtained from FTI website: www:[htiguetech.com). 

An extension to the nutplate testing program was added, which centered on the cold 
expansion process used when applying the ForceMate | method. The two processes involved (i) 
the FTI recommended approach and (ii) the streamlined USAF technique. Both of these 
processes are described in detail in Table 4. 

The amount of cold expansion for all specimens approximately ranged from 4.5 5.0 %. For 
the countersunk specimen, an aluminum backup plate was used to provide in-plane stability and 
to simulate a stiff rib in the T-38 wing for the 15 % spar location. A limited number of load 
transfer joints was also considered in this work. The coupon design used was a relatively low 
load transfer, single shear lap joint termed a 1�89 dogbone specimen. This configuration has been 
analyzed and used in other studies involving the fatigue behavior of joints [3 5]. These studies 
have shown that between 25 35 % of the load is transferred from the half-length specimen to the 
longer, full-length specimen. However, for this testing the measured load transfer (from strain 
gaged specimens) was approximately 2 3.5 %. The majority of specimens tested had fasteners 
installed in the holes and therefore required spacer blocks between the specimen and fastener end 
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to simulate built-up structure. This was a built-up structure simulation only, since no load was 
transferred through the fastener. Nevertheless, the clamping force as well as the rubbing and 
fretting associated with built-up structure are simulated with this arrangement. 

TABLE 4 Overview of the ForceMate | cold-expansion procedures. 

Step Original Cx Procedure (FTI) Revised Cx Procedure (USAF) 

Ream screw hole to presize 

Ream rivet holes to presize 

Pin rivet holes 

ForceMate | bush screw hole 

Remove pins from rivet holes 

Pin bushing in screw hole 

Cold work rivet holes 

Remove pin from screw hole 

Ream screw hole to presize 

ForceMate | bush screw hole 

Ream rivet holes to presize 

Cold work rivet holes 

Stress Spectra Development 

Stress sequences for this program were based on flight-recorded data from the LIF and SUPT 
usages. The USAF collected the LIF usage data during the period of April 1987 February 1992. 
The SUPT usage data was collected by Southwest Research Institute (SwRI | during the period 
of November 1993 April 1994. These data were expressed as tables of discrete normal load 
factor (N~) occurrences by flight condition as computed by the Spectra and Operational Usage 
Profiles (SOUP) program [6]. 

These tables of Nz occurrences were used as input to the modified Aircraft Stress Sequence 
Program (ACSTRSEQ) [7]. ACSTRSEQ chooses a random sequence of Nz occurrences, 
determines the aircraft external loads for each occurrence, computes the stress based on 
established stress-to-load ratios, and outputs the stresses in proper sequence format. 

A summary of each of the three spectra, indicating the number of cycles per pass and the 
minimum and maximum applied stress, is indicated in Table 5. In terms of stress levels, there 
appears to be little significant difference between the different spectra. Figure 3 examines each 
sequence in terms of stress range after rainflow counting the stresses for the countersunk hole 
FCL on the 15 % spar. The overall span of the stress range does not differ by much between 
spectra, with the percent of cycles (per pass) for the higher stress ranges greater in the LIF 
spectrum. Although the spectra data presented in Fig. 3 is for the 15 % spar FCL, the general 
trend and relative level of usage severity is the same for the nutplate FCL. 

TABLE 5 Summary of applied test spectra. 

Specimen Type Spec t r a  Cycles per Stress Levels (MPa) 

Pass Max. Min. 

countersunk hole LIF 63 280 238.5 -73.2 

countersunk hole  SUPT 34 184 232.2 -64.5 

nutplate LIF 63 171 254.6 -62.9 
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FIG. 3 Comparison between the two spectra used for the testing. 

Testing Procedures 

The test procedures used during the fatigue testing of the countersunk and nutplate specimens 
were developed from many years of experience performing similar testing. Although the testing 
was highly non-standard, basic practice loosely conformed to the relevant ASTM crack 
propagation and initiation standards (e.g., E647 Test Method for Measurement of Fatigue Crack 
Growth Rates and E606 Practice for Strain-Controlled Fatigue Testing). Prior to applying a 
spectrum to the test specimen, special procedures were employed to ensure computer file 
integrity. These procedures included: 

�9 verifying that the minimum and maximum spectrum loads (or stresses) 
were consistent with previous analysis 

�9 verifying the number of endpoints, or alternatively cycles, was in 
accordance with analysis 

Experience has shown that this is effective for making sure that the load files, typically quite 
long and difficult to review manually, do not become electronically corrupted in the transfer 
process. 

The spectrum test utilized closed-loop, servohydraulic testing systems specially designed to 
apply variable amplitude waveforms. The stress spectra were stored electronically in a format 
compatible with SwRI's computer software/hardware systems. The closed-looped control 
systems [8] used in the test systems ensure that the peak load levels are applied to the specimen 
during cycling. One of the key features of the systems used in the lab is a command/feedback 
certification procedure utilizing modification of  the command signal based on the historical 
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feedback performance during the last spectrum pass. This assures the most accurate and 
consistent loading of the specimen during testing. 

The grips and fixtures employed were based upon proven methods for obtaining axial 
tension-compression data from test coupons under spectrum loading conditions. Clamp-type test 
clevises provided the primary gripping action, and the alignment was achieved with strain gaged 
dummy specimens, so as to ensure the loading train was aligned within the minimum specified in 
E647. The alignment was locked in place with spiral washers after the application of a tensile 
load that was greater than any occurrence in the test spectrum. Thus, the alignment was fixed, 
and the backlash associated with the threaded connection to the load cell and hydraulic ram was 
eliminated. 

A fixed constraint, or anti-buckling guide, was attached to the main clevis to provide support 
for a variety of Teflon-coated movable, or free, constraints. The movable constraints located 
between the fixed constraint and test section were free to move in a vertical direction only. 
Horizontal constraint was achieved through set screws that were located in the fixed constraint. 

A selection of the countersunk hole joint specimens was strain gaged with a number of gages 
so that periodic compliance traces could be recorded during the joint fatigue tests. Conventional 
gage installation methods were used to affix the gages to the specimens adhesively. The periodic 
compliance trace is obtained by recording a load-strain cycle for a load excursion from 0 80 % 
of  the peak spectrum load. The compliance traces were subsequently least-squares fit to 
calculate the slope of the linear region for the loading and unloading portion of the cycle. 

The compliance traces also provided enough information to calculate the amount of  load 
transfer obtained in the structural joint. The degree of load transfer gives an indication of how 
much of  the load in the full dogbone is transferred through the joint into the �89 dogbone section. 

Spectrum Fatigue Testing Results 

Countersunk Hole Specimens 

The total fatigue life for all tests performed on the countersunk hole specimens is shown in 
Fig. 4 in terms of spectrum usage and hole configuration. Specimen details are given in Table 2. 
These fatigue life values include both crack initiation and propagation to failure. The fatigue life 
is presented in terms of thousand spectrum flight hours (kSFH), which represents one pass 
through the spectrum. The mean life (• two standard deviations) is presented, with the standard 
deviation range representing a 95 % confidence interval assuming the distribution of total life is 
distributed normally. Discussion of the results will be based on the average results unless 
otherwise stated. 

Comparing the non-cold worked specimens (type CO and OS, as shown in Fig. 4), a factor of 
1.5 improvement in life in the first oversized specimens (OS) is shown. This is surprising in that 
the larger OS hole has a much smaller net section due to the larger, deeper countersink and hole 
diameter and would be expected to show lower fatigue lives. However the OS specimens did 
show larger scatter in fatigue lives compared to the CO specimens. 

A comparison between the LIF and SUPT spectra for similar specimen types is provided in 
Table 6, with fatigue life given as a ratio of the average LIF and SUPT lives. As shown, the 
SUPT usage has between a 2 5 increase in fatigue life. This is to he expected as the LIF 
spectrum has significantly more cycles than the SUPT usage (1.85x). The amount of scatter was 
by far the greatest in the SUPT spectrum tests, with up to 14 times greater spread in standard 
deviation (2SD) for the SUPT tests. 
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FIG. 4 Summary of fatigue life results for the countersunk hole geometry. 

TABLE 6 The effect on fatigue life for the two different flight spectra. 

Type of 
Hole 

Configuration Fatigue Life 
Ratio 

('NsuPTfNLIF) 
CO 

OS 

OE 

OE' 

conventional C-sunk hole 4.46 

I st oversize C-sunk hole 3.49 

I st oversize cold-expanded C-sunk hole 2.38 

I st oversize cold-expanded C-sunk hole (undersize C- 3.12 
sink) 



180 FATIGUE TESTING AND ANALYSIS 

The improvement in life obtained by cold working will depend on a number of factors, which 
include the degree of expansion, the type of loading, material, hole geometry, and the load 
transfer characteristics of  the joint. A number of studies [9 11] have indicated that the cold 
expansion process can increase the fatigue life by factors of 2 5x. A comparison between the 
cold worked and non-cold worked countersunk hole specimens is provided in Table 7, with the 
fatigue life given as a ratio of the average cold worked and non-cold worked lives. The mean 
lives of the cold expanded specimens increased for both the LIF and SUPT spectra, however, the 
degree of scatter increased for the cold expanded specimens, with the standard deviation bars on 
Fig. 4 encompassing the non-cold worked specimen results, apart from the OE' geometry, which 
had significantly greater fatigue lives. Consequently, little statistically significant difference 
between a conventional and cold worked countersunk hole is indicated if a conservative 
approach is applied. 

One exception to the above observation is the extremely good performance of the OE' 
geometry specimens under both the LIF and SUPT spectra (see Fig. 4). Recall that these were 
specimens with an oversized hole and an undersized countersink. Two of the specimens tested 
under the SUPT spectrum were stopped prior to failure due to the number of flight hours 
reaching the designated runout level (100 kSFH). However, one specimen was allowed to 
continue past this runout ceiling and reached a total of  179 kSFH before failure. The results 
obtained in a previous program [2] indicated that the fatigue life for a similar countersunk hole 
(unfilled) with the OE' geometry had unusually good performance (compared to the OE and CO 
geometries). Therefore, a large improvement in fatigue life is attainable by using cold 
expansion, an undersize countersink, and shear head fastener in the non-joint configuration. 

TABLE 7 The effect on fatigue life for cold worked and non-cold worked specimens. 

Flight Type of Configuration Fatigue Life Ratio 
Spectrum Hole (Nc• 

OE I st oversize Cx C-sunk hole 1.08 
LIF OE' 1 st oversize Cx C-sunk hole (undersize C-sink) 4.20 

OE 1 st oversize Cx C-sunk hole 2.03 
SUPT OE' 1 ~t oversize Cx C-sunk hole (undersize C-sink) 6.01 

A number of specialized joint tests were also undertaken for the countersunk hole geometry. 
A comparison of the fatigue lives for these joint specimens is provided in Table 8, with fatigue 
life given as a ratio of  the average joint and non-joint lives. The average fatigue lives for the 
countersunk hole joint specimens showed a large decrease compared to the non-joint specimens. 
This could be attributed to the introduction of bending stresses in the test section, caused by the 
asymmetry of the joint geometry, which would have a detrimental effect on the fatigue lives. 

TABLE 8 The effect on fatigue life for countersunk hole joint specimens. 

Flight Type of Configuration Fatigue Life Ratio 
Spectrum Hole (Njoint/Nnon_joint) 

CO conventional C-sunk hole 0.57 
LIF OE 1 a oversize Cx C-sunk hole 0.41 

OE' 1 ~t oversize Cx C-sunk hole (undersize C-sink) 0.18 
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Nutplate Specimens 

The types of nutplate specimens tested in this program consisted of conventional nutplates, 
cold expanded rivetless nutplates (ForceTec| and cold expanded bushed hole nutplates 
(ForceMate| A number of different variables was studied using these three types of nutplates, 
including nominal versus oversized holes, filled versus open holes, and differences in cold 
expansion procedures. 

The total fatigue life for all nutplate tests performed is shown in Fig. 5 in terms of nutplate 
configuration and cold expansion method. Specimen details are given in Table 3. Again, the 
fatigue life is presented in terms of thousand spectrum flight hours (kSFH), with the mean life (:~ 
two standard deviations) also presented. Due to the large amount of data presented in Fig. 5, a 
number of different comparative tables will be presented that more clearly detail the different 
variables tested using the nutplate geometry. 

FIG. 5 Summary of fatigue life results for the nutplate hole geometry. 

A direct comparison between a filled and open hole conventional nutplate (0 ~ and 90 ~ 
orientation) was performed in this program with the results summarized in Table 9 in terms of  a 
fatigue life ratio of the open and filled hole fatigue lives. The ratio is calculated from the 
average fatigue lives of the tests. The much longer fatigue lives for the filled fastener hole are to 
be expected. As a filled specimen is loaded and the hole deforms, the fastener would be 
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squeezed and subsequently impart a compressive stress at the most critical location of the hole, 
therefore improving the fatigue life of the nutplate specimen. This improvement in average 
fatigue life for a filled hole compared to an open hole was found to be in excess of 5• for the 0 ~ 
orientation nutplate. However, for the 90 ~ orientation nutplate, this increase in average fatigue 
life was only 1.5• with the scatter of the individual fatigue lives for filled and open holes 
overlapping considerably, with no conclusive difference to be found from the results. Also the 
results for all tests performed on the 90 ~ orientation nutplate specimens, both conventional and 
cold worked, produced very low fatigue lives as will be discussed below. 

TABLE 9 The effect on fatigue life for nutplate specimens with open~filled holes. 

Flight Configuration Satellite Hole Fatigue Life Ratio 
Spectrum (Nopen/Nfilled) 

0 ~ 0.17 
LIF Conventional nutplate 

90 ~ 0.68 

Comparing the fatigue lives for the cold expanded nutplate geometries with the conventional 
nutplate highlights some interesting differences between the specimens. The results for the cold 
expanded nutplates (cold expansion performed by FTI) are summarized in Table 10 in terms of a 
fatigue life ratio of the conventional and cold expanded fatigue lives for each nutplate 
orientation. A surprising observation from Table 10 is the low fatigue lives obtained for the 
ForceTec | cold expansion method compared to the conventional (non-cold worked) nutplate. 
The beneficial effect on fatigue life of the compressive stresses due to the cold expansion process 
are overwhelmed by the detrimental effect of the fretting between the fastener and hole during 
testing. Although the ForceTec | cold expansion method does not require rivets (and is thus 
termed a rivetless nutplate), the cold expansion methods were being considered for use on 
existing aircraft hardware. Therefore the rivet holes were machined in the ForceTec | specimens, 
cold worked, and filled with standard rivets. 

TABLE 10 The effect on fatigue life for cold expanded nutplate specimens. 

Flight Satellite H o l e  Configuration Fatigue Life Ratio 
Spectrum (Ncx/Nno.-cx) 

nominal ForceTec | 0.75 0 o 
nominal ForceMate | 1.38 

LIF 

nominal ForceTec | 0.21 

45 ~ nominal ForceMate | 2.57 

2 "a oversize ForceMate | 1.63 

nominal ForceTec | 0.01 

90 ~ nominal ForceMate | 0.20 

2 na oversize ForceMate | 0.10 
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Clearly, the most successful cold expansion method in this case is the ForceMate | or bushed 
hole process. Although fatigue life improvements occurred for the 0 ~ and 45 ~ orientation, a 
dramatic decrease in fatigue life is observed for the 90 ~ orientation. However, for all 90 ~ 
orientation nutplate specimens, the fatigue lives were very low compared to the other nutplate 
orientations. The low fatigue lives associated with the 90 ~ orientation can be rationalized in 
terms of the orientation of the satellite holes to the loading direction, with multiple initiation sites 
in the satellite holes. 

After completion of the above testing on the countersunk hole and nutplate geometries, 
further nutplate testing was proposed to examine the effect of modifying the ForceMate | cold 
expansion process. The two processes involved the FTI recommended approach and the 
streamlined USAF technique, with both processes previously described in Table 4. The cold 
working for this portion of the program was undertaken by the USAF, thus enabling a direct 
comparison between the variability of cold working for two different vendors. A comparison in 
the fatigue life for the ForceMate | cold expansion method using the two different processes is 
given in Table 11 in terms of a fatigue life ratio of the FTI-performed and USAF-performed cold 
expansion. 

The similarity in results for the USAF-processed nutplate specimens indicates that the change 
in cold expansion process, undertaken to increase the efficiency during cold working the T-38 
wings, has little effect on the overall fatigue life of  the nutplate geometry. The similarity in the 
USAF-processed specimens using the FTI method compared to the FTI-processed specimens 
(see Table 11) also highlights the consistency of  the cold expansion process between two 
independent vendors. The nutplate life decrease shown for the 0 ~ orientation specimens is a 
consequence of the spectrum flight hour runout level assumed for these two test phases. The 
runout level for the main testing phase was 100 kSFH, however, for the additional phase testing 
the cold expansion process, the runout level was reduced to 50 kSFH. Three of the five tests 
reached the 50 kSFH runout level, with the fourth specimen prematurely initiating a crack at the 
spacer/specimen interface, and the fifth specimen fracturing due to a test anomaly. In general, 
changing the ForceMate | cold expansion process showed no detrimental effect. 

TABLE 11 The effect of  the cold expansion process on fatigue life for the ForceMate | method. 

Flight Satellite Configuration Fatigue Life Ratio 
Spectrum Hole (NFTI/NusAF) 

LIF 

0 ~ nominal ForceMate | 0.63' 

nominal ForceMate | 0.94 

45 ~ 2 nd oversize ForceMate | 1.44 

nominal ForceMate | (FTI process/USAF 1.11 
performed) 

* The runout for the USAF-processed tests was 50 kSFH, compared to 100 kSFH for the FTI-processed tests. 

Conclusions 

The cold expansion methods and processes examined in this program were intended for a life 
extension program for existing wing structure that has already been cycled under flight 
conditions through a portion of its fatigue life, Therefore this program could be viewed as 
representing a non-conservative life improvement assessment, as the test specimens representing 
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the FCLs were not fatigued prior to cold working. It has been suggested [12] that residual 
fatigue damage prior to cold expansion does not influence the total life, however, this assumption 
has not been tested in this program. 

The test results presented in this paper have considerable value as a comparative assessment 
of the influence of the major variables examined, which included: cold expansion method and 
process, hole size, countersink size, nutplate geometry, flight spectrum, and joint configurations. 
The relative life differences observed between the conditions tested in this program can be used 
in conjunction with either the full-scale wing test results or a DTA analysis to predict relative life 
improvement. 

The spectrum fatigue testing described in this paper provides an assessment of the life 
improvement gained through cold working different fatigue critical locations of the T-38 lower 
wing skin. The fatigue results for both the countersunk hole and nutplate geometry can be 
summarized briefly with major conclusions indicated below. 

1. As expected, the LIF spectrum usage exhibited the lowest total fatigue lives. The 
average decrease in fatigue lives for the LIF usage was on the order of 2 5x 
compared to the SUPT usage. 

2. Cold expansion of the countersunk hole geometry led to an increase in fatigue life by 
a factor of  between 1.08 6• The cold expansion process also increased the level of 
variability between fatigue lives, with the 99 % confidence interval completely 
overlapping the non-cold worked fatigue life results (apart from the OE' 
configuration). A vast improvement in fatigue life was shown to occur in the OE' 
configuration (oversized hole and an undersized countersink) with a 4 6• life 
improvement over the non-cold worked specimens. 

3. The countersunk hole joint geometry exhibited a decreased fatigue life of between 
1.75 5.5x compared to the non-jointed specimen. Unusual crack initiation in the OE 

joint specimens occurred around the bore of  the specimen without penetrating into the 
bore. 

4. Generally, a life improvement was found in the nutplate geometry for the 0 ~ and 45 ~ 
orientation, following cold expansion using the ForceMate | method. However, for 
the ForceTec | method (all orientations) and the ForceMate | method (90 ~ 
orientation), life decreases on the order of between 1.3 10• were observed (excluding 
the statically failed 90 ~ orientation ForceTec ~ specimens). 

5. The fatigue life for the two different ForceMate | cold expansion processes (FTI and 
USAF) was found to be very similar, with no degradation in fatigue life occurring due 
to the shorter process performed by the USAF. 
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Crack Initiation at a Notch under Constant and Selected 
Variable Amplitude Loading Conditions 

ABSTRACT:  In a previous study, we showed that crack initiation life at a notch tip can be modeled as 
the micro crack propagation life from an initial microstructural defect up to a crack size of about 500 lam. 
This model is based upon the assumption that short cracks at a notch propagate without any significant 
closure effects. In our present experimental study, the results o f  fatigue tests to verify this hypothesis are 
presented and discussed. 

The fatigue tests were conducted in ambient air on single edge notched specimens with a theoretical 
stress concentration factor o f  3.14 on thin sheets of  1.2 mm thick Aluminum alloy 2024 T351. The test 
conditions studied are: constant amplitude tests at stress ratios of  0.1, 0.3, and 0.5 and variable amplitude 
tests using an extract from the TWIST spectrum. The tests were carried out at a nominal frequency of 10 
Hz. At selected intervals, micro crack advance (if  any) was determined using replicas. The measurements 
were made at the maximum stress for constant amplitude tests and at a chosen positive stress for variable 
amplitude tests (avoiding any overload). The smallest crack size detected is about 10 p_m. 

KEYWORDS:  notch, crack initiation, fatigue life, local strain, short crack, prediction, fracture 
mechanics. 

Introduction 

The mechanisms involved in the early stages of crack formation at notches still are an open 
question, and several approaches exist to predict the crack initiation life. Notable examples, 
based on the local stress levels in the vicinity of a notch, are the Neuber's empirical approach 
and the Glinka's energy based model [1,2]. More recently, short crack propagation models have 
been proposed that usually consider that a crack-like defect exists at the notch tip right from the 
first cycle. Based on such models, the crack initiation life represents, in fact, the propagation life 
of the initial crack as it grows under the fatigue loading to reach a size detectable by current non- 
destructive inspection methods [3,4]. In this approach, the main difficulty resides in modeling of 
the short crack propagation law. Numerous authors have pointed out the differences between 
short and long crack growth behavior. One of  the reasons evoked is that short cracks are not 
significantly affected by closure effects, as the plastic wake responsible for closure is not strong 
enough to provoke crack closure [5]. Empirical methods have been developed to evaluate 
directly the crack initiation phase (i.e., up to a macro-crack size) [6 8], but the use of such 
methods is limited to the studied materials and geometries. 
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This study presents a comparison between experimental and predicted crack initiation lives, 
evaluated using a model based on short crack propagation at notches [9]. In this model, short 
cracks at notches are assumed to propagate at a notch without any significant closure effects. A 
previous study has shown that experimentally observed crack initiation lives for notched 
specimens subjected to an aircraft wing loading spectrum can be predicted with sufficient 
accuracy based on this model [3,9]. In the current study, experiments conducted to verify the 
underlying hypothesis of this model are presented and discussed. 

Experimental Details 

The material used was 2024 T351. The nominal composition and material properties can be 
found in [10]. 

Notched Specimens 

Notched specimens, shown in Fig. 1, were cut using spark- 
erosion machining in a 1.2 mm thick sheet. Determination of the 
notch geometry was done using Finite Element calculations, in 
order to produce a stress concentration factor Kt close to 3 (its 
value is KT = 3.14). The notch root radius is 3 mm. The grip 
zone was also designed by Finite Element methods, and the 
height of the specimen was evaluated in order to eliminate the 
interaction between the remote stress application zone and the 
notch root. 

Fatigue Loading 

Due to the thickness of specimens, to avoid buckling it was 
decided not to submit them to compressive stresses. 

The notched specimens were submitted to two kinds of 
fatigue loading, constant amplitude loading (R = 0.1, 0.3, and 
0.5) and variable amplitude loading (extract from the TWIST 
spectrum). The remote stress level history, corresponding to 
typical flight from the Twist extract, is shown in Fig. 2. The 
remote stress amplitude was chosen to avoid global yielding of 
the uncracked ligament. The TWIST extract is composed of 505 
cycles, representing 23 flights (take off, cruising regime, and 
landing phases). 

Crack Growth Monitoring--The short crack growth was 
monitored using optical measurement on the lateral surface of 
the specimen, and replicas were made at regular intervals on this 
surface, especially in order to detect cracks as early as possible (the 
minimal detectable size was close to 10 pm). These replicas were 
then observed with an optical microscope at a magnification of 
(1000• 

43• 

FIG. 1 Notched 
specimen geometry, Kr = 
3.14 (thickness = 1.2 mm). 
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For constant amplitude loading, the stress level was held at the maximum stress value during 
the replicating process, whereas for the variable amplitude loading, the stress was held "as is" in 
order to avoid overloads. 
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FIG. 2 A typical flight from TWIST extract (23flights): normalized stress versus number o f  
cycles. 

Experimental Results and Discussion 

Constant Amplitude Loading 

Notched specimens were submitted to constant amplitude loading at three stress ratios, R, of 
0.1, 0.3, and 0.5. To evaluate the effect of the mean stress, tests were conducted at the same 
stress amplitude at different R ratios; an example is given in Table 1. The experimentally 
observed crack initiation lives and the final crack lengths are given in Table 2. 

TABLE 1 Correspondence between loading conditions at stress ratios R =0.1 and R =0.3. 

Stress amplitude A~ (MPa~_ Maximum stress R = 0.1 Maximum stress R = 0.3 
108 120 154.3 
126 140 180 
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TABLE 2 Experimental crack initiation lives (up to a macro-crack size o f  500 pm). 

Specimen R cr ~x Stress Amplitude Crack Length (~tm) Ni (cycles) 
Identification No. ~ (MPa) 

1 0.1 160 144 189 36 000 
2 0.1 160 144 487 32 900 
3 0.1 160 144 535 27 000 
7 0.1 140 126 Close~500* 40 000 
8 0.1 140 126 480 58 000 
9 0.1 120 108 Closeto 500* 82 000 
10 0.1 120 108 449 189 000 
11 0.1 180 162 Close~500* 29 192 
12 0.1 180 162 570 29 000 
13 0.3 180 126 Close to500* 37 000 
14 0.3 180 126 573 40 000 
15 0.3 154.3 108 515 63 711 
16 0.5 216 108 442 49 000 
17 0.5 252 126 507 29 000 

* In some cases, the crack could not be monitored because: 
a. observations were not done on both sides of the specimens, or 
b. the crack grew too fast to be followed (regular load holding was programmed), especially in the 

cases where the crack length on the lateral surface grew suddenly. 

The experimental scatter is close to the one generally observed for fatigue lives of  
mechanical components,  i.e., for the same loading conditions life can vary by a factor o f  2. The 
scatter is more pronounced for the smallest stress amplitude studied. 

The crack initiation lives, with respect to the remote stress amplitude for these tests, can be 
seen in Fig. 3, where the stress amplitude applied is drawn as a function of  the crack initiation 
life (number of  cycles). The effect o f  the stress ratio is obvious on such a graph. The crack 
initiation life can be divided by two, as seen between specimen Numbers 8 and 17, conducted at 
the same stress amplitude of  126 MPa, while the stress ratio goes from 0.1 0.5. 

FIG. 3 

170 

160 ~ 

120 

110 

10004 105 10 e 
N i (Number of cycles to crack initiation) 

Crack initiation lives o f  notched specimens under constant amplitude loading. 
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Critical Evaluation of  the Studied Model Based on Crack Growth Kinetics 

Short Crack Model 

The short crack model is based on the following assumptions: 

1) Short cracks propagate without any significant crack closure, and a crack growth law 

obtained for long cracks, corrected for the closure effect (i.e., da l~eff power law) can 
dN 

describe their crack growth kinetics. The law used in this study is of the form given in Eq 1, 
and the constants in this equation are given in Table 3. 

- • N  (mm/ cycle)=cAKeyy " (1) 

TABLE 3 Value o f  c and n in Eq 1. 

AKeff range (MPa ~/m) C n 
1-2 le-8 7.59 
2-5 4.58e-8 1.97 
5-10 1.67e-8 4 

2) 

3) 

Short cracks initiate at microstructural typical features, such as inclusions, or microstructural 
flaws and cracks exist from the very first cycle. 
The stress intensity factor used to evaluate the short crack growth kinetics is evaluated by the 
FEM method using perfectly elastic conditions. The stress intensity factor is then evaluated at 
each cycle as a function of the crack length and the "local" stress amplitude (Aa) applied at 
the notch root after Glinka's formula [9]. One of the basic questions concerning crack 
initiation at a notch is the crack geometry that cannot be predicted. Thus, three crack 
configurations were considered: through-thickness, comer, and semi-elliptical embedded 
crack. For the latter two crack geometries, the crack shape (i.e., aspect ratio) was assumed to 
remain constant (at a value of 1) with crack length. The curves obtained (relating the stress 
intensity factor, in mode I propagation, to the crack length) are shown in Fig. 4. 

The minimum crack length considered was 10/.tm. The effective crack growth threshold for 
long cracks for the material studied is on the order of  0.8 MPa ~/m [10]. As can be seen in Fig. 4, 
the minimum K value for the three geometries studied is about 1 MPaA/m. Thus, the assumption 
concerning the presence of a crack right from the first cycle is justified for a remote stress greater 
than 100 MPa. 

It can also be seen here for a given crack length that the severity, in terms of the stress 
intensity factor, is in the following order: 

K through.thickness>K corner crack > K elliptic embedded crack 
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FIG. 4 Stress intensity factor as a function o f  crack length for  different geometrical crack 
configurations, cro~ = 100 MPa. 

Study o f  Crack Growth Kinetics under CA Loading 

From the above-mentioned results, it can be surmised that crack length evolutions should 
depend upon the crack geometry. Thus, the crack length measurements for the tests studied here 
are compared to the predicted crack length evolutions for through-thickness and comer crack 
configurations. The semi-elliptical crack geometry was not considered, at a first approximation, 
as it led to over-conservative predictions. 

The comparison between measured and evaluated crack growth evolution for specimens 1, 2, 
and 3 (cym~x = 160 MPa, R = 0.1) can be seen in Fig. 5. It is confirmed here that the experimental 
crack growth evolutions are almost totally embedded in the "scatter band" composed by the two 
different crack geometry configurations 

The results obtained for the test conducted at the lowest maximum stress are given in Fig. 6. 
It can be seen that both the two predicted crack configurations lead to highly conservative 
predictions. Three reasons can explain this result: 

1. The crack configuration can be different in this case (probably an elliptic embedded 
crack in the early stages - not detected here). 

2. The existence of crack closure was not taken into account in the model. 
3. The existence of a crack initiation phase was not considered in this study. 

Such a behavior was, however, exceptional under the test conditions studied. 
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A careful examination of all the test results showed that for most of the observed test 
conditions, the measured crack length evolutions follow the predictions for either of the two 
crack configurations presented above. 

In Fig. 7, predicted lives considering these two crack geometries are compared with the 
experimental data for tests at R = 0.1 (as most of the data corresponds to this R-ratio). It is seen 
here that the comer crack configuration leads to very good predictions. For the lowest stress 
level, the prediction seems to be over-conservative considering the experimental scatter. 

These results show that, in most of the cases studied here, the assumptions used in the model 
are justified. 

Considering that closure effects are minimal, the estimated crack initiation lives are given in 
Table 4, considering comer crack and through thickness crack configurations. 

The predictions obtained with the short crack model lead to the conclusion that most cracks 
grew as comer cracks for constant amplitude loading conditions. 

Variable Amplitude Loading 

Three specimens were submitted to the variable amplitude loading described in the previous 
paragraph at different maximum stress levels. The experimental crack initiation lives can be seen 
in Fig. 8. Under such loading, a usually encountered curve shape is obtained, and the effect of 
the maximum stress level is similar to that observed under constant amplitude loading. 

These specimens were submitted to the previously described spectrum (TWIST-extract, 
without compressive stress) at three different maximum stress values. Figure 9 shows the crack 
growth evolution compared with estimations obtained with the short crack model, for a 
maximum stress of 220 MPa, and Fig. 10 shows the results for stresses of 240 MPa. 

FIG. 7 
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TABLE 4--Comparison between predicted crack initiation lives (corner and through- 
thickness crack configurations) and measured ones, constant amplitude loading. 

Max. R Ni (cycles) Ni (cycles) 
Remote Theoretical Experimental 
stress 
(MPa) Corner Through- 

thickness 
160 0.1 32 230 20 160 36 000 
160 0.1 34 810 21 360 32 900 
160 0.1 34 960 21 420 27 000 
140 0.1 40 000 
140 0.1 57 580 31 830 58 000 
120 0.1 82 000 
120 0.1 119 650 57 110 189 000 
180 0.1 29 192 
180 0.1 24 400 15 770 29 000 
180 0.3 37 000 
180 0.3 58 030 32 030 40 000 
154.28 0.3 120 370 57 430 63 711 
216 0.5 119 560 57 070 49 000 
252 0.5 57 730 31 890 29 000 
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FIG. 8 Crack initiation lives for notched specimens submitted to variable amplitude 
loading (TWIST extracO. 



GI~RARD ET AL. O N  VARIABLE A M P L I T U D E  L O A D I N G  195 

E 
g 
r 

e- 

0.6 ' ' '  ! ' ' ' ! ' ' ' 

0.5 

0.4 

0.3 

0.2 

0.1 

0 
0 

AI 2024-T351 G 
TWIST Extract 

. . . . . . . . .  c r  = 2 2 0  M P a  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i . . . . . . . .  ~ . . . . . . . .  
m a x  

�9 =: 

........................................ Q ........................... i ....... ! ........ 

i : 

Through-thickness 
(~ . :  Crack 

;: ~ (~ :: : , /  
! ~  : .,:" Corner Crack 

40000 80000 120000 
N ( c y c l e s )  

F I G .  9 Crack growth evolution compared with estimation made with the short crack model 
for TWIST extract spectrum, t~,,o~ = 220 MPa. 

0 .6  

0 .5  
A 

E 
E 0 .4  

g 
m 0.3 
c -  

o 0.2  .= 
0 

0.1 

! . . . . .  

AI 2024-T351 
TWIST Ex t rac t  , 

........ a = 240 MPa -'! ........... (~-~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
max 

o 

�9 

Q"  : ." 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i . . . . . . . .  " . . . . . . .  

T h r o u g h - t h i c k n e s s  .: i j 
C rack  " - - ~ : . "  C o r n e r  C r a c k  

. . . . . . . . . . . . . . . . .  ! . . . . . . . . . . . . . .  . . . . . . . . . .  i . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  

0 2 0 0 0 0  4 0 0 0 0  6 0 0 0 0  8 0 0 0 0  1 0 0 0 0 0  

N ( c y c l e s )  

F I G .  1 0  Crack growth evolution compared with estimation made with the short crack 
model for twist extract spectrum, <7,,~ = 240 MPa. 



196 FATIGUE TESTING AND ANALYSIS 

It must be pointed out that for each case, the short crack model predictions are accurate, and 
the crack geometry configuration was the through-thickness crack. This is believed to be due to 
the fact that large cycles of the twist-extract spectrum allow the crack front to reach the same 
length on both faces. This is quite different from CA conditions, where the most probable 
configuration is a corner crack. 

General Remarks 

The present study indicates that crack initiation lives under fatigue can be predicted 
successfully using the short crack approach, despite some simple assumptions (such as minimal 
closure effects for short cracks and neglecting a possible crack initiation phase at the notch tip). 

This aspect is now discussed based on experimental results under CA conditions where the 
crack growth analysis is complete. In the experimental measurements, we followed the crack 
advance on one side using replicas. In certain cases, the crack seems to have propagated from the 
other side. To overcome this difficulty, crack advances were also measured across the specimen 
bulk, by measuring the striation spacing. An example of the fracture surface is given in Fig. 11. 

FIG. 11 Str ia t ions  on  the f r a c t u r e  surface,  R = O. 1, Crma~ = 160 MPa.  

In Figure 12, we compare the crack growth rate obtained by the following methods: 

a) Optical measurements 
b) Striation spacing 
c) Model prediction 

The crack growth data for short cracks is given in terms of AK, and the model prediction is 
given in terms of AKef~ (data from [12], for long cracks). From this figure, if we compare optical 
measurements (for short cracks) and the model predictions, it would appear that the model 
predictions are conservative. On the other hand, the striation spacing measurements seem to 
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agree very well with the model prediction. This analysis has been done only for one specimen, 
but this result alone seems to indicate that crack closure effects, if any, are minimal for the 
experimental conditions studied here. Similar results have been reported in a previous study, on 
the 7075 -T7351 alloy [13]. 

FIG. 12 

E 
E 
z 
-o 

"O 

t 0  .2 

10 .3 

10  .4 

10  -s 

10 -s 

10 -r 

10 .8 
1 

AI =024-r3Sl ,-'! 
R=0.1 o x=160MPa J 

~(~ 

. . . . . . . . . . . . . . . . . . . . . . .  ~2 . . . . . . . . . . . . . . . . . . . . . .  " ~  . . . . . . . . . . . . . . . . . . . . . . . . . .  

j . . � 9  ~ �9 

I + optical measurements - - -  Model crack propagation law 
..7~'. ......................... �9 SEM measurements 

Q Ref. [10] 
] 

. . . . . . . .  i , | 
10 

K or  & K e f f  ( M P a .  ~/m) 

Comparison of crack growth behavior of short and long crack. 

Figure 13 shows the results obtained using a similar approach for a more complete loading 
spectrum, containing 1000 flights and 22 547 cycles [9]. In this case, the local stress intensity 
factor was determined using the Kujawski approximation [15], which is, in fact, a curve fitting 
for Newman's more rigorous approach [16,17]. In this figure, results for conventional local 
crack initiation lives using the SWT [18] and Glinka's method [2] using appropriate mean stress 
correction are also given for comparison. It can be seen that the predictions using the short crack 
approach are as good as the conventional models. For the lowest stress level studied here, the 
experimental scatter was modeled as possible variations of input in the crack growth model 
(initial defect size and variations in material cyclic properties). It can be seen here that the 
predicted scatter is comparable with the experimental one, the predictions being slightly 
conservative. This result is encouraging. 

It should be noted that the test spectra studied here contain very little load interaction effects 
(tension dominated spectra, very few overloads, etc. [19]). The concepts exposed here have to be 
verified for more discriminating conditions. 
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FIG. 13--Predicted and experimental lives for another flight simulation spectrum. 

Conclusion 

In the present experimental study, it has been shown that small crack propagation concepts 
can be successfully used to predict the life to initiate a crack of a dimension on the order of 500 
p.m, starting from an initial size of about 10 p.m. The basic assumptions of the model used seem 
to be verified under the experimental conditions studied here. 
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ABSTRACT: Various types of violent random vibration of aero engine fan blades were 
investigated. Technique for random fatigue resistance evaluation of the blades has been developed 
which is based on the relation obtained between amplitude of equivalent sinusoidal stresses, 
parameters of random stress envelope, and data of conventional constant amplitude tests. 
Experimental validation of the technique has been carried out on the base of comparison between 
the calculated and experimental values of equivalent amplitude. For this purpose fatigue tests were 
performed in the course of which the features of intense service random vibration of the blades 
were simulated. Some peculiarities of fatigue crack kinetics under random loading were studied. 

KEYWORDS: random fatigue, service random vibration, stress envelope, stochastic resonance, 
equivalent amplitude, fatigue tests under random vibration, reconstitution of fatigue crack kinetics 
from fractographic observation by scanning electron microscope, self-similar crack propagation 
mesomechanism by periodic splitting-rupture. 

Introduct ion  

Improvement of  up-to-date aero engines is accompanied by an increase of  the 
aerodynamic loads on the fan blades. The loads are often o f  random nature. This paper 
presents a method for fatigue resistance evaluation of  aero engine fan blades subjected to 
the action of  intense random loads. The study comprises the following parts: 

1) Investigation o f  the violent random vibration o f  the fan blades with the aim to 
determine probability distribution laws describing the envelope of  random vibratory 
stresses, 

2) Definition of  the parameter characterizing fatigue under random loading and 
elaboration of  the procedure for estimation o f  this parameter, 

3) Experimental validation of  the technique, and 
4) Analysis of  fatigue crack kinetics peculiarities under random vibration. 
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Violent Random Vibration of Fan Blades and Probability Distribution Laws for 
Envelope of the Vibratory Stresses 

The sources of  fan blades random vibration are random aerodynamic forces caused by 
turbulent flow in air inlet or gas-air path of  aero engine. These forces are added to the 
deterministic aerodynamic forces due to deterministic circumferential space irregularity 
of  the flow. Peculiarities of  random vibratory stresses in fan blades arise both from low 
damping decrement dofblades and from availability of  the deterministic component. The 
low decrement value results in narrow band character of  violent random vibratory 
stresses. Under these conditions the dominant frequencyJb of  the vibration is close to a 
blade natural frequency, and probability distribution of  stress amplitude coincides with 
probability distribution p(A) of  stress envelope A(t) (Figures 1 and 2). The highest level 
of  vibratory stresses is achieved in the stochastic resonance condition, that is, when 
narrow band random vibratory stresses are added to the resonant deterministic ones 
(Figures ld- f  and 2c,d). In this case the vibratory stresses constitute a non-Gaussian 
random process. 

If  random vibration is caused by small-scale turbulence, the vibratory stresses in the 
non-resonance condition are also sufficiently high (Figure 1). When large-scale 
turbulence is the source of  excitation, the violent random vibration takes place only in the 
resonance condition. This situation is peculiar to stage-1 fan blades (Figure 2). 

Stress envelope probability distribution is described well by gamma-distribution and 
Rayleigh-Rice-distribution both in the absence of  resonant deterministic stresses (then the 
coefficient of  stress envelope variation VA ,~ 0.5) and in a stochastic resonance condition 
(vA< 0.5) [I-31. 

Figure 1 - Power spectrums S(f) (a,d), oscillograms o(t) (b,e), and envelope probability 
distributions p(x) (e,f) of  random vibratory stresses in a fan blade in the vicinity (a,b,c) 
(coefficient of  stress envelope variation vA ~ 0.5) and in a stochastic resonance condition (d,e,J) 
(VA ~-. 0.4): X is dimensionless value of  stress envelope (harmonics of  flow circumferential 
irregularity are numbered by Roman numerals). 
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Figure 2 - Power spectrums SO9 (a,c) and oscillograms o(t) (b,d) o f  random vibrato1 y 
stresses in a stage-1 fan blade in the vicinity (a,b) and in a stochastic 
resonance condition (vA = 0.43) (c,d). 

E q u i v a l e n t  A m p l i t u d e  as a P a r a m e t e r  C h a r a c t e r i z i n g  R a n d o m  F a t i g u e  

Fatigue damage cumulation under random loading is caused not only by mean value 
of stress envelope but it also depends on random overloads. Exponent of power m in 

fatigue curve 

N F A  m = const (1) 

(here NF (A) is number of cycles to failure with the stress amplitude A) and stress 
envelope variation coefficient vA determine the increase of fatigue damage at random 
overloads. Therefore, a parameter depending on values of A, VA, and m would be 
appropriate for use as a measure of random fatigue. As such a parameter we assume the 
amplitude of equivalent sinusoidal stresses Aeq that provide the damage cumulation 
velocity 

Vo(A) = [NF(A)] l (2) 

w 

equal to average damage cumulation velocity V at random stresses 

Am~ 
V = ~ V o (A) p ( A )  dA 

0 

(3) 

where Amax is the maximum value of stress envelope A. 
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Equating Eqs 2 and 3 with the use of  Eq 1 and gamma-distribution as p(A), after 
transformations we obtain relationship for the equivalence coefficient 

A e q ~[j m-1 
k = -- = (Xmax, Ct)H (1 + jV2A ) 

A V J=~ 
(4) 

where ct = m + v-A 2 , Xma x = Ama x / v2A-A, and J is the incomplete gamma-function 

(the expression has been derived for whole values of  m). 
Dependencies 4 and Amax/Aeq are given in Figure 3 (the Ap quantile of  the gamma- 

distribution corresponding to the probabilityp = 0.999 is used as Am~x). As can be seen, 
the Aeq value is placed between A and Amo~ receding from A with increase of  vA and m, 
and moving closer to Amax with decrease of  vA and increase of  m. For sinusoidal loading 
(vA = 0, A = A) we have k -- 1, and Aeq coincides with the amplitude A of  sinusoidal 
stresses. 

In the practically important range 0.25 < VA <-- 0.50 and m < 25 dependence (4) can be 
approximated well by the simple relationship [1,3] 

k = (4v A -0 .5 ) lgm - 1.6v A + 1.2 (5) 

and then 

Aeq =-A[(4v A - 0 . 5 ) l g m -  1.6v a + 1.2] (6) 

Random fatigue resistance evaluation by the use of  Eq 6 consists in comparing Aeq 
value with the fatigue limit obtained on the basis of  conventional constant amplitude 
fatigue tests [4]. Thereby the same standardized safety margins may be used both for 
constant and random amplitude loading. 

(a) (b) 
Aeq Area x 

; 6  ~m=25 . ~ - - ~ ~ - - ~ ~ . ~ _ _  m=2520 

0.7 . . . . ~ , . . . . . . . . . . . , _ _  , 16 

2.2 20~.  ~ 0.6 ~ - ~ ~ ~ - - - ~  12 

1.0 0.3 
0 0.1 0.2 0.3 0.4 0.5 VA 0.2 0.3 0.4 0.5 VA 

Figure 3 -Dependencies of Aeq/-A (a) and Am~/Aeq (b) on vA and m. 
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Determination of Random Vibratory Stress Realization Length Required for Aeq 
Estimation 

Working Eq 6 involves parameters A and vA the values of  which are estimated on a 
basis of  analysis of  stress envelope realization. Consequently, the estimate of  Aeq, 
calculated according to Eq 6, has a relative statistical error e depending on the length T 
of  the realization. If  random vibration is caused by small-scale turbulence flow, the 
realization length, required for Aeq estimation with root-mean-square error o-~, may be 
defined as 

2 
T - - -  (7) 

2 6 f o  O" e 

In particular, for 6 = 0. 05 the number o f  cycles N = Tfo, ensuring the Aeq estimation with 
error not exceeding ~ =  0.1, according to Eq 7 is equal to 4 000 cycles. 

Equation 7 is deduced in the following way. Required for Aeq estimation a length of  
realization is 

T = n rA (8) 

where n is the required amount of  independent envelope readings and rA is stress 
envelope correlation interval which separates these readings. For wide-band action, which 
is characteristic of  small-scale turbulence, and for Rayleigh-Rice-distributed envelope, the 
rA value is given by 

rA = 1.5(b + 1)/6fo (9) 

wh~e 

b = a2[Io(a2/4)+I j (a2/4)]2 /{a2[[o(a2/4)+I i (a2/4)]  2 + 102(a2/4)+ [12(a2/4)},  

a = As~o" is <<signal/noise>> ratio, 
As = amplitude of  sinusoidal stresses, 
cr = root-mean-square deviation of  random vibratory stresses, and 
lo and Ij are modified Bessel functions o f  the first kind and zero order and of  the first kind 
and first order, respectively. 

For gamma-distributed envelope, the upper estimate o f  n value, providing estimation of  
Aeq with root-mean-square error o-~, can be determined as follows [1] 

1 + 3v A 
n = - -  (10) 

2ere2 

Substituting Eqs 9 and 10 into Eq 8 results in 

T = O. 75(b + 1)(1 + 3v ] ) (11) 

cr~e6 fo 
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Figure 4 - For the deduction o f  equation 7." a - p l o t  o f  function in numerator o f  
Eq 11 versus vA, b -dependence  v~ on a. 

The function in numerator of  Eq 11 is plotted in Figure 4a (the dependence is derived 
with allowance for the connection between vA and a for Rayleigh-Rice-distribution given 
in Figure 4b). As can be seen, in the practically important range 0.25 <<. vA <- 0 .50 the 
function may be replaced by constant value equal to 2 with error not exceeding 10%. As 
a result, we come to Eq 7. 

Experimental Verification 

Validation of  the technique was performed by comparison between the values of  Aeq 

evaluated according to Eq 6 and on the base of  experimental data, obtained from the 
literature and in the course of  the fatigue tests of  blades [1]. Thereby the test rig specially 
developed for random fatigue study was used which makes it possible to simulate service 
envelope probability distributions of  random vibratory stresses in aero engine blades 
(Figure 5) and to carry out fatigue testing under random loading for various values 
of  VA (Figure 6). 

p(a) 

0.2 

0.1 

0 

(a) p(A) 

o2  

0.!  

30 60 90 A, M P a  0 30 60 90 A,  M P a  

Figure 5 - Modeling o f  the stress envelope probability distribution in a fan blade 

in the stochastic resonance condition f o r  vA ~ 0.4." a - service condition, b - vibrostand. 
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Figure 6 - Stress oscillograms, envelopes A(t), envelopes probability distributions p(A), 
and fracture surfaces of aero engine blades under random fatigue tests: 
(a) vA ~0.2, (b) vA ~0.3, (c) vA ,,~O.4. 

As an example, Figure 7 shows the results o f  fatigue tests of  blades under 
deterministic and stochastic resonance condition (stress amplitude value A and mean 

value of  stress envelope A for sinusoidal and random loading, respectively, are plotted 
along the vertical axis). The fatigue curve under sinusoidal loading determined by least- 
squares method is also drawn there (exponent of  its power m = 11.4). Under random 
loading the variation coefficient vA was kept constant at 0.4, which is typical for 
stochastic resonance. 

A, -A , MPa  
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400 
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�9 II A A A i ~  A ~  
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lOO 
lo' lO s 106 107 N, cycles 

to failure 

Figure 7 - The results of blades fatigue tests." 
�9 -sinusoidal loading, �9 -random loading. 
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If  we assume that the failure corresponds to the same damage level both under 
sinusoidal and random loading, the verification procedure issues directly from the above 
definition of the equivalent amplitude. Really, in this case the equality of damage 
cumulation velocities under sinusoidal and random loading implies the equality of cycles 
to failure. Then experimental value of equivalence coefficient k = Aeq /-A may be 
determined as value inverse to the ratio between ordinate of experimental point in 
Figure 7, obtained under random loading, and fatigue curve ordinate, corresponding to 
the same cycles to failure under sinusoidal loading. The mean value o fk  for experimental 
points in Figure 7 is equal to 1.78. Value of k, evaluated according to Eq 5 at m = 11.4 
and vA = 0.4, is equal to 1.72. 

Peculiarities of Fatigue Crack Kinetics under Random Vibration 

Random vibration of the blades causes the stochasticity of fatigue crack kinetics. Two 
types of this stochasticity have been established on the basis of fractographic study. At 
Stage II fatigue crack growth the microfluctuations of crack speed take place which result 
in smooth variation of fatigue striation spacing (Figure 8). Macrofluctuations of crack 
speed are inherent in the next stage of crack growth. This stage is lacking under constant 
amplitude loading. The macrofluctuations are caused by transitions between two 
mechanisms of fatigue crack propagation - mechanism of periodic splitting-rupture 
(MPSR) [5-8] and mechanism of micropores growth and coalescence (MMGC). On the 
fracture surface the macrofluctuations of crack speed are manifested in alternating light 
and dark bands (see Figures 6 and 9a) with striations and dimples, respectively. Time 
variation of striation spacing (and accordingly of crack speed) occurs alternately in two 
different scales: a slow change within the fatigue bands and a fast change near the 
boundaries of the bands (Figure 9b,c) [9]. 

Figure 8 - Variation of fatigue striation spacing under random vibration 
at Stage H crack growth (scale in pm is at the right bottom). 
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Figure 9 - Connection between macro-and microrelief of  fatigue fracture surface under random 
vibration." a -fracture surface of  a blade under random fatigue tests, b -change of striation 
spacing S within the fatigue band, c -striation spacing increase at the fatigue band output. 

Such jump-like variation of crack speed is fundamentally different from the smooth 
variation of stress amplitude (see Figure 6). It is evidence of high nonlinearity of the 
~(crack tip - material at its front~ system (CM-system [10]). As a result, the CM-system 
can intensify stochasticity of  loading. This intensification is due to noise-induced 
transitions [11] between two states of CM-system that are determined by two above- 
mentioned mechanisms of fatigue crack kinetics. The fall of crack speed at transition 
from MMGC to MPSR as well as sharp increase of crack speed at reverse transition 
indicate that the MPSR is sufficiently more energy-consuming fracture mechanism than 
MMGS. 

The underlying mechanism responsible for such high-energy-type crack propagation 
under high- and low-cycle constant and variable amplitude loading, the nature of which 
was clarified recently [5-8,12], is caused by highly ordered self-organized deformation 
mesostructure localized ahead of crack front. This fragmented structure, common to a 
highly deformed state [13], determines local properties of material, the shape of crack 
front, and the fracture mechanism. Similarly to the Cook-Gordon mechanism [14], the 
MPSR is due to transversal splitting ahead of the crack front under the action of tensile 
stresses parallel to crack plane (Figure 10a). The splitting forms in each loading cycle 
lengthways to the overstressed boundary of deformation structure that are placed ahead of 
crack front along the maximum principal deformation direction. As a result, each fatigue 
striation constitutes the relic of the two-dimensional neck remaining after the rupture of 
peculiar two-dimensional mesospecimen - the ligament between T-shaped crack front 
and the above transversal splitting (Figure 10b,c). In the course of  deformation and 
rapture of the neck-ligament the similar processes of the splits and necks formation can 
take place inside the ligament. 
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(a) (b) (e) 

Figure 10 - The scheme of  fatigue striation formation Figure 11 - Cross section (1) and 
(of periodic splitting-rupture mesomechanism operation), surface (2) o f  the fatigue striation. 

Figure 12 -Fractal  structure of fatigue striation surface revealing itself at variation 
o f  magnification in an electron microscope: a - x 1 000, b - x 4 000. 

From the above discussion it follows that: 1) a striation spacing S coincides with a 
ligament width/~ and represents the crack advance in mesoscale within one cycle of  
loading, 2) a crack path is roughly normal to the maximum principal deformation 
direction, 3) a striation surface may have fractal (self-similar) character. Morphological 
diversity of  fatigue striations can be caused by an asymmetry of  splitting ahead of  crack 
front which results in an asymmetric rupture of  the ligament between this splitting and 
crack front [8]. 

The splits and highly deformed ruptured ligament between them (that is, fatigue 
striation) are well seen in Figure 11. Self-similar processes at MPSR operation are 
manifested by fractal structure of  fatigue striation surface (Figure 12): the secondary 
striations are placed inside the basic striations and the tertiary striations are located inside 
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the secondary ones. Self-similarity of the MPSR are revealed in the macroscale by 
self-similar power law S ~ A K  2 (AKis the stress intensity factor range) true over a wide 
range orS  [5-8,12]. 

Understanding of periodic splitting-rupture mesomechanism and extrapolation of this 
understanding on micro- and maeroscales enables one to connect micro- and 
maeroprocesses of fracture and to deduce macrocrack growth law from fundamental 
fracture microcriterion - fracture condition of interatomic links ahead of crack front 
[6,7,12]. 

Conclusion 

1. Stress envelope probability distribution for various types of violent random vibration 
of aero engine fan blades is described well by gamma-distribution and Rayleigh-Rice- 
distribution. 

2. Amplitude of equivalent sinusoidal stresses Aeq, that provide the damage cumulation 
velocity equal to average damage cumulation velocity at random stresses with gamma- 
distributed envelope, may be used as a measure of random fatigue. Analytically derived 
evaluation formula links the Aeq value with parameters of random stress envelope and 
fatigue resistance that can be measured. 

The relation is obtained for calculation of random stress realization length, providing 
the estimation Of Aeq with any statistical error. 

3. The technique has been verified by comparison between the calculated and 
experimental values of Aeq. The latter data were obtained from fatigue tests under 
constant and random amplitude loading. 

4. The technique is not solely related to aero engine fan blades but can also be applied 
to various engineering fields where structural parts of high frequency selectivity are 
subjected to the action of random loads. 

5. Random vibration of the blades causes the stochasticity of  fatigue crack kinetics. On 
the fracture surface the stochasticity manifested both by random fluctuations of fatigue 
striation spacing and by alternating bands with striations and dimples. These bands result 
from jump-like transitions between two fracture mechanisms operating at the crack front. 

The fall of crack speed corresponding to transitions from dimples to striations as well 
as sharp increase in crack speed corresponding to inverse transitions are evidences that 
mesomechanism of periodic splitting-rupture, responsible for fatigue striation formation, 
is high-energy-type fracture mechanism. 
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High Cycle Variable Amplitude Fatigue of a Nodular Cast Iron 

ABSTRACT: This paper provides a brief summary of life prediction methods for variable amplitude 
fatigue. Special attention is given to cracks propagating from nominally defect free components in the 
high cycle regime where a significant portion of the fatigue damage can be attributed to cycles with 
amplitude less than the fatigue limit observed under constant amplitude loading. Constant and variable 
amplitude fatigue data for a nodular cast iron are presented. An effective stress method for variable 
amplitude loaded similar to the Topper model is developed. Most model parameters are derived from 
constant amplitude S-N curves and the Haigh diagram, but two sets of long life variable amplitude tests 
are needed to derive the variable amplitude interaction parameters. 

KEYWORDS: nodular cast iron, variable amplitude fatigue, high cycle fatigue, crack closure 

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

Variable Amplitude Life Prediction Methods 

Because of  its significance in both the aircraft and ground vehicle industries, variable 
amplitude fatigue has been studied extensively for several decades, and numerous predictive 
models have been developed. Many overviews of  variable amplitude life prediction methods 
have been published [I 5]. Figure 1 shows the relationships between several classes o f  models 
used for predicting fatigue crack propagation under variable amplitude loading. The non- 
interaction models on the left side of  this figure are examples o f  models that were developed 
primarily for predicting the effect of  R-ratio on the growth o f  fatigue cracks. These models can 
be applied to variable amplitude loading, but they predict that crack growth from any cycle is a 
function only of  the magnitude and stress ratio of  the cycle itself without regard for previous 
events. Forman [6] and Walker [7] proposed models of  this type for the "Paris law" area of  the 
crack growth rate curve, while Barsom [8] and Lal [9] have proposed relationships for the near 
threshold region. 

Models that consider the interaction between the current fatigue cycle and preceding cycles 
generally can be classified into closure based models and crack tip stress models. The yield zone 
models of  Wheeler [10] and Willenborg [11] are based on the concept of  residual stresses in the 
plastic zone. Wheeler used the ratio of  the current and previous plastic zone sizes to compute 
crack retardation, while Willenborg computed effective values o f  AK and R as a function of  the 
overload plastic zone size. These models have historic significance in that they were attempts to 
use fracture mechanics concepts to explain changes in the crack growth rates observed during 
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variable amplitude loading. However, following the observations of crack closure by Elber 
[12,13], these models are rarely used in the scientific literature. Recent observations have led 
Sadananda et al. [ 14] to reject the significance of closure and to propose the "Unified Approach" 
variable amplitude model based the stress state ahead of the crack tip. Sehitoglu and Sun [15] 
noted especially the significance of residual stresses ahead of the crack tip during plane strain 
and variable amplitude loading or for crack growth from micro notches. 

I Variable amplitude life prediction I 

I 
I I i Non-ioteractioo mode,s I I 'n eraetioomode's I 

Forman I 
Walker 
Barsom I I 

i CIosuremode's I I Oracktip stros' mode's I 
I Willenborg 

Wheeler 
models models Unified Approach I EmpiricLI I I  Strip yieJ I 

ONERA Dugdale models 
CORPUS FASTRAN 
Topper FFA 

FIG. 1 Classes of variable amplitude fatigue life prediction mode&. 

The empirical closure models are intended to account especially for the effect of plasticity 
induced crack closure on fatigue crack propagation [16 18]. They model the effective stress 
intensity factor defined by Elber, AK~ff = (Sm~ - Sop) F (ha) ~ where Smax is the maximum 
stress, Sop is the stress at which a crack is open, and F is the geometry factor. Most empirical 
models have been developed with aircraft fatigue problems in mind. The ductile materials, load 
spectra with large mean stress shifts, and thin sections found in these applications result in 
relatively large plastic zone sizes and frequently high degrees of closure. The Topper model also 
has been used for small cracks in ductile aluminum and steels. Various empirical relationships 
for computing Sop have been proposed, and the models show significant improvements in life 
prediction capability as compared to non-interaction models [l ]. The suitability for these models 
for other materials and other classes of load spectra is not fully confirmed. 

Yield strip type models attempt to physically model the growing crack tip area and the 
plastic wake generated [19 21]. Modifications of the Dugdale-type plastic zone concept [22] are 
made so as to leave deformed material in the wake of  an advancing crack. The crack closure 
contribution of this deformed plastic wake as a function of crack advance is computed. These 
models are usually computationally demanding, but they are successful in modeling a variety of 
transient events, including multiple overloads and delayed retardation. 
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Small Cycle Damage 

Machine components and structures are frequently subjected to variable amplitude loading in 
which significant portions of the fatigue cycles have amplitudes less than fatigue limit observed 
under constant amplitude loading. Small amplitude cycles usually are associated with normal 
operation of  rotating equipment, but maintenance operations, thermal events, or other transients 
may induce some cycles with amplitudes exceeding the conventional fatigue limit. Numerous 
experimental studies have shown that small amplitude cycles that are part of a load spectrum are 
more damaging than the same size cycle applied using constant amplitude loading [23 49]. 

Topper and co-workers have performed numerous series of tests on both smooth and notched 
specimens of SAE 1045 steel, 2024-T231 aluminum, and 319 cast aluminum alloy [23 31]. 
Intermittent over- or understraining was applied to specimens followed by blocks of low 
amplitude cycling. These authors found that cycles below the fatigue limit became damaging, 
and cycles slightly above the fatigue limit showed increased damage in the presence of either 
over- or understresses. The increase in damage for the small cycles was at a maximum 
immediately following the over- or understress and then returned to a steady state value as 
cycling progressed. 

The number of experimental programs directed toward the problem of near-threshold fatigue 
under variable amplitude loading is limited, so some observations for spectrum load testing of 
nominally smooth components also are relevant. Conle and Topper [25,26] studied the question 
of small cycle fatigue damage with the goal of  accelerating test times while retaining a sufficient 
portion of the fatigue damage. Small smooth specimens were tested under axial strain control 
loading. By successively editing out smaller and smaller fatigue cycles, the actual damage 
caused by cycles with different strain ranges could be determined. The actual damage produced 
by cycles with strain ranges below the endurance limit far exceeded what was predicted by 
constant amplitude test data. Three small cycle omission criteria were tested, but it was 
consistently observed that the actual damage omitted was greater than what was predicted, i.e., 
the small cycles were always more damaging in practice than what would be predicted based on 
constant amplitude tests. 

In a similar set of experiments, constant amplitude fatigue life results and the bi-linear damage 
accumulation line as proposed by Haibach [32] were used to predict the fatigue life of simple 
notched steel components subject to random fatigue loads. The predicted lives were non- 
conservative by a factor of six at Nf = 1 • 106 and by a factor of 12 at Nf = 1 x 107 [33]. In another 
large set of tests on five different automotive suspension components subject to constant amplitude 
and service loads, Schtitz and Heuler [34] found that fatigue life was consistently over-predicted 
when life estimations were based on linear damage accumulation rules and constant amplitude 
testing. Four damage accumulation hypotheses, including the three most common versions of 
Miner's rule, were used. It was argued that the complex process of crack initiation and propagation 
is oversimplified by linear damage accumulation rules. In general, the Zenner-Liu rule [35], which 
attributes an artificially large damage contribution to cycles with AS > ASo/2, best fits the service 
load data. 

Tokaji and Ando [36] conducted two level tests where the secondary stress was below ASo. They 
found that the smaller stress cycles had little influence on the initiation of surface cracks up to about 
80 lam in length. Scatter in these results, however, was very large, with some tests showing a large 
damage contribution due to the small cycles and with others showing a negative contribution, (i.e., 
small cycles delayed crack initiation). Small cycles contributed significantly to crack growth in the 
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range of 80 200 pm, but periods of both slow and fast propagation were observed. For cracks longer 
than 200 Ima, even the lower stress cycles produced stress intensity ranges exceeding AKth. 

Yan et al. [37] have suggested an alternate curve-fitting algorithm for long-life specimen fatigue 
data. This method essentially recognizes that the constant amplitude fatigue process will have three 
regimes depending on stress level: 1) the low cycle regime, 2) the high cycle regime, and 3) the 
endurance regime. When computing the proposed elastic strain amplitude versus reversals to failure 
regression line, i.e,, Aerials/2 vs. 2Nf, only data in the high cycle regime should be included, and this 
line should be extrapolated below the endurance regime when estimating the damage contribution of 
small cycles as part of a spectrum. The proposed Aeelastiff2 versus 2Nf curve has a steeper slope and, 
therefore, attributes more damage to small amplitude cycles than would be observed during constant 
amplitude loading, This method was shown to give better life predictions for spectrum loaded 
specimens as compared to the more conventional approach in which all elastic strain range data are 
used to compute the Z~eelastiJ2 VS. 2Nf regression line. 

Stanzl-Tschegg et al. [38] investigated the high cycle fatigue behavior of  cast aluminum 
alloys under both constant amplitude and service load conditions with a cumulative frequency 
distribution considered representative of car wheel loading. The number of  cycles to failure 
ranged from 106 to more than 109. Experimental lives were found to be 7 23 times shorter than 
the fatigue life predicted using the original Palmgren-Miner damage accumulation rule. 

Crack closure arguments are frequently used to explain the differences between constant and 
variable amplitude fatigue damage accumulation. Vormvald and Seeger [39] found that larger 
strain cycles caused an instantaneous change in the crack closure strain of the smaller cycles. 
The crack closure strain of  the large cycle was approximately the same under both constant 
amplitude and variable amplitude loading. During a small strain cycle, the crack, which was 
closed for a considerable portion of the cycle under constant amplitude loading, was always open 
under variable amplitude loading. The effective strain range during which the crack was open 
was greater during variable amplitude loading, and more crack growth per cycle occurred. 

Variable amplitude load where a significant portion of the fatigue cycles are smaller than the 
fatigue limit brings up significant questions with regard to damage accumulation. It is clear that 
in such cases the linear damage rule proposed by Palmgren [50] and Miner [51] cannot be used 
because this simple rule attributes no damage to cycles less than the fatigue limit. This problem 
has led researchers to a variety of more complex damage accumulation rules. Fatemi and Yang 
[52] surveyed and categorized many of this many of these rules and report more than 50 
modifications of  Palmgren-Miner rule. Many of  these were developed to account for the effect of 
cycles below the fatigue limit. 

The Model 

The life prediction model used in this paper is based on several fundamental assumptions: 
1. The fatigue process is governed by the propagation/non-propagation of fatigue cracks in 

which growth rate per cycle is related to the effective stress intensity factor range by a 
Paris-type equation. 

2. The effective crack driving stress is affected by both maximum and minimum stresses in 
a history. 

3. The material has an intrinsic threshold below which cracks will not propagate if the 
effective stress range is less than the threshold. 
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4. High cycle fatigue behavior of this material is controlled by the presence of shrinkage 
pores that behave as initial cracks. 

5. Over- or underload events alter the crack driving force, and if a crack is not arrested, the 
driving force returns to the steady state value as an exponential function similar to that in 
the Topper model. 

The most difficult aspect in developing the model is determining the intrinsic threshold, i.e., 
defining the effective driving force at the limit where crack propagation is not observed, AKth,int. 
During the variable amplitude underload tests at high mean stresses, it was observed that cycles 
with amplitudes equivalent to 60 % of the constant amplitude fatigue limit produced failure at 
about 100 million cycles in about half of the test specimens. This value is therefore used as a 
practical engineering value. 

If  it is assumed that the effective stress is related to the intrinsic threshold at the fatigue limit, 
a relationship between effective driving force and applied stress can be established. Effective 
driving force can be defined in terms of Sm~x and Stain. This is illustrated in Fig. 2, which 
indicates that under completely reversed loading only a small portion of the applied stress cycle 
is effective in propagating a crack. 

In the experiments reported here, no attempts were made to specifically measure the crack 
opening loads of the small cracks during the fatigue process. Such measurements have been 
reported by DuQuesnay et al. [27], Varvani-Farahani and Topper [28], Vormwald and Seeger 
[39], and McClung and Sehitoglu [53]. In the current experiments, the difference between 
applied stress range and effective stress range may be attributable to crack closure, but some 
researchers have suggested that stresses ahead of the crack tip are more significant than closure 
stresses [2,14,15]. Stresses ahead of  the crack tip become more significant in the case of plane 
strain or cracks propagating from micro notches, as is the case with nodular cast iron. 
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Most types of defects for thick-section castings can be avoided using high quality foundry 
practices, however, shrinkage pores cannot be avoided completely. The role of micro shrinkage 
pores on the high cycle fatigue behavior of this nodular cast iron has been well documented [54 
58]. SEM investigations have shown that long life fatigue failures in test specimens can normally 
be attributed to crack initiation and growth from individual defects. The statistical size 
distribution of shrinkage pores also has been determined. Throughout this paper, a maximum 
defect size corresponding to 50 % probability of occurrence is used. Using a crack propagation 
based model it is also possible to compute other probability of  failure curves based on the 
statistical distribution of defects. 

After the issues of  initial crack size and intrinsic threshold stress intensity are established, the 
crack growth constants C and m used in a modified Paris-type relationship are relatively easy to 
establish based on either finite life test data or direct observations of small crack propagation 

d a - c [ ( K  K o p )  m -  th,int ] (1) d N  - t~ max - A K  m 

The variable amplitude interaction model chosen is based on that used by Topper and 
colleagues [18,22,23]. This model assumes that the interactive damage for a given cycle 
decreased as an exponential function of the number of small cycles following an overload or 
underload. It is assumed that, under constant amplitude loading, a small crack will have a certain 
driving force based on the maximum stress, stress ratio, and crack size. In the case of 
underloads, the driving force is assumed to increase immediately after the underload and then 
gradually decay back toward the original constant amplitude state. 

Experiments 

Test  Ma te r ia l  

Nodular cast iron is used extensively in the production of  ground vehicle components and 
large machinery. Casting provides an economical advantage over other production methods by 
offering significant freedom in geometrical shaping for functionality and material utilization. 
When compared to gray iron, nodular cast irons have significantly higher fatigue strengths that 
can be used to advantage in the design of fatigue-loaded components. Interest in this material for 
fatigue-loaded components is reflected in the large number of  recent scientific publications 
devoted to this material [54 68]. Rigid quality control during the casting operation can eliminate 
the relatively large defects often associated with complex castings, but small microstructural 
irregularities can never be eliminated completely for large thick-section castings. These 
shrinkage pores, inclusions, and other types of  naturally occurring defects have a controlling 
effect on the endurance limit strength. Numerous studies have shown that non-propagating 
defects are initiated at these defects at stress amplitudes below the conventional fatigue limit, 
and that the fatigue limit is associated with a crack propagation limit rather than a crack 
initiation limit [57 58,61]. 

Test bars were cut from either 100 • 100 • 300 mm ingots or from the cylinder head of a 
Wartsil~i 64 medium speed diesel engine. The cylinder head is a complex casting with outside 
dimensions of approximately 750 • 1000 x 1400 mm. Material from both the ingots and cylinder 
head were nominally identical, GRP 500/ISO 1083 nodular cast iron, but were received from two 
different foundries. 
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Material taken from the cylinder head had average yield strength, Rp02 = 307 MPa and 
ultimate strength, Rm = 517 Mpa, while material taken from the ingots was slightly stronger with 
Rp02 = 340 Mpa, and Rm = 620 MPa. Both showed approximately the same distribution of 
nodular graphites and a dual ferritic-pearlitic matrix. Material from the cylinder head was 
approximately 50 % pearlite, 40 % ferrite and 10 % graphite, while material from the ingots was 
77 % pearlite, 10 % ferrite and 13 % graphite. 

Fatigue Testing 

Fatigue testing was accomplished using a computer-controlled resonant type test machine. 
Test frequency was nominally 160 Hz. Axial test specimens were d~12 mm with a 30 mm gage 
section and 50 mm transition radius. Specimens were polished with emery paper and diamond 
paste so that no scratches or machining marks perpendicular to the loading direction were visible 
under 20x magnification. Axial testing was performed using several stress ratios or mean stress 
levels. The staircase strategy was used to determine the constant amplitude fatigue limit at 
several different R ratios. Tests exceeding 1 x 107 cycles were considered run-outs. The staircase 
strategy and analysis method have been described by Rabb [69]. Material from both foundries 
was used in the constant amplitude fatigue limit testing. In most cases, 15 specimens were used 
to determine the fatigue limit at a single mean stress. Several series of  constant amplitude fatigue 
limit torsion tests based on tubular specimens also were performed [54,55]. 

The variable amplitude history is illustrated generally in Fig. 3 with details of the spectra 
given in Table 1. In all cases, the variable amplitude spectrum consisted of a large number of 
small amplitude cycles at a high mean stress followed by a single unloading event to near zero 
stress. Only the material taken from the ingots was used in the variable amplitude testing. Due to 
the natural scatter in result found in fatigue of cast iron, most variable amplitude histories were 
repeated. The number of specimens used for a single load history also is given in Table 1. 
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FIG. 3 Aspects of the variable amplitude spectrum (see also Table 1). 
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TABLE 1 Details of variable amplitude test matrix. 

~mean, !c ~a~lc 
190 180.5 

177.5 167 
167.5 157.5 
180.4 170.4 
180.4 170.4 
177.5 167 
177.5 167 

Mean Cycles # of 
Omea~,hc~hc~__~toFailure, Nf nhc/nle Specimens 

260 I l l  543 900 3 300 10 
260 83,5 4 636 200 20 000 I0 
260 65 > 80 000 000*300 000 10 
260 90,7 3 274 000 10 000 3 
260 90,7 47 800 000 100 000 1 
260 83,5 27 026 000 220 000 6 
260 83,5 3 986 000 5 000 1 

* Six of ten specimens with this history resulted in run-outs, Nf > 150 • 106. 

Results and Discussion 

Constant Amplitude Fatigue 
Results from the constant amplitude fatigue limit tests are presented in Fig. 4 in the form of a 

Haigh diagram. Because the nominally identical material was obtained from two foundries, both 
the mean stress and amplitude in this figure are normalized by the flow strength where flow 
strength is defined as the average of the yield strength and ultimate strength of  the material. 
Figure 4 represents a 50 % probability of failure curve and shows a near linear change in 
allowable stress amplitude with respect to mean stress for a large variety of stress ratios. The 
form of the curve represents a compromise between the Goodman and Soderberg mean stress 
corrections and is given by 

I 1 2"~rn ].A~rw (2) 
ZIO" = (1 -- 0.25f6) R m + Rpo,2 

where Act is the allowable stress range at mean stress ~m, and Acrw is the stress range at the 
fatigue limit for R = -1. The use of the biaxial stress ratio, ~., is based on fracture mechanics 
arguments and is used for correlating axial tension and torsion data [54,55]. 

Crack Growth Parameters 
Since the work of  Elber on crack closure, many studies have been devoted to quantifying the 

effect of closure under a variety of load situations. Several empirical or semi-empirical 
relationships have been proposed to compute the crack opening stress based on a combination of  
loading and material parameters. Models by Newman [70], Sehitoglu [71], and DuQuesnay et al. 
[27] are similar in the respect that opening load is computed to be a function of Sm~, Stain (or R 
ratio), and material strength, i.e., yield strength, cyclic yield strength, or flow strength. 
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FIG. 4 Constant amplitude Haigh diagram for nodular iron (Nf > 107). 

If it is assumed that the small cracks reported here grow in plane strain, the Newman model 
applied to near threshold crack growth predicts that small cracks are fully open for stress ratios 
above approximately 0.2. Similarly, the DuQuesnay et al. model for positive stress ratios 
assumes that there is a minimum stress above which the stress range at the fatigue limit becomes 
constant. As seen from Fig. 4, the nodular iron reported here shows no such constant stress 
range, even for stress ratios approaching 0.5. 

Based on the Smith diagram of Fig. 2, it is assumed that, at the fatigue limit, the effective 
crack driving stress is independent of mean stress. This allows the crack opening stress to be 
formulated as a linear function of either the maximum or minimum stress. The variable 
amplitude spectra of interest consisted only of underload histories, so it was chosen to use a 
linear function of minimum stress 

Sop = 170 + 0.36. Smi n (3) 

For other types of load histories it would be necessary to formulate opening stress in terms of 
Sma~ and Smi n- 

For material taken from ingots, a 50 % probability of occurrence defect size was about 180 
/am [57], i.e., half-circular defect with radius 180 /am. Figure 5 shows the extreme value 
distribution of maximum defect size for a 3400 mm 3 test volume. 
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FIG. 5--Extreme value distributions of shrinkage pore defects. 

As previously presented, the intrinsic threshold stress range was about 60 % of the applied 
stress range in the longest variable amplitude tests. This correlates to an intrinsic threshold stress 
intensity factor of  2.2 MPa m ~ for da/dN < I • t0 9 mm/cy. The crack growth rate da/dN < 1 • 
10 -9 mm/cy is assumed because no macroscopic crack propagation was observed within 1 • I0 s 
cycles for most of the variable amplitude specimens tested at the lowest stress level. It should be 
remembered that the value of  60 % was found for stress cycles with relatively high R ratios, R 
0.4. For completely reversed strain cycles, Bonnen and Topper [30] found no effect from the 
small cycles only when the amplitude was one-third the fatigue limit. The current data would be 
very close to this value for R = -1 cycling. On a microstructural level it has been observed that 
cycles as small as ASo/2 still cause changes in the materials dislocation structure [72]. 

Based on the constant amplitude finite life data, crack growth parameters for the Paris 
equation are found to be m = 4 and C = 4 • 10 -9 (units: ram/cycle, MPa m~). Constant amplitude 
fatigue life from experiment and analysis are show in Fig, 6: At high stress amplitudes for the 
high mean stress data, the analytical predictions give slightly longer fatigue lives, This is 
partially explained in that the maximum stress for these cases is approaching the flow strength of  
the material, so significant plastic deformation is present, and linear elastic assumptions are 
violated. Scatter in the experiment results is due largely to the significant scatter observed in the 
initial defect sizes. 
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FIG. 6 Experimental constant amplitude data and crack growth predictions. 

Variable Amplitude Life Predictions 

Table 1 gives the number of specimens tested for each of the seven variable amplitude 
histories and the mean fatigue life. It can be noted from this table that the number of repetitions 
of the underload stress was always very small. The damage contribution of the larger stress 
cycles was always less than 1%.  In a typical case the large cycle was repeated 300 times in a 
variable amplitude test where a cycle of that size in constant amplitude loads would require 2 x 
105 repetitions for failure, i.e., large cycle damage contribution = 300 / 2 x 10s= 0.15 %. 

Based on a comparison of variable amplitude tests with similar ~.lc, ~m,tc, ~a,hr and ~m,h~, 
but with different Nhc/Nj~, it was possible to compute the rate at which the crack growth rate 
returned to a steady state value. A best fit was obtained for K = -0.0008, where 

AS eff ,NvL = zlS eff ,C A + (Ag eff ,u I - AS eff ,C A ~ rdguL (4) 

In this equation, ASeff,Nu L is the effective stress range for cycle NUL after the under load, 

ASoff,cA is the effective crack driving stress range of the small amplitude cycle under constant 

amplitude loading, and AS,e,u ~ is the effective driving force of the underload cycle during 

constant amplitude loading. The value K -- -0.0008 means that for 6000 load cycles following an 
underload, the crack driving stress range has returned to within 1 %  of the constant amplitude 
stress value. Linking the change in crack driving stress range to the number of cycles following 
an underload event is a matter of convenience. Physically it would be more appropriate to link 
this to the crack advance. 
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Crack growth for a typical variable amplitude test, (Ya.le = 83.5, Nhc/Nle = 20 000, is shown in 
Fig. 7. The prediction in this figure is made based on previous computed values of C, m, zXKth,int, 
and K. 

Figure 8 shows the predicted S-N curves in comparison to the experimental data for the long- 
life variable amplitude tests. These curves tend to follow the mean of the experiment data. Using 
this type of fracture mechanics approach, however, it is relatively easy to compute curves 
representing other failure probabilities based on knowledge of the shrinkage pore distributions. 
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FIG. 7 Observed and predicted crack growth, tra,/c = 83.5, NhdNlc = 20 000. 
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Conclusions 

This paper has reviewed numerous life prediction methods for variable amplitude fatigue. 
Special attention was given to cracks propagating from nominally defect free components in the 
high cycle regime where a significant portion of the fatigue damage can be attributed to cycles 
with amplitude less than the constant amplitude fatigue limit. An effective stress method for 
variable amplitude loaded similarly to the Topper model is Presented for long-life fatigue of a 
nodular cast iron. Model parameters are derived from a constant amplitude S-N curve and the 
Haigh diagram. Two sets of long-life variable amplitude tests were used to derive the underload 
interaction parameters. 

Previously measured shrinkage pore distributions for the iron were used to determine 50 % 
probability of occurrence initial defect size. This size defect was chosen to illustrate the model, 
but in design, a much lower probability of occurrence initial defect size would need to be chosen. 

Current experiments were limited to constant amplitude loading and variable amplitude 
loading containing underloads, so the crack driving stress was formulated only in terms of the 
minimum stress in a cycle of block of cycles. Good agreement is found between the experiments 
and the model prediction. However, a relationship between the maximum load and the effective 
crack driving stress would also need to be established for more general loading situations that 
also include overloads. 
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ABSTRACT: The present paper is concerned with the application of a plasticity-induced crack-closure 
model, FASTRAN, to predict fatigue-crack growth under various load histories in a thin-sheet Ti-62222 
STA titanium alloy. This alloy was a leading candidate for a metallic High-Speed-Civil-Transport 
(HSCT) aircraft in the United States. The crack-growth model was based on the Dugdale strip-yield 
model but modified to leave plastically deformed material in the wake of the advancing crack. The 
model includes the influence of "constraint" on the development of plasticity and closure during constant- 
and variable-amplitude load histories. The model was used to correlate crack-growth-rate data under 
constant-amplitude loading over a wide range in crack-growth rates and stress ratios at two service 
temperatures (room temperature and 175~ Tests on repeated spike overloads were used to help 
establish the constraint variations in the model. The model was then used to predict crack growth under 
two simulated aircraft spectrum load histories at the two temperatures. The spectra were a commercial 
HSCT wing spectrum and the Mini-TWIST (transport wing spectrum). This paper will demonstrate how 
constraint plays a leading role in the retardation and acceleration effects that occur under variable- 
amplitude and spectrum loading. The model was able to calculate the effects of repeated spike overloads 
on crack growth at the two temperatures, generally within about + 30 %. Also, the predicted crack- 
growth behavior under the HSCT spectrum agreed well with test data (within 30 %). However, the model 
under-predicted the fatigue-crack-growth behavior under the Mini-TWIST spectrum by about a factor-of- 
two. Some of the differences may be due to fretting-product-debris-induced closure or three-dimensional 
effects, such as free-surface closure, not included in the model. Further study is needed on life 
predictions under the Mini-TWIST flight spectrum. 
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S 
SEA 
So 
Smax 
Smf 
Smin 
SOL 
SUL 
W 

AK 
AKen 
(AKefr)T 
Uo 
~ys 
flu 
ESE(T) 
HSCT 
M(T) 
TPFC 

Applied stress, MPa 
Maximum stress under constant-amplitude loading, MPa 
Crack-opening stress, MPa 
Maximum applied stress or maximum stress in HSCT spectrum, MPa 
Mean flight stress level in Mini-TWIST spectrum, MPa 
Minimum applied stress, MPa 
Overload stress, MPa 
Under-load stress, MPa 
Width for ESE(T) and one-half width for M(T) specimen, mm 
Constraint factor 
Stress-intensity factor range, MPa~/m 
Effective stress-intensity factor range, MPa4m 
Effective stress-intensity factor range at fiat-to-slant crack growth, MPa~/m 
Flow stress (average of O-y s and ~u), MPa 
Yield stress (0.2 % offset), MPa 
Ultimate tensile strength, MPa 
Eccentrically-loaded-single-edge crack tension specimen 
High-Speed Civil Transport 
Middle-crack tension specimen 
Two-Parameter Fracture Criterion 

Introduction 

In 1968, Elber observed that fatigue-crack surfaces contact under cyclic tensile loading. This 
simple observation and the crack-closure concept [1,2] began to explain many crack-growth 
characteristics. Since the discovery of "plasticity-induced" crack closure, other closure 
mechanisms have been identified, such as roughness-, fretting-product-, and oxide-induced 
closure. These developments have greatly improved our understanding of the complex 
interactions that occur during fatigue-crack growth under variable-amplitude loading (see 
Schijve [3]). During the past 20 years, several numerical models of plasticity-induced crack 
closure have been developed to calculate crack-opening stresses under aircraft spectrum loading, 
such as the NASA/FASTRAN model by Newman [4,5] or the ESA/NLR STRIPY model by de 
Koning et al. [6]. The STRIPY model is currently implemented in the NASGRO life-prediction 
software [7]. 

The objective of this paper is to use the FASTRAN crack-closure model to correlate 
constant-amplitude crack-growth-rate data on a thin-sheet Ti-62222 STA titanium alloy [8] and 
to predict crack growth under variable-amplitude loading and under two different wing spectrum 
loading (a High-Speed Civil Transport wing spectrum [8] and the Mini-TWIST [9] load 
sequence). The model includes the influence of "constraint" on the development of crack-tip 
plasticity and on crack-surface closure. This paper will demonstrate how constraint plays a 
leading role in crack growth under variable-amplitude loading. Comparisons are made between 
measured and calculated fatigue-crack-growth lives from an initial crack length to failure for 
repeated spike overload tests. Comparisons are also made between measured and predicted 
crack-length-against-cycles for tests subjected to two different aircraft wing spectrum-loading 
histories at two service temperatures. 
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M a t e r i a l  a n d  S p e c i m e n  C o n f i g u r a t i o n s  

The fatigue-crack-growth and fracture test results on the thin-sheet Ti-62222 STA titanium 
alloy (B = 1.6 1.75 mm) were obtained from several sources. Phillips [8] conducted fatigue- 
crack growth and fracture tests on middle-crack tension, M(T), specimens (2w = 51 and 76 mm 
wide). Smith and Piascik [10] and Liknes and Stephens [11] conducted fatigue-crack growth 
tests on eccentrically-loaded-singe-edge-crack tension, ESE(T), specimens (w = 76 mm wide). 
Worden (Boeing Airplane Co.) conducted fatigue-crack growth and fracture tests on M(T) 
specimens (2w = 254 mm wide). The chemical compositions, heat treatments, and tensile 
properties for these materials are given in Table 1. 

TABLE 1 Ti-62222 STA chemical compositions, heat treatments, and tensile properties. 

....................................... C hem ! c a [.c_o_rp~ositio___n..(ayerage__we_ig_ht_ P__es_c..ent_).i .......................... 
A1 Sn Zr Mo Cr Si O Fe C N Y Ti 
5.74 1.96 2.04 2.10 2.05 0.17 0.11 0.11 0.01 0.004 <50ppm Balance 

Heat treatment: 
S_ olution treated at 900~ for 30 min, air cooled, age at 510~ for 10 h, air cooled. 

Tensile l~perties for longitudinal direction: 
Room Temperature 175~ 

Ultimate tensile strength: 1310 MPa 1160 MPa 
0.2 %-offset yield stress: 1190 MPa 970 MPa 
Elongation to failure: 8 % 8 % , , 

P l a s t i c i t y - I n d u c e d  C r a c k - C l o s u r e  M o d e l  

The plasticity-induced crack-closure model was developed for a central through crack and 
two symmetric through cracks emanating from a circular hole, in a finite-width plate subjected to 
uniform remote applied stress. The model was based on the Dugdale strip-yield model [12] but 
modified to leave plastically deformed material in the wake of the crack. The details of  the 
model are given elsewhere and will not be presented here (see Newman [4,5]). One of the most 
important features of the model, however, is the ability to model three-dimensional constraint 
effects. A constraint factor c~ is used to elevate the flow stress (6o) at the crack tip to account for 

the influence of stress state (C~6o) on plastic-zone sizes and crack-surface displacements. (The 

flow stress 6o is taken as the average between the yield stress 6 y  s and ultimate tensile strength 6u 
of  the material.) For plane-stress conditions, ct is equal to unity (original Dugdale model); and 
for simulated plane-strain conditions, ~ is equal to three. Although the strip-yield model does 
not model the correct yield-zone pattern for plane-strain conditions, the model with a high 
constraint factor is able to produce crack-surface displacements and crack-opening stresses quite 
similar to those calculated from three-dimensional, elastic-plastic, finite-element analyses of 
crack growth and closure for finite-thickness plates [13,14]. 

The calculations performed herein were made with FASTRAN Version 3.8. The 
modifications made to FASTRAN-II (Version 2.0), described in [5], were made to improve the 
crack-opening stress calculations under variable-amplitude loading, to improve the element 
"lumping" procedure to maintain the residual plastic deformation history, and to improve 
computational efficiency. 
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Effective Stress-Intensity Factor Range 

For most damage-tolerance and durability analyses, linear-elastic fatigue-crack growth 
analyses have been found to be quite adequate. The linear-elastic effective stress-intensity factor 
range developed by Elber [1,2] is given by 

AKeff = (Smax - So) 4(7~c) F (1) 

where Smax is the maximum stress, So is the crack-opening stress, and F is the boundary- 
correction factor. In general, for any crack configuration, the effective stress-intensity factor 
range is given by 

AKeff = U AK = [(1 - So/Smax)/(1 - R)] AK (2) 

Constant-Amplitude Loading 

Newman [15] developed steady-state crack-opening stress equations from the plasticity- 
induced crack-closure model for an M(T) specimen subjected to constant-amplitude loading at 
various stress levels, stress ratios (R), and constraint factors (ct). Crack-closure transients, before 
the crack-opening stresses stabilize under constant-amplitude loading, are not included in the 
equations. The FASTRAN model has to be exercised to determine these transient behaviors. 
Later, the FASTRAN model and the equations were modified (see Newman [5,16]) to account 
for extreme crack-growth rates, such as those under high loads or proof testing. Equations were 
then fit to the results from the model, which gave crack-opening stress (So) as a function of stress 

ratio (R), maximum stress level (Smax/O'o)  , and the constraint factor (et). K-analogy [5] is used to 
calculate the crack-opening stresses for other specimen types, such as the compact C(T) and 
ESE(T) specimens. Here it is assumed that the same Kmax and AK will result in the same 
stabilized crack-opening load. These equations are then used to correlate fatigue-crack-growth- 
rate data in terms of AKeff on M(T) and ESE(T) specimens. 

Constraint Effects 

In general, the plastic-zone size at a crack front increases as a crack grows in a metallic 
material under cyclic loading (constant applied stresses). At low stress-intensity factor levels, 
plane-strain conditions should prevail, but as the plastic-zone size becomes large compared to 
thickness, a loss of constraint is expected (see Newman et al. [14]). This constraint loss has been 
associated with the transition from flat-to-slant crack growth. Schijve [17] has shown that the 
transition occurs at nearly the same crack-growth rate (or AKeff) over a wide range in stress ratios 
for an aluminum alloy. This observation has been used to help select the constraint-loss regime. 
Newman [16] developed an expression to predict the transition from fiat-to-slant crack growth, 
and the AKeff at transition is given by 

(AKcff)T = 0.5 ~o 4B (3) 

where o" o is the flow stress and B is the sheet thickness. The range of the constraint-loss regime, 

in terms of rate or AKeff, is a function of sheet thickness, but this relation has yet to be 
developed. Trial-and-error methods are currently used to establish the range in crack-growth 
rates where the constraint-loss regime will occur for a given material and thickness. 
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In the application of FASTRAN, the constraint-loss regime is controlled by crack-growth 
rates. For rates lower than a certain (input) value, the constraint factor is high (like plane strain), 
but if the rate is higher than another (input) rate, then the constraint factor is low (like plane 
stress). For intermediate rates, a linear relation on log of rates is used to estimate the constraint 
factor between the upper and lower constraint values. The constraint factor only changes the 
forward plastic-zone size and crack-surface displacements under the current loading. The crack- 
growth model does not physically model the shear-lip or slant crack-growth process under either 
constant- or variable-amplitude loading. Obviously, the crack-growth process under variable- 
amplitude loading is quite complex, and the FASTRAN model is a simple engineering approach. 

Crack-Growth Rate Relation 

The crack-growth relation used in FASTRAN was 

dc/dN = Ci (AKeff) ni/[1 - (Kmax/KIe) q] (4) 

where C i and n i are the coefficient and power for each linear segment, as shown in Fig. 1, Kma x 

is the maximum stress-intensity factor, KIe is the elastic fracture toughness (which is a function 
of crack length, specimen width, and specimen type), and q was set to 2. 

dc/dN = C i (AKeff)ni / [1 - (Kmax/Kle)  q ] 

/ / ~ / /  i = 3 

dcldN 

AKef f  
FIG. 1 Multi-linear fatigue-crack-growth rate relation. 

Fracture 

Newman [18] proposed the Two-Parameter Fracture Criterion (TPFC) to correlate fracture 
data and to predict failure loads on metallic materials. The TPFC equation is 

KF = KIe / (1 - m Sn/Su) for S n < Cry s (5) 

where K F and m are the two fracture parameters; Kie is the elastic stress-intensity factor at 

failure; S n is the net-section stress; and S u is the plastic-hinge stress based on the ultimate tensile 

strength. For example, for an M(T) specimen, Su is equal to Cyu, the ultimate tensile strength, 

and for a pure bend specimen, S u = 1.5 ~u. A similar equation was derived for S n > Cry s [18]. 
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The m-value is both a material and configuration parameter. It is a function of material, 
thickness, and specimen type (tension, bending, etc.). For brittle materials, m = 0, and the 

fracture toughness K F is equal to the elastic stress-intensity at failure (like Kic, the plane-strain 

fracture toughness). However, for very ductile materials, m = 1, the fracture toughness K F is the 

elastic-plastic fracture toughness, and K F is the limiting value for very large panels and at very 

low failure stresses. For m = 1 and a very large K F value, Eq 5 reduced to a net-section-stress- 

equal-ultimate-tensile-strength failure criterion. Once K F and m are known for a material, 

thickness, and specimen configuration, then the Kie values can be predicted as 

Kie = K F / { 1 - m K F/[Su ~/(nc) Fn] } (6) 

for a given crack length and specimen width. Note that F n is the usual boundary-correction 
factor (F) on stress-intensity factor with a net-to-gross section conversion [18], because the net- 
section stress is used in Eq 5. 

Fracture tests were conducted on ESE(T) specimens (w = 38 mm) at the two service 
temperatures in both the LT- and TL-orientations. The elastic stress-intensity factor at failure, 

Kie, using the initial crack length and the failure load, is shown in Fig. 2 as a function of the 
crack-length-to-width (c/w) ratio. The open symbols show the room temperature results, and the 
solid symbols show the elevated temperature results. The solid and dashed curves show the 
calculated results from the TPFC using the appropriate Kv and m values at the respective 
temperatures. Normally, different specimen widths are required to determine an appropriate m 
value, but here the m value was selected as unity based on a trial-and-error procedure to fit the 
limited data. These results show that the elastic K value at failure drops sharply as the crack 
length approaches the specimen width and that specimens subjected to the elevated temperature 
have higher fracture toughness values than at room temperature. 
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Similar results of Kie for M(T) specimens are shown in Fig. 3 as a function of crack-length- 
to-width (c/w) ratio. Tests were conducted in either the LT- or TL-orientation. The open 
circular symbols show fracture test results on 2w = 51 mm wide specimens; one test (as 

indicated) was cycled to failure at constant-amplitude fatigue loading. The KIe at failure on this 
specimen was calculated using the maximum fatigue stress and the final crack length measured 
from the fatigue surfaces. Only one test was conducted at the elevated temperature. Again, the 
m value was selected by trial-and-error to fit the limited data at room temperature, and the same 
m value was used for the elevated temperature results. 
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FIG. 3 Elastic stress-intensity factors at failure for M(T) specimens. 

The solid and dash-dot curves are the calculated results from the TPFC using the appropriate 
values of Kv and m at the respective temperatures. The various dashed curves show the 
predicted results for various width specimens tested at room temperature. The upper square 
symbols show results on large M(T) specimens but tested in the TL-orientation. The predicted 

Kie value at failure for the large M(T) specimen was about 8 % too low. (Normally, it is more 
accurate to fit to the large width specimens and to predict the failure of  the smaller width 

specimens.) These results show that the maximum KIe value occurs at a c/w ratio of about 0.4, 
and that the elastic fracture toughness values rapidly drop as the crack length approaches either 
zero or the specimen width. 

Cons tant -Ampl i tude  Loading  

To make crack-growth predictions, AKeff as a function of crack-growth rate must be obtained 
over the widest possible range in rates (from threshold to fracture), especially if spectrum load 
predictions are required. Under constant-amplitude loading, the only unknown in the analysis is 
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the constraint factor, cc The constraint factor was determined by finding (by trial-and-error) a 
value (or values) that will correlate the constant-amplitude crack-growth-rate data over a wide 
range in stresses ratios, as shown by Newman [15]. In the following, the AKeff-rate relations for 

the titanium alloy tested at room or elevated (175 ~ temperature were developed. 
The thin-sheet titanium alloy Ti-62222 STA (B = 1.6 1.75 mm) was supplied to various 

participants in the HSCT program. Constant-amplitude fatigue-crack-growth rate tests were 
conducted on two specimen types: 1) an eccentrically-single-edge crack tension, ESE(T), 
specimen and 2) a middle-crack tension, M(T), specimen. Smith and Piascik [10] and Liknes 
and Stephens [I 1] conducted the ESE(T) tests; and Phillips [8] and Worden (Boeing Airplane 
Co.) conducted the M(T) tests. Tests were conducted over a wide range in stress ratios (R = 
minimum to maximum load ratio) and at two temperatures (room and 175~ Some tests were 
also conducted using the Km~-constant test procedure [ 10]. 

The fatigue-crack growth results at room temperature are shown in Fig. 4. This figure shows 
Elber's effective-stress-intensity-factor, AKeff, against crack-growth rate. The crack-opening 
stress equation [15] from the crack-closure model, FASTRAN, was used to correlate these data. 
The symbols show the test results from the various laboratories. 
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For crack-growth rates less than about 8e-4 mm/cycle, a constraint factor, c~, of 2 (like plane 
strain) was used, and above a rate of about 8e-3 mm/cycle, a constraint factor, c~, of 1.2 (like 
plane stress) was used. This constraint-loss regime has been associated with the transition from 
flat-to-slant (45 ~ ) crack growth. The dotted vertical lines show the measured flat-to-slant 
transition from one of the M(T) specimens. This range also corresponds to the rapid change in 
rates measured on all specimens. (Equation 3 predicts that the transition should occur at a 
(AKCff)T value of about 25 MPa~/m.) The crack-closure model correlated the fatigue-crack- 
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growth rate data in a tight band over about four orders of magnitude in rates. More scatter was 
observed in the constraint-loss regime, as the ESE(T) specimens grew to failure and in the near 
threshold regime. In the threshold regime, the results from Liknes and Stephens [11] at R = 0.1 
and 0.5 were determined by using a load-reduction procedure. It has been shown that the load- 
reduction procedure induces higher crack-closure behavior from tests [19,20] and from analyses 
[21,22] due to remote closure. 

In Fig. 4, the large open circles with the solid lines show the AKeff-rate baseline relation 
chosen to fit these data and used as table-lookup input, Eq 4, in the FASTRAN code. The 
dashed curve shows a calculation of AKeff-against-rate for one of the M(T) specimens to show 
how the calculated results go to failure similar to the M(T) and ESE(T) specimens. 

Similar results were also developed for the elevated temperature (175~ tests, as shown in 
Fig. 5. Because crack-growth rate data were not available in the threshold regime, the room 
temperature results were used to estimate the elevated temperature results. Again, the dotted 
vertical lines show the measured flat-to-slant transition from one of the M(T) specimens. (At the 
elevated temperature, Eq 3 predicts that the transition should occur at a (AKeff)T value of  about 
22 MPa~/m, which was somewhat low compared to that indicated from the test results.) Again, 
the large open circles with the solid lines show the AK~frrate baseline relation chosen to fit these 
data and used in the FASTRAN code. The dashed curve, again, shows a calculation of  AKcfr- 
against-rate for an ESE(T) specimen to show how the calculated results would go to failure at 
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Variable-Amplitude Loading 
A series of M(T) specimens was fatigue pre-cracked at 140 MPa at R = 0.1 from an initial 

electrical-discharged-notch (2.5 mm) to a crack length (ci) of 3.8 mm and then subjected to 
repeated spike overloads and under-loads every 2500 cycles to failure [8]. The specimens were 
51 mm wide, and tests were conducted at both room temperature and 175~ The overload-to- 
constant-amplitude-stress (SoL/ScA) ratio ranged from 1.5 to 3.5. For an overload ratio of  2.5, 
the under-load stress (SuL/Scn) ratio ranged from -1 to -3.  

FASTRAN was used to calculate the crack-opening stress history during the repeated spike 
overload tests. The model was used to simulate the pre-cracking stage for an initial notch length 
of 2.5 mm to a crack of 3.8 mm (the notch surfaces were prevented from contacting in the 
model). Some typical results are shown in Fig. 6 for a repeated overload (SoUScn) ratio of  2. 
The upper dashed lines show the constant-amplitude maximum applied stress (ScA) and the 
repeated spike overloads; and the lower dashed line shows the minimum applied stress. The 
solid curve shows the calculated crack-opening stress levels. The initial portion (up to 2500 
cycles) was constant-amplitude loading, and then the first overload was applied. The overload 
was then applied every 2500 cycles until the specimen failed. The total number of cycles from a 
crack length of 3.8 mm to failure was recorded. The application of an overload causes an 
immediate drop in crack-opening stress, but the opening levels rapidly rise as the crack grows 
into the overload plastic zone, until the next overload was applied, and the process was repeated. 
As the crack grows, the overall level of crack-opening stresses rise, and the ASeff (= Smax - So) 
becomes smaller, as shown. Thus, one repeated overload test might cover the mid-rate range at 
the beginning of a test, near the threshold regime later and at threshold near the end of a test. 

Some typical results are shown in Fig. 7 for the repeated spike overload tests. Symbols show 
the test results and the curves show the calculated results from FASTRAN, using the baseline 
relations from Figures 4 and 5 for the respective temperatures. The trends in the test results and 
the predicted lives agreed quite well. Generally, the elevated temperature tests and analyses 
produced longer fatigue-crack-growth lives than those at room temperature at the same overload 
ratio. At an overload ratio of 2.5 or higher, the crack-opening stresses from FASTRAN were 
high enough to cause the threshold conditions to be activated under the constant-amplitude 
loading and, thus, the constant-amplitude cycles did not affect the fatigue lives. These results 
(SoL/ScA > 2.5) are basically constant-amplitude calculations at the overload value. 

Aircraft Spectrum Loading 
Spectrum load tests were conducted on 76 mm-wide M(T) specimens (B = 1.65 mm) using 

two different spectra and at two test temperatures (room and 175~ The first spectrum was an 
HSCT wing spectrum developed by a major aircraft manufacturer, and the second spectrum was 
the standard Mini-TWIST wing spectrum. Specimens were pre-cracked under constant- 
amplitude loading to grow a crack from an initial notch (% = 2.54 ram) to a crack length (ci) of 
3.8 mm. The pre-cracking load was at a stress ratio of  0.1 and at a maximum stress of 0.5 of the 
spectrum maximum stress for the HSCT spectrum, or at a maximum stress of 0.3 of the 
maximum spectrum stress for the Mini-TWIST spectrum. After pre-cracking, the specimens 
were subjected to the spectrum loading until failure. Cycles to failure and, in most tests, crack- 
length-against-cycles data, were recorded in the tests. Tests were conducted at several stress 
levels for each spectrum. The different stress levels were achieved by multiplying all stresses in 
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the initial stress sequence by a constant factor. The stress levels were picked to interrogate the 
capability of the crack-growth prediction codes for both short and long crack-growth lives. 
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High-Speed Civil Transport (HSCT) Spectrum 

Information on the cyclic stress spectrum for a representative location on the HSCT main 
wing box lower surface was received from a major aircraft manufacturer and was transformed 
into a test load sequence [8]. In the spectrum description, each flight was divided into seven 
flight segments (taxi out, climb, supersonic cruise, descent, subsonic cruise, approach, and taxi 
in), and the frequency of occurrence of cyclic stresses in each of 20 stress ranges was given for 
each segment. For testing purposes, it was decided to apply the spectrum as a repeated sequence 
of 1600 flights (about 0.1 of a lifetime). Stresses that occurred less frequently than once per 
1600 flights were not included in the tests. Stresses that occurred less frequently than once per 
flight were added to flights in which the accumulated fractions of an occurrence per flight 
exceeded a whole number. For example, a single cycle of a stress that had a frequency of 0.3 
occurrences per flight would be added in flight number 4, 7, 10, 14, etc. Thus, the big, rare 
cyclic stresses occurred near the end of the 1600 flight sequence. For testing purposes, once the 
cyclic content of all flights was defined, the location of each of the 1600 flights within the 1600 
flight sequence was randomized. The sequence of occurrence of individual stress cycles within 
each flight segment also was randomized. 

The complete 1600 flight sequence defined by Lockheed-Martin contained 2 304 057 stress 
cycles (or 4 608 114 stress end points). This was considered too long for economical testing, so a 
shorter test sequence was generated. For the test stress sequence, the cycles having the two 
smallest amplitudes in each flight segment were deleted. In addition to deleting the small stress 
cycles in each segment, the entire taxi segments were replaced by a single excursion to the 
minimum stress that occurred in the original segment. These deletions resulted in a sequence 
that contained 105 445 stress cycles. The cyclic content of the test sequence is given in [8]. A 
portion of the HSCT spectrum sequence covering five flights is shown in Fig. 8. 
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For the HSCT spectrum, tests were conducted at three different maximum stress levels (207, 
276, and 345 MPa). The test results are shown in Fig. 9 at room temperature. Generally, only 
one test was conducted at each stress level, but two tests were conducted at the mid-stress level. 
The solid curves are the predicted results from FASTRAN using the baseline relation shown in 
Fig. 4. The predicted results fell slightly short in cycles but agreed very well with the test data. 

A comparison of measured and predicted results at elevated temperature are shown in Fig. 10 
for the three maximum spectrum stress levels. The predicted results were not as good as those 
for room temperature, but the predicted cycles to failure were within about 30 % of the test data. 
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Transport Wing (Mini-TWIST) Spectrum 

The Mini-TWIST spectrum [9] is also for a transport lower wing location, but it was derived 
for aircraft flying at lower altitudes than the HSCT, so it is more severe in terms of flight cyclic 
stress exceedances per flight hour. Details on the Mini-TWIST test sequence, developed by a 
European consortium, are given in [9]. A portion of the Mini-TWIST sequence is shown in Fig. 
11. Several differences between the Mini-TWIST and HSCT test sequences are evident. 
Namely, the Mini-TWIST sequence: (a) has a constant flight mean stress, whereas the HSCT 
sequence has different mean stresses for each flight segment, (b) has a lower flight mean stress 
and higher cyclic stress excursions from the mean, and (c) has widely differing number of cycles 
in individual flights, whereas the HSCT sequence does not. Other differences are that the Mini- 
TWIST sequence repeats after 4000 flights instead of 1600, has 62 442 cycles in the sequence 
instead of 105 445 and has the flight stress excursions randomized as "half cycles" rather than as 
whole cycles (positive excursion from the mean is always followed by a negative excursion of 
equal magnitude). 
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Test specimens were subject to the Mini-TWIST wing spectrum at three or four mean flight 
stress levels (83, 103, 138, and 207 MPa) and at the two test temperatures. The test results at 
room temperature are shown in Fig. 12 as symbols. Only a single test was conducted at each 
mean flight stress level. For these tests, the FASTRAN predictions fell considerably short of the 
test data but were within a factor of  two. The predicted results agreed better with the tests 
conducted at the higher mean flight stress levels. Some of the differences may be due to fretting- 
product-debris-induced closure or three-dimensional effects, such as free-surface closure (under 
plane-stress conditions), not included in the model. Also, further study of  crack growth in the 
near threshold regime and whether the Kmax tests were affected by Kmax-effects must be 
investigated. 
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FIG. 12 Measured and predicted crack-length-against-cycles for full Mini-TWIST loading 
at room temperature. 

A couple of tests also were conducted in which the three highest stress peaks in the sequence 
(one Level 1 peak and two Level 2 peaks) were reduced (clipped) to the level of the third highest 
stress level (Level 3), while all other stress peaks remained the same. This was done to see 
whether the crack-growth codes could correctly predict the effect of the rare, big stress peaks in 
the spectrum on crack growth. These results are shown in Fig. 13. The test results indicated that 
the Level 1 and 2 peak stresses did not significantly affect the crack-growth behavior. Although 
the FASTRAN analyses were, again, a factor-of-two lower than the test results, the analyses 
correctly predicted a small effect of  clipping the Level 1 and 2 peak stresses. 

A comparison of the measured and predicted crack-length-against-cycles for Mini-TWIST 
tests conducted under the elevated temperature conditions is shown in Fig. 14. Again, the 
FASTRAN analyses under-predicted the lives by about a factor of two, similar to the room 
temperature results. 

Discussion of  Results 

The "constraint-loss" regime (plane-strain to plane-stress behavior) is extremely important in 
the plasticity-induced crack-closure model for predicting crack growth under variable-amplitude 
and spectrum loading [17]. This region has been associated with the flat-to-slant crack-growth 
behavior. For the titanium alloy tested in the High-Speed Research Program, the small ESE(T) 
and M(T) specimens (50 76 mm wide) were developing the flat-to-slant crack-growth regime at 
about the same K-levels that would cause the specimens to fracture. Thus, the determination of  
the constraint-loss regime and the effective stress-intensity factor relation was made difficult. 
Larger width specimens would have a higher elastic stress-intensity factor at failure, and the flat- 
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to-slant transition would have occurred naturally, in a more controlled manner, before fracture 
conditions were met. 
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The Two-Parameter Fracture Criterion was needed to predict the higher crack-growth rates 
associated with the small tension and bend specimens fracturing, especially at the higher stress 
ratios (such as those that occur in the HSCT and Mini-TWIST spectra). Likewise, the 
determination of the effective stress-intensity factor against crack-growth rate relation in the near 
threshold regime was made more difficult due to suspected load-history effects on long-crack 
threshold development using the load-reduction procedure. Further study is needed in the 
threshold regime to understand fully the relationship between thresholds and Kmax effects. 

In summary, a comparison of the measured and calculated fatigue lives under the repeated 
spike overloads, and those under the two transport wing spectra, is shown in Fig. 15. The open 
and solid symbols show the room and elevated temperature results, respectively. Most of the 
calculated or predicted lives fell within a factor-of-two of the test data. Generally, a factor-of- 
two is considered satisfactory for spectrum load predictions. The calculated and predicted lives 
agreed better under room temperature than at elevated temperature. However, the author feels 
that something is missing in the model (such as fretting-oxide debris-induced closure or some 
three-dimensional effects at the plane-stress free surface) or in the test data, especially in the near 
threshold regime. Further study is needed to improve the life-prediction methodology. 
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FIG. 15 Comparison of measured and calculated (or predicted)fatigue lives for repeated 
spike overloads, HSCT and Mini-TWIST spectra. 

C o n c l u s i o n  

A "plasticity-induced" crack-closure model was used to correlate crack-growth rate data on 
thin-sheet titanium alloy (Ti-62222 STA; B = !.6 1.75 mm) under constant-amplitude loading 
over a wide range of stress ratios (R = -0.4 to 0.5) and crack-growth rates from near threshold to 
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fracture. A constraint factor, which accounts for three-dimensional state-of-stress effects in the 
crack-front region, was used to determine the effective stress-intensity factor range against 
crack-growth rate relations. A constraint-loss regime was selected to correspond to the flat-to- 
slant crack growth region. Comparisons made between measured and calculated fatigue lives 
under repeated spike overloads agreed quite well (within + 30 %). Predicted crack-length- 
against-cycles for the High-Speed Civil Transport wing spectrum ger~erally fell short of the test 
data, but agreed within about 30 %. However, similar comparisons of measured and predicted 
lives under the Mini-TWIST spectrum were generally a factor of 2 less than the test results. 
Further study is needed to resolve the significant differences observed under the Mini-TWIST 
spectrum. 
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ABSTRACT: Notches or other stress concentrations are by far the most common sites for the 
initiation and growth of fatigue cracks in aircraft structures. The growth of these cracks is directly 
influenced by the material stress-strain response in the vicinity of the notch. Specifically, when the 
applied (remote) stress is sufficient to cause local plastic deformation at the notch, the response 
(local) stresses can no longer be found using elastic stress concentration factors, and they become 
dependent on the prior loading history. This is to say that the response stresses can no longer be 
treated as state variables. The occurrence of fatigue crack growth at notches which experience local 
yielding one or more times during their design lifetime is, in fact, quite common in many cyclically 
loaded structures. Some of the assumptions inherent in "traditional" Linear Elastic Fracture 
Mechanics (LEFM) based fatigue crack growth analysis may be inappropriate for such problems. In 
particular, the assumption that the stress distribution on a critical plane remains proportional to the 
elastic distribution throughout the loading history becomes incorrect when one or more of the applied 
loads causes plastic deformation and introduces or alters a residual stress field in this region. This 
paper first describes an elastic-plastic stress-strain response algorithm which may be used to estimate 
response stress distributions on a critical plane on a cycle-by-cycle basis. This is followed by a 
discussion of the manner by which stress intensity factors may be calculated based on these response 
stress distributions using Green's functions. Finally, the use of these stress intensity factors for the 
calculation of crack growth rate and, ultimately, crack growth life, is demonstrated. 
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Forman fatigue crack growth rate equation exponent 
load 
radial coordinate in a right cylindrical coordinate system 
radial distance from coordinate origin to notch surface 
generalized Willenborg retardation model overload shutoff ratio 
deviatoric stress 
stress intensity factor 
thickness 
width 
coordinates in Cartesian coordinate system 
back stress 
strain, contracted (Voigt) notation 
parametric angle for specifying position on crack front of elliptical or part- 
elliptical cracks 
ratio of components of applied stress to applied equivalent stress 
Poisson's ratio 
notch radius 
equivalent stress 
local (response) stress, contracted (Voigt) notation 
flow stress 

Background 

The initiation and early stages of  growth of cracks in metallic structures are directly 
influenced by a number of  parameters including surface condition, microstructure, and the local 
state of stress and strain. When cracks form at notches or other points of stress concentration 
during fatigue loading, the accurate determination of the local response stresses and strains at the 
notch on a cyclic basis is vital to the determination of crack driving forces and therefore to the 
determination of fatigue crack growth behavior. 

For structural applications which involve notch plasticity but for which computational 
efficiency is required (namely fatigue loading) only a handful of  solution techniques for local 
response are widely used. In 1961, Neuber [1] proposed a method for the calculation of  local 
stresses and strains at a notch based on knowledge of the applied (field) stresses, the elastic 
stress concentration factor, and the material stress strain curve. In what has come to be known as 
Neuber's rule, the geometric mean of the response stress and strain concentration factors for both 
elastic and elastic-plastic response is assumed constant. This assumption permits direct 
calculation of the response (presumably elastic-plastic) stresses and strains. Topper et al. [2] 
extended this approach to cyclic loading by making three major modifications. First, Neuber's 
rule was written in terms of stress and strain ranges where the applied (field) stress range was 
given by the excursion from one turning point to the next in the stress time history for the 
component being analyzed. Second, the response stress and strain for each load point defined 
the origin from which the Neuber's rule calculation was made for the next load point. (This 
introduces the history dependence, which is a critical aspect of cyclic elastic-plastic response.) 
Finally, the material cyclic stress-strain curve, rather than the monotonic stress-strain curve was 
used. Up to this point, Neuber's rule had been applied successfully for both monotonic and 
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cyclic analyses involving a uniaxial applied stress and a uniaxial response. It soon became 
apparent, however, that for general problems, multiaxial stress states would have to be 
accommodated, particularly for the response. Hoffman and Seeger [3,4] proposed a 
generalization of Neuber's rule based on the equivalent stress and strain from the theory of  
plasticity, which permits application for multi-axial stress states. Another widely used technique 
for estimating the stresses and strains at a notch is the equivalent strain energy density (EEED) 
method proposed by Molski and Glinka [5,6]. In this method it is assumed that the strain energy 
density at the notch tip is the same for elastic material response as it is when localized plastic 
flow occurs. As with Neuber's rule, this assumption allows direct calculation of response 
stresses and strains given the applied (field) stresses, the elastic stress concentration factor, and 
the material stress strain curve. It has generally been found that, while Neuber's rule tends to 
overestimate the response strains at the notch tip, the EEED method tends to underestimate them 
[7]. 

Unfortunately, the effects of notch plasticity are considerably more difficult to characterize 
for fatigue crack growth than they are for fatigue crack initiation. While the crack initiation 
problem is carried out at a single point, the crack growth problem requires knowledge of  the 
stress-strain response over an entire plane. The bulk of the work that has been done in this area 
has been directed toward the growth of cracks in residual stress fields at holes and notches. 
Typically, the characterization of the residual stress profile (in the uncracked body) is external to 
the crack growth analysis. Once determined, this initial (static) residual stress is used to 
calculate a residual stress intensity factor that is then superimposed with the applied (cyclic) 
stress intensity factors. The methods discussed by Hsu et al. [8], Glinka [9], and Parker [10] are 
typical. The total or "effective" stress intensity factor is then used to estimate the crack growth 
rate, which in turn is integrated to find crack growth life. As such, this approach fits neatly into 
existing LEFM-based damage tolerance analysis methodology. However, it fails to address 
problems in which one or more of the spectrum loads are of  sufficient magnitude to cause 
repeated yielding (and hence redefinition of  residual stress fields), and it fails to address the 
changes in the residual stress field brought about by crack advance (residual stress release). 

A number of models that formally address the cyclic plasticity that occurs both ahead of and 
in the wake of a crack have been developed over the past several decades, usually by extending 
the Dugdale [I 1] plastic strip model. These are the so-called strip yield models. Models 
developed by Dill and Saff [12] and Newman [13] have been applied primarily to the study of 
crack closure. In these models the crack plane is represented with a series of bar elements whose 
elastic-plastic response and deformation are calculated on a cycle-by-cycle basis. Crack advance 
is simulated via the successive failure of  these elements, and crack closure is properly 
represented as the contact of the plastically deformed elements in the wake of the crack front. 
Glinka [14] has proposed a similar model for crack growth in which the crack is represented as a 
notch of small but finite radius, and crack advance is simulated via the successive fracture of 
material elements ahead of  the crack. G. S. Wang and A. F. Blom [15,16] have developed a strip 
yield model for fatigue crack growth in residual stress fields, which accounts for both fatigue 
induced relaxation and crack growth induced release of the residual stress field. Like the 
Newman model, this model includes elastic-plastic crack closure analysis. Finally, C. H. Wang 
et al. [17] have recently developed a strain-based implementation of the Dugdale model, which 
permits accurate determination of selected fracture parameters (CTOD and crack tip plastic zone 
size) even under conditions of large scale yielding. 
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In the current study, an elastic-plastic stress-strain response algorithm that may be used to 
estimate response stress distributions on a critical plane on a cycle-by-cycle basis was 
developed. Methods for the calculation of stress intensity factors based on these response stress 
distributions were then implemented using the Green's function approach. Finally, the use of 
these stress intensity factors for the calculation of crack growth rate and ultimately crack growth 
life was demonstrated. 

Stress Analysis 

In general, the treatment of cyclic elastic-plastic response in metals must address the 
dependence of the response on the prior loading history and the so-called memory effect. As a 
result, the response stress calculations must be made on a point-to-point basis. It is not practical, 
however, to make such calculations formally in the context of fatigue life prediction where tens 
and even hundreds of thousands of cycles may be involved. In the current approach, to reduce 
the problem to one of tractable size, a number of simplifying assumptions is made. First, stresses 
are explicitly addressed only on a single, two-dimensional cross-section through the part. This 
cross-section is chosen to be coincident with the anticipated plane of crack growth. Second, it is 
assumed that this plane is a principal, i.e., shear free plane. Third, all loading and unloading 
paths in principal stress space are assumed to be proportional (radial). And fourth, the response 
stress calculations are made for the uncracked section, the assumption being that the presence of 
the crack would only cause a local perturbation in the stress field. These assumptions impose 
limits on the types of crack growth that may be studied using this technique; specifically, the 
technique is limited to fiat, Mode I cracks that are small with respect to the dimensions of the 
cross-section. 

Estimated Elastic Constraint 

When calculating the stress-strain response to applied loads, consideration must be given to 
potential induced stresses that are the result of elastic constraint. For applications involving 
thick sections and in which the stress-strain response throughout the component being analyzed 
is predominantly elastic, the stress states at notches or other geometric discontinuities will 
become increasingly tri-axial as strains in the transverse directions (due to the Poisson effect) are 
resisted by the surrounding elastic material [18,19]. With the coordinate system defined such 
that the applied stresses act in the y-direction, normal constraint stresses may be generated in 
both the in-plane transverse (x-direction) and the transverse (z-direction) directions. See Fig. 1. 

Under conditions of plane stress, the transverse components of stress and strain are 

t~ z = 0 (1) 

E - V t ~  - -vtx  (2) 
where the superscript 'E '  indicates the elastic component. Note that contracted (Voigt) notation 
will be used throughout this discussion. Under plane strain, the transverse strain and stress are 

E ez = 0 (3) 
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Cr z = V(O" x +cry) (4) 

It is convenient to define an elastic constraint index, Cec, with limiting values of Cr = 0 for plane 
stress and Cec = 1 for plane strain. Given the in-plane normal stresses, crx and Cry, the constraint 
stresses and strains (in the z-direction, due to the Poisson effect) are 

cr, = coov(crx (5) 

E 1 V +O'y) s z =(Coo-  )~(crx (6) 

It is possible, based on inspection of the local geometry, to assume a value for Cec. In fact, to 
some extent, this index may be used as a "correlating parameter." That is, the value of Cec may 
be adjusted in order to improve the correlation between calculated and measured crack growth 
behavior. However, in the current study, the expression for the constraint factor at a notch of 
radius p in a plate of thickness t given by A. Kotousov and C. H. Wang [20] was used 

1 
= (7) 

Cec (l _ v211 + ~ l~_6v  ] E X P I ~  l~_6v ] + v2 

where r-ra is the distance from the edge of the notch to the point at which the index is being 
evaluated. 

FIG. 1 Schematic of  stress distributions at a notch under plane stress and plane strain 
conditions. 
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Cyclic Stress-Strain Response 

In the current method, the fatigue load history is treated as a sequence of half cycles in which 
the first half cycle is a negative ramp from a prior maximum value to the current minimum value, 
and the second half cycle is a positive ramp from the current minimum value to the next 
maximum. For a given applied stress history (i.e., a time sequence of ~Ai values), the applied 
(elastic) stress range between successive load points is simply 

A~A = (~A)k+x - (~A)k (8) 

Note that here and in the text that follows, k is the load turning point counter, i.e., if a given 
cycle minimum is turning point k, then the immediately following cycle maximum is turning 
point k+l. To properly account for the history dependence of the response stresses and strains, 
they must be calculated on a point to point basis with the response stresses and strains at turning 
point k serving as the starting point from which the response stresses and strains at turning point 
k+l are calculated. 

On the shear free plane being considered, the applied stress vector has three non-zero 
components: A~r A 1 and A~ A 2, which are the applied in-plane normal stresses, and Acy A 3, which 
is the transverse constraint normal stress (Eq 7), The superscript A is used here to distinguish 
"applied" values from "response" values. Note that the applied stress values are assumed to 
include any elastic stress concentration effects. 

The distortion energy theorem is used for the definition of the yield criterion. According to 
this theorem, plastic flow will begin when the "equivalent" stress equals or exceeds the material 
flow stress. (The initial flow stress is typically the yield strength as measured in a uniaxial 
tension tes0. This is stated simply as 

~A = ff3(sA - ~iXsiA - ~i) > ~ o (9) 

where sAi is the deviatoric stress, and ai is the so-called back stress. This definition is 
convenient because, for uniaxial stress states, the equivalent stress reduces to the axial stress. 
The equality in Eq 9 defines the "yield surface," which for this formulation is a right circular 
cylinder in principal stress space, whose longitudinal axis lies at equal angles to the three 
coordinate axes. Points in principal stress space that lie within the cylinder represent elastic 
states. When the stress state reaches the cylinder, plastic flow begins. The position of any state 
of stress in stress space may be written in terms of spherical (hydrostatic) and deviatoric 
components, with the former giving the position along the cylinder axis and the latter giving the 
radial distance from the cylinder axis. According to Eq 9, it is only the deviatoric components of 
stress that control the onset of yield; changes in the hydrostatic stress have no effect [21]. (Yield 
criteria that address possible dependence on hydrostatic stress are considerably more complex 
than Eq 9 and are not addressed in this study.) The practical result of  this is that the maximum 
principal stress at the notch root may exceed the uniaxial yield strength of the material by a 
considerable amount before plastic flow begins, if a fully triaxial stress state develops. 

In order to define the back stress as well as the components of the response stress, the very 
important, simplifying assumption is made that all loading and unloading paths in principal 
stress space are proportional (radial). That is to say, the ratios of the various components to the 
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equivalent stress remain fixed throughout the analysis. These ratios define the proportionality 
factor, )~ 

~ '  = ~i (10) 

We require the inclusion of the back stress because we make the assumption that plastic loading 
causes movement of the yield surface (kinematic hardening) and that the response stress state 
lies on the displaced yield surface. Since the analysis is isothermal and quasi-static, the yield 
surface may be translated in stress space, but it retains a fixed size and shape. The coordinates of 
the origin of the displaced yield surface in principal stress space (typically referred to as the back 
stress) are given by 

r i = )vi(o" r - t ~ o )  ( l l )  

where % is the flow stress. It will also be necessary to associate a strain with the back stress, 
which we will define as 

a ~.=, ~ , i ( g e - ~ - )  (12) 

Now, if OAe < Oo, then the stress state at the point k+l lies within the yield surface, and the 
material response is elastic. Under these conditions, the response stress increments are equal to 
the applied stress increments 

Ao i = A~ A (13) 

and the corresponding strain increments are found using the generalized Hooke's law 

Ae i = MijAtr j (14) 

where Mij is the elastic compliance. The stresses and strains are simply 

(O'i)k+l = A6i A + (~i)k (15) 

and 

(Si)k+ 1 = AS A + (si) k (16) 

In this case there is no displacement of the yield surface 

(cq)k+ 1 = (ai)  k elastic (17) 

If  ~Ae >__ 00, then all or part of the applied stress range causes plastic loading, and both the 
response stresses and the displacement of  the yield surface must be found. The response 
equivalent stress and strain are found using either a generalized form of Neuber's rule [1] 

E 

or a generalized form of Glinka's equivalent strain energy density (EEED) method [6] 
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ee A~ed~ = (Act A)2 (19) 
2E 

Note that A~e and ACe are scalar quantities. Either Eq 18 or Eq 19 and the material stress-strain 
curve provide a system of two equations which may be solved for the two unknowns, ~e and %. 
In this case, the material stress-strain curve used is the cyclic stress-strain curve, and the flow 
stress used in the yield criterion is the cyclic proportional limit. (The cyclic stress-strain curve is 
a geometric construct that is defined by the locus of  reversal points of the series of stable 
hysteresis loops which are generated by fully reversed (R=-I) strain cycling over a range of 
strain amplitudes [22]. Like the monotonic stress-strain curve, the cyclic stress-strain curve is 
assumed to have a linear region, in which the strains are elastic, and a non-linear region, in 
which the strains are plastic. The upper limit (stress) of this linear region is referred to as the 
cyclic proportional limit, ~cpl. This value is normally found by inspection of  the cyclic stress- 
strain data. The constant of  proportionality in the linear region is always taken to be the modulus 
of elasticity.) 

Since the use of either Neuber's rule or Glinka's EEED method permit the direct calculation 
of both the final stress and final strain, they in effect define the flow rule 

~e = f(~e,Cre A ) (20) 

Now, with the assumed proportional loading, the response stress increments are simply 

Ao" i = ~iA~e (21) 

and the response stresses are 

(O'i)k+ 1 = A~ i + (~Xi) k (22) 

The response strain increments are taken to be the sum of elastic and plastic components 

Ae~ = Ae~ + Ae~ (23) 

Using the stress increments given in Eq 21, the elastic strain increments are found using Eq 14, 
and the plastic increments are given by 

AexP _(_._1 _ l~rA~ _vp(ACry + AOz) ] (24) 

(25) 

Ae~ = -(Ae~ + A~y P) (26) 

where E s is the secant modulus defined at the point %,~e on the uniaxial stress-strain curve. 
Equation 26 results from the assumption that plastic flow is a constant volume process, v P is 
Poisson's ratio for plastic behavior, which is one-half with the assumed incompressibility. 
Finally, the response strains are 
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where a~i is the strain corresponding to the back stress cq. Since the use of Neuber's rule or of 
the EEED method allows direct calculation of the stress and strain at the completion of a load 
step, deformation plasticity is implicit. 

With the assumption of kinematic hardening, the back stress is altered each time plastic 
loading occurs, i.e., it is dependent on the prior loading history 

(0ti)k+l = Xi(~ - ~ o )  + (~i)k (28) 

In this model, however, in order to accommodate the so-called memory effect, two additional 
"memory" back stresses will be defined. Unique values are defined for "negative" and 
"positive" loading; these are referred to as cq" and cq +, respectively. As with the instantaneous 
back stress, the memory back stresses are initially zero. On the first occurrence of plastic 
loading in the "-" direction, cq + is set equal to ~q. Upon subsequent plastic excursions in the "-" 
direction, if [cq[>[~i+], then ~i + is set equal to cxi. Likewise, on the first occurrence of plastic 
loading in the "+" direction, cq is set equal to eq, and upon subsequent loading in the "+" 
direction, if [cql>lcxil, then r is set equal to ~i. In both cases, if the magnitude of the 
instantaneous back stress is less than that of the memory back stress, then the memory back 
stress is left unchanged. As shown in Fig. 2, the net effect of these conditions is that the range 
between the two memory back stresses can only remain constant or increase for a given load 
sequence; it cannot decrease. 

initial position of ~ _~__.~ 
yield surface 

i I 
! + i 

i cq I displaced 
' , /  ~ ~ /  / "yield 

C ~ , ,  j ~ = ~ l  surface 

FIG. 2 Projections of radial load path and yield surface motion onto ~r-plane in principal 
stress space. 

For loading in the "-" direction, if the applied stress excursion does not reach the yield 
surface based on cq (the "memory" surface), then the instantaneous back stress is used to 
calculate the equivalent stress, and the response is found using Eq 22. If the applied stress does 
reach the memory surface, then the equivalent stress is found as 

o A = ~3 ( sA  - cxi-~sA - cq-) (29) 
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Likewise, for loading in the "+" direction, if the applied stress excursion does not reach the yield 
surface based on cq +, then the instantaneous back stress is used to calculate the equivalent stress, 
and the response is again found using Eq 22. If the applied stress does reach the surface, then 
the equivalent stress is found as 

o: 

Again, decomposition of the response strain increments into elastic and plastic components is 
assumed. The stress ranges used for the calculation of each are given by 

Ao" i = (o'i)k+l - (otX)k (31) 

where ~i  is used for "-" direction loading, and eti + is used for "+" direction loading. The 
response strains are 

+ (32) 

Calculation of  response stresses and strains in this manner, i.e., on a point to point basis, w i l l  
result in the hysteresis loop tracking, which is typical for notch strain analysis [22]. An example 
set of response calculations for an eight point load sequence was made using Neuber's rule to 
find the response equivalent stresses (Eq 18) and a three-parameter Ramberg-Osgood equation 
for the material cyclic stress-strain curve. The results are compared with experimental data from 
[23] in Fig. 3. 
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a) 8-point stress versus time history b) predicted versus measured stress-strain response 

FIG. 3 Example o f  applied stress versus time sequence and corresponding stress-strain 
response. 
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Two-Dimensional Stress Distributions 

Up to this point, the development of the 
response calculation has been limited to a single 
material element. To permit its usage in a crack 
growth setting, this technique must be extended to 
two-dimensional stress distributions. The first step 
in this process involves the definition of elastic 
stress distributions on a section that is coincident 
with the anticipated plane of crack growth. These 
distributions are assumed to be known from hand 
analysis, finite element analysis, boundary element 
analysis, etc. The critical cross-section is 
discretized into a rectangular array of  grid points 
with "nx" points in the x-direction (c-direction) and 
"nz" points in the z-direction (a-direction). A 
typical cross-section grid point array is shown in 
Fig. 4. The applied stresses are specified at each of 
these grid points 

The array of grid points is then used to define a 
set of  rectangular elements, each of  which has a 
single integration point at its center (i.e., constant 
stress elements). The stress at the integration point 

FIG. 4 Typical cross-section grid 
point array. 

is taken as the average of  the four comer grid point stresses. Large stress gradients are 
accommodated by refining the mesh as required. Note that the crack is not modeled during the 
response stress analysis; the applied and the response stress distributions are for the notched but 
uncracked section. Since the analysis requires cycling between minimum and maximum 
stresses, provision is made for both negative and positive distributions in the event that 
structure/loading combinations yield distributions of dissimilar shape or magnitude. 

Multiple Load Path Solution 

If the crack growth model is an integral part of a larger structure, then the decrease in load 
carried by the model (due to the occurrence of local plastic flow) is presumed to be accompanied 
by an increase in the load carried by the surrounding structure. While this is not a formal 
treatment of the load shedding problem, it does eliminate the need for the calculation of  load 
redistribution within the cross-section due to the yielding of one or more of the elements. 

Single Load Path Solution 

When the assumption of implicit load redistribution is not appropriate, i.e., when the crack 
growth model represents a single load path component, then the following technique is used to 
estimate the load redistribution within the cross-section. When the applied (elastic) stress range 
for a given element exceeds the hysteresis proportional limit, the response stress range will 
diverge from the elastic value due to plastic flow. The difference between the elastic and the 
response stress values is an indicator of the reduction in load carrying capability of the element. 
In the current analysis, response stress gradients are approximated using the assumptions that the 
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cross-section load and moment remain constant during local yielding. So the load "shed" by any 
one element must be picked up by the remaining elements. 

The first constraint we place on the system is that the total load carried by the cross-section 
remain the same during the yielding process 

where m is the total number of elements in the cross-section. When plastic flow occurs in any 
given element, the load increment in the y-direction (the applied load direction), which is shed 
due to yielding, is found as 

(6py)a = (O'y - crA)adA a (34) 

where dA is the element area. This load increment is distributed over all of the elements of the 
cross-section according to 

where wj is a weight coefficient defined such that 

m 
~-'~coj = 1 (36) 
j=l 

In the current model, the load increment from each element that experiences plastic flow is 
assumed to distribute equally over all of  the elements in the cross-section, which is to say that 
the weight coefficients are assumed uniform and constant 

1 
coj = - -  (37) 

m 
In future work, non-uniform coefficient distributions, particularly ones that redistribute the load 
only in the region of the yielding element and not over the entire cross-section, will be 
investigated. 

Similar calculations are made for the x- and z-directions, with the exception that the load 
increments in these cases are transmitted only to adjacent elements. So the (PY)j,after are found 
as 

(PY)j,after = (~ipy)j + ~Y)j,before (38) 

To conserve the moment carried by the cross-section, the dpa subtracted from element "a" is 
added to an element "b" that is equidistant in both the x and z directions from the cross-section 
centroid; and the dpj that are added to each element "j" are subtracted from the elements "k" 
again, where elements "j" and "k" are equidistant from the cross-section centroid. Once all of 
the dpj have been calculated, the new stress distribution may be found as follows 

( O y ) j ~  = (Cry)juofo ~ + (gPY)J (39) 
, . dAj 
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This process is repeated for each element in the cross-section until they all have been 
checked, and the load has been completely redistributed. Once all of the element stresses have 
been defined, stresses at each grid point are taken as the average of the values of the elements 
sharing that grid point. And finally, the normal stress at any point with coordinates x,z is found 
by double linear interpolation between the four surrounding grid points. 

The entire procedure is then repeated for each load point (reversal) of the input fatigue load 
spectrum. As indicated above, these calculations are carried out on a point-to-point basis with 
the response stress and strain at any given load point in the applied load sequence (k) serving as 
the effective origin for the response to the next load point (k+l). For example, Fig. 5 shows the 
estimated response stress distributions on the critical plane for a plate with a semi-circular notch 
subjected to the eight point loading sequence shown in Fig. 3. 
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FIG. 5 Estimated response stress distributions on critical plane. 
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Stress Intensity Factor Analysis 

Now, given a response stress distribution which includes the effects of notch plasticity, and 
which therefore may be nothing like the corresponding applied (elastic) distribution, we require a 
general stress intensity factor (SIF) solution technique that can accommodate any stress 
distribution. The Green's function method was chosen for use here, in part because it meets the 
requirement of general applicability, but also because Green's functions themselves are readily 
available for a variety of geometries. 

The Green's function approach [24] is closely related to the weight function method of 
Bueckner [25] and Rice [26], in fact some researchers do not distinguish between the two. From 
an application point of view, however, the two methods are distinct. The weight function 
method requires knowledge of the crack opening displacement profile for some reference 
loading condition. The Green's function method, on the other hand, is based on the SIF solution 
for a pair of opposing point loads applied to the crack face. Many such point load solutions are 
available in the literature [27,28]. 

This technique relies on Bueckner's principle [29], which states that the SIF for a traction- 
free crack in an externally loaded body is equivalent to that for a pressurized crack in the body 
with no externally applied loads when the applied pressure distribution is equivalent to the stress 
field that would exist if the externally loaded body were untracked. This principle is shown 
schematically in Fig. 6: the desired solution, case (a), is found by superimposing two known 
solutions, cases (b) and (c), and since the SIF for case (b) is identically zero, this becomes 

K(a ) = K(c ) (40) 

It is the solution for case (c) that is actually found using the appropriate Green's function. 

B A 

eq 

4 

 o,x, 
(a) (b) 

"t- 

(c) 

FIG. 6 Schematic illustration of equivalence between remote body loading and crack 
pressure loading. 
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Semi-Elliptical Edge Crack 

When cracks form naturally at notches, they often do so as either surface cracks or corner 
cracks. In the current study, the surface crack was treated as a semi-elliptical flaw along the 
short edge of  the rectangular cross (net) section. As shown in Fig. 7, it is assumed that the crack 
lies in the x-z plane. The crack c-dimension is taken to be parallel to the x coordinate axis and 
the a-dimension parallel to the z-axis. 

FIG. 7 Definition of crack dimensions, c and a, and parametric angle, (k, for semi-elliptical 
edge crack. 

We first consider a semi-elliptical crack in a half-space. If  we apply a pair of  opposing point 
loads to the crack faces at the point ri, 0j, then the SIF may be evaluated at the point on the crack 
front whose coordinates are x = c*cos(~), z = a*sin(~), as follows 

Kij = PijG (41) 

A Green 's  function for this case was developed in a previous study [30] 

G - ( r ~ R c ~  l + ~ 2 - 2 ~ i c o s ( A 0 j )  j (42) 

where Rc is radial distance to the crack front at the angle 0, and ~i is the normalized radial 
coordinate, ri/Rc. For the depth direction (d~ = 0~ the a2, a5, and a6 terms were given as 

a 2 =a20 +a21 cos(0L) a22 +423 sin(0L) a24 (43) 

a 5 = a50 + a51 c~ ) TM + a 54 sin(a550L ) a56 (44) 
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a 6 = a 6 0  + a 6 1  c ~  ) a63 + a 6 4  s i n ( a 6 5 0 L  ) a66 ( 4 5 )  

where the values of the coefficients a20-a24 are given in Table 1, the coefficients aso-a56 are 
given in Table 2, and the coefficients a60-a66 are given in Table 3. 

TABLE 1 Coeff icient  a2x values - depth direction. 

aJc  A20 a21 a22 a23 a24 

0.5 0.615 0.39 8 -0.27 1.5 
1.0 2.025 0.0 0.0 
1.5 3.5 -1.075 1.8 0.95 3.5 
2.0 4.85 -2.265 1.5 2.5 6 

TABLE 2 Coeff ic ient  as~ values - depth direction. 

a/c aso A51 a52 a53 a54 a55 a56 
0.5 0.249 0.753 1.87 18 21.8 0.618 10 
1.0 0.433 0.0 8.35 0.437 3.5 
1.5 0.55 -0.15 1.0 12 0.77 1.05 5 
2.0 0.6 -0.2 1.4 9 0.427 1.32 4 

TABLE 3 Coeff ic ient  a6x values - depth direction. 

....... a / c  . . . . . . .  a60 . . . . . . .  _m.__6 L . . . . . . . . . . .  a62 ~ a6_3 . . . . . . . . . .  _a64 . . . . . . . . . .  _a65 ........ a6__ 6_ . . . . . .  

0.5 0.259 0.185 1.88 11 1.465 0.684 22 
1.0 0.5 0.0 0.0 
1.5 0.648 -0.08 1.25 1 0.03 1.25 6 
2.0 0.7 -0.135 0.7 1 0.3 1.35 4 

For the surface direction (~ = 85~ the a2 and a5 terms are 

a2 =a20 +a21 cos(0L) a22 +a23 sin(0L) a24 

a 5 = a50 + a510 L + a5202 + a5303L + a5404 + a550 ~ + a5606 

while the a6 term is 

a 6 = a60 + a6i cos(a62(0 L - 0 E ) )  a63 + a64 sin(a65(0 L - 0.4)) a66 

for a/c = 0.5, and 

(46) 

(47) 

a 6 = a60 + a61 cos(a62(0L-0E))  a63 + a64 s in(a65(0L-0E))  a66 

(48) 

(49) 

for a/c = 1, 1.5, and 2. The coefficients a2o-a24 are given in Table 4, the coefficients aso-a56 are 
given in Table 5, and the coefficients a6o-a66 are given in Table 6. 
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TABLE 4 Coefficient a2x values - surface direction. 

a/c a20 azl a22 a23 a24 
0.5 5.7 4 6 -2.2 1.5 
1.0 2.95 0 0 
1.5 1.8 -0.54 1.2 0.55 3 
2.0 1.25 -0.6 1 0.6 5 

TABLE 5 Coefficient asx values - surface direction. 

a/c as0 a51 a52 a53 a54 a55 a56 
0.5 0.6209 0.4366 0.8855 -0.2685 -0.5338 -0.0783 0.2544 
1.0 0.7162 -0.2365 0.0335 -0.0485 0.1552 0.0817 0.0486 
1.5 0.8602 -0.4673 0.1245 0.0055 -0.0146 0.1941 0.0983 
2.0 0.8318 -1.1404 0.9864 -0.0007 -1.2245 0.4893 0.5388 

TABLE 6 Coeff icient  aax values - surface direction. 

aJc a60 a61 a62 a63 a64 a65 A66 
0.5 1.05 0.33 0.9 48 -.6 0.9 2 
1.0 0.5 0.443 0.92 48 0 
1.5 0.35 0.6 0.6 48 0.2 0.5 4 
2.0 0.28 0.715 0.5 48 0.35 0.62 10 

Now, if we represent the pressure distribution over the crack face using a series of point 
loads acting normal to the crack 

Pij = ~[ri,0j ~Ark0 (50) 

then the total SIF may be found by summing the series 

N-., N--, [ t~ijriArA01 a2(1-~as) a6 ] 

K I :  ~'~ J~/L (xRc)~  [ 1 +~2 -2~icOs(A0j)j (51) 

In the limit, this summation becomes the integration of the product of the crack face pressure 
distribution and the Green's function over the crack area 

[Re[ a(r '0)  r a2(1-~a5~6 ]lrdrd0 

In order to isolate a modification factor due to the non-uniform stress distribution alone, the 
stress intensity factor is written in terms of a reference stress 
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Ki=Sref.r  (y(r,0) r a22(1-~as)a6 l]rdrd0 
[Sref(7~Rc) 2 [1+~ -2~cos(A0)]J 

The "stress distribution" correction, F~s, is 

[R~I_ ~(r,0) a2(1- {as)a6 llrdrd0 
Fos-- LSrof( Rc) 2 [1+~2 2~cos(A0)] j 

Numerical integration is required for the evaluation of Fas. 

(53) 

(54) 

Correction for Finite Width and Thickness 

Since this result is for a crack in a half-space, in general it will be necessary to compound it 
with one or more boundary correction factors as required for geometries of practical 
significance. Compounding is the method by which the SIF for a given applied load is taken as 
the factorial combination of the fundamental form (in this case the semi-infinite plate solution) 
and one or more correction terms [31]. For a semi-elliptical edge crack in a finite width and 
thickness plate, the boundary correction terms given by Newman and Raju [32] are used 

K = Srefx~CFGsFwFzF T (55) 

Fw, F2, and FT were found by rotating Newman and Raju's surface crack solution by 90 degrees 

2 4 FW = fw0 + fw2~'c + fw47c (56) 

For crack aspect ratios, a/c < 1, the coefficients of Fw and the F2 term are 

fwo = 1+ 0.04(a/ (57) 

while for a/c > 1 they are 

fw2 = 0.2(a/7//22 

,w,-0,,Ia) 

fwo = 1.13 - 0.09(c) 

(58) 

(59) 

(60) 

(61) 
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0.89 
fw2 = -0.54 + - -  (62) 

' +,4(, 
fw4 =0.5 0.65+(__C 1 - a )  (63) 

k a J  

F2 = 1 + [0.1 + 0.357c2~1- cos*) 2 (64) 

The finite thickness correction, F T is 

FT = I s e c / ~ - - ~ e )  (65) 

In Eqs 56 65, the normalized crack lengths are, yc = c/W and % = a/s, where s is the distance 
from the crack center-line to the near surface of  the plate. 

The current expressions were evaluated by calculating SIFs for a configuration for which 
certain solutions are known. As shown in Fig. 8, the Green's function technique yields accurate 
results for uniform remote axial loading over the full range of e/W = 0 to c/W = 1, when 
compared to those generated using the expressions given in [32]. Also shown in Fig. 8 are 
normalized SIFs calculated using the weight function technique of  Shen and Glinka [33] for the 
depth (c) direction and Shen, Plumtree, and Glinka [34] for the surface (a) direction. In both 
cases, the current results are in reasonable agreement up to about c/W = 0.7. Note that while bi- 
variant stress distributions can be treated with the current approach, the cited weight function 
solutions require uni-variant stress distributions. A similar result is found when comparing the 
current Green's function and closed form results for in-plane bending (see Fig. 9). 
Unfortunately, the computational complexity of the current GF makes its use for cycle-by-cycle 
SIF calculation very burdensome. 

Fatigue Crack Growth Analysis 

All of the ingredients for cycle-by-cycle fatigue crack growth analysis are now in place. 
Given an applied stress history and a method for approximating any induced stresses in the 
vicinity of a notch, the cyclic stress-strain response may be estimated. With the current model, 
fatigue crack growth analyses may be conducted based on either elastic or estimated elastic- 
plastic response. In either case, with the stress response known, stress intensity factors are 
calculated using the techniques described above. The remainder of the analysis is carried out in 
the manner of traditional, LEFM-based fatigue crack growth analysis [35,36]. The algorithm 
consists of the following primary steps: 

1) Calculate response (elastic or elastic-plastic). 
2) Calculate effective stress intensity factors. 
3) Check whether calculated SIF exceeds the toughness of the material, and if so, stop. 
4) Calculate crack growth rates and crack growth increments and increment crack size. 
5) Check for transition, and when transition occurs, redefine the crack geometry 

accordingly. 
6) Check whether maximum crack size has been exceeded, and if so, stop. 
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FIG. 9 Comparison of normalized SIF for a semi-elliptical edge crack in a finite width and 
thickness plate subjected to remote in-plane bending. 

Effective Stress Intensity Factor 

At each load point in the fatigue history, the effective stress intensity factor is determined 
based on the response stress distribution at that load point using the techniques discussed above. 
So, for example, if we consider a semi-elliptical crack at a semi-circular notch in a plate 
subjected to a tensile overload, we would expect to see a reduction in the calculated SIF due to 
notch plasticity effects. As shown in Fig. 10, this is indeed the case. In order to generate these 
results, it was first necessary to determine the elastic stress distribution on the uncracked, net 
section; this was done by finite element analysis using a fine grid model of an SEN test 
specimen. The elastic SIF results were based on the elastic stress distribution and are shown to 
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be in reasonable agreement with values given by Swain and Newman [37]. The elastic-plastic 
SIF results are based on the elastic-plastic response stress distribution. As one might expect, 
since the difference between the elastic and the elastic-plastic response stress distributions is 
greatest in the immediate vicinity of the notch, the difference between the elastic and the elastic- 
plastic SIFs is greatest for evaluation points near the surface (i.e., phi = 85~ 

The results shown in Fig. 10 are for an applied (field) stress of 192 MPa. This stress results 
in a peak stress of 680 MPa, the second value of the 8-point load sequence discussed previously. 
If we calculate the SIFs for a 0.01 • 0.01 in. flaw for each point in the 8-point sequence, we find 
that there is a significant difference between those calculated based on an assumed elastic 
response and those calculated based on the estimated elastic-plastic response. As shown in Fig. 
11, each time a tensile overload occurs, the response stress is less than the corresponding applied 
value, and thus the effective SIF is reduced. But of equal importance is the fact that each time a 
compression overload occurs, the response stress can be higher than the applied stress, and thus 
the effective SIF can be increased. The implications for fatigue crack growth analysis are very 
clear: notch plasticity can significantly affect the crack driving force for cracks whose 
dimensions are of the same magnitude as the notch plastic zone. 

It is important to note that since the response stress distributions are estimated for an 
uncracked cross-section, they do not reflect the influence of the crack. This obviously places a 
restriction on the range of crack sizes for which this model can be used: the quality of the 
approximation decreases with increasing crack size. As a general rule, use of the model should 
be restricted to problems in which the crack length is less than 20 % of the width of the body. 
This also means that the estimated response distributions contain no information about crack 
closure. As a result, the minimum effective SIF is not corrected for closure; it is based strictly 
on the response stress distribution at the cycle minimum. The effective SIF range is found 
simply as the difference between Keff-max and Keff-min. Comparisons between the effective 
AKs based on notch plasticity and those predicted by a widely used empirical load interaction 
model [38] are shown in Fig. 12. 
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width strip subjected to remote axial load 
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Crack  Growth  Life  Predict ion 

Since the notch plasticity analysis is carried out on a cycle-by-cycle basis, the crack growth 
analysis is as well. The effective SIF range for a given load cycle is used to determine the crack 
growth rate for that cycle; this may be done using any one of several empirical crack growth rate 
equations. For the results shown below, the Forman equation [39] was used. 

d a  Cf (AKeff) nf 

= (1 - R)Kf - AKef f (66) 
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As one might expect, since the notch plasticity model predicts a reduction in effective SIF 
following a tensile overload, there will be a corresponding reduction in calculated fatigue crack 
growth rate. Likewise, a compression overload will cause an increase in growth rate. Once a 
crack growth rate is determined, the corresponding crack growth increments are known. Starting 
from a prescribed initial size, the crack size is increased by the calculated crack length/depth 
increment at each cycle. The only datum over and above that normally required for a traditional 
fatigue crack growth analysis is the cyclic stress-strain curve [40,41] for the material being 
analyzed. 

Example fatigue crack growth calculations were made for a semi-elliptical edge crack at a 
semi-circular notch in a finite width, 2024-T851 aluminum plate subjected to both tension 
dominated and compression dominated, variable amplitude spectrum loading [42]. The plate 
width and thickness were 38.1 mm and 6.35 mm, respectively, while the notch radius was 6.35 
mm. The initial crack was semi-elliptical with c = 0.0254 mm and 2a = 0.254 mm, and it was 
centered at the mid-plane of the plate. Transition to a through thickness crack occurred when the 
crack-tip growing in the thickness direction reached the plate surface. (Note that the final crack 
size is below the c/W < 0.2 guideline mentioned in the previous section for the validity of the 
cyclic response/effective SIF model.) The crack growth rate parameters were assumed to be the 
same in both the crack-length and crack-depth directions (CF = 2.66E-7, nF = 2.871, KF = 40 
ksix/in.), and as a result the crack aspect ratio changed as the crack grew. Exceedance curves for 
the two spectra are shown in Figs. 13 and 14. As shown in Fig. 15, for tension dominated 
spectrum loading, the occurrence of notch plasticity can cause significant extension in predicted 
crack growth life. In fact, in this case, the model produced results that are similar to those 
obtained with "traditional" LEFM techniques. Specifically, the "short life" elastic result shown 
in Fig. 15 was produced using a linear crack growth analysis with spectrum cycle counting 
(range pair) but with no retardation, while the "long life" elastic result was generated using both 
range pair counting and the generalized Willenborg retardation model [38] with Rso = 2.65. 
However, for compression dominated spectrum loading there can be substantial differences 
between the two techniques. As shown in Fig. 16, if the spectrum includes compression 
overloads that are of  sufficient magnitude to create tensile residuals, then the current model will 
predict significant crack growth, whereas the "traditional" LEFM model will not. 
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Conclusions and Recommendations 

A fatigue crack growth analysis algorithm that accounts for the effects of notch plasticity has 
been developed. The current capabilities of this algorithm are: 

�9 Prediction of the creation and evolution of both tensile and compressive residual stress 
fields due to compressive and or tensile overloads, respectively 

�9 Stress intensity factor calculations based on response stress distributions 
�9 Kinematic material hardening 

The primary limitations of the approach are: 

�9 Small (with respect to body dimensions) crack size is required for validity of estimated 
response calculation (no load redistribution due to presence of crack). 

�9 Crack closure is not considered. 
�9 Elastic predominance is still required for validity of LEFM fatigue crack growth 

approach. 
�9 Current capability is limited to simple geometries. 

Recommendations for continued research include the following: 

�9 The use of a fracture parameter, which is more appropriate for elastic-plastic conditions, 
specifically J and AJ, should be investigated. 

�9 Methods for the incorporation of crack closure effects should be investigated. 
�9 Detailed correlations with test data and model revision as required must be performed. 
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Comparisons of Analytical Crack Closure Models and 
Experimental Results Under Flight Spectrum Loading 

ABSTRACT: Spectrum FCG data were generated with comer cracks at center holes for three contrasting 
spectrum types and two aluminum alloys, 2124-T851 and 7475-T7351. Existing strip-yield crack closure 
models for FCG analysis under spectrum loading were evaluated in comparison to conventional FCG 
models and enhanced as needed. Spectrum editing methods based on closure behavior were developed 
to reduce both computational and experimental time. FASTRAN was modified to address apparent 
differences in closure behavior between the surface and bore tips for compression-dominated spectra. 
Strip yield models successfully predicted FCG lives for contrasting spectra with a common constraint 
factor, unlike conventional models. 

KEYWORDS: fatigue crack growth, aluminum alloys, crack closure, spectrum editing, fracture 
mechanics, constraint, compression, load interaction 

Introduction 

Fatigue crack growth (FCG) retardation and acceleration resulting from variable amplitude 
spectrum loading can dramatically affect FCG life. The load interaction models that simulate 
these phenomena are a critical part o f  durability and damage tolerance certification of  fighter 
aircraft. Many FCG load interaction algorithms are based on largely empirical models that 
require substantial experimental calibration. These models generally only predict retardation, 
and the calibrated parameters usually cannot be applied to other fatigue critical locations and 
spectra. 

This study focuses on the application of  strip-yield crack closure models for FCG. These 
models are based on physical mechanisms and can predict both retardation and acceleration. The 
only "free parameter" in the closure model is the constraint factor, cr which describes tendencies 
toward plane stress or plane strain conditions in the cracked geometry, and hence can be 
estimated from physical arguments. Furthermore, because the model is based on the mechanics 
of  cycle-by-cycle FCG, it can potentially characterize the damage content--or  lack thereof---of 
each cycle. 

The objective of  this study was to evaluate and enhance existing strip yield models for FCG 
analysis of  components subjected to spectrum loading. Spectrum FCG data were generated on a 
representative feature geometry for three contrasting spectrum types (tension-dominated, fully- 
reversed, and compression-dominated) and two different materials (2124-T851 and 7475- 
T7351). Strip yield models were used to predict the test results, and the performance of  the 
models was evaluated. Model limitations were identified, and potential solutions were explored. 
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Experimental Procedures 

Experiments were conducted on two representative aluminum alloys, 2124-T851 and 7475- 
T7351. Specimen material was supplied by Lockheed Martin Aeronautics as plate stock of 
thickness 31.8 mm (1.25 in.) and 21.3 mm (0.84 in.), respectively. The L-T tensile properties 
(average of  four tests) of the two materials are summarized in Table 1. 

TABLE 1 Tensile properties for 2124-T851 and 7475-T7351. 

Material 0 .2%Yield  Strength Ultimate Strength Elongation 
_(_MPa~ ~MPa) ( % )  

2124-T851 447 474 10.4 
7475-T7351 441 506 13.5 

Baseline FCG rate data were collected on standard compact tension specimens (W= 50.8 mm 
-- 2 in.) of thickness 7.94 mm (0.3125 in.) at two stress ratios, R = 0.1 and 0.5. Crack length 
measurements were based on compliance (front face clip gage) data with periodic visual 
correction. Tests were performed under K-control at a normalized K-gradient of C = 
(1/K)(dK/da) = -0.08 mm-~(-2 in.-1), followed by a K-increasing test segment with C = + 0.12 
mm -1 (+ 3 in.-~). Testing was performed at room temperature (22 25 C, 72 77~ and in room 
air (45 65 %RH). The test frequency was 20 Hz. 

Spectrum test specimens had a gage section width of 76.2 mm (3.0 in.) and thickness of  7.94 
mm (0.313 in.) and contained a central hole of  diameter 9.5 mm (0.375 in.). The total length of 
the specimen was 444.5 mm (17.5 in.). A sample specimen is shown in Fig. 1. A 0.89 mm 
(0.035 in.) EDM flaw was placed at one comer of the center hole, and constant amplitude fatigue 
pre-cracking was used to grow the resulting comer crack to a size of about 1.27 mm (0.050 in.) 
before the spectrum test began. 

FIG. 1 Spectrum crack growth specimen. 

The crack lengths on the front specimen surface and in the bore of the hole were 
independently tracked and measured with traveling microscopes. A 45 ~ mirror was used to 
measure crack lengths inside the hole. Crack growth on the back specimen surface was tracked 
and measured once the comer crack had grown through the thickness. 

Spectrum specimens were clamped mechanically with preloaded bolt fasteners to minimize 
backlash during the tension-compression transition. The through holes in the grip area were 
oversized to avoid any pin loading during testing. Anti-buckling guides with Teflon laying 
surfaces were used for spectra with large compression loads. 

Spectrum loads were applied at frequencies ranging from I 0 20 Hz, where the actual applied 
frequency depended on the dynamic response of  the test machine and the magnitude of the load. 
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Command signals were modified based on the historical feedback performance of  previous 
spectrum passes in order to ensure that all of the peak load magnitudes were actually applied to 
the coupons. 

Three different loading spectra were investigated. All three were derived from actual load 
histories associated with specific fatigue critical locations on fighter aircraft, but the final spectra 
were filtered, scaled, or truncated for research purposes. One spectrum was "tension-dominated" 
(TD) and contained occasional tensile overloads but almost no compression loading. Another 
spectrum, denoted "fully-reversed" (FR), contained tension and compression peaks of  roughly 
equal magnitude. The third spectrum was "compression-dominated" (CD) and contained 
significant compression loading but tensile peaks of only about half the compressive magnitude. 
The maximum stresses (tension or compression) in all three spectra were limited to prevent 
significant yielding at the notch root. The maximum (absolute value) stress in all three spectra 
was kept the same for comparison purposes, although a few TD tests were conducted with a 10% 
smaller scale factor for comparison. The same spectra and scale factors were used for both 
materials. All three spectra contained 398 flights and between 18 000 20 000 cycles. A limited 
number of tests was conducted on a modified FR spectrum, from which theoretically non- 
damaging cycles had been removed, as discussed later. 

Analysis Background 
So-called "strip yield" methods are analytical representations of  fatigue cracks based on the 

Dugdale model but modified to leave plastically deformed material in the wake of  the crack. 
The plastic-zone size and crack-surface displacements are obtained by superposition of two 
elastic problems: a crack in a plate subjected to a remote uniform stress, and a crack in a plate 
subjected to uniform stress acting over a segment of  the crack surface. Most current strip yield 
models are based on a central crack in a finite-width specimen subjected to uniform applied 
stress. 

Two strip yield models have been developed to mature forms and implemented in available 
software. The FASTRAN code has been under incremental development by Newman for nearly 
30 years [1,2]. The current FASTRAN-II [2] includes models for cracks emanating from a 
circular hole in a finite-width specimen [3]. The STRIPY model of deKoning [4] was 
incorporated into the NASGRO fracture mechanics analysis software beginning with NASGRO 
3.0 [5]. FASTRAN and STRIPY perform similarly, although there are minor differences in their 
formulation and implementation. Both FASTRAN-II (Version 3.8) and NASGRO (Version 4.0) 
[6] were used in this study, and the two codes gave similar results in back-to-back comparisons 
for TD spectra. For convenience, only the FASTRAN results are shown and discussed here. 

The first step in preparing for strip-yield analysis is to characterize the baseline FCG data in 
terms of the effective stress intensity factor, AKeff. The closure behavior during the baseline tests 
was estimated with the Newman closure equations [7], which give the crack opening stress 
(Sopen) as a function of  stress ratio, applied stress, and constraint state. The constraint state can 
be estimated by comparing the approximate crack tip plastic zone size to the specimen thickness. 
Newman [8] has proposed that the transition from full plane-strain behavior toward plane-stress 
behavior occurs approximately at (AKeff)T = 0.5c0x/B, where ~ro is the flow stress (the average of 
yield and ultimate strengths) and B is the specimen thickness. Because the specimens employed 
in the SwRI baseline FCG testing were relatively thick, nearly all of the baseline data appear to 
be in the fully plane-strain regime, and this was confirmed by the flat fracture surfaces on the test 
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specimens. The strip-yield constraint parameter, or, was set equal to 1.73 in all baseline analyses 
as an appropriate measure of plane strain conditions. 

The closure-corrected baseline FCG data are shown in Fig. 2 for 2124-T851 and Fig. 3 for 
7475-T7351. Note that the data are shown in terms of AKeff, rather than AK. Note also how the 
closure correction collapses the data from different stress ratios. Since the data show some 
deviation from a simple linear Paris regression, the baseline data were represented for purposes 
of FASTRAN and NASGRO analysis as a table of da/dN versus AKcff points. These tabular fits 
are also shown on the figures. 

FIG. 2 Baseline da/dN versus AK~ff data and tabular fit  for  2124-T851. 

FIG. 3 Baseline da/dN versus AKefydata and tabular fit  for 7475-T7351. 
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Conventional Fatigue Crack Growth Analyses 

Conventional FCG analyses of  the spectrum tests were performed for comparative purposes 
using the NASGRO program. The baseline data were fit to the standard NASGRO equation 
using the N A S M A T  module and a constraint parameter of  ~ = 1.73. The initial crack length and 
depth in each analysis corresponded to the measured crack sizes at the beginning of  each test, 
which varied slightly from specimen to specimen. First, a set of  "Non-Interaction" (NI) model 
calculations was performed. This model assumes no load interaction of  any kind; crack growth 
is based on independent cycle-by-cycle (linear damage) calculations. NI results are summarized 
in Table 2, where all lives are expressed as cycles to failure. Here, "A/P" denotes the ratio of  
actual to predicted life. The predictions o f  the TD tests all significantly underestimated the 
experimental life, because tensile overloads caused substantial crack growth retardation. NI 
predictions of  the FR tests were fairly accurate for 2124, but substantially under-predicted life 
again for the 7475 tests. NI predictions of  the CD tests all substantially over-predicted the test 
lives, especially for 2124. 

TABLE 2 Summary of non-interaction model l~redictions. 
~ m e n  Material Spectrum Max Stress (MPa) Actual Life Predicted Life A/P Ratio 

2-3 2124 TD 154.6 729 454 495 225 1.47 
2-9 2124 TD 154.6 679 257 444 314 1.53 
2-11 2124 TD 154.6 838 470 480 413 1.75 
2-7 2124 TD 137.9 938 233 700 986 1.34 
averag_e 1.52 
2-4 2124 FR 154.6 1 456 898 1 365 947 1.07 
2-10 2124 FR 154.6 1 367 814 1 314 352 1.04 
average 1.05 
2-12 2124 CD 75.8 3 296 415 9 760 832 0.34 
2-2 2124 CD 75.8 2 769 960 9 145 536 0.30 
average. 0.32 
7-1 7475 TD 154.6 736 807 361 047 2.04 
7-9 7475 TD 154.6 683 289 365 327 1.87 
7-2 7475 TD 137.9 980 000 546 649 1.79 
7-7 7475 TD 137.9 937 958 511 938 1.83 
average 1.88 
7-6 7475 FR 154.6 1 813 157 922 492 1.97 
7-10 7475 FR 154.6 1 941 968 932 008 2.08 

_ayerage_ 2.02 
7-4 7475 CD 75.8 3 319 754 5 255 040 0.63 
7-5 7475 CD 75.8 3 419 063 4 903 968 0.70 

0.67 average .......... 

Several semi-empirical load interaction models have been proposed, including Wheeler [9], 
Willenborg [10], Generalized Willenborg (GW) [11,12], Modified Generalized Willenborg 
(MGW) [5,6], and Chang-Willenborg (CW) [13]. The Wheeler, Willenborg, and GW models are 
applicable only to tension-dominated histories and do not compensate for the effects of  
compression underloads. The MGW and CW models attempt to compensate for these 
compression effects in an approximate manner. The MGW model was selected for comparative 
analyses in the current study. 

The MGW model extends the GW load interaction model by taking into account the 
reduction o f  retardation effects due to underloads. The M G W  model, like the GW, utilizes 
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effective stress intensity factors instead of the actual Kma~ and Kmin within the crack growth 
equation, thereby retarding the predicted crack growth: 

KL =~:~ -K~ 
Kf,. = Max{(K=,. - KR), O} for K~,. > O 

=K,,,. (1) 

The residual stress intensity factor KR is given by K R = ~ K ~ ,  where 

1 

_ oL 1 A a  ~ 

K~ v represents the difference between the stress intensity required to produce a plastic zone 

equal to ZoL-Aa and the current maximum applied stress intensity Km~x. /(max ~ is the 

maximum stress intensity for the overload cycle, and Aa is the crack growth between the 
overload cycle and the current cycle. The overload plastic zone size is 

ZoL 8(%%) (3) 

The constraint factor tZg is taken from a fit developed by Newman for one-dimensional 

crack models: 

it s -0.95 K~x 
Ctg --- 1.15 + 1.4e ~ (4) 

For two-dimensional cases, limit values of 1.15 or 2.55 are used for tXg ,depending on 
whether the crack tip is at the free surface (plane stress) or is buried (plane strain). 

An underload (i,e., a compressive or tensile load that is lower than the previous minimum 
load subsequent to the last overload cycle) can reduce such retardation. The stress ratio Ru = 
SvL/Sm~ ~ (the ratio of current underload stress to overload stress) is used to adjust the factor d~, 
which is now given by 

( ;t r = 2.523r / 1.0 + 3.5(.25- Ru , Ru < 0.25 (5) 

The factor ~ is set equal to 1 ifRu -> 0.25. The parameter ~b0 is the value of~  for Ru = 0 and 
is the free parameter in the model. 

MGW calculations were conducted to determine the optimum value of  d~0 for each test (the 
value of d~0 for which A/P ~ 1.0). These MGW results for the TD and FR histories are 
summarized in Table 3. The optimum value of dp0 for the 7475 tests was reasonably consistent, 
since these test lives were consistently about 2 times longer than NI predictions. In the 2124 
tests, however, a substantially different value of dp0 was required to fit the TD and FR tests, and 
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the value of ~)0 for the FR tests (0.10) was significantly lower than typical values for this 
parameter. The MGW approach was completely unsuccessful in predicting the CD test results, 
giving results scarcely better than NI predictions, even for extreme values of ~bo. This failure 
should not be surprising, because the MGW method was never intended to address such severe 
compressive loading. 

TABLE 3 Summary of optimized r values for MGW load interaction model. 

..... S_p_~c!_men . . . . . . .  _Mat_e_r!a.L - S p_ect rum_____M_a_xSF_es~ ( ~ a ) _ _ O p t i m u m ~  z ...... 

2-3 2124 TD 154.6 0.28 
2-9 2124 TD 154.6 0.30 
2-11 2124 TD 154.6 0.37 
2-7 2124 TD 137.9 0.24 
2-4 2124 FR 154.6 0.11 
2-10 2124 FR 154.6 0.10 
7-1 7475 TD 154.6 0.42 
7-9 7475 TD 154.6 0.38 
7-2 7475 TD 137.9 0.36 
7-7 7475 TD 137.9 0.36 
7-6 7475 FR 154.6 0.35 
7-10 7475 FR 154.6 0.38 

FASTRAN Efficiency Studies 

The added computational effort of  calculating Sopen can substantially increase the computer 
time required to perform an FCG life analysis, and this may be unacceptable in some engineering 
environments. Therefore, it is highly desirable to find ways to decrease the total run time 
without degrading the accuracy of the results. The FASTRAN program itself offers some 
options toward this goal. In one option, an average Sopen for the entire spectrum is calculated 
from a few early passes through the spectrum, and this average Sor~n is then applied to all 
remaining passes through the spectrum. However, this option was not investigated in the current 
work, because it sacrifices the fidelity of the closure response to the cycle-by-cycle load 
spectrum as the crack grows. This study investigated two model parameters--one in the existing 
model, another created for this study--that  directly influence execution time and model 
accuracy. 

Cycle Count for Closure Updating--During crack growth, the crack opening stress in 
FASTRAN is held constant for a certain amount of crack extension, Ac*, where Ac* is set at 
20% of the approximate cyclic plastic zone size based on the current maximum and minimum 
applied stress. However, a new value of Sopen is calculated and applied when the cycles needed 
to create Ac* exceed NMAX. The value of NMAX is fixed at 1000 in the FASTRAN source 
code. I fNMAX is changed to 1, then Sope~ is recalculated on every cycle. This will be the most 
accurate approach, but at a considerable computational cost. 

A series of investigations was conducted to determine the optimum value of NMAX (the 
largest value--for  s p e e d i t h a t  still gives acceptable accuracy relative to the NMAX = 1 life) for 
the TD and FR spectra. Figure 4 shows the predicted life and the percent deviation from the 
NMAX = 1 prediction for each NMAX value for a specific TD history. Note that NMAX = 
1000 can introduce errors of 10 15 % in calculated life. For the TD simulation shown here, 
NMAX = 30 gave a nearly identical prediction to NMAX = 1, and any NMAX smaller than 
about 60 gave an answer within + 5 % of the NMAX = 1 life. For an FR simulation not shown 
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here, NMAX = 60 gave the same result as NMAX = 1, and any NMAX value smaller than 100 
gave an answer within 5 % of the NMAX -- 1 life. Other studies indicated similar results. As a 
general rule, NMAX values around 10 to 30 gave accurate predictions for TD histories, and 
NMAX values on the order of 100 gave accurate predictions for FR histories. The TD 
simulations in the remainder of this report used NMAX = 25, while the FR simulations used 
NMAX = 60. 

FIG. 4 Effect of NMAX on calculated life for representative TD history. 

Filtering Parameter--The very nature of the crack closure model for FCG suggests 
additional opportunities to reduce computational time. The closure model assumes that crack 
growth is a function of the effective stress intensity factor, AKeff. Therefore, any cycle in which 
the maximum stress is less than the current Sopen (i.e., AKeff = 0) will not cause crack growth. 
However, cycles in which AK~ff = 0 may still influence the crack growth behavior, if their 
minimum load influences the plastic wake. This could be the case, for example, if a cycle 
contained a large compressive stress. Even though that particular cycle might have a small 
maximum stress and therefore cause no immediate crack growth, the large compressive stress 
could substantially decrease the plastic wake and therefore increase the damage caused by 
subsequent cycles. 

This logic implies two simple tests to determine if a given cycle will contribute to crack 
growth in any way. The first test is whether the maximum stress of the given cycle is greater 
than the current Sop~n. The second test is whether the minimum stress of the given cycle is lower 
than the minimum stress of the last cycle that did cause crack growth. If neither test is positive, 
then the cycle is theoretically non-damaging. If the cycle is non-damaging, then it should be 
possible to remove the cycle entirely from that particular pass through the spectrum without 
changing the damage calculation. Removing the cycle from the computation, however, should 
reduce the computation time. 
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The FASTRAN source code was modified to implement and test this hypothesis. Cycles 
were ignored if, and only if: (a) the maximum stress in the cycle was less than a specified 
fraction of the current Sopen, and (b) the minimum stress in the cycle was algebraically larger than 
the minimum stress in the last cycle that was not ignored. The "fraction" in condition (a) was 
included as a means of preventing errors introduced by minor inaccuracies in the crack opening 
computation. A parameter "SopFrac" was introduced to characterize this fraction. 

The results indicated that SopFrac values as high as 1.0 generally had only a minor effect--  
one or two percent---on calculated lives. This confirms the fundamental hypothesis, at least 
analytically. The total execution time for FASTRAN was almost directly proportional to the 
number of cycles considered, so if 30 % of the cycles were ignored, then the execution time was 
reduced by approximately 30 %. 

While the analytical confirmation of the filtering hypothesis is reassuring, it is also 
possible--and more important--to confirm the hypothesis experimentally. In order to perform 
this investigation, FASTRAN was further modified so that a filtered spectrum, based on the 
analytical conditions outlined above, could be written to a file. This edited spectrum could then 
be employed to perform a new crack growth experiment, and the results compared with 
experiments employing the full (unedited) spectrum. Although the total number of cycles to 
failure would be different, the total number of flights should be the same for both edited and 
unedited spectra. A special provision in the filtering routines ensured that at least one cycle was 
retained from each flight, so that the total number of flights in one pass through the spectrum 
remained the same. 

For practical reasons, only a single pass of the spectrum was written to a file. Since crack 
opening levels can change slightly from pass to pass as the crack grows, it is important to choose 
a representative pass through the spectrum. A spectrum pass at about one-third of the total FCG 
life was chosen. Since crack opening stresses generally increase slowly as the crack grows, this 
was conservative relative to the total life. 

The experimental investigation of this spectrum editing concept was limited to the FR 
spectrum, since FR editing removed a considerably larger fraction of cycles than TD editing, and 
the CD spectra introduced additional complications (discussed later). For the FR history, the 
spectrum editing removed about 30 % of  the cycles. Note that the spectra as provided to SwRI 
had already been truncated heavily by Lockheed Martin--eliminating more than 80 % of the 
smallest cycles--to reduce test time. Therefore, it is even more significant that an additional 
30% of the cycles could be removed without substantially changing the damage content of  the 
spectrum. 

A single edited-FR test was conducted on each material, and the results were compared with 
the original test results for the unedited spectrum (two tests had been conducted for each material 
with the original spectrum). The spectrum scaling remained the same for both edited and 
unedited spectra. Sample results for 2124 are shown in Fig. 5. For both materials, the FCG 
behavior for the edited spectrum was very similar to the FCG behavior for the unedited 
spectrum----exactly as had been predicted. 
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FIG. 5 Comparison of experimentally determined crack growth in 2124 for edited and 
unedited FR spectra. 

The crack closure model appears to provide a physically-meaningful method to identify the 
damage content of each cycle and, in particular, a physically-meaningful method to identify and 
truncate non-damaging cycles. Of course, the extremely limited experimental study of this issue 
conducted here is not conclusive evidence that the closure filtering approach is correct. 
Nevertheless, the concept appears to have considerable promise. Many other spectrum editing 
techniques are highly empirical in nature and do not consider the physical basis for the damage 
contribution of each cycle. 

FASTRAN Life Prediction Results 

Tension-Dominated and Fully-Reversed Spectra--The FASTRAN model was first exercised 
to determine the optimum tx values for each individual test (i.e., that would most closely predict 
the total number of experimental cycles to failure). Alpha was constrained to remain constant 
throughout the entire test, which was a reasonable assumption for the thick specimens employed. 
The filtering parameter SopFrac = 0.8 was held constant for all TD and FR tests. 

A summary of  the optimum c~ values thus determined is provided in Table 4. The optimum 
alpha is reasonably similar for each material, but slightly different from material to material. 
The average cz for 2124 was 2.04, not including test 2-11, which was an experimental outlier (in 
comparison to the two nominally identical tests 2-3 and 2-9). This ct was quite consistent for 
both TD and FR histories. The average ~ for 7475 was 1.65, with some minor layering between 
TD and FR histories. 

The real test of a life prediction model is not whether each test can be fit precisely by 
adjusting a free parameter, but whether a single value of the free parameter gives accurate 
predictions of the entire data set. Therefore, the average ct for each material was used to predict 
the life of all tests. The results are shown in Table 5, again in terms of cycles to failure. The 
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average ct = 2.04 predicted all 2124 test lives within 10 %, except for the single outlier test 2-11. 

The average ct = 1.65 predicted all 7475 test lives within 22 %, and all tests except one within 
15%. In comparison, the normal test-to-test experimental variability among nominally identical 
tests was on the order of  10 %. 

TABLE 4 Summary of optimized alpha values for FASTRAN load interaction model. 

Specimen Mater ia l  Spectrum Max Stress(MPa) O p t i m u m ~  
2-3 2124 TD 154.6 1.99 
2-9 2124 TD 154.6 1.94 
2-11 2124 TD 154.6 1.77 
2-7 2124 TD 137.9 2.16 
2-4 2124 FR 154.6 2.01 
2-10 2124 FR 154.6 2.10 
2-8 2 1 2 4  FR-mod 154.6 2.06 
7-1 7475 TD 154.6 1.68 
7-9 7475 TD 154.6 1.77 
7-2 7475 TD 137.9 1.86 
7-7 7475 TD 137.9 1.82 
7-6 7475 FR 154.6 1.46 
7-10 7475 FR 154.6 1.39 
7-8 7475  FR-mod 154.6 1.60 

TABLE 5 Summary of FASTRAN TD and FR predictions with average alpha values 
(ct = 2.04for2024, ct = 1.65for 7475). 

Specimen Material Spe~rum Max Stress(MPa) Actual Li~ Predicted Li~ A/P 
2-3 2124 TD 154.6 729454 697336 1.05 
2-9 2124 TD 154.6 679257 625625 1.09 
2-1I 2124 TD 154.6 838470 669751 1.25 
2-7 2124 TD 137.9 938233 1032364 0.91 
average 1.07 
2-4 2124 FR 154.6 1456898 1477005 0.99 
2-10 2124 FR 154.6 1367814 1448325 0.94 
2-8 2124 FR-mod 154.6 1433715 1474020 0.97 

_.~ve[ag~ 0.97 
7-1 7475 TD 154.6 
7-9 7475 TD 154.6 
7-2 7475 TD 137.9 
7-7 7475 TD 137.9 
average 
7-6 7475 FR 154.6 
7-10 7475 FR 154.6 
7-8 7475 FR-mod 154.6 

average 

736807 746555 0.99 
683289 751898 0.91 
980000 1163090 0.84 
937958 1099491 0.85 

0.90 
1813157 1590829 1.14 
1941968 1597711 1.22 
1684250 1650321 1.02 

1.13 

Compression-Dominated Spectrum--Initial attempts to predict the life o f  the CD spectrum 

tests with FASTRAN were unsuccessful. Even ,with ct set to its highest theoretical value (3.0), 
the experimental FCG for the 2124 tests was faster than could be predicted by FASTRAN. The 

7475 test lives could be predicted successfully, but only with significantly higher values of  tx 
than were needed for the TD and FR histories. However, the advantage of  the closure-based 
methods is that the calculations have a meaningful physical basis, and this facilitated more 
detailed investigations in search of  explanations and improvements in the method. 
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An investigation of the CD tests revealed that the errors appeared to be related to the failure 
of the FASTRAN model to predict the growth rates (at the a-tip) of the crack growing across the 
bore. Figure 6 shows the experimental crack growth data and the FASTRAN predictions (using 
an abnormally high e 0 for both the crack length (the c-tip) and crack width (the a-tip). In 
comparison, the FASTRAN model was more successful in predicting the growth rates of the 
crack growing across the bore for the TD (see Fig. 7) and FR histories, although the FR 
predictions exhibited some mild inaccuracies in the bore that foreshadowed the more severe 
problems exhibited by the CD predictions. 

FIG. 6 Comparison of experimental data and original FASTRAN model for crack length 
and width under compression-dominated spectrum. 

FIG. 7 Comparison of experimental data and FASTRAN model for crack length and width 
under tension-dominated spectrum. 
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The reasons for this discrepancy may be related to the one-dimensional nature of the 
FASTRAN model and the effects of stress level and stress ratio on crack closure. The 
FASTRAN model calculates crack opening behavior for the surface crack tip, which is growing 
away from the root of the hole, and assumes that opening behavior at the bore crack tip is 
identical. However, the bore crack tip, growing along the root of the hole, is growing in a local 
stress field roughly equal to KtS, where Kt is the stress concentration factor, and S is the far-field 
stress. The surface crack tip is growing in a steadily declining stress field that eventually 
approaches the nominal stress S. Therefore, the bore crack tip is growing in a substantially 
higher local stress field than the surface crack tip. 

The nominal applied stresses are known to influence crack opening behavior. Figure 8 
summarizes the Newman closure equations [7] for a center-cracked tension specimen under 
nominal plane strain (ct = 1.73) conditions. At higher stress ratios, the effect of the normalized 
maximum applied stress (Smax/O'0) on normalized crack opening stresses (Sopen/Smax) is mild. 
However, the effect of maximum stress on opening stress is much more pronounced at lower 
stress ratios. In comparison, the FASTRAN model did a reasonably good job of describing FCG 
at both the bore and surface tips for the TD history, where nominal stress ratios are zero to 
positive; a fair job for the FR history, where the nominal stress ratio of  the overall spectrum was 
R = -1, and a poor job for the CD spectrum, where the nominal stress ratio was approximately R 
= -2. This is consistent with Fig. 8: the differences in closure behavior between the bore and 
surface tips due to maximum stress effects appear to be mild for high R and significant for low R. 

0.8 
Newman closure equations 
constraint: ot = 1.73 

0.6 

0.4 

o 0.0 . . . . . . . . . . . . . . . . . . . . . . . . . .  
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FIG. 8 Effect o f  normalized maximum stress on normalized crack opening stress, as 
predicted by the Newman closure equations [7]. 

In order to explore this concept further, additional modifications were made to the 
FASTRAN code. As a first approximation to addressing the potential differences in closure 
behavior between bore and surface locations, Sopen for the bore location was made a user input 
(denoted SOA). This value was taken as constant throughout the entire history, an obvious 
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simplification, but not unreasonable since the calculated Sopen at the surface tip was a relatively 
constant value for the CD history. The SOA value was selected from theoretical considerations: 
FASTRAN was used to analyze a comer crack in a plate with no hole growing under CD 
spectrum loading scaled up by a factor of 3 (corresponding to the local Kt = 3 in the original hole 
geometry), and the resulting average Sopen was calculated. The SopFrac cycle filtering feature 
was turned off in all CD analyses, because it would no longer be possible to determine which 
cycles should be ignored based on the calculated surface-tip opening behavior alone. The results 
of this approach are illustrated in Fig. 9, which demonstrates improvement in the prediction of 
bore crack growth (here using the average optimum c~ from the 7475 FR analyses). 

FIG. 9 Comparison of experimental data and modified FASTRAN model for crack length 
and width under compression-dominated spectrum. 

In order to assess the suitability of this approach for practical life prediction, another set of 
genuinely predictive simulations was conducted in which no parameters were allowed to remain 
free. The c~ value for each material was chosen as the average optimum cc value from the TD 
and FR tests (2.04 for the 2124 and 1.65 for the 7475). SOA was chosen as -1.85 ksi (-12.75 
MPa) based on the FASTRAN analyses cited earlier. The resulting predictions are summarized 
in Table 6. The quality of  the predictions is not quite as good as for the TD and FR tests, but it is 
still reasonable. All test lives were predicted within 25 %, and three of the four tests were 
predicted within 18 %. 

Questions do remain. The K~S approach is not entirely satisfying because it neglects the 
constraining effects of the elastic structure farther away from the hole. Furthermore, although 
the bore tip and surface tip closure behavior will not be identical, they will likely have some 
influence on each other and should not be treated as totally independent. Further study is needed 
to evaluate complex, three-dimensional effects on crack closure near stress concentrations. 
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Nevertheless, this study appears beneficial because it is focused on the actual physical 
mechanisms influencing crack growth. 

Table 6 Summary of modified FASTRAN predictions for CD tests. 

_~pecimen M~erial Spectrum A~ha Actual Li~ Predicted Life A/P 
2-2 2124 CD 2.04 2769960 3688530 0.75 
2-12 2124 CD 2.04 3296415 3830407 0.86 

7-4 7475 CD 1.65 3319754 3016738 1.10 
7-5 7475 CD 1.65 3419063 2905840 1.18 

Of course, no definitive conclusions should be derived from the limited CD data set. The 
four tests represent only a single spectrum and a single stress level, and the tests exhibit 
somewhat greater scatter among themselves than the TD and FR tests did. Other factors may 
also need to be considered, including the effects of cracking at the other side of the hole, the 
effects of mild compressive yielding at the bore of the hole, and potential inaccuracies in the K 
solution for corner cracks with high a/c ratios. Nevertheless, these initial results are encouraging 
and suggest that the modified FASTRAN approach may give acceptable engineering accuracy 
for a wide range of spectrum types. 

Comparisons of Different Crack Growth Models 

It is useful to perform a final comparison of all three models considered here (Non- 
Interaction, Modified Generalized Willenborg, and Strip Yield) on all three spectrum types. In 
order to perform a fair and meaningful comparison, the average value of ~0 in the MGW model 
was first determined based on all TD and FR tests, as done earlier for the value o f ~  in the strip 
yield model. The final predictions for all three spectrum types (TD, FR, and CD) employed the 
average free parameter value thus obtained. The results highlight the ability (or lack thereof) of 
each model to address different spectrum types. 

Comparisons of the N1, MGW, and Strip Yield models for a representative TD test on each 
material are shown in Fig. 10. The NI predictions were conservative by 50 80 %. The MGW 
and FASTRAN strip yield models gave comparable accuracy. 

Comparisons for a representative FR test on each material are shown in Fig. 11. The NI 
model was accurate for the 2124 test but highly conservative for the 7475 test. The MGW model 
was accurate for the 7475 test but 30 % non-conservative for the 2124 test. The FASTRAN 
strip-yield model was reasonably accurate for both materials. 

Comparisons of the NI, MGW, and enhanced Strip Yield predictions for a representative CD 
test on each material are shown in Fig. 12. The Non-Interaction and MGW models were highly 
non-conservative for both materials. The FASTRAN strip yield model, enhanced as described 
earlier, but employing the same ~ value as the TD and FR analyses, gave accurate predictions for 
both materials. 
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FIG, 10 Comparison of load interaction models for tension-dominated spectrum." 2124- 
T851 (top)," 7475-T7351 (bottom). 
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FIG. 11 Comparison of load interaction models for fully-reversed spectrum." 2124-T851 
(top), 7475-T7351 (bottom). 
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FIG. 12 Comparison of load interaction models for compression-dominated spectrum. 
2124-T851 (top); 7475-T7351 (bottom), 
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Discussion 

Conventional load interaction models have at least two substantial limitations. First of all, 
the free parameter in most models has little or no physical meaning, and there is no means to 
select the optimum value of the parameter prior to performing the analysis of a particular 
problem. Once the test results are known, it is usually possible to calibrate the empirical model 
to match the test results reasonably well, especially for TD spectra. 

The second major limitation of conventional load interaction models is that they have 
generally been developed to address TD histories. Although some models have been extended to 
address occasional compressive excursions, they are generally not able to handle substantial 
compressive content in the spectrum, as in FR or CD spectra. 

The goal of a load interaction model should be to address both limitations: first, it should be 
possible to select any free parameter a p r i o r i  to give accurate predictions without knowing the 
results in advance, and second, it should be applicable to a variety of spectrum types, including 
those with significant compressive loading. 

Crack closure models have the potential to solve both of these problems, and the 
investigations reported here have shown success on both fronts. In particular, the enhanced strip 
yield models investigated demonstrated their ability to predict TD, FR, and CD spectra to 
acceptable accuracy with a single, common set of model parameters. 

However, it is important to be realistic about the challenges of selecting the free parameter 
completely a prior i .  As noted earlier, there are many sources of potential error in any FCG 
analysis. The baseline material properties may not be matched perfectly to the spectrum 
application, due to slight differences in material condition or inaccuracies in the experiments 
(baseline or spectrum) themselves. The K solutions may be slightly inaccurate, or the crack 
geometry idealizations may be slightly inaccurate in comparison to the actual geometry. 
Complexities of  crack growth such as transitioning may not be handled accurately. Other issues, 
such as residual stresses, may not be addressed adequately by the available models. In reality, all 
of these factors are likely to introduce some error into the analysis process. And even small 
errors can multiply quickly--for example, a 4 % error in K alone can easily produce a 15 20 % 
error in life following the crack growth integration, assuming a typical Paris slope. 

When the spectrum crack growth calculation is performed, the free parameter in the load 
interaction model is typically the only adjustment available to fit the experimental observations. 
This means that the free parameter must not only address the load interaction effects, but also 
must compensate for any and all other sources of error in the life prediction system. The load 
interaction parameter ultimately can become a knob that is turned to make the predicted life 
longer or shorter, to match the test life. 

Even a perfect load interaction model will suffer from some of the same limitations. Ideally, 
the load interaction model itself will be accurate and robust. And ideally, other sources of error 
in the life prediction system can be reduced, or at least understood through experience. 
However, it is unlikely that any load interaction model will permit completely blind, highly 
accurate life predictions. The challenge is to develop load interaction models that are 
sufficiently robust and to calibrate those models through select experience, so that they can be 
applied to new problems with little or no additional calibration and can still give acceptably 
accurate answers. Based on the limited experience in this study, the strip yield closure models 
have the potential to meet these specifications. 
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Summary and Conclusions 

1. An exploratory spectrum fatigue crack growth test program was conducted on two 
materials (2124-T851 and 7475-T7351) and three spectrum types--nominally tension- 
dominated (TD), fully-reversed (FR), and compression-dominated (CD). 

2. Conventional FCG models were unsuccessful at describing observed behavior. Non- 
interaction models were highly conservative for the TD spectrum, highly non- 
conservative for the CD spectrum, and accurate or conservative for the FR spectrum. A 
Modified Generalized Willenborg model made reasonable predictions of the TD tests and 
some FR tests, but it required extreme values of the free parameter to fit other FR tests 
and was completely unable to predict the CD tests. 

3. The FASTRAN parameter NMAX, which sets the maximum number of cycles before the 
closure calculation is updated, should be set to a lower number than usually specified in 
the code in order to preserve the accuracy of the answer. 

4. A new method of improving the speed of FASTRAN calculations was developed. Each 
cycle in the spectrum is evaluated on each pass to determine if it will open the fatigue 
crack or change the plastic wake behind the crack. If  the cycle does neither, then it is 
removed from the spectrum on that particular pass. The resulting decrease in execution 
time is roughly proportional to the percentage of cycles thus censored. 

5. This computational exercise also suggests a novel method for spectrum editing by 
identifying non-damaging cycles, based on crack closure theory, and removing them 
from the spectrum. Two exploratory tests in which 30 % of the cycles were removed 
from a spectrum that had already been heavily edited gave results consistent with the 
theory--no significant changes in FCG were observed in comparison to tests with the 
original spectrum. Further work is required to evaluate the theory more rigorously. 

6. The original FASTRAN model was successful in correlating FCG lives from both TD 
and FR tests in both materials. A single value of the (only) free parameter c~, optimized 
for each material, predicted FCG lives within +_ 15 % for nearly all tests. In comparison, 
normal test-to-test experimental scatter was on the order of 10 %. 

7. The original FASTRAN model did not successfully predict crack growth in the CD tests, 
because it substantially under-predicted FCG rates across the bore of the hole. 
FASTRAN was modified so that the crack opening behavior at the bore tip was estimated 
from a separate FASTRAN analysis, rather than being set equal to the crack opening 
behavior at the surface tip as in the conventional FASTRAN approach. The modified 
FASTRAN model was successful at predicting the FCG lives of the CD tests within 
+25% for all tests, despite greater-than-usual scatter in the limited experimental data. 
These predictions employed the optimum ct values for each material from the TD and FR 
analyses, and hence did not contain a free parameter. 
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Multi-Mechanism Synergy in Variable-Amplitude Fatigue 

ABSTRACT: Fractographic studies on AI alloys and a nickel-base super-alloy point to the combined 
action of three major load-interaction mechanisms in controlling crack growth under variable-amplitude 
loading. These are crack closure, residual stress, and crack front incompatibility. Crack front 
incompatibility attenuates crack tip response to applied load and can also increase crack closure stress. 
Notch root residual stress affects crack closure, while crack tip residual stress moderates environment- 
enhanced fatigue crack extension. The latter effect disappears in vacuum. Experiments designed to isolate 
the effect of individual mechanisms provide a framework to model their synergistic action, consistent 
with microscopic observations of crack growth bands in variable amplitude fatigue. 

KEYWORDS: crack growth mechanisms, thresholds, residual stress effect, crack closure, crack front 
incompatibility 

Introduction 

Several load interaction mechanisms together determine crack growth under variable 
amplitude loading [1]. Significant among these are fatigue crack closure [2], residual stress in the 
overload plastic zone [3,4], and crack front incompatibility [5]. Realistic modeling requires 
analytical, or at least correlative, representation of  the quantitative effect of  each of  these 
mechanisms. However, none o f  the predictive models described in the literature addresses the 
question of  multi-mechanism synergy in variable-amplitude fatigue. 

Early residual stress based models proposed by Wheeler [3] and Willenborg [4] continue to 
be used widely. The models assume increased resistance to fatigue through compressive residual 
stress, as reflected by an empirically determined retardation constant that attenuates growth rate. 
Both models are correlative by nature: crack growth rate is corrected by a retardation factor 
given by baseline to overload plastic zone ratio, raised to an empirically determined exponent. 
An exponent, selected to suit available experimental data on overload effects, may then be used 
to make predictions. Both of  these models fail to explain possible acceleration as well as delayed 
retardation after overloads. 

Unlike the strictly correlative models that precede it, the crack closure mechanism lends itself 
to analytical modeling [6 10]. Closure models operate on the premise that retardation and 
acceleration in crack growth are uniquely associated with a change in effective stress intensity 
determined in turn by crack opening stress. Thus, increased crack opening stress after an 
overload will cut off  a greater part of  subsequent baseline loading, leading to retarded crack 
growth. 
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More recently, a parameter called KpR (for K-propagation) was proposed as a load-history 
sensitive variable that determines a fraction of  the applied load cycle, which will grow the crack 
[ 11 ]. KpR is determined empirically by cycling at threshold stress intensity range at progressively 
increasing mean level in order to pinpoint a stress intensity above which fatigue crack extension 
occurs. The authors point out significant differences between KpR and closure approach. KpR 
always exceeds closure stress, explained by the rationale that, at the instant the crack opens, near 
tip stresses still will he compressive and therefore will not contribute to crack growth. Further, 
unlike crack closure, KpR is shown to increase instantaneously after a tensile overload, and the 
authors attribute this to the immediate development of protective compressive residual stresses at 
the crack-tip. 

KpR is associated with both constant amplitude and variable amplitude fatigue, and it may be 
determined in a reproducible manner using a well-defined process. Further, it explains both 
acceleration as well as retardation. Transient KpR behavior after single and multiple overloads is 
modeled through empirical correlation of measured KpR values in such experiments [12]. 

KpR conceptually relies on the assumption that threshold stress intensity, Kth, is an 
independent material constant. The well-known sensitivity of Kth to a number of factors 
including load history appears to question this premise [13,14]. 

The inadequacy of available prediction models lies in their inevitable exaggeration of the 
effect of a single load interaction mechanism for success in accounting for observed crack 
growth retardation. The motivation for this study stems from the multi-mechanism nature of load 
interaction effects and the need for their study in isolation as a step toward synergistic modeling. 

The next section explains experiments that enabled fractographic study of three major load 
interaction mechanisms in relative isolation. This is followed by a description of fractographic 
observations. The paper concludes with a framework for modeling multi-mechanism synergy 
that may serve future developments in fatigue life prediction. 

Experimental Procedure 

Mechanism isolation was the primary objective of  our fractographic studies. Specially 
designed programmed load sequences were applied to highlight the action of individual 
mechanisms. While none of  these sequences may be similar to those seen in reaMife situations, 
they provide a unique opportunity for fractographic assessment of how individual mechanisms 
may induce load interaction. 

A load sequence with constant Smax and varying Smin is not likely to see any closure-induced 
load interaction effect. If, on the other hand, a sequence is designed to have cycles of equal range 
but varying maximum stress, it will potentially see at least two load interaction effects, crack 
closure and residual stress. If  the stress ratio of  all of these cycles is kept above a certain level, 
they are all likely to see a fully open crack, thereby eliminating crack closure as a potential load 
interaction mechanism. The primary cause of crack front incompatibility is mechanism change 
due to substantial change in crack driving force. Crack extension mechanism is known to change 
as growth rate moves from one broad bandwidth to another. Therefore, the effect will be seen if 
the growth rate distribution among cycles is such that they tend to spill onto the next mechanism 
bandwidth. These considerations formed the basis for our interpretation of fractographic 
evidence. 

The focus of our study was near-threshold fatigue. This region is significant because it 
controls durability. It also happens to be the most sensitive to load history effects. Unfortunately, 
near-threshold fatigue is not conducive to conventional electron fractography based on striation 
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measurement. Striations typically form in the growth range of 10 -4 to 10 -2 mm/cycle. Even 
though electron microscopy can resolve much smaller dimensions, other morphological features 
overshadow the relatively "shallow" growth marks. To overcome this problem, microscopic 
banding was used, whereby many cycles are embedded between marker cycles. While neither of 
these may form discernible striations on its own, transition from one to another leads to clearly 
visible striation-band patterns. This technique permits fractographic observation of growth rates 
as low as 10 -8 mm/cycle 4. 

While markers enforce discernible crack front marks on the fracture surface, they can also 
grow the crack, apart from influencing the fatigue process itself. To reduce these effects, marker 
load cycles were Hi-range, Lo-R to reduce or avoid altogether any overload effect. 

Crack Closure Measurements 

Crack closure measurements were made using the "Closure" sequence shown in Fig. 1 
adapted from the one described in [15]. It is based on the premise that under a repetitive load 
sequence causing negligible crack extension by comparison to plastic zone size, crack opening 
stress, Sop, will be constant and determined by the extreme loads in the sequence. Then, given Sop 
= Const, and Sm~x = Const, cyclic crack extension will be identical for those cycles with Smin <= 
Sop. Equally-spaced marker band count in the Closure sequence cannot be attributed to any other 
known phenomenon 5. 

The original method was based on striation spacing from individual cycles as shown in Fig. 
la.  This was extended to near-threshold fatigue by incorporating multi-cycle blocks with marker 
loads as shown in Fig. lb. A typical fractograph from a IN-100 C(T) specimen tested at elevated 
temperature under this load sequence appears in Fig. lc. The five equally spaced striation bands 
covered by the thick line on the figure point to an Sop/Smax value of 22.5 % as indicated- by the 
dotted line covering the first five load steps in Fig. lb. 

Closure-Free Load Interaction 

Closure-free load interaction was studied using the "3-R" sequence described in Fig. 2a. It 
includes three steps of equal amplitude and cycle count with marginally varying stress ratio 
(0.73, 0.69, and 0.65). Known load interaction mechanisms such as closure cannot explain load 
interaction effects at Hi-R with such marginal variation of R. The markers effectively preclude 
closure in the Hi-R steps as confirmed by independent measurements through fractography and 
laser interferometry [20]. The dotted line indicates expected Sop from the marker cycles. 

Large cycle steps interspersed with markers enabled the use of fractography to investigate 
near- and sub-threshold fatigue crack growth, including crack formation. Marker cycle count is 
controlled to cause sufficient growth to "mark," but at the same contribute less than 10 % of total 
growth. Marker spacing may thus serve as a measure of crack growth during Hi-R cycles. In 
order to reduce transients, Hi-R step cycle count is selected to ensure that marker spacing is only 
a fraction of plastic zone size. 

Figure 2b shows a typical fractograph from a 2014-T6511 notched coupon tested to failure 
under repeated application of the load sequence shown in Fig. 2a. It shows well defined sets of 

4 The development of appropriate markers involved iterative experiments. Different marker types had to be 
developed for Al-alloys, Ti-alloy, and nickel-base super-alloy. Details of these sequences appear elsewhere [16 19]. 
5 In particular, given the power relationship between AK and crack growth rate. 
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three bands, with the widest one in each set obviously corresponding to the R = 0.73 step. Crack 
growth in this step is about three times greater than the extension due to the third step at R = 
0.64. Note also that highest growth rates seen at bottom right are of the order of  5 x 10 -7 
mm/cycle. Striations from individual cycles cannot be resolved at this growth rate. 

Crack Front Incompatibility 

At certain growth rates under 3-R loading, the difference in magnitude between marker and 
baseline cycles causes visible mechanism change. Fractographs of such regions provide evidence 
of microscopic crack front incompatibility. 

In addition, a variation of the 3-R sequence was used in experiments on Ni-base super-alloy 
at elevated temperature. A dwell period was included at max load to induce sustained load 
cracking in air and blunting in vacuum. The goal of these experiments was to examine the effect 
of  transition from trans-granular to inter-granular mode, which constitutes a microstructure- 
induced CFI mechanism. 

FIG. 1 (a) Load sequence originally proposed for fractographic measurement 
of  crack closure. When applied repetitively, crack opening stress will be determined 
by the extreme loads. For cycles with Stain < = Sop, striations will be equally spaced. 
Their count is a measure of Sow (b) Load sequence in (a) modified for use under 
conditions where striations from individual cycles may not be visible. (c) Typical 
fractograph from IN-IO0 at elevated temperature with load sequence in (b) on C(T) 
specimen. Five equally-spaced striations shown by bar correspond to Soo/Sraax = 
22. 5 %. Several experiments on Al-alloys yielded similar results. 
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FIG. 2 (a) Typical 3R load sequence used in near-threshold experiments to isolate 
closure-unrelated load interaction effects. Stain at the lowest R is pegged at 0.466 o f  highest 
stress (or at about twice the expected Sop) to ensure a fully open crack at all three Rs. 
Further, the Lo-R markers in between are also expected to "beat down" closure level. (b) 
Typical marker bands from the 3R sequence about 15 microns away f rom the crack 

. . . .  • 6 formatton stte at top left. Crack growth rate at highest R ts about 0.5 10- mm/cycle, 
while at the lowest R, it is about 10 -7 ram/cycle. The approximately 1:5 retardation is 
remarkable, considering a fully open crack and marginal R-ratio change from O. 73 down to 
0.64. A 1:10 retardation was observed over the same R-change on IN-IO0 nickel-base 
super-alloy tested at elevated temperature. 

In a few experiments, the Closure and 3-R sequences were combined in order to confirm 
assumptions regarding the fatigue crack being fully open in the 3-R programs. In all experiments, 
the sequences were repeated to failure under test frequency ranging from 2 20 Hz depending on 
cycle magnitude. Fatigue kinetics were measured on the fatigue fracture surface using a high- 
resolution scanning electron microscope with digital imaging. 

The tests were performed on two Al-alloys (2014-T6511 and 2024-T351), Ti-6AI-4V C(T), 
and IN-100 nickel-base super-alloy [16 19]. The Al-alloy tests included notched coupons to 
examine natural crack formation and early crack growth. Some tests on Al-alloy and Ni-base 
super-alloy were repeated in vacuum. Baseline step size and marker cycles required modification 
in a few experiments. Thus, vacuum test step size was increased from 2000 5000 cycles to 
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accommodate reduced growth rates, and IN-100 experiments used Lo-R high-cycle markers to 
adapt to material-sensitive fracture morphology. Also, the elevated temperature IN-100 
experiments used only two R-steps to simplify fractography. 

Fraetographic Observations 

Long Crack Closure 

Under near-zero applied stress ratio, long crack closure level, Sop/Sm~, is between 0.2 and 
0.3, where Smax is the highest stress in the load program. The same observations were made on 
2024 and 2014 Al-alloys as well as in IN-100 nickel-base super-alloy at 482~ This includes 
near-threshold conditions with growth rates down to and below 104 ram/cycle. In the materials 
studied, our measurements discount the possibility of near-threshold behavior being related to 
increasing closure levels. Other authors also question exaggerated closure levels at threshold 
[14]. 

Analytical modeling assumes Sop/Smax to be closely related to the so-called constraint factor 
associated with plane strain conditions [10]. Sop/Sm~ is assumed to increase substantially with 
transition from plane strain to plane stress conditions. 

A flat fracture surface is associated with plane strain, and the formation of shear lips is 
associated with transition to plane stress. Fractographic evidence does indicate increase in 
Sop/Smax close to the surface as opposed to the mid-thickness region [15]. However, the increase 
is only marginal being of the order of about l0 % of Smax. Further, we were unable to obtain 
fractographic evidence suggesting an increase in closure levels with switch from normal to 
inclined mode of fatigue crack growth. This applies to "stable" conditions as opposed to local 
mode change that can occur in the event of a single overload. 

Sop/Smax can increase considerably in the event of intense local crack front incompatibility, 
which essentially imposes local mixed-mode cracking. An example of such a possibility appears 
in Fig. 3 where striation bands in neighboring grains indicate substantial grain-to-grain variation 
in Sop/Smax across the crack front. This fracture was obtained under the 3-R load sequence, where 
closure is not expected, as supported by the evidence at top left, showing equally spaced bands as 
was the case all over the fracture surface. The bottom right region shows two equally spaced 
bands while the third one is substantially narrow. Judging from the load levels indicated in Fig. 2 
for the 3-R sequence, Sop/Sm~ in this region would be just over 60 %. Grain-to-grain change in 
Sop/Smax may be associated with variation in grain or crack plane orientation It is likely that at 
lowest R, there may have been local orientation-induced obstacles to crack opening in Mode II 
that were overcome at higher stress ratio. This would be an analog of  asperity or roughness 
induced closure [21,22]. 
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FIG. 3 Dramatic grain-to-grain variation in Sop. All three marker bands are 
equally spaced under the 3-R sequence at top left, while in the neighboring grain, crack 
extension at the lowest R is about three times less than in the other two. This appears to 
indicate grain orientation-sensitivity o f  closure. Long crack in 5 mm thick 2014-T6511 
C(T) specimen. Each band is from 2000 load cycles. Arrow indicates crack growth 
direction. 

Short Crack Closure 

When cracks form at notches, applied stress level and stress concentration factors determine 
short, part-through crack closure levels. If  the notch is blunt and applied stress levels are high, 
Sop/Smax can drop to as low as 0.05, with considerable hysteresis in closure behavior [23,24]. 
Notch root yield in tension leading to local compressive residual stresses upon unloading causes 
a reduction in local stress ratio. Such behavior is consistent with notch fatigue concepts based on 
Local Stress-Strain approach [25]. As a consequence, apparent Sop/Sm~x can increase to as high as 
0.55 [23,26]. This is illustrated by fractographs in Fig. 4 obtained from a test on a notched A1- 
alloy coupon. The test was performed under a programmed load sequence consisting of a 
Closure sequence followed by five repetitions of the 3-R sequence. The corresponding striation 
band patterns appear correspondingly as "C" and "3R" in the figure. Figure 4a shows the notch 
surface at the left, with the first "C" pattern commencing less than 0.05 mm from the notch root. 
Both the first and second "C" blocks indicate 9 out of 10 striation bands to be equally spaced, 
suggesting Sop/Sm~ = 0.55. Evidence supporting this assessment appears in the form of band 
spacing during the five 3-R blocks. As indicated in the zoomed-in picture Fig. 4b, the third band 
is less than half of the first one, while the first and second are of similar spacing. Refer now to 
the 3-R load sequence description in Fig. 2a to note that such band spacing would follow from 
Sop/Smax between 0.47 and 0.6. 

Figure 4c is from a region farther away from the notch root. Here, we find that the 3-R bands 
are equally spaced (crack fully open). This is backed by the "C" bands, of  which five or six are 
equally spaced, suggesting an Sop/Smax value close to 0.3, typical of long crack behavior. The 
appearance of striation bands in Fig. 3 (bottom right) and Fig. 4b is strikingly similar. Both 
indicate high Sov/Sm~x but were caused by vastly different conditions. The former may have been 
induced by local mixed-mode conditions, while the second was clearly a consequence of reduced 
notch root stress ratio due to compressive residual stresses. 
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FIG. 4 Notch root marker bands under combined action of  closure block (C) 
(described in Fig. lb) and five repeats o f  the 3-R sequence (3R) described in Fig. 2a. 
Material: 2024-T35. C(T) specimen with 2 mm dia key hole notch. (a) Notch root area with 
notch surface at left. (19) Zoomed in region from (a). (c) Region about 0.35 mm from notch 
surface. Note that closure stress drops off to long crack level as crack grows out o f  notch 
root area of  high compressive residual stresses. 

Note that in both cases, middle striation band spacing is identical to the highest-R band. It 
underscores the "cut-off' role played by closure in multi-mechanism synergy. This is different 
from an "attenuation" effect, whereby a load cycle is made less severe, rather than having a part 
of it "cut off" from action. 

In summary, fractographic observations confirm the presence and nature of fatigue crack 
closure as a load interaction mechanism that cannot be ignored if realistic estimates are to be 
made of fatigue crack growth in variable amplitude fatigue. Sop/Sm~ can rise to as high as 0.55 
0.6 in small cracks growing within a notch root compressive residual stress field [26]. This is in 
contrast to short cracks at blunt notches or un-notched surfaces that are known to exhibit closure 
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levels as low as 0.05 [23]. Crack closure can also increase substantially--up to 60 % or even 
more--in the event of  barriers to opening caused by local mixed mode conditions (CFI). 
However, in the absence of CFI, long cracks do not appear to indicate closure beyond 25 30 % 
of maximum load. Further, this value does not seem to increase under near threshold conditions. 

Residual Stress Effect 

The residual stress effect in metal fatigue has been known for more than 150 years. However, 
its operative mechanisms are not entirely clear. The fractographs in Fig. 4 demonstrate one 
operative mechanism of residual stress - reduction in local stress ratio leading to an increase in 
Sop/Smax. The fractograph in Fig. 2 shows gradual "attenuation" of striation band spacing as 
opposed to the abrupt "cut off '  associated with crack closure, seen in Figs. 3 and 4. The 
significance of attenuation versus cut-off should be clarified in light of the nature of the 3-R load 
sequence. The relative load levels in the three Hi-R steps are designed so that if the crack is 
partially closed only in the lowest step, two equal bands should appear. However, if the crack is 
partially closed even in the middle step, the lowest R band would be barely visible (because the 
crack would be barely open), given the power relationship between growth rate and Kerr. 

There are three potential explanations for gradually attenuated band spacing under the 3-R 
sequence. One possibility is that Sop/Sm~ was not constant. This is discounted by equally spaced 
bands observed elsewhere and, particularly, at higher growth rates, characterized by greater 
potential for closure transients due to more rapid increase with crack size in growth rate as 
opposed to plastic zone size. The second possibility is the natural dependence on stress ratio of 
growth rate at the three different stress ratios. This also may be discounted by the equally spaced 
bands at other locations. Besides, the extent of attenuation observed cannot be explained by the 
relatively minor variation in stress ratio of 0.05 per step. Recent research suggests a third 
possibility for growth rate attenuation under the 3-R program [17]. Residual compressive stress 
from higher-R cycles increases resistance of  lower-R cycles to environmental fatigue. 
Moderation of environmental action appears to be a major operative mechanism of the residual 
stress effect. This was confirmed by experiments in air and vacuum on a notched 2014-T6511 
coupon [17] and also in air and vacuum at elevated temperature on an IN-100 C(T) specimen 
[19] (see Fig. 5). Both materials showed attenuated growth in the lower R cycles in air as did a 
Ti-alloy C(T) coupon. However, the effect vanishes in vacuum under the same applied loading 
conditions. In experiments on the Al-alloy coupon, switching the environment between air and 
vacuum caused an immediate change (both ways) in the ratio of striation band spacing. If this 
effect were due to any mechanistic phenomenon such as closure or roughness, one would have 
observed a transient region following the environment switch. This was not the case. Instead, 
environment switch caused immediate change in growth rate pattern from equally spaced in 
vacuum to attenuation in air and vice versa. The suggestion that environmental fatigue crack 
extension may contain two components: environment-sensitive brittle failure and crack-tip 
blunting/re-sharpening, is not new [27,28]. What is new is the suggestion that the first 
component may be moderated by history-sensitive residual stress [17,18]. As indicated in a 
separate paper [29], crack tip hydrostatic stress superposed on history sensitive crack-tip residual 
stress may be expected to exert a strong influence on crack tip lattice and surface diffusion of 
environment components. This, in turn, will change crack-tip stress-strain response and induce a 
load-history sensitive brittle failure mode at the microscopic crack tip surface level. 
Fractographic evidence indicates this effect is a near-threshold phenomenon that diminishes with 
increasing growth rate. For modeling purposes, this may be treated as an effect on Kta. 
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FIG. 5 (a) Marker bands under 3-R load sequence in vacuum (left) and after 
switch over to air (righO. Crack growth from left to right. 2014-T6511 notched AI- 
alloy coupon. Long crack marker bands in IN-I O0 nickel base super-alloy 5 mm thick 
C(T) coupon at 650~ under 2-R load sequence in air (b) and in vacuum (c). Note the 
equally spaced bands in vacuum indicating absence o f  load history or stress ratio 
effects. Crack closure was absent as indicated by independent measurements. This is 
also confirmed by bands in (a) that indicate immediate response to change in 
environment from vacuum to air. I f  closure were present, there wouM have been a 
transient zone required to build up closure. 

Crack Front Incompatibility (CFI) may be broadly defined as any geometric deviation from 
crack front geometry under constant amplitude loading under the same load. Early work by 
Schijve et al. highlighted the significance of CFI as a load interaction mechanism [5]. In 
experiments with engineered CFI through shaping of crack initiators, it was shown that CFI 
affects stress intensity for a given crack size. Let us consider fractographs showing typical 
instances of both microscopic as well as macroscopic crack front incompatibility and their likely 
effect on the fatigue crack growth process. 

Figure 6 shows microscopic CFI at the grain level in an Al-alloy subject to programmed 
loading. Seen in the middle are 20 striations from high amplitude marker cycles. On either side is 
a step of 500 low amplitude cycles. Growth rates in the two regions are approximately 4 • 10 -4 
and 4 • 104 mm/cycle, respectively. Both growth rates fall into the region where the fatigue 
fracture is flat. Crack extension in individual grains appears to proceed at different planes 
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associated with preferential orientation. Crack front curvature at higher growth rate indicates 
retarded growth along grain boundaries that may be due to various reasons, including discrete 
change in plane, along with potential stress free conditions at grain boundary, particularly if they 
separated to relieve cyclic tri-axial stress in the cyclic plastic zone. If  as suggested earlier, the 
lower growth rate were largely due to environment-enhanced embrittlement, it would follow that 
the associated process is insensitive to grain boundary conditions. The twenty striations appear to 
be spaced equally even though crack front curvature progressively increases. Further, the 500- 
cycle steps preceding and following the markers also appear unaffected by curvature. The one on 
the left saw a straight front at commencement, while the one on the right needs to straighten it. 
One may conclude that such microscopic CFI has a negligible effect on fatigue and may be 
ignored. From a practical standpoint, a more significant conclusion would be that as long as 
applied load sequence does not force a change in crack extension plane, there will be no CFI 
component. Considering growth rate to be a potential criterion that indicates mode, one may 
conclude that for the material and thickness in question, there will be no CFI component, 
provided no individual cycle causes a crack extension in excess of 10 -~ mm/cycle. 

FIG. 6 Example of microscopic crack front incompatibility (triangles) under mix of 
small and larg e cycles with similar Kmax [16]. As large cycles are in the intermediate 
range (over 1~-4 mm/cycle), their striations tend to curve forward within individual grains. 
Small cycles correspond to near-threshold growth rate, associated with a straight crack 
front. 

Higher crack growth rate is associated with a substantial slip component promoting shear 
mode crack extension. On fatigue failures, this is associated with the formation of shear lips that 
gradually expand to cover the entire crack front on an inclined plane. If  the crack was grown at 
low growth rate to ensure a flat fracture surface, a sudden increase in crack growth rate can cause 
branching along slip planes. This can be obvious if more cycles are involved, as shown in Fig. 7. 
Figures 7a and 7b were photographically reconstructed from the original picture that appears as 
Fig. 7c. On the left and right, we see the flat mode associated with baseline loading and growth 
rate under 10 -5 mm/cycle. Application of 10 marker cycles of higher amplitude creates the 
illusion of 20 striations. What we actually see are 10 striations each from each of the branched 
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cracks, thanks to the substantial residual opening (0.02 mm) of the non-propagating branched 
crack. Figures 7a and 7b show how the fracture would appear if this breach did not exist. 
Several CFI aspects, which are likely to affect subsequent fatigue crack growth, show up in this 
case. If  prior cracking were to occur under the same higher load amplitude, perhaps branching 
may not have taken place, as the crack front may have inclined already. The fact that striation 
spacing does not show any variation over the 10 cycles (about 0.05 mm of crack growth) 
indicates the absence of any transient effect associated with the plane transition. However, crack 
branching or deflection will cause reduced stress intensity [21,22] and associated retardation. 
Note that in these experiments, increase in cyclic load was achieved by reduced minimum load 
and not by overloads. 

Crack branching also will retard subsequent crack growth under lower amplitude cycling 
associated with flat fracture. This may occur due to at least two reasons: reduced stress intensity 
range due to branching/kinking and relaxed iso-static crack tip stresses also due to branching, 
that will reduce the environment-enhanced component of crack extension. Finally, crack closure 
may increase substantially due to crack branching and thereby virtually shut out the action of 
smaller amplitude Lo-R cycles until the crack plane straightens out once again. 

FIG. 7 Crack branching during 10 large amplitude cycles after a low amplitude 
near-threshold crack extension segment. As seen in (c), an illusion is created of  20 
striations from 10 cycles, while in fact, these are two sets o f  striations, one from each 
branched crack. This is confirmed by the photographic reconstruction of  the separation 
as seen in (b) and (a) by moving the image of  striations from the top branch to the left, to 
effectively close the opening caused by the lower branch. 
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Figure 8a shows the unusual case of  crack branching associated with a transition from large 
to small amplitude loading. Two schematics describe the branched flat mode (reduced growth 
rate) crack at the right. The top schematic assumes the higher growth rate crack was already in 
slant mode. On switch to lower amplitude cycling, one branch continues along the same plane, 
while the dominant crack growth returns to flat mode. The schematic at the bottom appears to be 
more likely. The crack tip under large cycle amplitude was blunt, as confirmed by the step 
indicated by the arrow at right. Then, crack branching is due to re-initiation of two parallel 
cracks at the blunt crack tip from previous loading. 

Another example of crack branching appears in Fig. 8b from an IN-100 C(T) specimen tested 
at elevated temperature in vacuum with hold time. Hold time blunts the crack in vacuum, and 
subsequent cycling causes two cracks to re-initiate as shown by the photographic closure of the 
breach due to the non-propagating crack. In. both cases, the blunt crack tip appears to have a 
radius of 3 5 microns. 

FIG. 8 Examples o f  branched crack growth from a blunted tip in air (a) and in 
vacuum (b). (a) Crack branching after switch from high to low amplitude in an Al- 
alloy C(T) specimen. Schematics at left show possible orientation of  the two 
branched cracks seen at right. (b) Evidence of  crack branching after blunting due to 
hold-time in vacuum at 650~ 5 mm thick C(T) specimen cut from nickel-base 
super-alloy. Top two pictures reeonstructed photographically from the one at bottom 
right, by closing the breach caused by non-propagating branched crack. 
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Figure 9 illustrates an example of CFI due to transition between trans-granular and inter- 
granular cracking. This fracture was obtained using the same load sequence as the one that 
caused the fracture shown in Fig. 8b from an IN-100 C(T) coupon but was tested in air at 
elevated temperature. Hold time between fatigue cycling causes inter-granular cracking as 
indicated by the crack front tracing grain boundaries in Fig. 9a. Sustained load cracking is 
extremely sensitive to local tensile iso-static stress, which is greatest in the mid-thickness area. 
This induces tunneling and associated crack front curvature. CFI is induced at both transition 
points and, in both cases, tends to retard crack growth. At the onset of sustained loading, crack 
extension is retarded until the trans-granular crack front can find the closest grain boundary. If 
trans-granular diffusion is inhibited, environmental diffusion will occur along grain boundaries 
already open in the wake and proceed along them to highly stressed areas immediately ahead of 
the crack tip. Separation of  grains ahead of the crack tip will lead to rupture of un-cracked crack 
tip ligaments, opening up an entire inter-granular crack front. 

On resumption of fatigue cycling, the highly convoluted inter-granular crack front retards 
fatigue crack extension by attenuating crack driving force due to CFI. Supporting evidence 
comes by way of retarded growth by comparison to the point just before hold time. Further, as 
shown in Fig. 9b, growth rate at lower R is much lower than at higher R. The two bands were 
identical before hold time. It would appear that after hold time, growth rate dropped to near- 
threshold levels, where residual stresses further retard growth rate at lower-R as a consequence 
of increased Kth. After sustained load cracking, a transient zone is observed where crack front 
recovers its original shape. At this point, growth rate in the two steps become even once again. 
This fractograph appears to confirm that residual compressive stress will enhance Kth in 
environment. If  the test were to be continued in vacuum after hold time in air, one also may have 
observed CFI retarded growth, but with equal bands under the two stress ratios. 

FIG. 9 (a) Inter-granular cracking during hoM time in air at 650~ 
and (b) fatigue cracking immediately after return to cyclic loading was 
retarded. Note reduced marker band spacing at lower R. 

Some Al-alloys contain a concentration of secondary particulates that represent slip barriers. 
When crack growth rate is of the same order as their size, which is usually a few microns, the 
particulates will tend to accumulate sufficient shear strain to cause quasi-static cleavage. The 
macro in Fig. 10a shows a typical highly pock-marked region of accelerated crack growth along 
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a shear plane connecting multiple particulates. Figure 10b is a zoomed-in view of a typical 
fatigue void formed by the coalescence of multiple interface cracks forming around a secondary 
particulate [30]. 

Figure 10c highlights the mix of particulate voids (triangles) along with clusters of coalesced 
micro-voids associated with local ductile rupture. As shown in the figure, crack extension during 
large cycles is likely to be accelerated by the quasi-static component, while growth during the 
subsequent low amplitude cycles will be retarded, if not arrested, due to substantial 3-D crack 
front disorientation. Rupture along a jagged plane connecting particulates creates the impression 
of increased void density. As observed elsewhere, this phenomenon will cause momentary crack 
acceleration during overloads, followed by substantial retardation under smaller cycles 
[17,31,32]. 

FIG. 10 (a) Tortuous crack burst during marker loads occurring at higher 
growth rate. Small flat region in the middle is from a Hi-R step of  lO cycles. (b) 
Zoomed-in view of  a typical void formed around a particulate [30]. Concentric 
circles mark the growth of  penny-shaped interface cracks that coalesced to 
separation. This occurs before the major crack sheared the particulate as shown by 
triangles in (c) (local crack branching at single marker striations close to particulate 
voids). (d) Zoomed-in view of  (a) showing individual fatigue voids indicated by 
triangles, region of  void-free retarded growth during a Hi-R low amplitude step, and 
a cluster of  coalesced micro-voids associated with local quasi-static ductile fracture. 
Note the difference in size between micro-voids and fatigue-voids. Long crack in Al- 
alloy. 
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Finally, Fig. 11 shows a macroscopic manifestation of CFI under the influence of periodic 
overloads in a 10 mm thick high strength 7075 Al-alloy C(T) specimen. The crack front is 
marked by light shaded fatigue bands formed during baseline cycling. Up to a crack size marked 
by the arrows, the crack front remains straight. Beyond this point, however, due to the overload 
Kmax approaches Kit. Crack extension in the overload cycle thus becomes sensitive to local 
fracture resistance. While the mid-thickness area is under plane strain, the surface region sees 
plane stress conditions, where Kc would be the operative fracture toughness. This promotes crack 
front tunneling (pop-in), with the mid-thickness area tending to static fracture, while crack 
extension is marginal at the surface. Increased crack front curvature after each overload leads to 
stress intensity re-distribution across the crack front. The mid-thickness region gets unloaded, 
while the surface area is overloaded. Finally, at the point marked by the right-most crack front 
signature, surface stress intensity has risen to a point that static fracture cannot be forestalled 
anymore. At the point of fracture, crack front tunneling is to an extent of 4 mm, which is almost 
half the specimen thickness. This sizeable deviation may be modeled as a function of the 
difference between KIc and K~. 

The conditions depicted in Fig. 11 are in a sense similar to those in Fig. 10. In both cases, 
the proximity of a critical parameter (shear deformation in Fig. 10, Klc in Fig. 11) determined 
occurrence of CFI. However the latter case may also serve as a unique example of crack 
acceleration, even premature fracture. It is indeed possible that if the crack had grown all along 
under large cycles, the crack front may have tilted earlier on, thereby enforcing plane stress 
conditions and increased resistance to fracture. 

FIG. 11 Appearance of  fatigue fracture surface of l O mm thick C(T) specimen cut 
from 7075-T1351. Specimen was subject to 50 % periodic overloads every 2000 cycles 
of low amplitude baseline loading. Bright area including bands at right are fatigue 
under baseline loading. Note the sudden quasi-static pop-ins as overload Km~ 
approaches Klc under load control. Region at right is static fracture at last overload. 

The above list of CFI mechanisms is by no means complete, but it may provide a sampling of 
the different geometric combinations that need to be addressed to model variable amplitude 
fatigue in a manner that is microscopically consistent. Other materials systems, particularly 
engineered materials, may exhibit even more complex forms of crack front incompatibility. 
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Discussion 

Fractographic evidence appears to suggest a certain synergistic model of multi-mechanism 
load interaction under variable amplitude loading. CFI attenuates crack tip stress field from what 
may apply to constant amplitude conditions. It can do so through blunting under overload or 
dwell-time, tunneling, out of plane rotation, branching, and roughness. The exception to this rule 
(as shown in Fig. 11) is when CFI may actually accelerate fracture due to a "reverse CFI," i.e., 
slant mode under constant amplitude versus enforced fiat mode in variable amplitude fatigue. 

CFI also increases Sop by stalling crack opening, either through direct obstruction or at least 
friction between crack faces [22]. Plasticity induced closure levels do not appear to change 
significantly and remain a fraction of  the applied maximum load, typically 20 30 %. Application 
of  overload will therefore directly affect Sop, but only to this extent. However, CFI can raise 
So/Smax to as high as 60 % or more, even in the absence of any tensile overload. The presence of 
debris on fatigue fractures, particularly associated with CFI, appears to support this possibility. 

Notch root residual stress directly affects crack closure, which is determined by local mean 
stress. Crack tip residual stress moderates environmental action to control the brittle fraction of 
crack extension in the rising load half-cycle. This component of the residual stress effect will be 
strong when Keff is near-threshold and will reduce with increasing growth rate. The effect 
appears to be altogether absent in vacuum. 

Figure 12 describes a possible sequence of calculations that may be employed to predict 
variable amplitude fatigue crack growth. CFI must be assessed first because both crack tip stress 
response and closure appear to depend on it. This is followed by assessment of residual stress 
effect on crack closure and on Kth. Crack driving force I~ff is then computed, to lead to an 
estimation of fatigue crack extension" 
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FIG. 12 Flow-chart describing sequence of modeling aynergy in variable amplitude fatigue. 
Of the three mechanisms, CFI is accounted for first because it can also affect Sop, followed by 
Sop. Crack driving force is then estimated and corrected for current level o f  CFl and Sop. 
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Finally, history dependent Kth is estimated as a function of load history, leading to crack 
extension over the current counted load cycle. 

1. Assessment of CFI needs to provide two indexes, one related to attenuation of crack tip 
response to applied load, the other related to enhancement of closure. These determine 
how crack geometry differs from the one associated with constant amplitude conditions 
of the same magnitude as the current load cycle. Both indexes will be determined by the 
same parameters, but not necessarily in the same fashion. For example, blunting will 
attenuate crack tip response to applied stress. However, it also will tend to keep the crack 
open. 

2. Correct SIF for CFI. This step estimates K-distribution across the crack front similar to 
the requirement for part-through and 3-D crack geometries. Such an approach will assist 
in modeling tunneling, branching, and out-of-plane rotation, which in turn will affect SIF 
as well as Sop. 

3. Estimate Sop distribution across the crack front. Sop will be sensitive to local residual 
stress distribution as well as CFI as discussed under item 1. It is known that mid- 
thickness Sop is lower than at surface, and this in turn can affect crack front shape. Also, 
CFI due to near-surface plane rotation or branching will induce increased Sop. 
Conversely, blunting and underloads will both reduce Sop. 

4. Estimate crack driving force IQff across the crack front as the difference between local 
Kmax and Kop. 

5. Estimate Kth distribution across the crack front as a function of residual stress distribution 
and local triaxiality. These will determine environmental action and may be ignored for 
vacuum conditions, where Kth may be treated as a material constant. 

6. Compute crack extension across the crack front. Suitable da/dN equation may be used, 
which accounts for Keff, Kth, Kmax, and appropriate value of lQ,  which in turn will depend 
on plane strain/plane stress conditions. 

7. Update crack front geometry, CFI, and residual stress indexes for the next iteration. This 
is the step where the incidence of crack branching will be established, and so also, the 
point where one may ignore branching and perhaps associated probabilistic aspects. For 
example, the probability of branching would be remote if all the load cycles thus far 
caused crack growth in the near-threshold range. This is also the step where transients are 
tracked. For example, in the event of a crack emanating from a notch, closure levels will 
be high if tensile overloads caused notch root compressive residual stresses in the 
unloaded condition. However, as shown earlier, at some distance from the notch surface, 
the crack tip will no longer see these effects and is likely to behave as a long crack. 

Potential flaws in our interpretation of multi-mechanism synergy include the following: 

1. All observations are based on fractographic inputs. However, only a small fraction of a 
fatigue fracture surface carries discernible marker bands that permit quantitative 
measurements. Inherent in our approach is the assumption that what is depicted by visible 
marker bands is a fair representation of overall fatigue crack kinetics. Such an assumption 
would be questionable in the event quasi-static crack extension and other modes not 
associated with a marking process control fatigue kinetics. 
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2. Our observations indicate noticeable CFI-related variation in Sop. However, we have been 
unable to obtain quantitative data on how growth rate itself is affected by CFI. This may 
be a potentially rewarding goal for future work including micro-mechanical modeling as 
demonstrated in recent work [33]. In the meantime, available expressions for CFI- 
attenuated crack driving force and increased closure may be assumed to apply [21,22]. 

Conclusions 

1. Fractographic evidence indicates crack closure, residual stress, and crack front 
incompatibility (CFI) together cause load interaction in variable amplitude fatigue. 

2. Near threshold crack closure does not appear to exceed 30 % of maximum applied stress 
at low stress ratio. However, it can rise to as high as 60 % under two conditions. One is 
reduced local stress ratio in notch root fatigue due to compressive residual stress, and the 
other is considerable conflict in local crack plane orientation causing obstruction to 
opening. 

3. Residual stress appears to have two operative mechanisms. One is change of local stress 
ratio and through it, closure, as pointed out above. The other is moderation of 
environmental action and associated change in threshold stress intensity. Comparative 
tests in air and vacuum on two different materials support this conclusion. 

4. CFI appears to be a major load interaction mechanism that mainly causes retardation. It is 
manifest in many ways including crack tip blunting, crack front shape change, enforced 
mixed mode conditions, crack deflection, crack branching, and increased closure due to 
one or more of these. It occurs due to mismatch in crack extension plane between 
successive cycles. 

5. A sequential scheme is proposed for modeling multi-mechanism synergy under variable 
amplitude loading. 
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of Short and Long 

ABSTRACT: Crack growth and closure behavior of physically short and conventionally long cracks 
under random loading are extensively investigated, utilizing test results of 2024-T351 aluminum alloy 
obtained by performing narrow- and wide-band random loading tests for various stress ratios and 
random loading block lengths. A noise reduction method is developed to determine the crack opening 
load under random loading more easily, precisely, and economically. Crack growth rates are analyzed 
mainly in terms of the stress intensity factor range estimated by 2/PI correction proposed by Donald 
and Paris. The long and short cracks are very different in characteristics of closure behavior under 
random loading. Crack growth of short and long cracks under random loading can be well described 
by the crack closure concept. The effects of random spectrum or random block length on crack 
opening load and crack growth are not significant. 

KEYWORDS: fatigue crack growth, crack closure, long cracks, short cracks, random loading 

Introduction 

A large number of  prediction models [1 15] have been proposed to assess fatigue crack 
growth under random loading. For precise assessment of  crack growth under random loading, 
the effects of  at least the three primary factors, i.e., stress intensity factor range AK, stress ratio R, 
and load interaction, must be evaluated accurately. It is most difficult to evaluate the load 
interaction effects quantitatively. To account for the effects of  these three factors, most of  the 
models commonly introduce many parameters to be determined experimentally or assumed 
appropriately, which makes the models complicated and difficult to apply [3,9 11]. Among the 
prediction models proposed up to now, the model based on the crack closure concept 
[2,4,5,8,12 15] has a physical basis as well as appealing features that the model can evaluate the 
effects of  the three factors totally through a single parameter "crack opening load". Accordingly, 
the model may lead to the simplest, most convenient prediction procedure if  crack closure 
behavior under random loading can be estimated [13,14]. Therefore, it is very important to 
clarify the crack closure behavior under random loading. 

It is worthy to note that the closure model has some disadvantages: experimental 
measurement of  crack closure is, more or less, indispensable, and the crack opening load 
should be determined accurately. Particularly, it is very difficult to determine the crack opening 
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load accurately and consistently, and the crack opening results obtained are likely to be arbitrary. 
The crack closure provides information about the circumstances only behind the crack tip, not 
ahead of the crack tip. This means there are inherent limitations of applicability of the crack 
closure concept. Despite these disadvantages, no better alternative to the closure model can be 
found, to our knowledge. 

It has been pointed out frequently that the conventional AK~ff estimation tends to give an 
underestimate of the substantial effective stress intensity factor range and cannot express fatigue 
crack growth rates, particularly in the near-threshold regime. Recently, Paris, Tada, and Donald 
[19] proposed alternative AK~ff estimation methods called 2/n0 (2/PI0) and 2/n(2/PI) correction 
methods based on the partial crack closure model. Their partial crack closure model can be 
summarized as follows: The crack surface roughness generated by a sliding-off mechanism 
might mismatch behind the crack tip but not immediately at the tip. Accordingly, the crack 
closes behind the tip, leaving the tip fully open. This means that an additional driving force for 
crack propagation exists below the traditional opening load. 

The 2/PI0 and 2/PI correction methods estimate AK~ff approximately by applying the 2/n 
factor on the conventionally measured Kop. Investigating various methods of estimating AK~fr, 
Donald and Paris [20] have reported that the conventional AK~ff estimation method appears 
adequate at crack growth rates above I x 10 -8 m/cycle, while the 2/PI0 or 2/PI methods appear to 
provide a successful correlation of the crack growth rate data in the near-threshold regime at 
crack growth rates below 1 x 10 -l~ m/cycle. Quite recently, one of the authors [21] has reported 
that, in particular, the 2/PI method provides good results for constant and random loading data. 

For past several years, the authors [16 18] have extensively investigated crack growth and 
closure behavior of conventionally long and physically short cracks under random loading and 
have obtained much useful information on crack growth characteristics under random loading. 
However, the effect of stress ratio of the maximum range-pair load cycle (which is hereafter 
referred to as the largest load cycle) in a random load history on growth and closure behavior of 
conventionally long cracks has not been clarified. 

To elucidate the effect of stress ratio of the largest load cycle, random loading tests are 
carried out at a negative stress ratio of the largest load cycle for conventionally long cracks in 
this study. 

As it may be expected that the 2/PI correction method provides better results than the 
conventional AKeff estimation, all the data of conventionally long and physically short cracks 
obtained in previous works [16 18] are reexamined totally, together with the present data, and 
more direct, systematic comparison of long and short cracks is made. 

Particularly in this study, a new technique is developed to determine more easily and 
precisely the crack opening load under random loading. 

Experimental Details 

The material used in this study 2024-T351 is aluminum alloy plate. The chemical 
composition (wt %) is Si 0.14 %, Fe 0.21, Cu 4.58, Mg 1.27, Cr 0.02, Zn 0.03, Mn 0.73, Ti 0.04, 
and the remainder is AI. The 0.2 % proof stress is 379 MPa, the tensile strength is 480 MPa, 
elongation is 19.6 %, and the reduction of area is 17.0 %. 

Side-grooved, middle tension M(T) specimens were used for conventionally long fatigue 
crack growth tests [16] and side-grooved, in-plane bending SEB specimens, for short crack 
growth tests [18]. Two-dimensional, short through-thickness crack is artificially prepared by 
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carefully machining-off the major portion of specimen containing a long through-thickness crack 
pre-cracked under fatigue loading. The details of the procedure can be found in [18]. The crack 
plane orientation is L-T. Particularly to obtain reference long crack growth data most relevant to 
short crack growth data, constant amplitude tests were performed additionally on the side- 
grooved, in-plane bending specimens. 

The M(T) specimens were tested using a servo-hydraulic fatigue testing machine at 7 Hz, 
and the SEB specimens were tested using a homemade, electro-dynamic, in-plane bending 
fatigue testing machine of small capacity [22] at 20 Hz. 

Two types of random spectra as shown in Figs. la  and b, i.e., narrow and wide band random 
spectra of various history lengths, were generated for random loading tests by computer 
simulation. Simulation was done by superimposing sinusoidal functions of random phase with 
uniform distribution [23]. The base line random spectra were used to generate random cycle-by- 
cycle load histories in terms of peaks and valleys. Random loading tests were performed by 
repeatedly applying unit random loading block of a specified history length as shown in Fig. lc. 
The random loading conditions tested are shown in Table 1 where ~ P m a x  denotes the maximum 
range-pair load cycle (which is hereafter referred to as the largest load cycle) in a random 
loading block, and R(ZkKrPmax) represents the stress ratio corresponding to the largest load cycle. 

1.0 

O, 1'0 20 
Frequency f (Hz) (a) 

1.0 

~" o.s a 

~o.  

Frequency f (Hz) (b) 

Wide band  ~-- K~m~ 

~ 1 ~Block = N h Cycles 

(e) 

FIG. 1 Random loading histories. 

TABLE 1--Test conditions for random loading. 

~ Q O 0  

Random Loading History Length, Nh 
Spectrum (c_.yc!e_~_ R(AKmmax) 
narrow & wide band 500 -1 

Long Cracks narrow & wide band 500, 1000, 2000, 0 
8000, 16 000 

Short - l ,  -0.5, 0, 0.1, 
Cracks narrow & wide band 500, 1000 0.3 

Crack length and closure were measured simultaneously and continuously during the test by 
a refined, computer-aided unloading elastic-compliance technique [24,25] originally developed 
by Kikukawa et al. [13]. The precision of measurement of crack length is about 17 p.m and 27 
p.m for long and short cracks, respectively, under constant amplitude loading. The displacement 
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for long cracks is measured by the clip-on gage attached in the circular hole at the center of the 
specimen and the strain for short specimen, by a strain gage bonded on the back face of the 
specimen. Particularly in this study, a new technique of noise reduction is developed to 
determine conveniently the crack opening load under random loading. 

Experimental Results and Discussion 

Crack Growth and Closure Behavior under Constant Amplitude Loading 

The growth rates of long cracks of M(T) and SEB specimens are shown as a function of the 
stress intensity factor range AK for various stress ratios in Fig. 2a. The effect of  stress ratio on 
the growth rates of long cracks seems to be relatively significant. The growth rates of short 
cracks are plotted as a function of AK for various stress ratios and stress ranges in Fig. 2b, where 
the long crack growth data obtained on SEB specimens are represented as the solid and dashed 
lines for comparison. The growth rates of short cracks are found to vary, depending on not only 
stress ratio but also the applied stress range. The well-observed anomalous behavior of short 
cracks that short cracks grow faster than long cracks at the same AK in the low AK region can be 
found clearly for low stress ratios below R = 0, but is not clear for higher stress ratios. Figures 2c 
and d show the growth rates as a function of the conventional AKeff and 2/PI correction effective 
stress factor range (AKcff)2/Pi, respectively. The effective stress intensity factor ranges are defined 
a s  

Z~r~eff = Km~ ~ - Kop (1) 

( ~ e f f ) 2 / P l  = Kmax - 2 K o  v _ ( l  - "-~ )Krnin (2 )  
7/- 7/" 

where Kmax and Kmin are the maximum and minimum stress intensity factors, respectively, and 
Kop is the conventionally measured, crack opening stress intensity factor. The conventional AKefr 
can express well crack growth rates higher than about 3 x 10 -9 m/cycle, irrespective of stress 
ratio, applied stress range, or crack length. However, for the region of da/dN < 3 x 10 -9 m/cycle, 
short crack growth rates are much lower than long crack growth rates. Employment of (AK~ff)2/Pl 
reduces remarkably the difference between long and short crack growth rates for low growth rate 
region, resulting in better results for the whole growth rate region. 

The values of Kop and crack opening ratio U of long cracks are expressed as a function of 
Kmax in Fig. 3, where only the data o fR = 0 and -1 obtained on the M(T) specimens are shown 
for clarity of later comparison with the random loading data included. Here the crack opening 
ratio U is defined as the following conventional one 

Kmax -- Kop conventional AKof r 
U = - ( 3 )  

Kmax _ Kmin ~ r (  

Under constant amplitude loading, the value of  U of long cracks increases initially with/(max 
and then becomes constant. The variation of  U of long cracks is somewhat simple. 

Examples of the variation of Kop and U of short cracks with crack length a and Kmax, 
respectively, are shown in Figs. 4a and b. The variation of Kop with crack growth is different 
depending on the R value. For R = -1, values of Kop increase from initial Kop=0 to maximum 
values and then decrease with the crack growth, while for R = 0, values of Kop tend to increase 
continuously. Values of U of short cracks decrease initially with/(max to minimum values and 
then increase, showing the behavior different from long crack one. 
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As has been reported by Jono and Song [24], typical characteristics of U can be expressed 
successfully as a function of AKeff, rather than other parameters such as Kmax or AK. The values 
of U of  short cracks as a function of AKeff are shown in Fig. 5 [22], compared with the long 
crack results. In the figure, the light solid lines represent the long crack results, and the heavy 
solid lines are the predicted relationship of U versus AKeff of short cracks obtained in the 
previous work [22]. For all the stress ratios, the value of U of a short crack decreases linearly 
with AKeff from an initial high value and merges with the long crack results. The value of U at 
which the crack opening ratio of a short crack merges with the long crack result corresponds 
almost to the minimum value for each stress ratio. In the previous work [18], the authors have 
referred the behavior that the value of U is larger than that of long cracks and also decreases 
from an initial high value to the minimum value, as to "distinctive characteristic of short crack 
opening behavior," and further defined the region over which this characteristic of crack opening 
behavior appears, as "the short crack region." In this short crack region, the value of U decreases 
almost along the predicted line, which can be said to form an upper bound of experimental data 
for each R value. It is worthy to note that depending on loading conditions, even a crack as long 
as several millimeters happens to manifest the opening characteristic of  short cracks and may be 
classified as a kind of short crack according to the above definition. For short crack growth 
analysis, the above definition of short crack based on the crack opening behavior may be more 
effective than well-known conventional definitions. 

Variation of Crack Opening Load During a Random Loading Block 

Typical examples of load versus differential displacement curves observed for long and short 
cracks during a random loading block are shown in Figs. 6a and b, In the figures, small numerals 
represent the sequential number of cycles in a random loading block, and the short horizontal 
bars on the load versus differential displacement curves represent the measured crack opening 
points. The crack opening load usually fluctuates through a random loading block, but the range 
of fluctuation is very small for random block lengths of 500 and 1000, irrespective of random 
loading spectrum or crack length. 
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6 Crack opening behavior during a random loading block. 

It has been well reported by Kikukawa, Jono, and their coworkers [13,14,26,27] that the 
crack opening load of a long crack can be assumed to be nearly constant during a random 
loading block of relatively long length. Strictly speaking, the behavior of crack opening load 
during a random loading block should be discussed, considering the crack growth increment 
during a random loading block, (Aa)unit block. 

Figure 7 shows examples of  the variation of crack opening loads of long cracks during a 
random loading block when the random loading block length is so long that the growth 
increment during the random loading block happens to exceed the plastic zone size due to the 
largest load cycle. In the figure, Pop and Pm~ are the crack opening load and the maximum load 
in a random loading block, respectively, and n is the sequential number of cycles in a random 
loading block. COp m~ denotes the monotonic plane strain plastic zone size due to the maximum 
stress intensity factor of the largest load cycle, which is defined as: 
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P = 37r~, Cry ) (4) 

where/ffPma• is the maximum stress intensity factor of the largest load cycle in a random loading 
block, and cry is the yield strength of the material. When the crack growth increment (Aa)unitblock 
is smaller than the plastic zone size COp m~x, the fluctuation of crack opening load is very small as 
noted above. When (z~a)unit block is larger than cop max, the variation of  crack opening load during a 
random loading block is discernibly enhanced, and the maximum range of fluctuation is about 
10 % of the mean value of Pop/Pmax, which is about twice of that for the case of  (Aa)unit block < 
COp max. However, as the range of fluctuation is not so great as to introduce significant error in 
crack growth analysis, it is more convenient and effective to assume that the crack opening load 
can be regarded as nearly constant during a random loading block and to represent the crack 
opening load under random loading by the averaged one over a random loading block, for both 
long and short cracks. This assumption has been well employed for long cracks by many 
researchers [13 15,26,27]. 
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FIG. 7 Variation of crack opening points during a random loading block when the random 
loading block length is long. 

Refinement of Determination of Crack Opening Load under Random Loading 

In analyzing crack growth under random loading based on the crack closure measurement, 
what is particularly more difficult compared with constant amplitude loading is determining 
precisely the crack opening load, because the signal random noise involved in the load versus 
differential displacement curves cannot be reduced under random loading so easily as under 
constant amplitude loading. For constant amplitude loading where the magnitudes of loads are 
constant and there is no sudden change of Pop with load cycling, stationary random noise 
involved in the load versus differential displacement curves can be reduced easily to 1/~[n by 
averaging n consecutive cycles synchronously [13,24,25]. This phase-based averaging method 
normally cannot be applied to random loading where the magnitudes of loads vary. 

If the crack opening load under random loading can be assumed to be constant and 
represented by the averaged one during a random loading block, as described in the preceding 
section, the signal noise can be reduced by averaging the differential displacement signal data 
included within sufficiently small load intervals (load-interval-based averaging) as shown in Fig. 
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8. Figure 8 shows the noise-reduced results of  the load versus differential displacement curves 
shown in Fig. 6a. As the number of consecutive cycles to be averaged, N~vg, is increased, the 
straight line portion for the fully open crack becomes more clear and the crack opening load can 
be determined more easily. The averaged crack opening load is nearly the same, irrespective of 
the value of N~vg. The value of  U'  averaged fully over a random loading block by the noise 
reduction method is U~vg = 0.383 (for N~vg = 500 in Fig. 8), slightly lower than the averaged 
value based on cycle-by-cycle Pop determination, U~vg = 0.395 (Fig. 6a). The difference is not so 
significant. Here the crack opening ratio under random loading is defined as 

rp _ 
U': Kmax K~ (5) 

K2.x -Km~n 
where KrPmin is the minimum stress intensity factor of the largest load cycle in a random loading 
block. The load interval employed is 1 %  of the largest load cycle range. Using the noise 
reduction method proposed, the crack opening load under random loading can be determined 
more easily, precisely, and economically. 

' t i ri [ i II 

-25! 'U~=  0.:389 U ~= 0 ,387 '  ~[ '= U~= 0 390 ! __ lye= 0.383 ~! 
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FIG. 8 Refinement of determination of crack opening load under random loading by noise 
reduction through load-interval-based averaging. 

Crack Closure Behavior of Conventional Long Cracks under Random Loading 

The crack opening stress intensity factor Kop and crack opening ratios U'  of long cracks 
under random loading are shown as a function of the maximum stress intensity factor of the 
largest load cycle in a random loading block KWmax in Fig. 3 already shown. The value of Kop is 
scarcely affected by random load spectrum or random loading block length and is nearly linearly 
proportional to/(Pmax. 

Compared with the constant amplitude loading data, the value of  Kop under random loading 
shows a different trend, depending on the stress ratio of the largest load cycle R(A/gPm~x) for the 
higher/(Pm,x region; the value of Kop at R(AKrPmax) = -1 agrees well with the constant amplitude 
loading results, while that at R(AKrPrnax) = 0 is higher than the constant amplitude results. For 
lower KrPmax region, the value of Kop is lower under random loading than under constant 
amplitude loading, irrespective of R(AKrPm~,) value. 

The crack opening ratio U'  shows characteristic behavior that the value of U '  at each 
R(AK~r~) is nearly constant irrespective of KrPmax, and consequently, the crack opening ratio 
under random loading may be represented as a function of R(A/~max) only. This characteristic of 
U 'may be very convenient for estimating crack closure behavior of long cracks under random 
loading. 



SONG ET AL. ON CRACK GROWTH AND CLOSURE BEHAVIOR 329 

Crack Closure Behavior of Physically Short Cracks under Random Loading 

A typical example of Kop and U 'o f  short cracks under random loading is shown as a function 
of  KrPmax in Fig. 9 where the constant amplitude results are also shown by the small symbols. The 
value of Kop seems to be just a little higher under wide-band random loading than under narrow 
loading, but the difference is nearly negligible. A consistent effect of random block length on Kop 
is not found within this study. 

The value of Kop is lower under random loading than under constant amplitude loading for 
the value of KrPmax, lower than about 10 MPa~/m. CorresPondingly, for low values of KrPm~x, the 
crack opening ratio U'under random loading is considerably higher than the constant amplitude 
results. This result implies that random loading enhances crack opening, at least for the largest 
load cycle, in the range of low KrPmax values. The crack opening ratio U'under random loading 
decreases from a relatively high initial value to a minimum value, U~in, around the value at 
which the random loading data intersect with the constant amplitude results. And thereafter, the 
value of U' is  nearly constant or increases slightly. 

For systematic comparison, the crack opening ratio U ' o f  short cracks under random loading 
are shown as a function of the effective stress intensity factor range of the largest load cycle in a 
random loading block, (AK~m~x)eff, along with constant amplitude short crack data in Fig. 10 [ 18]. 
Since the effects of random spectrum and block length on U '  are negligible as noted above, all 
the data obtained at the same stress ratio are indicated by the same symbol for clarity. The light 
solid lines in the figure indicate the constant amplitude long crack results. 

Compared with the constant amplitude results, the value of U'  under random loading 
decreases more gradually from an initial, higher value to a minimum value U~,in, over a broader 
range of (A/gPm~x)etr. If the region where the value of U' is larger than that of long cracks, and if 
decreases with crack growth may be regarded as the short crack region as already defined in Fig. 
8, it can be said from this result that the short crack region is wider under random loading than 
under constant-amplitude loading. These results indicate that there is significant difference in 
closure behavior of short cracks between random and constant amplitude loading. 

The minimum crack opening ratio U~,in corresponds nearly to the value of U at which the 
random loading data intersect with the constant amplitude results in the region where the short 
and long crack constant amplitude results are coincident. From this, the data included in the 
range larger than the value of (AKrPm~x)effcorresponding to U~in can be regarded as long crack 
random loading data. These (SEB) long crack opening results agree well with the conventionally 
(M(T)) long crack ones shown in Fig. 3b, that for higher /(Pmax region, the value of U ' a t  
R(AKrPmax) = -1 coincides well with the constant amplitude loading results, while that at 
R(/~'rPmax) = 0 is lower than the constant amplitude results. For lower grPmax region, the value of 
U '  is higher under random loading than under constant amplitude loading, irrespective of 
R(AKrPmax) value. The (SEB) long crack results indicate that also for R(AKrPmax) = -0.5, 0.1, and 
0.3, the value of U ' o f  long cracks at each stress ratio R(AKrPmax) is nearly constant, irrespective 
of grPmax and is lower than corresponding constant amplitude results, similarly to the results at 
R(aK'Pm~) = 0. 

The representation of crack opening ratio as a function of the effective stress intensity range 
can express the characteristics of crack closure behavior of short cracks under random loading as 
well as constant amplitude loading, as can be seen in Fig. 10. 
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Predictions of  Crack Growth under Random Loading 

Fatigue crack growth of long and short cracks under random loading was predicted using the 
following equation obtained from constant amplitude results 

da = C[( AKeff )2/ pi ~ (6) 
dN 

where C and m are material constants dependent on the growth rate regime. The long crack 
results shown in Fig. 2d were employed as the reference constant amplitude data of da/dN versus 
(AKeff)2~l, which were approximated by four rectilinear segments. The number of cycles needed 
for a specified crack growth increment (1.5-2.0ram for long cracks and 0.1-0.2ram for short 
cracks), Npr~d, is predicted and compared with the experimental one, Nt~st, as shown in Fig. 11, 
where the prediction ratio Npred/Ntest is plotted. Among the short crack data of SEB specimens 
shown in Fig. t lb, the solid marks represent the data corresponding to the long crack described 
in the preceding section. As the consistent effect of the stress ratio R(AKWmax) on the prediction 
results was not found, the data are shown without distinction of stress ratio. 

All the predicted data of long cracks and nearly all the data of short cracks are within the 
factor of 2 scatter band, indicating that crack growth under random loading can be predicted very 
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well by the crack closure concept based on the measured Kop , for both long and short cracks. 
Significant effects of random spectrum or random block length on predicted results are hardly 
found. These results also show the validity of  2/PI correction for estimating the effective stress 
intensity factor range. 

10 2024 T351 t 10r - 2024 T351 21PI correction AKeff Sidegrooved ] ~ 2/PI correctk:)n AKeff " : 
[ Side grooved: 

Long crack ] ~. Short crack , 
M(T) (7Hz) 1 ~ o SEB (20Hz) , 

_ 2 ,. ,~ I 2 _ o  o o 
/ ~ ;~ ,Z~) .~ .  : .  / ~ 

~ I ~  . . . .  " - - ~ Z  1 6 ~  

: := i l l  O @ 16~ 

0 m 15 . . . .  II0 ' -- 'I'5' ~ =~ :2'5 0110 I 2 3 

Km~ax (MPa m 1/2) a (mm) 

FIG. l 1--Predictions of crack growth under random loading. 

Discussion 

As noted in Figs. 6 and 7, it seems reasonable to assume that the crack opening load under 
random loading is constant during a random loading block, for both long and short cracks, even 
when the random loading block length is considerable long. This assumption has been well 
employed [13 18,26,27] and also experimentally verified, although within a limited range, by 
Kikukawa et al. [13,14]. The characteristic is expected to facilitate the use of closure concept for 
analysis of crack growth under random loading. 

As has been already noted in Figs. 3, 9, and 11, the effects &random loading block length on 
crack closure and growth are hardly found and consequently need not be considered. 

The effect of random spectrum is found on closure behavior of short cracks as shown in Fig. 
9 but is not significant. Consistent effect of  random spectrum on crack growth is hardly found. 

These results indicate that the effects of  parameters of random loading are sufficiently small 
to be neglected, for both long and short cracks. 

As can be found in Figs. 3, 9, and 10, the long and short cracks are very different in 
characteristics of closure behavior under random loading. The crack opening ratio U" of long 
cracks under random loading is nearly equal to, or in most cases lower than, the constant- 
amplitude loading results, indicating that random loading may have the effect to retard crack 
growth, as single overloading. The value of  U ' o f  long cracks at a stress ratio of the largest load 
cycle is nearly constant irrespective of the applied stress intensity factor. This result means that 
the crack opening ratio of long cracks under random loading may be represented as a function of 
stress ratio of the largest load cycle only. This characteristic may be very convenient for 
estimating crack closure behavior of long cracks under random loading. The results of Kikukawa, 
Jono, and their coworkers [13,14,26,27] or the assumption of  Sunder in his CCZT (constant 
closure zero threshold) [ 15] that the crack opening load under random loading can be estimated 
from constant amplitude loading results, appear to correspond to only the stress ratio of 
R(AKrPmax) = -1,  not to other stress ratios. Performing random loading tests at R(zMr~2rPmax) = 0 in 
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previous work [16], the authors have obtained the result that the crack opening load under 
random loading can be estimated from single overloading or periodic single overloading tests. 
Whether this result can be applied to other stress ratios or not is not clear and remains to be 
investigated. However, utilizing the characteristic mentioned above, the crack opening load 
under random loading may be estimated more easily. 

On the other hand, the crack opening ratio U" of short cracks for the largest load cycle is 
much higher under random loading than under constant-amplitude loading, indicating that 
random loading enhances crack opening of short cracks for the larger load cycles of a random 
load history. However, as the crack opening load of the largest load cycle is relatively high, a 
crack is expected to be closed for most smaller load cycles of a random load history, implying 
that the largest load cycle has an inverse effect to enhance crack closure for the smaller load 
cycles. Random loading appears to complicate the closure behavior of  short cracks. According to 
the definition of a short crack based on the closure behavior, the region of a short crack is wider 
under random loading than under constant amplitude loading, as shown in Fig. 10. 

Since the closure behavior of short cracks under random loading is significantly different 
from that under constant amplitude loading, and since it is also more complicated than the 
closure behavior of long cracks under random loading, it is at present somewhat difficult to 
estimate the closure behavior of short cracks under random loading. 

The prediction results in Fig. 11 indicate that despite the difference in closure behavior 
between short and long cracks, crack growth of both cracks under random loading can be well 
described, particularly by using the 2/PI correction method for estimating the effective stress 
intensity factor range. This indicates that the crack closure is the primary factor governing 
fatigue crack growth under random loading as well as under constant-amplitude loading. 

Accordingly, it is very important to identify or estimate crack opening behavior for 
evaluating fatigue crack growth under random loading. Generally, the crack opening behavior 
under random loading cannot be estimated so simply from constant amplitude loading results. It 
is necessary to investigate methods for estimating crack closure under random loading. 

Conclusions 

The conclusions obtained are summarized as follows: 

1. The crack opening load under random loading is nearly constant during a random loading 
block, irrespective of random loading spectrum or block length, stress ratio, or crack 
length. Based on this crack opening behavior, a noise reduction method is proposed to 
determine the crack opening load under random loading more easily and precisely. 

2. The long and short cracks are very different in characteristics of closure behavior under 
random loading when compared with the closure behavior under constant amplitude 
loading. The crack opening load of long cracks under random loading is nearly equal to 
or, in most cases, higher than the constant-amplitude loading results, indicating that 
random loading may have the effect to retard crack growth, such as single overloading. 
On the other hand, the crack opening load of short cracks is much lower under random 
loading than under constant-amplitude loading corresponding to the largest load cycle in 
a random load history, implying that random loading enhances crack opening of short 
cracks for the larger load cycles of a random load history. 

3. As the crack closure behavior under random loading is usually complicated, it is at 
present somewhat difficult to estimate precisely the closure behavior under random 
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loading, particularly for short cracks. 
4. Despite the difference in closure behavior between short and long cracks, fatigue crack 

growth of both cracks under random loading can be well described by the closure 
concept based on the measured crack opening results. This indicates that the crack 
closure is the primary factor governing fatigue crack growth under random loading as 
well as under constant-amplitude loading. The 2/PI correction for estimating the effective 
stress intensity factor range proposed by Donald and Paris is very promising. 
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complex stress fields. 
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R 
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Weight function (general) 

Weight function for point A on the crack, contour 

Crack area 
Point load (force) applied to the crack surface at point P(x,y) 

Point on the crack surface where the load F is applied 

Shape factor, Q =  1 + 1.464-(a/TM 

Stress intensity factor 
Shortest distance between the point load and the crack contour 
Thickness 
Inverted crack contour 

Inverted free boundary contour 

Distance between the point load and the point on the crack front where the stress 
intensity factor is to be calculated 
Radius of the inside circle tangent to the ellipse at the point A where the stress 
intensity factor is to be calculated 
Radius of the biggest inside circle tangent to the ellipse 
Membrane (tensile) stress 

Bending stress 

One-dimensional stress distribution 

Two-dimensional stress distribution 

K 
Geometry correction factor, Y = or0 ---~a 

Introduction 

Most of the existing methods of calculating stress intensity factors require separate analysis 
of each load and geometry configuration. Fortunately, the weight function method developed by 
Bueckner [1] and Rice [2] simplifies considerably the determination of stress intensity factors. 
The important feature of the weight function is that it depends only on the geometry of the 
cracked body. If the weight function is known for a given cracked body, the stress intensity 
factor due to any Mode I load system applied to the body can be determined by using the same 
weight function. If  the weight function is known, there is no need to derive ready-made stress 
intensity factor expressions for each load system and associated internal stress distribution 
induced in the cracked body. The stress intensity factor for a one-dimensional crack (Fig. 1) can 
be obtained by multiplying the weight function, re(x, a), and the internal stress distribution, 

(x), in the prospective crack plane, and integrating the product over the crack length a: 

o 
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A variety of one-dimensional (line load) weight functions can be found in [3 5]. However, 
their mathematical forms vary from case to case, making their application inconvenient. 
Therefore Glinka and Shen [6] have proposed a general weight function (Eq 2), which can be 
used for a wide variety of one-dimensional Mode I cracks: 

m(x,a)= ~ / I + M , / 1 - - /  +M 2 1-  a +M3 1 - x .  
42, (a-x)L a) aj j 

(2) 

1 F 

t 

x 

FIG. 1 The line load (l-D) weight function notation (F = 1). 

The system of coordinates and notation for an edge crack as an example are given in Fig. 1. 
In order to determine the weight function, m (x, a), for a particular cracked body, it is sufficient 

to determine the three parameters M~, M z , and M 3. 

Because the mathematical form of the weight function (Eq 2) is the same for all cracks, the 
same method can be used for the determination of parameters M i and calculation of stress 

intensity factors based on Eq 1. The method of finding Mj parameters was discussed in [7]. A 

variety of line load weight functions has been derived and published already [6 9]. 

Point Load Weight Functions for Planar Cracks Subjected to Two-Dimensional Stress 
Fields 

In spite of  the high efficiency and usefulness of one-dimensional line load weight functions, 
they cannot be used if the stress field is two-dimensional in nature, i.e., when the stress field, 
G (x,y),  in the crack plane depends on both x and y coordinates. Therefore, in order to 

calculate stress intensity factors for planar cracks subjected to a two-dimensional (2-D) stress 
field, a weight function for a point load (Fig. 2) is needed. There are some solutions for planar 
cracks available in the literature [10 11]. For example, stress intensity factors for a semi- 
elliptical surface crack in a flat plate [10] can be calculated using following equation: 
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a ) g 1 =(o" m +Herb) t , c , ~ ,  ~ (3) 

However, the existing solutions for planar cracks can be used only for specific load conditions 
such as tension and bending. For arbitrary crack configurations and complex two-dimensional 
stress fields, a 2-D point load weight function is needed. 

FIG. 2--The point load (2-D) weight function notation (F = 1). 

The 2-D point-load weight function, m a (x, y),  represents the stress intensity factor at point 

A (Fig. 2) on the crack front, induced by a pair of unit splitting forces, F, applied to the crack 
surface at point P (x, y) .  If such a weight function is known, it is possible to calculate the stress 

intensity factor at any point on the crack front induced by any Mode I stress fields applied to the 
crack surface. In order to determine the stress intensity factor induced by a 2-D stress field, 
er(x,y), at a point A on the crack front, the product of the stress function, er(x,y), and the 

weight function, m(x, y), need to be integrated over the entire crack surface area, f2 

K A = IIcr(x, y)m(x,  y)dxdy (4) 

Rice has shown [12] that the 2-D point load weight function for an arbitrary planar crack in an 
infinite body can be written generally as 

m A (x, y) - n.3/2p 2 w(x, y)  (5) 

Oore and Burns [13] proposed an approximate 2-D point-load weight function (Eq 6), from 
which the function w(x, y) can be derived for a number of crack configurations. 

x/2 (6) 
m A (x, y) = ;,rp2[~ dG, 

/ ,  
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The notation for the weight function (Eq 5) is given in Fig. 2. Oore and Burns [13] have 
shown that after deriving closed form expressions for the line integral in (Eq 5), several exact 
weight functions could be derived for straight and circular cracks in infinite bodies. It also has 
been found that the line integral represents the arc length, Fc, of the crack contour inverted (Fig. 

2) with respect to the point, P(x,y). As a consequence, the weight function (Eq 6), can be 

written in a short form as: 

Ka=m4(x,y)= zrp2 ~ (7) 

The inverted contour, Fc, can be also viewed (Fig. 2) as the locus of inverted radii 1/p~. 

Subsequently, it can also be proven that inverted contours form circles in the case of straight and 
circular crack contours. In other words, the inverted contour is a circle in the case of cracks with 
a constant curvature. Therefore, based on Eq 7, it was possible [14] to derive closed form weight 
functions for a variety of straight and circular crack configurations. 

E m b e d d e d  Cracks in Finite Bodies  - The  External  Boundary  Effect  

The point load weight function (Eq 7) can be used only for cracks in infinite bodies. 
However, in the case of finite bodies, both the crack contour and the free boundary contour have 
to be considered. The existing closed form point load weight function [3] revealed that the 
following form of the point load weight function (Eq 8) might appropriately account for the free 
boundary effect 

mA(x,y) : • , / r e  + r b  
~rp2 Fc (8) 

The parameter, Fb, is the length of the inverted contour of the free boundary with respect to 

point A on the crack front (Fig. 3) where the stress intensity factor is to be calculated. 
Equation 8 was subsequently used to derive a few specific weight functions for crack 

configurations available in the literature. The weight function for an infinite straight edge crack 
approaching a straight free boundary (Fig. 3) is discussed below as an example. The weight 
function (Eq 9) for configuration shown in Fig. 3 was derived directly from Eq 8 

(9) 

The point load weight function (Eq 9) can be further integrated along the line x = 0, resulting in 
the 1-D line load weight function (Eq 10) for an edge crack approaching a free straight 
boundary. 

( ~ s  L~s-s,  ~ s (10) 

x=O 
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However, the weight function (Eq 10) is valid only for configurations where the bending of the 
uncracked section is negligible. 

FIG. 3 An infinite crack approaching a free boundary (F = 1). 

The weight function for two edge crack under symmetric loading and separated by a finite 
thickness ligament (Fig. 4) was analyzed next and resulted in: 

mA(S,d ) ~__~+w/2"]xX/-F-7~+F b ~ s  d/-d~s(1 1 )  
=~;,rp2 n.p2) ~ -~77g ~/---ff"/~2-2+~-~ (11) 

Integration of the point load weight function (Eq 11) for uniformly distributed line load P along 
the two lines of x = +(d/2 + s) resulted in the line weight function (Eq 12). 

d+2s 
mA(S)=~xsX d ~ + s )  (12) 

The weight function (Eq 12) is the same as the exact analytical line weight function derived by 
Tada [31. 
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FIG. 4 Two infinite edge cracks loaded symmetrically and separated by a finite thickness 
ligament d (F = 1). 

Edge  Crack  in Inf inite  Body  - Crack  M o u t h  Correct ion  

When a crack has a finite depth (Fig. 5), the effect of the crack mouth boundary has to be 
taken into account. The general weight function (Eq 8) can be used to derive the point load 
weight function for such a crack configuration as well. 

The point load weight function for the configuration shown in Fig. 5 can be written in the 
form of Eq 13. The last term in Eq 13 is the correction for the crack mouth effect. The crack 
mouth correction can be achieved by applying virtual force symmetric with respect to the crack 
mouth. The distance between the point where the virtual symmetric load is applied and the point 
where the stress intensity factor is to be calculated is P3 

(13) 

Integration of Eq 13 along line x = •  +s)  resulted in the derivation of the line load weight 

function (Eq 14) for a double edge crack subjected to symmetric loading (Fig. 5) 

2 ( d + s )  V/Ts 

m ~ ( x ) - 4 r c d s ( s + 2 d ) - ~  xf~ ( 2 a -  s)  (14) 

When the thickness of the ligament tends to infinity, the weight function (Eq 14) takes the 
form of the weight function for an edge crack in a semi-infinite plate, given in [3]. The 
comparison of the weight function (Eq 14) based stress intensity factor correction factor, 

M = m A (x,y)/4~-~, with Tada's solution [3] is shown in Fig. 6. The good agreement indicates 
that crack mouth correction in the weight function (Eq 14) can approximately account for the 
crack mouth boundary effect. 
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FIG. 5 Double edge crack in a finite width plate. 
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FIG. 6 Comparison of the geometric correction factor, M, calculated using the weight 
function (14) with Tada's solution [3] (F = 1). 

Planar  Cracks  wi th  Var iab le  Crack  Front  Curvature  - Th e  Curvature  Effect  

It was also found that the accuracy of the weight function (Eq 8) and subsequent accuracy of 
stress intensity factors for elliptical cracks, having varying curvature of  its contour, was 
decreasing as the ellipses became more slender, i.e., when they departed significantly from the 
circular constant curvature contour. It was concluded that the inverted crack contour, Uc, in Eq 7 

is only an average measure of the crack geometry effect. The weight function and the stress 
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intensity factor also depend on the immediate curvature surrounding the point where the stress 
intensity factor is to be calculated (Fig. 7) and the proximity of the other parts of the crack 
contour. The correction for the local curvature effect proposed below is empirical in nature and 
was deducted from the stress intensity data for a wide variety of stress intensity factors for semi- 
elliptical surface cracks and general properties of the weight function 

mA(x,y)=(f~22+ _~2_21.~/Fb+Fc "(a/rA)~ § 1 (15) 
\~rp, ~P2 ) rc ' (a/rA)  ~ ~rp~.4rc.(a/rA) ~ 

Parameter r A is the radius of an internal circle (Fig. 7) tangent to the ellipse at point A. 

FIG. 7 
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A finite thickness plate with a pair of  symmetric semi-elliptical surface cracks. 

Stress Intensity Factors for a Pair of  Semi-Elliptical Surface Cracks in a Finite Thickness 
Plate 

Using the point load weight function (Eq 15), one can determine the stress intensity factor K 
for a pair of symmetric semi-elliptical cracks in a finite thickness plate (Fig. 7). 

The stress intensity factors at the deepest point C (Fig. 8) were determined for a uniform 
tensile stress field, o- (x ,y)= a0 = 1, using numerical integration of the weight function (Eq 15). 

The comparison of calculated stress intensity factors in terms of the geometric correction factor, 
Y = K/(cr o �9 ~/~a), with Isida et al. [15] data for a/ t  = 0.5 is presented as an example in Fig. 8. 

For relative crack depths within the range of 0.2< a / t  <0.8 and the aspect ratio of 0.2< a/c <1, the 
maximum difference between analogous two sets of data was 7.9 %. 



344 FATIGUE TESTING AND ANALYSIS 

1.2 �84 

>- 
i.: 

0.8, 

O 

O 0 . 4  
o 

u .  

0 
0.2 

�9 Ref. [15] 

�9 - .*- .-WF (15) 

0.4 0.6 0.8 I 

Aspect ratio, a/c 

FIG. 8 Comparison of  the weight function based SIFs with lsida, et al. data[15] for 
various aspect ratios a/c and the relative depth of  a/t = 0.5. 

Stress  Intens i ty  Factors  for  a Single  Semi-El l ipt ica l  Surface  Crack  in a Finite  Thickness  
Plate  

The notation for a semi-elliptical surface crack in a finite thickness plate is shown in Fig. 9. 
The weight function (Eq 14) was used for the determination of the stress intensity factor for this 
crack configuration. 
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Semi-elliptical surface crack in a finite thickness plate. 

Two virtual symmetric loads were used to account for the free boundary and the crack mouth 
effect. The weight function (Eq 14) gave good stress intensity factor estimations for semi- 
circular surface crack (a  / c = 1 ) with relative crack depths 0< a / t <0.8. The error was less than a 
few percent for the two non-uniform stress fields used for the analysis, i.e., t r (x ,y)= troX/C 

(Fig. 10)and ~ (x ,y )=  Croxy/ac (Fig. 11). 
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FIG. 11--2-D stress field, cr (x, y)  =cro*x y/ac applied to the crack surface. 

When the crack front approaches the free surface, the weight function based stress intensity 
factor deviates from the FE data of [1I]. One of the reasons is that numerical integration 
technique was used to deal with singularities for which our integration was not sufficiently 
accurate. The integration was accurate enough over the region defined by the parametric angle of 
50< 0 <  175 ~ The comparison of  the geometric correction factor Y obtained from the weight 
function (Eq 15) with the FE data of [11] is shown in Figs. 12-14. For a single surface crack in a 
finite thickness plate, the weight function (Eq 15) yields good results for relatively deep cracks 
(O<a/t <0.8) with aspect ratio of a / c  > 0.5. 

Unfortunately the weight function (Eq 15) requires an additional term accounting for the 
effect of bending occurring in the case of long cracks with aspect ratio of a /c<  0.3 and 
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a / t  >0.5. Therefore, further studies are being carried out in order to include the bending effect 
in edge cracks ( a / c ~ O )  and semi-elliptical cracks with the aspect ratio of a/c< 0.3. The 
weight function (Eq 15) yields good results for embedded elliptical and symmetric edge and 
semi-elliptical cracks. 
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FIG. 12 Comparison of  the weight function based geometric SIF correction factor Y with 
Nilsson's [I 1] FE data, [or (x, y)=tro*X/c, a/c = 1, a/t=0.8]. 
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FIG. 13--Comparison of the weight function based SIFs with Nilsson's [11] FE data, 
[ ty(x ,y)  =o- 0 .xy/ ac, a /c  = 1, a/t =0.8]. 



WU ET AL. ON CALCULATION OF STRESS INTENSITY FACTORS 347 

FIG. 14 Comparison of  the weight function based SIFs with Nilsson 's [11] FE data, 
[tT (x, y)=~ro*y/a, a/c =0.5, a/t=0.4]. 

Conclusions 

The point load weight function (Eq 15) gives good estimation of stress intensity factors of 
double symmetric edge crack and a semi-elliptical surface crack at the deepest point in a finite 
thickness plate. The stress intensity factors obtained from weight function (Eq 15) were 
compared with the results obtained from finite element analyses [11]. The difference between the 
stress intensity factors obtained from the finite element analysis and the stress intensity factors 
calculated from weight function (Eq 15) is generally within a few percent for double semi- 
elliptical surface cracks with the aspect ratio of a / c  > 0.25 and relative crack depth of 
O< a / t <0.8. 

The point load weight function (Eq 15) can be used to calculate stress intensity factors at any 
point along the crack front for semi-elliptical surface cracks subjected to 2-D stress distribution. 
The difference between stress intensity factors obtained from the weight function (Eq 15), the 
Handbook solutions [15], and finite element results [11] are a few percent for semi-elliptical 
surface cracks depth of 0< a / t <0.8 and aspect ratio of a / c > 0.5. 

The limitation of the point load weight function (Eq 15) is the relative crack depth. When 
relative crack depth a / t  >0.4, the stress intensity factors obtained from the weight function (Eq 
15) deviated from the finite element results. Additional research is needed to account for the 
local bending effect. 
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Abstract: This paper focuses on computer-based techniques used for optimizing 
and accelerating laboratory fatigue tests. After a short review of the available 
methodologies, a practical application is presented on a real automotive 
component undergoing complex loadings. Using a multi-axial non-proportional 
fatigue damage model to identify damaging sections of loading histories, 
combined with advanced joining functions of retained time windows, allows 
accelerating the full test from 34 days to 11 days. Applying the edited signals 
enables testing 3 suspension modules for the same duration needed to test one 
system using the original time histories. This reduces costs, time to market and 
increases design confidence. 

Keywords: test acceleration, multiaxial fatigue, suspension modules testing. 

Introduction 

Manufacturers are under increasing pressure to reduce the time-to-market for their 
products while assuring high reliability of these products. Durability design and analysis 
are essential elements in achieving these objectives. Modem software tools are widely 
used to predict the fatigue life of structures or components at the early stage of a design 
cycle, and taking into account practical loading histories, it can also help to optimise the 
design in terms of durability. 

Fatigue life predictions can be analytically undertaken by using classical methods like 
stress-life, strain-life or linear elastic fracture mechanics. The appropriate analysis 
discipline depends on the proportion of the total fatigue life that is consumed in initiation 
and growth of a fatigue crack up to final failure. These methods have been widely used in 
different industries and allow reasonable predictions in simple stress/strain states. 

However, real components often have complex shapes and are subjected to combined 
loads, resulting in multi-axial non-proportional stress states. An appropriate multi-axial 
model must therefore determine the life of such structures. Research on multi-axial 
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fatigue has made great progress during the past two decades and several well-known 
models that deal with low or high cycle fatigue are available. 

Nevertheless, durability tests are still necessary for design verification or product sign- 
off, because there are many variables that theoretical fatigue criteria cannot adequately 
consider, such as manufacturing processes, assembly, material non-homogeneity or 
residual stresses. This part of the product development cycle is recognised as one of the 
most critical and time-consuming activities. Based on fatigue damage concepts, some 
techniques have been developed to make it possible to remove, with confidence, the non- 
damaging time sequences in a practical test program. A review of these techniques and 
the data domain in which they operate is presented in this paper, with a practical 
application to a real automotive component. 

Test Acceleration through Fatigue-Based Data Editing 

Any data editing method must reduce the testing time in a technically valid, justifiable 
and repeatable manner. For the laboratory test to represent the in-service behaviour, it 
must reproduce the loading environment and the fatigue damage content of the original 
load data. This should ensure the duplication of the same failure modes and locations in 
the laboratory. Fatigue analysis can be used to mimic the fatigue life of the test before it 
is undertaken, to check that the edited drive signals still give a comparable fatigue life (in 
equivalent repeats of sequence) and to estimate the test duration reduction. If  the "before" 
and "after" editing fatigue life does not match closely, then the editing strategy is 
erroneous. 

Editing in the Time Domain 

Time series measurement is the only data domain that contains frequency, phase 
relation, peak-valley and cycle range-mean information. They can be derived by signal 
processing. Any other data domains contain less information compared with the time 
domain. In the past, it has been tempting to accelerate a fatigue test by linearly scaling up 
the inputs and producing a failure at the same location in the component. This is no 
longer the same test as previously non-damaging events in a random sequence become 
damaging. Similarly, constant amplitude equivalent loadings have been derived using 
RMS of ranges. This is also a different test and neither of these methods should be 
recommended. 

Validation of the signal (e.g., spike removal) should be carried out as a matter of 
course, but other time domain manipulations such as down sampling, linear smoothing or 
deletion of low amplitude time sections "by eye" have commonly been used prior to 
testing. These techniques can only be justified if fatigue analysis before and after editing 
shows the simulated test life to be the same in terms of both repeats of history and 
damage distribution. 

More rational techniques have been developed that can identify and remove time 
sections, from single or multi-channel rig drives, based on time-correlated damage. Each 
channel is divided into a number of damage time windows, which are marked for 
retention (1) or deletion (0) according to the editing criterion (e.g., the material test cut- 
off life). A logical OR operation across all the channels gives the list of windows to be 
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retained. The corresponding windows from the original time series are then assembled, 
with joining functions added where necessary to ensure a smooth join from the end of 
one section of data to the start of the next section. This prevents the generation of 
artificial spikes or steps on any channel. The joining function must match the dynamics 
of  the signal and the response capability of the test machine. The drive channels have a 
maximum rate of change, referred to as slew rate, which if exceeded can damage the 
simulator. 

This technique is highly recommended as it produces valid derived significant speed 
increase factors and maintains phase between multiple target drive channels. 

Editing in the Peak- Valley Domain 

Peak-valley, or turning point extraction will typically reduce the number of points to 
reproduce in the test command by a factor of five to ten and is used when frequency is 
unimportant. It cannot be used in situations where resonance fatigue occurs or for 
materials sensitive to frequency (e.g., elastomers) but can still be used for multiple target 
drive channels by a multiple peak-valley extraction process which outputs all 
corresponding points to any peak or valley and maintains the phase relationship between 
the multi-channel set. Replaying the reduced signals at a single cyclic frequency 
optimised to the test rig's capacity can then accelerate component durability tests. 

During the peak-valley extraction a range gating can be applied to remove small peak- 
valley pairs or cycles. Multiple fatigue analysis beforehand can identify the maximum 
gating threshold that does not change the predicted fatigue life, i.e., without removing 
damaging cycles. Care should be taken when using this technique in the strain life 
approach, where the gating must be applied to the local strain history and also when 
dealing with multi-axial problems, the multi-axial material fatigue behaviour being 
stress/strain path sensitive. 

Editing in the Cycles or Histogram Domains 

Rainflow cycle counting can also employ range gating, whether by analysis of time 
series data or as an on-line data acquisition process. Measuring representative service 
over a period of weeks or months is impractical in the time domain so on-line rainflow 
counting is employed. In this way, a time history can be classified with gating and a 
reduced length peak-valley sequence regenerated from the resulting range-mean 
histogram. The same comments apply here as for the peak-valley domain and again, the 
criteria for acceptance is that fatigue analysis before and after editing, shows the 
simulated test life to be the same in terms of repeats of history. 

A histogram can be directly used as input to a fatigue analysis and inspection of cycles 
and corresponding damage histograms can reveal where to remove non-damaging cycles. 
Since typically only a small percentage of the cycles do all the damage, regeneration of a 
peak-valley drive file from an edited histogram can give very substantial speed increase 
factors to the point where impractical tests become practical. 

A major limitation is that these techniques only apply to single channel drive systems. 



352 FATIGUE TESTING AND ANALYSIS 

Editing in the Frequency Domain 

It has been common for component test drive signals to be low pass filtered on the 
basis that high frequency cycles have small amplitudes and are therefore not damaging. 
Even more common is the practice of low pass filtering at the maximum frequency that 
the servo hydraulics can achieve. It should be remembered that frequency filtering does 
not shorten the time series as the number of points is the same and also effects due to 
attenuation, imperfect filter roll-offs and possible phase shifts can falsify the non- 
damaging assumption. Fatigue test life prediction by analysis before and after filtering 
should be used to confirm the validity of the operations. Better still, it is possible to 
assess the correlation of damage with frequency to determine the optimum filtering 
strategy. 

Long-term data may in fact be captured as frequency spectra and a spectrum may be 
edited prior to regeneration to a time series of a chosen length with the required 
frequency content. This technique is not recommended as the time series regenerated 
from a frequency spectrum does not have the same fatigue life, usually it is considerably 
longer. 

Successful fatigue editing is also possible by combination methods. As an example, 
frequency correlated damage based filtering can remove cycles whose frequency cannot 
be achieved and the resulting filtered multi-channel time series set can be further 
processed in time correlated damage editing to produce reduced time series as the first set 
of targets for iterative transfer feedback control. 

All the fatigue based editing techniques presented are currently available in 
commercial software tools. 

Application to a Vehicle Axle 

Problem Description 

Combined Structural and Powertrain Road Load Simulator - A full vehicle 
suspension module durability test is required with both structural and powertrain real 
time inputs. The test module includes all components rearward of the transmission flange 
to the rear tires. Items included in the test module are drive shaft, rear axle (beam or 
independent rear suspension), leaf springs, half-shafts, stay-bar, shocks, upper and lower 
control arms, etc. 

The test machine is a Schenck Pegasus road load simulator with eleven control 
channels (Figure 1). The channels are fore/aft, lateral, vertical and brake for the left and 
right, and left wheel speed, differential speed and input driveshaft torque. Four hydraulic 
actuators are used to simulate the structural durability and three AC dynamometers are 
incorporated to induce the powertrain durability. 

This test scenario presents a challenge, with the interaction of the fast responding 
hydraulic system (60 Hz) and the slower dynamometer system (5 Hz). This problem is 
critical, and must be considered by the data editing technique. A machine out-of-control 
condition referred to as 'ringing' can occur when the dynamometers cannot respond 
quickly enough to the command signal. Conversely, introducing a delay to enable the 
dynamometers to respond is unsuitable for the faster responding hydraulic system. 
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Even though durability testing on a road load simulator is much faster and less 
expensive than the equivalent test on a proving ground, it is still a time consuming and 
(relatively) expensive process. To develop each minute of the test rig drive file requires 
about 30 minutes of developmental runtime on the machine. To insure reliability and 
statistical confidence a minimum of three samples need to be tested, and they must all 
pass for design sign-off purposes. If  a sample fails prior to the completion of its target 
durability life, the failed component must be refined and the test repeated. This loses 
valuable development and testing time. 

FIG. 1 :--- Combined structural and powertrain test rig. 

FIG. 2 - -  Instrumented axle. 

To provide a representative durability test, the road toad simulator is driven by the real 
time histories recorded from the proving ground. The drive files are generated after 
removing the non-damaging or minimally damaging sections of data by using fatigue- 
editing techniques. 

Data Analysis 

Road Load Data Description - The data acquisition exercise acquired 24 channels of  
data, for 30 different sections of the durability test track. The data channels included two 
wheel force transducers, acquiring forces F• Fy, Fz, moments M• My, Mz, and wheel 
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speed from the rear wheels. Load cells mounted at the axle control arm brackets 
measured the structural input loads into the axle. Two strain gage rosettes measured 
strains in critical areas, identified from finite element analysis, on the rear beam axle 
(Figure 2). 

The example time histories are from a 'potholes and bumps' test surface, and were 
recorded for about 30 minutes. The full time histories for the input torque, left wheel 
vertical load and left wheel speed are shown in Figure 3a, and a close-up in Figure 3b. 
The full time history shows a number o f  periods where the vehicle has stopped, the wheel 
speed has dropped to zero, and the close-up view focuses on one of  these periods. This 
zoom-in view shows the instantaneous step changes in torque, wheel load and wheel 
speed. 

The corresponding strains for one of the rosette strain gages are shown in Figures 4a 
and 4b. The full time history shows the periods of high strain values, separated by periods 
of low strain levels. The close-up view shows that the high wheel vertical loads cause the 
high strains. 
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FIG. 4b - -  Rosette gage 2 (close-up). 

Complex Loading Assessment - Vehicle suspension / chassis components are subject 
to multiaxial loads, induced by the vehicle powertrain (engine, gear shift, acceleration, 
etc), road profile (potholes, comers, etc), and the vehicle inertia. The road toad-induced 
strains are collected using rosette strain gages. A local strain damage model is used to 
calculate the time-correlated-damage of the rosette strains. To better simulate the material 
fatigue behavior the component/material fatigue damage model must consider the 
multiaxiality effect of the loads. 

The multiaxial loading case can be divided into two categories, with increasing 
complexity: proportional and non-proportional cases. 

For proportional loading cases, the principal stress directions are constant; thus, 
equivalent stresses and strain would be calculated from the applied loads (Von Mises, 
Tresca, Maximum Principal Strain, etc). Many well-documented damage models are 
available, and could be used to solve such a loading case. 

On the other hand, for the non-proportional loading case, both the principal directions 
and the biaxiality ratio (considering the surface, where fatigue cracks usually initiate) 
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vary in time. All known traditional Uniaxial Strain Hardening models (Neuber, Seeger- 
Beste, and Mertens-Dittman) fall short of modelling the multiaxiality strain hardening 
behaviour of the material. The multiaxial strain hardening is modelled using Glinka's 
algorithm [1] for the implementation of the Mroz-Garud model [2,3]. 

An analysis of the measured rosette strain gages shows a complex loading 
environment, which is multiaxial non-proportional. Figures 5a and 5b show this through 
the wide distribution of biaxiality ratio and the principal angle plots versus the Maximum 
Principal Strain values. 
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Fatigue Analysis 

For this complex loading environment, a simple uniaxial fatigue damage model is too 
non-conservative to analyze these strain gage signals. To calculate fatigue life from a 
strain gage rosette using a uniaxial damage model requires either the signed absolute 
maximum principal strain or the signed shear strain (Tresca). Table 1 shows a 
comparison of predicted life using the Wang Brown multiaxial fatigue damage model [4] 
versus that of using the local strain uniaxial fatigue damage model. 

Table 1 - -  Predicted life using multiaxial and uniaxial models. 
Fatigue Damage Model Predicted Life 

(repeats) 
Multiaxial Fatigue Damage Model (using Wang-Brown) 1.81E8 
Local Strain Uniaxial Fatigue Damage Model (using 9.88E8 
Signed Absolute Maximum Principal Strain) 
Local Strain Uniaxial Fatigue Damage Model (using 6.73E8 
Signed Shear Strain) 

Because the multi-axial damage model predicts shorter service life, it may be 
appropriate to use the Wang-Brown multiaxial fatigue damage model for data editing. 

Time Correlated Damage Analysis - -  The multiaxial material fatigue behavior is 
strain path sensitive, therefore damage calculations require the rosette strain history files 
collected at the test track. This calculation procedure includes the loading sequence 
effect. Computing the fatigue life for small time slices across the whole data file and 
plotting the results in the time domain, result in the Time-Correlated-Damage file. 
Because two rosette gages were used during this test, two Time-Correlated-Damage files 
were generated. Both files showed that there were large sections in the data that produced 
no or very minimum damage. Common, non-damaging sections of both Time-Correlated- 
Damage files are filtered out using a cut-off damage window. Breaks in the road load 
data files are joined using an advanced connection function that considers both the real 
time test rig capabilities and the road load data frequency content. 

Using a similar Y-axis scale, Figure 6a shows the time correlated damage. This 
highlights the difference in damage magnitude between the multiaxial and the uniaxial 
analysis. The local strain uniaxial damage model uses Rainflow cycle counting to identify 
fatigue cycles, and uses the Neuber model to calculate the local stresses and strains. The 
Wang-Brown multiaxial damage model identifies individual reversals, using a multiaxial 
Rainflow algorithm to compute the stresses from the measured strain values. This model 
is strain path sensitive, therefore the sequence of loading cycles is considered. 

Figure 6b shows the time-correlated-damage as a percentage of the total. This shows 
the relative difference in damage magnitude occurring at different times throughout the 
time history. This difference in damage occurrence in time is due to the loss of damage 
ranking when using uniaxial damage approaches (Rainflow Counting), whilst the loading 
sequence is considered when calculating multiaxial damage. If  the uniaxial damage 
model is used in a multiaxial loading environment damaging sections of the time history 
may not be identified correctly, and may not be retained during fatigue editing. 



358 FATIGUE TESTING AND ANALYSIS 

5E-10 

0 

5E-10 

0 

i Damage ( ) Multlaxial GAGE2.PCT 

Damage Analysis l 

Damage ( ) Uniaxial GAGE2X_F.PCT 

0 500 1000 1500 
Time (Seconds) 

FIG. 6 a -  Time correlated damage magnitude difference. 
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Joining Function for Combined Chassis and Powertrain Tes t ing-  The requirement for 
this application is to use a joining function suitable for the differing dynamics and 
response characteristics of the drive channels without altering the data frequency content. 
The hydraulic actuators have a frequency response of 60 Hz. The AC dynamometers are 
limited to 5 Hz. 

A short join window is suitable for the hydraulic actuators, but is unsuitable for the 
dynamometers. It could exceed the capabilities of the test rig and will result in machine- 
out-of-control condition that may damage the test rig. A long join window is suitable for 
the dynamometer, but will introduce a pause into the hydraulic actuators changing the 
dynamics of the structural test. 

The joining function used is based on a sine or linear overlap average of data points. 
This uses existing non-damaging data immediately succeeding and preceding the time 
windows to be joined. Two time windows are necessary to define the joining function. 
The first, the join time window, defines the overall length of the join. It has the same 
length in time for all data channels to ensure the synchronization of all time histories. The 
second, the overlap time window, defines a time period, inside the join time window, 
where the overlap function is applied. This overlap time window could be defined on a 
channel-by-channel basis. It provides a channel dependent overlap time window, within a 
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fixed join time window. The size of the overlap window reflects the rate of change of the 
loading channel it is associated with. An overlap time window of the size of the join time 
window is needed to blend slow response channels, whilst only a section of the join time 
window is needed to overlap fast response signals. 

This is shown graphically for a slow response time history, vehicle speed, in Figures 
7a and 7b, and for a fast response time history, wheel load, in Figures 8a and 8b. 

FIG. 7a - -  Slow response speed channel first window, join function and second window. 

FIG. 7b - - Jo in  function (close-up)join time=2 seconds overlap time=2 seconds. 
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FIG. 8a - -  Fast response load channel first window, join function and second window. 

FIG. 8b - - Jo in  function (close-up)join time=2 seconds overlap time=0.2 seconds. 

The benefit of using this technique is the ability to create joining functions that are 
suitable for data with widely different frequency characteristics without or minimally 
changing frequency content of the data channels. This process insures that there is no 
change in the failure modes between the test track and the laboratory durability tests. 

Some of its advantages over the traditional join functions are shown in Figures 9, 10, 
and 11. In Figure 9 the retention of a damaging wheel input load cycle is shown. If a 
simple linear or half sine join function had been used, this wheel input load cycle would 
have been omitted. Using the linear or half sine overlap, with Join Time=2 seconds and 
Overlap Time=2 seconds would retain only 50% of the magnitude of the cycle. The full 
load cycle was retained by using the overlap function and the inner overlap window, Join 
Time=2 seconds and Overlap Time-0.2 seconds. 
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FIG. 9 - -  Retaining load cycle. 

Using a simple half sine join function to connect damaging sections of the time history 
can exceed the maximum slew rate (machine capability) of the test rig. An example of 
this condition is shown in Figure 10. Therefore, the rig cannot duplicate the durability 
data files. As a result, both the test rig and the tested components will be subject to high 
artificial loading spikes that will damage the expensive test rig, and produce unrealistic 
component failure modes. On the other hand, using the half sine overlap technique, the 
rig is faithfully capable of reproducing the simulation time history with on line real time 
iterative feedback. Unrealistic spikes are now minimally induced into the system. This 
advanced joining function reduces the wear and damage to the test rig, and improves the 
test track to laboratory test simulation. 

Another advantage is to keep real data that would otherwise be discarded. Figure 11 
shows a good example of how the smooth half sine join is unrepresentative of the real 
road load input data. The overlap half sine join gives a better representation of the real 
road load inputs, and improves the correlation between the test track and the laboratory. 
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FIG. 11 - -  Overlap half sine function retains real load inputs. 

Results 

Time Domain Damage Comparison - To have a valid editing technique, the damage 
content of  edited data files should be as close as possible to the damage content of  the 
original data files. Hence, the damage calculations on the edited files must account for 
any artificial damage induced into the tested components. 

Table 2 below shows one section of  the durability strain data files and illustrates the 
damage content before and after data editing. Using a damage time window of  20 
seconds, a join time of  0.8 seconds and an overlap time of  0.2 seconds, the original file 
length, in time, was reduced by a factor o f  5. The predicted fatigue life for the original 
and edited files was calculated using the Wang-Brown multiaxial damage model with 
mean stress correction. Almost all of  the original damage, 99.4% to be precise, was 
retained in the edited data file. 
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Table 2 - -  Predicted fatigue life before 
Data Files Data Length 

(seconds) 

Onginal 1650 

Edited 330 

Reduction Time 
Factor = 5 

and after editing. 
Predicted Life 
(repeats) 

1.81E8 

1.82E8 

% Damage 
Simulation = 99.4% 

The same editing parameters are used to edit all of the test rig input channels. Figure 
12 is a plot of the input axle pinion torque, axle left vertical load, and left wheel speed 
channels, both in their original length, and after data editing. The edited data files are 
used as load inputs into the multi-channel test rig for drive file generation, and for 
durability test acceleration. Using the edited time histories substantially reduces the 
iterative feedback duration needed for test rig drive file generation. 
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FIG. 12 - -  Original and edited time histories. 

Frequency Domain Comparison - -  Comparing the time-correlated-damage content of 
edited time histories to that of the original durability files is not enough. For better test 
track to laboratory simulation purposes, edited data files must include similar frequency 
content as those of the original time histories. Thus, both edited and original data files are 
compared in the frequency domain. For correlation study purposes, the Power Spectra are 
calculated and compared in the overlay plots in Figure 13. 

The frequency content of the original and edited files is maintained and the possibility 
of changing the failure mode is minimized. 
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FIG. 13 - -  Power spectrum comparison. 

Conclusion 

The fatigue-based data editing procedure has proven to be very effective in 
accelerating the combined structural and powertrain durability test for vehicle 
components and systems. The use o f  an appropriate joining fimction maintains the 
damaging load cycles from the original road load data and prevents the introduction of  
artificial loading spikes. The absence of  these artificial spikes reduces the wear and 
damage on the test rig and prevents unrealistic failure modes. 

A 'Key Life' test is defined as the simulation of  the test track or customer usage in the 
laboratory. The full durability Key Life test for the rear suspension modules contained a 
combination of  road load data from many different test surfaces. This full test was 
accelerated from 34 days to 11 days of  machine runtime. The 'potholes and bumps' test 
surface described here contributed a reduction o f  11 days to 2 days. In addition, the time 
required to develop the test rig drive files is substantially reduced. 

For reliability and statistical design confidence purposes, a batch of  3 suspension 
modules was tested on the Road Load Simulator. Before implementing the multiaxial 
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editing technique, such a series of  durability tests were prohibitively time consuming and 
expensive. 

In the test, a proving ground crack was reproduced, in both location and failure mode, 
on the Road Load Simulator, illustrated in Figures 14 and 15. 

FIG. 15 - -  Close-up of failure location. 



366 FATIGUE TESTING AND ANALYSIS 

Acknowledgements 

The authors would like to acknowledge the contribution of Visteon, Chassis Division, 
ADSE (Axle & Driveline Systems Engineering) Experimental Engineering Department 
and nCode International. 

References 
[ 1 ] Glinka, G., 

[2] 

[3] 

[4] 

"Calculation of Inelastic Notch-Tip Strain-Stress Histories under 
Cyclic Loading," Engineering Fracture Mechanics, Vol. 22, No. 5, 1985. 
Mroz, Z., "The Description of Anisotropic Work Hardening," Journal of 
Mechanics andPhysies of Solids, Vol. 55, No. 3, 1967. 
Garud, Y. S., "A New Approach to the Evaluation of Fatigue Under Multiaxial 
Loading," Journal of Engineering Materials and Technology, Vol. 103, 1981. 
Wang, C. H., Brown, M. W., "Life Prediction Techniques for Variable Amplitude 
Multiaxial Fatigue," Journal of Engineering Materials and Technology, Vol. 118, 
1996. 



OTHER APPLICATIONS 



Journal of ASTM International, September 2004, Vol. 1, No. 8 
Paper ID JAI19025 

Available online at www.astm.org 

A. J. McEvily,  1 S. Ishihara, 2 and  M. Endo 3 

On the Causes of Deviation from the Palmgren-Miner Rule 

ABSTRACT: Based upon considerations of fatigue crack growth, explanations for the observation that 
the Palmgren-Miner damage summation often deviates from unity can be established. It is assumed that 
the fatigue lifetime is taken up entirely in fatigue crack propagation, that is the number of cycles spent in 
crack initiation is a negligibly small fraction of the total lifetime. This assumption permits the fatigue 
lifetime to be analyzed in terms of a basic constitutive relation for the rate of fatigue crack growth that is 
given by: 

do 
= A ( A K , e  - MC~h)  2 

d N  

where a is the crack length, N is the number of cycles, A is a material-environmental constant, AK/f is 

the effective range of the stress intensity factor, i. e., Km~ - Kop, where K,,~ is the maximum value of the 
stress intensity factor in a loading cycle, Kop is the stress intensity factor at the crack opening level, and 
~'efph is the effective value of the stress intensity factor at the threshold level. 

Three variable amplitude loading conditions are considered: two-step loading, multiple two-step 
loading, and overload and underload loading. In each case, the cause for deviation from a Palmgren- 
Miner damage summation of unity is clarified. 

KEYWORDS: fatigue crack growth, damage summation, variable-amplitude loading, two-step loading, 
multiple two-step loading, overloads, underloads 

Introduct ion  

A basic tool for the prediction of  fatigue lifetimes under  variable amplitude loading is the 
Palmgren-Miner  rule, which is expressed as: 

,~-~ n, = 1 (1) 
i=1 N f, 

where ni is the number  of  cycles at the i th stress level, and Nfi is the number  of  cycles to failure at 
that stress level. Experience has shown that  this summation, the damage factor, can often deviate 
significantly from unity, and empirical procedures are used to take this deviation into account for 
specific loading spectra. In the present paper we examine several causes for this deviation. Three 
cases will be considered. The first is the classical two-step test in which the damage factor is 
determined for both high-low (H-L) and low-high (L-H) loading sequences. In this type of  test, a 
specimen is first cycled to a given fraction of  its fatigue life at one stress amplitude, and then the 
stress amplitude is changed, and the specimen is cycled to failure at the second stress amplitude. 
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The second case is that of multiple two-step tests in which the lower stress is below the fatigue 
strength of the material. The third case involves overloads and underloads. In each of these cases 
we will be dealing with fatigue crack growth, and the following constitutive relation for fatigue 
crack growth [1] will provide the basis for the analyses 

da = A ( A K  y - z~kl~effth) 2 (2) 
dN 

where a is the crack length, A is a material-environmental constant, AKe~ is the effective range 

of the stress intensity factor, i.e., Kmax -Kop, where Kop is the stress intensity factor at the crack 
opening level, and AKoy, h is the range of the stress intensity factor at the threshold level. 

Equation 2 has been modified [2] to take into account the following attributes of  fatigue 
crack growth: 

�9 In the very short fatigue crack growth range, the stress for propagation is controlled by 
the endurance limit of  the material rather than by the long crack threshold condition. 

�9 In the short crack regime, small scale yielding conditions are not applicable, and a 
modification for elastic-plastic conditions is needed. 

�9 Crack closure in the wake of a newly formed crack is zero, but as the crack grows, the 
crack closure level increases to the level associated with a macroscopic crack in a 
distance of the order of 1 mm. 

With these modifications, Eq 2 is written as 

A[( 2 . ~ F  Y ~ - - F ) A  a" 1 - -*'~ A K  2 ~ N  = + - ( e )(Kop max --  g r o i n  ) - effih ] ( 3 )  

where re is a material constant defined as [6K'JJ'ho'eL ]~[27rF(1 + #2-yl + 0.5Y2)]" This constant 

provides a link between the endurance limit (or the fatigue strength at 107 cycles) and the 

effective threshold level. The value of  re is of the order of I pro. F is given as 1 (sec x a,~, + 1 ) ,  
2 2 o- r  

and accounts for elastic-plastic behavior. Y is a geometrical constant, which, for example, is 
equal to 0.73 for a semicircular surface flaw. Act is the stress range. The material constant k is 
an indicator of the rate of development of crack closure, and for steels may have a value of the 
order of 6000 m -1. The symbol 2 represents the distance a new crack has grown. In the case of a 
smooth specimen, it would correspond to the semi-length of a semi-circular surface flaw. In the 
case of a notch, it would be the distance measured from the tip of the notch, and in a case that 
will be treated herein, it is the distance measured from the tip of a fatigue crack that has been 
heat treated to be closure free. Kopmax is the crack closure level associated with a macroscopic 
crack. Kmin is the minimum stress intensity associated with a particular loading cycle. 

Equation 3 can be written in compact form as 

da 
- - = A M  2 (4) 
d N  

where M is the quantity within brackets in Eq 3. Equations 2-4 will be used in the following 
analyses. 
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Analyses 

Two-step Tests 

Figure 1 is a schematic diagram that is used to illustrate how different crack growth paths on 
the diagram for a high stress amplitude and for a low stress amplitude can lead to quite different 
damage summations. For an L-H test, the summation is greater than unity, whereas for an H-L 
test the reverse is true. Equation 3 predicts this type of crack growth behavior as shown in Fig. 2 
[3], which presents the results of fatigue experiments carried out with the aluminum alloy 2017- 
T4 tested in a salt water environment. It is noted that if the Paris law were used as the 
constitutive relationship, this type of behavior would not be predicted, since all crack growth 
paths would then be expected to lie long a single line in Figs. 1 and 2. 

Figure 3 [3] is a cumulative damage plot for these tests that compares the predicted behavior 
with experimental results. There is a reasonable degree of agreement between the predictions and 
actual behavior. This agreement stems from the inclusion of the AKe~,h term in Eq 1. This term is 

of greatest influence on the crack growth paths in Figs. 1 and 2 at low stress amplitudes. It is 
noted that at the higher stress amplitudes there is much less of an effect of this term on the crack 
path, and Paris law crack growth behavior is approached. 

Figure 4 [4] shows results obtained in air with smooth specimens of a 0.45 % carbon steel. 
In this case it was assumed that the entire fatigue lifetime was spent in fatigue crack growth, an 
assumption supported by the finding that fatigue cracks of 10 lain length have been observed by 
the replica method at less than 7 % of the fatigue life in the high cycle regime [4]. It is noted that 
in the L-H sequence there is an indication that coaxing had occurred, in as much as the life 
fraction at the second stress level often exceeded unity. This behavior was attributed to a higher 
rate of  closure development, k, in the near threshold region where Stage I growth occurs rather 
than the usual 6000 m- [5]. 

Multiple Two-step Tests 

Murakami and Matsuda [6] have carried out multiple two-step tests of a 0.46 % carbon steel 
specimens. The yield strength was 356 MPa, and the smooth bar endurance limit was 240 MPa. 
Each specimen was of circular cross-section, and prior to testing an artificial defect measuring 40 
/am in diameter and 40 ~tm in depth was drilled into the surface before carrying out the test 
program. In one test sequence a fatigue crack was then grown from the defect to a length, 2a, of 
1000 ~tm, and the specimens were annealed at 873 K in vacuum to remove the prior cyclic 
history, and an S/N curve for these pre-cracked specimens was determined under R = -1 loading 
conditions. Figure 5 shows the results of these tests. The experimental value of the fatigue 
strength for these pre-cracked specimens is approximately 127 MPa. 
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FIG. 5 S/N curve for a 0.46 % steel containing an initial fatigue crack o f  length, 2a, equal 

to 1000 pm tested under axial loading at R = -1 [6]. 

One of the two-step sequences used that we will analyze consisted of applying repeated 
blocks of cycles at R = -1, which were made up of one cycle at 196 MPa followed by 40 cycles 
at 68.6 MPa. This pattern was repeated until failure occurred. From Fig, 4, the life at 196 MPa is 
estimated to be 1.5 x 105 cycles. By extrapolation of the upper portion of the S/N curve to 
stresses below the fatigue strength, as indicated by the dashed line in Fig. 5, it is estimated that 
the fatigue life at 68.6 MPa is 4 • 107 cycles. This extrapolation procedure traditionally has been 
used in an attempt to account for the damaging effect of cyclic stress levels that are below the 
apparent fatigue strength. Figure 6 shows the dependency of the fatigue crack length, 2a, on a 
damage summation based upon the aforementioned lives at the two stress levels, as well as the 
crack growth curve at just the high stress level for comparison. Here nH is the number of cycles at 
the higher stress level, and NH is the number of cycles to failure at that level under constant 
amplitude loading conditions, etc. At failure, the value of the damage summation is 0.328, an 
indication that a stress amplitude well below the fatigue strength can bring about significant 
damage, for otherwise the summation should have exceeded unity. 

In analyzing these results on the basis of Eqs 2 4, it was assumed that the elevated 
temperature heat treatment prior to the start of the two-step test had completely eliminated the 
original crack closure. Further, it was assumed that because the fatigue crack length, 2a, was 
1000 ~tm in length at the start of the two-step test, the crack faces initially closed at zero stress, 
and in this case only tensile stresses propagated the crack. 

In order to make the calculations, the following values were assigned to the material 

constants. AKe~ ~ = 2.5 M P a ~ m ,  Kopmax = 3.5 MPa , fm,  k = 6000 m l .  The value of r~, based 

upon an endurance limit (smooth specimen) of 240 MPa and a yield strength of 356 MPa, was 
determined to be !.2 gin. The value of the constant A was determined from the plot shown in 
Fig. 7, which shows the rate of fatigue crack growth obtained from the work of Murakami and 
Matsuda [6] as a function of the parameter M. A line of slope 2 has been drawn through the data 
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points in accord with Eq 4, and A is related to the rate of fatigue crack growth where M -- 1.0, 

namely A = 5 • 10 ]~ (MPaVm) -2. 
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FIG. 6 The fatigue crack length as a function of  the damage summation for an initial crack 
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FIG. 7 The rate o f  fatigue crack growth for a 0.46 % carbon steel specimen that contained 
an initial crack o f  length, 2a, equal to 1000 pm as a function o f  the parameter M. 
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We next consider how the lower stress can act to reduce the damage factor to well below 
unity. First of all, it is recognized that initially the stress intensity factor, given for a semi- 
circular surface flaw as 

K = 0.73 ~ a  cr  (5) 

where cr o is the stress amplitude, equal to 1.98 MPa~m at the 68.6 MPa level. This level is 

below the AK~ h value of 2.5 MPa ~m,  so we do not expect any crack propagation at this stress 

level, at least not until the crack reaches a length 2a of 1.49 mm. However, prior to reaching that 
length, the lower stress has already done significant damage as seen in Fig. 6. We propose the 
damage caused by the lower stress is simply due to the reduction or elimination of crack closure. 
After each high cycle, the next 40 low cycles at R = -1 serve to erode roughness- induced crack 
closure. Therefore, the fatigue crack tip is not shielded and the crack can grow at a higher rate. 

The results of calculations for constant amplitude loading as well as for two-step loading are 
shown in Fig. 8. For the constant amplitude test it was assumed that crack closure developed in 
accordance with Eq 3. For the multiple two-step test, two curves are plotted. One is for crack 
propagation only at the higher level but with zero crack closure. The other is for crack 
propagation at both levels, once the critical crack length for propagation had been reached at the 
lower level. In the latter case, the effects of any crack closure were neglected. It is seen that the 
experimental trends are followed to within a factor of two or so. Better agreement in the two-step 
tests could be achieved by introducing some level of crack closure, but for the purpose of 
understanding the role of the lower stress level, we think the point has been made. It is noted that 
Ueno et al. [7] found a somewhat similar effect by cycling silicon nitride below the threshold for 
large numbers of cycles. This led to a subsequent acceleration in fatigue crack growth rate above 
threshold, an effect that was attributed to a degradation of grain boundary bridging as the result 
of the large numbers of cycles that had been applied below the threshold level. 
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FIG. 8 A comparison of experimental and calculated fatigue crack growth behavior under 
constant amplitude and two-step loading. (Each loading block was made up of one high cycle 
and 40 low cycles). 
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The analysis given above indicates that a fatigue lifetime prediction for variable amplitude 
loading based upon crack propagation considerations will provide a more mechanistically 
consistent lifetime prediction than the use of currently employed damage summation procedures. 
Further, it is proposed that a crack growth analysis that neglects the effects of crack closure can 
provide a conservative estimate of the fatigue lifetime for design purposes under variable 
amplitude loading conditions. 

Overloads and Underloads 

For many loading spectra, the range of loading may not be sufficient enough to exert any 
significant loading history effect. For example, Barsom [8] found that the average fatigue crack 
growth rate under the moderate variable-amplitude, random-sequence load spectra associated 
with bridge structures could be expressed as a function of AK . . . .  where AKr, ~ is the range of 

the root mean square stress intensity factor. It has been shown that the rms approach is 
equivalent to a second power of AK law, which in turn can be related to the crack tip opening 
displacement (CTOD) [9]. In other cases, however, there may be tensile overloads or 
compressive underloads, which can introduce load history effects that significantly affect the 
fatigue lifetime. Wu and Schivje [10] have shown that a 100 % overload at R = 0 could lead to a 
two-fold increase in the crack growth life of an aluminum alloy. However, when the overload 
was followed by an underload of 80 %, the net gain in the fatigue crack growth lifetime was 
reduced significantly. In the case of repeated spike overloads applied every 2500 cycles at R = 0 
to an aluminum alloy, Dawicke [11] found that the fatigue life could be extended by a factor of 
100 for 200 % spike overloads. Interestingly enough, the effect of still higher overloads was not 
as great. When Dawicke [11] applied spike underloads following each overload, the fatigue 
lifetimes were reduced relative to those observed for peak overloads alone. In fact, when the 
ratio of the spike underload stress to the peak constant amplitude stress level was -300 %, the 
fatigue lifetime was slightly reduced relative to the constant amplitude lifetime. The effect of 
underloads can largely be attributed to a reduction in the crack closure level, a topic that has been 
explored in depth by Topper et al. [12]. Further, Newman [13] has shown the Fastran computer 
program, which employs plasticity-induced crack closure, can be used to predict the observed 
behavior. Obviously, these sorts of history effects can have a significant effect on the damage 
summation. 

Next we consider the mechanism responsible for the retardation in crack growth rate in sheet 
material following an overload. Most studies on the effect of a tensile overload on fatigue crack 
growth behavior have been carried out at baseline R levels greater than zero. Under these 
circumstances, the overload can lead to an initial acceleration in the rate of fatigue crack growth 
that is followed by a period of delayed retardation in the crack growth rate. After reaching a 
minimum value in fatigue crack growth rate, the crack then accelerates and returns to the 
baseline rate of crack growth as the crack reaches the limit of the overload affected zone. This 
type of behavior is depicted in Fig. 9 [14]. It is now known that the overload effects in sheet 
material are primarily associated with the plane stress regions at the specimen surface [14 16]. 
When the overload is applied, there is a contraction of material in the thickness direction in the 
plane stress region at the crack tip. This contraction results in additional material being present in 
a region just below the original surface, and when the load is reduced following the overload, 
this excess material goes into compression over a distance ahead of  the crack equal to the extent 
of the overload plastic zone size. As a result, these compressive residual stresses exist over a 



McEVILY ET AL. ON CAUSES OF DEVIATION 377 

much greater volume of material at the surface than was the case prior to the overload. One 
consequence is that after the crack has grown into the overload plastic zone, and the specimen is 
reloaded in tension, there will be two crack opening events as indicated in Fig. 10 [16] for two 
specimen thicknesses. The first of these corresponds to crack opening everywhere in the wake of 
the crack front except in the surface overload zone. This opening level is less than that which 
prevailed prior to the overload due to crack tip blunting caused by the extra material in the region 
just below the original surface. The second and higher opening event occurs as the crack opens 
in the overload zone at the surface. Note that this upper opening event will not be observable 
immediately after the overload. Some growth of  the crack is required before it can be detected 
because initially there is no wake behind the crack tip at the surface following the overload, since 
the crack has been blunted by the overload. In fact, immediately after the overload, the crack 
growth rate of the crack at the surface may be higher than the baseline crack growth rate because 
of the lack of crack tip shielding. However, as the crack advances, plasticity-induced crack 
closure will be developed in the wake of  the crack at the surface due to the relaxation of the 
overload compressive stresses, and the rate of  fatigue crack growth will follow the trend 
indicated in Fig. 9. The rate of growth following an overload has been analyzed on the basis of 
Eq 2 at base line R values ranging from 0 0.5, and good correlation has been found [14,16,17]. 
As might be expected, the overload effect is much more pronounced for thin specimens than 
thick specimens. Further, the effect of the overload is less pronounced as the R level is 
increased. 
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FIG. 9 Variation in fatigue crack growth rate in the aluminum alloy 6061-T6 following 

a 100 % overloadatR = 0.05. The baseline AK level was 8 MPa~/-m. Also shown is the effect 
o f  machining away the surface layers at the point o f  minimum crack growth rate On the 
subsequent crack growth behavior [14]. 
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FIG. 10 A schematic of  load-offset displacement plots following an overload after the crack 
has penetrated into the overload plastic zone: (a) for a 6. 35 mm thick specimen, and (b) for a O. 3 
mm thick specimen [16]. 

If instead of a tensile overload a compressive overload is applied, the subsequent fatigue 
crack growth behavior will be quite different. Topper and DuQuesnay [12] have shown that at a 
baseline cyclic level of R = -1, a sufficiently high compressive underload leads to an immediate 
reduction in the crack opening level. As a result, the fatigue crack growth rate is increased to a 
maximum immediately after the compressive underload had been applied before gradually 
decreasing to the normal rate associated with the baseline level. In these tests, crack closure at 
the baseline level is through-thickness in nature and is roughness-induced. The compressive 
overload serves to flatten the asperities on the fracture surface, thereby reducing the crack 
opening level and increase AKey. 

It has been observed recently that a tensile overload followed by cycling at R = -1.5 can lead 
to an acceleration in the fatigue crack growth rate [18]. At zero load immediately following a 
tensile overload, the plane-stress overload plastic zone is in a state of  compression. As the 
compressive load is increased in R = -1.5 loading, the compressive stress in the plane-stress 
plastic zone is increased, and under the influence of a sufficiently high level of compressive 
loading, the material within this plastic zone can reach the flow stress in compression. When this 
occurs, material in this zone will flow outward in the lateral direction, i.e., just the opposite of 
what occurred during the tensile overload. That the material flows in the outward direction is 
evidenced by an increase in specimen thickness, and the propping-open of the crack due to the 
stretching in the plane region that had been induced by the overload will be reduced or 
eliminated. There now will be less material in the region just below the original surface of the 
specimen, and as the specimen is unloaded from the minimum stress level to the zero stress level, 
the surface zone will go into a state of  residual tension rather than compression. As a result, 
crack closure will be lost, and the fatigue crack growth rate will accelerate. Therefore the 
magnitude of the overload as well as the baseline level of cycling can both have a marked effect 
on the magnitude of the damage summation. 
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Conclusions 

1. In a two-step test, variations of the damage summation from unity occur because of 
stress-dependent differences in the crack growth path as a function of ni/Nfi. 

2. In multiple two-step tests of fatigue-cracked specimens where the lower stress amplitude 
is below the fatigue strength, a major influence of such a stress level can be to reduce the 
crack closure level, thereby allowing faster rate of fatigue crack growth at the higher 
stress level. 

3. The retardation effect associated with an overload in sheet material is largely due to the 
lateral contraction of material in the plane stress overload zone. The acceleration effect 
associated with an underload is due to a reduction in the crack closure level caused by the 
flattening of asperities during the underload. 

4. The accelerating effect found during cycling at R = -1.5 following an overload is 
associated with the lateral expansion of material in the overload plastic zone. 

5. Under many variable amplitude loading conditions, fatigue lifetime predictions based 
upon fatigue crack growth considerations can provide a more rational and accurate 
assessment than the Palmgren-Miner rule. 
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ABSTRACI': The paper presented gives an overview of the various problems that should be 
addressed to take into account the variable amplitude Ioadings undergone by the car components. One 
of the most important point is that all the steps of the design procedure (including experiments and 
computations) should be consistent with each other in terms of damage. For some reasons (efficiency, 
robnstress, capitalization,...), variable amplitude loading may be converted into damage equivalent 
loadings. Tools such as cycle counting ,damage smnmation including the mean value effect and 
raintlow extrapolation are therefore necessary. The paper shows how single component and full scale 
tests are related with both customer and test track measurements, and how these experimental data are 
correlated with predictive fatigue computations, including the statistical aspects for reliability purpose. 
The paper will illustrate that if the consistency mentioned above is guaranteed, then the variable 
amplitude fatigue computation (such as the ones proposed in commercial codes) is no longer useful. It 
requires therefore an analysis of the raatedal behavior under variable amplitude loadings in the 
automotive context. One of the most important advantage of this approach is that under simple 
assumptions, the computations can be realized before any prototype could be driven on a track. It 
allows to shorten the developments delays. These assessments will be illustrated by various examples 
showing how the loadings are analyzed in the measurements stages, and how they are applied in the 
experimental and computation stages. 
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I n t r o d u c t i o n  

Various problems should be addressed to take into account the variable amplitude 
loadings undergone by the car components.  One of  the most important point is that all the 
steps of  the design procedure (including experiments and computations) should be 
consistent with each other in terms o f  damage. For some reasons (efficiency, robustness, 
capitalization,...), variable amplitude loading may be converted into damage equivalent 
loadings. Tools such as cycle counting ,damage summation including the mean value 
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how single component tests and vehicle tests are related with both customer and test track 
measurements, and how these experimental data are correlated with predictive fatigue 
computations, including the statistical aspects for reliability purposes. The paper will 
illustrate that if the consistency mentioned above is guaranteed, then the variable 
amplitude fatigue computation (such as the ones proposed in various commercial codes) 
is no longer useful. One of  the most important advantages of  this approach is that under 
simple assumptions, the computations representative of  the vehicle life can be realized 
before any prototype could be driven on a track. It allows one to shorten development 
delays. 

Consistency of the Design Procedure 

Schematically, the fatigue design procedure of  a complete car can be represented by a 
so called "V cycle" as shown in Figure 1. This figure shows on the top of  the descending 
left branch that the customer usage of  the car should be transformed into design 
specifications at the global level. We are usually provided with loadings at the wheel 
basis. The car architecture allows, by the mean of  multi-body analysis, to transfer loading 
specifications to each subsystem and component of  the car. These extended specifications 
correspond to the entries on each level o f  the left branch of  the V. The ascending branch 
is made by the experimental validation corresponding to each level. For each numerical 
and experimental specification, one must be provided with an acceptance criteria that 
helps the designer to make a "yes or no" decision. 

FIG. 1 - V cycle for fatigue design 

The statements are 
�9 Customer usage may be described as multi-axial/multi-input variable 

amplitude loadings (including some time information such as frequency and 
phase). 

�9 Variable amplitude calculations and experiments are expensive and time 
consuming. They cannot be generalized to each component of  the car. 

�9 It is much more significant to perform an equivalent damage loading than a 
cumulative damage analysis on the stresses issued from a unique random 
loading. 
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�9 The final validation stage (at the car level) should be as representative as 
possible of  the physical situations that a car may encounter. 

The key issue to settle an efficient fatigue design procedure is that one must guarantee 
the consistency of  the loading specification and the acceptance criteria from a full scale 
test to a single component calculation. At PSA Peugeot Citroen, the two main tools used 
to achieve this are the damage equivalent and the Stress Strength Interference Analysis. 

The Stress Strength Interference Analysis 

The goveming idea of  the stress strength interference analysis in the automotive 
context is that a probabilistic approach is used to guarantee in service reliability and 
safety. 

Statistical Analysis 

The first step of  the method is to define a maximum failure probability that can be 
accepted, named Rmax. In our automotive context, it is clear that this risk is very small. 
Otherwise it would mean that we would accept failure of  some components for a few 
customers, which is not acceptable. Then, the overall methodology aims at the 
determination of  the two distributions that are customer severity and component strength. 
Once the two density functions are identified, it is easy to calculate the risk of  failure. We 
can illustrate the calculation of  the risk by an academic example where both customer 
severity and component strength follow a normal law. 

The customer distribution has (pc, o'J for mean value and standard deviation. And 
the strength distribution is given by (/~R, ere0 

The failure probability Pf is given by the risk that a customer would meet a 
component too weak for him (S > R). The random variable Z = R -  S also follows a 

normal law defined by P.z = btR - /ac  and a z = ~ + Crc 2 

~t z 1 ~ x 2 oxpl--),x 
O'z) 2a "*| ~ . 2 )  

(1) 

It can be easily admitted that the strength distribution follows indeed a normal law 
(because the strength is a combination of  many variables). But the customer severity may 
take another form (Log-normal or Weibull). The failure probability may then not be 
derived by analytical equations, but it can be computed through various methods 
(numerical integration, Monte-Carlo). At this stage, one must emphasize that the key 
issue is not the way we calculate the failure probability, but how can we provide the car 
designers with tools that help them to guarantee the reliability of  their product. For 
simplicity of  presentation, we will stay in the ideal case of  normal law for both customer 
severity and component strength. 

In this probalistic context, the design problem is reduced to this simple question : 
given a customer severity distribution, where should the strength distribution be to make 
sure that the failure risk is lower than R,,~x ? The underlying assumption is that a method 
is available to define the customer severity as a scalar value. This will be discussed in a 
further paragraph. 
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Fatigue Context 

Before going into details of  fatigue analysis, it is necessary to take into account the 
other aspects of  the car design. Actually, the whole life of  a car can be separated into two 
major types of  loads : normal usage and exceptional situations. Each situation addresses a 
different level of  load, with a different number of  occurrences, and with a different type 
of  associated damage. 

The normal usage corresponds to all possible situations as long as the car stays on the 
road. On the one hand, the parts must withstand these loadings without permanent 
deformation (the structure remains in its elasticity range) and on the other hand, they 
must be withstood without apparent fatigue degradation (no crack can be detected). The 
acceptance criteria are derived from the reliability described in this paper. 

The exceptional situations are defined by their low number of  occurrences. Such 
loads are so rare (maximum 10 times in the whole life of  the vehicle) that customer 
surveys are not relevant to identify them. These situations are more likely defined by a 
few typical situations which cover the possible situations of  real life. The acceptance 
criteria include functionality of  the components, eventually reparability, and always the 
security of  the passengers. 

Customer Survey 

The first type of  customer analysis that has been performed at PSA since the 1980s 
lies on the reliable assumption that the usage of  the car by the customer is independent of  
their behavior. The usage of  a customer is defined by the type of  road (road, city, 
mountain, highway) and the weight o f  the load (empty or more or less loaded). The 
behavior is linked to the driving style of  the customer. The efforts undergone by the 
components of  the car depend on the driving style of  the driver. 

Two parallel data collections are performed. Paper enquiries are used to identify the 
numbers of  kilometers driven by each interviewed customer in each situation of  load (k) 
and road (/). Table 1 is an example of  a customer usage. This table gives the percentages 
e~' of  usage for each class of  load, and the percentages rk~' o f  usage for each type of  road. 
A field measurement gives the knowledge of  the loadings undergone by the car for each 
type of  usage (type of  road and level of  load). Two counting methods are widely used for 
the signal analysis : the level crossing method, or the rainflow counting method. This last 
method, which is more widely used now, defines cycles that represent hysteretic stress- 
strain loops. These cycles can be represented in histograms of  alternate loading Aj, 
associated with mean load values M, versus number of  cycles n o [1]. The result of  the 

klm enq usage survey is therefore a set of  rainflow matrices Ue, q (Mi, ~,nij ) where k, l and m 

refer respectively to the load case, the road type and the customer. 
In the customer survey the load histories are recorded on a limited number of  

kilometers ke,q for each type of  usage. The measurements must be interpreted for a 

number of  kilometers klce, which is much larger. It is therefore necessary to identify the 

(M life) The extrapolation of  the rainflow matrices can be rainflow matrices U~r i,Aj,n o �9 
done by a simple linear extension. 
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klr tif+ ktiye n enq . ~ - - U e n  q or n/j = - -  .. 
U life k enq k enq 

(2) 

TABLE 1 : Example o f  Customer Usage 

k 1 customer--+ m m I (%) rk7 C k I 
(%) 

I % kilometers without load I 27 
1 Highway 10 
2 Good road 25 
3 Mountain 40 
4 City 25 

2 % kilometers with half load [ 58 
1 Highway 5 
2 Good road 30 
3 Mountain 30 
4 City 35 

3 % kilometers with full load [ 15 
1 Highway 15 
2 Good road 25 
3 Mountain 40 
4 City 20 

However, the final matrix contains only the cycles really observed during the 
enquiries, and none of  all the missed cycles that may occur during the life of  the car. Our 
goal is more to identify the rainflow matrix which contains the probability of  occurrence 
for each class of  cycle, normalized to one kilometer. 

To identify this so-called "limiting rainfiow matrix" we used the extreme value 
theory. This work is detailed in [2]. The approach uses the link between the level crossing 
and the values of  the rainflow matrix. This approach is of  particular interest because its 
validity is the highest for the maximum loads, which may have been too rarely measured 
during the enquiries. Using the limiting rainflow matrix, is possible to write the following 
expression 

klm u+ (M,.A..y= k+ (3) 

where jlk~,, is the limiting rainflow matrix identified from the measured matrix, and ~l im 

normalized for one kilometer. 
Using the assumption that usage and behavior are independent variables, those two 

databases are combined to generate a large number of  virtual customers (up to 100 000) 
that will be interpreted in terms of  fatigue severity. 

The rainflow matrix of  a driver who behaves like driver j,  and uses his car like driver 
i is therefore 

/ ! 

l~ 2 Ckrf, lU.m (4) 
k,l 

where N is the number of  kilometers for the whole lifetime of  the car. 
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FIG. 2 - Example of limiting rainflow matrix (smooth / light grey) and comparison with 
the initial rainflow (rough/dark). 

At this stage, we provide ourselves with a lot ofrainflow matrices that are statistically 
representative o f  the usage o f  the car by the population of  customers. It is now necessary 
to analyze these loadings in terms of  fatigue damage. 

Data Analysis, Handling of Variable Amplitude 

To fit into the reliability approach, it is necessary to transform the recorded signal 
into a single value that measures the severity of  the customer. We have seen that the first 
step is a condensation of  the load history into a rainflow matrix that contains all the 
cycles. One must notice that this requires the assumption that the order of  the cycles is 
not relevant in our fatigue analysis. And this implies the use of  the Palmgren - Miner 's 
cumulative damage. In our automotive context, this assumption is consistent for three 
main reasons : 

�9 the loading history is more closed to a random signal in which it is not 
possible to say which one of  the large amplitude and the small amplitude was 
the first, and 

�9 the Palmgren - Miner 's  rule is reputedly correct for high cycle fatigue (no 
cracks and no plasticity) for random signals. 

�9 the cumulative damage is applied on a complete population of  customer. If  we 
assume that the mean damage error is zero, then the effect of  damage error is 
to increase the observed scatter ac. In the fatigue design procedure described 
below, it appears that this is a conservative assumption. 

To analyze the loading and to provide the designers with useful information, the 
fatigue loading recorded on the vehicle is transformed into an equivalent loading 
(couple:  forces of  constant amplitude - number o f  cycles), which produces the same 
fatigue damage that the vehicle will support in its whole life. The usual procedure can be 
schematically described as follows. 
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A global mean value, FATmean, can be defined for the whole loading sequence. It is 
the mean value of  all the M i value weighted by the associated no.. 

Transformation of  each class of  cycles with a non zero mean load value (Mj, Aj), to 
equivalent purely alternate cycles A 7, using a parametric GERBER parabola normalized 
to the fatigue limit researched for the component Feq 

A 
A' = (5) 

with K = ratio between the fatigue limit and the ultimate tensile strength of  the material 
considered (typically 2.5 for steels). 

The MINER summation is performed with this "objective" histogram and a 
parametric WHOLER curve normalized to the fatigue limit (i,e., fatigue limit = 1). The 
desired information is the WOHLER curve defined by the value of  Feq, which will give a 

MINER summation of  1 as shown in Figure 3 (for details see [3] and [4] ). Any point of  
this WOHLER curve (couple : force amplitude - number of  cycles) can be taken as an 
equivalent of  the fatigue loading experienced by the objective customer. For suspension 
systems, the equivalent is usually defined at 10 6 cycles. 

With this method, it is possible to define a single value Feq for each customer that 

represents its severity in terms of  fatigue. 

A~ nij 
"1_ customer 

10 2 10 4 

A' 

Feq 

N 
m 

10 6 

A y 

Feq ~ Parametric 

1 .. . . . . . . . . . . . . . . .  

, ! 

10 2 10 4 10 6 

A' 

10 2 10 4 10 6 

FIG. 3 - Equivalent fatigue loading 
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Production Scatter 

As said above, the design problem can be reduced to the identification of  the 
distribution of  strength. It means that the designer should identify the parameter of  the 
probability density function of  the strength. But the designer who works with virtual 
design and a few numbers of  prototypes has no information on these parameters, which 
would require a production survey. In order to solve this paradox, we have introduced the 
assumption that the relative scatter q = cr R///R is characteristic of  a component family 

and its fabrication process. Then it can be identified on a similar component, with a 
statistically relevant number of  components tested. 

Strength 
, ,, ',, scatter 

~" ", ",,", ",  ", "',, R 

~R " " "," "i" ~ " ~ " "  .... I::xn,~rim.nfal 
" -  " W ' .  " " " I -  . . . . . . . . . .  

. . . . . . . . . . . . . .  ~-::.~-..."'~-.."'-.~...'Li.fetime scatter .q 
- - ~ v n  _. --. -.. --.. --.. --.. 

" - - , . 2 " - - . " -  

I i ~ i i - i  i 

106 N 

FIG. 4 - identification o f  the parameters o f  the strength scatter. 

To keep consistent with the customer analysis, one must emphasize that the scatter is 
measured on the strength dimension rather than on the traditional lifetime. Each 
experimental lifetime is "dragged" along the damage curve which has the same slope as 
the damage curve of  the material (see Figure 4). 

The Fatigue Design Procedure 

Specification and Validation 

At this stage, we provide ourselves with information on the distribution of  customer 
severity, and on the production scatter. The next step is to give designers a simple 
specification and validation procedure. 

Actually Equation 1 shows that the risk is a function of/_t z /cr z , therefore : 

Pz _ I'tR - Pc (6) 

O" z + o" c 

"Strength" parameters /~R and oR are estimated with a confidence level 7 by two 
values mR and SR obtained from a limited number of  components. Therefore, the risk R 
depends on the chosen confidence level y and of  the number N of  tested components. 
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Usually, the number of  tested components (N > 8) allows a reasonable estimation of  
the mean value. We can accept the assumption that HR = mR but on the other hand the 
standard deviation must be corrected by Z 2 

V 
O'r = Sr 2 (7) 

Z r(v) 

with v = N -  ] and Z2r/~) the value for the chosen iso-probability at N-1 d.o.f. I f  N = 0o 

then ~R = SR �9 
The key stone of  the method is the introduction of  the objective customer F ,  at a 

specific position in the customer distribution, This position is defined by a number ot of  
standard deviations 

F ,  = P c  + a a c  (8) 

Since mR and sn are homogeneous to the applied forces they can be normalized by the 
testing reference 

m~ = m---AR and ~] = S---~-R (9) 
F0 F. 

For an easier analysis of  the results a relative scatter parameter is introduced for the 
customer severity the distributions : p = a c / P c  and, P is representative of  the shape of  

the "Stress" distribution. Using also the relative scatter q of  the strength distribution 

introduced above, the ratio ta z l e t  z can be written 

m'. 1 
P'z = l + ctp (10) 

V q=. J 

The risk R is therefore a function of  

=% (11) 

From the designer point of  view, the only variable for the risk is the relative mean 

value m~. It means that he should assume that the relative scatter of  the component he 

will design is q. And he must design a component having the correct mean strength value. 
When performing the experimental validation, the parameters a ,  p, q, N, and y are 

known. The validation aims at the checking of  the expected ratio between the mean value 
and the objective customer. 
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When performing the design calculation, the goal is the same, but it is necessary to 
introduce 13, the number of  standard deviation between Fn et mR : m R = F, + fls R from 

which we can derive: m~ = 1/(1 - flq). 

This expression can be introduced in the risk calculation. Then, /3 becomes the 
unknown, and one must identify the value that gives the expected risk. In the finite 
element analysis, the loading is given by Fn, and the acceptance criterion is the material 
fatigue criterion chosen at the mean value minus fl standard deviations. At PSA, the 
fatigue design is realized with the Dang Van's criterion [5-7]. The material identification 
is done with a few fatigue limits at various loading ratios. We use the fatigue limits minus 
fl standard deviations under the mean. 

The estimation of  the component strength scatter (erR) is extremely important. An 
error of  20% on sR could bring a factor of  10 on the estimation o f  the Risk R. The lower 
the number of  tested components, the higher the value of  ~R and the greater the risk 
value. Therefore it is interesting to work with the parameter q which characterizes the 
component and its fabrication process. 

A data base derived from a large number o f  tests performed on components or 
specimens can provide a reliable value of  the relative scatter parameter q. In this case, 
only the determination of  the mean value of  the "Strength" distribution is necessary. This 
can be carried out with a limited number of  components, ten for example. It is no longer 
necessary to take into account the number of  tested components (mr and q are considered 
to be representative of  the whole components). The calculation o f  the risk R is more 
precise and is not penalized by a correction due to the number of  tested components. 

Simultaneous Engineering 

Now we have a global method to guarantee the reliability for customers. This method 
provides us with specifications and corresponding acceptance criteria for calculation and 
experimental validation. In the automotive context, there are different levels of  
specification and validation. The highest level corresponds to the customer requirements 
for the car (quality, security, fuel consumption,...). These requirements are translated into 
engineer requirements first at the car level, and then step by step from subsystem level to 
individual components. At each level o f  specification there must be an associated 
experimental validation. 

The customer analysis must be seen as the translation of  customer requirements into 
engineer specifications at the car level. Indeed, they are realized with wheel forces that 
are assumed to be independent of  the car architecture. The major interest of  this analysis 
is that the loading specification is given by the objective customer F~, which can be 
linked by some relations to global characteristics of  the car (weight, length, power . . . .  ). 
Using these relations, it is possible to determine the objective customer for a new car at 
the very beginning of  the project. 

Variable Amplitude & Constant Amplitude - At each level, one must define if variable 
amplitude or constant amplitude should be used for the fatigue analysis. One also must 
ensure that the different levels are consistent together in terms of  damage. 

The strategy used for the fatigue design is the following. 
�9 Use Multi Rigid Body codes to transfer the loadings from the wheel basis to 

each interface between the components. 



THOMAS ET AL. ON FATIGUE DESIGN/EXPERIMENTATIONS 391 

�9 Calculation of  each component with the equivalent damage alternate loading 
F,. One must guarantee the acceptance criterion defined above. 

�9 Experimental validation of  the component with constant amplitude loading. 
The test is repeated at least ten times. Each component must be broken (if 
necessary a locati staircase method might be used). One must guarantee that 
the mean strength is greater than m ' F , .  It means that to ensure that the 
experimental test remains in the endurance limit region, the loading of  the test 
may be greater than the calculation loading. 

�9 Experimental validation of  the suspension system with variable amplitude 
loadings. This step requires variable amplitude loadings recorded on the test 
track. It comes later in the project, only when the first prototypes exist. The 
testing procedure on the track is indeed defined to represent the objective 
customer F ,  = r c + a c t  c . If  necessary, the measurements might be calibrated 

to make sure that the damage induced is equivalent to the objective customer 
10 6 cycles at F,. We therefore guarantee that the track is representative of  
customer. 

�9 Experimental validation of  the complete car by reproducing the test track 
loadings. 

This strategy is of  great interest for three reasons : 
�9 No measurements on a prototype are needed in the early stages of  a project, 

the calculations can be done with specifications that are directly linked to 
customers. 

�9 Constant amplitude specifications avoid the variable amplitude simulation 
with multi-body models. The use o f  such models is restricted to the constant 
amplitude loadings, and remains therefore very short in delay. 

�9 The constant amplitude experimentation on single components gives good 
accuracy and allows predict the in-service reliability. The variable amplitude 
permits the validation of  all the assemblies. 

M u l t i d i m e n s i o n a l  A n a l y s i s  -The car components and structures undergo 
multidimensional and/or multi input loadings. To handle this statement within the stress 
strength interference analysis and in the fatigue equivalence analysis, we have proposed 
the following procedure. 

In service loading analysis identifies each of  the significant life situation. Figure 5 
shows a typical analysis on left and right vertical forces on a front axle. 

The customer analysis is done for each life situation. The specification is then a set of  
loadings corresponding to the objective customer in each situation. 

The efficiency of  this procedure is based upon the observations that in a real 
structure, the critical location is close to a geometrical accident (small radius). At this 
place, the stresses are oriented in a direction that is mainly governed by the structure, 
rather than by the external loading. The external loading only governs the amplitude of  
the local stresses. Even though this assumption may appear somewhat hazardous, it has 
been confirmed by a lot of  observations on various type of  automotive structures 
(suspension components, body structure,...). From a theoretical point of  view, it is clear 
that this assumption has an influence on the local damage in the critical locations. This 
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influence depends on the relative weight of  the different extemal loading directions on 
the local stress, and on the statistical correlation between those directions. The damage 
increase can be calculated for academic situations that are unfortunately not relevant in 
the automotive context (purely in phase or purely out of  phase loadings). 

Usually, one of  the life situations is more critical than the other. The damage 
accumulation can remain separated. If  several situations happen to be at the same level of  
criticality, it is necessary to combine them in the loading specification to guarantee 
reliability. 

FIG. 5 - identification of the in phase and opposite phase situation for the left and right 
vertical loads 

Exemple on a Steering Knuckle 

To illustrate the application of  the Dang Van's criterion an example of  fatigue design 
for a steering knuckle is shown in figure 6. The component is linked to the suspension 
arm by a ball joint, and is screwed to the damper. The two life situations identified on this 
components are steering cycle, and horizontal forces cycles as described in figure 6. 

The fatigue criterion requires that the fatigue cycle be described at several discrete 
times. In the second case of  the present example, six values of(at have been chosen 0~t = 
0, ~x/2, rt, 3~/2 and two intermediate values, such that DX = DY. The corresponding stress 
tensors are then calculated by Finite Element Analysis, and stress results are analyzed 
with Dang Van's fatigue routine. At the design stage, the component is accepted if, under 
the specified equivalent loading, the load path at the most critical point is below the 
design line, i.e, mean value minus/3 standard deviation (/3 comes from the reliability 

approach). 
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FIG. 6 - Fatigue assessment of a steering knuckle with the Dang van's criterion. 

Conclusion 

This work presents the analysis of the fatigue strength of automotive components in 
service using the "Stress-Strength" analysis. 

The major difficulty is the definition of the service loading, which demands long and 
costly statistical analysis of car usage and owner behaviour. It is also important to note 
that the "Stress-Strength" method points out the paramount importance of the relative 
scatter parameter of fatigue strength. 

It is important to point out that mechanical structures usually have complex 
geometries and that they operate under complex loading. Therefore the description of the 
behavior of the structure must be as precise as possible and should provide the stress and 
strain elements necessary for the subsequent fatigue analysis. This fatigue analysis must 
be appropriate and take into account the structural behavior and specificities of 
mechanical design (multiaxiality of the stress fields, complex geometries) and is usually 
computerized with a fatigue routine linked to a finite element code. To that purpose it is 
not necessarily useful to describe in detail the damage mechanisms of the material, which 
are anyway very complex. The relative simplicity of the application of the methods 
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proposed here and the limited number of necessary material data allows their use in 
design offices by engineers and designers who are not fatigue experts. 

This reliability approach is possible because variable amplitude analysis is confined 
within the loading analysis. It is therefore not necessary to perform any finite element 
fatigue calculation with variable amplitude loadings. The variable amplitude loading 
analysis and the damage accumulation are performed at the level of the customer 
loadings, rather than at the more classical but so much heavier level of stresses, which 
justification is questionable. 
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ABSTRACT: An original computer software package for controlling a servo-hydraulic machine was 
used to carry out uniaxial and biaxial variable amplitude loading tests on a high strength steel. Tension- 
compression and torsion uniaxial tests, as well as combined proportional tension-torsion tests were 
performed under the car loading sequence CARLOS used for fatigue strength investigations of car wheel 
suspension components. The number of sequences to crack nucleation was estimated by means of a crack 
front marking technique using very small amplitude cycles to generate marker bands on the fracture 
surface. The experimental data obtained from these tests were compared to the predictions of the fatigue 
life prediction method proposed by Morel and based on a microplasticity analysis. It was shown that all 
the predictions, though non-conservative, were within an acceptable scatter band. 
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Introduct ion  

The design of  structures and components submitted to variable amplitude loading requires a 
fatigue life prediction method whose efficiency must be proven by many comparisons to fatigue 
test results [1]. The testing and analysis under variable amplitude loading is known to be an 
arduous task and also requires specific test procedures and control. Moreover, in the car industry, 
it is long known that some safety parts, like the suspension arm, are submitted to very complex 
multiaxial loading sequences, and it is difficult to reduce the original load sequence to a simple 
constant amplitude loading. For this reason, a standard sequence called CARLOS (Car Loading 
Sequence) had been proposed several years ago by two German laboratories (LBF and IABG) to 
investigate the fatigue strength of  car wheel suspension components [2]. 

This paper aims to present salient details o f  an original software tool built to perform variable 
amplitude load controlled tests on cylindrical specimens with special attention paid to the 
quantification of  the errors relative to the desired output and the actual loads in a variable 
amplitude load sequence. 

This control system, coupled with a servo-hydraulic machine, was used to carry out uniaxial 
and biaxial variable amplitude loading tests under the CARLOS standard sequence on a high 
strength steel. These experimental data were compared to the predictions o f  the fatigue life 
prediction method proposed by Morel [3] and based on a microplasticity analysis. 
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Materials, Specimens, and Test Procedures 

Materials and Specimens 

The fatigue tests were conducted on a high strength steel 35 NCD 16 (AFNOR Standard) 
whose chemical composition is given in Table 1. The steel was austenitized at 875~ followed 
by air quenching. The tempering temperature was 650~ resulting in the tensile properties given 
in Table 2. Cylindrical solid specimens with a 9 mm diameter and 18 mm gage length were used 
in all tests. 

All the specimens were machined from rolled bar in the longitudinal direction and were 
carefully polished using 6 ~tm diamond paste. 

TABLE 1 Chemical composition of 35NCD16. 

Element C Si Mn S P Ni Cr Mo 
Mean% 0.364 0.37 0.39 <0.003 0.01 3.81 1.7 0.28 

TABLE 2 Room temperature tensile properties of 35NCD16. 

Young Modulus 0.2 % Yield Stress Ultimate Tensile Elongation 
(MPa) (MPa) Stress (MPa) (%) 

205 000 930 1070 20.7 

Test Procedures 

All the variable amplitude tests were conducted in laboratory air at room temperature on 
servohydraulic fatigue machines, operating in load (and/or torque) control in the frequency range 
10 20 Hz. 

The fatigue tests were carried out using home built software programmed to drive an A/D 
converter card that would deliver a calibrated signal to drive the biaxial fatigue testing machine 
via the external signals input. 

The input spectrum (in discrete peaks) in the original data file was transferred to the active 
memory via a buffer. A sinusoidal signal was generated between two successive peaks, and the 
system response was continually recorded. I f  the error between the desired input and output was 
greater than a chosen value, it was stocked in 3 rd order matrix containing the current peak, the 
previous peak, and the successive peak. The program learned to correct the input signal when the 
same peak sequence was encountered again. 

The full range between the maximum and minimum input signal was divided into several 
intervals. The RAM memory required increases with the number of desired discrete intervals. 
For the biaxial variable amplitude tests, 25 intervals were used which gave satisfactory results 
(the errors recorded on strain gages bonded to the specimens were less than 5 %). Preliminary 
tests showed that the system response was stable after about two passes of the total load 
sequence. 

The software allowed a choice of data acquisition (up to eight channels) and continuously 
displayed the values in the error matrix. The test would stop automatically if the error was too 
large. The test could also be stopped at any point in the loading spectrum and could continue 
from exactly the same point. 
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Three uniaxial standard sequences called CARLOS vertical, lateral, and longitudinal were 
developed several years ago by two German laboratories (LBF and IABG) to investigate the 
fatigue strength of car wheel suspension components [2], loaded in three perpendicular 
directions. They are equivalent to a driving distance of 40 000 km on public roads with sporty 
driving behavior and are recommended for performing tests in the laboratory. 

In this study, the variable amplitude loading fatigue tests were conducted by repeatedly 
applying the uniaxial CARLOS lateral sequence until failure. This sequence originally consisted 
of 95 180 cycles. Experiments using the original sequence can be very long. To avoid such time- 
consuming tests, a filtering technique has been applied to the original sequence so as to omit 
some of the small non-damaging cycles from the sequence. The filtering procedure was built to 
ensure that the mean value of the small cycles was considered during the extraction (Fig. 1). In 
the Haigh diagram, the small cycles were omitted when their means and amplitudes belong to the 
area limited by the two lines determined by the following expressions 

and 

0 "  a O "  m 
- - +  = co ( 1 )  
S I 0" u 

(7" a - -  O "  m 

O"  u 

- -  = c o  ( 2 )  

where tr, is the ultimate strength, s.l is the purely reversed tension fatigue limit, and co is the 
filtering parameter. When co equalled zero, no cycles were omitted. The number of omitted small 
cycles increased with increasing value of co. 

Two different filtered sequences denoted as CARLOS-fl and CARLOS-f2 were then 
deduced from two omission levels, respectively co = 0.4 and co = 0.6. CARLOS-fl had 46656 
extrema, and CARLOS-f2 had 13568 extrema (Fig. 2). 

To avoid a general yielding of the specimen, it was also verified that the highest level of each 
sequence, shown in Table 3, was not higher than the material yield stress, shown in Table 2. 

FIG. 1 Filtering procedure according to the Haigh diagram. 
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Original CARLOS lateral sequence 

,~, IIIL,~,,,UIN|I]Ldl II,,~1~ I,I,~L 

m|---HI 

I 

Filtered CARLOS lateral sequence to=0.4 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  q 

(,,,t,, ~J,,,li~I' ~I [ , ,dJl[t[l  h~II ~,IJlldl B,,L,,L,,II~,I 
Id ~ I[1 m lllRtmJlMml 

i l l l l ' l  I I I  Hill Hill I l l l l l l  

"~""1 I'lrl " N I " I "  ' ~ 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [ 

Fillered CARLOS l~teral sequence r 

~,-~r [l,t.tia~Ini~I I,il [ttltl~lth~ 

YVlVy!vllllvll I11 lltv llvlll  
......................................................................................................... j 

FIG. 2--CARLOS lateral filtered sequences. 

R e s u l t s  a n d  O b s e r v a t i o n s  

The fatigue properties of the high strength steel under constant amplitude loading were 
estimated from tests carried out on a vibrophore test machine under two loading conditions: 
purely reversed tension and purely reversed torsion. The stress-life (SN) curves for each loading 
are shown in Fig. 3. Under tension load conditions and for three stress levels (550 MPa, 480 
MPa, and 460 MPa), the specimen surface was observed at different fractions of the lifetime in 
order to find the number of cycles required to reach a crack size of 100 p.m. In the following 
sections, the crack nucleation is defined as the time to the creation of a 100 I~m deep crack. The 
deduced crack nucleation SN curve was used later in this paper to identify some of the 
microplasticity model parameters. The identification also required a two level block load test, the 
results of which are also given in Fig. 3. 

The two fatigue limits estimated from these curves are: tension sq = 450 MPa and torsion t-1 
= 330 MPa. 

Tension-compression and torsion uniaxial tests, as well as combined proportional tension- 
torsion tests, were also performed under the two filtered car loading sequences, CARLOS-fl and 
CARLOS-f2. A crack front marking technique, using marker bands, was used to follow the 
evolution of the crack growth during the tests. The marker bands were created by 100 very small 
cycles that are added to the original load sequence each time the highest level was reached. The 
crack front on the fracture surface is easily distinguished, and the number of sequences to 
propagation of a crack greater than 100 p.m in depth could be deduced from observations of the 
fractograph (Fig. 4). Preliminary tests showed that the addition of these marker cycles did not 
affect the total fatigue life of the specimen. 
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FIG. 3 (a) Torsion and (b) tension SN curves. 

FIG. 4 Marker bands (due to small cycles added afier the maximum level peak) on a 
fracture surface o f  a specimen submitted to combined tension and torsion under a CARLOS 
sequence Oest n~ 

For each kind of loading, it was thus possible to draw the evolution of the crack depth with 
the number of sequences (Fig. 5) and then deduce the number of sequences to initiation as the 
difference between the total life and the propagation phase (Table 3). 
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FIG. 5 Crack depth evolution with the number of sequences according to the crack front 
marking technique. 

Hardening 

Saturation 

Softening 

Fatigue Life Prediction Model 

Microplasticity Analysis 

An original fatigue life to initiation prediction model proposed by Morel [3], based on the 
previous work of Dang Van [4], Papadopoulos [5], and a microplasticity analysis, was used to 
analyze the test results relative to the initiation phase. 

Because the nucleation of  fatigue cracks in metals is known to be a consequence of  cyclic 
plastic strain localization, the cumulative plastic mesostrain has been considered the principal 
cause of damage accumulation. In the same way as in Papadopoulos' work [5], the crystal is 
assumed to follow a combined isotropic and kinematical rule when flowing plastically, and the 
initiation of  slip in the crystal is determined by Schmid's law: 

b, 4 =0 <3) 

where 5 is the mesoscopic resolved shear stress, ry is the mesoscopic yield limit, and _b is the 
kinematic hardening parameter. 

Three successive linear isotropic hardening rules were adopted to describe the crystal 
behavior from initial yield to failure, and the crystal was considered to have failed as soon as the 
yield limit became negligible. The damage variable D equalled the accumulated plastic 
mesostrain F 

fy = g/~ ~ b =/~ 1 x/7~.1/. (4) 
c+kt+g 

c+,u 

c+kt  - h  
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where c is the kinematic hardening parameter, g and h are the isotropic hardening parameters in 
the hardening and softening phases,/,t is Lain6 coefficient, and r~ is the constant yield limit in the 
saturation phase. 

Mul t iax ia l  Endurance  Cri ter ion  

Papadopoulos showed in [5] that the fatigue limit can be linked to some characteristic 
quantities of an elastic shake-down state reached by plastically deforming crystals of less 
resistance. It has been demonstrated that the limit to apply on a parameter T~, proportional to an 
upper bound of the plastic mesostrain accumulated in some crystals of V, depends on the 
maximum value Z'/r that reaches the mesoscopic (equal to the macroscopic) hydrostatic stress 
during a loading cycle 

moa, X(Za (O, ~o))+ ~ZH,ma x ~ t~ (5) 

T~ is a function of the orientation of a material plane A through the angles 8 and co, spherical co- 
ordinates of  the unit normal _n_ to the plane A 

s in  Ocos ~o ~ 

n = | s in  Osin ~o (6) 
! 
~, cosO 

T,,(8, cp) is estimated by an integration carried out through the whole area of the plane A 

1 2(o,~o,~,)d~, (7) g 
~=0 

Ta is the amplitude of the macroscopic resolved shear stress acting on a line of the plane A 
directed by m. This line is determined by the angle ~from an arbitrary but fixed axis in A. 

Hereafter, in order to make relations less cumbersome, the maximum value of T~ will be 
denoted as T s  

(8) 

The estimation of the yield limit in the saturation phase r~ (defining the cyclic behavior of the 
crystal) was carried out by the definition of  a limit loading. A limit multiaxial loading can be 
readily expressed [3,6] from any multiaxial loading according to the criterion (T~ Z'H, mo~). 
Indeed, this limit loading is such that it keeps the same stress means 2~jm and phase angles j~j as 
those of the multiaxial sinusoidal loading under consideration, and a proportional coefficient k 
applied to the stress components amplitudes (z~jo)ti,, = k~ ja  ensures that the endurance 
criterion equality is verified 

Tzli, . + a~rH,,,=l~ m = f l  (9) 

and the applied and limit loadings are said to be "similar." 
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The mechanical parameter T21im relative to this limit loading is a function of the ratio - -  
27~.a 

and of the mean hydrostatic pressure ZH, m [3,6] 

-aZn ,m  + fl T s 
Zzlim = (10) :r~ s.,o t 2 ' + - -  

ZH,a 

Let CA and rtim be the amplitudes of  the macroscopic shear stress acting on the critical plane 
corresponding to the actual and limit loadings, respectively, rt~m was easily deduced from the 
relation established in previous papers [3,6] between two "similar" loadings (actual and limit) 

Zs  Z2lim Zz'lim (1 l)  
: ~ "g'lim = 

CA ~'lim Tx 
CA 

Fatigue Life Prediction 

SN Curve to CrackNucleation--It was assumed that crack nucleation occurs by failure of the 
most stressed grains along the plane experiencing Tz (maximum value of T~) and that only one 
glide system operates on them. Consequently, it seems natural (on this critical plane) to be 
interested in plastically less resistant grains whose easy glide directions coincided with the 
direction leading to the maximum value of the macroscopic resolved shear stress CA. Once the 
accumulated plastic mesostrain Falong this particular gliding system reached a critical value Fm 
these grains were said to be broken, and an analytical expression of the number of cycles to 
initiation Ni (S-N curve) was achieved [3,6] 

( C n ~ rli m 
1" = F R ~ N  i = p l n | - - | + q - -  (12) 

(CA-r,m) CA--%m 

where p and q are functions of the hardening parameters of the three phases defined above. To 
derive this expression, the initial yield limit of the crystal is assumed to be negligible. 

The identification of the model parameters requires two endurance limits (parameters a and 
flofthe endurance criterion) and a single S-N curve (parametersp and q). 

Variable Amplitude Loading--When dealing with variable amplitude loading, damage 
accumulation calculation is still carried out by adopting the three successive linear isotropic 
hardening rules of crystal behavior. Consequently, the mechanical parameters used for damage 
accumulation are the macroscopic resolved shear stress on a given gliding system and the 
hydrostatic stress. 

Figure 6 shows, for a complex loading, the evolution of  the macroscopic resolved shear stress 
T(t) on a given gliding system and the yield limit r~ i) reached at the i th extremum. It can be 

derived from the hardening rules (see Eq 4) that the segment length denoted as [21~i+1 is 
proportional to the plastic mesostrain/5,~,+1 accumulated during the transition from i to i+l 

/~/-~+1 ~c .Oi_.~+1 (13) 
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and 

-o,~i+ , = ITi+, - r i ] -  2%(') (14) 

where Ti and T~+I are values of the extrema i and i+l.  
If this sequence is applied successively until failure, the yield limit will first increase in the 

hardening phase, remain constant during saturation, and finally decrease in the softening phase. 

...s 

o 

T 

i+l 

T(t) 

.x 2Ty(O ) 2xy(i) 
# 

i+l 

P 

t 

FIG. 6 Evolutions o f  the shear stress C on a material plane, the resolved shear stress T_on 
a gliding system, and the mesoscopic yield limit ryfor variable amplitude loading. 

Analysis 

Parameter Identification 

As previously explained, the required material fatigue characteristics are two endurance 
limits, a SN curve, and a particular two step test. The a and/3  coefficients of the endurance 
criterion were deduced from the two fatigue limits: tension s-i = 450 Mpa, and torsion t.l = 330 
MPa. More exactly, from (Eq 5) one can deduce 

S_ 1 
t l - - -  

2 

S_l (15) 
3 

/3= t_ l 
and consequently 
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a = 0 . 7  

fl = 330 MPa (16) 

The crack nucleation SN curve in tension was used to find the coefficients p and q of the 
predicted W6hler curve (12) 

p =  104 
q = 5  103 

Finally, a two step block load was carried out by first applying a large number of  cycles (i.e., 
106 or 107) at about the fatigue limit level and then by cycling the same specimen at a higher 
level until failure. The number of cycles at the second level was used to identify one of the 
hardening parameters that has not been estimated with the single S-N curve. 

This work was done for the torsion load condition on nine specimens. The first level 330 
MPa (torsion fatigue limit) was applied for three 106 cycles, and a second stress of  380 MPa was 
submitted until failure. The number of cycles to failure is given on the SN curve in Fig. 3. It 
clearly appears that the application of the first load level (close to the fatigue limit) does not 
significantly influence the subsequent number of  cycles to failure for the higher load level. One 
can conclude from this experimental observation that the first of  the three assumed hardening 
phases could be neglected. In other words, the evolution of the mesoscopic yield limit could be 
adequately modelled by means of a saturation phase and a softening phase (Fig. 7). 

Crystal yield 
limit "~Y 

Generalized 1:1i m 
fatigue limit 

Saturation 
phase 

% i 
phase ~ 

Initiation 

F Accumulated 
plastic mesostrain 

FIG. 7 Crystal yield limit evolution for 35NCD16: saturation and sofiening phases. 

Predictions 

The model was applied for the three load conditions (tension, torsion, and tension-torsion) 
and for the two filtered load sequences. The first step of the fatigue life prediction procedure was 
to locate the critical material plane, which, for these proportional loadings, coincides to the plane 
experiencing the maximum shear stress. The generalized fatigue limit rlim (also the yield limit in 
the saturation phase rs) was deduced from the endurance criterion, and the damage accumulation 
was carried out from the evolution of the macroscopic resolved shear stress T(t) in a direction of 
the critical plane. The number of sequences to crack nucleation was deduced from the direction 
leading to the highest accumulated plastic mesostrain. 
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Table 3 gathers all the predicted numbers of sequences to crack nucleation. During the 
nucleation of a crack, it was assumed that the plastically deforming grains would show two 
successive hardening behaviors denoted as saturation and softening. The number of sequences to 
crack nucleation was composed of a saturation part and a softening part. The numbers of 
sequences in the softening phase are given in Table 3, and they represent about 20 % of the total 
fatigue life. 

The comparison of the predictions and the experimental data (number of sequences to 
initiation) is represented in Fig. 8. It is shown that the predictions of the model, though non- 
conservative, were acceptable because all the predicted number of sequences to initiation were in 
an error band of • with respect to the experimental measurements. 

FIG. 8 
nucleation. 
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/'/X 2 

?.6 /." 
,oo , . . , . . j  / , ,  

," / /%reosioocAR,os-. 
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10 / / . . . . . . .  ,A Tension-Torsion CARL?S-f2 , , 

10 100 1000 

N~,qi experimental 

Comparison between experimental and calculated number of sequences to crack 

The following conclusions were drawn from this comparison: 

1. It seems that the model accounted for the three load conditions with the same accuracy. 
There was no systematic deviation from the general trend of prediction for tension, 
torsion, or combined tension and torsion. This means that the model was able to account 
adequately for different states of stress without introducing new errors. 

2. The omission level did not significantly affect the predictions. Both sequences led to 
predictions on the non-conservative side of the graph. Though the proportional tension- 
torsion load conditions were applied for the two filtered sequences CARLOS-fl and 
CARLOS-f2 with the same stress levels, the use of these two different sequences did not 
induce an important difference between the numbers of sequences to crack nucleation. 



MOREL AND RANGANATHAN ON CAR STANDARD SEQUENCE 407 

3. The model parameter that played the most important role in the prediction accuracy was 
the coefficient fl of the endurance criterion (Eq 5), deduced from the torsion fatigue limit. 
The sensitivity of this model with regard to this coefficient was important since a 6 % 
decrease of the fatigue limit (and then of  fl) would lead to very good predictions (all the 
points then lie around the diagonal). Obviously, the fatigue limits must be precisely 
known to ensure predictions of good quality. 

Conclusion 

This paper describes the results of experiments conducted on a high strength steel under the 
CARLOS standard sequence by means of  a relevant software tool developed for performing load 
controlled variable amplitude tests. The number of  sequences to crack nucleation for tension, 
torsion, and combined tension and torsion were derived from a crack front marking technique 
and compared to the predictions of a fatigue life prediction model based on a microplasticity 
analysis. It was shown that all the predictions, though non-conservative, are within an acceptable 
scatter band. It was also shown that the omission level and the loading type did not affect the 
prediction accuracy. 

The choice of accumulated plastic mesostrain as damage variable and the use of appropriate 
hardening rules were shown to be an efficient way to understand and describe the physical 
mechanisms of crack nucleation under variable amplitude loading. 
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Degradation Parameters and Two-Stress Block Fatigue of 
Angle-Ply Carbon Fiber Reinforced Epoxy 

ABSTRACT: Experimental studies on carbon/epoxy angle-ply laminates were conducted to prove 
different variables for their suitability as degradation parameters and to investigate frequency and load 
sequence effects. Within the investigated limits, the material did not behave in a frequency dependent 
manner. Although different damage mechanisms dominate at R = 0.1 and R = -1, the same degradation of 
fatigue strength per life decade was found. The variation of longitudinal stiffness and Poisson's ratio 
during fatigue life (the latter being considered superior to detect delaminations) exhibited load dependent 
characteristics. Under two-stress block fatigue, a significant effect of the load sequence on the fatigue life 
was found and different mechanisms were discussed. 

KEYWORDS: CFRP, fatigue degradation, stiffness, Poisson's ratio 

List of  Notations 

Indices Latin Symbols 
f Fiber D Damage 

m Matrix E Longitudinal 
x Load direction G modulus/stiffness 
y Transverse direction R Shear modulus 
i Index of  load blocks n Stress ratio = O'min/O'ma x 

m Number  of  load blocks N Cycle number  
Fatigue life 

Abbreviat ions Greek S_,ymbols 
CFRP Carbon fiber reinforced t~ Stress 
COD polymer e Strain 

H Crack opening displacement ~ Shear stress 
L High stress load block 3' Shear strain 
ut Low stress load block v Poisson 's  ratio 

Ultimate tension 

Introduction 

In contrast to metals, where fracture is known to result from the nucleation or initiation and 
subsequent growth of  a single dominant  crack, the fracture of  fiber reinforced composite 
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laminates is characterized by the initiation and progression of multiple failures of different 
modes, such as matrix cracks, interfacial debonding, fiber breaks, and delamination between 
adjacent plies of a laminate. The types of failure occurring, their distribution, their onset of 
initiation as a result of the actual load level, and their possible interactions are dependent on 
many parameters, such as the properties of the fiber/matrix system, the curing process, the 
stacking sequence of the laminate, and the influence of the environment and temperature. 
Consequently, there are many more potential failure modes for composite laminates than for 
metallic materials. 

The present work investigates the applicability of different macroscopic parameters to 
acquire the material degradation of angle-ply CFRP under various test frequencies and load 
situations. Especially, the effects of block loads on the resulting fatigue lives are addressed. 
Environmental effects as media corrosion, humidity, temperature, or aging are not within the 
scope of this work. 

Damage Evolution 

While the fibers may serve as the primary load carrying constituent, composite properties are 
closely related to the matrix behavior as well. Indeed, the matrix controls the interlaminar shear 
and the extension perpendicular to the fiber direction. Interlaminar and intralaminar strains 
associated with free edges are also controlled by the matrix response [1]. As a result, general 
laminates subjected to service load conditions may show a substantial time dependent response. 

Frequently, the monitoring of different stiffness components is waived in favor of only 
monitoring the longitudinal stiffness E, due to reduced instrumentation effort and experimental 
simplifications. Because the fibers (index f) are typically much stiffer than the matrix (index m), 
here Ef/Em = 66, damage modes other than fiber fracture are hardly detectable by variations of 
the longitudinal stiffness in 0~ or unidirectional laminates. The result is often an 
uncontrolled rupture of the composite, the so-called "sudden death" behavior [2]. In-plane 
properties like Poisson's ratio or shear stiffness may be more sensitive in detecting transverse 
cracks and delaminations than the longitudinal stiffness, as they are calculated from two 
perpendicular components. 

The damage development observed in ~: 45~ is firstly the formation of matrix 
cracks parallel to the fibers and secondly the development of delaminations. The interlaminar 
shear stresses encourage the matrix cracks in the plies to propagate into the matrix-rich regions 
between the plies to form delaminations. Finally, failure occurs without fiber fractures. This brief 
description of damage evolution in + 45~ indicates that the static and fatigue tensile 
failure can be called a matrix mode because the types of damage (i.e., matrix cracking and 
delaminations) are not only governed by the matrix properties but are also located in the matrix 
[3]. 

Due to the absence of 0~ angle-ply laminates may not exhibit fiber fracture. The 
longitudinal stiffness is expected to change distinctively during fatigue life and is thus a suitable 
degradation parameter. Since angle-ply laminates are also subject to cyclic creep [4], the 
hysteresis loops may be used to monitor stiffness variations and mean strain evolution. 

Material 

All experiments were performed on carbon fiber reinforced epoxy HTA(12K)/6376 laminates 
manufactured from prepreg material with a nominal thickness of 0.125 mm and cured according 
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to the supplier's recommendations. All specimens had a symmetric [4- 4512s lay-up and a fiber 
volume fraction of 60 %. Specimen dimensions (Fig. I) were 180 mm•  16 mm • 1 mm, with a 
gauge length of 100 mm. The specimen edges were polished with silicon carbide papers in steps 
from 160 1200 grit. End tabs of  woven glass/epoxy of 1 mm thickness aligned at 4- 45 ~ to the 
load direction were used to ensure that failure occurred in the gauge section away from the grips. 

FIG. 1 Specimen geometry. 

With x as the load direction and y as the in-plane transverse direction, shear stress x, shear 
strain ~/, shear modulus G, and Poisson's ratio v are given by Eqs 1 4. 

r~.y - 2 ( i )  

7.~ = e ~  - e.u (2) 

rzu = G.~,Txy (3) 

ux~ - e~y (4) 
~'x:r 

Table 1 summarizes some mechanical properties of fibers [5], matrix [6], and the laminate 
(mean value • standard deviation) determined from tensile tests according to "Plastics - 
Determination of tensile properties, Part 4: Test conditions for isotropic and orthotropic fiber 
reinforced plastic composites" (ISO 527-4). 

TABLE 1 Materialproperties. 

Property Carbon Fiber Epoxy Matrix Laminate 
HTA ~2K) 6376 [~ 45~_s . . . . .  

Tensile modulus [GPa] 238 3.6 20.4 • 1.34 
Shear modulus [GPa] 5.2 + 0.24 
Tensile strength [MPa] 3400 105 168 4- 3.4 
Tensile strain [%] 1.4 3.1 5.4 • 0.57 
Density [~ cm -3] 1.78 1.31 

Figure 2a shows that the investigated laminate exhibits large plastic strains and a reduction of 
modulus prior to ultimate failure. The maximum stress is observed between 2.5 % and 3.5 % 
longitudinal strain. At further elongation the stress slightly decreases but remains above 95 % of 
the maximum stress value. The variations of longitudinal and shear stiffness as well as the 
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Poisson's ratio versus the shear strain are shown in Fig. 2b. Contrary to Fig. 2a, the curves are 
not plotted up to failure but up to the strain at maximum stress. The degradation of longitudinal 
and shear stiffness to = 25 % of the initial values is similar. In contrast, the Poisson's ratio 
increases up to ~ 145 % of its initial value. Thus, under quasi-static tensile loading, the biaxial 
shear stiffness and Poisson's ratio both do not exhibit superior sensitivity to loading when 
compared to the simple uniaxial longitudinal stiffness. 
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FIG. 2 Tensile behavior." a) stress-strain behavior," b) degradation of  different properties 
versus shear strain. 

F r e q u e n c y  E f f e c t s  

To evaluate fatigue data from variable amplitude loading conditions or loading with varying 
frequencies, or to compare fatigue data obtained for different test frequencies, the dependency of  
the fatigue strength on the test frequency must be known. Figure 3a compares the fatigue mean 
life of  several [• 4512s laminates depending on the load frequency, all results being obtained 
from center hole specimens. Figure 3b and Table 2 summarize the specimen geometries. 

Investigations of Sun and Chan [7] on T300/5208 and Saff [8] on AS/3501-6, each on 
[• carbon/epoxy laminates with a stress ratio of R = Crmin/~m~ = 1/15, did not show a 
consistent trend. At a frequency of 1 Hz, the AS/3501-6 material appeared to follow the data 
from T300/5208. At 10 Hz however, the fatigue life for AS/3501-6 was an order of magnitude 
shorter than for T300/5208. Sun and Chan noted no obvious differences in the failure mode for 
different frequencies nor stiffness degradation during fatigue life. 

Dan-Jumbo et al. [9] compared the frequency dependencies of [• 4512s carbon/bismaleimide 
IM7/5250-2 and carbon/PEEK IM6/APC-2 at R = 1/15. It was evident that the IM7/5250-2 
followed the trend of carbon/epoxy systems, such as in [7] and [8]. The fatigue behavior of the 
thermoplastic IM6/APC-2 system was far better than that of IM7/5250-2 at low frequencies. 
However, at higher frequencies, the fatigue life of the thermoplastic system was drastically 
reduced. 
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FIG. 3 Effect of load frequency on the fatigue life of different [+ 4512s laminates with a 
center hole: a) numbers shown with each line indicate loading level as percentage of composite 
UT-strength (R = 1/15for all References), b) specimen geometry. 

TABLE 2 Geometry of center hole specimens. 

Reference 1 [mm] 10 [mm] w [mm] t m ~ ]  d [mm~__ 
Sun and Chan (1979) [7] 254 178 38 1.19 6.35 
Saff(1983) [8] 178 51 38 1.27 6.35 
Dan-Jumbo et al. (1989) [.9.] 254 178 38 1.10 6.3.5 ' 

As a consequence of  the reported results in [7 9], all of  which investigated specimens with a 
center hole, a frequency range from 1 10 Hz was chosen to determine the variation of fatigue 
life of unnotched HTA/6376 [:t: 4512s coupons depending on the load frequency. To amplify 
possible frequency effects and to exclude the influence of creep [4] reverse fatigue loading (R = 
-1)  was applied. Compared to the tension-tension fatigue with R = 1/15 from Fig. 3, reverse 
fatigue describes the more severe load case that additionally includes micro-kinking of the fibers 
as well as global buckling, due to a reduction of bending stiffness as a result of delamination 
propagation. 

Figure 4, summarizing data from [10] and [11], shows no obvious dependency of the S-N 
data on the test frequency. The S-N data obtained for different frequencies are well within the 
range of the fatigue-related scatter for a single test frequency. The half-filled symbols represent 
samples surviving the indicated number of more than 106 cycles. Therefore, the following 
conclusions can be drawn: 

1. Since unnotched [+ 4512s HTA/6376 samples do not behave in a frequency dependent 
manner between 1 10 Hz, experimental data obtained for any of these frequencies can be 
used as a data evaluation base. 

2. Frequency variations within these limits need not to be accounted for. 
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3. Because reverse fatigue loading (R = -1) is the most severe load case, conclusions 1 and 
2 are applicable to other fatigue loads as long as the mean stress does not exceed the 
threshold value for creep [11]. 

FIG. 4 S-N data o f  unnotched HTA/6376 [• 4512sspecimens for  reverse (R = -1)fatigue 
loading [1 O, 11]. 

Constant Amplitude Fatigue 

Constant amplitude fatigue tests of the angle ply laminates were performed in a load 
controlled Instron-Schenck servo-hydraulic machine. For selected samples the fatigue tests were 
interrupted at selected cycle numbers to perform a quasi-static hysteresis loop to record 
contemporaneously longitudinal and lateral strain using extensometers with gauge lengths of 25 
and 10 mm, respectively. The stress ratios were R = 0.1 and R = -1 with a sinusoidal load 
waveform with a frequency of 10 Hz for R = 0.1, and for R = -1, the frequency range discussed 
above. Figure 5 depicts the S-N data of virgin HTA(12K)/6376 [• 4512s specimens. 

FIG. 5 S-N data for  R = O. 1 and R = -1. 
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The half-filled symbols represent specimens surviving the respective number of cycles. In 
semi-log presentation, the fatigue data are well-approximated by a straight line. The S-N plot 
includes the best fit lines determined by the least square method. The numerical expressions are 
given by Eqs 5 and 6, where N is the fatigue life. It is noticeable that both lines exhibit 
essentially identical slopes. 

R = 0.1 : a,r, a z ( N )  = 2 1 0 M P a  - 1 7 . 5 M P a .  lg(N), R 2 = 0.975 (5) 

R = - 1  : o ' r n ~ ( N )  = 1 5 7 M P a  - 1 7 . 2 M P a .  lg(N), R 2 = 0.936 (6) 

Amplitude Dependent Fatigue Degradation 
For T300/934 [+ 4514s specimens Rotem [12] reported that under reverse fatigue the shear 

modulus degradation is very similar to the degradation of longitudinal stiffness. As already 
discussed, the same trend was observed for static loading in this investigation. The subsequent 
investigation focuses therefore on the suitability of longitudinal stiffness and Poisson's ratio as 
degradation parameters. 

Figure 6 compares the degradation of longitudinal stiffness and Poisson's ratio at maximum 
stresses of 66 % O'ut (a) and 83 % crut (b) at a stress ratio ofR = 0.1. At both stress levels, E and v 
tend to decrease with increasing cycle number. At the lower stress level, stiffness and Poisson's 
ratio remain almost constant for n < 104. A significant and coinciding decline of both properties 
is observed at 104 < n < 10 s, which is less than 11% of fatigue life. 

At the higher stress level fatigue damage develops from the very first cycles. After the initial 
property drop, being much larger for the Poisson's ratio than for the longitudinal stiffness, the 
second fatigue stage is reached, characterized by d E  = d n  ~ O. The formation of delaminations 

3 3 is seen at 10 < n < 3 10. The related clear increase in Poisson s ratio is due to less constraint 
and thus higher lateral strains. Fiber rotations are less retarded in delaminated areas, promoting 
an increase in stiffness, as seen in Fig. 6b. Such an increase is not expected in the presence of 0 • 
-layers [13]. Thus, the variation of the Poisson's ratio as a measure to detect delamination may 
be preferably applied to: 

�9 detect delaminations, because it accounts for changes of  constraint in the lateral 
direction and 

�9 0 ~ dominated laminates, which show almost no variation of longitudinal stiffness 
during static or fatigue loading. 

In contrast, the longitudinal stiffness or the related stress and strain values require less 
experimental effort to record and may be used to monitor matrix dominated laminates such as 
those investigated here. The longitudinal strain further allows the amount of creep during fatigue 
loading to be assessed [4,11]. 
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FIG. 6 Variation o f  relative longitudinal stiffness and relative Poisson "s ratio as a funct ion 

o f  cycle number: a) R = 0.1, o-max =l lOMPa,  N = 900800, b) R = 0.1, O'mo~ = 140MPa, N = 7750. 

Two-Stress Block Fatigue 

Results 

To investigate the effect of different load sequences on the fatigue behavior, two-stress block 
fatigue tests were performed with R = 0.1. Maximum stresses of 1 l0 MPa and 140 MPa were 
chosen for the two stages, referred to here as L (low) and H(high). For both load sequences, the 
load stages were changed between 25 75 % of the expected fractional fatigue lives determined 
from Eq 5. At the second stress level, cycling was continued until failure. The linear cumulative 
damage law given in Eq 7 was used to convert the respective cycle number into the fractional life 
of the second block. In Eq 7, m is the number of load blocks, and Ni is the expected fatigue life 
for the i-th block. 

D = ~ D~ = - -  (7) 
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Figure 7 compares fractional lives of the investigated load sequences. The abscissa shows the 
fractional fatigue life of the first load block; the ordinate shows the fractional life of the second 
load block. Based on the actual applied stress, the data points were calculated from Eqs 5 and 7. 
The diagonal line (D = 1) predicts failure according to the Palmgren-Miner rule [14,15]. The 
damage accumulation behavior was found to be nonlinear regarding the load sequence. The 
Palmgren-Miner damage law gives a conservative fatigue life estimation for the H-L loading 
sequence (Omean = 1.29) but highly overestimates the fatigue life for the L-H sequence (Dmean = 

0.69). 
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Fatigue lives depending on load sequence. 

Discussion 

The experimental fatigue lives for the L-H and H-L sequence do not coincide with the linear 
damage accumulation curve. While for H-L sequence the sum of fractional lives exceeds unity, it 
is the opposite for the L-H sequence, implying a more damaging character of the L-H load 
sequence if compared to independent constant amplitude fatigue tests. In contrast, an extension 
of fatigue life is achieved for the H-L sequence. Similar results for • 45~ were 
achieved by Yang and Jones [16] for carbon/epoxy and by Lee and Jen [17] for carbon/PEEK. 

An explanation of the different damage accumulation behavior according to load sequence 
and lay-up is the varying occurrence and dominance of different damage mechanisms, namely 
cracks inclined with the fiber direction and delaminations, both interacting with each other. The 
number of crack intersections between the layer interfaces quadratically depends on the crack 
quantity. Therefore, a lower number of cracks conditions a reduced number of crack 
intersections and thus, less locations for delamination initiation. 

L-HSequence--Micro-cracks inclined with the fiber direction develop in all layers during the 
sustained L-block. The corresponding crack opening displacements (CODs) are small as a result 
of the lower applied stress, Although the maximum stresses exceed the limit of linear elastic 
behavior (Fig. 2a), the amount of permanent deformation due to the applied fatigue load remains 
low. Due to the high number of cycles, the crack saturation occurs at a low stage [18]. Visible 
expression (Fig. 8) is the constant strain amplitude during the first load block which determines 
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the longitudinal stiffness. The slight increase of the mean strain is due to plastic deformation in 
the matrix and at the matrix crack tips. Delaminations may initiate at the crack intersections 
between the adjacent layers, however, their propagation is retarded because of small CODs. 

FIG. 8 Mean strain and strain amplitude evolution for the L-H sequence. 

The change to the higher load causes higher strain levels. The higher load level also shifts the 
characteristic damage state to higher crack densities [18]. Thus, further cracking occurs, and the 
increased CODs lead to fast propagation and coalescence of the already initiated and additional 
delaminations until failure occurs. The last stage is accompanied by a loss of longitudinal 
stiffness, noticeable at the strain amplitude increase after the higher load level is reached. The 
resulting fatigue life is reduced. 

H-L Sequenee--Due to the higher applied load during the first block, the matrix undergoes 
plastic deformation (Fig. 2a) visible at the continuously increasing mean strain in Fig. 9. The 
initiated matrix cracks exhibit large CODs with reduced stress intensities at the crack tips 
because of plastic zones related to compressive residual stresses. Thus, the crack propagation is 
retarded. Due to the low number of cycles at that stress level, the crack distance remains high, 
and a crack saturation does not occur. From the constant strain amplitude data, it can be 
concluded that no extensive delamination takes place. 

As the L-stage begins, the stress level is reduced, and the formation of further matrix cracks 
continues with diminished velocity or even stops. The latter depends on the preceding plastic 
deformation at the crack tips. The compressive residual stresses cause crack closure at reduced 
stress levels. Further initiation and propagation of cracks as well as the growth and coalescence 
of delaminations is delayed to higher cycle numbers. Therefore, the resulting fatigue life is 
extended. The mean strain and strain amplitude remain almost constant (Fig. 9) until failure 
occurs suddenly. 
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FIG. 9 Mean strain and strain amplitude for H-L sequence 

Summary 
After clarification of the damage evolution behavior in angle-ply laminates, an experimental 

program aiming to describe the material degradation under static and fatigue loads by a 
macroscopic parameter was conducted under laboratory conditions, i.e., at room temperature and 
60 % humidity. Limited to these conditions, the following results can be summarized: 

1. Under static load conditions, biaxial parameters, such as shear stiffness or Poisson's 
ratio, are not more sensitive degradation parameters than the uniaxial longitudinal 
stiffness. 

2. Constant amplitude S-N data for reverse fatigue loading of unnotched coupons are not 
frequency-dependent between 1 10 Hz. 

3. Although different damage mechanisms dominate at R = 0.1 (tension-tension) and R -- - 
1 (tension-compression), the same degradation of fatigue strength per life decade is 
found. 

4. The variations of the longitudinal stiffness and the Poisson's ratio during fatigue life 
exhibit load dependent characteristics. The latter appears superior to detect 
delamination. 

5. Under two-stress block fatigue, a highly nonlinear damage accumulation behavior was 
observed. The load sequence significantly affects the fatigue life. Different dominating 
damage mechanisms were assessed and discussed. 

With regard to technical applications, the conclusions 2, 3, and 5 must not be transferred to 
aging effects as a result of UV-radiation, with the consequence that the chemical structure of the 
constituents and thus the deformation and fracture behavior might have changed. However, the 
authors believe that conclusions 1 and 4 can be generalized for environmental conditions. 
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ABSTRACT: Although ship structural members are designed to survive 20 years, fatigue crack damage 
still occurs, often starting very early in the ship's life, with some cracks growing quickly to considerable 
size. The primary factor causing variability is the sequence of the variable amplitude load cycle, and the 
others are welding irregularities on the weld toe and variations in mechanical properties in the material. In 
this paper, the load sequence effect on fatigue life variability is examined by the use of a fatigue design 
procedure proposed by the authors. It is found that the fatigue lives of ship structural members vary from 
several months to 20 years, strongly dependent on the sequence of sea state which ships encounter during 
ocean-going service. The worst possible loading sequence is elucidated for the fatigue life of the ship's hull. 
Sensitivity study of fatigue life is discussed. 

KEYWORDS: fatigue design, crack growth analysis, storm model 

Introduction 

To ensure that ship structural members survive 20 years or 108 stress cycles, engineers have 
been obliged to apply the Classification Society rules [1 4] to ship design. However, fatigue crack 
damage still occurs, often starting very early in a ship's life, with some cracks growing quickly to 
considerable size. Moreover, when two ships sail the same route, fatigue crack damage can occur 
in one and not in the other. Current fatigue design methods cannot adequately predict or analyze 
this type of damage and differences in crack growth behavior, which are known as the variability 
of fatigue life of welded structures. 

Under variable amplitude loading conditions, the primary factor causing variability is the 
sequence of load cycles, but even under constant amplitude loading conditions, this variability 
exists. The other factors are welding irregularities on the weld toe and variations in the mechanical 
properties of the material; two factors beyond human control are today's level of welding and 
steel-making technology. 

To develop better fatigue life evaluation, we need to analyze the sources of the variability of 
fatigue life and understand the extent of the variability. The authors have proposed a new fatigue 
design procedure for the ship's hull, with the key idea being the adoption of fatigue crack growth 
analysis, instead of Miner 's  rule [5,6]. This enables evaluation of the effect of  both load sequence 
and welding irregularities on fatigue life variability. 

In this paper, we focus on the load sequence effect on fatigue life variability. Using the 
proposed procedure, we examine the extent of the variability of fatigue life caused by the sequence 
of wave-induced loads during ocean-going service and find that fatigue life varies from several 
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months to 20 years, depending on the load sequence. We also determine the worst possible load 
sequence for the fatigue design of  the ship's hull and discuss the sensitivity study of fatigue life. 

New Fatigue Design Procedure 

To derive a fatigue design procedure, we first need to determine how to evaluate fatigue 
strength and how to calculate the working stress and the wave load sequence induced by wave load 
acting on structural members. 

Fatigue Strength Evaluation 

Fatigue strength evaluation methods can be grouped into two categories: one is the approach 
based on linear cumulative damage analysis, Miner's rule; and the other is fatigue crack growth 
analysis, the Paris equation. Fatigue damage accumulates non-linearly during stress cycles, yet 
neither method can precisely take into consideration non-linear damage accumulation. Fatigue 
damage also depends on the sequence of working stress, and any fatigue strength evaluation 
method should consider the effect of  the load sequence. 

Conventional fatigue design procedures like the Classification Society rules have adopted 
linear cumulative damage analysis, which is insufficient for evaluating the effect of the load 
sequence on fatigue life. The Paris equation (fatigue crack growth analysis), on the other hand, at 
least calculates the amount at any given moment of  crack growth using working stress and crack 
length, and it can take into consideration the effect of  load sequence on fatigue crack growth life. 
Thus, the proposed new method adopts crack growth analysis. 

Working Stress on Structural Members 

In order to calculate working stresses on ship structural members, we need a wave scatter 
diagram (wave height, period, and direction) and the ship's course within a given sailing area. This 
is because working stresses on structural members vary not only by wave height and period, but 
also by the angle at which a ship encounters a wave, called the relative angle (Fig. 1). During 
ocean-going service, a ship meets each new wave at a particular relative angle. As a result, there is 
a series of relative angle events in any voyage, and a model that incorporates such a series is 
termed a "sailing model." In order to make a proper sailing model that expresses the true series of 
relative angles during a voyage, a great deal of data regarding wave direction and ship course is 
needed. However, at present there are few such data. 

Relative angle 

Ship course 

..?tive 
P . ~  Ship course 

FIG. 1--Relative angle. 
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The conventional fatigue design procedure adopts the all headings model, one of the possible 
sailing models. This all headings model assumes that every relative angle occurs with equal 
probability, and the probability of exceedance of stress level tr x is calculated as the average of the 
probability of exceedance of every relative angle that produces stress level trx (Fig. 2). 

O- (stress) o 
~,, ,,/~lative angle 150 

~ - ~ . . j  all headings model 
I ~ ~ relative angle 120 ~ 
~ relative angle 60 ~ 

~x l - -  ~ Probability of 
Q I (~2 QxQ3 -~exceedance (log) 

Probability of exceedance Qx for Qx Q l +Q 2+Q3 + ...... +Qi 
all headings model at stress level Yx i 

FIG. 2--Long-term distribution of stress for all headings model. 

It is clear that this model cannot accurately express the actual sequence of relative angles, that 
is, true working stress during service, which is important in designing a proper model that can 
simulate sailing conditions. The authors have studied new sailing models, as follows [5,6]: 

1. Random sailing model [5]. Relative angle 0 i is limited to increments of 30 ~ of pitch, as 
follows; 0 i is equal to 0 ~ 30 ~ 60 ~ ---, 300 ~ 330 ~ Then, in the random sailing model, 0 i 
is chosen at random (0 i = 30 ~ 150 ~ 60 ~ ---) and is kept constant for periods of 1000 and 
48 000 stress cycles. The 48 000 cycle period corresponds to the length of any given sea 
condition, which is assumed to be 3.5 days in the North Pacific (see Sequence of Working 
Stress and Sailing Model). However, this model occasionally produces unrealistic relative 
angles; for example, relative angle 180 ~ may occur immediately after relative angle 0 ~ 
which is impossible in reality. 

2. Random walk model [6]: Relative angle 0 i is determined by the random walk model. The 
subsequent relative angle (0 i+0 is restricted only to three directions, (0 i+l -30~ (O i+l), 
and (0 i+1 + 30 ~ and is kept constant for periods of 1000 and 48 000 stress cycles. The 
transition probability of each relative angle, which moves one angle to the next, is 1/3. In 
this paper, the random sailing model is adopted (see Results and Discussion). 

Long-term distribution of working stress is the sum of the working stress induced by each 
wave during ocean-going service. It can be expressed as a Weibull distribution and is usually 
approximated to be exponential. 

Sequence of Working Stress 

The conventional fatigue design procedure has employed the time independent random 
process to describe the sequence of wave load (Fig. 3). The authors have investigated the concept 
of sequence of wave occurrence during sailing in the North Pacific and have decided that it is not a 
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time independent random process, but a time dependent one. We have also come to the conclusion 
that wave conditions encountered by ocean-going ships can be grouped into two classes: storm 
condition and calm sea condition [7]. In storm condition, with higher wave height, the occurrence 
order of wave height is a time dependent process. Wave height increases linearly over time, 
reaches a maximum value at one point only, and then begins to decrease gradually. In calm sea 
conditions with relatively low wave height, on the other hand, it is reasonable to look upon the 
occurrence order of wave height as a time independent random process. We have composed a 
storm model as a sequence of working stress, in which these two conditions alternate randomly 
(Fig. 4). 

Wave height 

~ a ~ ~ ~ ~ ~  ~ Time 

FIG. 3--Time independent random process model. 

Wave height 

[ ~ calm r i T M  calm ~ 1 ~  storm ~ 1 " ~  calm r [ 

Time 

FIG. 4 ~ t o r m  model. 

Fatigue Crack Growth Analysis 

We employ a modified Paris-Elber's equation to estimate the fatigue crack growth rate, which 
is based on the linear elastic fracture mechanics theory, as follows 

da 
- ~  = c{  ( aI,:ej s)  m_ (aKo~,,h) ~ } (1) 

AK,g = K ~  x - Kop 

where 

C, m = material parameters, 
AKeff = effective stress intensity factor range, 
A Keff.th = effective threshold stress intensity factor range, 

Km~x = maximum stress intensity factor, and 
Kop = crack opening stress intensity factor. 

For the present, engineers cannot derive the material parameters, C and m, the effective 
threshold stress intensity factor range, AKeff, th, and the crack opening point stress intensity factor, 
Kop, from theoretical analysis, and they must obtain them experimentally. A Keff, th and Kop vary 
depending on the loading pattern and mean stress, so it is desirable to use the values obtained from 
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tests performed for loading conditions similar to those encountered during sailing. As for Kth, r, 
which is threshold stress intensity factor obtained from fatigue tests under random amplitude load 
conditions with an exponential distribution, its value is higher than that o f  Kth,r which is threshold 
stress intensity factor obtained from fatigue tests under constant amplitude load conditions [8]. In 
this paper, it is conservatively assumed that Kth, r is equal to Kth, c. There are not enough fatigue test 
data under variable amplitude load conditions similar to actual working stresses on ship structural 
members to decide material parameters, C and m. For the material parameters, C, m, and A Keff, th, 
we use the value obtained from constant amplitude fatigue test results [9], in which the steels used 
in fatigue tests are similar to ASTM A515, A573, and A633. 

C = 1,45x10-11; m = 2.75 (SI unit); zJKeff, th = 2.45 MPa'm 1/2 

Kop of the surface crack also cannot be derived from either analysis or experiment, so by 
necessity engineers use Kop of through-thickness crack. Kop is given as Eq 2, derived from the 
results of storm model fatigue tests [ 10]. Under variable random loading conditions, in general, a 
load interaction (retardation/acceleration) occurs every cycle, resulting in quite a different 
situation in the overall loading cycles. Therefore, in this paper, a load interaction effect is not 
directly taken into consideration, but it is done partially by using Kop obtained from storm model 
random loading fatigue tests. 

I - 30.6 

Kop = 0.75 x Km~ ̀ - 7.0 

21.9 

(Km~ , <- -31.5 MPa.  m la) 

(-31.5 M P a . m  '/2 < K=a , < 38.5 M P a . m  1/2) 

(Kma x > 38.5MPa.  m la) 

(2) 

Raju and Newman have proposed an approximated equation to calculate the stress intensity 
factor for a semi-elliptical surface crack in a finite plate subjected to tension fatigue load, which is 
as follows [11]: 

where 

K = , •  • (3) 

K = stress intensity factor, 
a = nominal stress, 
b = depth of surface crack, 
a = half length of surface crack, 
t = plate thickness, 
Q = shape factor for an ellipse, 
F = boundary correction factor, and 
fp = parametric angle of the ellipse. 

Surface fatigue cracks in ships typically initiate along weld toes of wrap-around and fillet 
welds, where stress concentration due to structural discontinuity and weld geometry are 
superimposed. When the stress concentration factor of member Ks and the correction factor Mk for 
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weld bead are superimposed on the calculation of the SIF for the surface crack at weld toe, Eq 3 
can be transformed as follows. The stress concentration factor Ks is obtained from FEM analysis. 
Mk is calculated using equations in [12,13]. These factors, at the position of length and depth, 
change as the surface crack grows. 

b b  K = , ,X.~QX F(~ ,7 ,~ )  x K, • M~ (4) 

In general, welding irregularities exist on the weld toe, and as a result, multiple surface cracks 
initiate there. These cracks are different in terms of size, shape, place, and number, and then grow 
to become long, shallow, elliptical surface cracks, joining with each other. An example of multiple 
surface cracks in structural members is shown in Fig. 5, based on tests by Kada et al. [14]. 
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Nx Cycle Unit:lOE4 
~! I I I I I I I I I I I I I I I I I I l~i ~ ! L_I_I I I I I I I I I I I I I I 

I I I I I ~  i : !~: : : ~: : : ~  I I l I I i I 
~I I I I I I I I ~  ~! i ! ! !~z=:~ :4-! ;~~~...I I I I I 

-40  -36 -~2 -28  -224~-20 -16 -12  -8 -4 ~ 4 8 12 16 20 24 28 32 36 40 

/ 1 Transverse  I o G a t i o n  
Inner bolt, pl 

F l o o r  

FIG. 5 Multiple surface crack. 

For engineers to apply fatigue crack growth analysis, they need to determine the initial surface 
crack occurrence in terms of  size, shape, place, and number of surface cracks. However, there are 
few data on this subject, and no method has been devised for arriving at such determinations. Thus, 
single crack occurrence is assumed instead, which leads to an overestimation of structural fatigue 
life and fails to explain long, shallow surface cracks [15]. 

The aim of our research is to do a comparative study of  the effect of load sequence on fatigue 
life variability. Therefore, we assume that a single surface crack with a semi-circular shape 
initiating at weld toe grows to become a through-thickness crack. The initial crack size is set to be 
0.4 mm in length (= 2ao) and 0.2 mm in depth (= bo). As the surface crack grows, the stress 
concentration factor of the structural member at the place of the surface crack varies, and this 
effect is taken into consideration. 

Sequence of Working Stress and Sailing Model 

The North Pacific route is chosen as the sailing route, and the sequence of wave load (storm 
model) is composed as follows [7]. 

1. The total number of  waves over 20 years is 108, so the mean wave period is about 6.3 s. 
2. Calm sea and storm conditions, with assumed durations of  3.5 days (48 000 waves or 48 

000 stress cycles), are classified according to the maximum significant wave height. Storm 
conditions are divided into six kinds, Storms A-F  (Table 1). 
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3. The long-term distribution of wave height is approximated to be an exponential 
distribution. The wave height condition in a storm is considered to be a stationary 
short-term random process, so the probability distribution of wave height can be described 
by the Rayleigh distribution. 

4. The frequency of each wave height/wave period combination, which appears in both sea 
conditions, can be determined by using the frequency of wave height (see 3 above) and the 
wave scatter diagram for the North Pacific [16]. 

5. In calm sea conditions, the wave period varies depending on the change of relative angle, 
but in storm conditions it varies according to wave height. 

6. The occurrence probability of each sea condition is decided based on Table 1; for example, 
the probability of storm F is 1/2084, and the calm sea condition is 1991/2084. 

7. A sequence of sea conditions is generated by a sampling with replacement. Therefore, the 
long-term distribution of generated wave height does not necessarily follow an exponential 
distribution. 

8. In the present simulation, the worst case corresponds to the series of Storm F and the best 
case to the series of calm sea conditions. 

9. The relative angles for storm and calm sea conditions are chosen at random and remain 
constant for 48 000 stress cycles. 

TABLE 1 Calm sea and storm conditions in the North Pacific. 

Short-Term Sea Condition Maximum Wave Height, m Occurrence Probability _ 
Calm Sea Condition 5.0 1991/2084 

Storm A 6.0 42/2084 
Storm B 7.0 25/2084 
Storm C 8.0 12/2084 
Storm D 9.0 7/2084 
Storm E 11.0 6/2084 
Storm F 15.0 1/2084 

The loading pattems used are summarized in Fig. 6. Full and ballast loading conditions are 
chosen and appear by turns every two weeks. Mean stresses at both loading conditions are 80 MPa 
and -80 MPa, respectively (Fig. 6). 

For each sea condition, wave height is approximated to vary by 1 m. Loading Pattern 1 reflects 
a decreasing storm model; that is, the order of each sea condition is from larger storm to calm sea. 
Loading Pattern 2 is the opposite of Loading Pattern 1, an increasing storm model, and Loading 
Pattern 3 reflects a normal storm model; that is, each sea condition appears at random and naturally 
involves Loading Patterns 1 and 2. Loading Pattern 4 reflects a time independent random loading 
with mean stress. Twelve different types of load sequences are produced for each Loading Pattern 
1 4 .  

Results and Discussion 

We chose the inner bottom plate at lower stool of  a bulk carrier as a typical ship structural 
member and assessed the influence of  the load sequence on fatigue crack growth life by numerical 
simulation (Fig. 7). 
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FIG. 6--Loading patterns. 

FIG. 7--Ship structural member for crack growth analysis. 

To calculate wave-induced stress, we used the stress response function of  the structural 
members derived from Ship Research Panel 228, Japan [17]. Wave induced stress is decided by 
wave height, wave period, and relative angle. The function F', which calculates working stress on 
structural members, is called stress response function 

a : F ' ( h , T , O )  (5)  

where 

F ' =  stress response function, 
h = wave height, 
T = wave period, and 
0 = relative angle. 



428 FATIGUE TESTING AND ANALYSIS 

We computed crack growth lives under Loading Pattern 3 for each of 12 different types of load 
sequence with random and random walk sailing models [5,6]. The relative angle was kept constant 
for periods of 1000 and 48 000 cycles. Extreme crack growth curves, which indicate the maximum 
and minimum fatigue lives, are shown in Fig. 8. Average fatigue life and variance are listed in 
Table 2. 

FIG. 8 Crack growth curves under different sailing models. 

TABLE 2 Average life and sample variance. 

Sailing Model Interval Cycle Ave.rage Life, years Sample Variance 
Random sailing model 48 000 9.3 1.8 
Random sailing model 1000 9.0 1.2 
Random walk sailing model 48 000 8.6 2.3 
Random walk sailin~ model 1000 8.8 1.4 

For all cases, the average fatigue life is almost the same, but the variance for the random sailing 
model with a 1000 cycle-interval is smaller than for the other cases. As stated above, the random 
sailing model does not always produce a true sailing state. However, when we evaluate the fatigue 
life of structural members by the use of surface crack growth analysis, it can be said from 
simulation results that the random sailing model is applicable. Consequently, this paper focuses on 
crack growth life using the random sailing model with a 48 000 cycle-interval. 

In Fig. 9, we show crack growth curves computed for 12 different types of  load sequence for 
both Loading Patterns 3 and 4. The black thin lines represent crack growth curves of the storm 
model incorporating the all headings model, the broken lines incorporating our random sailing 
model, and the black thick lines incorporating the time independent random model. Extreme crack 
growth curves are shown in Fig. 9. Compared to our storm model, it is very important to note that 
there is little scatter in the patterns of fatigue crack growth life when the load sequence follows the 
time independent random process model. In other words, when the load sequence follows the time 
dependent random model, there is a relatively large scatter of fatigue life. 
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FIG. 9--Comparison of crack growth curves under storm model and time independent random 
process model. 

We also compared fatigue life in the all headings model versus the random sailing model under 
one fixed occurrence order of sea state. Crack growth curves are computed for 12 different types of 
relative angle sequence (load sequence) for both the all headings model and the random sailing 
model. Extreme crack growth curves are shown in Fig. 10. In our random sailing model, if the 
relative angle differs, the amount of crack growth differs. On the other hand, since relative angle is 
not considered in the all headings model, only a single result emerges, as shown in Fig. 10. 

In order to discuss more fully the extent of the variability of fatigue crack growth life, we 
computed crack growth curves for 12 different types of  load sequence under Loading Patterns 1-3, 
and extreme crack growth curves are shown in Fig. 11 (maximum stress range 260 MPa in Storm 
F) and Fig. 12 (maximum stress range 182 MPa in Storm F). 

From Figs. 9-12, it is obvious that fatigue life is extremely scattered, from several months to 
20 years, and it largely depends on the number, the order, and the size of sea conditions, as well as 
the relative angle sequence (sailing model). However, it turns out that fatigue life evaluated by 
Miner's rule for all these loading patterns is more than 20 years [6]. 
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8 - -  
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FIG. 1 O--Comparison of crack growth curves in the all headings model versus in the random 
sailing model. 
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FIG. 11 Comparison of crack growth curves under different loading patterns (maximum 
stress range 260 MPa in Storm F). 
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FIG. 12 Comparison of crack growth curves under different loading patterns (maximum 
stress range 182 MPa in Storm F). 

Fatigue damage occurs when ships encounter several storms in a row, and it may not occur 
when they sail only in calm sea conditions. With a compressive mean stress, even if ships 
encounter storms, little or no crack growth appears�9 Moreover, it can be assumed that there exists a 
load sequence that makes cracks grow much faster. The worst possible load sequence would be the 
decreasing storm model, in which all storms happen in tensile mean stress conditions. 

Next, we computed the growth of a surface crack of a depth of 2 6 mm in the case of sailing 
only in calm sea condition. As shown in Fig. 13, if the surface crack reaches to 4 6 mm in depth 
for any reason, even if a ship sails only in calm sea conditions, the surface crack grows easily to 
through-thickness crack. This means that the existence of a surface crack of 4 6 mm in depth is 
dangerous for residual fatigue life. 
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FIG. 13 Crack growth curves with different initial crack size under calm sea condition. 

In summary, the loading sequence is one reason for the variability of fatigue life, and it also can 
lead to fatigue crack damage starting very early in a ship's life. Other facts explained by load 
sequence include why cracks grow to considerable size, and why even when two ships sail the 
same route, fatigue crack damage may occur in one and not in the other. Therefore, it is very 
important to choose an appropriate loading pattem for ship design. 

We computed crack growth curves for the condition of mean stress 80 MPa and -80 MPa and 
40 MPa and --40 MPa under Loading Pattern 3. The Kop used is obtained from constant amplitude 
and storm model fatigue test results [10,18]. Crack growth analyses are performed under 12 
different types of load sequences, and extreme crack growth curves are shown in Figs. 14 and 15. 

It is apparent that there is a difference in fatigue life with mean stress 40 MPa and -40 MPa and 
80 MPa and -80 MPa, and moreover, the amount of crack growth calculated by the use of Kop 
obtained from the constant amplitude loading fatigue test is lower over time than the one obtained 
from storm model test results. This means that we should carefully calculate mean stress 
alternation during ocean-going service, and we must use Kop obtained from proper fatigue tests 
using the storm model. 
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FIG. 14--Comparison of  crack growth curves calculated by using Kop obtained from storm 
model and constant amplitude test result (mean stress alternation:from 40 MPa to -40 MPa). 
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FIG. 15 Comparison of crack growth curves calculated by using Kop obtained from storm 
model and constant amplitude test result (mean stress alternation." from 80 MPa to -80 MPa). 

Finally, we did a sensitivity study. We reduced the stress intensity factor K by 10 40 % and 
computed fatigue lives based on various initial crack sizes with the single case of Loading Pattern 
3, as shown in Fig. 16. Fatigue life doubled when the stress intensity factor was reduced by 20 %, 
and it tripled when reduced by 30 %. We can realize a reduction of the stress intensity factor by 
decreasing nominal stress and also by decreasing the stress concentration factor of the structural 
members and weld bead. From the design point of view, we first have to try to improve structural 
details and make a smoother weld bead. 

FIG. 16---Fatigue strength diagram with different initial crack depth (reduction 0 = maximum 
stress range 260 MPa in Storm F). 
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Conclusion 

This paper shows that the fatigue life of a ship's hull is strongly affected by the load sequence 
(the alternating pattern of calm sea and storm conditions). Therefore, it is very important to choose 
the appropriate loading pattem in ship design. Moreover, reducing the stress intensity factor of 
structural members with surface cracks is a very effective way to improve the fatigue life of a 
ship's hull. 

In this paper, it is assumed that only a single surface crack initiates at the weld toe. However, in 
reality, multiple cracks occur there. Ultimately, we need to know the effect of  multiple surface 
crack initiation on the variability of crack growth life. This is a subject we have now started to 
study. 
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Life Prediction by Observation and Simulation of Short Crack 
Behavior in a Low Carbon Steel 

ABSTRACT: Short fatigue cracks were investigated in a 0.14 wt % carbon steel (SAE 1017) in fine 
grained condition by optical observation of the surface of smooth specimens under fatigue loading. Axial 
fatigue experiments were carried out under constant and step amplitude conditions. The lifetime to crack 
initiation was calculated for each ferrite grain with regard to grain size and orientation. For the calculation 
of crack propagation, the slip band length (grain size) and the distance between crack tip and next barrier 
(grain boundary) are taken into consideration. Furthermore, the simulation program includes some 
geometrical aspects for the description of crack coalescence. 

KEYWORDS: fatigue, short cracks, crack simulation, optical microscopy, low carbon steel 

Introduction 

Loading sequence is shown to affect the fatigue damage state, Step tests starting with the 
high amplitude show a resulting Miner sum smaller than 1 for failure crack formation. Reversed 
step tests exhibit Miner sums greater than 1. This behavior is a result of  load dependent crack 
initiation rates combined with crack retardation effects at microstructural barriers. The 
combination of  these different effects cannot be calculated properly by a linear accumulation of  
damage. Instead of  the Miner rule, a model should be used, which can describe the origin of  
material fatigue more accurately. This paper presents a method for optical monitoring of  short 
cracks during fatigue loading. It is well established that short cracks are the major mechanism for 
failure crack formation in the class of  low carbon steels and that the measurement of  short cracks 
can be used to characterize the inherent damage induced by fatigue. Life prediction should be 
improved by use o f  a computer based simulation procedure, which took the three stages of  short 
crack behavior into account, and this is in good correlation with the experimental observed short 
cracks. 

Experimental Method 

A cold rolled steel SAE 1017 with a sheet thickness of  8 mm has been investigated. The 
chemical composition of  the investigated steel shows low contents of  carbon and alloying 
elements (Table 1). 

After a heat treatment (20 min. at 910~ and air cooling), an average grain size of  10 ~tm 
resulted (fine grained condition). The microstructure consists of  88 % ferrite and 12 % pearlite 
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(Fig. 1). Some characteristic mechanical properties of the fine grained steel Cml 5 are shown in 
Table 2. 

Experimental investigations were performed on smooth specimens with R = -1 (Fig. 2). The 
contour of  the specimens was prepared in a multi-stage process by milling, grinding, mechanical 
polishing, and electropolishing. 

TABLE 1 Chemical composition of  steel SAE 1017. 

Element C Si Mn P S Cr 

Wt % 0.14 0.18 0.56 0.004 0.024 0.13 

FIG. 1 Microstructure o f  the fine grained steel SAE 1017 with banded pearlite grains, 
image width = O. 11 mm; loading axis was parallel to the pearlite bands, resulting direction of  
crack propagation perpendicular to the pearlite bands. 

TABLE 2 Tensile test data o f  steel SAE 1 O17 in fine grained condition. 

Lower Yield Tensile stress, True failure Elongation, Reduction of 
Stress, MPa MPa stress, MPa % area, % 

290 444 853 37.8 58.5 

14o 

FIG. 2 Geometry o f  the tested smooth specimen (notch factor ~ 1.0). 
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Strain controlled fatigue experiments were carried out under constant and step amplitude 
conditions. Step tests were performed on two load levels. The length of the first load block was 
in all cases defined by a partial Miner sum of 0.5. Two different loading sequences were 
examined. In the case of the low-high (LH) step tests, 84 500 cycles were applied at the first 
lower load block ( ~  = 0.00130). For the high-low (HL) step tests, only 17 750 were applied at 
the initial higher load block (ea = 0,00216). After changing to the second load level, the tests 
were continued until the failure crack length was detected, even if the Miner sum reached values 
above 1 (for the LH-loading tests). The stress ratio was in all fatigue tests set to R = -1 (fully 
reversed). The strain rate was set to 0.02/s. A test matrix is shown in Table 3. 

TABLE 3 Survey of fatigue tests. 

Constant Step Amplitude Step Amplitude 
Amplitude Loading, Sequence Loading, Sequence 

Loading High-Low (HL) Low-High (LH) 

No. of experiments with 4 
optical crack detection 

Total no. of experiments 5 

1 1 

3 3 

For measurement of the elongation of the fatigue specimen, an extensometer with a gauge 
length of 5 mm was used (Fig. 3). The system for optical monitoring consisted of a long-distance 
microscope (Makroskop M420, manufactured by Leica) with an attached CCD-camera with a 
resolution of 1520 • 1144 pixels. The complete optical system was mounted with a special tripod 
to the servo-hydraulic testing machine. The used tripod allowed any selectable area of the 
specimen surface to be scanned by shifting the complete optical equipment. 

FIG. 3 Optical examination of smooth specimen surface with attached extensometer. 
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CCD images were taken after each block of 5000 10 000 fatigue cycles with a stopped 
testing machine. The CCD images were stored on a PC system and mounted with high accuracy 
to panorama pictures consisting of 12 single pictures. The panorama pictures were oriented 
perpendicular to the loading direction and showed specimen areas of 6 mm 2. An image 
processing program was used for marking the visible cracks by manual operation in layer 
technique. Therefore, the panorama pictures containing the original specimen surfaces were used 
as background layers, whereas the marking of the detected short cracks took place on the 
transparent foreground layers. For the final calculation of crack lengths, the layers containing the 
marked images were separated from the original pictures and transferred into a vector graphics 
format. 

Analytical  Procedure 

For a more realistic analysis, important components of the mechanism-based model were 
integrated in the crack simulation program. The real microstructure was modelled with regard to 
grain size, grain orientation and phase boundaries (pearlite phase). These properties of the 
microstructure influenced the crack initiation as well as the crack propagation. 

The two-dimensional simulation procedure started with the generation of a mesh containing 
7490 grains for a specimen area of about 0.48 mm 2. Figure 4 shows a part of the simulated 
specimen surface. Equilateral hexagons were used, which, for a more realistic microstructure, 
were deformed by moving the six nodes by a random operation. Grain orientations were 
generated due to a random distribution function. Therefore, the three angles in space were 
generated by a random operation for each grain. The maximum shear stress was calculated for 
each ferrite grain by using the Schmid factor equation with regard to each in the bee-lattice 
active slipsystem. Additionally, the angle between the direction of the active slip band on the 
specimen surface and the loading direction was calculated for each grain. 

Due to the limited capacity of  the used computer system, the simulation was restricted to a 
small specimen area. So it was possible that one of the propagating tips of a crack was located 
outside of the generated area of  the synthetic microstructure. The propagation rates of these 
crack tips were set equal to those of  the corresponding second crack tip of the same crack. 

Calculations of fatigue life to crack initiation were performed for each ferrite grain by using 
the dislocation pile-up model of Tanaka et al. [1] in analogy to the equation given by Hoshide et 
al. [2], assuming that crack initiation took place along the predicted slip-bands. Based on a work 
of  de los Rios et al. [3], calculations of crack propagation were performed with regard to slip 
band length (given by grain size) and the distance between crack tip and next barrier (given by 
location of grain boundaries and pearlite grains). In accordance with measurements of the short 
crack propagation behavior [4], the reduced crack growth in the pearlite phase was taken into 
consideration. Furthermore, the interaction between neighboring cracks was considered. Crack 
shielding effects between neighboring cracks (resulting in a decreased local crack initiation 
behavior and a reduced local crack propagation rate) were modelled by the simple assumption 
that the stress gradient around the crack follows a linear function. Additionally, the interaction of 
adjacent cracks (resulting in coalescence of the involved cracks) was taken into account. 
Corresponding to the Dugdale-Barenblatt model, the critical interaction zones of crack tips were 
calculated for each crack [5]. 

The simulated short crack behavior was calibrated to the experimental data of the constant 
amplitude tests with only one consistent parameter set, which was also used for the latter, 
following short crack simulation under step amplitude loading. 
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FIG. 4 Partial view of the simulated smooth specimen surface with banded pearlite grains, 
image width = 0.6 mm, loading axis parallel to the pearlite bands, resulting in direction of crack 
propagation perpendicular to the pearlite bands. 

Experimental Results and Verification of the Simulation 

The behavior of the total crack density under constant amplitude loading is shown in Fig. 5. 
Experiments running at high strain levels (ca = 0.00216) exhibited extreme values for the total 
crack density with a peak value before end of specimen life is reached. Contrary to this, the 
situation in experiments under low strain amplitudes (ca = 0.00130) was characterized by a 
steady increase of the crack density. The critical crack length used to define end of test or 
specimen failure was 0.5 mm. 

The initiation rate of short cracks increased dramatically with increasing strain amplitude 
(Fig. 6). Near the endurance limit (< 0.0007), only a few cracks formed until the end of specimen 
life was reached. Contrary to this situation, low cycle fatigue was characterized by an enhanced 
initiation of short cracks. The short crack behavior depended not only on the crack propagation 
rate but also on the crack initiation rate. The crack initiation rate is defined as the additional 
amount of cracks per unit area, which are initiated new during a certain number of fatigue cycles. 
At low strain amplitudes, the cracks were isolated from each other, and specimen life depended 
mainly on the propagation behavior of the short cracks. Special interest was focussed on the 
crack, identified later as leading to failure. With increasing strain amplitude, the number of 
initiated short cracks became more important than the crack propagation rate itself. The higher 
number of initiated cracks caused an enhanced coalescence behavior of neighboring cracks, 
which was responsible for the failure crack formation. The possibility for coalescence free crack 
propagation decreased as the number of cracks increased. Each crack coalescence process 
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reduced the total number of counted cracks, because two cracks were replaced by only one new 
crack. 

The experimental specimen lifetimes for the constant amplitude tests are given in Table 4. In 
addition to the experimental investigations, a computer based simulation procedure was 
performed for the constant amplitude tests. The displayed experiments are anchor tests for the 
step loading tests, because the crack simulation procedure was calibrated to these results. The 
calibration process includes a realistic short crack behavior, which can be described by the crack 
density function and the crack length density distribution function. Both must be comparable to 
the experimental and calculated data with regard to the experimental scatter. Table 4 provides a 
comparison between the measured lifetimes and lifetimes calculated by the simulation program. 

Table 5 provides a comparison of the experimental and calculated results. The top of the 
table displays the test mode. Letters H and L indicate the reference constant amplitude tests with 
only high or low block loading. The last two columns (named HL and LH) show the results for 
the step amplitude fatigue test. 
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FIG. 5 Comparison of the total density of measured short cracks for constant amplitude 
fatigue tests. 
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Comparison of the short crack initiation rates for the constant amplitude fatigue tests. 

TABLE 4 Measured and calculated lifetimes in cycles for failure crack formation for the 
constant amplitude fatigue tests. 

Specimen Loading ga Experimental Calculated 
R --- -1 Lifetime Lifetime 

0.00080 725 000 N/A 
0.00110 162 380 190 500 
0.00130 179 300 169 000 
0.00216 40 000 35 500 
0.00216 29 948 35 500 

TABLE 5 Measured and calculated lifetimes in cycles for failure crack formation for the 
step amplitude fatigue tests. 

Loadin_~ H L HL LH 
ea 0.00216 0.00130 0.00216-+ 0.00130 0.00130--~ 0.00216 
NH failure crack N/A 17 750 failure crack 
NL N/A failure crack failure crack 84 500 
NB Exp. 34974* 179300 70055* 109491* 
NB Calc. 35 500 169 000 72 000 107 000 
*Mean value. 
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The behavior of the total crack density for the step tests is displayed in Fig. 7, The initial 
increase of crack density in the case of HL-loading was similar to the constant amplitude loading 
tests with ea = 0.00216. After switching to the lower block, the number of counted cracks 
decreased. This is a result of the reduced crack initiation rate and the coalescence process of 
short cracks. Additionally, the lower load amplitude reduced the crack propagation rate. 
Compared to the reference constant amplitude test with e~ = 0.00216, an increased specimen 
lifetime results. Similar observations were made for the LH-loading step tests. The behavior of  
the total crack density for the first lower load block was comparable to the tests under constant 
amplitude loading with g~ = 0.00130. After changing to the higher load block, an increased crack 
initiation rate was observed. The comparison to the HL-loading test showed a decreased crack 
density during the first part of the specimen lifetime. After the first loading block was finished, 
the number of  cracks for further propagation was smaller than for the reversed loading sequence. 
As a result, the possibilities for coalescence of  neighboring cracks were reduced, and a higher 
lifetime and, in consequence, an increased Miner sum resulted. 

12O000 
of cydes 

FIG. 7 Comparison of the total density of measured short cracks for the loading sequences 
IlL (left curve) and LH (right curve). 

The behavior of the accumulated crack length is shown in Fig. 8. The accumulated crack 
length can be defined as the sum of  all measured single crack lengths per unit area. In case of the 
HL-loading sequence, the high initial crack initiation rate caused a fast increase of the 
accumulated crack length during the first loading block. In the second block, with reduced 
initiation and propagation behavior of short cracks, this increase was more moderate. Opposite 
observations were made for the LH-loading sequence. Please note that for both loading 
sequences the values of the final accumulated crack length are comparable. Values of similar 
magnitude can be found for the constant amplitude tests. Therefore, accumulated crack length 
seems to be a rather good failure criterion [6]. 
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FIG. 8 Comparison of the accumulated crack length per unit area for the loading 
sequences HL (left curve) and LH (right curve). 

The measured distribution of crack lengths is displayed for both loading sequences in Fig. 9 
after the first block (Miner sum = 0.5) and in Fig. 10 at the end of  specimen lifetime. HL-loading 
produced a large amount of short cracks in the first block. Please note that longer cracks (> 0.1 
mm) are not displayed in the diagrams. Only under LH-loading did some cracks reach lengths 
above 0.1 mm during the first loading block. The mean difference between both loading 
sequences at the end of the first load block was the increased shape of the distribution of the 
crack lengths for the HL-loading tests. At the end of specimen lifetime it was observed that the 
LH-loaded specimen exhibited the greater number of short cracks, whereas the former shape of 
the distribution of the crack lengths for the HL-loaded specimen was lowered. In this case, crack 
propagation and coalescence processed during the final load block were such that the cracks that 
initiated during the first block became larger than 0.1 mm. Due to the reduced crack initiation 
rate, the number of cracks < 0.1 mm was small. 
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FIG. 9 Example of the measured short crack length distributions for the loading sequences 
HL and LH. 

FIG. 10 Example of the measured short crack length distributions for the loading 
sequences IlL and LH at the end of specimen lifetime. 
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Figure 11 shows the simulated specimen surface of a step test starting with the high 
amplitude loading. The image displays the simulation at the end of the first load block (17 750 
cycles, partial Miner sum = 0.5). The arrangement of short cracks for a step test starting with the 
low amplitude loading (84 500 cycles, Miner sum = 0.5) is shown in Fig. 13. Although the 
number of fatigue cycles was smaller, the increased crack initiation rate for HL-loading (Fig. 11) 
caused a higher number of  cracks. The increase of crack initiation rate can be explained by the 
higher resolved shear stresses. Due to the equations given by Hoshide et al. [2] for crack 
initiation and de los Rios et al. [3] for crack propagation, crack initiation is influenced more by 
the stress level than crack propagation. An increase of strain load increased the crack initiation 
rate moreso than the crack propagation rate. Therefore, total damage depended not only on the 
crack propagation, but also on the number of  cracks. Each initiated crack can be a candidate for 
becoming the failure crack. Even cracks, which are arrested by microstructural barriers, can take 
part in the failure through the process of  coalescence. 

Figure 12 displays the specimen surface for the HL-loading sequence at the end of specimen 
life. It shows the typical cracking morphology that is characteristic for the HL-loading test. 
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FIG. 11 Simula t ed  surface, image w id th  = 0.8 mm, HL-load,  N = 17 750 cycles.  
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J 

FIG. 12 Simulated surface, image width=0.8 mm, HL-load, N=72 000 cycles. 
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FIG. 13 Simulated surface, image width = 0.8 mm, LH-load, N = 84 500 cycles. 
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FIG. 14 Simulated surface, image width = 0.8 mm, LH-load, N = 107000  cycles. 

As seen in Fig. 14, at the end of specimen life, the LH-loading sequence is characterized by 
only a few longer cracks, which are surrounded by a large number of short cracks. These short 
cracks initiated during the second load block. As noted above, the increased stress level enhances 
the crack initiation. Consequently, the formation of the failure crack depended only on the cracks 
which initiated in the first loading block. Later initiated cracks only participated in the failure 
crack formation by coalescence if they were located in the propagating path of  one of the longer 
cracks. The resulting crack length distributions for the LH-loading sequence also can be seen in 
Figs. 15 and 16. A comparison with Figs. 9 and 10 shows a good agreement to the experimental 
results. Differences were noted for the cracks shorter than 10 p.m. The experimental detection of  
cracks that short is very difficult to make, especially in the presence of longer cracks. 

The resulting crack length distributions of  the short crack simulation are displayed in Figs. 15 
(situation after the end of the first loading block was reached) and 16 (situation after the end of  
the specimen life was reached) and can be compared favorably with the experimental data in 
Figs. 9 and 10. As Table 5 shows, there is a good accordance between the experimental and 
simulated specimen lives. This is mainly a result of the similar appearance of the short cracks on 
the real and on the simulated specimen surfaces, resulting in the good accordance between the 
measured and calculated crack length distributions. 
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FIG. 15 Distributions of the crack lengths of calculated short cracks for the loading 
sequences IlL and LH. 

FIG. 16 Distributions of the crack lengths of calculated short cracks for the loading 
sequences HL and LH, resulting Miner sum at the end of simulated specimen lifetime. 
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Conclusions 

The observation of the short crack behavior can be used as a visible indicator (fingerprint) of 
the fatigue induced damage of the material. The mechanism-based model combines the effects of 
material microstructure and specimen loading history. If  the short crack behavior is measured in 
constant amplitude tests, lifetime predictions are possible for more complex loading sequences. 
The experimentally observed crack behavior is in good accordance with the simulation. The 
appearance of the short cracks on the real and on the simulated specimen surfaces was quite 
similar, resulting in a good prediction of the specimen lifetimes under different loading 
sequences. With increasing strain amplitude, the number of initiated short cracks becomes more 
important than the crack propagation rate itself, resulting in a crack coalescence behavior having 
increasing rate in failure crack formation. Contrary to the Miner rule, the number of cycles to 
failure in step amplitude tests depends on the sequence of  loading. The influence of the loading 
conditions on specimen lifetime can be calculated by using the crack simulation program. Step 
tests starting with the high amplitude (HL) show an increased crack initiation rate. The increased 
number of the later growing cracks resulted in a decreased lifetime and a resulting Miner sum < 
1. Starting the fatigue test with reversed step sequence (LH) reduces the crack initiation rate at 
the beginning. The decreased number of growing cracks increased the specimen lifetime with a 
resulting Miner sum > 1. 
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ABSTRACT: Under constant amplitude loading, a single variable (AK) is required in crack growth 
relationships. The transferability of fatigue laws, determined under constant amplitude loading, to 
variable amplitude fatigue requires at least an additional variable, whose evolution with crack length 
accounts for the interaction effects between cycles of different types. The crack opening level (Kop) is 
usually employed for this purpose because it can be determined from the experiments and compared with 
predictions from models or FEM analyses. This paper presents an analysis of fatigue crack growth on 
M(T) specimens of medium carbon steel specimens and using FEM analyses. The specimens are 
subjected to repeated blocks of cycles made up of one or several overloads separated by a variable 
number of baseline cycles. The experiments are simulated by FEM analyses, taking into account the 
cyclic plastic behavior of the low carbon steel. The main objective of this study is to better understand the 
mechanisms at the origin of interactions effects due to the presence of overloads (or underloads) at 
different locations of the block loading. It is concluded that the interaction effects are closely related to 
the cyclic plastic behavior of the material and namely to the Bauschinger effect. 

KEYWORDS: variable amplitude loading, plasticity-induced crack closure, overloads, underloads 

Introduct ion  

The generalization of  damage tolerance to variable amplitude fatigue is of  prime importance 
in order to maintain the reliability of  structures and mechanical components subjected to severe 
loading conditions. Engineering spectra usually contain overloads and underloads whose 
distribution may not be random. However, for predicting the life o f  a structure, a simplified 
spectrum is usually determined from the real one, in order to reduce testing periods on 
prototypes. It is thus important to know which cycles can contribute to crack growth and which 
can be neglected. There are various methods for counting cycles, which usually do not take into 
account the order of  application of  cycles within the spectrum. However,  it is well known that 
there is a strong interaction between cycles displaying different amplitudes in fatigue crack 
growth. This effect is known as the overload effect. Skorupa [1] recently published a review on 
this subject. 

Damage tolerance is based on fracture mechanics. With that concept, under constant 
amplitude loading, a single variable (AK) is required in crack growth relationships. The 
transferability of  fatigue laws, determined under constant amplitude loading, to variable 
amplitude fatigue requires at least an additional variable, whose evolution with crack length 
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accounts for the interaction effects between cycles of different types. The crack opening level 
(Kop) is usually employed for this purpose, because it can be determined from the experiments 
and compared with predictions from models [2] or FEM analyses [3,4]. 

The common practice is to determine the effective stress intensity factor (AKeff= Kraal- Kop) 
during experiments conducted at constant amplitude loading and to transfer the results to 
variable amplitude fatigue, cycle by cycle, without taking into account the interaction effects 
between the different cycles of a fatigue spectrum [5]. However, interactions between cycles 
(overloads for example) are well known to modify significantly the fatigue life of a sample, and 
attempts have been made to take into account such interactions [6,7]. However, they remain of 
limited use because of the strong dependence of  these effects on the material and loading 
conditions. Recent studies [8,9] using FEM analyses have shown that two features of the cyclic 
behavior of a material are of key importance for this kind of problem, namely the Bauschinger 
effect and the cyclic hardening or softening capabilities of  the material. The results presented in 
[10] show that the presence of consecutive overloads significantly increases the retardation 
effects in crack growth and that this retardation effect is smaller if the number of baseline cycles 
between the overloads is reduced. Simulations of crack growth by FEM have shown that the 
crack opening level increases within the overload plastic zone if the number of consecutive 
overloads is increased. While these results were consistent with experiments, a need for the 
experimental evidence was necessary, leading to the present study. 

This paper presents an analysis of  fatigue crack growth on M(T) specimens of medium 
carbon steel specimens, using FEM analyses. The specimens are subjected to repeated blocks of  
cycles made up of one or several overloads separated by a variable number of baseline cycles, 
and crack opening load levels are measured. The experiments are simulated by FEM analyses 
taking into account the cyclic plastic behavior of the low carbon steel through a Chaboche law. 
The main objective is to understand better the mechanisms at the origin of interactions effects 
due to the presence of overloads (or underloads) at different locations of  the block loading. 

Material and Experimental Procedure 

A DIN CK45 carbon, mild steel was chosen for this study for its high Bauschinger effect. 
The monotonic tensile properties of the alloy are the following: E = 210 GPa, v = 0.3, Crvs = 360 
MPa, OuTs = 600 MPa. The microstructure is ferritic-pearlitic with an average grain size of 50 
~tm. The alloy is in a normalized state (850~ for 1 h, followed by air cooling). The chemical 
composition (% wt) is as follows: C = 0.41, Mn = 0.76, Cr = 0.09, Ni = 0.08, Cu = 0.19, Si = 
0.23, P = 0.01, S = 0.02. The cyclic constitutive behavior was determined on the basis of push- 
pull tests performed on a servo-hydraulic machine. The Chaboche [8] constitutive equations 
were used to describe the cyclic stress-strain behavior of this alloy. The best fit was obtained by 
using the parameters given in [8]. The parameters were chosen in order to obtain a realistic 
balance between the size of the elastic domain and the amplitude of  kinematic hardening. 

Fatigue crack growth in this alloy was tested using ASTM center cracked specimens - M(T)- 
with 10 mm thickness, either with 60 mm width and a pre-crack of 15 mm for the tests where 
overloads were present or with 45 mm width and 8 mm pre-crack when underloads were present. 
Fatigue tests were carried out on M(T) specimens according to the ASTM Standard Test Method 
for Measurement of Fatigue Crack Growth Rates (E 647-99). The specimens were subjected to 
repeated blocks of cycles constituted with baseline cycles with stress ratio R = 0.1 (Pmax = 60 kN, 
and Pmin = 6 kN) and overloads of Kpie = 1.5 Km~x or with baseline cycles at R = 0.1 (Pmox- 45 kN 



ROMEIRO ET AL. ON EFFECT OF OVERLOADS/UNDERLOADS 455 

and Pmi, = 4.5 kN) with underloads at R = ~).5 or R = -2. The number of baseline cycles 
between overloads or underloads is set to be 10, 10 000, or 50 000. The number of overloads and 
underloads applied consecutively was 1, 2, or 6. 

For each testing condition, crack length was measured on both sides of the specimen using an 
optical device, and load/COD cycles were recorded continuously when overloads or underloads 
were applied and with regular intervals when baseline cycles are applied. COD was measured at 
the centerline of the specimen in order to determine the crack opening level with the compliance 
offset method described in ASTM E 647-99. Additionally, crack opening loads were also 
calculated through a modified reduced differential compliance technique in order to establish 
clearly the crack opening levels. 

Experimental Results 

Load/COD data were acquired using 500 data pair of points (250 for loading and 250 for 
unloading) for all loading cases. Several methods have been proposed for the determination of 
the opening load, and a procedure is recommended in ASTM E 647-99. This procedure uses the 
compliance offset method, and an example is shown in Fig. 1 for a crack length of 13.5 mm and 
the following loading cycles: the last cycle before six overloads, the first cycle after six 
overloads, 10 000 and 30 000 cycles after the six overloads. Due to the presence of a high 
variability on the data presented in Fig. 1, alternative methods have been used to determine the 
opening load. The reduced displacement method is presented in Fig. 2 for the same loading 
cycles presented in the previous Fig. 1 (six consecutive overloads). Both methods present similar 
trends of the data. The compliance offset is drastically reduced after the application of the 
overloads. For the first cycle after the application of  six overloads, the compliance offset is close 
to zero at almost the load range as shown in Figs. 1 and 2, and only 10 000 cycles after the 
application of the overloads, the crack opening load is of the same level as before the application 
of the overloads. 

Additionally, and in order to compare the experimental data with the numerical results 
obtained by FEM in the next section, another analysis of these experimental results was 
performed for the case of one overload, Fig. 3, and for the case of six consecutive overloads, Fig. 
4. 

The effect of overloads on crack opening level is lower if a single overload is applied than 
after the application of six overloads. Moreover, the crack opening level decreases earlier, within 
the first 6000 baseline cycles after one overload, while no evolution was observed after 5000 
cycles for six overloads. The load displacement curve is approximated by a quadratic function 
instead of a linear one, as shown in Fig. 5. 

This function allows the comparison of crack mouth opening displacement (CMOD) for the 
same given load before and after the application of  the overloads. The difference between the 
CMOD after and before the application of one or six overloads versus the applied load is plotted 
in Fig. 6. 

These experiments allowed the display of a second effect of the overloads. During the 
application of overloads, crack tip blunting occurs and increases significantly during the 
applications of subsequent overloads. The Ioad/cmod curve for a baseline cycle just before or 
just after the application of six overloads is plotted in Fig. 5. 
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FIG. 1 Experiment: Compliance offset procedure for crack opening determination for 
baseline cycles before and after the application of six overloads at Kpic = 1.5 Km~. 
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FIG. 2 Experiment." Reduced displacement method for crack opening evaluation for 
baseline cycles before and after the application of six overloads at Kp~c = 1.5 Kmax. 
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and after the application of six overloads at Kpi~ = 1.5 K,,o~. 
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FIG. 5 Experiment." Load/CMOD curve for baseline cycles just before and after the 
application of six overloads. 
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A permanent blunting of the crack faces remains after six overloads. This permanent blunting 
is much smaller after only one overload (Fig. 6). Out of the permanent blunting at the crack 
mouth, a "closure effect" is revealed because the movement of the crack faces during the loading 
part of the baseline cycle occurs is delayed if overloads are applied as compared with the case 
when no overload has been applied yet (Fig. 6). 

The effect is also observed after a single overload but with a lower magnitude. In the 
experiments, the crack growth rate is significantly lower if six consecutive overloads are applied 
instead of only one. This retarding effect of consecutive overloads associated with the deflection 
in the compliance offset/load curves and an increase of crack tip blunting seems is related to 
cyclic plasticity at crack tip. 

Concerning underloads, the following experiment also was performed (see Fig. 7): a crack 
was grown under baseline cycles with a constant stress intensity factor Kmax = 20 MPa(m 1/2) and 
R = 0.1, then either one underload or five underloads at Cmin = -140 MPa were applied. The 
crack growth rate was measured using the potential drop technique. In both cases, the crack 
growth rate is observed to increase significantly after the application of the underloads, and the 
increase of the crack growth rate is higher after five underloads than after a single one. CMOD 
measurements after underloads also have been performed, but the effect of underloads is too 
faint on the displacement at the crack mouth to allow any discussion on the evolution of Kop after 
underloads. 

FIG. 7 Experiment: Evolution o f  the crack length under baseline cycles at constant Kma~ 
(Kmax=20 MPa (m 1/2) and R = O. 1), after one or f ive underloads at tr, m, = -140 Mpa. 
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FEM Analysis 

The M(T) specimen used on the experiments was modelled by a 2-D finite element model. 
The calculations were conducted under plane strain conditions. The elements are quadrangular 
with a reduced quadratic integration scheme. The mesh size in the crack tip plastic zone is of 10 
x 10/am. The mesh size is chosen in order to be lower than one tenth of the size of the cyclic 
plastic zone at crack tip along the crack plane. Fatigue crack growth was simulated for crack 
lengths between 13 mm and 15 mm; the mesh size was refined between 12 and 16 mm along the 
crack plane. The Chaboche constitutive equations [11] were employed to describe the cyclic 
stress-strain behavior of the material employed in the experiments [10]. These constitutive 
equations provide non-linear kinematics and isotropic hardenings. Fatigue crack growth was 
simulated by modifying the boundary conditions along the crack plane. The release rate 
employed in the calculations is of one element every two cycles. The boundary condition along 
the crack plane is provided by spring elements with a hi-linear behavior. Their rigidity in 
compression is always extremely high in order to simulate the contact condition between the 
crack faces. Then, when a node belongs to the crack face, the rigidity of the spring element 
attached to this node is set to be null in tension in order to simulate a unilateral contact condition 
between the crack faces. On the contrary, when a node still belongs to the ligament, the rigidity 
in tension of the spring element attached to that node is extremely high, in order to impose a non- 
displacement condition in the direction normal to the crack plane. The crack extent is obtained 
by modifying the spring element behavior. Since quadratic elements are employed, two nodes 
are released at each crack extension. And two fatigue cycles are applied before proceeding to 
each crack extension. A detailed explanation of FEM calculations can be found in [8]. 

Overloads 

The first hypothesis to explain the cumulative effect of  consecutive overloads on fatigue 
crack growth rate was that, due to cyclic plasticity, the material might be hardened by fatigue 
cycling, which would lead to an increase of the residual stress level at crack tip. However, this 
hypothesis does not explain the increase of crack tip blunting displayed in Fig. 6. This increase 
of crack tip blunting corresponds to rateheting in the crack tip plastic zone. This effect is 
inherited from the Bauschinger effect of the material. 

When the Bauschinger effect of the material is taken into account through the constitutive 
behavior, both the increase of crack tip blunting with the number of overloads (Fig. 6) and the 
"closure" effect is reproduced by the FEM (Fig. 8). 

In Fig. 8, the displacement of the crack faces is plotted either at the maximum or at the 
minimum stress of a baseline fatigue cycle. Before this cycle, the crack was grown under 
baseline cycles only, until a stationary state was reached. There, either one or six overloads were 
applied. Then, the crack was grown again until a crack extent of 300 ~tm was reached. In Fig. 8, 
the increase of permanent blunting of the crack faces with the number of overloads is clear at the 
minimum applied stress. At the maximum applied stress, the displacement of the crack faces at 
crack tip is lower if the number of overloads is higher (closure effect), but the order of the curves 
is reversed at crack mouth. This reversal results from the superposition of a permanent blunting, 
which increases with the number of overloads, and of a cyclic displacement, which is reduced if 
the number of overloads is increased. 
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FIG. 8 FE Analysis: Displacement of the crack faces after 300 pm of crack growth from the 
application of one, six, or no overloads. 

In addition, the crack opening level was determined at the crack tip in the FEM analyses, and 
a strong increase of Kop is found if the number of  overloads is increased (Fig. 9), which is in 
agreement with the experiments (Figs. 3 and 4). 

The explanation of  these effects is in the development of residual stresses ahead of the crack 
tip during the application of overloads. During the first overload, plastic strain occurs at crack 
tip, and, according to the Bauschinger effect of the material, the yield stress is increased in 
tension and reduced in compression. 

The center of the elastic domain (c~) is therefore displaced toward positive stresses (Fig. 10). 
Consequently, reverse plasticity is easy at unloading, and compressive residual stresses at the 
crack tip are moderate. However, reverse plasticity also causes a displacement of  the center of 
the elastic domain, toward negative stresses in this case. Consequently, according to the 
Bauschinger effect of the material, reverse plasticity leads to a reduction of the yield stress in 
tension, which ensures that forward plasticity can occur during subsequent overloads (Fig. 11). 
After a while, if the crack tip plastic zone is fully constrained, the fatigue cycle is adapted at the 
crack tip, and no further development of the stress state at the crack tip is observed during 
subsequent overloads. During this transient phase of  adaptation of the stress state at the crack tip, 
the center of the elastic domain progresses back to lower values of the stresses. This effect 
allows residual stresses to be lower and lower at the crack tip, which is at the origin of the 
increase of the crack opening level Kop. Simultaneously, this transient phase of adaptation is 
accompanied by crack tip blunting and an increase in size of the plastic zone at the crack tip (Fig. 
11). When the fatigue cycle at the crack tip is adapted to overload cycles, no further beneficial 
effect is expected from subsequent overloads. On the contrary, since the crack also grows during 
overload cycles, subsequent overloads are expected to increase the mean crack growth rate. 



462 FATIGUE TESTING AND ANALYSIS 

FIG. 9 FE Analysis: Crack opening level for  one, three, six, or no overloads. 

D I S T A N C E  F R O M  T H E  C R A C K  T I P  : r 0 m n  ) 

FIG. l0 FE Analysis: Evolution o f  the component etyyof the center o f  the yield surface with 
the distance to the crack tip after a crack extension o f  43 ]zm, for  one overload, six overloads, or 
a continuous cycling with overload cycles was applied 
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FIG. 11 FE Analys&: Variation of the cumulated plastic strain for one, two, three, or six 
overloads. 

Therefore, it was found that the retarding effect is maximum for a given number of 
overloads, which depends on the cyclic plastic behavior of the material and in particular on its 
Bauschinger effect. This confirms that interaction between different cycles within a spectrum is 
of key importance for the prediction of fatigue lives. 

Underloads 

The same calculations have been performed in the case of underloads. It is worth noting that 
in both cases (underloads and overloads), crack tip blunting occurs after the application of the 
overload or the underload (see black symbols), as shown in Fig. 12. An underload does not cause 
crack tip re-sharpening as expected but an increase of crack tip blunting, just like an overload. 

However, (see open symbols) at maximum applied load, the crack tip displacement is lower 
than that obtained under continuous cycling if an overload was applied, but it is greater than that 
obtained under continuous cycling, if an underload was applied. This is in agreement with the 
results obtained for the crack opening level (Fig. 13) and with the evolution of crack growth rates 
after overloads or underloads. 

Evidence of crack tip blunting was found from the load-displacement curves as measured in 
the experiments and represented in the previous section (Figs. 5 and 6) in the case of single or 
multiple overloads. However, the effect is too faint in the case of an underload and was not 
possible to show from the experiments on M(T) specimens. 
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FIG. 12 FE Analysis: Crack tip displacement after a single overload or a single underload 

FIG. 13 FE Analysis: Evolution of  the crack opening level after the application of  a single 
overload or single underload. 
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Crack tip blunting occurs at the crack tip when an overload or an underload is applied, and 
this effect corresponds to a significant extension of the crack tip plastic zone size, as shown in 
Fig. 14. The reason for an extension of the plastic zone due to an underload or to multiple 
overloads is similar and corresponds to a transient phase of adaptation of the fatigue cycle at the 
crack tip after underloads or overloads. Before the application of an overload or an underload, 
the stress state and the hardening state are stationary at the crack tip and adapted to baseline 
cycles. In this stationary state, if the material displays the Bauschinger effect, the center of the 
elastic domain is displaced toward positive stresses within the crack tip plastic zone. Therefore, 
if an underload is applied, the yield stress in compression being small, a large amount of reverse 
plasticity occurs. Consequently, and according to the Bauschinger effect of  the material, the 
elastic domain of the material is displaced toward negative stresses, which allow crack tip 
blunting during subsequent baseline cycles and the displacement of the center of the elastic 
domain toward positive stresses (Fig. 15). The effect is reinforced if a higher number of  
underloads is applied. This displacement of the center of the elastic domain toward positive 
stresses results in a reduction of compressive residual stresses at crack tip and consequently to 
the reduction of Kop. 

FIG. 14 FE Analysis: Variation of  the cumulated plastic strain for one overload or underload. 
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FIG. 15 FE Analysis: Evolution o f  the component ayy o f  the center o f  the yield surface with 
the distance to the crack tip after a crack extent o f  43 Ion, since an overload or an underload 
was applied. 

Conclusions 

Fatigue crack growth testing under loading blocks composed of single overloads or 
underloads and single underloads, and finite element analysis of the experiments, showed the 
following: 

l. The evolutions of the crack growth rate under variable amplitude fatigue are closely 
related to the material cyclic plastic behavior. 

2. The Bauschinger effect of the material in particular is of key importance in predicting 
load-load interactions. 

3. Though the parameter "Kop/Km~x" is suitable for predicting crack growth rates variation, 
the term "closure" may be inappropriate. A crack may remain permanently opened after 
the application of an overload, while internal stresses at the crack tip limit the efficiency 
of the fatigue cycle. 

References 

[1] Skorupa, M., "Empirical Trends and Prediction Models for Fatigue Crack Growth under 
Variable Amplitude Loading," Netherlands Energy Research Foundation ECN, Petten, 
Netherlands, Report, ECN-R-96-007, June 1996. 

[2] Newman, J. C., Jr., "A Crack Closure Model for Predicting Fatigue Crack Growth under 
Aircraft Spectrum Loading," Methods and Models for  Predicting Crack Growth under 



ROMEIRO ET AL. ON EFFECT OF OVERLOADS/UNDERLOADS 467 

Random Loading, ASTM STP 748, J. B. Chang and C. M. Hudson, Eds., ASTM 
Intemational, West Conshohocken, PA, 1981, pp. 53 84. 

[3] McClung, R. C. and Sehitoglu, H., "On the Finite Element Analysis of Fatigue Crack 
Closure - 1. Basic Issue," Engineering Fracture Mechanics, Vol. 33, No. 2, 1989, pp. 237 
252. 

[4] McClung, R. C. and Sehitoglu, H., "On the Finite Element Analysis of Fatigue Crack 
Closure - 2 .  Numerical Results," Engineering Fracture Mechanics, Vol. 33, No. 2, 1989, 
pp. 253 272. 

[5] Fatigue Crack Growth Computer Program, ESACRACK-NASA/FLAGRO User's Manual, 
Theory and Operation, ESA Publications Division, ESTEC, The Netherlands, 1995. 

[6] de Jonge, J. B., "The Crack Severity Index of Monitored Load Spectra," AGARD-AG-797, 
77 th Meeting AGARD Structures and Materials Panel, 1993, pp. 5-1 to 5-5. 

[7] Romeiro, F. and de Freitas, M., "The Effects of Overloads and Underloads on Fatigue 
Crack Growth," Anales de la Mecdnica de la Fractura, XVIII Encuentro del Grupo Espafiol 
de Fractura, 2001, No. 18, pp. 79 85 

[8] Pommier, S., Bompard, P., "Bauschinger Effect of Alloys and Plasticity-Induced Crack 
Closure: A Finite Element Analysis," Fatigue & Fracture of Engineering Materials & 
Structures, Vol. 23, No. 1, 2000, pp. 129 139. 

[9] Pommier, S., "A Study on the Relationships Between Variable Amplitude Fatigue Crack 
Growth and the Cyclic Constitutive Behavior of an Alloy," International Journal of 
Fatigue, Vol. 23, 2001, pp. S111 S118. 

[10] Pommier, S. and de Freitas, M., "Effect on Fatigue Crack Growth of Interactions Between 
Overloads," Fatigue & Fracture of Engineering Materials & Structures, Vol. 25, 2002, pp. 
709 722. 

[11] Chabocbe, J. L., "Viscoplastic Constitutive Equations for the Description of Cyclic and 
Anisotropic Behavior of Metals," Bulletin de l'Academie Polonaise des Sciences. Sdrie des 
sciences et techniques, Vol. 25-1, 1977, pp. 33 39. 



Journal of ASTM International, Nov./Dec. 2004, Vol. 1, No. 10 
Paper ID JAI19064 

Available online at www.astm.org 

Narayanaswami Ranganathan, x Abdellah TouguL 1 Florian Lacroix, 1 and Jean Petit 2 

Overload Effects in Aluminum Alloys: Influence of Plasticity 
and Environment 

ABSTRACT: This paper presents the behavior of selected aluminum alloys when subjected to a single 
overload, with an aim to highlight the effects of plasticity and environment. The delaying effect of a 
single overload is given in terms of number of delay cycles. The delay behavior is systematically 
compared with the constant amplitude crack growth resistance. It is shown that for most of the studied 
alloys, a strong parallel can be drawn between the constant amplitude crack growth behavior and the 
overload induced delay. Delay induced by an overload in vacuum is higher than that in air for the 7075 
and the 2024 alloys, compatible with stronger constant amplitude crack growth resistance in vacuum. The 
influence of the elastic-plastic behavior is stronger in vacuum than in air. In the case of the Aluminum 
Lithium alloy, delay in air is higher than that in vacuum, which is opposite to the behavior under constant 
amplitude loading. The basic mechanisms governing crack growth in aluminum alloys and their influence 
on the delay induced by an overload are revealed. The experimental results are compared with a 
phenomenological model, taking into account the cyclic plastic behavior of materials. 

KEYWORDS: overload, delay, plasticity, environment, mechanisms, modeling 

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

The effect of  a single overload has been  studied extensively ever since it was shown that a 
single overload can lead to significant retardation of  crack growth [1]. This delaying effect must 
be taken into account  while predicting the crack growth lives of  structures subjected to variable 
amplitude loading conditions, as simple models  not including this phenomenon can sometimes 
lead to over conservative prediction of  the observed lives. To study this effect in the laboratory 
(in the long crack configuration), a crack is grown under a constant amplitude loading condition 
in a specimen, and at selected crack lengths (thus at selected base line AK levels, AKb), a single 
overload is applied, and the pre-overload test conditions are resumed. The evolution of  crack 
length versus the number  of  cycles is then studied, which can show the typical delayed 
retardation effect. The same effect also can be studied with respect to the crack growth rate 
evolution, which can highlight  the transient crack growth. These effects are schematized in Figs. 
l a  and lb.  
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The following parameters can be used to characterize the delaying effect: 

a. The number of delay cycles, Nd, or the number of cycles after the overload, necessary for 
the crack growth to attain the pre-overload growth rate 

b. The crack length, a0, corresponding to Nd 
c. The crack length, a x, corresponding to the minimum growth rate attained after the 

overload 
d. (daJdN)min, representing the minimum growth rate reached after the overload application 

Previous studies have shown that many factors influence the delaying effect of a single 
overload, such as the value of AKb, the base line load ratio at which the tests are conducted, the 
overload ratio, ~, (defined here as the ratio of the overload to baseline loading amplitude), the 
thickness of the specimen (determining the existence of plane stress or plane strain conditions), 
and the environment [2]. Various mechanisms have been proposed to explain this load 
interaction effect, such as crack tip blunting and resharpening, cyclic hardening in the plastic 
zone, crack closure effects, or residual stresses in the plastic zone [2 7]. 

The objective of this paper is to highlight the possible influences of  cyclic material properties 
and the effect of environment in the material behavior under single overload tests as compared to 
their constant amplitude (CA) fatigue crack growth resistances. The effects of  plasticity and 
environment on the delaying effect are discussed based on experimental results obtained from 
tests conducted in air and in vacuum in selected high strength aluminum alloys. 

Materials and Brief Experimental Details 

The aluminum alloys studied here are the 2024 T35 I; the alloy 7075 in three heat treatments, 
T351, T651, and T7351; and the 8090 alloy in the T651 condition. The nominal compositions 
and mechanical properties of the studied alloys are given in Tables la and lb. The average grain 
sizes, in p,m, for the studied materials are given in Table 2, in the long (L), transverse (T), and 
short (S) directions [6]. The 2024 alloy and the 8090 alloys also have non-recrystallized grains 
of about 40 p~m diameter. 
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TABLE la---Composition (in %wt.) of the studied alloys (Al not indicated). 

Zn Mg Cu Cr Fe Si Mn Ti Li 
2024 0.04 1.5 4.46 0.01 0.22 0.1 0.66 0.02 
7075 5.7 2.43 1.5 0.2 0.21 0.16 0.04 0.04 
8090 0.55 1.14 0.05 0.03 0.1 0.03 2.34 

TABLE l b---Nominal mechanical properties. 

Alloy Young's Yield Strength Ultimate Tensile Elongation (%) 
. . . . . . . . . .  Modulus (GPa) (MPa) ........ Strength (MPa) .... 
2024 T351 73 300 500 16 
7075 T351 70 458 583 10.6 
7075 T651 71.1 527 590 11 
7075 T7351 70.9 470 539 11.7 
8090 T651 81.2 430 480 13 

TABLE 2 Average grain sizes. 

Alloy L 
2024 T351 190 
7075 T351 700 
7075 T651 600 
7075 T7351 600 
8090 T651 300 

T S 
80 70 
200 50 
200 40 
190 40 
60 30 

The tests described here were carried out using compact tension (C(T)) specimens, 75 mm 
wide and 10 mm thick for the 2024 alloy and 12 mm thick for the 7075 alloys. For the 8090 
alloy, C(T) specimens 40 mm long and 10 mm thick were used. The specimens were tested along 
the TL orientation for the 2024 alloy and along the LT orientation for the 7075 alloys. More 
details can be found in [2,6,8]. Single overload tests presented here were carried out in ambient 
air and in vacuum (<10 -3 Pa). For the 2024 alloy, a series of tests was conducted in a N2 
environment containing traces of water vapor. Two baseline load ratios of 0.1 and 0.5 were 
studied. The overload ratio, x, for all the studied tests was equal to 2. 

The crack length was followed optically on the polished face of the specimen using a 
traveling microscope (• In each specimen, up to five overloads were applied covering a wide 
range of AKb from near threshold to moderate AK levels. Care was taken to separate the 
overloads sufficiently to avoid cumulative effects. The nominal test frequency was 20 Hz in air 
and 35 Hz in vacuum. The overloads were applied at a frequency of 0.2 Hz. 
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Experimental Results and Preliminary Analysis 

Effect of  Plastic Behavior 

The effect of elastic-plastic behavior is illustrated on the basis of the studies on the 7075 
alloys. In this alloy, the three heat treatment conditions correspond to significantly different 
elastic-plastic behavior [6]. This alloy in the under-aged, T351 condition shows pronounced 
cyclic hardening. In the peak aged, T651 condition, a less pronounced cyclic hardening is 
observed, while in the over-aged T7351 condition, a cyclically stable behavior is observed [6]. 

Results of overload tests in vacuum at a baseline load ratio of 0.1 are given in Fig. 2a. In all 
three conditions, delay decreases as AKb increases. Delay in the T351 condition is the highest 
throughout the studied AKb range, while the lowest delays are observed in the over-aged, T7351 
condition. For example, for a AK~ value of 10 MPa~/m, delay in the T351 condition is about 1 
million cycles, while in the T7351 condition it is about 50 times lower at about 20 000 cycles. In 
the peak aged condition, high delays are observed at low AKb values, while at moderate AKb 
levels, much lower delays are observed at levels comparable to those obtained in the T7351 
condition. Thus in the T651 condition, a transitional behavior is obtained, i.e., for AKb < 10 
MPa~/m, high delays are observed, while for higher AKb values, low delays are observed. 

This behavior is now analyzed in comparison with the CA crack growth resistance of this 
alloy, shown in Fig. 2b. It can be seen here that the under-aged condition has the highest crack 
growth resistance, characterized by the highest threshold level, AKth, and the over aged condition 
has the lowest AKth. The T651 condition exhibits a transitional behavior: while the near threshold 
behavior is comparable to the T351 condition, at moderate AK values, the crack growth 
resistance is comparable to the T7351 condition. This transition takes place for AK values < 7 
MPa~/m. This indicates that the transitional behavior observed under CA conditions is also 
observed after an overload, even though the associated AI( values are not the same. Comparing 
Figs. 2a and 2b, there is a good correspondence between CA fatigue crack growth resistance 
(FCG) and delay after an overload (higher FCG - lower delays). 

The results of overload tests in air are next given in Fig. 3a, and the constant amplitude 
behavior in Fig. 3b. 
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The number of delay cycles is much lower in air than in vacuum, as can be seen by 
comparing Figs. 2a and 3a. When comparing with constant amplitude behavior, given in Fig. 3b, 
it can be seen here that, while the constant amplitude crack growth resistances are very similar 
for the three conditions at moderate AK values, near the threshold, similar differences in air are 
observed as in vacuum. It appears that, for tests in air, the arguments offered above, drawing a 
parallel between CA and post overload behavior in vacuum, do not hold. Differences in delay 
behavior are more pronounced for AKb values greater than about 8 Mpa~/m, while in this range 
the CA behaviors are similar in the three heat treatments. Comparing Figs. 2a and 3a, it is clear 
that the effects of differences in the elastic-plastic behavior are more evident in vacuum than in 
air. 

Effect o f  Environment 

The results given above indicate that delay in an aggressive environment (air) is much lower 
than in vacuum. It should be remarked that similar results with respect to the effect of  
environment on delay have been previously reported [9]. This effect is now studied in detail 
based on results obtained in the 2024 T351 ally and the 8090 T651 alloy. 

2024 T351 Alloy--Figure 4a compares delay in vacuum and in air for tests at a baseline load 
ratio of 0.1. In the range 7<AKb<I 6 Mpa4m, delay in vacuum is about 10 times as high as in air. 
For lowest AKb studied, crack arrest is observed after the overload in air (the crack considered to 
be arrested after 3 million cycles) while a delay of 2 million cycles is observed in vacuum. It 
should be noted that for this alloy, delay decreases with AKb, from near threshold to moderate 
AKb values, while it shows an increase with AKb at high values of the baseline AK. The cause of 
this behavior is discussed later. Comparing with the CA behavior, given in Fig. 4b, it is again 
seen that there is a strong parallel between the CA behavior and the overload induced delay. The 
constant amplitude crack growth rates are systematically lower in vacuum at a given AK 
compatible with higher delays in this environment (but for the lowest /~b  studied). 
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Figure 5a gives the results obtained at a baseline load ratio of 0.5 in vacuum, air, and a 
nitrogen environment containing traces of water vapor. In this case, delay is systematically 
higher in vacuum than in the other two environments. No significant differences in delay 
behavior can be noticed between air and N2. Comparing Figs. 4a and 5a, it can be seen that, for a 
given environment, delay at R = 0.5 is less pronounced than at the lower load ratio. Some 
specific examples are given in Table 3. 

Figure 5b gives the CA behavior at the same load ratio. From this figure, it can be observed 
that CA crack growth resistance is systematically higher in vacuum than in air, with much higher 
values of AKth and lower growth rates in the studied AK range. In the N2 environment, crack 
growth rates are comparable to the ones observed in vacuum at high AK values, while near 
threshold, the crack growth behavior becomes similar to that observed in air. Between these two 
ranges a near constant crack growth rate, independent of AK is observed in a transitional range. 
Thus, from Figs. 5a and 5b, it is not possible to establish a similarity between CA behavior and 
delay for the N2 environment, while for air and in vacuum there is a concordance between the 
delay behavior and the CA crack growth resistance, as delay in vacuum is about 10 times as high 
as in air, and the crack growth resistance is stronger in vacuum. 
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TABLE 3 Comparison o f  delay at R = O. 1 and 0.5 in vacuum. 

AKb M(_M_p&~m_o_)_ Delay at R = 0.1 (cycles) Delay at R = 0.5 (cycles) 
- -  5.7 1,8 i-0 -6 8.8 

9 4,8 105 2.8 105 
10 2 105 7.3 104 

Effect o f  Environment in the Al-Li Al loy--The results of overload tests in vacuum and in air 
are given in Fig. 6a for the 8090 T651 alloy at a base line load ratio of  0.1. For this material, a 
surprising result is obtained - delay in air is systematically higher in air than in vacuum. 
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viors at R = O. 1 in the same alloy. 

As for the 2024 alloy, crack arrest after the overload is observed in air at the lowest AKb 
studied. It should be remarked that, for all the other materials studied, delay in vacuum was 
much higher than in air for almost all the test conditions studied. The CA behaviors in air and in 
vacuum for the 8090 alloy are given in Fig. 6b. There is no significant difference in the threshold 
values in the two environments. At slightly higher values of AK, the crack growth evolution in 
air shows a transitional behavior at a near constant growth rate of 2 x 10 -9 m/cycle.  For AK 
values higher than about 10 Mpa~/m, crack growth rates in air are slightly lower than in vacuum. 

D i s c u s s i o n  

Crack Growth Mechanisms and their Influence on the Delay Behavior 

The CA behavior of Aluminum alloys depends upon the precipitate coherency that governs 
the slip behavior [6,10,11]. For the 7075 alloy in the under-aged condition, Gunier-Preston (GP) 
zones form the basic precipitate structure. GP zones constitute coherent precipitates, and in this 
aging condition, planar slip is observed in vacuum throughout the test conditions studied, leading 
to maximal FCG under CA conditions, as slip reversibility is maximal for a planar slip behavior 
[10,12]. For the 2024 alloy, the precipitate structure contains GP zones and semi coherent 0' 
precipitates, and for this material a mixed planar slip-multiple slip behavior is observed in 
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vacuum, and the CA crack growth resistance is slightly lower than that of  the 7075 T351 alloy. 
The 7075 alloy in the over-aged conditions contains large noncoherent M' and T precipitates, 
and it is characterized by a multiple slip behavior. Such a behavior leads to the least crack 
growth resistance under CA conditions in vacuum, as slip reversibility is minimal in this case 
[10,12]. In the T651 condition, precipitate coherency is lower than that in the T351 condition and 
is characterized by planar slip at low AK values, while multiple slip is observed for moderate to 
high AK values [10]. 

The fracture surface for a planar slip behavior is characterized by large, blocky, out of plane 
facets which are typically along a (111) plane, while for a multiple slip behavior, the fracture 
surface is very flat and in general normal to the loading axis [6,13,14]. 

After an overload, the basic slip mechanism remains the same as can be seen from the 
fractographs in Figs. 7a and 7b, which illustrate a planar slip case and a multiple slip one. 

FIG. 7a--Fracture surface appearance for a planar slip behavior 7075 T351 in vacuum. 

FIG. 7b--Fracture surface appearance for multiple slip behavior 7075 T7351 in air. 
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The effect of ambient air has been attributed to physical adsorption of water vapor molecules 
resulting in a decrease of the surface energy at moderate AK values and embrittlement due to 
nascent H2 due to water vapor dissociation at low AK values near threshold. Under such 
conditions for most A1 alloys, a multiple slip behavior is observed, and slip reversibility is 
reduced [10,11,13]. The fracture surface is marked by the presence of quasi cleavage facets at 
low AK levels and striations at moderate AK values [13,14]. As a result, the crack growth 
resistance is significantly lower in air than in vacuum. 

Figure 8a shows a fractograph indicating the overload application point for the 8090 alloy. It 
should be noticed that before the overload, the fracture surface exhibits a mixed crack growth 
mode characteristic of planar slip (faceted crack growth) and multiple slip (pseudo cleavage 
facets). After the overload, one notices a large slip step, probably associated with a large slip 
band. The fracture surface indicates the presence of oxide in the overload affected region, 
indicating that the crack was stationary in this region, leading to oxide formation due to rubbing. 
The fracture surface after the overload affected region is quite comparable with the pre-overload 
region indicating that the micro mechanisms are the same. It is suggested here that the large slip 
step at the overload corresponds to slip along a (111) plane, but the post overload loading is not 
sufficient to maintain a fully planar slip crack growth. It has been shown previously that fully 
planar slip is activated in such materials in air at large AK values [13,14]. The high delay can 
then be associated with the time required to activate the mixed crack growth process compatible 
with the loading condition studied. This micromechanical effect should be added to the causes 
leading to delay following an overload. 

For tests in vacuum, as illustrated in Fig. 8b, the overload is hardly distinguishable, and the 
crack growth mechanisms are the same before and after the overload. This can partially explain 
the low delays observed in this alloy in vacuum. 

FIG. 8a--Fracture surface observed in the 8090 T651 alloy in air. 
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FIG. 8b--Fracture surface in vacuum for the 8090 T651 alloy. 

Critical Analysis of Overload Effects 

Regarding the quantitative effects following an overload, the following questions can be 
asked: 

1. What is the effect of the base line AK level and the R ratio? Why in some cases is an 
increase in delay observed at moderate to high AKb values, resulting in a "U" shaped 
curve? 

2. What is the effect of the cyclic plastic behavior? 
3. Why should delay be lower in air than in vacuum? 

Answers to some of these questions are now offered based on the model developed by Matsuoka 
et al. [7]. This analytical model explicitly brings out the effects of the constant amplitude crack 
growth resistance, the load ratio, and the cyclic behavior of  the studied material, which are the 
parameters studied here. According to this model, the delay is associated with the development 
of  a compressive residual stress field in the cyclic plastic zone created by the overload. The 
number of delay cycles, Na, is given by: 

Nd / Nc = [{(1-r/2)+(r/2) (a• 1/m _ 1]/ [(m-1)(r/2)(1- (aX/aa))] (1) 

where 
Nc is the number of cycles necessary for the crack to propagate through the overload affected 
zone under CA conditions, 
m is the exponent of the Elber's crack growth law (corrected for crack closure effects) [5], 
r is the ratio between the overload peak stress to the base line peak stress (which is slightly 
different from z, defined above), 
a • is the crack length necessary to reach the minimum growth rate after the overload, and 
ad is the crack length affected by the overload. 
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In the original model, the expression developed by Dugdale [15] for the plastic zones at the 
crack tip were used to determine the distances a* and ad a x as related to the cyclic plastic zone at 
the baseline loading, and aa is given by 

aa --- 2.5* O~rp - f.0ml ' (2) 

where 
co~p is the cyclic plastic zone size created by the overload, and 
fDml is the monotonic plastic zone at the base line loading. 

These plastic zone sizes are estimated according to the Dugdale model, i.e.: 

fOrp = ( 1 I / 8 )  (~ol/G'yc) 2 and (3a) 
(.Oml = ( n / 8 )  ( K m a x / O ' y m )  2 (3b) 

where 
AKol is the overload stress intensity factor amplitude, 
Kr~ax is the maximum baseline stress intensity factor, and 
O'y c and ~ym represent, respectively, the cyclic and monotonic yield strength of the material. The 
cyclic yield strengths can be found in [6]. 

Analysis of the crack growth resistances of Al alloys in vacuum after correction for the effect 
of crack closure shows that the Elber's exponent is 4 for AI alloys in vacuum, and it remains the 
same in the crack growth range governed by the adsorption effect in air. In the range affected by 
hydrogen embrittlement, the Elber's slope is lower, with a value of about 2 [ 10]. 

The expressions developed in Eqs 1 3 were applied directly to determine the evolution of the 
number of delay cycles in vacuum and in air for a AKb value of 8 Mpa~/m, and the results are 
given in Table 4 and Fig. 9. It was assumed that the plastic zone sizes were the same in air and in 
vacuum [16,17]. 

Comparing with the experimental measurements, it can be seen that even though the model 
predictions are generally much higher than the experimental values, general trends are 
comparable between the two as enumerated below: 

1. The model predicts a decrease in delay for a given material as R ratio increases, as can be 
seen from the experimental results, and it correctly predicts lowest delay at R = 0.5 in air. 

2. Material cyclic properties are translated through the evolution of the plastic zone sizes, 
and the model correctly predicts lower delays for the 7075 alloy in the T7351 condition 
than for the T351 condition at R = 0.1. The comparisons between the 2024 and the 7075 
alloys are also in agreement with the experimental trends, especially at R = 0.1. 

3. The effect of environment in the delay behavior also is predicted correctly (lower delays 
in air than in vacuum). 

TABLE 4 Estimation ofnumberofdelaycyc&s usingMa~uoka~ model. 

Material Vac. R =  0.1 Vac. R = 0.5 Air R =  0.1 Air R = 0.5 
2024 T351 2.9e7 4.3e6 7.4e6 1.72e5 
7075 T351 7.11e7 1.04e7 7.11e5 1.04e5 
7075 T7351 5.05e6 1.07e6 1.52e6 1.86e5 
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FIG. 9 Comparison between model predictions and experimental data for tests at R = O. 1 
in the 2024 alloy. 

It was proposed that differences from model predictions to observed behaviors could arise 
from the fact that plastic zones at the crack tip for a particular material do not obey the Dugdale 
model, and using the measured values of a* and ad for a given material was suggested [7]. 

The values of these distances for the 2024 alloy for the overload tests described here can be 
found in [8]. The experimental data are compared with theoretical prediction in Fig. 10. It can be 
seen here that the theoretical value, which is constant for a given overload ratio, overestimates 
the measured ones at low AKb values, while theoretical results are comparable with the 
experimental ones at moderate AKb values, especially in air. It has been shown, for example, that 
at low AK values, the overload affected zone is on the order of  the recrystallized grain size, and 
the parameter a* is on the order of the non recrystallized grain size for the 2024 alloy [2,8]. 
These microstructural effects must be modeled correctly for accurate predictions of delay. 
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The increase in delay high AK values is attributed to a changeover from a globally plane 
strain behavior at low AK values to a globally plane stress behavior at high AK values. It has 
been suggested that this changeover occurs when the maximum stress intensity factor due to the 
overload, called Kt, creates a plastic zone about half the specimen thickness [ 18] as follows: 

Kt = rYvS ~/b/2 (4) 

where 
Kt is the transition overload stress intensity factor, 
6vs is the yield strength, and 
b is the specimen thickness. 

The estimated values of this transitional value using this criterion for the studied materials 
are given in Table 5. 

TABLE 5 
factor. 

Comparison of theoretical and experimental values of transition stress intensity 

Material Kt(Eq 3) Kt(when observed) . 
2024 T351 18.9 27.3 
7075 T351 31.7 
7075 T651 36.5 21 

7075 T7351 32.6 21 
8090 T651 27.2 16.8 

It can be seen here that the estimated values are always higher than the experimental ones 
(except for the 2024 T351 alloy). Moreover, such a transition is not observed in all the test 
conditions studied. In the 7075 alloy, for example, such a transition is observed only in air, while 
in the 8090 alloy, it is observed only in vacuum. 

It has been suggested that shear lip formation near the specimen surface, indicative of the 
development of  plane stress conditions at the crack tip, takes place at lower AK values in vacuum 
than in air [19]. This would lead to lower Kt values in vacuum than in air, which is contrary to 
most of the observed results. This aspect needs more rigorous treatment. 

Conclusions 

1. The delay following an overload depends upon the material cyclic behavior, the loading 
conditions, the test environment, and the associated micromechanisms of cracking. 

2. In general, planar slip behavior leads to a higher crack growth resistance and higher 
delays after an overload. 

3. In most of  the studied test conditions, delay in vacuum is higher than that observed in air, 
except for the 8090 T651 alloy. 

4. The observed effects can be explained qualitatively using a plastic zone model. 
5. Transition from plane strain to plane stress conditions occurs at different K values for 

most of the studied alloys, depending upon the environment. 
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Periodic Overloads in the Near Threshold Regime 

ABSTRACT: The effect of periodic overloads on the crack propagation behavior in the near threshold 
regime of long cracks and physically (extrinsically) short cracks is investigated. A 20 Vol. % SiC particle 
reinforced 359 cast aluminum alloy and a 17 Vol. % SiC particle reinforced 2129 aluminum alloy are 
examined. In the Paris regime the two alloys exhibit a different behavior. In the 2124 reinforced alloy a 
reduction of the mean crack propagation rate, which is typical for ductile metals, is observed. On the 
other hand the mean crack propagation rate accelerates in the 359 reinforced cast alloy, which is caused 
by generation of micro-cracks during the overload. 

In the near threshold regime and at smaller stress intensity ranges in the physical short crack regime the 
behavior of both alloys is very similar. The effective threshold is not affected by the overload, i.e., if the 
constant amplitudes are smaller than the effective threshold they do not contribute to crack propagation. 
If both, the constant amplitudes and the overload amplitudes contribute to crack propagation, the build up 
of crack closure is affected by the load history. 

KEYWORDS: periodic overloads, threshold of stress intensity range, short crack, crack closure 

Introduct ion  

The effect of  variable amplitudes on fatigue crack propagation has been extensively 
investigated in the Paris regime [1 5]. However, in the threshold regime as well as in the short 
crack regime, the number  of  studies is rather limited [6 t0]. Nevertheless,  the majority of  
engineering components  is designed for finite lives and are subjected to variable amplitude 
loading with a significant amount  of  load cycles in the near threshold regime, or they are 
designed for "infinite" life, where the load amplitudes should be below a certain " threshold" 
value. The damage-tolerant  design tools in this field are extremely underdeveloped. 

The main reasons for this situation are: 

�9 Many applications fall into the short-crack regime, where cracks can propagate below the 
standard measured long crack threshold determined under constant amplitude loading. 

�9 There exists no standard procedure to determine the threshold in the transition regime 
from short to long cracks. 
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�9 There is a lack of non-destructive techniques to detect sufficiently small flaws with high 
accuracy. 

�9 The knowledge of load interaction effects in the near threshold regime and the short crack 
regime is unsatisfactory. 

To improve this situation, this paper answers the following questions: 

�9 How do extrinsically (physically) short cracks behave under periodic overloads? 
�9 Is the effective threshold influenced by periodic overloads? 
�9 How do periodic overloads affect the near threshold crack propagation behavior in 

particle reinforced aluminum alloys? 

In order to answer these questions, fatigue crack growth experiments were performed with 
periodic overloads in the near threshold regime. Standard fracture mechanics specimens were 
used, and the experiments were started on pre-cracks without crack closure (i.e., with a minimum 
of crack tip shielding). In other words, the tests were performed on extrinsically short pre-cracks 
I11,12]. 

Material and Experimental Procedure 

The materials examined in this study are a 20 Vol. % SiC particle reinforced 359 cast 
aluminum alloy (heat treatment T6) and a 17 Vol. % SiC particle reinforced 2124 aluminum 
alloy (heat treatment T4). The mean size of the particles in the 359 alloy is about 7 p.m; the 
fracture toughness, KIC, is relatively low at 14 MPa~]m; and Young's modulus and tensile 

strength are 97 GPa and 247 MPa, respectively. A detailed description of the microstructure, the 
fatigue, and fatigue crack propagation behavior is given in [7,13,14]. In the 2124T4 reinforced 
alloy, the mean size of the particles is about 1.4 p.m; the fracture toughness is 23 MPa~/m; and 
the Young's modulus, the yield stress, and the ultimate tensile strength are about 100 GPa, 400 
MPa, and 590 MPa, respectively. 

The experiments are performed on standard SENT (width W = 20 mm) and CT-specimens 
(width W = 40 mm). The notches were machined by spark erosion. Furthermore, a special razor 
blade cutting technique was applied in order to get extremely sharp notches, with notch radii 
between 10 and 20 p.m. The sharper the notch, the smaller the loads for pre-fatigue, and the 
smaller are the effects of the residual stress field of the crack tip in front of the pre crack [13]. To 
initiate a crack of about 40 ~m length measured from the notch root, the specimens were pre- 
fatigued in cyclic compression (load ratio R --- 20) at a AK = 8 MPa'~m and 10 MPa~/m in the 359 
and the 2124 alloys, respectively. 

All periodic overload tests were performed at the same overload ratio, and the number of 
constant amplitude cycles between two overload cycles was always 1000. The overload ratio - 
the ratio of the maximum stress intensity factor at the overload to the maximum stress intensity 
factor of the constant amplitudes (which are called base amplitudes) - was 1.8, and the stress 
ratio of the base load amplitudes was R = 0.1. The experiments were performed at four loading 
cases (see Fig. 1): 
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�9 At the smallest load amplitude, the constant amplitude and the overload correspond to a 
AK below the effective threshold and between the effective threshold AKemh and the long 
crack threshold AKth, respectively. 

�9 In the second case, the base and the overload AK lay between AKemh and AKth. 
�9 In the third case, the base load amplitude corresponds to a AK that is between AK~m~ and 

AKth, and the overload AK is larger than AKth. 
�9 In the fourth case, the base load amplitude corresponds at the beginning of the fatigue test 

to AK equal to AKth. 

The experiments were performed on a servo hydraulic test machine. The test frequency 
during base loading was 70 Hz. The experiments were conducted in air at room temperature. The 
crack length was monitored by a direct current potential drop technique. The accuracy of 
measuring a change in crack length was about • 5 ~tm. 

Loading case 1 Loading case 2 Loading case 3 

I 

VVVVVVVX 'VVI 
cycles N cycles N cycles N cycles N 

FIG. 1 Schematic representation of the performed overload experiment. In Experiments 1 
3, the initial crack growth behavior of extrinsically short cracks was investigated," in the fourth 
experiment, the effect of periodic overloads on the standard fatigue crack propagation behavior 
was examined. 

Standard overload 
testing 

Results and Discussion 

The Long Crack Behavior 

In Figs. 2 and 3 the standard fatigue crack propagation rate versus AK was determined in a 
constant amplitude test, and the periodic overload test is depicted for both alloys. In the case of 
periodic overload results, the mean crack propagation rate is plotted as a function of AK 
determined from the base load amplitudes. The overloads are not taken into account for the 
determination of the crack driving force, AK. In the reinforced 2124 alloy in the Paris regime, the 
mean crack propagation rate in the periodic overload experiment is significantly smaller than in 
the constant amplitude test. This is the expected behavior. An overload causes a retardation 
because the crack extension during the overload is very small compared to the increase of the 
crack length during base loading between two overloads; the mean crack propagation rate is 
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dominated by the retardation effect. Near the threshold, the behavior is different, the crack 
propagation rate in the constant amplitude experiment and the periodic overload test is about 
equal, and it seems that the threshold might be somewhat smaller than in the periodic overload 
experiment. One reason for this behavior is that near the threshold and somewhat below, the 
crack propagation during the overload becomes more and more important in relation to the crack 
propagation caused by the base amplitudes. A further reason for this near threshold behavior may 
be the change of the different contributions to crack closure [5,12,8,13]. At larger AK plasticity, 
induced crack closure is the dominant closure effect. The retardation in this regime is mainly 
induced by the increase of this contribution. In the near threshold regime, the roughness induced 
crack closure and perhaps the oxide induced crack closure are more important. The overloads 
should increase the contribution of plasticity induced closure for the base amplitudes even in the 
near threshold regime. However, the overloads may reduce the contribution of roughness 
induced crack closure, which may induce an increase of the growth rate during base amplitudes. 

Near the threshold in the reinforced 359 alloy and the reinforced 2124 alloy, the behavior is 
very similar. However, at larger AK values, the reinforced 359 alloy shows an opposite behavior; 
the mean crack propagation rate in the overload experiment is larger than in the constant 
amplitude test. The Paris exponent of the overload curve is significantly larger than that of the 
constant amplitude experiments. The reason for this unusual behavior is the low fracture 
toughness of this material. Somewhat above the threshold, the maximum stress intensity factor of 
the overloads is very near the fracture toughness. On one hand, this induces a relatively large 
crack extension during the overload, while on the other hand at the overload a certain amount of 
particle cracking occurred. During the following base amplitude loading, the main crack and the 
micro cracks coalesce, which induces an increase of the mean crack propagation rate. The 
reinforced 2124 alloy has significant larger fracture toughness, and in addition the probability of 
particle cracking is very low, therefore this particle reinforced alloy behaves like a typical ductile 
material. 

The Behavior of Extrinsically Short Cracks 

Figures 4 8 show the crack propagation behavior obtained in the periodic overload 
experiments of the loading cases 1 3, where the base amplitude is always smaller than the long 
crack threshold. The short pre-crack was generated in cyclic compression at relatively small load 
amplitudes in deep notched specimens. At the beginning of the fatigue experiment in tension, 
crack closure should not occur. The increase of crack length during this type of test is very small 
in relation to the notch depth and the ligament length (W-a, where W is the width, and a is the 
total crack length); hence the change of  AK is not significant. Therefore the experiments can be 
considered-as a constant AK test on extrinsically short cracks with periodic overloads. 

In addition, constant amplitude tests at about the same AK as the base amplitude and 
overload were performed in a type of pre-cracked specimen. These results, i.e, crack extension 
versus number of load cycles are plotted also in Figs. 4 8. In order to normalize the crack 
propagation data of the constant amplitude test, which corresponds to the overload AK, the 
number of loading cycles was multiplied by 1000. In the loading case 1 only the constant 
amplitude data obtained at a AK, which is about equal to AK of the overloads, are indicated, 
because in the constant amplitude test at a AK equal to base amplitude, such extrinsically short 
cracks do not grow (AK < AKemh). 
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FIG. 2 Fatigue crack propagation rate versus the stress intensity range determined in 
constant amplitude experiment at a stress ratio o f  O. 1 and mean fatigue crack propagation rate 
versus the stress intensity range o f  the base load amplitudes in the periodic overload experiment 
in a particle reinforced 2124 aluminum alloy. 

FIG. 3 Fatigue crack propagation rate versus the stress intensity range determined in 
constant amplitude experiment at a stress ratio o f  O. 1 and mean fatigue crack propagation rate 
versus the stress intensity range o f  the base load amplitudes in the periodic overload experiment 
in a particle reinforced 359 cast aluminum alloy. 
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FIG. 4 Crack extension versus number o f  base amplitudes for  the loading case 1, where the 
base AK is smaller than the effective threshold determined in a constant amplitude test in the 
particle reinforced 359 alloy, and the crack extension versus number o f  cycles * 1000 
(normalized ploO in a constant amplitude experiment at AK = 2.05 MPa~n, which is about 
equal to the overload AK. 

FIG. 5 Crack extension versus number o f  load cycles at the base amplitude for the loading 
case 2 in the reinforced 359 alloy. In addition, the crack extension versus normalized number o f  
load cycles in the corresponding constant amplitude experiments and the linear superposition o f  
normalized constant amplitude tests are indicated. 
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FIG. 6 Crack extension versus number o f  base amph'tudes for  the loading case 1, where the 
base AK is smaller than the effective threshold determined in a constant amplitude test in the 
particle reinforced 2124 alloy, and the crack extension versus number o f  cycles * 1000 
(normalized ploO in a constant amplitude experiment at AK = 1.8 MPa a/m, which is about equal 
to the overload AK. 

FIG. 7 Crack extension versus number o f  load cycles at the base amplitude for  the loading 
ease 2 in the reinforced 2124 alloy. In addition, the crack extension versus normalized number o f  
load cycles in the corresponding constant amplitude experiments and the linear superposition o f  
normalized constant amplitude tests are indicated. 
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FIG. 8 Crack extension versus number of  load cycles at the base amplitude for the loading 
case 3 in the reinforced 2124 alloy. In addition, the crack extension versus normalized number of  
load cycles in the corresponding constant amplitude experiments and the linear superposition of  
normalized constant amplitude tests are indicated 

Figures 4 and 6 show that the normalized crack propagation behavior of the constant 
amplitude test at the AK equal to the overload AK is identical with the crack propagation 
behavior in overload experiment. This indicates very clearly that only the overload contributes to 
the crack propagation, and the base amplitudes, which are only somewhat smaller than AI~mh, 
do not affect the crack propagation behavior. In other words, the threshold of stress intensity 
range is not influenced by variable amplitude loading. 

In the loading case 2 (Figs. 5 and 7) the crack propagation behavior is dominated in the 
beginning by the base load amplitudes. The overloads do not affect the propagation rate in this 
early stage. This is evident in the good agreement of crack propagation behavior of constant 
amplitude experiment at AK equal to the base amplitude and overload experiment. This indicates 
that the crack closure behavior of such extrinsically short cracks is not influenced by overloads. 

However, after a short extension of the crack, the propagation rate at the base amplitudes is 
influenced by the overload (it is somewhat smaller than in the corresponding constant amplitude 
experiment), which indicates that the closure load increases somewhat faster in the periodic 
overload experiment than during the constant amplitude loading. Therefore, the non-propagation 
condition is reached at smaller crack extension in the periodic overload experiments than in the 
case of constant amplitude loading. The R-curve for the threshold of stress intensity range for 
the base amplitudes should increase somewhat faster than in the case of constant amplitude 
loading, as schematically depicted in Fig. 9. At "larger" crack extensions only the overloads 
contribute to crack propagation. This is indicated by the fact that the normalized crack 
propagation rate in the constant load experiment at a AK equal to the overload AK agrees with 
the crack growth rate in the periodic overload experiment. 
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FIG. 9 Schematic illustration of the influence of periodic overloads on the shape of the R- 
curve for the threshold of stress intensity range for the base amplitude. 

Figure 8 shows the crack propagation behavior in the loading case 3 in the 2124 particle 
reinforced alloy. At the beginning the behavior in loading cases 2 and 3 is very similar. A 
difference between loading case 2 and 3 occurs at larger crack extension; in case 2 the crack will 
stop after a certain crack extension because the overload AK is smaller than the long crack 
threshold, whereas in loading case 3 it will reach the typical long crack behavior of Figs. 2 and 3, 
when, due to the increase in crack length, the AK value of  the base amplitudes reaches the long 
crack threshold. However, this would need an extremely large number of load cycles in our 
experiment. 

Conclusions 

The comparison of periodic overload tests with constant amplitude experiments on 
extrinsically (physically) short cracks and long cracks in two particle reinforced alloy leads to the 
following conclusions. 

�9 The effective threshold of  stress intensity range is not influenced by periodic overloads, 
or in other words, amplitudes below the effective threshold of  stress intensity range do 
not affect the crack growth behavior during variable amplitude loading. 

�9 The early stage of crack propagation of  extrinsically short cracks is not affected by the 
overloads in the near threshold regime. 

�9 "The threshold value for the base amplitudes" in a periodic overload case increases faster 
with crack extension than under constant amplitude loading, which is schematically 
depicted in Fig. 9. 

�9 Considering the mean crack propagation behavior in relation to the base amplitudes, the 
crack propagation somewhat below and at the long crack threshold for constant amplitude 
loading is dominated by the crack propagation during the periodic overloads. 
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In the "Paris" regime, the periodic overloads in the reinforced 2124, which is relatively 
ductile, cause a retardation of the mean crack growth rate, whereas in the relatively brittle 
particle reinforced 359, the periodic overloads induce an acceleration of the mean crack 
propagation rate. 
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Fatigue Reliability Analysis of an Overload Effect in Welded 
Joints Including Crack Initiation and Plastic Zone as Random 
Variables 

ABSTRACT: This paper deals with the reliability analysis of the influence of an overload on the fatigue 
design of welded joints. The modeling of the fatigue life is presented as the sum of four parts: the first 
one concerns the fatigue life initiation, the second one involves the fatigue life between the initiation 
period and the overload application, the third one deals with the fatigue life behavior from the overload to 
the total restoration of the crack growth rate, and the fourth is related to the fatigue life between the end 
of the retardation zone until the failure. Concerning the modeling of the retardation effect, particular 
attention is given to the calculation of the effective stress intensity factor. Finally, the developed 
methodology is applied to the case of welded joints in order to evaluate the importance of considering the 
overload effect in the reliability analysis. 

KEYWORDS: reliability analysis, fatigue crack growth, overload, welded joints 

Introduction 

Several reliability analyses deal with the evaluation of  the fatigue life of  welded joints. They 
are based on two deterministic approaches: the S-N curves approach associated to a cumulation 
model, such as the Miner rule, and the linear fracture mechanics approach using a crack 
propagation law, such as the Paris law [1]. In the last case, almost all existing applications are 
founded on the Madsen damage indicator method [2]. Although these analyses are developed by 
taking into account the variable loading by the use of  the stress equivalent concept, they do not 
take into account the influence of  the overload. 

When an overload occurs, one observes reduced crack growth rate following the overload. In 
order to model this phenomenon, the present paper deals with reliability analysis on the basis of  
the linear elastic fracture mechanics approach in which the limit state function is written as a 
function of  the following random variables: the initial crack length, the fatigue life initiation, the 
material parameters of  the used propagation law, and the size of  the plastic zone due to overload. 

Proposed Deterministic Approach to Fatigue Crack Growth Following an Overload 

This approach considers that the total fatigue life duration Nrot~1 is determined as being the 
sum of four parts: the number of  cycles to crack initiation Nj corresponding to an initial crack 
length ao, the number of  cycles N1 from ao until apic corresponding to the overload, the number of  
cycles N2 from apic to aD, which is the crack length corresponding to the total restoration of  the 

Manuscript received 23 April 2002; accepted for publication .17 July 2003; published November 2004. Presented at 
ASTM Symposium on Fatigue Testing and Analysis Under Variable Amplitude Loading Conditions on 29 31 May 
2002 in Tours, France; P. C. McKeighan and N. Ranganathan, Guest Editors. 

Ph.D. and Professor, respectively, LERMES, Laboratoire d'Etudes et de Recherche en MEcanique de Structures, 
Universit6 Blaise Pascal - Clermont II, IUT de Montlugon, Av. Aristide Briand, 03100 Montlugon - France. 

Copyright �9 2004 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. 

492 



DARCIS AND RECHO ON ANALYSIS OF OVERLOAD EFFECT 493 

crack growth rate and N3, the number of cycles from aD to the critical crack size until failure. 
This model considers only one overload application during the crack propagation phase. 

Fatigue Life Initiation." Ni 

The number of  cycles to crack initiation Ni may be estimated on the basis of  a local strain-life 
approach by the following equation [3]: 

(1) ga = f "(2'N,) b 
E 

where crf' is the fatigue strength coefficient, crm is the mean stress, b is the fatigue strength 
exponent, and ea is the strain amplitude. The analysis is performed using cyclic stress-strain 
relationship for the material in combination with Neuber's rule [4], which allows one to connect 
the nominal stresses and strains to those close to the notch by the use of K A the notch parameter, 
as follows: 

K~.&.o'| : s a.o- a (2) 

where s~ and a| are the nominal strain and stress amplitudes, respectively, and ea and era are 
those at the notch root (local stress and strain). 

The steps in the Neuber analysis are shown in Fig. 1. Consider a cyclically stable material 
(with the Ramberg-Osgood material parameters K', n'). At the initial applied load, the local 
stress and strain amplitudes at the notch are obtained as corresponding to the intersection point 
between the Neuber Hyperbola (3.1) and the material stress-strain relationship (3.2). This is 
given by 

o-o Eo , 
K 2 ~  

(3.1) 

_ o-o r  (3) 
(3.2) 

For the successive load reversals, at the stress concentration zone the variation of the nominal 
stress Atr| will imply variations of stress Act and strain Ae, which are obtained as the solution of 
the following system 

[ Ao'.Ao~ = 

As A~ + 2r A~ ]~; 
= T 

(4) 

Finally, one obtains the mean stress applied to the notch and trm and ca, which allow one to 
determine the fatigue life initiation Ni. 
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Notch Stress, tr 

1 

O" a n' 
E a = - - ~ - +  

Nominal 
Stress, tro~ 

2 Number of  
Reversals 

2 S 
tYa  "~ o = K f .o'0~ . 

/ 

.Ae = K~.Atr~.Ag~ 

FIG. 1 - -  Definition of parameters governing crack initiation. 

The First Period." NI 

From the fatigue life initiation until the overload, a crack propagation law such as the Paris 
law is used 

da C(AK)m (5) 
dN 

where C and m are two material constants (C will be considered as function ofm in our study). 

Note: This relationship uses a classical stress intensity factor variation, AK, in order to 
avoid a highly complicated formulation in the reliability analysis. 

The variation of the stress intensity factor is given by 

AK = AS. : f ~ a . f  (a) (6) 

in which f(a) is a function of the geometry and the crack length, and A&o is the stress variation 
induced by the cyclic loading. 

Thus, the first period, N1, is given by integration as follows: 

=-'~ (7) 

where ao is the initial crack length, and apw is the crack where the overload is applied. 
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The Second Period." N2 

The second period is the most important part to be determined when the overload occurs. 
Before analyzing our modeling choices concerning N2 in more detail, we will discuss the 

retardation effect, which can be divided into two parts (Fig. 2). 

Log (Crack pl ~pagation rate) 

] Overload [ F - -  Cycle / ~  
Dependent 

S " / Line 1 

t - ~  / ............ . . . . .  ~ ":, 

' " t  | - ' "  ...... �9 

. . . . . . .  .......... 

�9 M .  ....................................................... i 

apic amin aD 

Crack Growth 
Dependent 

Line 2 

a (Crack,. length) 
y 

FIG. 2--Two distinct transition zones due to the retardation effect (for a loading at ziP 
constanO. 

These two parts are as follows: 

�9 The first part takes into account the effect of the Cycle Dependence at the time of 
overload peak application. This part concerns the calculation of the lowest crack growth 
rate and the calculation of the minimum crack length at this lowest point amin. 

�9 The second part takes into account the Crack Growth Dependence; it consists of  
determining the crack length aD. This crack length between apic and aD is influenced by 
the retardation effect and reaches the initial crack growth rate (before overload) at aD. 

Cycle Dependence--The two characteristic aspects to determine are the minimum crack 
growth rate (da/dN)mi, and the crack length ami, at this minimum. 

Several authors [5,6] have confirmed that the value of ami, is equal to one quarter of the 
plastic zone given by Irwin representation [7] at the overload. This result agrees with testing 
analyses for constant AK and for constant AP. 

On the other hand, the calculation of  the lowest crack growth rate remains more difficult. 
Indeed, this calculation consists of the comprehension of  the retardation effect. The concept of 
AKef fi established by Elber [8] in the 1970s, is generally admitted, however the calculation of  
AKeffis still discussed because various physical phenomena can explain it. 

If  we start on the basis of the Elber concept, we can rewrite the Paris law [1] as follows: 

(8) 
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with zlKeff = Kmax-K R (9) 

where KR (R for Retardation) corresponds to the stress intensity factor level from which AK 
induces a crack propagation. 

Two aspects are related to Elber's concept: 

�9 The first concerns the total restoration of  the initial crack growth rate (before overload). 
�9 The second concerns the physical description of the retardation effect. 

Most authors agree with the first aspect because AKe# is associated with a classical crack 
propagation law such as Paris' law. Nevertheless, the second aspect is still controversial. Despite 
the great use of the Elber's concept, the principle of the crack closure was not admitted by 
Schijve [9] and Marci [10]. In fact, they explain the retardation effect by studying the residual 
stress field near the crack tip consequently to the overload. Many experimental observations 
[11,12] confirmed Marci's studies. 

We developed a numerical method in order to take into account the residual compressive 
stress field ahead of the crack tip when overload occurs [ 13]. This method was established on the 
basis of experimental observations of Lang and Marci [10,14], who introduced the term KpR (PR 
for propagation). This new term results from an experimental methodology called CLPM (Crack 
Propagation Load Measurement), which makes it possible to determine precisely the effective 
part of the fatigue crack propagation. Lang and Marci explain, in a broad outline, why KpR is not 
a parameter of  crack closure but is related to the K,,o~ required tbr the propagation of  the crack. 
This new parameter is identified clearly as being the expression of  the residual compressive 
stresses ahead of the crack tip [14]. 

According to [13], we obtain (da/dN)m,, for welded joints. The equation of Line 1 is given by 
the following (see Fig. 2): 

.a __(.a) (10) 
d N  k. d N  )o 

where ( is the slope calculated with the points S and Mas follows: 

= YM -- YES = (da/dN)mi, - (da /dN)o  

x M - x  s %~. - 0  
01) 

where (da/dN)o is the crack growth rate before the overload. 

Crack Growth Dependence - - In  this part, we have to determine the crack length aD and the 
physical behavior representing the total restoration of the crack growth rate (before overload). 

Many studies [6,15,16] recommend taking aD equal to the monotonic plastic zone due to the 
overload, although the size of  the plastic zone can vary according to authors. For instance, some 
propose taking the Irwin meaning of the plastic zone size [6,15] and the Rice meaning [16]. 
Nevertheless, recent papers [6,17] recommend a crack length equal to twice the overload 
monotonic plastic zone. This recommendation is considered in our work and checked for tests 
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with constant AP [18] and with constant AK [5]. 
Concerning the modeling of the total restoration of the crack growth rate, between amin and 

aD, the technical literature distinguishes three manners (Fig. 2): convex manner (9 [14,19], 
straight manner | [5], and concave manner | [20,21]. 

According to a former study [22], we found that the convex manner corresponds to the tests 
of [5,18] as confirmed also by Ranganathan [19]. 

Thus, Line 2, which describes the increase ofda/dN, can be given by (see Fig. 2): 

- - = a '  + f l a +  y .~a .[exp{ r/.(a - ap,c,)}- 1 ] (12) 
dN ~.dN Js, 

where a, fl, and ? are obtained from the points M and R, and r/is the slope between the points S 
and S'  for the test at AP constant as we can see in Fig. 3. 

Log (Crack propagation rate) 

l Line ( 3 ) . -  

i ~ J "  

Line ( 0 ) ~  . ' "  ~ / L i n e  (2) 

" Lin~ ~l)\ l . .  
''~,M 

Crack length 

FIG. 3---Model o f  fatigue crack growth following an overload at AP constant. 

Finally, the crack growth dependence is described by the reduction of the effective stress 
intensity factor variation AKeff.D from the point M to the point R deduced from the Line 2. We 
then have: 

1 ap,c+am~, da 1 ap,c+ao da 

I  +GpJom,.( . ol zXK m' 
apic 

(13) 

where C' and m' are the two material parameters that could be different from C and m. 
Generally, m '  is given as equal to m. 

The Third period. N3 

This period is not influenced by the overload. It can be determined as follows: 
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N 3 = l  "~ da 
C ~,,J+~ D (AK) m 

(14) 

where ac is the critical crack size to failure. 
The total fatigue life duration is then given by 

Nro=, =N, +N, +Na +N3 (15) 

This equation is at the base of the limit state function in the reliability analyses. 

Proposed Reliability Approach to Fatigue Crack Growth Following an Overload 

This analysis is based on a deterministic model of the retardation effect following overloads. 
Others material parameters due to the plastic zone, determined in this case, are considered 
random variables. 

In this paper we introduce two new aspects: 

�9 The first takes into account the fatigue life initiation as a random variable. 
�9 The second develops a new reliability analysis associated with fatigue overloads. 

From Eqs 1, 7, 13, 14, and 15, the total fatigue life is written as follows: 

laeic da 1 ~eic+am,, da 
NT~ = N i + C aJO (zI K ) m + -C I ~ - ~  + 

apic 

apic+aD 1 da 1 a~ da 
,SX m ( <,D) apic+amin apic+a D t - -  I 

(16) 

The probability to failure of a given crack length at a certain number of cycles N can be 
modeled by the following safety margin M(N): 

M ( N )  = N~o=, - N (17) 

Using the definitions presented in Eqs 16 and 17, the failure criterion is written as a limit 
state function g(X) for reliability analysis 

aplc apic+amin ( l r  da 1 t da 
IN, *-d J ?3-kV *-O 7 J ~ 3 - ;  *1 

[,~=I a 0 ~----z api c \ - - -e j j  / { ar 

g ' A ) [ 1  ae'claD da +1__ a~f da I ~v 
- d ~  m c J ~ m  

~ a p , c + a . i n ( e f f , D )  apic+aD( ) J 

(18) 
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The failure occurs when g(X) < O. 
The random variables (X) in this equation are: 

�9 ao, the initial crack length, 
�9 m, the Paris Law exponent, 
�9 r, the radius of the weld toe (used in the calculation of Ni), and 
�9 aD, the crack length who takes into account the plastic zone as random variable (for this 

case we multiply this quantity by a bias factor Ya~, which takes into account the 

variable random characteristic). 

The use of the First Order Reliability Method (FORM) associated with a former limit state 
function (Eq 18) allows us to determine the reliability index fl for a given structural detail. This fl 
index can be compared with a target reliability index in order to consider the structure safe. 

Appl icat ion  to a Welded  Detai l  

In order to apply our approach let us consider the cruciform welded joint tested by Lassen 
[23] and studied by Grous et al. [24] (these joints were tested under constant amplitude loading 
conditions, but the overload effect corresponds only to a model without experimental 
verification). Lassen had performed a series of tests at the Agder College of Engineering in order 
to establish fatigue properties of cruciform welded joints. The test specimens were fabricated 
from CLC steel plate 25 mm thick. Mechanical and chemical properties are given in Table 1. 

TABLE 1 Mechanical and chemical properties of  CLC steel [23]. 
Mechanical Properties 
Yield Strength (in MPa) 416 
Tensile Strength (in MPa) 501 
Elongation 26 

C Si Mn P S Cu Ni Cr Mo Nb 
0.08 0.15 1.40 0.006 0.002 0.01 0.02 0.02 0.01 0.008 

The welding procedure used is the SMAW procedure (Shielded Metal-Arc welding). The 
weld geometry is presented in Fig. 4. 

FIG. 4 

~ r (radius of the 
weld toe) 

]I, 

Considered welded joint specimen (Lassen [23]). 
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In order to evaluate Ni, we used the "Joint of the G4 type" that is referred by Yung and 
Lawrence [25]. It consists of  a cruciform welded joint with full penetration subjected to an axial 
loading. The law controlling the evolution of the elastic stress concentration factor Kt is 
described by the following equation: 

K t = fl.[1 + a . ( t f  ] (19) 

where a, fl, and 2 are obtained as follows [25]: 

( l )  ~  =02 2_ ) 
= 1 ( 2 0 )  

2 = 0.5 

r, l, and t, used in calculations (Eqs 19 and 20) are defined in Table 2. 

TABLE 2 Geometrical  parameters  o f  we lded  joint.  

Plate Thickness of the Notch-Root Radius of the 
Toe Length 1 Welded Joint t Welded Joint r 

8 mm 25 mm 1.75 mm 

The determination of Kt enables us to define the fatigue notch factor Kf, knowing the fatigue 
notch sensitivity factor q defined in [25]. 

From the tests, we can define the deterministic and random parameters used in our reliability 
model as follows. 

The deterministic parameters are: 

�9 the geometrical parameters (l, t) (excepted the radius of  the weld toe), 
�9 the nominal stress variation (AS| and 
�9 the mechanical properties of the material (Young's Modulus, yield strength, tensile 

strength, the Ramberg-Osgood material, etc.). 

The random parameters are: 

Parameter m (exponent of  the Paris law): we used a gaussian rule with an average of 3 
and a standard deviation of  0.03. From considered tests, Grous et al. [24] found a 
relationship between the parameters C and m of the Paris law 

6.069.10 -8 
C = , units : daN ,  mm (21) 

24.64 m 

This relationship means that C is also considered a random variable. 
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�9 Parameter ao: Grous et al. take a statistical representation of  the initial crack length ao as 
a weibull law with two parameters with an average o f  7.267.10 -3 mm and a standard 
deviation of  3.112.10 -3. 

�9 Parameter r: a statistical representation of  the radius [23] of  the weld toe r as a Log- 
Normal with an average of  1.75 mm and a standard deviation of  0.75. 

�9 Parameter y ~9 : in order to take the plastic zone as a random variable, we use a statistical 

representation of  the bias ?' ,~ as a gaussian rule with an average of  1 and a standard 

deviation of  0.2. 

In the case of  a high strength level applied to the cruciform joint, Fig. 5 shows the 
distribution of  the probability of  failure Pf and particularly the influence of  the overload, which is 
significant in this case. 

o.'9 :-P-~ ....................................................... 
o,8! 
~ / 

~ / 

0,2 
ol A o , ,  J , v ,  , o:fya   

t 0,35 , / /  
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0 .25  Overload \ / " W /  
0,2 / i j 

0,15 / "/ 

o, 

o,o I , , j ,  

~, ~,~, ~, ~, ~,~, ~,~, ~,~, d, ~,~, ~, ~, N ~" ~x N ~':-N N N N N 
,x. ,xr ~.. ,... ,... %. %, %. %.. %. 

FIG. 5---Results o f  the reliability analysis o f  the fatigue crack growth after an overload 

This reliability analysis is performed with the FORM method. The following deterministic 
variables are considered: 

�9 stress ratio: R = O, 
�9 overload ratio: R?ic = 3, 
�9 crack length where the overload occurs: apjc = 1.2 mm, 
�9 critical crack length: ac = 0.8 x t = 20 ram, and 
�9 nominal stress: dSo~ = 150 MPa. 

We note that taking into account the retardation effect in reliability analysis reduced the 
probability of  failure. 

In addition, we can compute sensitivity measures of  the probability of  failure and the 
reliability index by the omission sensitivity factor 7i. 
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The omission sensitivity factor 7i for a basic variable Zi is defined as the inverse ratio 
between the value of the first order reliability index fl and the first order reliability index fl (Zi = 
mi) with Zi replaced by a deterministic value, generally its median m~. This factor is given by [2] 

r,(m,)-/~(Z, = m , )  ~ 1 (22)  

where the a~ values are the direction cosines at the design point. 
The omission sensitivity factor indicates the parameters that have to be modified in order to 

reduce uncertainty and increase reliability. 
The evolution of  the omission sensitivity factor versus the number of cycles for the four 

random variables ao, m, r and y o~ is shown in Fig. 6. 
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We can note that the initial crack length is an important parameter in the probability analyses 
of failure. The application of the overload increases the importance of the random variable m 
and, of course, implies the use of the random variable y o~ . Thus, this reliability analysis shows 

the importance of: 

�9 the first period, 5/-1 (thought the parameter ao), 
�9 the fatigue life initiation, N1 (thought the parameter r), 
�9 and, finally, the influence of the overload period (N2, N3). 

Conclusion 

This paper develops an approach to considering the overload effect in the reliability analysis. 
This depends on four random variables (initial crack length, material parameter of the crack 
propagation law, the radius of the weld toe, and the size of the plastic zone). Four parts of the 
crack propagation mechanism are studied. The first one concerns the crack initiation, the second 
deals with crack propagation period from the initial crack until the application of the overload, 
the third takes into account the retardation effect, and the last one corresponds to the restoration 
of the initial crack growth rate. 

The results of the reliability analysis show that a gain of probability of failure is obtained 
when overload occurs. A sensitivity analysis allows us to study the influence of each random 
variable on the random fatigue life. 

Further work will deal with the case of  several overloads. 
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ABSTRACT: The low-cycle fatigue behavior of a duplex stainless steel, 60 % ct - 40 % y, is studied 
under tension-compression/torsion loading at room temperature and under strain control. It is shown that 
the duplex stainless steel has an isotropic behavior under cyclic proportional loading. The loading path 
induces an extra-hardening on cyclic hardening of duplex stainless steel but lower than that on austenitic 
stainless steels. The effect of loading history is studied in terms of strain amplitude, mean strain, and 
loading path. It is shown that only histories in strain amplitude and loading path have an effect on the 
stabilized stress. 

KEYWORDS: duplex stainless steel, cyclic plasticity, biaxial loading, extra-hardening, experimental 
study, low-cycle fatigue 

Introduction 

The use of austenitic-ferritic stainless steels (duplex steels) in branches of industry with 
severe conditions in terms of corrosion and mechanical resistance has been developed widely 
over about 30 years. Duplex stainless steels are notably used for applications in power, offshore, 
petrochemical, and paper industries. The combination of their austenitic and ferritic phases gives 
them an excellent resistance to corrosion, particularly to intergranular and chloride corrosion and 
very high mechanical properties, in terms of  Yield Stress and Ultimate Tension Strength, as well 
as in terms of ductility. These high properties result from their "composite" nature and from their 
very small grain size (10 ixm). A nitrogen addition, essentially concentrated in the austenitic 
phase, is a common practice nowadays. It enables the improvement of corrosion resistance and 
an increase of Yield Stress [1 3]. 

The properties of duplex stainless steels are closely linked to the two-phase nature of these 
materials, in terms of crystallographic structure (FCC and BCC), volume fraction, morphology 
of each phase, and interactions between phases. These various parameters influence the cyclic 
mechanical behavior of that composite material and modify its stress response to variable 
loading, with variations of amplitude and direction in time and in space. Especially, the 
austenitic phase (FCC) of duplex stainless steels has a low stacking fault energy that favors 
planar slip. This phase is consequently very sensitive to non-proportional cyclic loadings: the 
obtained extra-hardening can be observed clearly in austenitic stainless steels such as AISI 304L 
or 316L [4 12]. Moreover, this phase is sensitive to loading history in terms of loading 
amplitude and loading path [13,14]. On the other hand, the individual ferritic phase (BCC) shows 
a low sensitivity to non-proportional loadings and to loading history [ 15,16]. 
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Some work has already been performed on the stress response of  duplex stainless steels 
under cyclic loading in push-pull test conditions at room temperature [1 3,16 18] and at high 
temperature [19,20]. However, few studies analyze the influence of variable cyclic loadings on 
stress response in low-cycle fatigue of  these materials, and, to our knowledge, no work has been 
carried out on their mechanical behavior under non-proportional cyclic loading. 

The present work aims at analyzing the dependence of  the cyclic mechanical behavior on 
non-proportional loadings and identifying the influence of  loading history in terms of variations 
in time and in space. 

Material 

The material studied is an EN X2CrNiMoN25-07 duplex stainless steel. The material 
contains approximately 60 % ferrite and 40 % austenite. The composition is given in Table 1. It 
was supplied in rolled bars 70 mm in diameter, solution treated for one hour at 1060~ and then 
water-quenched before machining the specimens. The resulting microstructure consists of long 
austenitic rods (~  10 ~tm x 1 ram) in a ferritic matrix (Fig. 1). The microstructure is transverse 
isotropic. 

TABLE 1 Composition o f  the duplex stainless steel studied (in wt %). 

C Cr Ni Mo Mn Si N Cu P S Fe 
0.024 24.68 6.54 2.84 0.79 0.62 0.17 0.07 0.021 <0.003 Bal. 

FIG. 1 Microstructure in planes perpendicular (a) and parallel (b) to the bar axis. The 
austenite is in white, the ferrite in grey. 

Experimental Procedure 

In order to characterize the behavior of the steel studied under complex cyclic loading, 
tension-compression tests and tension-compression/torsion tests were carried out on 
servohydraulic machines under strain control. Specimens and grips were designed to avoid any 
play between the grips and the specimen when the load reverses [21]. A drawing of the 
specimens is given in Fig. 2. Earlier investigations with both geometries have shown the 
specimens to be well suited for axial and torsional deformation studies [21]. 
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(a) 
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90 

~ _ _ ~  32.5 
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FIG. 2 Specimen geometries." (a) for tension-compression tests, (b) for biaxial tests; all 
dimensions are in ram. 

A biaxial extensometer clipped on the biaxial specimens measured axial strain e and shear 
strain y. Axial stress cr and shear stress r were calculated from load and torque measured by a 
load cell, using the assumption of thin-walled tubes. Shear stress and shear strain are assumed 
uniform in the thickness of tubular specimens. Equivalent stress ~r~q and equivalent plastic strain 
~q were defined by von Mises equivalence for tension/torsion loading as: 

O'oq = ~ /o  "2 + 3 r 2 (1) 

soq + - -  (2) 
3 

Exponent p designates the plastic part of  the total strain g or of the total shear strain 3/. 
Equivalent strain g~q was defined by analogy as: 

eoq = + - -  (3) 
3 

All of  the tests were performed under total strain control and at room temperature. A 
1 3 1 preliminary tension test with progressive stepped strain rates in [6.6 10 s- ; 6,6 10- s- ] showed 

that strain rate sensitivity at room temperature is significant [21 ]. On this ground, all further tests 
- 4  1 were carried out with a constant equivalent strain rate equal to 6.6 10 s - .  A specific program 
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was developed in order to control the biaxial machine with a constant equivalent strain rate. 
About 500 points were recorded per cycle during the tests. 

A given loading is completely defined by its path, its amplitude, and its mean strain in the 

(e, y/~f3). The loading path amplitude is defined as the radius of the smallest circle plane 

circumscribed around the path, and the mean strain is the position vector of the center of this 
circle. The influence of  the history of each of  these three parameters on the cyclic stress response 
was studied separately. The seven selected loading path shapes are shown in Fig. 3. A 
proportional loading path is a path whose control parameters remain proportional to each other 
during the test. 

Tension-compression Torsion Proportional 45 ~ 

r/43 y/4  y/4  y/4  

@ | �9 r,:x,~ S ~ E C 
o ,~- 
e~ 
o Z Square Clover Hourglass Circle 

FIG. 3 Loadingpaths in (~, y/,f3) plane. 

This work aims at studying the influence of the loading type on the cyclic stress response; 
therefore the cyclic tests were carried out up to stress stabilization, not until fracture. To study 
the influence of loading history, cyclic multi-step tests were carried out. The number of  cycles at 
each step was chosen to guarantee the best stabilization with minimal damage. That explains 
why the material may not be exactly in its steady state at the end of each step. 

Experimental Results and Discussion 

Cyclic Hardening-Softening Behavior under Proportional Loading 

Proportional cyclic tests were conducted in three directions in the plane (or, xf3 r ) :  at 0 ~ 

45 ~ and 90 ~ (see Fig. 3). The cyclic stress-strain responses are shown in Fig. 4 with the 
monotonic stress-strain curve. It is observed that the duplex stainless steel softens cyclically until 
stabilization, whatever the loading path. Moreover, stabilized stress levels are similar for the 
three directions tested; the duplex stainless steel shows an isotropic behavior under cyclic 
loading. This then validates the use of von Mises equivalents in the following non-proportional 
tests. 
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FIG. 4 Cyclic stress-strain responses at the stabilized cycles for proportional loading paths. 

Cyclic Hardening-Softening Behavior under Non-Proportional Loading 

A series of tests using four non-proportional loading paths was performed (see Fig. 3). At 
each cycle, the radius and the center position of the smallest circles circumscribed around the 

responses in the plane (o-, ~ r ) a n d  in the plane (eP, yP/~/3) were calculated. These radii are 

called equivalent stress amplitude and equivalent plastic strain amplitude, respectively. 
Cyclic hardening-softening curves can be seen in Fig. 5 at a strain amplitude of 0.5 % for the 

seven loading paths tested, proportional and non-proportional. Whatever the loading path, the 
cycling leads to quasi-stabilization after a phase of  hardening followed by a low softening. 
Figure 6 shows the cyclic stress-strain responses in terms of equivalent stress amplitude versus 
equivalent plastic strain amplitude at the stabilized or quasi-stabilized cycles. At a same strain 
amplitude, for non-proportional loading paths, the duplex stainless steel hardens much more than 
for proportional paths (Figs. 5 and 6). This cyclic hardening, called extra-hardening, depends on 
the strain amplitude and on the loading path. For a circle path, at the strain amplitude of 0.2 %, 
there is no extra-hardening, because the plastic strain is about zero. On the contrary, at the strain 
amplitude of 0.5 %, the stabilized stress is 20 % higher (or 120 MPa higher) than the one for the 
proportional path. In comparison, on an austenitic stainless steel type AISI 316L at the same 
strain amplitude, the circle path induces an extra-hardening of 70 % (or 225 MPa) [10 14]. The 
hardening effect due to loading path, in absolute and in relative values, is lower for duplex 
stainless steel than for austenitic stainless steel. For the duplex stainless steel, three groups can 
be defined among the tested loading paths according to the increasing degree of hardening: (i) 
tension-compression, torsion and proportional 45 ~ paths; (ii) clover path; (iii) circle, square, and 
hourglass paths. 

Influence of Loading History on Cyclic Behavior 

In order to underline the sensitivity of the duplex stainless steel to loading history, we 
compared two tests: one consisting of steps with the successive loading paths: square, clover, 
hourglass, and torsion, and one torsion test (Fig. 7). On the last step of the first test, the torsion 
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path brings about a cyclic softening that leads to a quasi-stabilization at a higher level than it 
would be on the virgin material. The difference reaches 55 MPa. The cyclic behavior has thus 
been modified by the steps carried out previously. 

The influence of the history effect was then studied in a methodical way on each of the three 
loading parameters. In order to avoid scattering among specimens, influences of various loading 
histories were investigated under a common form. One specimen was loaded by five successive 
steps A, B, C, D, and E, where steps A, C, and E had exactly the same loading mode and level, 
while steps B and D differed from other steps in only one parameter: mean strain, strain 
amplitude, or loading path. Owing to the stress level scattering between specimens loaded in the 
same conditions, a history effect was judged valid only in the case where the difference in 
equivalent stress amplitude between two steps was higher than 10 MPa. 

800 oa eq (MPa) 

600 

500 
0 50 100 150 

Number of  cycles 

FIG. 5 Cyclic hardening-softening curves with a strain amplitude of  0.5 %, for seven 
different loading paths. 
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FIG. 6 Cyclic stress-strain responses at the stabilized or quasi-stabilized cycles for seven 
different loading paths. 
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FIG. 7 Cyclic hardening-softening curves with a strain amplitude of O. 5 % and successive 
loading paths: square, clover, hourglass, and torsion. 

Influence of Strain Amplitude History--The influence of strain amplitude history was studied 
using tests with two loading paths: one test with tension-compression path and another with 
circle path. For both tests, the mean strain was zero, and the strain amplitudes applied were 
successively 0.35, 0.5, 0.35, 0.8, and 0.35 %. The cyclic hardening-softening curves obtained can 
be seen in Fig. 8. First, there is no history effect when the strain amplitude increases. The stress 
level obtained at a strain amplitude of  0.5 or 0.8 % is the same as the one obtained on a virgin 
specimen at the same strain amplitude. Then, in case the strain amplitude decreases, only step E 
with a circular path shows a stress amplitude 40 MPa higher than steps A and C do on the last 
stored cycle (Fig. 8). Thus, a history effect exists only if the difference in stress amplitude 
between two consecutive steps is higher than 130 MPa. It can be seen that the history effect is 
connected not only with the difference in strain amplitude between two successive steps, but also 
with the difference in hardening between two successive steps. This history effect is weak; it 
does not exceed 25 MPa. It is lower in duplex stainless steels than in austenitic stainless steels 
[13,14]. 

Influence of Mean Strain History--The mean strain history was studied by varying the mean 

strain value and its direction in the plane (e', y/ , f3) ,  and a possible correlation with the strain 

amplitude was sought. The first test consisted in a series of steps in tension-compression with 
strain amplitudes of 0.2 %, 0.35 %, and 0.5 % and a mean strain of 0.0 % or 0.1% in the axial 
direction (Fig. 9). The second test was carried out with a circle path at a strain amplitude of 
0.5 % and with various mean strains at the four comers of a 0.15-length square (Fig. I0). For 
both tests, at each step, the mean stress is relaxed after a few cycles, except during the step with a 
strain amplitude of 0.2 % in the first test. At this amplitude, the cycle is actually quasi elastic. No 
effect on stress amplitude is observed. It can thus be concluded that the mean strain history does 
not induce a significant history effect. 
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FIG. 8 Cyclic hardening-softening curves with a tension path (a) and a circle path (b) and 
successive strain amplitudes of  0.35 %, 0.5 %, 0.35 %, 0.8 %, and 0.35 %. 
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FIG. 9 Cyclic hardening-softening curves with a tension path, and various strain 
amplitudes and mean strains of{0.5; (0, 0)}, {0.5; (0.1, 0)}, {0.35; (0, 0)}, {0.2; (0.1, 0)}, 
{0.5; (0.1, 0)}, and {0.5; (O, 0)}. 
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FIG. 10 Cyclic hardening-softening curves with a circle path, a strain amplitude of O. 5 %, 
and successive mean strains of  (0; 0), (0.15," 0), (0.15; O. 15), (0; O. 15), and (0," 0). 

Influence of Loading Path History~Loading path effect was studied at the strain amplitude 
of  0.5 % and zero mean strain for proportional, clover, and circle loading paths, which induce 
various hardening levels. Three tests were carried out. During the first test, the following paths 
were applied: torsion, clover, torsion, circle, and torsion; during the second test, the sequence 
clover, circle, and clover was studied; and during the third test, the sequence proportional 45 ~ , 
circle, proportional 45 ~ was used. Figure 11 shows the cyclic hardening-softening curves 
obtained. The stress amplitude obtained with a clover or a circle path after a less hardening path 
is the same as the stress amplitude measured on a virgin specimen. It appears that the stress level 
at a given step is not significantly affected by the previous less hardening paths. On the contrary, 
when loading paths are applied in decreasing order of hardening, a history effect can occur, but 
only if a proportional path follows a circle path. As for strain amplitude history, the loading path 
history effect is connected with the difference in hardening between steps. A history effect exists 
if the difference in equivalent stress amplitude between two successive steps is higher than 
120 MPa, but it does not exceed 25 MPa. This history effect is weak, compared to the effect of  
loading path history in austenitic stainless steels, which is up to 100 MPa in the same loading 
conditions [7]. 

Carrying out steps with different loading paths which induce the same hardening level may 
cause a history effect on the stress response. In the case of proportional loading paths, this effect 
is called cross hardening. It was studied using two tests with a strain amplitude of  0.5 % and 
zero mean strain. The loading paths applied during the first test were tension, torsion, and tension 
(Fig. 12) and, during the second test, hourglass and square (not shown here). For both tests, at 
each loading path change, a hardening can be seen, but this hardening is then erased by further 
cycling. A cross hardening takes place, but it does not lead to a long-range history effect. 

The test presented in Fig. 7 shows a history effect of  55 MPa on a torsion path. This level is 
higher than stress levels obtained in the methodical study of the history effect. During this test, 
more cycles and more non-proportional loading paths than in other tests were applied before the 
proportional loading path. It is well-known that for non-proportional loading paths multislip 
dislocation substructures are observed, i.e., cells and labyrinths [4,5,22]. The high number of 
cycles may have enhanced the stability of dislocation substructures under proportional loading. 



514 FATIGUE TESTING AND ANALYSIS 

(a) 800 Oaeq(MPa) 

700 l 

600 

500 

400 

(b) 8oo 

stabilized level 

0 

O'a eq (MPa) 

i i 

500 1000 
Number of cycles 

(c) 

700 

600 

500 

400 

800 

Nstabillzed level' 

i i --I 

0 200 400 600 
Number of cycles 

tr~ oq (MPa) 

700 

600 

500 

400 

stabilized level 

0 200 400 600 800 1000 
Number of cycles 

FIG. 11 Cyclic hardening-softening curves with a strain amplitude of 0.5 % and successive 
loading paths." (a) torsion, clover, torsion, circle, torsion," (b) clover, circle, clover," (c) 
proportional 45 ~, circle, proportional 45 ~ 
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FIG. 12 Cyclic hardening-softening curves with a strain amplitude of O.5 % and successive 
loading paths of tension, torsion, tension. 

History of Plastic Strain Amplitude--The history effect has been studied above as a function 
of equivalent stress amplitude. Various authors nevertheless model history effect with the use of 
plastic strain amplitude [23,24]. The evolution of the equivalent plastic strain amplitude for the 
tests presented in the previous paragraph (Fig. l 1) is shown in Fig. 13. At a strain amplitude of 
0.5 %, a history effect occurs only if a proportional path follows a circle path. The history effect 
cannot be linked to the maximal plastic strain amplitude, as the highest plastic strain amplitude is 
the same for the three tests in Fig. 13, and only two of them show a history effect (Fig. 11). At a 
strain amplitude of 0.5 %, the equivalent plastic strain amplitude is lower during the cycling with 
a clover path than during the cycling with proportional paths (Fig. 13), The difference in plastic 
strain amplitude is then higher during the transition from a circle path to a clover path than 
during the transition from a circle path to a proportional path. But no history effect exists during 
the transition from a circle path to a clover path. It can thus be concluded that the history effect is 
not linked to equivalent plastic strain amplitude. 

Conclusion 

Cyclic strain controlled tests on a duplex stainless steel were carried out, which allowed a 
better knowledge of the behavior of this steel under complex biaxial loadings. The influence of 
loading history was studied in terms of strain amplitude, mean strain, and loading path. 

The present work leads to the following conclusions: 

The duplex stainless steel studied has an isotropic cyclic behavior. 
In the range of strain amplitudes studied and whatever the loading path, after a rapid 
hardening, the steel softens cyclically until stabilization. 
Like austenitic stainless steels, the duplex stainless steel is sensitive to loading path, 
although the extra-hardening observed is lower for the duplex stainless steel. Three 
groups of loading paths are distinguished with increasing stress responses at the stabilized 
cycle: (i) tension-compression, torsion, and proportional 45 ~ paths, (ii) clover path, (iii) 
square, circle, and hourglass paths. 
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On the contrary, the duplex stainless steel studied is not very sensitive to loading history 
in terms of strain amplitude, mean strain, and loading path. Sensitivity to history appears 
only between successive steps that differ greatly from each other in hardening intensity 
and if the stress amplitude decreases sufficiently when the strain amplitude decreases or 
when the loading path induces lesser hardening. On duplex stainless steel, no memory of 
the plastic strain amplitude is observed. 
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ABSTRACT: A strategy is developed for fuzzy probabilistic assessment of the fatigue resistance of 
aging aircraft structures due to multiple site fatigue damage (MSD). The residual strength of an aircraft 
structure may be significantly reduced by the existence of fatigue damage at multiple locations. 
Depending on the level of subjectivity and degree of knowledge, MSD-related parameters may be 
represented as either purely random variables or fuzzy random variables. The membership functions of 
probabilistic characteristics of fuzzy random variables, namely mean values and standard deviations, are 
developed. Mechanistic and probabilistic models used to evaluate multi-site fatigue damage are also 
presented. A probabilistic solution strategy, employing the first order reliability method (FORM), is 
combined with the response surface-based fuzzy modeling approach to develop possibility distributions 
of the probabilistic response quantities (namely reliability indices and failure probabilities) for 
components subjected to multiple site fatigue damage. Instead of providing the traditional single valued, 
purely probabilistic measure for reliability, the present formulation proves its merit in its ability to 
combine experimental data with expert knowledge to provide confidence bounds on the structural 
integrity of aging aircraft. Moreover, the predicted bounds are dependent on the level of knowledge 
regarding the fuzzy input parameters, with a higher degree of knowledge resulting in more narrow 
bounds. An example problem is used to demonstrate the advantages of the proposed methodology. 

KEYWORDS: multiple site damage, fuzzy modeling, probabilistic analysis, compounding method, 
response surface 

Introduction 

For aircraft structures, in-service aging is an area of  major  concern. Since both new and 
aging aircraft must  meet  or exceed the same structural integrity requirements, aircraft longevity 
must  be diligently considered during both the initial design process and while repair measures 
are addressed. While the assessment of  aircraft structural integrity and reliability is founded 
upon an accurate prediction of  in-service damage accumulation, few in the aviation industry 
recognize the potentially dire consequences associated with the presence o f  tiny, virtually 
undetectable fatigue cracks in aircraft structures, a phenomenon commonly  referred to as 
widespread fatigue damage (WFD). Two categories o f  WFD include multiple site damage 
(MSD), which refers to widespread fatigue damage within the same structural element, and 
multiple e lement  damage (MED), which denotes extensive fatigue-induced damage within 
adjacent structural components.  Widespread fatigue damage may significantly compromise the 
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typically large lead-crack damage tolerance for which aircraft structures are currently designed. 
Unfortunately, its detection is limited by the capabilities of current inspection technologies. As 
such, minimizing the effects of  WFD requires not only an accurate and reliable estimate as to 
when WFD-induced reduction in residual strength would become unacceptable but also the 
repair of the structure prior to such time. Such a formidable task is further complicated by the 
fact that aircraft structures are continuously aging and often operating beyond their design lives. 
Enhancing knowledge of multiple site fatigue damage, through both elicitation of Subject Matter 
Experts (SMEs) and other viable sources, is of utmost importance to both the improvement of 
aircraft structural designs and also the development of more effective inspection and 
maintenance management programs for aging aircraft. 

The durability and damage tolerance-based strategies employed to evaluate the effects of 
MSD on aircraft structural integrity are based largely upon the application of fatigue crack 
growth laws. Such laws constitute the foundation for inspection scheduling and life-extension 
decisions. However, many of the parameters associated with MSD are largely uncertain. 
Although much experimental testing has been conducted to evaluate material properties and 
aircraft structural response, such investigations are usually based on virgin material or artificially 
aged specimens. As an aircraft structure undergoes in-service aging, its original properties, as 
well as their inherent uncertainty, tend to degrade somewhat. In some cases, such uncertainties 
are objective in nature and can be modeled by probabilistic mechanics. In many instances, 
however, the probabilistic characteristics of the variables involved are not precisely known, 
rendering their uncertainty subjective. In such cases, the parameters may be suitably modeled 
using fuzzy logic methods, which combine experimental data with knowledge from subject 
matter experts (SMEs) to provide confidence bounds on structural reliability. Both parametric 
uncertainty and in-service aging of aircraft structures may be accounted for through careful fuzzy 
probabilistic characterization and analysis, in conjunction with expert (SME) elicitation. 

The objective of the current study is to develop a fuzzy probabilistic framework with which 
to model the effects of multiple site fatigue cracking in aircraft structures. The approach 
synergistically combines the fuzzy modeling strategy developed by Akpan et al. [1] with 
probabilistic models for MSD, such as those presented in [2], thereby providing a technique for 
computing the possibility distribution of probabilistic quantities such as reliability index 06) or 
failure probability (Pf) of aircraft structures under the influence of  MSD. Purely probabilistic 
methods typically yield a single value for/5'and Pfi which ignores any uncertainty in knowledge 
of parameters affecting MSD, and whose bounds cannot be defined accurately. The advantage of 
the approach presented herein is that in lieu of  a single probabilistic value for fl or Pf, a range of 
possible values may be specified based on the level of knowledge regarding the relevant input 
parameters. In general, greater (input) confidence corresponds to a more narrow range of 
possible output values. 

Probabilistic and Mechanistic Modeling 

Mechanical Formulation and Probabitistic Reliability Models for MSD Problems 

Damage tolerance and reliability of aircraft structures is based upon an accurate prediction of 
in-service fatigue damage accumulation. Several techniques have been proposed in the literature 
to account for the detrimental effects of multiple site fatigue damage. With the numerous 
uncertainties inherent in both the physical process by which MSD progresses and the 
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mathematical models used to evaluate the phenomenon, there is increasing recognition that MSD 
may be described best by using a probabilistic framework. 

Evaluation of fracture characteristics and fatigue crack growth of multiple cracks may be 
accomplished by a number of means. For example, consider the "link-up" of a lead crack with 
an MSD crack, which occurs when their corresponding plastic zones meet. Progressive link-up 
with other MSD cracks would continue until such time as the stress (ffa) applied to a component 
exceeds its residual strength (or); that is, crr< ~ra. The residual strength of a panel of width /4: 
may be approximated by [3] 

in which a denotes the half-crack length of a given lead or MSD crack, and Gy is the yield stress. 
It can be shown that lead crack residual strength may be significantly reduced by MSD, the 
extent of which is extremely sensitive to structural configuration. 

As an alternative to analytical methods such as that mentioned above, finite element (FE) 
technology may be applied to estimate the stress intensity factor (SIF) for structural components 
subject to MSD. For cases involving a large number of MSD cracks, the practicality of such an 
approach is limited by its relatively high computational costs. Other numerical approaches, such 
as the use of complex stress functions to describe the stress distributions surrounding a given 
MSD configuration, may also prove computationally expensive. 

A fracture mechanics-based technique known as the compounding method has proven to be 
the most versatile and computationally efficient technique, well suited to the numerous model 
solutions typically required by a probabilistic analysis. Although approximate, the SIF solutions 
obtained via the compounding method are, nonetheless, reasonably accurate [2]. As the 
compounding method will be employed in the current investigation, details regarding its 
application are discussed in the following paragraphs. 

In traditional linear elastic fracture mechanics (LEFM), the mode I stress intensity factor 
range (AK) for a center-cracked panel of finite width W is given by: 

6K =A~4TSv (2) 

in which fig represents the applied stress range, a denotes the half-crack length, and Y is a 
geometric correction factor. The compounding method simply implies the use of an effective or 
"compounded" geometric correction factor calculated as the product of correction factors from 
existing solutions for simple geometries. In other words, for a panel subjected to MSD, the 
effective stress intensity factor range (AKeff) is given by 

~kKef I. = z~ O'xl~a U (3) 

The compounded geometric correction factor (Yeyf) is given by 

Y~:z = Y~KY.Y,,Y,. (4) 

where Yc accounts for comer cracks, Yh considers cracks originating at a hole, Y, accounts for 
interaction between neighboring holes, Yw accounts for a plate of finite width, and Ym accounts 
for mutual crack interaction effects [2]. For a crack at hole i, I:, is given by 

r., = 1- i~, ,  (5) 
i~j 
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where Ynij is the hole interaction factor for two neighboring holes i andj. Similarly, the crack 
interaction factor for crack i is given by 

Ym, = I I  Y,,,j (6) 
i,~ j 

where Ymij is the interaction factor for two cracks i andj. Experimental studies [4,5] have shown 
the factors of most significance to be Yw and Ym, reducing Eq 3 to 

AK,s = Ao--f~a (Y~Y,,) (7) 

For a panel of finite width (/40, Yw is given by the familiar expression 

t,e= ec (8) 

where a denotes the half-crack length. The interaction factors for lead and MSD cracks were 
developed by Kamei and Yokobori [6]. 

A number of performance or limit state functions (gt(X)) may be defined for the assessment 
of structural integrity in the presence of MSD. For cases involving instantaneous fracture and 
fatigue crack propagation (respectively), two such functions may be formulated in terms of: 

a. Exceedance of the corresponding critical crack length (acr) at any time t, and 
b. Exceedance of the critical mode I fracture toughness (KIc) of the material. 

The compounding method essentially determines an effective crack configuration (Aefy), for 
which the failure likelihood is given by 

"Pf =P(g],A. <-0), gf,A,# = (p(A,) (9) 

where gI,A.e defines the limit state in terms of  ~o, which is in turn a function of the various crack 

sizes and geometric configuration. For the fatigue crack growth (FCG) criterion defined in (a) 
above, the limit state may be specified in terms of damage functions ~:(a) as 

g/,A+e (t)=~(ac,)-((a(t)) (10) 

where act denotes the critical crack length, and a(t) represents the crack length at time t. The 
damage functions ~(a) are given by 

�9 '+" . . . . . .  Ic(A )'es ( 1 1 )  
+ ' ( a ) :  ( ,+ ,+ . (~  N~ 

where ao denotes the initial crack length, z+o and u are the initial and final number of cycles, 
respectively, and C and m are the material constants associated with the Paris crack growth law. 

One may extend the above approach to cases involving multiple cracks. Consider, for 
example, the interaction of  two cracks i and j, of  lengths ai and % respectively. The 
corresponding critical damage functions are given by 

i,,,,+ [ da, (12) = _ _  . 
+: [( 



AKPAN ET AL. ON FUZZY PROBABILISTIC ASSESSMENT 525 

,.j))) j .  (13) 

while the corresponding damage functions at time t are given by 

~(aj (t))= f~(0[ ' da~ 1 (15) 

Moreover, an effective FCG-based limit state function for multiple interacting cracks may be 
defined as 

g*,A,H (t)=iM!n.{~(al.c,)-~(ai(t))} (16) 

For the current investigation, the fracture criterion mentioned in (b) above has been employed, 
for which the limit state function is defined as 

g~,a,~ : x , c  - ( ~ , ~ ) ~ : ~ , ~  ( 1 7 )  

in which Kzc represents the Mode I fracture toughness, and hu~x is a bias correction factor for the 
estimation of the effective stress intensity factor range for the effective crack configuration 
(AKA.) [2]. 

Probabilistic Solution Strategies 

Either Eq 16 or Eq 17 may be used to compute the failure probability of an aging aircraft 
structure subjected to multiple site fatigue damage. However, it should be noted that since some 
of the model parameters are not only random in nature, but also fuzzy to some extent, there are 
many possible realizations for the probability of  failure and reliability index. A strategy for 
computing the possibility distribution for these probabilistic response quantities will be 
developed in the next section. The limit state function (g(X)) is typically defined such that 

g(X) < 0 ~ FAILURE 
g(X) =0 ~ LIMIT STATE BOUNDARY (18) 

g(X) > 0 ~ NO FAILURE 

Discrete values of probability of  failure can be computed by using failure probability (Pu), 
defined in general terms as 

P, = P{g(X)  <- 0} (19) 

where g(X) = g(X1, X2, ,Xn) represents the limit state or performance function involving n 
random variables X. Alternatively, the probability of failure can be obtained through integration 
of  the following relation 

1)I = f ' " f f x  (x)dx (20) 
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where ,O represents the failure domain {g(X) < 0}, and fx(X) is the joint probability density 
function (PDF) for the vector of  random variables X. Over the past several years, estimation of 
failure probability as described by Eq 20 has been the focus of much research. Two procedures 
have surfaced as practical tools for reliability analysis, namely First Order Reliability Method 
(FORM) and Second Order Reliability Method (SORM) [7], the former of which will be the 
focus of the current investigation. The most fundamental components of FORM include the 
following: 

a. A Probability Transformation Scheme with which to transform the random variables 
and performance (limit state) functions from X-space to the u-space of a standard 
normal (i.e., Gaussian) distribution, in which all random variables ()0 have a mean 
(~t) of zero, a standard deviation (or) of  one, and are uncorrelated. This 
transformation is accomplished by means of the following relations 

Xj -/.tx, 
X~ ---> ui (21) 

crx, 

g ( X )  <- 0 ~ g(u) <- 0 (22) 

b. An Optimization Algorithm with which to calculate the reliability index (ill which is 
given by the minimum distance from the origin to the linearly-approximated surface 
of the u-transformed performance function (i.e., g(u)). In other words, the objective 
is to 

Minimizethedistance ---> D = ~ = fl 
(23) 

Subject to the constraint --> g(u,) = 0 

Using the PDF of the transformed (normal) distribution, denoted by the symbol qb, 
the probability of failure can be defined as 

Pi = ~ ( - /3 )  (24) 

c. A Gradient Computation Algorithm to assess the relative sensitivity or importance of 
each random variable, which is of major significance to reliability-based research and 
design. 

The proposed methodology has been applied in the solution of several example problems 
using a fuzzy probabilistic analysis program, which uses COMPASS [7] as its probabilistic 
computational engine. 

Fuzzy Modeling of Probabilistic Response 

Many of the parameters included in the models used to describe fatigue crack growth in the 
presence of MSD are calibrated using a combination of experimental data and expert opinion, 
including the component width, thickness, applied stress range, material properties, loading, and 
correction factors. It is well-accepted that no general consensus (even from experts) exists as to 
the best value for these parameters, especially when components are continuously aging and 
knowledge regarding the impact of in-service aging is rather limited. Therefore, such parameters 
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cannot be modeled accurately as purely random variables, and they may instead be represented 
as fuzzy random variables, incorporating a subjective degree of fuzziness in their probabilistic 
characteristics. Accordingly, a modeling strategy that allows for such parametric subjectivity, 
namely a fuzzy analysis, may be employed. 

Modeling of MSD-Related Fuzzy Random Input Variables 

As alluded to previously, some of the parameters used in fatigue crack laws and MSD models 
may be described as fuzzy random variables. More specifically, the probabilistic characteristics 
of these random variables (i.e., mean value, standard deviation, etc.) could be fuzzy to some 
degree, as estimates are typically derived from both experimental data and elicitation of subject 
matter experts. The process by which fuzzy variables are quantified is known as fuzzification, 
which is accomplished by constructing a membership function or possibility distribution for the 
variable. An example of a skewed convex triangular possibility distribution for the mean value 
of a random variable is illustrated in Fig. 1. The y-axis reflects t~, the level of knowledge 
regarding the mean value of the random variable, with values ranging from 0 1, where c~ = 0 
corresponds to "little knowledge" or "highly uncertain," and c~ = 1 (referred to as the normal 
point) implies "a high degree of knowledge" or being "very confident." The x-axis suggests the 
upper and lower bounds between which the mean value of the input parameter is thought to lie 
for a given level of knowledge ct. Similar representations can be carried out for the standard 
deviation of the fuzzy random variables. The fuzzification process involves an aggregation of 
expert opinion and experimental data. 

FIG. 1 
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Possibility distribution of the mean value of a fuzzy random variable. 

Computation of Fuzzy Probabilistic Response 

Upon fuzzification of the characteristic values of  random variables, namely mean, standard 
deviation, correlation, and probability distribution, the fuzzy probabilistic response quantity (i.e., 
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probability of  failure or reliability index) must be computed, thereby implying that a possibility 
distribution also must be constructed for the response quantity. Computation of fuzzy response 
is based on a fuzzy principle known as the extension principle, which, in some cases, may 
require an impractical amount of computational resources, depending on the number of fuzzy 
variables considered. A much-improved solution strategy, which circumvents the limitations of 
the extension principle, namely the response surface method, was developed by Akpan et al. [8]. 
The extension principle is briefly discussed in the following section, followed by a presentation 
of the response surface solution strategy. 

Extension Principle--The extension principle associates the possibility distribution for the 
fuzzy input parameters with that of the fuzzy response function. Given a set of independent 
fuzzy variables xi (i = 1,2, ,N, where N = the total number of fuzzy input parameters) upon 
which a function y(xJ operates, the extension principle gives the possibility distribution Hxi of the 
output function c = y(xi) (probability of  failure or reliability index) as 

/txi (c = Y(X'))=suplc[min'(/ax'{Y(X')})] (25) 

-oo<y(x~)<oo and I < i < N  

where sup represents the supemum operator that gives the least upper bound. Equation 25 
essentially states that for a crisp value of the output function y(xi), there exists either zero, one, or 
more combinations of the fuzzy variables x, such that y(xO = c. In fuzzy set theory, the 
possibility of  a particular outcome is equal to the minimum possibility of  its constituent events. 
When several paths may be used to predict the outcome, each with its own possibility, then the 
overall possibility of  this outcome is given by the maximum of all individual possibilities. Two 
approximate numerical methodologies, namely the discretization method and the vertex method, 
are used to compute fuzzy parameters by means of conversion from fuzzy to crisp values. These 
techniques will be discussed in the following sub-sections. 

Discretization Method--The discretization method requires that each fuzzy input variable 
be discretized into a domain (Di) of  discrete values. The output function y must be evaluated a 
total of FI~(Di)  times. Consider, for example, a problem involving three fuzzy input 

parameters, each discretized into ten values. In this case, the output function must be solved a 
total of 1000 times. Unfortunately, this method requires a significant amount of computational 
resources, thereby making it impractical for computing reliability indices or probabilities of  
failure. 

Vertex Method--In terms of computational expense, the vertex method is much cheaper 
for numerical implementation of the extension principle. This technique is often referred to as 
the combinatorial method. The main steps required in the vertex or combinatorial method are to: 

1. Discretize the fuzzy input parameters using an a-level representation. 
2. Collect all binary combinations of the extreme left (L) and right (R) (i.e., lower and 

upper, respectively) values of all fuzzy variables at each c~-level. 
3. Compute the fuzzy response function y for all binary combinations of fuzzy input 

variables. 
4. Select the maximum and minimum values of the response functiony at each c~-level. 
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As alluded to earlier, an co-level representation of a fuzzy variable X/, denoted by the range 

IXI.~,XI,~, indicates the interval in which the variable is thought to lie with a level of  

confidence equal to ct. Therefore, at any c~-level, each fuzzy variable is discretized into a range 
of  crisp values between Xi~L and X~, n . Upon discretization of the fuzzy input parameters, all 

combinations of their extreme left and right values (at a given c~-level) are fed into the output 
function y. Assuming a total of  N fuzzy variables and denoting the combinations by C~j 
(/=1,2, ,Nc/~), where Nc/~ represents the total number of binary combinations at a given c~-level, 
the fuzzy response can be written as y(C~j ). It is easily shown that the total number of binary 
combinations at a given or-level is equal to 2 ~. The fuzzy response at each co-level is given by 

IY'~'Y~=[minl'~.J (Y(C~'s))'maxL'j (Y(C'~J))l (26) 

2_>a, j = l , 2  ..... Nc/,~ 

For a range of  ~x-levels, the results of Eq 26 are then used to construct a possibility distribution 
for the response function y. In general, the greater the number of c~-cuts, the more accurate the 
predicted possibility distribution. For a number of  c~-cuts A, the response function (e.g.,/3or Pf) 
must be solved a total o fA x 2 N times. It is evident that computational cost grows exponentially 
with an increasing number of fuzzy input variables. For example, a problem involving three 
fuzzy variables and five a-cuts requires that the objective function be called 5 • 23 = 40 times, 
whereas one involving five fuzzy parameters and five c~-cuts must call the output function a total 
of 5 x 25 = 160 times. 

Response Surface Prediction of Fuzzy Response--The response surface method is a classical 
statistical technique wherein a complicated model is approximated using a simplified 
relationship between the fuzzy response function and the fuzzy input variables. Instead of  
collecting the binary combinations of upper and lower fuzzy inputs (mean values, standard 
deviations of fuzzy random variables), adjustments are made to the normal point of all fuzzy 
variables, and the resulting impact on response is observed. As most systems are very well 
behaved, the impact of such adjustments may be used to develop an explicit function (i.e., 
response surface) relating the input and output variables. For a quadratic response surface, this 
function is given by the expression 

N N N-1 

~(x) = a + ~., b~x i + ~ ~ coxix j (27) 
i=! /=1 j~i+l 

where N is the number of fuzzy variables x; y(x) denotes the response function approximation; 
and the coefficients a, b, and c are determined through regression of experimental data. Upon 
calculation of the approximate fuzzy response function, fi(x), a combinatorial optimization is 

performed at each a-level to determine the combination of fuzzy variables yielding the extreme 
values of  fuzzy response. More specifically, two combinatorial optimizations are required at 
each a-level, with the following objectives: 

1. To determine the combination of x~, L and x,~R, denoted by C~mi,, which minimizes 

the approximate function ~(x). 
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2. To determine the combination of x~L and x~R, denoted by C~:m~, which maximizes 

y(x). 

The true maximum and minimum responses at each a-level are then determined by feeding 
the values of C,vmi, and Ca~,~ into a finite element model or other numerical engine. This 
methodology requires that the response function be solved only twice at each a-level. For a 
number of  (z-cuts A, the response surface method requires only A • 2 runs, whereas the vertex 
method requires A • 2 N runs. As noted by Akpan et al. [8], the response surface method 
represents a huge improvement in computational efficiency and permits consideration of  a much 
larger number of fuzzy variables. The response surface approach to fuzzy probabilistic response 
computation is illustrated schematically in [1]. 

Example Demonstration 

In the following section, an example will be considered to demonstrate the application of 
fuzzy probabilistic logic to the problem of multiple site fatigue damage. A typical MSD scenario 
observed in aircraft panels involves a series of cracks emanating from a row of fastener holes, as 
illustrated in Fig. 2. 

t t t t t t t t t t t t t t t t t t  

'~ W P' 

FIG. 2 Schematic" illustration of  multi-site fatigue damage in an aging aircraft. 

Consider the fracture-based performance function for MSD, given previously by Eq 17 as 
gI ,~ =K1c-(~'~x)AKA~ , where the Mode l fracture toughness is given by Kic, and ~ :  is a 

correction factor for the bias in estimating the effective SIF range for the effective crack 
configuration (i.e., AKA~ r ). The effective SIF range was given previously by Eq 7 as 

~ e f f  ~- AtT~q]~(YwYm) . All model parameters are assumed to be either random variables or fuzzy 

random variables, with nominal probabilistic characteristics summarized in Table 1. No 
correlation was assumed between any of  the variables. Employing the limit state function 
defined above, in conjunction with the response surface strategy outlined in Akpan et al. [1,8], a 
fuzzy probabilistic analysis was performed. Eighteen fuzzy variables were considered, namely 
the mean and standard deviation of  the nine MSD-related parameters summarized in Table 1. 
Uncertainty or fuzziness in the mean and standard deviation was assumed to lie within (+5 %, 
-5 %) for all parameters except fracture toughness (Krc) for which the fuzziness in probabilistic 
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characteristics was assumed to lie within the skewed range of (+1%, -5  %) to approximate the 
adverse effects of in-service aging. 

TABLE 1 Probabilistic and fuzzy characterization of  MSD random variables. 

Description of Random Variable Distribution Mean (Ix)* Std. Dev. (or)* 

Applied Stress Range (Act) Gumbel 650.000 
Crack Size C (ac) Normal 0.010 
Crack Size B (aB) Normal 0.010 
Crack Size A (aA) Normal 0.006 
Tip Separation Between A and B Lognormal 0.020 
(bAB) 
Tip Separation Betwecn B and C Lognorrnal 0.020 
(bBc) 
Fracture Toughness t (Klc) Weibull 
Panel Width (W) Normal 
B!as Correction Factor (W) Normal 

*Fuzziness in ,u and o-assumed to lie within (+5 %, -5 %). 
tFuzziness in KIC assumed to lie within (+1%, -5 %). 

I00.0000 
0.0010 
0.0010 
0.0006 
0.0020 

0.0020 

174.000 17.4000 
0.400 0.0200 
1.000 0.I000 

The original probabilistic characteristics of each parameter were then used to obtain a 
nominal FORM-based estimate of failure probability (P/0 = 0.061). The previously outlined 
response surface technique was then applied to determine a possibility distribution for failure 
probability. The possibility distribution for failure probability based on the use of fuzzy nominal 
means is illustrated in Fig. 3, while that based on the use of fuzzy nominal standard deviations is 
illustrated in Fig. 4. It is seen that the predicted bounds widen significantly as the level of 
knowledge decreases. It is interesting that although the fuzzy input was linear, the resulting 
mean-based possibility distribution exhibits a nonlinear variation, while that based on fuzzy 
standard deviations depicts linear behavior, demonstrating that one cannot predict the nature of 
fuzzy output simply based on the nature of the fuzzy input from which it was derived. 

1 . 0  . 

0 . 8  . 

0 . 6  - -  

0.4 

,~ 0.2 

0.0 
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 
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FIG. 3 Possibility distribution for It-basedprobability offailure (Pfo = 0.061). 
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FIG. 4 Possibility distribution for cr-basedprobability of failure (P/o = O. 061). 

The corresponding possibility distribution based on combined fuzzy input parameters (i.e., 
both fuzzy means and fuzzy standard deviations) is shown in Fig. 5. For the current example, it 
is evident that uncertainty in the mean of the relevant MSD parameters has a much more 
pronounced effect on the possibility distribution for failure probability than an equal degree of 
uncertainty in standard deviation does. 

FIG. 5--Comparison of POF-based possibility distributions for individual & combined fuzzy 
input parameters. 

As previously mentioned, in lieu of the traditional single-valued probabilistic result for Pj, 
the x-axis of a fuzzy-based possibility distribution implies an upper and lower bound within 
which the objective, in this case failure likelihood, is thought to lie for a given level of 
knowledge. For example, suppose there is 50 % confidence in the fuzziness associated with both 
the mean and standard deviation of the nominal input parameters (i.e., (+0.5 %, -2.5 %) for Klc, 
(+2.5 %, -2.5 %) for all other input parameters). As suggested by Fig. 5, the corresponding 
failure probability would lie between 50 and 200 % of its nominal value, thereby making 
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available to the decision maker both the worst- and best-case scenarios at this particular level of 
parametric fuzziness. 

It is interesting to note that the skewed fuzzy input for fracture toughness (i.e., (+1%, -5 %)) 
has resonated through the entire solution to produce a skewed mean-based possibility 
distribution, thereby indicating the importance of  an accurate prediction of Kic. As intuitively 
expected, the predicted bounds on failure probability based on the use of combined fuzzy 
random variables (i.e., combined means and standard deviations) are wider than those predicted 
based on fuzzy nominal means and standard deviations considered individually. For the current 
example, use of the response surface technique (18 fuzzy variables, 5 or-cuts) in lieu of the vertex 
method has reduced the number of required solutions from 5 • 218= 1 310 720 probabilistic runs 
to only 5 • 2 = 10 runs (an improvement in computational efficiency of  more than five orders of 
magnitude). 

Conclusions 

Multiple site fatigue damage (MSD) is a growing problem for aging aircraft structures, one 
which is compounded by their continued operation well beyond their original design lives. 
Moreover, traditional policies for damage tolerance and structural integrity of aircraft structures 
give little consideration to the potentially catastrophic repercussions associated with the neglect 
and non-detection of MSD and give even less consideration to the uncertainty inherent in many 
of the parameters involved. 

In the current investigation, emphasis has been placed on assessing the effects of MSD by 
means of a fracture-based failure criterion. Several mechanistic and probabilistic models for 
MSD have been presented. The potential for combining probabilistic methods with fuzzy 
modeling strategies also has been advanced, with focus on use of the response surface method. 
Depending on the level of knowledge and degree of  subjectivity, parameters affecting MSD may 
be represented either as purely random variables or as fuzzy random variables. A strategy for 
fuzzy-probabilistic assessment of the impact of multiple site damage on aging aircraft structures 
has been developed. FORM-based probabilistic solution strategies have been employed to 
compute discrete values of failure probability for components subjected to MSD. The response 
surface fuzzy modeling strategy was then used to compute the possibility distributions for Pf In 
lieu of providing a crisp value of structural reliability, the merit of the proposed methodology lies 
in its ability to implement both experimental data and expert opinion in the prediction of 
confidence bounds on structural integrity of aging aircraft. Such bounds are largely dependent 
on the knowledge regarding the probabilistic characteristics of the fuzzy input parameters, with a 
higher degree of knowledge producing much tighter bounds. 

An example problem has been presented to demonstrate the merit of the proposed fuzzy 
probabilistic methodology. For the example presented herein, it was observed that while 
reliability is greatly affected by uncertainty in parametric mean, variability in standard deviation 
is of much less significance. A similar investigation need not be limited to the uncertainties 
specified herein, but it may also include additional parameters, the uncertainty of which could be 
tailored to match observed variability in experimental data and expert opinion. Moreover, the 
current methodology is suitable for use with any limit state function deemed appropriate for 
MSD and should not be limited to those mentioned herein. To the best of the authors' 
knowledge, no similar investigation has been performed to date. 
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ABSTRACT: Following a short review of the ship classification principle, of the cyclic fatigue in 
ship structures, the deterministic format based on S-N curves is reviewed. First, the probabilistic 
format for fatigue verification using S-N curves is presented with emphasis on the uncertainties and 
limits of use versus ship structures design. Then the semi-probabilistic format, as used in the new 
Bureau Veritas BV2000 rules for steel ships is presented. Particular attention is given to the selected 
partial safety factors versus the other failure modes. The calculation of those partial safety factors is 
also analysed, based on practical cases. As a conclusion, the interest of the probabilistic approach 
versus the deterministic one is outlined. Then the limits of practical applications, semi-probabilistic 
for design and drawing approval, probabilistic for rule developers and RBI are discussed. To end, the 
research and development needs for future are pointed out. 
KEYWORDS: Fatigue, Probabilistic, Semi-probabilistic, Variable loading, Welded joints, Ship 
design, Classification rules 

Introduction 

Any merchant  ship in operation must  be registered to a flag state, and to do so, must 
comply with the international regulations and be normally classed by a recognised 
Classification Society. A particularity of  the shipping industry is that the rules and 
regulations that the ship has to fulfil to be classed are edited by the concerned 
Classification Society itself and not by an official organisation as in other industrial 
areas. 

Classification of  ships started early in the 19th century, 1828 for Bureau Veritas for 
example, one of  the two oldest. From that time the Classification Societies develop, edit 
and maintain rules for the verification o f  the design and operation quality and safety of  
the hull structure, of  the propulsion plant and equipment and of  the ship safety systems, 
Ref. [1]. 

Referring to the hull structure, the loads being due to the wave actions, it is clear that 
they are cyclic and highly variable in time. Therefore the cyclic cumulative fatigue is one 
of  the major origins of  structural failure, and the last step of  the crack propagation 
following a crack initiation. The evidence of  the fatigue nature of  the cracks observed in 
ship structures appeared in the 60s and fatigue became of  first concern for the rules 
developers in the 70s, when large oil tankers and large containers ships built with high 
tensile steel were designed and operated. 

1 Deputy Technical Director; Research Engineer, Research Department; Rules Developer, Development 
Department; respectively, Marine Division, Bureau Veritas, 17 bis Place des Reflets - La Defense 2, 92077 
Paris La Defense Codex(France). 
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Rules were so edited by the Classification Societies, for Bureau Veritas in 1983, 
Ref. [2]. Due to the random character of the stresses, they were based on the Miner sum 
approach and presented in a deterministic format. The worse design loading was defined 
by a standard long term stress range histogram, the design safe S-N curve was fixed as 
the S-N curve at two standard deviations below the experimental mean curve and the 
maximum admissible Miner sum was fixed equal to 1. 

This approach was the basis for ship structure design for many years and has allowed 
the problem raised to be solved by the evolution in shipbuilding with success, as 
demonstrated by the operation of the half million tons oil tankers in the 1970s. 

But the development of the probabilistic approach, mainly in offshore, helped by the 
fantastic progresses in computers, brought out the limits of the deterministic approach. 
The deterministic approach does not allow to measure the incidence on the safety level of 
the various parameters involved in cumulative fatigue, and does not allow to take 
advantage of the progress in building quality nor of  the possibility of optimisation 
offered by Finite Element Method (FEM). 

Probabilistic Format 

One of the first probabilistic formulation in marine industries was given for offshore 
structures by Whirshing, Ref. [3]. This formulation was based on the S-N curve and 
Miner sum 

AS'~ N :  C (1) 

D = y n, (2) 
,...a Ni 

where 

AS 
N 
C,m 
Hi 

Ni 
D 

stress range 
number of cycles to failure 
S-N curve constants 
number of cycles of the stress range histogram at ASi 
number of  cycles of  the S-N curve at rupture at ASi 
Miner sum 

in which the parameters C, AS and D are considered random, and m deterministic. 

Cumulative Fatigue Formulation 

Based on this formulation an adaptation has been developed for steel ship structures, 
Res [4,5]. The cumulative fatigue, based on the Miner sum, has been formulated by 
closed form, (Eq. 3) 

D = f N J ( A S )  aAS = AS" f(AS) dAS (3) 
N(AS) 
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where 

f(AS) 
N, 
N(AS) 

cumulative probability of  long term distribution 
number of cycles for the expected ship's life 
number of cycles of the S-N curve (Eq. 1) at the stress range level AS 

The long term cumulative probabilityf(AS) of the stress range is expressed by a two 
parameter Weibull law, which are 

ASR 
shape parameter 
position parameter, reference stress range at the probability level PR 

When the S-N curve is modelled with two slopes, m for AS > ASq and (m + Am) for 
AS < ASq, the (Eq. 3) becomes 

C (-ln(pR)) m'~ p F  +1 (4) 

where 

V(x+l) 
~t 

Gamma function 
coefficient taking into account the change in slope of the S-N curve 

+Am +1, v/} 
p=l -(yl~+l'V)-v-~"/~T(m ~ (5) 

where 

y(a+ 1, x) incomplete Gamma function, Legendre form 

v: v =  \ASR) ln(p~) 

ASq stress range at the S-N curve point of change of slope 

Fatigue Probabilistic Formulation 

The probabilistic formulation implies the definition of a limit state function G so that 

G < 0 is the domain of failure 
G > 0 is the safe domain of no failure 
G = 0 is the limit state surface 



538 FATIGUE TESTING AND ANALYSIS 

and the probability of failure is given by 

Pf :prob ( G SO) (6) 

Different limit state function can be developed. Considering the shipping industry 
practice, the limit state function is given in terms of time to failure T. Assuming that the 
parameters C, ASR and D are log-normally distributed, T at failure is a random variable 
which can be expressed by the following equation 

where 

T 
Fw 
D 

T= (-InpR~/r CD (7) 

F.  r(~+l) us~ 

time to failure, in seconds 
average wave frequency, in Hz 
Miner sum at failure 

and the probability of failure is given by 

where 

Ts 

Pf = prob( T_< Ts) (8) 

required service time life in seconds 

Different safety index formulations are available. The more commonly used is the 
Hasofer-Lind index, but at the time of its edition, the developers of the guidance note 
Ref [4] used the Cornell safety index 13 given by 

/3 = l n ( T ) -  ln(T s ) 
Stdv[ln(T)] (9) 

The probability of failure can be calculated by 

where 

# 
Stdv 

mean value ofT calculated by (Eq. 7) 
standard deviation of ln(T) 
standard normal cumulative distribution function 
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Uncertainties 

As we have seen, three factors in the equation (7), C - D - SR, are considered 
random. The randomness character is represented by uncertainties expressed in terms of  
coefficient of  variation CoV. 

The CoV is the standard deviation of  the parameter divided by the mean value 
Stdv(x) 

CoV(x) = - -  (11) 

The CoV of the S-N curve, constant C, is directly obtained from the statistical 
analysis of  the fatigue test data used to determine the mean S-N curve. The value is in 
general given or obtained from the S-N curve catalogues data. For example, Ref. [4] 
provides for butt or fillet welds made by automatic submerged or open arc process and 
non stop-start positions within their length 

Cme~ = 8.855 1012 Stdv(logC) = 0.2041 

The CoV of the Miner sum D obtained from the analysis of  various sources and in 
Ref. [4] has been taken equal to 0.3. 

The more delicate CoV to determine is the stress range SR CoV as this parameter 
results from rather complex structural calculations. Following Wirshing Ref. [3], the 
stress range is expressed as the product of  a random variable B by the deterministic 
calculated stress range SR 

SR(random) = B SR(deterministic) with B = I ~ ( B i )  

and the uncertainties on B are taken as the combination of  the uncertainties of  five main 
factors Bi. Table 1 provides the complete set o f  values considered by Ref. [4] for 
calculations. 

Table 1 - Main factors and uncertainties. 

U n c e r t a i n  f a c t o r s  M e a n s  C o V  

C 
D 

experimental 
1 

calculated 

experimental 
0.30 

SR calculated 
B~ - sea states 0.90 0.4 - 0.6 

0.85 0.I - 0.3 'Ba - ship response on waves 
B3 - extreme loads 

Bs - workmanship 

0.95 0.2 - 0.4 
B4 - FEM modelling 1.10 0.1 - 0.5 

0.90 0.1 - 0.3 

The uncertainties are assumed to follow a log normal distribution and so, noting V 
the CoV, the standard deviation of  In(T) is given by 

Stdv[ln(T)]=x/ln[(l+V~)(l+V~)(l+V2s)J (12) 

where 
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V 8 = X/H(1 + V2)-  1 (13) 

Design Context 

With respect to a design office the probabilistic formulation presents at least two 
major difficulties 

1. The results are expressed in term of probability of failure and not in stress or 
geometrical parameters: thickness, modulus, size 

2. The format is implicit, there is no formula linking directly a scantling 
modification to the change in probability of failure. 

The first point can be solved by the rules and regulations developed by the 
Classification Societies, but the second one is inherent in the method. 

The second point implies that a first set of scantlings is determined by another 
explicit method and then adjust by an iterative approach to obtain the required safety 
level. The experience in R&D shows that such iterative process is rather long and not 
compatible with the time constraints of a design office, Ref. [6]. 

Therefore a better adapted approach to design has been developed using the semi- 
probabilistic format. 

Semi-Probabilistie Format 

The semi-probabilistic format aims to provide an explicit formulation of the 
structural element scantling, the safety margins of which being determined from local 
and global structure probabilities of failure. 

Formulation 

The semi-probabilistic format for ship design has been derived from civil 
engineering standards Ref. [7]. The formulation looks like the deterministic one, but 
every parameter is affected by a partial safety factor while the deterministic formulation 
has a unique global safety coefficient. For the fatigue verification of ship structure 
components, the formula becomes 

Df> N t (YsASR) m . F ( m + l ]  (14) 
f~S- ~ (-  ln(pR))"" " 

Yc 

with the same parameters than in Eq. 4. The partial safety factors ?D, ?C, ?S, respectively 
attached to Df, C, SR, are defined so that they are greater than I. 

The formulation appears very effective for the designers, easy to apply and allows to 
take into account the progresses in knowledge about the uncertainties or in building 
quality. 

When the knowledge progresses with respect to the determination of a given 
parameter, the attached partial safety factor can be reduced. At the opposite, if return 
experience shows that the range of values of a parameter is underestimated by the design 
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methods, the corresponding partial safety factor can be increased. In both cases the 
concerned partial safety factor can be adjusted without modification of the others. 

Versus building, when the fabrication quality or when the general level of quality of 
the market is demonstrated better than the quality level considered when developing the 
rules, the partial safety factors attached to the concerned parameters can be decreased, 
also without modification of the others. 

Therefore, the formulation allows targeted and precise tunings, which represent a 
great advantage with respect to the deterministic formulation in which a unique global 
safety coefficient groups all uncertainties, without knowing the weight of each of them. 

Partial Safety Factors 

The partial safety factors can be expressed versus the characteristics of the 
probabilistic distribution of the parameters (the standard deviation), the reference values 
of the parameters being their mean values. Introducing the coefficient of variation V, a 
partial safety factor can be written as follows 

7~ = 1 __+k. V~ (15) 

+ or - is selected whether the safe domain corresponds to greater or lower values of the 
parameter. 

k is calculated by fixing the probability level corresponding to an acceptable level of 
risk, for example, k = 2 for a normal distribution and a probability of 0.975. 

The method looks easy, but in reality it is more complex. All partial safety factors 
being fixed separately for each parameters as said above, the formulation must provide a 
uniform probability of failure equals the selected target for each structural component 
and also for the global structure, taking into account redundancies and common failure 
modes. 

Rule Developer Challenge 

This condition of a uniform level of safety, local and global, represents for the rule 
developer a real challenge. The partial safety factors cannot be determined only with 
respect to the uncertainties attached to each parameter. 

The adjustment of the partial safety factors required a calibration procedure based on 
optimisation methods, according to the following the steps, Ref. [8]: 

1. identification of structural classes and calibration points: ship types, ship 
characteristics, structural components, component position on board, ship 
loading conditions, environmental conditions; 

2. definition of the limit state function format and stochastic modelling of the 
variables; 

3. definition of a penalty function and constraints for optimisation, a function that 
expresses the difference between the obtained implicit reliability and the target 
reliability, in terms of safety index; 

4. selection of the targeted reliability level: safety indexes, average whole structure 
target 13T, minimum acceptable individual 13m~, 
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5. calculation of the structural components scantling with the rule formula and 
fixed partial safety factors; 

6. calculation of the safety indexes of each component and global using the 
determined scantling in step 5 above) 

7. calculation of the penalty function with verification of the constraints; and 
8. verification of the optimisation criteria, if not acceptable, determination of a new 

set of partial safety factors and restart in step 5 above). 

This calibration process, for ship structure rules, is in fact very heavy due to the large 
number of welded details, type of ships, ship operation conditions, number of involved 
parameters in the formula. A calibration of the partial safety factors of the (Eq. 14) 
performed for one 292 000 tons tanker, Ref. [9] lead one to consider: 

�9 Three structural welded details on deck in the midship region 
�9 North Atlantic sea state conditions 
�9 Eight wave incidences with equal probability 
�9 Two ship speed versus wave height and incidence 
�9 Two loading conditions, ballast and full load 
�9 Uncertainties as defined in Table 1. 

and required calculation of 136 sets of partial safety factors y, before obtaining a scatter 
band of the safety index values less than 5%. 

This difficulty is increased by the fact that both factors, uncertainties and safety 
level, are, unfortunately today not standardised, and many options exists and are 
discussed in the R&D and engineering communities, Ref. [9]. 

Conclusions 

During the last 30 years Research and Development has allowed development of 
appropriate probabilistic formulations and data for ship structures design, providing an 
important progress with respect to the deterministic approach. 

In spite of the advantages, the probabilistic formulations present an implicit format 
of scantling, which is not easy to use and do not allow a direct scantling of the structural 
components as it is required during the ship project development. 

To solve this difficulty, classification rules developers look for a semi-probabilistic 
format that provides scantling rules identical for their presentation than the classical 
deterministic format, but with the advantage of a clear identification of the safety 
margins attached to each variable. 

As the partial safety factors are individually attached to each parameter involved in 
the design formula, it can be considered possible to take advantage of progresses 
reducing uncertainties or of improvements in building quality by reducing the concerned 
safety margin, without interfering with the others, which correspond to area without 
improvements. 

Also, if return experience shows that the safety margin attached to a particular 
parameter has been underestimated, it will be possible to increase the corresponding 
partial safety factor without interfering with the others. 
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So the future for standards and design rules will be the semi-probabilistic format. 
The full probabilistic approach will remain the tool for rules developers, for return 
experience analysis and for semi-probabilistic rules calibration. The required progress 
needed concerns, 

�9 the modelling of the different variable probability distributions, 
�9 the determination of the mean and CoV values versus the origin of the data and 

design/building practices, 
�9 the determination of the safety index of a large set of existing ship components 

associated with the in-service return experience. 
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Comparison of the Rain Flow Algorithm and the Spectral 
Method for Fatigue Life Determination Under Uniaxial and 
Multiaxial Random Loading 

ABSTRACT: This paper presents the strain energy density parameter used for fatigue life calculation 
under random loading by two methods. The first method is based on schematization of energy parameter 
histories with the rain flow algorithm. The other one is based on moments of the power spectral density 
function of the energy parameter. The experimental data of fatigue tests of 10HNAP steel under constant 
amplitude and random uniaxial loading with non-gaussion probability distribution, zero mean value, and 
wide-band frequency spectrum used for comparison of the rain flow algorithm and the spectral method 
gave satisfactory results. Next, histories of the random stress tensor with normal probability distribution, 
wide-band frequency, and zero mean values corresponding to biaxial tension-compression, combined 
tension with torsion and triaxial loading with various correlation coefficients were generated, and the 
lifetime was calculated. It has been observed that both methods of fatigue life determination give almost 
the same results. 

KEYWORDS: life time, biaxial stress, spectral method, strain energy density parameter, 
non-proportional loading, high cycle fatigue, rain flow algorithm, random loading 

Introduct ion  

The known algorithms for fatigue life estimation of  machine elements and structures under 
random loading can be divided into two groups. One of  them includes algorithms based on cycle 
counting. The other group includes algorithms based on spectral analysis o f  stochastic processes. 
In the first group, the loading is usually represented by time courses of  stress or strain and in the 
other group by a frequency characteristic of  these quantities with the use o f  the power spectral 
density function. Lately, the strain energy density parameter has been proposed for estimation of  
fatigue life under random loading [1 4]. The energy parameter includes information given by 
strain and stress histories, and it does not neglect the loading frequency characteristic. This 
parameter seemed to be efficient for fatigue life determination with the cycle counting algorithm 
[1,2,4]. We may ask if  the strain energy density parameter can be applied in the spectral 
methods, where the power spectral density function plays the most important role. 

This paper presents how to adapt the strain energy density parameter to the known spectral 
models of  fatigue life determination under uniaxial stationary and non-Gaussian random loading 
using tests results of  specimens made of  10HNAP steel [5,6]. 
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The strain energy density parameter in the critical plane is also used to compare the rain flow 
algorithm and the spectral method for a fatigue life estimation in high-cycle regime under a 
simulated random state of stress corresponding to biaxial tension-compression, combined tension 
with torsion, and general multiaxial non-proportional loading. 

The Strain Energy Density Parameter 

For the first time the strain energy density parameter for random loading has been defined by 
Lagoda at al. [1]. Under uniaxial random state of  stress, the parameter distinguishes the strain 
energy density for tension (positive) and the strain energy density for compression (negative) as 
follows: 

W (t) --- 1 cr(t)e(t) sgn[~(t)] + sgn[cr(t)] (1) 
2 2 

where o-(t) and e(t) are random stress and strain histories, respectively, and functions sgn[o'(t)] 
and sgn[~(t)] are introduced to respect signs of strain and stress at time t. When cyclic stress and 
strain reach the maximum values cra and Ga, the amplitude of the energy parameter is 

m a = 0.5O'ae a (2) 

Assuming W(t) according to Eq 1 is the fatigue damage parameter, we can rescale the 
standard characteristic of cyclic fatigue (G~-Nf) and (ca-Nf) and obtain a new one, (W~-Nu). In 
the case of high-cycle fatigue regime, when the characteristic (cr~ -Nf)  is used, the axis cra should 

be replaced by W a = o'2/(2E), i.e. 

W a = f "  (2Nf)Zb (3) 
2E 

where ~r} = axial fatigue strength coefficient, E = Young's modulus, Nf = number of cycles to 

failure, and b = exponent in fatigue relationships. 
In [2], the strain energy density parameter in the critical plane has been used for 

generalization of  some known energy criteria of multiaxial cyclic fatigue to the random loading. 

The Methods of Fatigue Life Estimation Under Uniaxial Random Loading 

From the methods based on schematization of stress histories we choose the rain flow 
algorithm and the Palmgren-Miner hypothesis of  damage accumulation [6]. The lifetime TRF 
according to the counted cycles at observation time To of stress history o(t), is determined from 

T~ for O'ai >- aO'af (4) 

i=! 

where To = observation time, ni = number of cycles with the amplitude of stress o~.i, No = number 
of cycles corresponding to the fatigue limit ~f, m = -1/b -- slope of the W6hler curve, and a = 
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0.5 = coefficient allowing to include amplitude below cr~f in the damage accumulation process. 

From known spectral methods [7 9] we choose: 
�9 Miles model [8] for narrow-band frequency processes 

A 
~M = (5) 

�9 and Chaudhury-Dover model [9] for wide-band frequency processes 

A 
m m+2 4- 

where TM = lifetime in seconds, according to Miles model, Tch-D = lifetime in seconds, according 

to Chaudhury-Dover model, A = cr~Nf = fatigue curve, M + = ~J-~ = expected number of  
I z, 

peaks in a time unit, /.t,~ = 2 o = variance o f  the stress history o(0, y = 1 ~ -  cr 2 = coefficient o f  

A2 - coefficient of  irregularity, Go(/) = one-sided power spectral the spectrum width, a = 

function of  stress history o(t), A k = [fkG,~(f)df = k tla moment of  density power spectral 
0 

density function, and F( ) = gamma function. 

In the energy notation, Eqs 4 6 can be modified as follows: 

T~ for W,~, > aW~,f , a = 0.25 (7) Te~= k 

2 iwo, ). )] 
i= l  

Aw 

Aw 

M §  4 t, 2 JJ 
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where Way = cr2f/2E = fatigue limit according to the energy parameter, A W = Wm'Nf = energy 

fatigue curve, m'= m/2  = slope of the energy fatigue curve, and M § 7; or, 2 k = like in Eqs 5 

and 6 but determined from the power spectral density function Grv(/) of the energy parameter 
history W(t). 

Figure 1 shows the algorithms used for fatigue life estimation with the energy parameter 
according to two analyzed methods. 

Determination of o(t) and e(t) ] 

t 
Calculation of W(t) ] 

Determination of  cycles by the 
rain flow algorithm 

Damage accumulation by the 
Palmgren-Miner hypothesis 

I 
Calculation of life T~  

Determination of the power 
spectral density function Gw(/) 

Calculation of parameters 

M+,~tw ,y,a,2k 
I 

Calculation of lives T~t and TCh-D 

FIG. 1 Differences and similarities between the algorithms applied for fatigue life 
calculation. 

Let us note that calculations using the rain flow counting algorithm, according to ASTM E 
1049-85 Standard Practices for Cycle Counting in Fatigue Analysis (E 1049-85), are realized in 
the time domain, and calculations using the spectral method - by estimation of the power 
spectral density function of the energy parameter - are realized in the frequency domain. 

Analysis of  Fatigue Test Results 

The results of fatigue tests of  10HNAP steel subjected to uniaxial constant amplitude cyclic 
and random tension-compression loading described in detail in [6] are analyzed. The material 
tested is a general-purpose structural steel with increased resistance to atmospheric corrosion and 
has the following composition: C - 0.115 %, Mn - 0.71%, Si - 0.41%, P - 0.0082 %, S - 0.028 
%, Cr - 0.81%, Ni - 0.5 %, Cu - 0.3 % and the rest - Fe. The mechanical parameters of 
10HNAP steel are as follows: Rm=566MPa, Ro2=389MPa, A 1 0 = 3 1 % ,  Z=29.1%,  
E = 215 GPa, v-- 0.29, cry= 994 MPa, b = -0.102, oral= 252 MPa and Waf = 0.147 MJ/m 3 for 
No = 1,25 x 106 cycles. Under random unia• tension-compression loading, the tests were 
conducted for the zero expected value and several loading levels in the range from medium to 
long-life (see Table 1). 

Figure 2 shows the probability density functions fltr) and flW) and power spectral density 
functions Go(/) and Gw(/) of  stress o'(t) and energy parameter W(t), respectively. 
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We can see that f(cr) is a four-modal non-Gaussian function (excess coefficient < -1 ,  

asymmetry coefficient ~ 0, Fig. 2a), wh i l e f lW)  has values of  excess and asymmetry similar to 
those for the normal probabili ty distribution (excess ~ 0, asymmetry ~ 0, Fig. 2b). In this case, 
we can point  out that the energy parameter  is a more suitable quantity characterizing loading for 
the spectral methods which assume the normal probabili ty distribution of  loading [8,9]. From 

Figs. 2c and 2d, it appears that graphs of  power spectral density functions of  stress Go(/) and 

energy parameter Gw(/) have the same shapes. Thus, stress o(t) and energy parameter W(O are 
random processes with the same band frequencies. 

T A B L E 1  Resu~oftes~andca~u~twnsofl~etimeobmmedun~runiaxialrandom 
~a~ng, 

No.  a m ~  * * . . . .  ** *RMS *** %xp ~ ~ ~ h - o  
~ a  ~ a  ~ a  s s s s 

1 292 297 132 111 954, > 327 225 227 460 74 210 183 920 
> 327 225,> 327 225 

2 312 311 140 72 004, 114 601 144 590 44 450 110 160 
> 327 225,> 327 225 

3 320 322 146 40 785, 54 150 102 513 30 828 76 791 
145 654, 76 037 

4 343 348 153 27 933, 76 908 68 235 18 378 46 135 
32 918, 74 672 

5 351 350 159 24 563, 34 586 51 066 13 878 34 827 
53 382, 29 875 

6 362 361 165 18 846, 21 013 36 397 9 445 23 828 
28 584, 26 323 

7 370 377 171 21 764, 9 713 26 327 7 005 17 736 
28 116, 17 865 

8 386 383 177 17 926, 18 035 24 116 4 889 12 388 
24 993, 10 279 

9 399 398 186 13 905, 18 379 14 146 3 554 8 978 
5 695, 8 770 

* o-,,~, = maximum value of stress o(t), ** o'a ~ = maximum amplitude of o(t) after cycle counting by means of 
the rain flow algorithm,*** cre.~s = root mean square value of a(t). 

The results of  fatigue tests are compared with the results o f  calculations according to two 
analyzed methods using the energy parameter.  Figures 3 and 4 include the points corresponding 
to the calculated life t imes TeF, TM, Tcn.o and experimental  lifetimes Texp. The observation time 
To = 649 s, and its sampling time At = 2.64.10 -3 s. The lives TRF, Eq 7, are included in the scatter 
band coefficient 3 in relation to the experimental  lives Texp, such as for the tests with the constant 
amplitudes and can be accepted [6,8,9]. The lives calculated with the spectral methods are 
satisfactory for the Chaudhury-Dover  model equation Tch-o, Eq 9, while the lives according to 
the Miles model TM, Eq 8, are lower compared to the experimental  ones and beyond the scatter 
band coefficient 3. It means that the Miles model is more sensitive than the Chaudhury-Dover  
model on type of  probabili ty distribution function of  energy parameter  and gives worse results 
for non-Gaussian narrow-band frequency process. 

Finally, from the experimental  data for the steel tested under  uniaxial random loading with 
non-Gaussian probabili ty distribution, zero mean value and wide-band frequency spectrum, we 
can conclude that the rain flow algorithm and the spectral method (the Chaudhury-Dover model) 
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both gave satisfactory results in lifetime estimation when the strain energy density parameter is 
used. 

The Methods of Fatigue Live Calculation Under Multiaxial Random Loading 

Two methods of the fatigue life calculation under multiaxial random loading are compared 
by computer simulation. Histories of the random stress state components with normal probability 
distribution, wide-band frequency spectra, and zero expected values corresponding to biaxial 
tension-compression, combined tension with torsion and more complex loading with various 
correlation coefficients were generated. In the time domain the random stress state can be 
expressed by a six-dimensional stationary and ergodic vectorial process 

x ( t )  = [ x l  (t) . . . . .  x 6  (t)]  = a ( t )  = 

where Xk = ~j(t), (k = 1 ..... 6; id" = x, y, z). 

FIG. 2 Probability density functions for (a) stress f(cr) and (b) energy parameter f(W) and 
power spectral density function of(c) stress Go(/) and (d) energy parameter Gw(/). 
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F IG .  3 Comparison of calculated life T~ according to cycle counting from energy 
parameter history W(t) with experimental life Te~p of l OHNAP steel under uniaxial non-Gaussian 
random loading. 
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F IG .  4 Comparison of calculated life TM and TCh-D according to spectral methods based on 
energy parameter W(t) with experimental life T~xp of l OHNAP steel under uniaxial non-Gaussian 
random loading. 
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The relations between stress state components are usually described by 6 x 6 dimensional 
covariance matrix 

//11 "'" //16 ] 
/ /~= i . .  ~ (11) 

L//61 '"//66 J 

In the frequency domain, the random stress state is characterized with the following matrix of 
power spectral density functions 

I G,,i(j)... G, (yl- 
G ~ ( f ) =  ~ (12) 

Similarly, the random strain state can be expressed by a vectorial process 

Y(t) = [Y1 (t) . . . . .  Y6 (t)] = ~(t) = 

=[Exx(t), ~yy(l), ~zz(l), ~xy('), Sxz(l), ~ 
(13) 

where Yk = eli(t), (k = 1 ..... 6; id = x, y, z). 
To reduce the multiaxial stress state to the equivalent uniaxial one, the criterion of maximum 

normal strain energy density in the critical plane is used. This criterion has been successfully 
used for fatigue life calculation under biaxial non-proportional random tension-compression of 
cruciform specimens made of 10HNAP steel [1,2], Thus, for further analysis this criterion has 
been chosen. According to this criterion, the equivalent strain energy density is 

meq (t) = mr/(t) = 1 ~r~ (t)e.  (t) sgn[~'. (t)] + 2 sgn[c% (t)] (14) 

where try(t) and e~(t) are normal stress and strain on the critical plane, respectively, i.e., 

c~(t) =/.:o-=(t) 2 2 + m~Cryy (t) + n~cr= (t) + 2l~m~Crxy (t) + 
6 

2l~n~c% (t) + 2menecry~ (t ) = ~ ak (r a (t) 
k=l 

(15) 

c~(t) = l ~ ( t ) +  m2~yy(t)+ n2g=(t)+ 2l~m~gxy(t)+ 
6 

21~n~c~= (t) + 2m,ln~y = (t) = ~ akc k (t) 
k=l 

(16) 

The unit vector ~(lq,m~,n~), normal to the critical plane, is defined by directional cosines l .  

m~, n~ in relation to the constant system of  axes Oxyz. 
In the high-cycle fatigue regime where the plastic strain can be neglected, the equivalent 

strain energy density parameter according to Eq 14 may he simplified as follows: 
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W,q (t) = ~ sgn[o-~ (t)] (17) 

The power spectral density function of the normal stress in the critical plane after Eq 15 can 
be calculated from the following formula [ 10] 

6 6 

G,~,7(f)= E Z  akatGkt(f) = 
k=l /=1 
6 6 

2 = ~.~ a k G~ ( f )  + 2 ~_~ a k a t Re[Gkt 0 c )] 
k=I k<l 

(18) 

where Re[G~00] is the real part of the complex cross-spectral density function from matrix Go(/), 
Eq 12. 

It has been confirmed during many simulation calculations that power spectral density 
function of the equivalent strain energy density after Eq 17 may be determined by means of 
Gao(f) as follows: 

Gweq(,f)'~3-~-Go.~(f) (19) 

where/.t~ is a variance of the normal stress in the critical plane (r~(t) (see Eq 15). 
Equations 18 and 19 enable one to reduce the multiaxial random stress state to the equivalent 

uniaxial one in frequency domain by the power spectral density functions of the stress state 
represented in matrix Go(/), Eq 12. 

For the first method, the simulation in the time domain started from generation of random 
stress state histories o~j(t) and contained calculations of equivalent strain energy density Weq(t), 
Eq 17, schematization of Weq(t) history with rain flow algorithm, damage accumulation 
according to the Palmgren-Miner hypothesis, and life time Tm~, Eq 7, determination. 

For the second method, the simulation in frequency domain started from a matrix of the 
power spectral density function of stress state components Go(/), Eq 12, and ran through the 
calculations of power spectral density function of the normal stress G~(/), Eq 17, next power 
spectral density function of the equivalent strain energy density parameter Gweq(]'), Eq 18, and 
life time determination according to the Chaudhury-Dover model, TCh-D, Eq 9. 

In both methods the critical plane position, i.e., the directional cosines l~ m~, n~ of the unit 
vector ~ ,  have been determined with use of  the damage accumulation method [11]. According 
to that method, the plane of the maximum fatigue damage or minimum lifetime is the critical 
plane. To compare life time predicted using rain flow algorithm T ~  and spectral method Tch-D, 
the matrix of power spectral density functions Go(/), Eq 12 has been determined from the same 
generated random stress state histories cr, j(t) used in both methods. Figure 5 shows the simulation 
flow chart of fatigue life calculation with the applied criterion of maximum normal strain energy 
density in the critical plane according to the rain flow algorithm and the spectral method. Two 
random states of stress have been generated: 1) with the same variances of stresses (see Table 2) 
and 2) with different variances of stresses. 

Figure 6 shows an exemplary fragment of the generated history of stress crux(t), and Fig. 7 
shows its histogram and one-sided power spectral density function Gll(J). 
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Generation of stress state components 
o~j(0 

Calculation of Weq(t), 
Eq 17, history 

Cycle counting with 
rain flow algorithm 

Lifetime calculation, 
minimum of T~, Eq 7, 
in many directions ~- 
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FIG. 5 Flow chart of  fatigue life calculation under multiaxial random loading according to 
rain flow algorithm and spectral method 

TABLE 2 Covariance matrix ~t~ Eq 11 in MPa 2 of generated random stress state components. 

xx yy zz xy xz yz 

xx 9 775.2 7.5 -7.4 -42.2 -77.7 85.7 
yy 7.5 9 775.2 -334.2 -145.4 -99.4 -72.7 
zz -7.4 -334.2 9 775.2 358.3 -38.9 12.3 
xy -42.2 -145.4 358.3 9 775.2 31.1 140.5 
xz -77.7 -99.4 -38.9 31.1 9 775.2 175.4 
yz 85.7 72.7 12.3 140.5 175.4 9 775.2 
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FIG. 6 Fragment of the generated history of stress cry(t). 
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The  fa t igue  life ca lcu la t ions  have  been  done  for  1 0 H N A P  steel  and  for three  cases  o f  s t ress  

state c o r r e s p o n d i n g  to biaxial  t e n s i o n - c o m p r e s s i o n  B T C  [~rx~(t), cryy(t)], c o m b i n e d  t ens ion  wi th  

tors ion  CTT [~rx~(0, Crxy(t)], and  tr iaxial  t ens ion  wi th  to rs ion  TTT [o~:(0]. The  resu l t s  o f  
s imu la t i on  are p r e sen t e d  in Table  3 and  Fig. 8. 

T A B L E  3 Direction of critical plane ~(l~, m~,n~ ) and fatigue life in seconds according to 

the rain flow algorithm TRF and spectral method TCh-V for various multiaxial random states of 
stresses. 

Case of Loading Rain Flow: 
In 
nq 

BTC 1 ia) 4 0.004 
0.999 

BTC (b) s 0.004 
0.999 

CTT 2 (a) -0.813 
0.582 

CTT (b) -0.906 
0.424 

TTT 3 (a) 0.667 
0.235 

TTT (b) 0.600 
0.231 

Biaxial tension-compression. 
2 Combined tension with torsion. 
3 Triaxial tension with torsion. 
4 Equal variances of  stresses. 
5 Different variances of  stresses. 

Algorithm: Spectral: Method: 
m, 1~ m n 
TRF n~ TCh-D 

0 1 0 
550 690 0 624 540 

0 0.004 0 
215 940 0.999 266 120 

0 -0.818 0 
115 520 0.575 153 050 

0 -0.906 0 
363 300 0.424 487 930 

-0.707 0.680 -0.707 
14 864 -0.193 19 169 
-0.766 0.642 -0.766 
15 555 -0.022 17 829 
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FIG. 8 Comparison of  fatigue lives, TRF from the rain flow algorithm with, Tch.D from 
spectral method for various multiaxial random states of  stresses. 

It was observed that for biaxial tension-compression BTC (a) with equal variances of normal 
stresses ].111 = ~L122 , tWO perpendicular critical planes occurred. From Table 3 and Fig. 8, it appears 
that directions of the critical planes, ~ and fatigue lives calculated according to the rain flow 
algorithm, T~  and the spectral method, Tch-D are very close together within acceptable distances. 
This result allows us to use the rain flow algorithm in time domain or the spectral method in 
frequency domain equally for life time estimation under multiaxial random loading. 

Conclusions 

1. The strain energy density parameter defined for random loading may be efficiently 
applied for lifetime calculation both in the time domain based on the rain flow algorithm 
and in the frequency domain based on spectral method. 

2. The experimental data of fatigue tests of 10HNAP steel under constant amplitude and 
random uniaxial loading with non-Gaussian probability distribution, zero mean value, 
and wide-band frequency spectrum used to compare the rain flow algorithm and the 
spectral method gave satisfactory results. 

3. It is observed that the Chaudhury-Dover model for fatigue life calculation is less sensitive 
than the Miles model to type of probability distribution function of energy parameter and 
gives better results when some distance from Gaussian narrow-band frequency process 
appears. 

4. From simulation analysis under multiaxial random state of stresses corresponding to 
biaxial tension-compression, combined tension with torsion and triaxial loading with 
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various correlation coefficients, it results that the rain flow algorithm and spectral method 
can be used equally for life time estimation, giving very similar results. 
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Validation of Complex Wheel/Hub Subassemblies by 
Multiaxial Laboratory Tests Using Standardized Load Files 

ABSTRACT: For the evaluation of safety components like the wheel/hub subassembly, the operational 
loading, including special event loading as well as the influence of adjacent components and their 
interaction, must be taken into account. By using the described test procedure in the Biaxial Test Facility, 
all service-like deformations can be simulated in accelerated program tests. A reliable time, as well cost, 
saving validation of new designs, materials, and manufacturing technologies can be carried out. 

KEYWORDS: wheel/hub subassembly, multiaxial loading, variable amplitude testing, Eurocycle load 
program 

Introduct ion  

The complex design of modem wheel/hub systems for cars and commercial vehicles (Figs. 1 
and 2) comprising wheel, hub, brake, bearing, spindle, and hub carrier, including their fasteners 
and different materials, treatments, and press-fits, requires appropriate testing procedures. The 
variable loading conditions, caused by operational wheel forces and superimposed brake and 
torque moments, may result in additional time-varying tolerances and press-fits during operation 
and, consequently, in different damage mechanisms. 

Simplified test principles with constant amplitude loading, such as ISO 3894, 
SAE J 267a, or others, are no longer meeting lightweight design demands, considering the 
European product liability legislation for safety components. Besides restriction of the clamping 
modes and load transfer, the sinusoidal stress amplitudes often create damage mechanisms that 
are not comparable to real service stresses. 

Test  Procedure  and Results  

The validation of the rotating components is carried out in the Biaxial Wheel/Hub Test 
Facility (Fig. 3, [1 3]) under the standardized, multiaxial load file Eurocycle (Fig. 4, [1 3]). The 
accelerated test life of 8000 10 000 km for cars and 16 000 20 000 km for commercial vehicles 
represents the customer usage conditions for a design life of 3 �9 105 km to 1 �9 106 krn, including 
statistical considerations. By using original components during testing, the influence of different 
stiffness, wear, bolt pretension, etc. on the fatigue life is also taken into account. 
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FIG. I Front hub design of commercial vehicles and possible failure modes. 
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FIG. 2 Driven wheel~hub components of cars. 
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FIG. 3 Test principle of biaxial wheel/hub test facility for proof of wheel-hub-subassemblies. 

FIG. 4 Time-sequence of the load proram-Eurocycle in the biaxial wheel/hub test facility, 
cycles per lap (65 kin): H > 107, depending on wheel size. 

The computer stored load file may be adapted to different rated wheel loads and vehicle types 
in advance, before vehicle prototypes become available for load measurements. The design and 
test spectra, including the Woehler- and Gassner-Curves, are shown in Fig. 5, as examples of 
commercial vehicle hubs made from cast nodular iron. Both spectra correlate well to service 
measurements on a round track on public roads and a severe proving ground. After many load 
program tests, different damaging influences and resulting allowable maximum stress amplitudes 
were derived (Fig. 6). 

These values differ significantly from those derived from constant amplitude tests on 
specimens. The maximum peak value of the stress spectrum may exceed the component's 
"endurance limit" by a factor up to 2, depending on the individual spectrum parameters, as well 
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as the stress concentration, pre-stress, stress-state, etc. The allowable stresses also consider the 
reduction of bolt pretension and fretting fatigue between contacting components at a high 
number of cycles. 

FIG. 5 Stress spectra for highly stressed hub areas and test results. 

FIG. 6 Highly stressed areas o f  a hub with disc brake and allowable peak stresses. 
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Caused by the variety of different, superimposed damage mechanisms, a reliable life 
estimation is only possible through the described service-like simulation. This is also 
demonstrated by typical failures on cast nodular iron hubs shown in Fig. 7. The initial cracks 
start not only from the highly stressed flange radius (A) but also from the lower stressed bearing 
seat (C), caused by reduced allowable stresses due to surface pores (B) and walking actions of 
the outer bearing race. 

FIG. 7 Fatigue damage on a cast nodular iron hub for dual wheels. 

The validation testing of  modem light alloy car wheels is carried out under the corresponding 
load file for passenger cars, using the same procedure. The test requirement of 7500 km should 
be fulfilled without any crack. After 10 000 km, short initial cracks are allowed in specified 
wheel locations. At 15 000 km, the wheel function should still exist without significant damage 
in order to guarantee a minimum safety margin. Additional metallurgical investigations allow the 
study of crack propagation rate in critical areas in order to determine the safety margin of a 
design to the final rupture (Fig. 8). The fatigue striations of the cracked wheel spoke represent 
each individual load case oftbe load file Eurocycle. 

Light alloy car wheels with wide rims and low profile tires are also endangered by seldom 
occurring "special event" loadings while driving over curbstones or through potholes. Such loads 
may cause local plastic deformations on the rim flange and consequently lead to fatigue cracks 
due to unbeneficial residual stresses (Fig. 9). 

The influence of such special event loading, in conjunction with multiaxial load program 
testing, on the design of rim flanges for light alloy wheels is described in Fig. 10. 
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FIG. 8 Fracture surface after Eurocycle program testing on a forged aluminium wheel disc. 

FIG. 9 Procedure for static pre-loading of wheels. 
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FIG. 10 Influence of the rim design on plastic deformation and durability life. 

Based on the previous design A, the high plastic deformation and early fatigue cracks on the 
inner rim flange could be avoided by optimizing the rim design. Wheel design B showed a 
significant but not sufficient improvement. Design C passed the test requirement without failure 
and an acceptably low plastic deformation of AD =-0,35 mm after pre-loading. The slight 
weight increase of 4 % from design A to C resulted in an increased durability life of more than a 
factor of 3. 

A fatigue life evaluation based only on local stress maxima, disregarding the nominal stress 
and stress state, can lead to false conclusions and should be validated by a service-like 
simulation. As an example, the results of a durability approval on a cast aluminium wheel 6 J • 
14 (Gk-AISil2Mg) are presented. Caused by the design, a relatively high maximal local stress of 
era = + 135 MPa in the connection between disc and rim on the cooling hole occurs (Spot A1, 

Fig. 11), whereas the nominal stress in this section is relatively low, being primarily bending. At 
area B, the local surface stress on the inner side is about 30 % lower compared to spot Al, but the 
nominal stress level is higher because in this section primarily tensile or compressive stresses 
occur during wheel rolling. 

The stress time histories, the analyzed stress spectra, and failure mode development at both 
areas A1 and B1 are plotted in Fig. 12. Initial cracks of approximately 1 mm length were 
registered in area A, after about 1/3 of the total test life. After 2/3 of the total test life, cracks also 
occurred in area B. But the crack propagation rate was much higher in area B compared to area 
A, because of the already mentioned stress state. Finally, the tests were terminated because of the 
high global wheel deformation due to very deep cracks in area B (see Fig. 11), while the cracks 
in area A were almost stopped after having achieved a length of 4 mm to maximal 6 mm. The 
calculated fatigue life up to initial cracks, based on an allowable damage D ~ 0.5, coincided well 
to the experimental results for both areas A and B (Fig. 12). These results allow the conclusion 
that the improvement and redesign of the wheel in area B is more important than in area A; 
nevertheless, the local stress in area A is 30 % higher. 
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FIG. 11 Fracture on a passenger car wheel under program tests in the biaxial wheel~hub 
test facility. 

FIG. 12 Stress-time histories, their spectra, and fatigue life at a cast aluminium wheel (Gk- 
AISi l 2Mg). 
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The validation of driven wheel/hub components, as shown in Fig. 2, requires a special test 
principle and extended load file representing additional brake and torque simulation. The test 
principle, shown in Fig. 13, allows the use of  the original wheel brake and an additional brake 
disc for simulation of the driving torque. The standardized load file Eurocycle is completed by 
acceleration and braking operations which are simulated in different driving situations like 
straight, cornering, and reverse driving (Fig. 14). 

With this simulation, influences caused by torque cycles and increased brake temperature on 
wear, function, and fatigue of bearings, fasteners, and press-fitted joints also are investigated. 
Consequently, different test requirements are resulting, depending on each damage mechanism. 
The test program was validated by various car components in relation to proving ground tests 
and customer usage experience. The adjustment of test parameters is made possible based on 
vehicle data already in the development phase. 

FIG. 13 Principle of  additional brake and torque simulation. 

Vertical Force 

+ l ~ s  kt~ li- 

Torsional Moment o �9 ~ - -  ~ ~_,.'~- - ~  ~ - -  

Braking Moment o 

FIG. 14 Load program Eurocycle for driven wheels and hubs (1 lap = 30 kin). 
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Conclusion 

For the evaluation of safety components like the wheel/hub subassembly, the operational 
loading, including special event loading as well as the influence of adjacent components, must be 
taken into account. 

By using the described test procedure in the Biaxial Test Facility, all service-like 
deformations can be simulated in accelerated program tests. A reliable time, as well cost, saving 
validation of new designs, materials, and manufacturing technologies can be carried out. The 
results of experimental analysis also serve as input data for the optimization of numerical 
methods. The procedure presented was introduced by German car producers as test specification 
and is in preparation as SAE Test Specification (SAE J 2562). 
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Fatigue Life of a SG Cast Iron under Real Loading Spectra: 
Effect of the Correlation Factor Between Bending and 
Torsion 

ABSTRACT: This paper deals with the effect on life of the desynchronism between two variable 
amplitude load sequences in combined bending and torsion. Experiments were carried out on smooth 
specimens made of the EN-GJSS00-2 cast iron. The comparison between experimental lives and 
predicted ones with the following fatigue life calculation methods is presented: Smith-Watson-Topper, 
Fatemi and Socie (method proposed by Bannantine), Wang and Brown, Socie's proposal for high cycle 
fatigue, and Morel. If the scatter of experiments is considered, these experiments show a low effect of the 
correlation factor on life. All the simulated fatigue life calculation methods give good results for 
proportional loads, but their predictions are not good for non-proportional loads. Morel's proposal seems 
to be the best to predict life of the tested material with our non-proportional fatigue test conditions. 

KEYWORDS: variable amplitude, multiaxial fatigue, correlation factor, life prediction, non-proportional 
loading 
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Strain amplitude normal to the critical plane 
Normal and shear fatigue ductility coefficient 
Elastic Poisson coefficient, respectively plastic 
Maximum and mean normal stress on the critical plane 
Tensile and shear fatigue strength coefficient 
Shear stress amplitude experiencing on the critical plane 
Shear stress treshold of  non plastic flow in the Morel model 

Introduction 

Fatigue life prediction of  materials and components under variable amplitude loading, 
especially under multiaxial stress states, is always an open question. Indeed, many components 
of a car or a plane, for instance, are loaded by variable amplitude sequences generating 
multiaxial stress states. There is not a general agreement on the life calculation method able to 
predict life in such non-proportional load conditions. The aim of  this paper is to investigate the 
effect on life of the desynchronism between two variable amplitude load sequences in combined 
bending and torsion. The material tested is the EN-GJS800-2 cast iron, and the loading 
sequences are coming from service records. The comparison between predicted and experimental 
lives is done for the following fatigue life calculation methods: Smith-Watson-Topper [1], 
Fatemi and Socie [2] (method proposed by Bannantine [3,4]), Wang and Brown [5,6], Socie's 
proposal for high cycle fatigue [7], and Morel [8, 9]. 

In the first section of  this paper, test conditions, experiments, and fatigue data are detailed. In 
the second section, fatigue life calculation methods are described briefly with their simulation 
conditions. Then, fatigue data and life predictions are compared and discussed. 

Experiments 

Material and Specimens 

All experiments were carried out on smooth specimens (Kt(bending) = 1.07, 
Kt(torsion) = 1.04) made of  the EN GJS 800-2 spheroidal graphite cast iron. These specimens 
are illustrated in Fig. 1. The microstructure of  this material has a bull's eye appearance: the 
spheroids of graphite are surrounded by ferrite; spheroids and ferrite zone are included in a 
pearlitic matrix. After the treatment of heating and holding at 920~ for 1 2 h, slow cooling at 
870~ for 3 4 h, then air cooling, the main mechanical characteristics of this cast iron are as 
follows: Young's modulus --- 164.9 GPa, Poisson's ratio = 0.275, Proof (0.02 %) 
stress = 320 MPa, Proof stress (0.2 %) = 462 MPa, maximum tensile strength = 795 MPa, 
elongation after failure = 9 %, endurance limit in fully reversed plane bending = 294 MPa, 
endurance limit in fully reversed torsion = 220 MPa. This is the same material as used by Palin- 
Luc et al. [10] (see this reference for other details). 
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FIG. 1 Specimen geometry (dimensions in ram). 

Fatigue Testing Machine 

Fatigue tests were carried out with a closed-loop servo-hydraulic multiaxial fatigue testing 
machine designed in our laboratory and able to impose simultaneous bending and torsion 
moments [11]. The time evolution (i.e., shape) of  the loading signal is servo-controlled in real 
time on each actuator (bending and torsion) together with the synchronism between each loading 
signal. This means that the evolution of  the bending and torsion moments versus time is 
controlled and equal to the recorded sequence; the servo-control precision is �9 2.5 Nm. Thus, the 
power spectral density (PSD) of the loading applied on the specimen is very close to the PSD of 
the recorded sequence [12]. The peaks and valleys of the sequence are also servo-controlled. It 
must be pointed out that if only the peaks and valleys of  the signal were servo-controlled, the 
PSD of the load signal and its time evolution would not have been like the recorded sequence. 
The loading sequence was repeated until fatigue macro-crack initiation, which was detected by a 
10 % drop of the specimen stiffness. The size of the detected fatigue crack for random sequences 
is approximately 2 mm in depth on the specimen [12]. 

Loadings 

Experiments were carried out in four point plane bending, in torsion and in combined plane 
bending and torsion under a random loading sequence (Fig. 2) recorded from strain gauges stuck 
on a car suspension arm. This sequence, representing a special type of road, is short in time 
(20 s); nevertheless this is representative of  a real severe loading spectrum. A signal analysis of 
the total recorded sequence (34 s equivalent to a road of  200 m in length) shows that the 
bandwidth of  this signal is 50 Hz (Fig. 3), and its "correlation length" (minimum time window 
for stationary conditions) is around 1 s, which is very short compared with 20 s. One can 
conclude that the 20 s of  the sequence are long enough to be representative (for a spectral point 
of view) of the total sequence. The loading applied to the specimens is thus stationary and 
"pseudo-random." This sequence was applied on the specimens with a null mean value. 

The load sequence is Gaussian, as shown in Fig. 4. Its mean value is very close to zero, and 
the standard deviation of  the normalized load is around 0.32. 

This short sequence contains around 370 cycles according to the Rainflow cycle counting 
method (AFNOR standard NF03-406, "Fatigue sous sollicitations d'amplitude variable. M6thode 
Rainflow de comptage"). The cycles with the highest amplitude are distributed around a zero 
mean value (Fig. 5). Nevertheless, there are some low amplitude cycles with a great mean value. 
This kind of loading could discriminate the correction of mean value proposed by the different 
life calculation methods. 
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FIG. 2 Load sequence of the signal applied to the specimens, in plane bending, in torsion, 
and in combined plane bending and torsion. 
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FIG, 3 Power Spectral Density (PSD) of the signal applied to the specimens, in plane 
bending, in torsion, and in combined plane bending and torsion. 

FIG. 4 Probability density (on the left - dark line is a theoretical gaussian distribution) and 
probability repartition of the normalized load sequence (on the righO. 
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FIG. 5 Rainflow cycle number versus mean and amplitude moment values (torsion case). 

Two types of  fatigue tests under combined loadings were done. First, the same loading 
sequence (Fig. 2) was applied simultaneously in bending and in torsion with different ranges. 
The bending and torsion moments were synchronous. Second, the bending and torsion moments 
follow the same loading sequence but out of synchronism. 

Two different de-synchronisms between each loading were tested. For each case the 
maximum nominal stresses (elastic stresses) are the same because tests were load controlled. The 
local maximum and minimum stresses on all the sequence are given in Table 1 with the root 
mean square value of the normal and shear stresses. Maximum and minimum stresses were 
computed with an elastic-plastic finite element analysis [ 12]. 

TABLE 1 Loading conditions (stresses in MPa). 

Loading C M t , M b  O'max 17max O'min 1;min (YRMS '~RMS 

Torsion 0 254 0 -231 0 82 
Plane bending 363 0 -313 0 130 0 
Pl. bend. + To 0.04 240 186 -248 -172 90 56 
Pl. bend + To 0.62 240 186 -248 -172 90 56 
Pl. bend+ To 0.94 225 167 -233 -147 90 56 

To characterize the load desynchronism between Mt and Mb, the correlation factor, CMt, Mb, was  

computed for the complete sequence (1). 

CM,,Mb = cov(Mt, Mb) (1) 

where cov(Mt, MJ) is the covariance of  the torsion moment Mt and the bending moment Mb. SMb 

and SMt are, respectively, the standard deviation of Mb and Mt. When CMt.gb is equal to 1, the 

two loads are synchronous, there is a perfect correlation between them, and the load path is 
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proportional; when CMt, M b iS equal to 0, there is no correlation between ACt and Mb. Figure 6 
shows the different load paths corresponding to the multiaxial loadings applied to the specimens. 
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FIG. 6 Load paths applied on the specimens in combined bending and torsion with different 
correlation factors CMt, Mb (noted C). 

Fatigue Test Results 

The fatigue test results are given in Table 2. N3~5 is the median fatigue life, NJ0.16 and NJ~84 
are, respectively, the fatigue lives for a failure probability of  0.16 and 0.84. The number of 
specimens is different because test time was very long. 

TABLE 2 Results of the fatigue tests (Nf in number of sequences). 

_ _  Loading C_M~tMb Nf05 Nf0.16 Nf084 Nb. specimen 
Torsion 19 020 12 688 28 513 10 

Plane bending 11 268 5 989 21 270 10 
Plane bend. + To 0.04 49 760 21 782 113 677 4 
Plane bend + To 0.62 9 587 3 630 25 322 7 
Plane bend + To 0.94 16 496 6 269 43 406 8 

Life Calculation Method Analysis and Discussion 

Brief Literature Review 

At present, the main fatigue models presented in literature are based on critical plane 
approaches. Nevertheless, regarding all the different proposals, the choice of a particular method 
is not always evident. Models have to be chosen depending on both the material and the 
observed failure mode. Socie's works on different steels [7] also underlines that the cracking 
mode may be dependent on the fatigue regime. Nowadays it is usually accepted that for ductile 
steels, fatigue cracks initiate along the persistent slip bands (local plasticity phenomenon) 
generated by local shear stress. On the other hand, for brittle materials, crack initiation phase is 
very short, and the more adapted criteria are based on the maximum tensile stress [13,14]. To 
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take into account all the material behavior, many authors usually propose using a combination of 
shear and tensile stresses or strains calculated on a critical plane. Different criteria are tested 
hereafter: 

�9 a strain based one developed for low cycle fatigue (LCF) regime 
�9 stress based approaches proposed for high cycle fatigue (HCF) regime 
�9 a stress-strain one to predict life whatever the regime is 

In the following models, except for the Morel's one, the damage parameter used has been 
proposed originally for cyclic loading, then used by some authors for variable amplitude 
multiaxial loading [4]. 

Fatemi and Socie's Model [2 4]--When fatigue crack initiation is dominated by plastic shear 
strains, these authors recommend the use of the FS model (2). For each material plane oriented 
by the unit normal vector fi, the cycle counting method is applied on two variables: the shear 
strains gx,n(t) and gy,n(t) (see Fig. A.1 in the Appendix: coordinate system definition). 

l" i 

The right-hand side of  Eq 2 is the description of the strain-life Manson-Coffin curve in 
torsion. The term on the left-hand side represents the damage parameter on the plane 
experiencing the largest range of the shear strain (critical plane). Finally, life is computed on the 
critical plane where the total damage is maximum. In this term, kl is a material parameter 
identified by fitting uniaxial against pure torsion fatigue data. This parameter is varying with 
finite life N• When the strain-life Manson-Coffin curve is not known in torsion, FS propose to 
approximate this curve from the tensile strain-life curve [2]. 

Smith, Watson, and Topper's Model (SWT) [1]--This model was proposed for the first time 
in 1974 to take into account the mean stress effect on the tensile fatigue strength. Recently, Socie 
observed [7] that short fatigue cracks grow on the plane perpendicular to the maximum principal 
stress and strain (Mode I). He recommends using the SWT damage parameter, ~,,aO',,max (3) 
calculated on the maximum normal strain plane. For each material plane, the cycle counting 
method is applied on the normal strain En(t ) (see Fig. A. 1 in the Appendix). The critical plane is 

the plane where the damage is maximum (total Miner sum is maximum). 

) 2  

# /  (2Ni)2b + cr', g ' ,  (2Nf)b+" (3) E n ' a O ' n ' m a x  - -  E 

This criterion, which does not express any influence of the shear stress on life, is more 
adapted to brittle materials. For a finite life Nf, the ratio between the tensile and torsional fatigue 
limits is constant whatever the material is and equal to (1 + v) ~ which corresponds quite well to 
the GGG40 and GGG60 cast irons [13,14] and the studied one. 

Socie's Proposal for HCF Region [7]--According to the previous author for HCF and a 
ductile material, most of the fatigue life is consumed by crack initiation on planes where the 
shear stress amplitude is maximum. In this case, Socie proposes the stress based approach (4). 
The cycle counting algorithm is applied for each material plane on both the shear stresses Xx,n(t) 
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and Xy,n(t ) . For each one of these variables, the critical plane is that experiencing the largest 

range of the corresponding shear stress. Life is finally computed on the critical plane where the 
total damage is maximum. 

ra+k/r  . . . .  =r:'(2N:~ ~ (4) 

The right-hand side of Eq 4 is the elastic part of the strain-life. The terms of the left-hand 
side represent the damage parameters defined on the plane experiencing the largest range of the 
cyclic shear stress, k2 is a material parameter identified by fitting Eq 4 with tension and torsion 
fatigue data. 

Wang and Brown's Model [5,6]--Wang and Brown developed a model restricted first to LCF 
and MCF according to the hypothesis that fatigue crack growth is controlled by the maximum 
shear strain with an important additional role of  the normal strain excursion over one reversal of 
the shear strain acting on the plane where the shear strain is maximum. This proposal was 
extended to HCF (5) by taking into account the mean stress effect on fatigue lifetime by using 
the Morrow correction. The cycle counting algorithm is applied for each material plane on both 
the shear stresses ex,n(t) and ~y,n(t). For each one of these variables, the critical plane is this 

experiencing the largest range of the corresponding shear strain. Life is finally computed on the 
critical plane where the total damage is maximum. 

Ya-]-S.8~n=O+Oeq-g(1-Oe)) O''f-2G ...... (2Nf~ q-O+l.)p q-gO-l.)p)~lf(2Nf~ (5) 
E 

6c, is the normal strain excursion between two turning points (consecutive extrema) of the shear 
strain versus time acting on the maximum shear strain plane. S is a material parameter identified 
by fitting tension against torsion fatigue data. 

Morel Approach [8,9]--Morel developed a model for polycrystalline metals in HCF based 
on the accumulation of mesoscopic plastic strain. He assumes that crack initiation occurs by 
failure of the most stressed grains along the plane experiencing the maximum value of the 
parameter Ta, Ra~s defined by (6). This author shows that this quantity is proportional to an upper 
bound value of the cumulated mesoscopic plastic strain. 

T~:Ms(O, qk)= I?fT2e~s(O,(k,~/)d ~ (6) 

T~,RMs is the root mean square of the macroscopic resolved shear stress amplitude acting on a line 
determined by the angle W from fixed axis in the plane defined by its angles t9 and 0 [7]. 
According to the author, the number of cycles to crack initiation Nffollows the analytical Eq 7. 

N : = p l n l  ra ]+ql r"~m ) r (7) 
\ r a - r i i m )  t r -film) r, 

In this equation p, q, and r are functions of the hardening and softening material parameters, 
assuming that the behavior of each grain of  the material can be described by a three phases law 
(hardening, saturation, and softening). They can be identified by fitting an S-N curve or 



BANVILLET ET AL. ON CORRELATION OF BENDING/TORSION 575 

following the procedure described in [9]. ra is the amplitude of the macroscopic resolved shear 
stress on the critical plane, rt~m is the generalized fatigue limit depending on the loading and two 
endurance limits [9]. Note that for the Morel method, the damage accumulation is done step by 
step, so calculated life is sensitive to the order of the stress levels. 

Life Calculation Procedure Used in This Study [12] 

In the present paper, the material parameters kl and k2 are the mean values of these 
parameters for life varying between l0 s and 106 cycles. Kim and Park [15] observed for different 
materials that these values are varying with the lifetime and may influence the predictions. Thus, 
the method to identify them also could have a non-negligible role. 

Strain and stress histories are computed from the loading history (bending and torsion 
moments versus time) by using an elastic-plastic finite element analysis, with the hypothesis that 
the material (EN GJS 800-2) follows an isotropic hardening rule. Then, on the cycle counting 
variable of each model, the rainflow cycle counting method was used to extract the cycles from 
the stress or strain time history. For each extracted cycle i, the elementary damage d~ (according 
to each author) is calculated and accumulated by using the Palmgren-Miner rule. This damage 
parameter also is computed on each material plane Pfi, oriented by the unit normal vector fi, in 

order to look for the critical plane Pfic' which depends on the method. Damage is accumulated by 

using the same law, with the hypothesis D = 2~ di = 1 when the fatigue crack initiates. The Morel 
calculation method was applied using the step by step damage accumulation according to its 
author. 

Compar&on Between Predictions and Experiments 

As illustrated in Fig. 7, prediction methods (Table 3) seem to be very sensitive to the loading 
path, especially for the very low correlation factor: C = 0.04. The ratios between simulated and 
experimental life reach the value of  34. Indeed, the predictions are inside the following intervals: 

�9 SWT: Npred e [Nexp/1.1; 7.7Nexp], 
�9 WB: Npred e [-Nexp/34.6; 4.3 Nexp], 
�9 So: Npred ~ [Nexp/5.3; 16.2 Nexp]. 
�9 FS: Npred e [Nexp/4.5; 7.1 Nexp] 
�9 M: Npred e [Nexp/1.7; 5.5 Nexp] 

For any non-proportional loading tests, the errors are higher than a factor of  two, either in the 
safety area or in the unsafe one. This may be explained by the fact that all the tested methods 
were mainly developed for ductile materials, while the spheroidal graphite cast iron 
EN GJS 800-2 is not ductile. Wang-Brown and Fatemi-Socie give correct predictions, but they 
are much more scattered than Morel's proposal, whose predictions for the tested material with 
our non-proportional fatigue test conditions are less scattered compared with the experiments. Its 
predictions are inside the smallest interval [Nexp/l.7; 5.5 Nexp]. For a general point of view, the 
main predicted lives are longer than experimental lifetimes. This fact is often observed in the 
literature [13]. To correct this, Sonsino et al. [16] propose to use a damage parameter to crack 
initiation D (total Miner sum), smaller than 1. 
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Table 3 Simulation results (Nf in number of  sequences, SWT = Smith-Watson-Topper, FS = 
Fatemi-Socie, WB = Wang-Brown, So = Socie HCF, M = Morel). 

Loading CMt,M b SWT FS WB M So Nf0s 
Torsion 23 965 14 066 18 830 73 408 96 308 19 020 

Plane bending 10 297 14 050 11 180 22 797 40 403 11 268 
Plane bend .+To 0.04 380 891 11 019 1 438 29 946 9 397 49 760 
Plane bend+To  0.62 64 710 67 650 41 016 53 070 155 177 9 587 
Plane bend+To  0.94 27 693 24 333 53 309 18 492 137 216 16 496 

Effect o f  the Correlation Factor on Life 

Figure 8 shows the experimental lives and the standard deviation of the experimental life 
(with lognormal distribution hypothesis) for our different fatigue tests under combined loadings. 
The number of tested specimens is indicated in brackets. According to this figure and due to the 
scatter of experimental lives (see standard deviation), the influence of the correlation factor on 
life is low for this material and our tests. Nevertheless, a synchronism shift seems to improve 
fatigue strength (around a median life factor of five between tests where C = 0.04, and C = 0.94). 
This observation also has been done on cast iron by Grubrisic [14] and Palin-Luc [10] under 
sinusoidal loading conditions. For the studied material, under constant amplitude multiaxial 
fatigue tests (bending and torsion), the phase shift effect on the fatigue limit improves the fatigue 

strength, but only 7 % at 106 cycles [17]. Shift of phase influence is often discussed in literature. 
For Sonsino, it is dependent on both the type of test (load or strain controlled) [18] and the 
material [19]: for ductile materials (structural steels), the shift of phase reduces the fatigue 
strength; semi-ductile materials (forged aluminium, cast steels) are not sensitive to the shift of 
phase, and the phase shift improves the fatigue strength of brittle materials (cast aluminium, cast 
iron, sintered steel). 
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FIG. 8 Experimental life On sequences) versus the correlation factor for fatigue tests in 
combined bending and torsion," 68 % of  the possible lives are in the interval illustrated by the 
vertical straight lines (standard deviation). 

One reason for this low influence is proposed. The material used for machining the 
specimens is not completely brittle. Furthermore, fatigue tests were carried out under load 
control: that means that nominal stresses were controlled for each test, but local stresses were 
different. Elastic-plastic finite element analysis shows that local small plastic strains occurred in 
the specimens loaded under synchronous loadings. For synchronous combined bending and 
torsion tests (C = 0.94), the maximum Von Mises equivalent stress was equal to 391 MPa. This 
is higher than the corresponding value for uncorrelated tests (C = 0.04), for which the maximum 
Von Mises equivalent stress was 333 MPa. In this last case, total strains were smaller than under 
proportional fatigue tests (C = 0.94); thus, life may be a little bit longer than under synchronous 
tests. 

Conclusion and Prospects 

Random multiaxial fatigue tests (with stress controlled conditions) carried out on smooth 
specimens made of the EN GJS 800-2 spheroidal graphite cast iron show a low influence on the 
median life of the correlation factor between the bending and torsion loadings. This effect is not 
significant in middle high cycle fatigue if the scatter of experiments is considered. Local small 
plastic strains are pointed out to explain this. Comparison between fatigue data and simulations 
made with five fatigue life calculation methods shows that their predictions are good for 
proportional loadings, but there are large errors for non-proportional loadings, probably because 
most of  the methods were proposed for ductile materials. Morers proposal gives the best 
predictions for this SG cast iron and these tests. According to the fact that most of the predictions 
are unsafe, it seems prudent to use a damage parameter lower than 1 to predict crack initiation in 
design department. This point is in agreement with Sonsino's [16] conclusions. 

The knowledge of the material behavior under non-proportional load paths always remains 
an open question, and research must progress in this way. Future work also must be done to 
develop a life prediction method adapted to non-proportional loading case. 
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Appendix 
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(2,)3,s cartesian coordinates system linked with the specimen surface. 
(2',~',ff) cartesian coordinates system linked with de plane Pfi orientated by ft. 

FIG. A. 1 Coordinate systems used to define the unit normal vector fi orientating each 
material plane Pfi at the point M on the surface of the specimen. 
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Fracture mechanics, 186, 232, 278 
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Welded joints, 492, 535 
Welding irregularities, 420 
Wheel/hub subassembly, 557 


	Foreword
	Contents
	Overview
	Principles of Variable Amplitude Fatigue Design and Testing
	Role of Variable Amplitude Fatigue Standards in Improving Structural Integrity
	A Framework for a Standardization Effort for Fatigue Crack Growth Testing Under Variable Amplitude Spectrum Loading
	Variable Amplitude Fatigue Crack Growth Using Digital Signal Processing Technology
	Variable Amplitude Loading on a Resonance Test Facility
	Development of a DCPD Calibration for Evaluation of Crack Growth in Corner-Notched, Open-Hole Specimens
	The F/A-18E/F Full-Scale Static and Fatigue Test Programs - An Overview
	Spectrum Editing for a Full-Scale Fatigue Test of a Fighter Aircraft Wing with Buffet Loading
	Large Commercial Aircraft Loading Spectra: Overview and State of the Art
	Spectrum Fatigue Testing and Small-Crack Life Prediction Analysis on a Coupon Similar to a Critical Design Detail of a CF188 Hornet Component
	Effect of Transient Loads on Fatigue Crack Growth in Solution Treated and Aged Ti-62222 at-54, 25, and 175° C
	Spectrum Coupon Testing of Fatigue-Resistant Fasteners for an Aging Military Aircraft
	Crack Initiation at a Notch under Constant and Selected Variable Amplitude Loading Conditions
	Fatigue Resistance Evaluation and Crack Kinetics Study for Aero Engine Fan Blades under Random Vibration
	High Cycle Variable Amplitude Fatigue of a Nodular Cast Iron
	Prediction of Crack Growth Under Variable-Amplitude and Spectrum Loading in a Titanium Alloy
	A Model for the Inclusion of Notch Plasticity Effects in Fatigue Crack Growth Analysis
	Comparisons of Analytical Crack Closure Models and Experimental Results Under Flight Spectrum Loading
	Multi-Mechanism Synergy in Variable-Amplitude Fatigue
	Crack Growth and Closure Behavior of Short and Long Fatigue Cracks under Random Loading
	Calculation of Stress Intensity Factors for Cracks in Structural and Mechanical Components Subjected to Complex Stress Fields
	Fatigue Life Modelling and Accelerated Tests for Components under Variable Amplitude Loads
	On the Causes of Deviation from the Palmgren-Miner Rule
	Fatigue Design and Experimentations with Variable Amplitude Loadings in the Automotive Industry
	High Cycle Fatigue Testing and Analysis Using Car Standard Sequence
	Degradation Parameters and Two-Stress Block Fatigue of Angle-Ply Carbon Fiber Reinforced Epoxy
	Study on Fatigue Design Loads for Ships Based on Crack Growth Analysis
	Life Prediction by Observation and Simulation of Short Crack Behavior in a Low Carbon Steel
	Effect of Overloads and Underloads on Fatigue Crack Growth and Interaction Effects
	Overload Effects in Aluminum Alloys: Influence of Plasticity and Environment
	Periodic Overloads in the Near Threshold Regime
	Fatigue Reliability Analysis of an Overload Effect in Welded Joints Including Crack Initiation and Plastic Zone as Random Variables
	Load History in Fatigue: Effect of Strain Amplitude and Loading Path
	Fuzzy Probabilistic Assessment of Aging Aircraft Structures Subjected to Multiple Site Fatigue Damage
	Probabilistic and Semi-Probabilistic Format in Fatigue Ship Classification Rules
	Comparison of the Rain Flow Algorithm and the Spectral Method for Fatigue Life Determination Under Uniaxial and Multiaxial Random Loading
	Validation of Complex Wheel/Hub Subassemblies by Multiaxial Laboratory Tests Using Standardized Load Files
	Fatigue Life of a SG Cast Iron under Real Loading Spectra: Effect of the Correlation Factor Between Bending and Torsion
	Author Index
	Subject Index



