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Foreword 

The Symposium on Fatigue at Low Temperatures was presented in Louis
ville, Kentucky, on 10 May 1983 at the ASTM May committee week. ASTM 
Committees E-9 on Fatigue and E-24 on Fracture Testing sponsored the 
event. R. L Stephens, The University of Iowa, served as symposium chairman 
and has also edited this publication. The symposium organizing committee 
and session chairmen were W. W. Gerberich, The University of Minnesota, 
D. E. Pettit, Lockheed-California Company, R. L. Tobler, National Bureau 
of Standards, and R. L Stephens. 
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Introduction 

Many fatigue designs, in quite diversified fields of engineering, must oper
ate at temperatures below room temperature. These operating temperatures 
may be as low as 219 K (—54°C) for ground vehicles, civil structures, pipe
lines, and aircraft, 110 K (— 163°C) for natural gas storage and transport, 77 
K (-196°C) for liquid nitrogen storage and transport, 20 K (-253°C) for 
aerospace structures, and 4 K (—269°C) for superconducting electrical ma
chinery. This volume brings together the latest basic and applied research on 
fatigue at these low temperatures. 

There has long been a need for a publication such as this. An appreciable 
period of time has passed since the major reviews on the subject (Teed in 
1950 and Forrest in 1963).' Also, a review of fatigue textbooks indicates that 
they give little attention (from zero to about four pages) to fatigue at low 
temperatures. Many of these textbooks have suggested that fatigue design at 
room temperature is very often satisfactory for low temperatures. Substan
tial fatigue data do exist that promote this concept; however, most of these 
data have been obtained under constant-amplitude conditions, which can 
lead to erroneous design decisions. Even with constant-amplitude tests, 
however, sufficient data exist that invalidate the general concept that fatigue 
resistance at low temperatures is equal to or better than fatigue resistance at 
room temperature. In addition, variable-amplitude low-temperature fatigue 
behavior data are quite scarce. Thus a general lack of complete confidence in 
and understanding of fatigue behavior at low temperatures currently exists. 
It is hoped that this ASTM publication will lead to improving our knowledge 
concerning fatigue at low temperatures. 

This volume consists of 16 papers on low-temperature fatigue. Seven pa
pers involve cryogenic temperatures with Hquid nitrogen (77 K), Uquid hy
drogen (20 K), or liquid helium (4 K), and nine papers deal with noncryogenic 
temperatures. The book is divided into two sections: (1) Mechanisms and 
Material Properties, and (2) Spectrum Loading, Structures, and Applica
tions. Within each section, the cryogenic temperature papers have been sep
arated from the noncryogenic papers. 

' Teed, P. L., The Properties of Metallic Materials at Low Temperatures, Chapman and Hall, 
London, 1950; Forrest, P. G., Fatigue of Metals, Pergamon Press, Elmsford, N.Y., 1963. 
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2 FATIGUE AT LOW TEMPERATURES 

The international flavor of this volume should be noted. Papers have been 
contributed by authors from the United States, Japan, the Soviet Union, Is
rael, China, and the United Kingdom. The authors' affiliations include uni
versities (Metallurgy, Material Science, and Mechanical Engineering De
partments), industry (including aerospace, steel, and nuclear fields), and five 
different governmental research laboratories. 

The principal aspect of fatigue at low temperatures studied in this volume 
is fatigue crack growth of metals using compact type, center cracked panels, 
or bend specimens under constant-amplitude loading. The fatigue crack 
growth rates investigated range from 5 X 10~" to 10"* m/cycle, with a fairly 
even distribution between threshold and near-threshold interests, to that 
above 10~* m/cycle. Four papers discuss fatigue crack growth behavior 
under spectrum loading; one of these papers also studies fatigue crack initia
tion under spectrum loading using a notched specimen. Low-cycle strain-
controlled fatigue using smooth uniaxial specimens with e-A^ (strain versus 
cycles to failure) and cyclic softening/hardening behavior is covered in two 
papers, and fiberglass epoxy laminate 5-A^ (stress versus cycles to failure) fa
tigue behavior is investigated in another. The metal alloy systems discussed 
include carbon or low alloy wrought and cast steels, austenitic stainless 
steels, high-manganese austenitic stainless steels, and base alloys of alumi
num, magnesium, titanium, and nickel. Analysis of fatigue behavior has re
lied heavily on electron fractography, especially in the areas of ductile- and 
cleavage-type fatigue crack growth. Crack closure, crack-tip plasticity, yield 
strength, ductile/brittle transitions, and dislocation dynamics are the princi
pal means of discussing the test results. 

It is believed that this volume, with its wide-ranging coverage of materials 
processing, loading types, temperatures, fractographics, mechanisms, and its 
325 cited references (some repeated in different papers), provides an impor
tant contribution to the subject of fatigue at low temperatures. This publica
tion will be beneficial to material scientists, metallurgists, and engineers in
volved in research and design under fatigue conditions at both cryogenic and 
noncryogenic low temperatures. 

R. I. Stephens 
Mechanical Engineering Department, 

The University of Iowa, 
Iowa City, lA; symposium 
chairman and editor 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Mechanisms and Material Properties 

Cryogenic Temperatures 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Ralph L. Tobler and Yi-Wen Cheng 

Midrange Fatigue Crack 
Growth Data Correlations 
for Structural Alloys at 
Room and Cryogenic 
Temperatures 

REFERENCE: Tobler, R. L. and Cheng, Y. W„ "Midrange Fatigue Crack Growth Data 
Correlations for Structural Alloys at Room and Cryogenic Temperatures," Fatigue at 
Low Temperatures, ASTM STP 857, R. I. Stephens, Ed., American Society for Testing 
and Materials, Philadelphia, 1985, pp. 3-30. 

ABSTRACT: Fatigue crack growth rate data for pure metals, structural alloys, and 
welds at temperatures from 295 to 4 K are selectively reviewed. The data for more than 
200 material and temperature combinations are discussed in terms of the parameters C 
and n for the midrange of the da/dN-veisus-AK curve. Fatigue resistance varies greatly 
among the different alloy classes and crystal structure types, especially at extreme cryo
genic temperatures, where alternative failure mechanisms emerge. Good general corre
lations were achieved on the basis of Young's modulus, fracture toughness, and empir
ical equations relating C and n for each alloy class. 

KEY WORDS: austenitic stainless steels, cryogenic properties of metals, fatigue, fa
tigue crack growth, fracture toughness, structural alloys, Young's modulus 

To the surprise of many at the time, Paris and his colleagues [1,2] corre
lated fatigue crack growth rates (da/dN) with the linear-elastic stress inten
sity factor range (AA^. For the midrange of the rfa/c/iV-versus-AA'curve they 
proposed the power-law equation 

da/dN =C(AK)" (1) 

where the parameters Cand n were interpreted as material constants. Subse
quent studies have shown that material behavior in this range is governed by 
continuum mechanics and is strongly dependent on Young's modulus (E). 
Often there is a remarkable insensitivity to metallurgical and microstructural 
variables [3,4]. In theory, the conventional mechanical properties, such as 

The work described in this paper is supported by the Office of Fusion Energy, Department of 
Energy, and is not subject to copyright. 

The authors are with the Fracture and Deformation Division of the National Bureau of 
Standards in Boulder, CO 80303. 
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6 FATIGUE AT LOW TEMPERATURES 

yield strength (oy) and fracture toughness (K\c), play significant roles, but in 
practice their influence has been difficult to predict. 

For alloy families at room temperature, it has been shown that the coeffi
cients and exponents of Eq 1 are related by the expression 

C=A{\/AKo)" (2) 

or, equivalently, 

log C = log ^ + n log (l/AKo) (3) 

Kitagawa and Misumi [5,6] first demonstrated these relationships for ferritic 
steels. Correlations for austenitic steels, titanium alloys, and aluminum al
loys (all at room temperature) indicate that for each alloy system A and AKo 
depend on the fatigue stress ratio (R), but are independent of metallurgical 
and microstructural variations and environment to a considerable extent 
[7-15]. Here, the parameters A (mm/cycle) and A^o (MPa-m"^) correspond 
to the coordinates of a pivot point where the da/dN-\eTsus-AK curves for a 
given alloy system intersect [75]. 

The present paper surveys the available data for cryogenic structural al
loys, seeking simple correlations between fatigue crack growth rates and 
conventional mechanical properties. Following a previous study [16], Eqs 2 
and 3 are used to describe data at cryogenic temperatures where the Cand n 
parameters for materials show great variations. Hvot points for various 
alloy families are calculated and compared, and the concepts of structure-
sensitive and structure-insensitive da/dN behavior are discussed. 

Materials and Procedures 

The C and n parameters for a variety of materials [17-44]^ were collected 
and reviewed. The alloys of interest are grouped as follows: 

1. Ferritic nickel steels (high-modulus body-centered-cubic [bcc] alloys). 
2. Austenitic stainless steels (high-modulus face-centered-cubic [fee] al

loys, stable or metastable with respect to martensitic phase transformations 
at cryogenic temperatures). 

3. Nickel-base superalloys (high-modulus fee alloys). 
4. Titanium-base alloys (intermediate-modulus hexagonal close-packed 

[hep] or hep + bcc alloys). 
5. Aluminum-base alloys (low-modulus fee alloys). 

' See also Tobler, R. L. and Reed, R. P., "Interstitial Carbon and Nitrogen Effects on the Cry
ogenic Fatigue Crack Growth of AISI Type 304 Stainless Steels," submitted to Journal of Test
ing and Evaluation. 
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TOBLER AND CHENG ON MIDRANGE FCGR DATA CORRELATIONS 7 

Data describing pure metals and austenitic steel or nickel-base alloy welds 
produced by various processes and filler metals are also briefly considered. 

The majority of the data were measured at the National Bureau of Stan
dards by using compliance methods and compact or bend specimens with 
constant-amplitude loading, typically at a stress ratio of R= 0.1 and at fre
quencies of 20 ± 10 Hz. Additional relevant data from other sources are in
cluded for comparison and confirmation, but an exhaustive search was not 
attempted. Three temperatures and media are of primary interest: 296 ± 2 K 
(room-temperature air), 76 or 77 K (liquid nitrogen), and 4 or 4.2 K (liquid 
helium). At these temperatures, substantial tensile, fracture, and elastic 
property data are available for correlations. The ^ic values referred to in the 
text are direct measurements or estimates from 7-integral tests. The £ moduli 
are taken from original publications, handbooks, or review papers [45-47]. 
For further details it is necessary to refer to the original publications 
[17-441 

Results 

General data trends for alloy systems of major engineering significance are 
presented in Fig. 1. Each alloy system shows greater property variations at 
cryogenic temperatures than at room temperature. Three alloy systems are 
considered: (1) ferritic steels containing up to 18% nickel (Ni) (bcc struc
tures), (2) austenitic stainless steels (fee, both stable and metastable alloys), 
and (3) austenitic nickel-base alloys (stable fee structure). The pivot points 
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FIG. 1—Fatigue crack growth rate data trends for alloys at room and cryogenic temperatures. 
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8 FATIGUE AT LOW TEMPERATURES 

for these data are discussed later in the text. The general behavior is summar
ized below. 

At 295 K, the materials are ductile and tough, and fatigue crack growth is 
produced by reversed plastic flow in the crack tip zones. The fatigue expo
nent (n) typically ranges from 2 to 4. Striation formations, resolvable by 
scanning electron microscopy at higher AAT, are the principal failure 
mechanisms. 

At 76 or 4 K, behavior is more diverse. Systematic compositional effects 
emerge, such as the effect of nickel content in the ferritic steels at low 
temperature. In many cases, the ductile striation mechanisms at 295 K are 
replaced by brittle mechanisms at 76 or 4 K, and the fatigue exponents are 
inflated to values greater than 4. Transgranular or intergranular fatigue 
facets are observed, even in some austenitic stainless steels. Extensive mar-
tensitic phase transformations occur in some metastable austenitic stainless 
steels and may affect behavior at cryogenic temperatures. 

Correlation of n with Yield Strength or Fracture Toughness 

Figure 2 illustrates relationships between the fatigue exponents and the 
conventional material properties for alloys having nearly equivalent values 
of £•. As shown, n tends to increase at high Oy or at low ^ic. (In general, oy is 
inversely related to Kic.) The sizable scatter here occurs because data for dif
ferent steels and nickel-base alloys have been combined with data for welds. 
The n-versus-A'ic plots for individual alloy families (Figs. 3 and 4) show 
more uniform trends. In these figures, two regions of behavior are clearly 
identifiable: 

1. Region I (the low-toughness region)—The fatigue behavior depends on 
^ic, n increasing as ^ic decreases. 

2. Region II (the high-toughness region)—The fatigue behavior is inde
pendent of ^ic, and n remains constant in the range 2 to 4. 

This two-stage behavior appears to be a basic feature for all metals. The 
point of transition from toughness-dependent to toughness-independent be
havior is material-dependent and not yet predictable. Apparently the transi
tion point hinges on the type of failure mechanisms operating, and these can 
be gaged approximately by the magnitude of ^ic. In Region I, brittle fatigue 
and fracture mechanisms are observed, whereas in Region II, ductile mecha
nisms are observed. The significance of the failure mechanisms in affecting 
this two-stage behavior is taken up later in the discussion. 

A correlation between n and Kic (Region I) has significant implications. 
Like ay, Kic is dependent on metallurgical and microstructural variables and 
temperature. Since regions of ^ic-dependent and /sTic-independent behavior 
exist, a broader conclusion follows, namely that the fatigue crack growth 
data of materials in general must exhibit two regimes of behavior. One is 
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FIG. 2—Correlation of fatigue exponent n with the conventional yield strength and fracture 
toughness. 

sensitive to metallurgical variables and temperature, while the other is not. 
The following sections demonstrate some ramifications of this idea for low-
temperature fatigue. 

Correlation of n and Temperature 

In Region I, where n is inversely related to ^ic, a dependence of « on test 
temperature is expected, since temperature influences K\c. This is shown in 
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10 FATIGUE AT LOW TEMPERATURES 
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TOBLER AND CHENG ON MIDRANGE FCGR DATA CORRELATIONS 11 

Figs. 5 and 6, where n and A'lc are plotted versus temperature for 9% Ni fer-
ritic steel and a high-strength Fe-18Cr-3Ni-13Mn-0.37N austenitic steel. In 
both cases, n becomes inversely related to Kic and increases to values greater 
than 4 at extreme cryogenic temperatures when Kic is reduced sufficiently to 
reach Region I. 

As noted previously, there is no similar effect for the conventional AISI 
300 series austenitic stainless steels [16]. The explanation relates to the corre
lation between n and Kic, as described above. High-strength alloys such as 
ferritic steels, are subject to ductile-brittle transitions (DBT). AISI 300 series 
stainless steels, owing to their fee structure and relatively low or medium 
strength, do not exhibit DBT transitions, even at extreme cryogenic tempera
tures. Thus, as the temperature is decreased to the cryogenic range, ferritic 
steels shift from Region II to Region I behavior, whereas AISI 300 series 
steels always maintain Region II behavior. 

Correlation of n and Composition 

Nickel additions to ferritic steels lower the DBT temperature while in
creasing Kic at subtransition temperatures. Therefore composition is a cru
cial influence on ferritic steels at low temperatures. In Fig. 7, n for ferritic 
steels is plotted as a function of nickel content at two temperatures, one am
bient and one cryogenic. At 76 K, n decreases as nickel increases from 0 to 
5%, but at higher nickel contents n is insensitive to composition. Again, this 
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FIG. 5—Effect of temperature on n and Kic for 9% Ni ferritic steel. 
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relates to the interaction of n with Kic, this time the outcome depends on 
whether the composition is conducive to Region I or Region II behavior. The 
Fe-Ni binary alloys behave similarly [48]. 

Correlation of log C and n 

The purpose of this section is to apply Eqs 2 and 3 to cryogenic data. Ac
cordingly, the log C-versus-« plots for various structural alloys are shown in 
Figs. 8 and 9. Each data set demonstrates the C and n dependence expected 
from Eq 3, which makes it possible to seek correlations with one parameter 
(n) only. 

Data for pure iron [77], titanium [39], and aluminum [40,41] are also plot
ted using solid symbols ( • = 295 K, A = 77 K) on the appropriate graphs in 
Figs. 8 and 9. In comparison, pure metals often do not fit the data trends for 
their respective alloys. For unalloyed iron and aluminum, the temperature 
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reduction from 295 to 76 K produces contrary effects: in the case of iron, log 
C decreases while n decreases, whereas for aluminum, log C decreases while 
n is constant. In contrast, Eq 3 indicates that log C should decrease as n 
increases. 

Least-squares regression analyses for the log C-versus-« plots, excluding 
the nonconforming data for pure metals, are summarized in Table 1. Fairly 
good fits are obtained, some of which may be improved by distinguishing 
temperature effects or differences in failure mechanisms. As listed in Table 1, 
the correlation coefficients range from 0.92 to 0.99 (1.0 implies a perfect 
correlation). Characteristics of the alloys' distinctive fatigue behavior are 
noted in the following paragraphs. 

Ferritic Steels—The spread of n increases at 4 K, reaching values up to 8. 
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16 FATIGUE AT LOW TEMPERATURES 

A single log C-versus-n regression apparently fits the majority of data from 
295 to 4 K. The scatter increases, however, when cryogenic data are admitted 
to the correlation, and it is appropriate to exclude data for extraordinarily 
brittle steels from the correlation [15]. 

AISI300 Austenitic Series Stainless Steels—The log C-versus-« plot ap
pears to be temperature-independent from 295 to 4 K, and n does not in
crease significantly at 4 K, in contrast to the behavior of ferritic steels. 

Other Austenitic Stainless Steels—In this group are the Fe-Cr-Mn, Fe-Ni-
Cr, and Fe-Cr-Ni-Mn-N steels that were not included in the AISI 300 series. 
Owing to exceptional strength in some grades, a behavior similar to ferritic 
steels is observed at 4 K: high n values (up to 8) are obtained and the scatter 
in log C-versus-n plots increases. 

Nickel Alloys—The available data are for superalloys having E moduli 
only slightly higher than steels. For these alloys the correlations slightly im
prove if temperature effects are separated; the log C-versus-« plots then give 
a slightly lower pivot point at 76 and 4 K than at 295 K. 

Titanium Alloys—The data are limited to measurements for some Ti-5A1-
2.5Sn and Ti-6A1-4V alloys, for which the log C-versus-/i plot shows a high 
correlation with no temperature dependence. 

Aluminum Alloys—Again, cryogenic data are limited, but the correlation 
coefficients for log C versus n improve significantly if temperature effects are 
distinguished. The pivot point and log C-versus-« trend at 76 and 4 K is 
clearly lower than at 295 K. This is similar to the effect observed in the nickel 
alloys, but stronger. The 295 K data derive largely from tests of a 3003-0 
alloy in various environments, but there is no discernible environmental ef
fect on log C versus n. 

Pivot Points 

The pivot points corresponding to each of the aforementioned alloy fami
lies are listed in Table 2. Approximate agreement among different alloy sys
tems is found after normalization. Two normalizing parameters were consid
ered: AKo/E and AKo/iE \Jb) [14], where b is the equivalent of the Burgers 
vector and is taken from Cullity's list [49] of the distances of closest atomic 
approach for unalloyed metals. The correlationis based on AKo/E and on 
AKo/{E sjb) are equally effective. 

Discussion 

Log C-versus-n Correlations 

In principle, Eq 2 predicts that all da/dN curves must intersect at a single 
point (A, AKo) and fan out as a function of « [75]. In fact, there are numerous 
materials with da/dN-versus-AK trends that fail to intersect at the calcu
lated "pivot points." In practice, therefore, Eq 2 has been used to approxi-
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18 FATIGUE AT LOW TEMPERATURES 

mate the entire data base, which includes nonconforming material behav
iors. Under these circumstances, the calculated pivot points for various 
material classes are a measure of the center of gravity for the data in a statis
tical sense. 

One limitation of representing fatigue crack growth results in terms of log 
C-versus-M plots and pivot points is that the AK ranges for the associated 
da/dN are not conveyed. Therefore, interpretations concerning individual 
alloy behavior must be guarded in view of the unspecified information and 
the approximate nature of such representations. 

Although the log C-versus-n correlations are approximate, their useful
ness for certain purposes cannot be denied. In this paper, the format sug
gested by Eq 3 provided a basis for concise data presentation, summary, and 
comparison. The trends of Figs. 8 and 9 serve to distinguish the exceptional 
behavior of pure metals. Similarly, some errors in the published Cand n data 
for structural alloys were identified, since they disagreed with general trends. 
Finally, the pivot point normalizations conclusively demonstrate the strong 
effect of Young's modulus on da/dN. 

Significance of Young's Modulus 

Fatigue is the result of plastic deformation processes, but under the as
sumption of small-scale yielding, any plastic deformation is limited and lo
calized at the crack tip. It is therefore possible to correlate da/dN v/'\\h elastic 
parameters. For midrange behavior, da/dN is directly proportional to AK 
(an elastic stress-intensity factor) and l/E (reciprocal of the elastic modulus). 
As a fundamental physical property relating to atomic binding forces. 
Young's modulus figures prominently in dislocation theory as well as contin
uum mechanics. A dependence of da/dN on l/E is explicit in some analytical 
models of fatigue crack growth [3]. The significance of the modulus in fa
tigue crack growth is likewise evident from experimental correlations. The 
normalizing parameter (AK/E) was first proposed by Anderson [2] and later 
used to correlate striation spacings [50], pivot points [14], and macroscopic 
fatigue crack growth rates [4]. 

From a materials viewpoint, E is fixed mainly by the primary alloy ele
ments and is weakly dependent on secondary alloy elements, microstructure, 
and such related variables as cold work, heat treatment, or phase transfor
mations [45]. Therefore, alloys of a given base metal system are always 
closely grouped with respect to elastic properties. It follows that if da/dN is 
strongly influenced by £ and weakly dependent on the conventional mechan
ical properties, as postulated for Region II, then a structure-insensitive be
havior is expected, since E itself is structure-insensitive. 

Typically, the Young's moduli for metals at low temperature show "regu
lar" behavior [45]: a nearly linear increase below 295 K, a plateau near 76 K, 
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and little or no change between 76 K and absolute zero. For the alloys of this 
survey, the overall increase of E between 295 and 4 K never exceeds 11%. 
Such small changes are consistent with temperature-insensitive behavior in 
Region II. 

Maraging steels seem to provide an excellent example of the structure- and 
temperature-insensitive Region II type behavior just described. Data for 
18% Ni maraging steel at 295 K show no change in da/dNiox the aged and 
unaged conditions [57], while for the unaged condition there is no difference 
in da/dN at 295 and 76 K [23], In contrast, strong effects on Oy and ATic are 
induced by aging or test-temperature reduction. The observations are plau
sible, assuming Region II behavior, because the aging step and test-tempera
ture reduction to 76 K will increase E by only 9 and 5%, respectively. 

Additional evidence for the role of Young's modulus derives from Fig. 1. 
If the 295 K data presented there are superimposed, the bands for the three 
material classes nearly overlap, despite significant differences in composition 
(iron- versus nickel-base) and crystal structure (bcc versus fee, stable or meta-
stable). This explanation is offered: these alloys have nearly equivalent mod
uli, and at 295 K all undergo fatigue by relatively ductile mechanisms involv
ing reversed plastic flow in Region II where rather wide variations of oy and 
Kic are of minor consequence to fatigue crack growth. 

Temperature Dependence 

Some alloys show improved fatigue resistance at cryogenic temperatures, 
whereas others are degraded. 

An improved performance cannot be attributed to favorable temperature 
effects on E, since any increase between 300 and 4 K is too small to account 
for measurable improvements in fatigue crack growth rates. Instead, we as
sume that significant temperature effects on the fatigue resistance at cry
ogenic temperatures are induced when the plastic work for fatigue crack 
propagation is altered. This may occur in conjunction with failure mode 
transitions, the effects combining competitively or synergistically to account 
for the diversity of behaviors observed at 76 or 4 K compared with those at 
295 K. 

Fine and Davidson [52] report the measurements of plastic work. Al
though few data are available at present, it is clear that temperature reduc
tions can improve the fatigue crack growth resistance of some metals at cry
ogenic temperatures by increasing the plastic work for fatigue failure. For 
example, pure aluminum exhibits a hundredfold decrease of rates as temper
ature drops from 295 to 77 K, and the associated increase of energy required 
for unit fatigue crack extension at 77 K has been measured [41]. For an iden
tical temperature reduction, the rates for the solid-solution alloy 5083-0 de
crease three or four times [42]. Thus a similar but less powerful effect may 
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20 FATIGUE AT LOW TEMPERATURES 

operate in alloys. This may explain the improved fatigue crack growth resis
tance of the aluminum-base, nickel-base, and stable iron-base alloy families 
at cryogenic temperatures [26], but confirmation is needed. 

Failure Micromechanisms 

Temperature-induced transitions in microfailure mechanisms can intro
duce beneficial or detrimental effects, since the plastic work required for fa
tigue crack extension may thereby be increased or decreased. Transitions 
from ductile to brittle mechanisms cause a shift from Region II to Region I 
behavior as described in the text. In Fe-18Cr-3Ni-13Mn-0.37N steel, for ex
ample, the incidence of brittle mechanisms at 4 K drastically increased n 
(Fig. 5), eclipsing any favorable trend that may have been expected from a 
temperature effect on plastic work without a transition in failure mode. 

The explanation offered for high n values in low-toughness alloys is that 
brittle-failure mechanisms associated with monotonic loading begin to oper
ate concurrently with the cyclic mechanisms of crack growth [53-55]. This 
was proposed in a study of ferritic steels at room temperature where the brit
tle mechanism was intergranular fracture [54]. Another brittle mechanism 
common in ferritic steels at low temperature is transgranular cleavage. Both 
mechanisms generate brittle facets and both are sensitive to the maximum 
applied K level because they are subject to a critical tensile-stress failure 
criterion. 

Inflated fatigue exponents with degraded fracture toughness occurs more 
commonly at cryogenic temperatures, owing to the increased probability of 
brittle failure mechanisms. In fact, this phenomenon is virtually universal at 
extreme cryogenic temperatures, having now been observed in some aus-
tenitic steels, as well as ferritic steels, and nickel-base, magnesium-base, and 
titanium-base alloys [56-58]. Among austenitic stainless steels, the high-
strength Fe-Cr-Ni-Mn-N steels are susceptible at 4 K, whereas the relatively 
low-strength Fe-Cr-Ni (AISI 300 series) steels are not. Such behavior in 
austenitic stainless steels may seem surprising, since these materials are gen
erally reputed to be ductile and tough at all temperatures. The newly devel
oped Fe-Cr-Ni-Mn-N steels, however, contain up to 0.4% nitrogen, high 
enough to elevate ay and reduce .̂ ic sufficiently at 4 K to attain Region I 
behavior. 

The brittle mechanisms operating in cryogenic austenitic alloys may in
clude transgranular crystallographic faceting, slip-band decohesion, twin-
boundary parting, and intergranular fracture. Some representative fracto-
graphs are shown in Figs. 10 and 11. The brittle mechanisms operating at 
4 K are quite distinct from the striation mechanisms operating at 295 K (Fig. 
10). For example, a pronounced transgranular faceting occurs in annealed 
Fe-18Cr-3Ni-13Mn-0.37N austenitic stainless steel at 4 K (Fig. 11a). Inter-
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•'^^^)^m. .^-

FIG. 10—Fatigue failure mechanism in Fe-18Cr-3Ni-I3Mn-0.37N austenitic stainless steel at 
295 K. 

granular failure in this steel at 4 K is also induced after sensitization treat
ments, owing to the embrittling effects of chromium carbonitride precipita
tion along the grain boundaries (Figs. 1 \b and 1 Ic). 

Favorable transitions in fatigue failure mechanisms are also possible, al
though less common. An outstanding example of a favorable transition 
occurs in metastable AISI 304L stainless steel. In this steel, the usual trans-
granular crystallographic mechanism at 295 K (Fig. 12) is replaced at 76 K 
by a unique transgranular mechanism involving very fine, nondistinct fea
tures producing a very smooth macroscopic failure surface (Fig. 13). This 
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FIG. W—Fatigue failure mechanisms in Fe-18Cr-3Ni-13Mn-0.37N austenitic stainless steel 
at 4 K. 
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FIG. 12—Fatigue failure mechanism in AISI304 L stainless steel at 295 K. 
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FIG. 13—Fatigue failure mechanism in AISI 304 L stainless steel at 4 K. 
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transition is associated with extensive martensitic phase transformations and 
a significant reduction of da/dN.^ The austenitic instability appears to be di
rectly responsible for the improved fatigue resistance, for reasons discussed 
by Schuster and Altstetter [59]. 

Summary and Conclusions 

The midrange fatigue crack growth rate data for a variety of structural al
loys at room and cryogenic temperatures have been selectively reviewed. The 
presentation of data follows a format suggested by the Kitagawa-Misumi 
equation, where log C is plotted versus n. Hvot points are calculated for cry
ogenic alloys, regions of structure-sensitive and structure-insensitive behav
ior are identified, and the significance of some factors influencing the 
temperature dependence of fatigue crack growth are briefly discussed. 

On the basis of pivot point calculations. Young's modulus exerts a domi
nant effect in that AKo/E approximately normalizes the data for different 
alloy families. Within each family the behavior is strongly influenced by fail
ure mechanisms. Plastic work and cyclic stress-strain properties are highly 
relevant to the determination of fatigue property correlations, but such data 
are generally unavailable for cryogenic alloys. In the absence of these data, 
correlations were sought by using conventional mechanical properties. 
Those correlations demonstrate that two regions of behavior exist for struc
tural alloys: 

1. In Region I, da/dNh temperature- and microstructure-sensitive; E, Oy, 
and ^ic influence the results. 

2. In Region II, da/dN is temperature- and microstructure-insensitive; E 
influences the results, whereas Oy and ^ic appear to be irrelevant. 
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DISCUSSION 

H. O. Fuchs ' {written discussion)—Please explain the significance of AATo. 

R. L. Tobler and Y. W. Cheng (authors' closure)—An ideal fit to Eq 2 means 
that the da/dN-\exs\xs-i^K curves for a given body of data will intersect at the 
pivot point {A, AATo). Then if the data conform to Eq 2 independently of test 
temperature, the da/dNcuT\cs will intersect and fan out as a function of n, as 
Fig. 14 indicates. 

In practice, however, data collections for alloy systems invariably show 
numerous examples of specific materials with da/dN curves that fail to inter
sect at the calculated "pivot points". Under these circumstances Eq 2 only 
approximates the entire data base, which contains nonconforming material 
behaviors, and the pivot point becomes a measure of the center of gravity of 
the data scatterband. 

Given a linear correlation between log C and «, there are at least two im
plications of significance. First, it is implied that the power-law constants re
duce to one independent variable, C or n; this justifies seeking correlations 
with other properties using « alone, as in the text. Second, it is implied that 
alloys with high n values offer superior fatigue crack growth resistance com
pared to alloys with low n for AK < AKo, whereas the opposite is true for 
AA' > AKo. In other words, low n is desirable at high AK, whereas high n is 
desirable at low AK. Optimum alloy selection therefore depends on the AK 
range of engineering applications. 

In the text, we were careful to emphasize that judgments concerning the 
relative merits of individual alloys based on pivot point calculations must be 
interpreted with caution in view of the approximate nature of such repre
sentations. 

H. S. Reemsnyder^ {written discussion)—The authors have fitted the simple 
power equation 

da/dN = C {AK)" (4) 

to their crack growth rate versus AK data through the determination of the 
regression parameters C and n in the linear equation 

y= C + nx (5) 

where C, y, and x are the logarithms of, respectively, the parameters C, 

' Mechanical Engineering Department, Stanford University, Stanford, CA 94303. 
^Bethlehem Steel Corp., Homer Research Laboratories, Bethlehem, PA 18016. 
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FIG. 14—Explanation of pivot point. 

da/dN, and AAT. In such a regression, the parameters are always related by 

C = 70 — nxo (6) 

where Xo and jo are the mean values of x and y, that is, the coordinates of the 
center of gravity of the data to which Eq 2 is fitted. Expressing Eq 6 in a form 
analogous to Eq 4 results in 

C={da/dN)o{.\/^Kof (7) 

where the subscript 0 denotes the antilogarithm of the mean of the loga
rithms of da/dN and AK. In other words, the authors' parameter A is noth
ing more than the antilogarithm of the mean value of the log (da/dN) values 
for a given material-temperature combination. 

If one were to draw many sample sets of x,>' from a population of x,y, de
termine the regression parameters C and n (Eq 5) for each sample, and plot 
C versus n, a scatter diagram would result with variability in both the C 
and n (that is, vertical and horizontal) directions. Therefore, when one is 
plotting C versus n for various material-temperature combinations, one 
should recognize that apparent trends reflect, to some undefined extent, 
sampling variability and not necessarily real relations among fatigue crack 
growth, material, and test temperature. 

In conclusion, there is nothing subtle about the correlation between Cand 
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n, which is instead intrinsic to regression parameters. Perhaps multivariate 
regression analysis would yield an empirical model relating crack growth, 
material (composition), and temperature that is superior to the present 
scheme—for example, fitting a simple power relation to each data set and 
then seeking relations between the regression parameters and experimental 
factors. 

R. L. Tobler and Y. W. Cheng (authors' closure)—We appreciate your help
ful suggestions and points of clarification. 
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tening and Hardening of Austenitic Steels at Low Temperatures," Fatigue at Low 
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ABSTRACT: The fatigue behavior of austenitic stainless steels and nonmagnetic high-
manganese steels has been investigated in ambient air, liquid nitrogen, and liquid he
lium. Particular attention was paid to the influence of nitrogen and carbon additions. 
Low-cyclic fatigue tests were carried out under tension-compression at a strain rate of 
3 X 10~' s~'. In all the stainless steels, cyclic softening following initial hardening was 
observed at lower strain amplitudes; the softening was remarkably enhanced by the 
addition of nitrogen. Solute carbon also had a similar effect, although to a lesser de
gree than nitrogen. In the high-manganese steels, the amount of softening was signifi
cantly affected by manganese content. The effect of the interstitial atoms on the soften
ing was smaller in the 32% manganese series of steels than in the stainless steels. A 
decrease in the testing temperature increased the softening in both series of steels. 
Planar structures or less-tangled structures of dislocations were formed, and cellular 
structures were scarcely observed in all the steels showing the remarkable softening. 
The tendency of dislocations to form these less-tangled dislocation arrangements, and 
the softening and hardening behavior of the steels, could not be explained as an effect 
of stacking fault energy alone, but could be qualitatively interpreted by assuming the 
existence of some ordering between substitutional and interstitial atoms in the as-solu
tion-treated steels. The significant softening seemed to increase fatigue hfe under the 
strain-controlled condition. 

KEY WORDS: steels, fatigue (materials), low-cycle fatigue, cyclic load, stresses, 
strains, damage, hardening (materials), softening, fatigue life, microstructure, cryo
genics, helium, nitrogen 

Little systematic work has been done on fatigue behavior, especially sof
tening and hardening, of austenitic steels at room and lower temperatures; 
such behavior thus remains unclear. Zeedijk [7] and Nagata et al [2], for in
stance, observed only cyclic hardening followed by the saturation stage in so
lution-treated austenitic stainless steels, while Polak et al [3] showed cyclic 

Dr. Shibata is an associate professor and Dr. Fujita a professor in the Department of Metal
lurgy and Materials Science, Faculty of Engineering, University of Tokyo, Japan. Kishimoto 
and Namura, formerly graduate students in the same department, are now researchers at Kawa
saki Steel Corporation. 
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softening to occur after initial hardening in similar steels. More study is re
quired of the cyclic deformation behavior of high-manganese steels, which 
have been recommended as materials for large structures in cryogenic engi
neering [4]. The present study has therefore investigated the cyclic deforma
tion behavior of austenitic stainless steels and high-manganese steels at am
bient and lower temperatures, devoting particular attention to the influence 
of carbon and nitrogen. These interstitial elements, especially nitrogen, have 
been known to remarkably enhance the strength of the steels under study. 

Materials, Apparatus, and Procedure 

Table 1 shows the chemical compositions of the steels investigated in this 
study. The steels were prepared by air and vacuum melting. Cast ingots of 
about 17 kg were heated at 1473 K, then forged and rolled to 13-mm-diameter 
bars or 15-mm-thick plates. Fatigue and tension specimens of 5 mm diameter 
by 10 mm gage length and 3.5 mm diameter by 10 mm gage length were ma
chined from these bars and plates, after which the specimens were solution-
treated and water-quenched. The 3.5-mm specimens were used only for ten
sion tests in liquid helium. All specimens were polished electrolytically and 
tested in ambient air, liquid nitrogen, and liquid helium. The tests in ambient 
air were carried out with an Instron machine, while the tests in liquid nitro
gen and liquid helium were performed with a closed-loop electrohydraulic-
ally actuated testing machine equipped with a cryostat. A clip-on gage 
mounted on the test specimen was used to measure the change in specimen 
length during cyclic deformation, while the elongation of the specimen dur
ing a tension test was measured with linear differential transducers. Cycling 
was performed under conditions of constant total strain amplitude, ranging 
from 0.7 X 10'̂  to 2.2 X 10 ^ or constant stress amplitude, set at 1.0 to 1.5 
times the 0.2% proof stress at a strain rate of 3 X 10~' s'' with a completely 
reversed tension-compression triangular wave. 

Results and Discussion 

Cyclic Deformation Behavior at Ambient Temperature 

Cyclic softening was observed after initial cyclic hardening in all the steels 
investigated, especially at lower strain amplitudes. The amount of softening 
generally decreased at higher strain amplitudes, although an additional hard
ening caused by the formation of body-centered-cubic (bcc) martensite dur
ing cyclic strain was exhibited in the 304 series steels. Remarkable softening 
was revealed after initial hardening in steels with a higher nitrogen content.' 

' Cyclic deformation behavior was not affected significantly by specimen preparation—that 
is, whether specimens were solution-treated and then machined or machined and then solution-
treated, furnace-cooled instead of water-quenched following solution treatment, or mechani
cally polished instead of electrolytically polished. 
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34 FATIGUE AT LOW TEMPERATURES 

Figure 1 shows results for the 316 series steels. Adding nitrogen increased 
the amount of softening following the initial cyclic hardening. Figure 2 
shows the effect of solution treatment temperature, nitrogen, and carbon on 
the cyclic softening and hardening behavior of 310 series steels. Swann [5] 
observed that a deformed 70Ni-30Cu alloy exhibited a planar arrangement 
of dislocations in larger grains and a cell structure in smaller grains. Such a 
difference in a dislocation structure (i.e., a dislocation interaction) is consid
ered to have an interrelation with differences in cyclic softening and hard
ening behavior, as shown in the next section. However, the effect of solution 
treatment temperature on the behavior was small in 310L and 3 ION steels 
(Fig. 2), while the grain size of these steels increased from —40 to —350 jum as 
the solution treatment temperature increased from 1323 to 1573 K. In 3IOC 
steel, the degree of softening increased with the solution temperature. The 
grain size of this steel was —10 /um and —350 /um in the solution treatment 
condition at 1323 and 1573 K, respectively. 

Observations by transmission electron microscopy indicated that many 
large carbides were observed in 3 IOC steel heated at 1323 K; these carbides 
dissolved into the matrix during heating at 1573 K (Fig. 3). In 310N steel, on 
the other hand, the number of such undissolved precipitates was smaller, 
even in the specimens heated at 1323 K. No precipitate was observed in 310L 
steel. Hence it is concluded that the effect of grain size on cyclic softening 
and hardening behavior is small in the present case and that solute carbon 
enhanced the softening although not so extensively as nitrogen. 

Figure 4 shows results for the 32Mn series of steels. A relatively large 
amount of softening was observed in 32MnN(h) steel, whereas 32MnC and 
32MnN(m) steels did not exhibit so much softening. The effect of nitrogen 
and carbon on cyclic softening was considered to be smaller in high-manga
nese steels than in austenitic stainless steels. In high-manganese steels, it was 

CYCLES 
FIG. 1—Stress amplitude response of 316, 316L, and 316Nsteels/or constant total strain ampli

tude tests at room temperature. The crosses at the ends of the curves denote fracture and WQ rep
resents water quenching. 
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FIG. 2—Stress amplitude response of 310L, 3IOC, and 3ION steels solution-treated at (a) 1323 
K and (b) 1573 Kfor constant total strain amplitude tests at room temperature. 

also observed that the softening trend was significantly affected by the man
ganese content (Fig. 5). 

Temperature Dependence of Cyclic Deformation Behavior 

The yield strength of steels containing the interstitial elements, especially 
nitrogen, increased significantly and the tendency toward softening during 
cyclic deformation was enhanced as the temperature decreased. Plastic de
formation in liquid helium exhibited serrations on the hysteresis curves of all 
steels through an adiabatic flow mechanism [tf]. However, the effects of this 
serrated flow on fatigue behavior could not be clarified in this study. Figure 
6 shows the effects of testing temperature on the stress amplitude response of 
310L and 3ION steels for constant total strain amplitude tests. In the case of 
310L steel, the decrease in testing temperature apparently did not affect the 
cyclic deformation behavior, while the cyclic softening of 3 ION steel in
creased dramatically as the temperature decreased. The results for 32Mn se
ries of steels are shown in Fig. 7. Enhanced softening at low temperatures 
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FIG. 4—Stress amplitude response of 32Mn series of steels for constant total strain amplitude 
tests at room temperature. 

was exhibited in 32MnNC and 32MnN(h) steels, but this enhancement can
not be observed in 32MnC and 32MnN(m) steels. 

Microstructures of Cyclically Deformed Specimen 

A trend toward the formation of band structures consisting of tangled dis
locations or cellular structures was observed in specimens showing a slight 
softening or a saturation stage following initial hardening. The dislocations 
in specimens showing a large amount of softening tended to less tangled 
band or planar structures (Figs. 3, 8, and 9). Figures 3 and 8 show micro-
structures developed during the cyclic deformation of 310 and 32Mn series 
steels, respectively. Figure 9 depicts microstructures observed in 18MnC and 
35MnC steels. Cellular structure was scarcely observed in cyclically softened 
18MnC steel, while such a structure was frequently observed in cyclically 
hardened 35MnC steel. 

10 100 
CYCLES 

1000 

FIG. 5—Stress amplitude response of 18MnC and 35MnC steels for constant total strain ampli
tude tests at room temperature. 
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FIG. 6—Effect of lest temperature on the cyclic deformation behavior of 3WL and 3ION steels. 

The trend toward forming less tangled dislocation structures was en
hanced as the temperature decreased. Figure 10 shows the microstructure of 
3 ION steel cyclically deformed at a larger strain amplitude of 2.0 X 10'^ In 
the specimen tested at room temperature, cellular structures were developed 
because of the large strain amplitude, while such structures were not ob
served in the specimen cyclically strained in liquid helium. Figure 11 shows 
results for 32MnN(m) steel, which does not clearly exhibit softening even at 
cryogenic temperatures. A planar structure was scarcely observed, although 
the degree of dislocation tangling seemed to be smaller in the specimen de
formed at the lower temperature. 

It is generally accepted that the tendency to form a cellular structure is fa
vored by large strain amplitude and a high stacking fault energy (SFE), both 
of which are factors promoting cross-slip. Loops and dipoles are created 
under conditions of cross-slip and low strain amplitude, but dislocation tan
gling and interaction are inhibited and planar structures formed in low-SFE 
materials [7,8]. In the present work the steels with higher nitrogen contents 
tended to form less tangled dislocation structures at lower strain amplitudes; 
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FIG. 7—Effect of test temperature on the cyclic deformation behavior of 32Mn series steels. 

planar structures occurred more often as the testing temperature decreased, 
even at larger strain amplitude. Furthermore, 18MnC steel showed a large 
cyclic softening, while 35MnC steel did not. 

These results appear to be consistent with the findings of many researchers 
[5,P-77] that nitrogen decreases the SFE of austenitic stainless steels and that 
the SFE of alloys decreases with decreasing temperature [/2,/ i] , while the 
SFE of Fe-Mn-C alloys shows a low value at 18% manganese \_14\. Therefore 
a low SFE seems to enhance the formation of planar structures in the steels 
investigated. As mentioned before, however, the formation of planar struc
tures was also promoted by solute carbon, which has been considered not to 
decrease the SFE of austenitic stainless steels [11,15'\. Moreover, according 
to the literature [9,15-18], it is difficult to consider that the SFE of 3 ION 
steel is lower than that of 316 steel, whereas the tendency to form planar 
structures in the former steel is greater than in the latter. That is, the differ
ence in dislocation structure produced during cyclic deformation cannot be 
explained by differences in SFE alone. Experimental data on high-manga
nese steels are limited and the relationship between SFE and dislocation 
structures cannot be further discussed. 
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V l u m 

FIG. %—Microstructures o/(a) 32MnC and (b) 32MnN(h) steels cycled at a strain amplitude of 
1.0 X 10 ' for 3000 cycles at room temperature. 

FIG. 9—Microstructures of {a) ISMnC and (b) 35MnC steels cycled at a strain amplitude of 
2.2 y. 10'^ for 1500 cycles at room temperature. 
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FIG ifi-Microstructures of 310N steels cycled at a strain amplitude of 2.0 X IQ-'for 600 cv-
cles {a) at room temperature and {h) in liquid helium. ^ 

FIG n-Microstructures of32MnN(m) steel cycled at a strain amplitude of 2.0 X W' for 270 
<:ycles (a) at room temperature and (b) in liquid helium. 
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Swann [5] and Douglass et al [18] have suggested that the distribution of 
dislocations introduced by unidirectional deformation of austenitic stainless 
steels depends on both SFE and the presence of short-range ordering, which 
inhibits cross-slip and produces planar structures of dislocations. The energy 
of interaction of substitutional elements with carbon and nitrogen has been 
calculated in austenitic steels [19-21], and it has been shown that chromium 
and manganese have a strong potential to order with these interstitial ele
ments, especially nitrogen, the degree being larger in the case of chromium 
than manganese. These results are consistent with the tendency of the steels 
examined in the present study to form less-tangled dislocation structures 
such as planar structures. 

Mechanisms of Softening 

Several mechanisms have been proposed to explain the cyclic softening of 
solution-treated metals and alloys. In the present study, the steels with 
higher nitrogen and carbon contents showed extensive softening after initial 
hardening at relatively low strain amplitudes, and small softening or a satu
ration stage following initial hardening at higher strain amplitudes. 

It has also been suggested that slip bands are in the soft region and that 
softening is produced by the increase in the number of slip bands [24]. Figure 
12 shows the surfaces of the specimens of SlOLand 310N steels cyclically de
formed at room temperature. Fewer slip bands are observed on the surface 
of the 310L steel. ̂  However, the difference in the number of the slip bands is 
not so marked between these steels that the significant difference in their cy
clic deformation behavior can be explained thereby. Hence the effect of the 
number of slip bands on softening is considered to be insignificant, and the 
difference in the degree of the softening of the slip bands or matrix may be 
rather more important. 

On the other hand, ordered NijMn alloys show hardening and subse
quent softening, which is interpreted as the breakdown of the long-range or
dered structure [22]. Similar effects will be caused by short-range ordering 
[30]. Therefore, ordering between substitutional elements and interstitial 
atoms, which was mentioned before, is thought to introduce not only planar 
dislocation structures, but also cyclic deformation behavior as observed in 
austenitic steels with higher contents of nitrogen and carbon. Dyson et al 
[31] have suggested that such ordering might be one of the causes of solution 
hardening through nitrogen and carbon addition. Nevertheless, it is not evi
dent that any ordering occurs in austenitic stainless steels and high-manganese 
steels. The mechanism of the solution hardening of austenitic steels by nitro
gen and carbon should be investigated further. 

Although destabilization of Stage I work hardening [22,23] and the Bau-
schinger effect [24] make a contribution, these factors do not alone suffice to 

^ Microcracks were observed more often along the slip bands of this steel. 
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FIG. M—Slip bands on the surface of {a) 310L and (b) 310N steels cycled at a strain amplitude 
of 0.9 X 10'^ for WOO cycles at room temperature. 

explain the remarkable softening observed in the present study, because a 
decrease in stress amplitude during constant-strain cyclic tests is not ob
served in annealed Cu-Al alloys [23'\. This is significant since the destabiliza-
tion of Stage I work hardening occurs easily [25] and the Bauschinger effect 
is appreciably large [25] because of the low SFE of such alloys. 

Mild steel, with its distinct yield point, and pure bcc metals like molybde
num and pure iron exhibit a net softening at low strain amplitudes and a net 
hardening at high strain amplitudes. However, in these materials the soften
ing occurs first, followed by hardening at low strain amplitudes. Published 
results have established that dislocation locking is broken down and Liiders 
strain, which is not observed in the steels investigated in the present study, 
disappears [22,26,27]. 

Frederic et al [28] have suggested that softening occurs by an increase in 
the number of mobile, fresh dislocations during cyclic strain of pure iron. Al
though the softening was also followed by hardening in this case, and the 
mechanism of the increase remains unclear in the present study, it is consid
ered that an increase in the mobile dislocation density is attributable to the 
significant softening observed, since less tangled or planar dislocations, 
which are more mobile, are produced in steels showing the pronounced 
softening. 

Lukas et al [29] proposed that the softening observed in pure iron oc
curred through rearrangement of dislocations into a cell structure. In the 
present study, however, it was observed that cell formation seemed to inhibit 
the softening (Figs. 6 and 10). 

Several works [22,32-34] have related fatigue life to slip characters or cy-
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clic strain hardening and softening behavior. Feltner et al [22] have shown 
that in the ordered alloys fatigue life increases because ordering results in a 
more planar slip character, which apparently outweighs any effect of strain 
concentration resulting from local softening. Table 2 shows fatigue life under 
strain-controlled conditions for 310Land 3 ION steels. The lives of the latter 
steel, which shows the pronounced softening, are longer than those of the 
former steel, which does not exhibit such softening. This is consistent with 
the results for ordered alloys [22]. In the case of stress-controlled tests, the 
lives of the steels showing the significant softening were also longer (Table 3), 
because of their higher yield and ultimate tensile strengths. The lives of these 
steels were shorter, however, when compared at the same strength ratio of 
applied stress to yield or ultimate tensile strength. It is considered that an in
crease in strain amplitude through softening is one of the reasons for this de
crease in the fatigue life of steels showing the softening. 

Conclusions 

1. In all the austenitic stainless steels examined, cyclic softening following 
initial hardening was observed at lower strain amplitudes, and the softening 
was enhanced significantly by nitrogen addition. Solute carbon also pro
duced fairly extensive softening, but to a lesser degree than nitrogen. 

2. In the high-manganese steels, the amount of softening was significantly 
affected by the manganese content. The interstitial elements had an effect on 
softening, but it was not so marked in the 32% manganese series of steels as 
in the stainless steels. 

3. A decrease in test temperature tended to enhance the softening. 
4. Planar structures or less-tangled band structures of dislocations were 

produced, and cellular structures were scarcely observed in all the specimens 
showing the marked softening. On the other hand, dislocations tended to 
form cellular structures or tangled band structures in the specimens showing 
slight softening or a saturation stage. 

TABLE 2—Fatigue lives of 310L and 3ION steels." 

Cycles to Failure 

Total Strain Amplitude 

1.4 X 10"̂  
1.4 X 10 ' 
1.2 X 10"' 
1.2 X 10"' 
1.0 X 10"' 
0.7 X 10"' 

SlOLSteel' 

2 280 
2 010 
3 760 
3 180 
7 160 

>13 000 

3ION Steer 

4 410 
2 870 
5 170 
6 940 
9 940 

>13 000 

"The steels were solution-treated at 1323 K for 1 h and subjected to strain-controlled tests at 
room temperature. 

'Tensile strength = 522 MPa; reduction of area = 82%. 
'Tensile strength = 653 MPa; reduction of area = 79%. 
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TABLE ^—Fatigue lives of 310S and 3lOSN steels." 

Steels 

310S 

310SN 

0.2% Proof 
Stress 

(002), MPa 

229 

340 

Tensile 
Strength 
(0,), MPa 

531 

691 

Stress 
Amplitude 
(aa), MPa 

343 
294 

490 
432 
372 
343 

Stress Ratio 

aa/oo.2 

1,50 
1.28 

1.44 
1.27 
1.09 
1.01 

Oa/Ot 

0.65 
0.55 

0.71 
0.63 
0.54 
0.50 

Cycles to 
Failure 

2910 
8800 

910 
2440 
4100 
6590 

"The steels were solution-treated at 1323 K for 1 h and subjected to stress<ontrolled tests. 

5. The difference in the dislocation substructures produced during cyclic 
deformation, and the softening and hardening behavior of the steels investi
gated, especially the stainless steels, could not be explained by an SFE effect 
alone, but could be interpreted qualitatively by assuming some ordering be
tween substitutional and interstitial atoms. 

6. The significant softening observed in this study seemed to increase fa
tigue life under the total strain-controlled condition, which was consistent 
with the results reported for ordered alloys [22]. 
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DISCUSSION 

R. W. Swindeman' {written discussion)—Often grain size, as well as short-
range order, can affect the slip line spacing and strain-hardening characteris
tics of austenitic steels. Have you examined the effect of grain size on the cy
clic softening behavior of your steels? 

K. Shibata et al {authors' closure)—We have examined the effect of grain 
size by comparing cyclic softening and hardening behavior of steels heated at 
low temperatures and at high temperatures. It was concluded that the effect 
of grain size was small compared with that of the solution of precipitates. 

' Nuclear Division, Union Carbide Corporation, Oak Ridge National Laboratory, Oak 
Ridge, TN 37830. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Rikuo Ogawa and J. W. Morris, Jr. 

Fatigue Crack Growth Behavior in 
a Nitrogen-Strengthened High-
iVIanganese Steel at Cryogenic 
Temperatures 

REFERENCE: Ogawa, R. and Morris, J. W., Jr., "Fatigue Crack Growth Behavior in a 
Nitrogen-Strengthened High-Manganese Steel at Cryogenic Temperatures," Fatigue at 
Low Temperatures, ASTM STP 857, R. I. Stephens, Ed., American Society for Testing 
and Materials, Philadelphia, 1985, pp. 47-59. 

ABSTRACT: The fatigue crack growth rate (FCGR) of a nitrogen-strengthened high-
manganese stainless steel of nominal composition 18Mn-5Ni-16Cr-0.02C-0.22N was 
determined in the intermediate stress-intensity factor range (20-70 MPavm) at 77 and 
4 K. Fractographic investigations were performed on the fracture surfaces. The FCGR 
at 4 K was very nearly the same as at 77 K and substantially below the FCGR for AISI 
304LN steel. The fracture surfaces of both the high-manganese alloy and the 304LN 
showed a transgranular failure mode, but the detailed fractographic features varied 
with temperature and alloy type. The fractography was closely related to changes in 
the FCGR. 

KEY WORDS: fatigue crack growth rates, nitrogen-strengthened high-manganese 
steel, 18Mn-5Ni-16Cr-0.02C-0.22N, intermediate stress intensity factor range, cry
ogenic temperatures, transgranular failure mode 

AISI 304L and 316L stainless steels are common cryogenic alloys that 
have been widely used for 4 K service. They show excellent ductility and 
toughness at cryogenic temperatures but have relatively low yield strength. 
The recent development of large superconducting magnets, especially for fu
sion reactors, has created new needs for high structural alloys. Nitrogen-
strengthened stainless steels such as AISI 304LN and 316LN were used for 
toroidal field coils for the Large Coil Project for fusion reactor research [7]. 
However, much stronger steels will be required for the next step in the test 
program because of planned increases in the size and electromagnetic force 
of the toroidal field coils. These new materials must also have good fatigue 

Both authors are with the Department of Materials Science and Mineral Engineering and the 
Lawrence Berkeley Laboratory of the University of California, Berkeley, CA 94720. Mr. Ogawa 
was on leave frofti Kobe Steel Ltd., Asada Research Laboratory, Kobe, Japan. 
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resistance, since tiie toroidal field coils will be exposed to cyclic forces from 
the poloidal field coils [7]. 

Fatigue crack growth rates (FCGR) were measured in several austenitic 
stainless steels at cryogenic temperatures by Reed et al [2] and Tobler et al 
[3]. Tobler et al showed that the FCGR of the Type 304 stainless steels was 
increased at cryogenic temperatures by the addition of interstitial carbon 
and nitrogen; they also discussed the effect of stability of the austenite phase 
on the FCGR. However, the role of the strain-induced transformation (sta
bility of austenite) remains unclear because both the stable Type 310 stainless 
steeland the least stable 304L steel show superior fatigue crack resistance at 
cryogenic temperatures [3]. 

In order to satisfy the need for new cryogenic structural alloys, a number 
of new high-manganese austenitic steels have been developed. These alloys 
offer low cost, stable austenite, and high strength. Previous research [4] has 
shown that promising cryogenic properties can be obtained in a modified 
200 series high-manganese stainless steel having a nominal alloy composition 
of 18Mn-5Ni-16Cr-0.02C-0.22N. The present study was undertaken to eval
uate the fatigue crack propagation behavior of this alloy at cryogenic 
temperatures. 

Experimental Work 

A 300-kg ingot of nominal composition 18Mn-5Ni-16Cr-0.02C-0.22N was 
prepared by vacuum-induction melting. The ingot was hot-forged to 80-mm-
thick plate and then hot-rolled at 1523 K to 30-mm-thick plate. One part of 
the plate was solution-treated at 1323 K for 1800 s, followed by water 
quenching. Compact tenion (CT) specimens were cut from the center of the 
thickness of the hot-rolled and solution-treated plates. Specimens of AISI 
304LN steel plate 76.2 mm thick were used to compare fatigue crack propa
gation behavior. The 304LN CT specimens were prepared in the as-hot-
rolled condition. The measured alloy compositions are given in Table 1. 

The CT specimen dimensions were width (w) — 50.8 mm and thickness 
(B) = 25.4 mm (B = 23.2 mm for 304LN). The original mechanical notch 
length was 15.88 mm and the direction of the notch was perpendicular to the 
plate rolling direction (LT orientation). The fatigue tests were carried out 
using an Instron servohydraulic machine and cryostat. The tests were run at 

Alloy 

18Mn-5Ni-16Cr-
0.02C-0.22N 

304LN 

TABLE 1 -

Mn 

17.98 
1.77 

Ni 

4.96 
9.55 

•Alloy compositions 

Cr 

16.26 
18.54 

Si 

0.53 
0.78 

r (weight percent). 

P S C 

0.004 0.010 0.024 
0,014 0.009 0.021 

N 

0.216 
0.139 

C + N 

0.240 
0.160 
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10 Hz in load control (R = 0.125) by using a sinusoidal tension stress wave
form. The crack length was measured from the sample compliance. The 
FCGRs (da/dN) were obtained at intermediate AK (20 to 70 MPar/m). After 
testing, the fatigued specimens were broken or cut into two halves. The frac
ture surfaces were investigated by scanning electron microscopy. The fatigue 
crack paths were studied in an optical microscope by using either unbroken 
specimens or broken specimens whose surfaces were plated with nickel. 

Results and Discussion 

Cryogenic Mechanical Properties 

The tensile and Charpy impact properties of 18Mn-5Ni-16Cr-0.02C-0.22N 
alloy are listed in Table 2. The yield (0.2% flow stress) and tensile strengths 
increased significantly as the deformation temperature was lowered from 293 
to 77 and 4 K. The total elongation decreased as the temperature was low
ered but remained over 35% at 4 K. The as-rolled plate had higher strength 
and ductility at 4 K than the solution-treated plate. The Charpy V-notch ab
sorption energies decreased at cryogenic temperatures to approximately half 
their values at room temperature, but the absorbed energies at 4 K were 
comparable to those at 77 K, and ductile dimple fracture surfaces were ob
served. The alloys were metastable to transformation to either the hexagonal 
close-packed phase («) or body-centered-cubic («') martensite phase during 
low-temperature deformation. Approximately 34% e-phase and 6% a'-phase 
were found in the solution-treated tension specimen after it had been broken 
at 4 K. The specimen deformed up to 17% strain at 4 K showed 17% e-phase 
and 0% a'-phase. Comparing the high-manganese alloy with the 304L and 
304LN alloys, the austenite phase in this alloy is relatively unstable with re
spect to the austenite phase y — e transformation during low-temperature 
deformation, but is relatively stable with respect to the 7 -" «' (or 7 — 6 -* a) 
transformation [3]. 

TABLE 1—Alloy compositions (weight percent). 

Specimen 

As-rolled 

Solution-treated 

Test 
Temperature, K 

293 
77 
4 

293 
77 
4 

Yield 
Strength, 

MPa 

323 
855 

1144 

338 
863 

1074 

Tensile 
Strength, 

MPa 

662 
1319 
1565 

656 
1298 
1556 

Elonga
tion, %" 

74 
54 
44 

81 
64 
39 

Charpy Impact 
Values, J 

300 
174 
170 

302 
168 
154 

"Gage length = 20 mm. 
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Fatigue Crack Growth Rates 

The FCGR of the experimental alloy is plotted as a function of AATat 77 
and 4 K in Fig. 1. Data previously reported for 304 and 304LN [2] and data 
obtained in the present work for 304LN are included in Fig. 1. The data obey 
the Paris equation 

da/dN = C (MCf (1) 

where Cand n are constants that depend on material and temperature. The 
values of Cand n obtained from the data in Fig. 1 and reported in Ref 2are 
given in Table 3. 

The FCGR of the experimental alloy in both the as-rolled and the solu
tion-treated conditions was substantially below that of 304LN steel but 
slightly higher than those reported for 304 [2] and 304L steels [5]. The exper
imental alloy also differed from 304LN in the temperature dependence of the 
fatigue crack growth rate. While 304LN exhibited a substantial increase in its 
FCGR as the temperature was reduced from 77 to 4 K, the FCGR in the 
experimental alloy was nearly the same at the two temperatures. The FCGR 
of the experimental alloy was slightly dependent on its heat treatment. The 
FCGR in the as-rolled plate was slightly below that of the solution-treated 

1 T T 1 I r 

o Solution Treatment 
• AS Rolled 

J I I i_i_ 

"T 1 T ~ n — I — r ~ r -

/304LN 

o Solution Treatment 
• As Rolled 

CtN.0.24 

100 2 0 50 
flK. rdPo m^ 

_l I I L-i-

AK, MPom'/Z 

FIG. 1—Fatigue crack growth rates as a function of AK. (a) 77 K. (b) 4 K. 
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TABLE 3—Paris equation parameters. 

Specimen 

18Mn-5Ni-16Cr-0.02C-0.22N 

As-rolled 

Solution-treated 

304 [2] 

304LN [2] 

Test 
Temperature, K 

77 
4 

77 
4 

77 
4 

77 
4 

n 

2.71 
3.16 

2.77 
4.18 

4.34 
3.49 

3.17 
4.25 

C 

9.8 X 10"' 
1.95 X 10"' 

8.03 X 10"' 
3.98 X 10"" 

9.51 X 10"'̂  
3.26 X 10"'° 

2.67 X 10"' 
1.69 X 10"'° 

K Region, MPa\An 

30 to 50 
35 to 64 

30 to 63 
30 to 70 

a 

18 to 50 

" 
25 to 75 

°K regions at 77 K are not clear in Ref. 2. 

plate at 77 K, and increased somewhat when the temperature was decreased 
from 77 to 4 K. The solution-treated plate exhibited a change in the slope of 
the Paris curve when the temperature was lowered to 4 K (n = 2.8 to 4.2). As 
a consequence of the slope change, the FCGR curves crossed; the FCGR at 
4 K was less than at 77 K for AK less than about 50 MPa\/m. 

Metallography 

Both optical fractography and scanning electron fractography showed 
that the fracture paths in the experimental alloy were transgranular at 77 K 
for both the as-rolled and the solution-treated conditions. Scanning electron 
fractographs of the 77 K fracture surfaces are shown in Fig. 2. The direction 
of crack propagation varied from grain to grain and sometimes changed 
within a grain. Well-defined striations and microcracks (short arrows) are 
visible on the fracture surface of the as-rolled plate (Fig. 2a). These are ori
ented almost perpendicularly to the direction of crack propagation (long 
arrow in Fig. 2a). The striations are poorly defined on the fracture surface of 
the solution-treated plate (Fig. lb). They are feather-like and oriented differ
ently in each grain. 

The failure mode of the 304LN steel was also completely transgranular at 
77 K. The direction of crack propagation was again found to change at the 
grain boundaries and occasionally inside the grains, but the fracture surface 
was flatter than in the experimental alloy (Fig. 3a). Each facet exposed exhib
ited a fine microstructure that was associated with the transformed marten-
site (Fig. 36). The a'-martensite could be detected on the fracture surfaces of 
the 304LN steel with a Magnegage, though a'-martensite was not detected on 
the fracture surfaces of the experimental alloy. 

Both optical and scanning electron fractographies of the fracture surface 
of the experimental alloy broken at 4 K showed that the fracture was again 
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FIG. 2—Fracture surfaces after fatigue cracking at 77 K (AK = 35 MPa%/m). (a) As-rolled. 
(b) Solution-treated. The long arrow shows the macrocrack growth direction (da/dN); the short 
arrows in (a) show the typical striations and the microcrack. 

transgranular. The crack propagation paths in the as-rolled plate are shown 
in Fig. 4. Many branches (secondary cracks) are seen in the intermediate and 
high AAT range. The 4 K fracture surface is shown at 1000 X magnification in 
the scanning electron fractograph given in Fig. 5. The fracture surface of the 
as-rolled plate contained granular facets having feather-like striations that 
were oriented differently in each grain, together with slip markings and sec
ondary cracks. The typical ductile striations that were seen on the fracture 
surfaces at 77 K disappeared at 4 K. 

The fracture surfaces of the solution-treated plate also showed characteris
tic features. On the portion of the fracture surface that was created in the low 
AÂ  range, some exposed grain facets exhibited striations that were oriented 
perpendicularly to the crack propagation direction, but did not cross a grain. 
On the surfaces created at the intermediate and high AA"range, very smooth 
grain facets were exposed (A in Fig. 5d). These may have been due to inter-
granular failure. Crystallographic twins were also occasionally seen. 

A typical transgranular failure mode was also observed in 304LN steel 
after fatigue cracking at 4 K (Fig. 6). However, the fracture surfaces differed 
qualitatively from those on the experimental alloy. Each grain facet dis
played a fine lamellar structure that reflected the strain-induced martensite 
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FIG. 4—Crack propagation path of the as-rolled plate at 4 K. (a) AK = 35 MPa\[m. 
(b) AK = 45 MPasfm. (c) AK = 55 MPasJm. Arrovis indicate macrocrack growth direction 
(da/dN). 

transformation (Fig. 7), but the lamellar structure was not as clearly defined 
on the 4 K specimen as it was on the 77 K specimen. 

The metallographic investigation discussed above showed that the change 
in the FCGR of the experimental alloy with the testing temperature was 
closely related to the fractographic features on the fracture surface. The as-
rolled plate, which had a low FCGR at 77 K, displayed fine striations that 
were typical of most ductile metals. This kind of striation was ill-defined on 
the 4 K fracture surface, and the FCGR was slightly higher at this tempera-
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FIG. 5—Fracture surfaces a^er fatigue cracking at 4 K. (a) As-rolled, AK = 35 MPa\[m. 
(b) As-rolled, AK = 45 MPayJm. (c) Solution-treated, AK = 35 MPas/m. (d) Solution-treated, 
AK = 45 MPayJm. Arrows indicate macrocrack growth direction (da/dN). (A) indicates smooth 
grain facet. 
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FIG. 6—Crack propagation path of 304LN steel at 4 K. (a) AK = 40 MPa\fm.{h) AK -55 
MPa\]m. Arrows indicate macrocrack growth direction (da/dN). 

ture. The solution-treated plate was characterized by the increased slope of 
the logarithmic FCGR at 4 K and the cross-over between the fatigue crack 
growth rates at 4 and 77 K. The change in slope was coincident with a change 
in the fracture surface morphology. In the low AAT range, where the FCGR 
at 4 K was lower than at 77 K, the grain facets exhibited ductile striations, 
while in the high AA" range intergranular and twin-like facets were common. 
The similarity between the FCGR of the as-rolled plate at 4 K and that of the 
solution-treated plate at 77 K was also reasonable in light of the fractog-
raphy. The two fracture surfaces showed similar features. 

Fatigue cracks in the experimental alloy propagated mainly along slip 
planes. Figures 8a and 86 show examples of the crack path trace analysis 
using the slip marking ({111} plane traces). Fatigue cracks were also found to 
grow along the slip planes in the initial stages of fatigue crack propagation in 
ductile metals (Stage I [J]), but followed general planes at higher stress inten
sities (Stage II). The present alloy is interesting in that it showed crystallo-
graphic features in cryogenic fatigue in the Stage II as well. 

Crystallographic crack growth was also found in 304LN steel after fatigue 
cracking at 4 K. Figure %b shows an example of the 4 K crack trace of 304LN 
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FIG. 7—Fracture surfaces of 304LN steel after fatigue cracking at 4 K, AK = 40 MPa\fm. 
Arrow indicates a fine lamellar structure that reflects a'-martensite. 

Steel. In this case, the fatigue crack did not propagate along the {111} plane, 
but propagated along another plane, the trace of which was almost perpen
dicular to the slip markings. This local fracture surface was inferred to be the 
{110} plane from Fig. ib and other analyses by using different grain orienta
tions. As the fracture surface at 77 K showed noncrystallographic features, 
the increase in the FCGR at 4 K might be attributed to the crystallographic 
crack growth on the {110} plane. Crystallographic fractures have been ob
served in some aluminum alloys, in which case the fracture surface is (100) or 
(110) [5,7]. Crystallographic crack growth in aluminum alloys is believed to 
be enhanced by environmental contaminants that promote brittle fracture 
on the (110) plane [7]. In the present case, however, it is likely that the crys
tallographic fracture was associated with the transformation to martensite. 
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5 0 C" 

FIG. 8—Examples of crack trace analysis after fatigue cracking at 4 K. Dashed line indicates 
[Ml] plane markings, (a) As-rolled plate, (b) 304LN. 

Although a'-martensite was observed on the exposed grain facets at both 77 
and 4 K, the matrix was still more than 50% austenite according to X-ray dif
fraction analysis. The martensite was almost certainly more brittle at 4 K 
than it was at 77 K. Brittle a'-martensite might have enhanced the {110} crys-
tallographic crack growth of the matrix. 

Conclusions 

A nitrogen-strengthened high-manganese steel of nominal composition 
18Mn-5Ni-16Cr-0.02C-0.22N showed promising fatigue resistance when 
compared with 304LN steel at cryogenic temperatures. The research de
scribed here found that: 

1. The FCGR at 4 K was almost the same as at 77 K and was substantially 
below that of 304LN steel at 4 K. 

2. The failure mode was transgranular in both the research alloy and 
304LN at 77 and 4 K. Both alloys exhibited a pronounced crystallographic 
fracture under some conditions, which differed from that previously re
ported in structural steels in that it occurred in Region II of the crack growth 
behavior. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.

http://18Mn-5Ni-16Cr-0.02C-0.22N


OGAWA AND MORRIS ON HIGH-MANGANESE STEEL 59 

3. There was a reasonable correspondence between the fatigue crack 
growth behavior and the microstructural mechanisms of crack growth, as 
revealed by fractographic studies of the fatigue surface. 
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ABSTRACT: Near-threshold fatigue crack growth in high-strength low-alloy (HSLA) 
steel, Fe, and Fe-Si alloys was found to depend on test temperature from room 
temperature down to 123 K. Near-threshold crack growth rates were lowered and 
threshold stress intensity factors increased with decreasing temperature. A "promi
nent" closure was observed for all test temperatures and materials and was further 
confirmed by the examination of fracture surfaces. The magnitude of closure increased 
with decreasing temperature, suggesting a dependence on yield strength and fracture 
morphology. The effects of/? ratio were found to be closure-related for the same frac
ture processes. However, a change in the fracture process, (e.g., to cyclic cleavage) may 
lead to a AÂ th(efo dependence on load ratio even at very high R values. Hence mean 
stress may affect threshold independently of any closure-related phenomena. A reason
able correlation was obtained with a theoretical model for closure that could account 
for both geometrical and reversed plasticity phenomena. 

KEY WORDS: closure, fatigue crack propagation, fatigue thresholds, fractography, 
HSLA steel, iron alloys, low temperatures, load ratio 

The traditional approach to understanding low-temperature fatigue crack 
growth behavior, particularly threshold stress intensity factors and near-
threshold crack growth, has been in terms of changes in yield strength [1-9] 
or the fracture process [2,3,8,9]. However, in view of the recent closure mod
els proposed for threshold and near-threshold crack growth, namely re-
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versed plasticity and oxide-induced or geometrically induced closure, it ap
pears that competing or overlapping effects of closure versus changes in yield 
strength and the fracture process may be involved [70]. At low temperatures, 
the environmental effects diminish and the oxide-induced closure becomes 
less significant, leaving possible contributions of reversed plasticity and 
geometrically induced closure. Neumann et al [77] proposed that extrusion-
intrusion pairs can develop during the fatigue process as a consequence of re
versed slip around the crack tip when the crack was propagated near a thresh
old stress intensity factor for fatigue crack propagation. 

This development, along with fracture surface roughness coupled with 
Mode I-Mode II displacement, can produce closure, as has been demon
strated by Minakawa and McEvily [72], Beevers [13], and Suresh and Ritchie 
[7^]. A significant feature of this type of closure is that it is being controlled 
by the material properties as well as the fracture morphology. Closure also 
can be induced by a compressive stress acting at the crack tip because of re
sidual plasticity generated by previous load cycles [75] and inherent residual 
stresses that are known to vary from grain to grain or from microstructural 
feature to feature. The consequence of these proposed closure mechanisms is 
a potential reduction in the effective stress intensity factor at the crack tip. 
Hence lower crack growth rates and a higher threshold stress intensity factor 
may result. Other microstructural and intrinsic material properties (e.g., dis
location substructure and dislocation dynamics) have been cited as signifi
cant factors in near-threshold crack growth [4,7,8,16-18], but they will not 
be considered fully in this study. 

Previous results [1,2,4-6,9,10] for Mode I cracking indicate that, in gen
eral, fatigue crack growth rates (da/dN) decrease near the threshold and 
threshold stress intensity factors (AATth) increase with decreasing temperature 
for both body-centered-cubic (bcc) and face-centered-cubic (fee) materials. 
Whether the effect of temperature is purely an inherent material property or 
not is still unresolved; the question is further complicated by ignoring possi
ble closure effects. For the limited data available, the thermal component of 
yield stress appears to be a controlling parameter in near-threshold crack 
growth [4,9,10]. However, a fracture process change at an intermediate cy
clic stress intensity range (AA"), such as static or cyclic cleavage, may offset 
any thermal stress effects [2-5,9,10]. A question then arises: If a decrease in 
temperature may raise the yield strength and change the fracture morphol
ogy, can closure, whether slip-induced or geometrically induced, be ignored? 
Further, which are more significant, extrinsic parameters such as closure, or 
intrinsic ones like the thermal component of the flow stress? 

The present study was undertaken to separate the relative contribution of 
closure from other intrinsic parameters through controlled closure stress in
tensity measurements and fractographic analysis correlations. 
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Materials and Experimental Procedures 

The materials used in this investigation included a fine grain high-strength 
low-alloy (HSLA) steel and a sequence of iron (Fe) and iron silicon (Fe-Si) 
alloys with different silicon contents. The HSLA steel was used in the as-
received condition and heat-treated to obtain larger grain sizes. The heat 
treatment involved austenitizing the as-received lO-fim grain size material at 
1473 K under vacuum of 10'' torr for 30 min and then furnace cooling to ob
tain a grain size of 60 /im. The Fe and Fe-Si alloys were vacuum induction-
melted and hot-rolled into plates 13 mm thick. The composition and proper
ties of the alloys are listed in Tables 1 and 2. Note that atomic percent is used 
for the alloy designation for the Fe-Si alloys. The process history and heat 
treatment indicate that residual stress would be minimal except for the 10-jum 
HSLA steel. 

All fatigue crack growth tests were performed by using standard Mode I 
compact tension (CT) specimens (except for the thickness) as described in 
ASTM Test for Constant-Load-Amplitude Fatigue Crack Growth Rates 
Above 10* m/Cycle (E 647). The specimen thickness varied because of the 
available plate thickness, from 6.5 mm for the HSLA steel to 12.3 mm for Fe 
and Fe-Si alloys. Cyclic loading was accomplished by using an electro-
hydraulic-servocontrolled testing system in load control mode, with constant-
amplitude tension-tension cycling at a frequency of 30 Hz. The load ratio (/?) 
for the HSLA steel was controlled at 0.1, 0.35, or 0.7. For Fe-Si alloys, al
though the ratio varied slightly, it was on the order of 0.02 for all test condi
tions. The crack length was monitored by the compliance technique with a 
crack opening displacement gage clipped on the outer edge surface of the 
specimen. The loading sequence followed a "load shedding" scheme, with 
the cyclic stress intensity factor (AK) being started at a higher value and pro
gressively decreased until the threshold stress intensity factor (A^th) was 
reached. The fatigue threshold was taken as the cyclic stress intensity factor 
range at a fatigue crack growth rate (da/dN) equal to or less than 10"'° 
m/cycle. Intermittently, the experiment was interrupted for crack growth 

TABLE 1—Chemical composition (weight percent) of alloys tested. 

Alloy 

HSLA steel 
Fe 
Fe-LOSi 
Fe-2.5Si 
Fe-4,0Si 

C 

0.070 
0,008 
0.011 
0.009 
0.020 

Mn 

0.51 

0.01 
0.01 
0.01 

Si 

0.03 

0.45 
1.20 
1.90 

P 

0.01 

0.005 
0.005 
0.005 

Element 

S 

0.01 

0.005 
0.005 
0.005 

Ti 

0.09 
0.10 
0.12 

Al 

0.01 
0.017 
0.021 
0.017 
0.018 

Nb 

0.014 

Fe 

balance 
balance 
balance 
balance 
balance 
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TABLE l^Grain size and yield strength of alloys tested' 

Alloy 

HSLA steel 
HSLA steel 
Fe 
Fe-lSi 
Fe-2.5Si 
Fe-4Si 

Average G 
Size, 

10 
60 

103 
73 
63 
93 

rain 
jum 

Yield Strength, MPa, 

300 K 

365 
230 
122 
158 
195 
218 

233 K 

440 
300 
230 
192 
217 
302 

at Temperature 

173 K 

512 
350 
345 
287 
275 
322 

Shown 

123 K 

660 
535 
477 
444 
368 
423 

"Yield strength is an average of two tests. 

measurements by plotting compliance curves (load versus crack opening) on 
an x-y recorder with the frequency at 0.1 Hz. The closure load or, more pre
cisely, the opening load was defined as the point on the unloading portion of 
the compliance curve where the curvature of the line started to go negative as 
defined by Elber [19]. After the threshold was established, the experiment 
was terminated on some specimens while others were pulled open for scan
ning electron microscopy (SEM) examination. 

The fatigue testing environment used was either laboratory air with a rela
tive humidity of about 50% or an open system of evaporated liquid nitrogen 
for low temperature. Four temperatures were used for all materials: 300, 233, 
173, and 123 K. Low temperatures were attained by fan-forced mixing of 
evaporating liquid nitrogen with air compensated by an electric-resistance 
heater. With the heater connected to a feedback temperature controller, the 
specimen's temperature was maintained within 1 K of the specified value. 

Results and Discussion 

Near-threshold fatigue crack propagation decreased and threshold stress 
intensity factors increased with a decreasing temperature from 300 K down 
to 123 K for all materials used in this study.' This behavior is similar to that 
observed by others [1,4-6,8]. A prominent closure was observed for all test 
temperatures and materials. On the compliance curve, a significant deviation 
from linearity indicated that the crack surface was closed before the load 
reaching the minimum value of the loading waveform. Taking the first devia
tion of the unloading line as the opening stress intensity factor (ATop), the 

' At higher values of AAT a crossover in the crack growth curves can occur at low tempera
tures. The crossover is more pronounced in the Paris law regime. This behavior is due to the in
crease in yield strength and the onset of cyclic cleavage fracture [3,4]. 
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value of the effective cyclic stress intensity factor (A^eff) was determined 
from 

AA'eff = KmSLX — Kop (1) 

where Kmax is the maximum stress intensity factor in the cycle [5,6,10,12-14]. 
Similarly, the A'op values were determined to obtain a curve for AA'eff versus 
da/dN. Both da/dN as a function of AATand A^eff are shown in Fig. 1 for 
10-/um grain size HSLA steel and 103-;um grain size iron at room tempera
ture. Also shown are similar data for 60-/im HSLA steel and 103-;um Fe at 
123 K. It is seen here that AKth is near 5.0 MPa • m'̂ ^ and AKtbiett) is near 3.8 
MPa • m'̂ ^ for the 10-jum HSLA steel at room temperature. The correspond
ing values for iron are 9 and 6.5 MPa-m"^ at room temperature and 16 and 
11.4 MPa-m"^ at 123 K, respectively. 'Figure \b shows AA'th near 8.5 
MPa • m'̂ ^ and A t̂h(eff) near 5.9 MPa • m'''̂  for 60-Mm HSLA steel tested at 
R = 0.35. The A t̂h(eff) result indicates that closure at 123 K may remain sub
stantial even at /? = 0.35, as will be discussed further in the section on Load 
Ratio Effects. Both the apparent threshold stress intensity factor (AKth) and 
the effective threshold stress intensity factor (AArth(eff)) are listed in Table 3 
for the HSLA steel. Both follow a general trend of increasing with decreasing 
temperature. Similar trends are seen in the Fe and Fe-Si alloys, as depicted in 
Fig. 2 for Fe and Fe-2.5Si. 

It is evident from the foregoing results that closure measured in terms of 
Ĵ op increased with a decrease in test temperature, which suggests a strong 
dependence on yield strength and fracture mode. On the basis of closure in
duced by geometrical asperities, it has been shown that ^op depends on yield 
strength and grain size [10]. To evaluate this dependence, the opening stress 
intensity factor (Kop) was plotted as a function of Oysd^'^, where ays is the yield 
strength and d is the average grain diameter. A statistical analysis of the data 
shows a relation between ^op and Oygd^'^ with a linear regression correlation 
coefficient of about 0,7 (Fig. 3). This suggests that surface roughness, which 
depends on the microstructure and the fracture process, may partially con
trol the magnitude of closure, whether it is oxide-induced or geometrically 
induced. The yield strength contributes in terms of reversed plasticity-induced 
closure or through the relative change in strength and deformation of the 
asperities. The latter could effect a change in the oxide-induced and geomet
rically induced closure as well. 

The magnitude of closure was further confirmed by the examination of fa
tigue fracture surfaces in some specimens as well as the crack path observa
tion from various longitudinal sections in other unbroken specimens. The fa
tigue fracture surfaces of the HSLA steel were predominantly transgranular 
ductile fractures at 300 K and 233 K and transgranular ductile and cyclic 
cleavage at 173 K and 123 K, as was noted by Lucas and Gerberich [4]. The 
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TABLE 3—Apparent and effective fatigue threshold stress intensities at four testing temperatures 
and three R ratios for HSLA steel. 

Grain Size 
(d), ixm 

10 
10 
10 
10 

60 
60 
60 
60 

Test Temperature 
K 

300 
233 
173 
123 

300 
233 
173 
123 

A/:,h, MPa-m' ' \ 
at i? 

0.1 

5.5 
6.0 
7.0 
9.0 

6.5 
8.0 

10.0 
13.0 

= 

0.35 

4.0 

6.0 

5.0 

8.5 

0.7 

4.0 

6.0 

4.5 

5.0 

A t̂Keti), MPa 

0.1 

4.1 
4.2 
4.4 
6.1 

5.0 
6.4 
8.0 
6.9 

at ^ = 

0.35 

4.0 

5.7 

5.0 

5.9 

m"^ 

0.7 

4.0 

6.0 

4.5 

5.0 

percentage of cyclic cleavage was much higher at 123 K for high mean 
stresses, as will be discussed further in the section on Load Ratio Effects. At 
threshold values with /? = 0.1, the fracture surfaces were predominantly 
transgranular ductile fracture, even at 123 K. The highest percentage of cy
clic cleavage was ~15% for the lower-strength material (60 ;um) at 123 K 
tested at i? = 0.1. Figure 4 illustrates the various fracture modes observed 

£ 1 0 
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FIG. 2—Comparison of AKth ond AKthcem as a function of temperature for Fe and Fe-2.5Si. 
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FIG. 3—Correlation of opening stress intensity factor (Kop) to oysd'"/<"• fiSLA steel, Fe, and 
Fe-Si alloys. 

for the 60-/Lim material at room temperature and 173 K. It appears that the 
cyclic cleavage islands near threshold were increasing the degree of surface 
roughness and hence increased closure (i.e., higher ATop) as seen in the differ
ence between the values of A.̂ th and AKtHeto listed in Table 3. The most se
vere case was the 60-/[im material, where A'op increased from 2 MPa • m"^ at 
room temperature to 7.5 MPa-m"^ at 123 K. 

The Fe and Fe-Si alloy fracture surfaces showed a similar transgranular 
ductile fracture process, with a few intergranular and cyclic cleavage facets, 
depending on the yield strength (i.e., alloy content). Transgranular ductile 
fracture was evident even at temperatures well below the ductile-brittle tran
sition temperature and asperities could be readily found. Details of the frac-
tography of each of these alloys are discussed elsewhere [10,20]. Examples of 
the various fracture processes are shown in Fig. 5 for Fe-2.5Si at room 
temperature and Fe-4Si at 123 K. The high percentage of cleavage can be 
seen in the Fe-4Si, and the combination of ductile and intergray'dlar fracture 
can be seen in the Fe-2.5Si. At room temperature and 233 K an oxide could 
be seen covering mainly the transgranular ductile area. Evidence of an oxide 
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over-layer could also be seen at i? = 0.1 in the HSLA steel at room tempera
ture and 233 K. The oxide was additional evidence of closure as observed in 
a separate investigation on AISI 4340 steel [21] and by others [22-24]. 

Load Ratio Effects 

Results of tests on 10-and 60-/im grain size HSLA steel for i? =0.1,0.35, 
and 0.7 at 300 K and 123 Kare illustrated in Fig. 6. The near-threshold 
crack growth rate increased and the threshold stress intensity factor de
creased with increasing load ratio; these effects have been observed by others 
[12,22-24]. A comparison of AKth and AKtUem is given in Table 3. It is evi
dent that the effect of load ratio is due to closure alone in the 10-jum grain 
size material at 300 K, since data at /? = 0.35 and R = 0.7 superimposed and 
AKthieff) values were equal for the three load ratios. This suggests that in 
terms of the effective stress intensity factor there is no mean stress effect. At 
123 K, the da/dN versus AAT curves did not coincide, but the AKtHeft) values 
were the same again at low temperatures, indicating the absence of a mean 
stress effect. However, Kop values were higher at the low temperature, the 
difference being a result of the increase in yield strength and the change of 
the fracture morphology, as has been seen before [10,20]. 

The 60-/im material showed a behavior similar to the 10-^m material, with 
no dependence of A t̂hcefo on mean stress at room temperature. A compari
son of the AKth and AKtuetS) values listed in Table 3 indicates that the effect 
of load ratio is also due to closure, since AKtHem values are basically the 
same for the three load ratios. However, at 123 K the magnitude of closure is 
much higher, as may be seen in the spread of da/dN versus A^ curves in Fig. 
6b. The closure remained substantial even at /? = 0.35, as shown in Figure 
lb, where apparent and effective values for da/dN versus AKare split, up to 
a growth rate of 2 X 10"' m/cycle. It is also seen that AKtUem continuously 
decreased to R = 0.7, indicating a mean stress dependence at this tempera
ture. Fractographic analysis showed that the percentage of cycUc cleavage 
fracture increased from 0 to 20% at R = 0.1, to 40 to 50% at R = 0.35, to 
90% at /? = 0.7, as qualitatively indicated in Fig. 7. Furthermore, a consid
erable number of twins observed on the cleavage facets also were dependent 
on the mean stress (i.e., R ratio). A sample of these twins, which were also 
seen in Fe-Si alloys [20], is shown in Fig. Id. The percentage of the twinned 
cleavage facets ranged from about 20% at /? = 0.1, to 50% at /? = 0.35, to 80 
to 90% atR = 0.7. 

The increase in load ratio (i.e., mean stress) results in a higher maximum 
stress (omax) that seems to approach the critical stress for cyclic cleavage. The 
higher amax also could exceed the twinning stress, which will nucleate twins. 
These nucleated twins can act as nucleation sites for cyclic cleavage; hence 
higher cyclic cleavage results as the load ratio increases, in agreement with 
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6—Comparison of crack growth rates as a function of stress intensity factor for HSLA 
three R ratios, (a) 10 nm tested at 300 K. (b) 60 jim tested at 123 K. 

observations. The absence of mean stress effects at 123 K for the 10-jum grain 
size material could be a result of higher cleavage and twinning stresses as 
well as a lower slip-band concentration factor for the fine grain structure. 
This is in agreement with fractographic results at the three load ratios for the 
10-jum material, which showed no significant difference in the amount of 
cleavage fracture at threshold. 

The dependence of the fatigue threshold stress intensity factor on tempera
ture considered here and in previous publications [70,20] appears to be con
trolled by the change in the material strength resulting from the temperature 
change, the change in the cracking mechanism, and the various operating 
closure forces that result. It has been concluded that closure alone cannot 
account for the dependence of AÂ th on temperature. Once AATtwefo was con
sidered separately, a strong correlation with the flow stress was observed 
[20]. However, to account for the overall dependence of A.Ath, a better un
derstanding of the closure mechanism is in order, particularly as it relates to 
changes in load ratio. It has been shown here that the effect of increasing the 
load ratio is generally closure-related, except for the cases where it alters the 
fracture processes involved, particularly near the threshold. Any theoretical 
consideration must account for these effects. 

Several models have been proposed, generally based on such intrinsic 
material characteristics as dislocation dynamics [4,7,8,16-18] or closure-
related phenomena, including oxide- [22-24], geometry- [12-14] or plasticity-
[11,13-15,19] induced closure. The complexity of the parameters involved 
has hindered the incorporation of all these phenomena into a single model. 
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A recent attempt to combine such closure contributions into one model has 
been proposed in a current publication [10]. The model is based on incorpo
rating the reverse slip, geometry, and oxide-induced closure in terms of the 
opening stress intensity factor. In the original form of Eq 19 in Ref 10, based 
on /? = 0, a good correlation was shown between calculated and measured 
values of ATop for the Fe and Fe-Si alloys. In the present study the load ratio 
(/?) was included and the equation (Eq 19 in Ref 10) takes the form 

^OP ~ ? « , T,/-> ( 2 ) 

[ 24rl 
iAK/ay.f + 1̂ 

where the ao and a\ terms incorporate geometry and reversed plasticity, re
spectively. Here, r is the distance from the closure point to the crack tip, 
<t>oxide is the crack opening displacement caused by oxide wedging, E is the 
modulus of elasticity, and ao is a parameter that depends on the grain size, 
modulus, and deformation characteristics of the geometrical asperities. An 
estimate of ao was on the order of 0.007 MPa-m for the 10-/im and 0.042 
MPa • m for the 60-/jm HSLA steel. Note that it scales linearly with the grain 
size. The parameter ai depends on the load ratio and is given by 

'•-^m 1/2 

(3) 

where /? and X are two dimensionless parameters for the material. Based on 
Fiber's [19] experimental results, X~"̂  is given by 

k"'= (0.5 + OAR + OAR') (4) 

with R being the load ratio and P a fitting parameter in the range of 0.1 to 0.5 
[10]. Taking /8 — 0.16 and r = 100 jum for the 10-/Lim material and 300 ;um 
for the 60-jum material, and assuming the oxide contribution to be zero at 
low temperatures, ^op at threshold can be calculated. It should be noted that 
the distance parameter is based partly on metallographic sectioning [70] and 
partly on Auger spectroscopy studies [21] previously used to identify closure 
distances. The results of these calculations are shown in Fig. 8 for the HSLA 
steel in terms of observed versus calculated Kop. Linear regression of the ob
served values onto the calculated ones showed a near one-to-one corre
spondence at both load ratios, 0.1 and 0.35. AtR = 0.7 all the calculated ^op 
values were below the minimum stress intensity factor (Kmm), which was ex
pected since Kmin is high and the crack remains open throughout the fatigue 
cycle. 
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Summary and Conclusions 

Based on the experimental work reported here on HSLA steel and Fe and 
Fe-Si alloys, the following conclusions are drawn: 

1. Near-threshold crack growth and threshold stress intensity factor are 
dependent on test temperature. 

2. Near-threshold crack growth rates are lowered and threshold stress in
tensity factors are increased with decreasing temperature, from 300 K down 
to 123 K. 

3. Near-threshold fatigue crack growth at low test temperatures may pro
duce large values of stress intensity for closure onset. 

4. The dependence on temperature is a result of a change in strength and 
mechanism of cracking, both of which modify the closure force. 

5. Increasing the load ratio increased the crack growth rate and lowered 
the apparent threshold. 

6. The effects of load ratio are closure-related for the same fracture proc
esses. A change in the fracture process (e.g., to cyclic cleavage) may lead to a 
dependence on the load ratio. At the lowest test temperature, increased mean 
stresses were seen to lower AKth(em in the 60-jum grain size HSLA steel. 
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7. A correlation of Kop to Oysd^'^, based upon geometrical asperity argu
ments, is found. 

8. Calculated stress intensity factors for closure onset (^op) at threshold, 
based on a model which simultaneously incorporates reversed slip, geometry, 
and oxide-induced closure, are in agreement with the observed values of this 
study. 
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DISCUSSION 

P. K. Liaw^ {written discussion)—How does cleavage vary with Aid How 
d o e s iVclosure vary with AA? 

K. A. Esaklul et al {authors' closure)—The discusser poses two very impor
tant questions. At threshold, there was little cleavage observed in the 10-̂ im 
grain size material, even at 123 K. With increasing f\K, and thus .̂ Tmax, the 
amount of cleavage did increase. The amount of cleavage was quantified for 
the 60-jum grain size material to be 15% near threshold at /? = 0.1. Although 
the cleavage percentage was not quantified for increasing AK̂ , it was for in
creasing R values and thus increasing A'max. Here, as reported in the main 
body of the paper, it was found that the cyclic cleavage increased to 40-50% 
and 90% for R = 0.35 and 0.7, respectively. Taking the values ofKth at these 
three R values (Table 3), one finds that as A'max increased from 7.7 to 9.1 to 
16.7 MPa • m"^ percent cleavage increased from 15 to 45 to 90% at 123 K. 

With regard to ATciosure, we did not report how ATciosure varies with AK ex
cept at threshold. From Fig. 2, one may infer that ATop (or ATciosure) increases 
with AATat threshold. This has been shown and discussed in detail elsewhere 
[70]. On the other hand, for a given material and test temperature, as AAT is 
increased away from threshold, there is a tendency for ATop to be nearly con
stant and then disappear. This is seen in Figs. \a and \c. For AAT ranging 
from 5 to 10 MPa • m"^ in the first case and 9 to 13 MPa • m"^ in the second, 
ATop stayed near 1.5 MPa • m"^ in the former case and near 2 MPa • m'*̂ ^ in the 

' Westinghouse R&D Center, Pittsburgh, PA 15235. 
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latter. Above 15 MPa • m"^ the closure disappeared, which is not surprising 
in the former case since Kmm > ^op for i? = 0.1. For the tests at R = 0.02, 
however, this is not the case and the disappearance of closure must be attrib
uted to a decreased time for fretting corrosion and hence less oxide-induced 
closure or proportionately less Mode II cracking and hence a smaller geo
metric closure contribution. Such effects need further investigation at low 
test temperatures. 
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REFERENCE: Verkin, B. I., Grinberg, N. M., and Serdyuk, V. A., "Correlation of the 
Parameters of Fatigue Crack Growth with Plastic Zone Size and Fracture Micromecha
nisms in Vacuum and at Low Temperatures," Fatigue at Low Temperatures, ASTM STP 
857, American Society for Testing and Materials, Philadelphia, 1985, pp. 84-100. 

ABSTRACT: Much attention has been paid recently to the kinetics and micromecha
nisms of fatigue crack growth in various materials. Of particular interest are magne
sium alloys, which find expanding applications in structures requiring high specific 
strength. This paper reports experimental results on Mg-Nd-Zr, Mg-Y-Cd, and Mg-Y-
Cd-Zn alloys in different structural states. We measured the fatigue crack propagation 
rates and the values of the threshold point ATth, the transition points K1-2, K*, and .̂ 2̂-3, 
and the critical point Kfc in air at 293 K and in a vacuum of 10" Pa at 293 and 140 K. 
The plastic zone size around a fatigue crack was studied by X-ray diffraction and the 
micromechanisms of its growth by electron fractography. 

Vacuum is shown to produce a decrease in the rate of fatigue crack growth in the 
whole range ofKman values, while Kth and Kk remain unchanged. The effect of vacuum 
was most prominent in thermally hardened alloys undergoing cyclic softening. A re
duction in temperature from 293 to 140 K produced an increase in Kth and a decrease 
in the rate of fatigue crack growth in Region I and at the beginning of Region II for all 
alloys. In Region III, however, the rate of fatigue crack growth and Kk changed 
ambiguously. 

The plastic zone size was found to be larger in vacuum than in air; a reduction in 
temperature produced a decrease in its value regardless of the alloy structural state. 
The micromechanisms of fatigue crack growth were found to be dependent on compo
sition and initial structural state of alloys, and variations in these parameters with low 
temperature correlated with the plastic zone size and the rate of fatigue crack growth. 
Our studies show the existence of certain structural and substructural criteria for the 
transition points K1-2, K*, and Ki-i. 

KEY WORDS: fatigue crack growth, magnesium alloys, plastic zone size, vacuum, low 
temperatures, micromechanism, fatigue striations, transition points 
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Through application of the principles of linear elastic fracture mechanics, 
considerable advances have recently been achieved in understanding the ki
netics of fatigue crack growth. For all materials studied, the dependence of 
growth rate on the stress intensity factor may be expressed in terms of an 
S-like curve on log-log coordinates that shows three regions of crack growth 
and is limited by threshold (^th) and critical (^fc) values [7]. Most of the 
experiments on this problem were accompanied by electron fractography 
studies and, sometimes by investigations of plastic zone size and structure 
[2,3]. Nevertheless, up to now no clear idea has been obtained of the relation 
between microstructural peculiarities and microscopic regularities of growth 
in separate process regions. For instance, in titanium alloys the transition to 
Region II is considered to result from the cyclic plastic zone approaching the 
a-phase grain size [4]. Little attention has been directed to the question of 
whether other transition points in the growth rate curve depend on the plas
tic zone size. As for fatigue striations, it is believed that they are formed 
through Region II, but the correlation of the distance between striations with 
the macrocrack rate is not clearly understood [5-8]. 

The problem of correlation between macroscopic and microscopic pa
rameters of crack growth has generally been investigated in air and at room 
temperature [5,7]. Considerably less work has been done on this problem for 
low temperatures and in vacuum [9], even though the effect of these factors 
of the kinetics of crack growth in various materials is well known. In this re
gard, magnesium alloys are of great interest; because of their high specific 
strength, these alloys find application in aerospace technology where these 
conditions exist. 

This paper deals with the problems of the rate of fatigue crack growth in 
magnesium alloys of different structural states, the micromechanisms of the 
process in the whole range of K values, and the effect of vacuum and low 
temperature (140 K). An attempt is made to determine conditions corre
sponding to the transition points in the relation log dl/dN versus log A'max. 

Materials and Experimental Procedure 

Three types of magnesium alloys were investigated (compositions and me
chanical properties are given in Tables 1 and 2). The IMV6and VMD10 alloys 
of a magnesium-yttrium system were hot-rolled so that a certain thermal 
hardening took place [10]. The MA 12 alloy was annealed (T2) and thermally 
hardened (quenching and aging, T6). Trapezoidal specimens with semi
circular side notches (Fig. 1) were made of sheets and polished mechanically 
and electrolytically [11]. 

The test specimens were loaded by cyclic symmetrical {R = —1) cantilever 
bending at 12.5 Hz both for room temperature tests in air and in vacuum 
(1.33 X 10'" Pa) and for low temperature (140 K) tests in a vacuum of the 
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60 10,02 

FIG. 1—Specimen design. 

same value. The specimens were cooled through heat transfer to a liquid ni
trogen vessel that was connected to the specimens by flexible copper heat 
conductors. During the growth of a crack, its length (/) was measured with 
an optical microscope at 0.5 ± 0.05 mm intervals. From the experimental re
sults, the dependence of dl/dN on A'max was plotted, the .̂ max values being 
obtained by the compliance method [12]. The near-threshold fatigue crack 
growth rate and A'th were obtained by using a steplike reduction (within 3%) 
in the load corresponding to a given crack length. 

The plastic zone formed during crack growth was investigated by X-ray 
diffraction analysis of the fracture surface and subsurface layers. The X-ray 
patterns were photographed by the Debye method on a URS-60 apparatus 
with chromium radiation and an 0.4-mm diameter pinhole (the depth of X-ray 
penetration was about 7 ;um). The fractured surfaces were successively 
electropolished to remove the 10- to 15-;um thick layers so that the plastic 
zone size (h) could be found. Electropolishing was alternated with photo
graphs of the X-ray patterns at fixed points along the crack length. The proc
ess was repeated as long as X-ray patterns typical of a given specimen were 
obtained. The total error in the h values did not exceed 10%. 

Electron fractography studies of the fracture surfaces were performed by 
the platinum-carbon replica method on a UEMV-IOOL electron microscope. 
For the IMV6 alloy, the distance between striations (S) was measured for 
different strains and crack lengths; the data obtained were statistically ana
lyzed. The experimental results were presented as plots of S versus Kmax 
compared to dl/dN versus ATmax. 
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Experimental Results 

Let us consider the macroscopic behavior of fatigue crack growth and the 
effects of environment and temperature on the alloys tested. The kinetic dia
grams of crack growth rate are S-shaped when each of three regions is distin
guished by its peculiar slope to the axis (Figs. 2 to 4). The results obtained 
suggest that whatever the composition and structural state of an alloy, the 
crack growth rate is lower in vacuum than in air. The effect is most promi
nent in the near-threshold region, where in air the rate curve, when ap
proaching Kth, changed its slope sharply; in vacuum the change was less pro
nounced. In this case the curve for vacuum approached the threshold value 
of A'thfor air, which suggests that vacuum did not affect Kth. The effect of vac
uum on both the crack growth rate in the near-threshold region and ^th has 
been studied in detail in Refs 13 and 14. It follows from these papers that the 
effect of vacuum on .̂ th is related to the asymmetry coefficient R. The value 
of ATth has been shown [75] to be independent of R in vacuum and to decrease 
with increasing R from 0 to 0.7 in air. As R decreased, the difference in the 
.̂ th values in both environments became less pronounced; for /? = 0 or 0.1 
the A'th values in air and in vacuum were the same. Similar results were ob
tained in Ref 14. Ithasalsobeenshown[15]thatfornegative7?(—1 < R <0), 
the ATth value is highly insensitive to R. From these data one could expect that 
the effect of vacuum on ATth was small for these R values. The results of our 
work confirm this assumption. In Region II the crack growth rate was also 
lower in vacuum than in air. As A'max increased, the effect of vacuum dimin
ished; for ATmax — K(c the crack growth rates in both environments became 
equal. Values of Kfc in air and in vacuum were essentially equivalent. 

The reduction in temperature from 293 to 140 K produced an ambiguous 
change in the crack growth rate that is dependent on both alloy composition 
and structural state and the A'max value. For small A'max, the crack growth 
rate of all the alloys tested decreased and the Kth value increased with a re
duction in temperature. As Kmax rose, the variation in the crack growth rate 
in the Paris range was more intensive at the low temperature than at room 
temperature. Thus for the MA12 (T2) and VMDIO alloys, at low tempera
ture and high ATmax values the growth rate was higher than that at room 
temperature; additionally, K{c decreased (Figs. 2a and 4). For the IMV6 and 
MA12 (T6) alloys, with an increase in ATmax the crack growth rate also rose 
more rapidly at low temperature than at room temperature, remaining lower 
than the room temperature value, however (Figs. 2b and 3). For the IMV6 
alloys, Kfc increased at lower temperatures within the range studied; for the 
MA 12 (T6) alloys the Kfc values were equal for both temperatures. 

Considering these results and the fact that the IMV6 and VMDIO alloys 
belong to the same magnesium-yttrium system, we suggest that crack growth 
resistance with reductions in temperature may be increased through alloying 
and thermal treatment. 

The experimental dependence of plastic zone size (h) on ATmax for the 
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Kinax, MPaYm 

O • = Air, 293 K. 
A = Vacuum, 293 K. 

D • = Vacuum, 140 K. 

FIG. 3—Rate of fatigue crack growth (solid symbols) and the distance between fatigue stria-
lions (open symbols) V6TSUS Kmax in IMV6 alloys (R = —i). 

MA 12 alloys are shown in Figs. 2a and 2Z). For the same ATmax, the plastic 
zone size was dependent on the alloy structural state. In the T2 case h was 
larger than in the T6 case, and the crack growth rate was also higher. Fatigue 
tests of MA 12 alloys in vacuum at 293 K produced an increase in h compared 
to the value in air, while <///rfA'̂ decreased. This seems to be inconsistent with 
the concepts of linear fracture mechanics, according to which a larger plastic 
zone size should correspond to a higher crack growth rate. As may be seen 
from Figs. 2a and 2b, the conformity between the quantities h and dl/dN is 
valid for each environment taken separately, in air or vacuum. Apparently, 
this is because in vacuum a greater number of grains undergo plastic strain 
than in air, with a larger number of slip bands in every grain [16]. 

When the temperature fell from 293 to 140 K, in both structural condi
tions of the alloy the size h decreased for all Km^x. Our attention is attracted 
to the disagreement between variations in the Kmax dependence of h and 
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Kmax, MPaim 

FIG. 4—Rate of fatigue crack growth versus Kmax/or the VMDIO alloy (R = —1). Symbols as 
in Fig. 3. 

dl/dN in the MA 12 (T2) alloy. For low and average values of A'max, a de
crease in h was followed by a decrease in dl/dN, in good agreement with the 
mechanics of fracture. At the end of the Paris region, the crack growth rate 
was higher and h was smaller at low temperature than at room temperature. 
In this case the plastic zone size seemed to play no determining role in the 
crack growth process. 

Let us now consider the morphology of the fractured surfaces of the spec
imens that were strained under the conditions described. At the beginning of 
Region II the fracture of each specimen was followed by the formation of 
quasicleavage (Fig. 5a). The formation of fatigue striations is known to be 
typical of Region II. In magnesium alloys their formation is not always dom
inant. For instance, in the MA12 (T2) and VMDIO alloys, fatigue striations 
occurred only on individual facets, even at room temperature in air (Fig. 5b). 
In this case crack growth was followed by the formation of transgranular 
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94 FATIGUE AT LOW TEMPERATURES 

quasicleavage (Fig. 5c). By contrast, in the MA12 (T6) and particularly in the 
IMV6 alloys the fracture in Region II was characterized by the formation of 
striations (Figs. 5d and 5e). 

Under fatigue loading, the fracture within the Paris region at 293 K in vac
uum was similar to that in air; in vacuum, however, the propagation of fa
tigue cracks was characterized by a higher degree of plasticity. A second dis
tinguishing feature was that in the IMV6 and MA 12 (T6) alloys, striations 
were smeared and indistinct in vacuum, while in air they were much more 
pronounced (Fig. 5/). However, in the same vacuum at low temperature stri
ations were as distinct and prominent as in air (Figs. 6a to 6c). In Region III 
the micromechanism of fracture changed. At room temperature, facets of 
cleavage and dimple structures were formed, indicating the presence of duc
tile fracture (Fig. 5^). At the low temperature the MA 12 (T6) and IMV6 al
loys showed the same structures, but the MA 12 (T2) and VMD10 alloys had 
cleavage and river structures, indicating brittle fracture (Fig. 6d). 

Therefore a qualitative analysis of fracture surfaces suggests that the micro-
mechanism of fatigue crack growth, which depends on alloy composition 
and structural state, varies during the transition from one region of the ki
netic diagram to another. The formation of striations was sensitive to envi
ronment and temperature. In those alloys where the crack growth rate in
creased and h decreased with decreasing temperature, the micromechanism 
of fracture became more brittle than at room temperature (MA 12 [T2] and 
VMDIO). 

Quantitative analysis of striation spacings in the IMV6 alloy (Fig. 3) indi
cates that for the Kmax values that correspond to the first half of the Paris re
gion, the separation between striations increased slightly initially (from 
4 X 10"* m to 1.0 + 0.08 X 10"' m in air at 293 K or 1.2 ± 0.02 X 10"' m in 
vacuum at 140 K) and then remained unchanged up to a certain value of 
Kmax that will be denoted by K*. Under these conditions the macroscopic 
crack propagation per cycle was less than the striation spacing. Therefore in 
this region of crack growth (Ila) several cycles of loading were required for 
the microcrack to propagate by a distance equal to the striation spacing. The 
number of cycles was greater for lower ATmax/AT*. Only for Kmax/K* = 1 was 
the crack growth rate coincident with the striation spacing [i.e., the micro-
crack propagated in each of the loading cycles (Region lib)]. Not all of Re
gion lib was characterized by the formation of striations because for crack 
growth rates of 1 to 2 X 10"' m/cycle there were no striations at all (Fig. 3). 

It follows from the experimental results that K* increased as the tempera
ture decreased. The effect seems to be typical of some other alloys for which 
the low-temperature macroscopic curve of crack growth rate shifts to the 
right with respect to the room-temperature curve because the ordinate of the 
Ila-IIft region transition point is constant. When these macroscopic curves 
are crossed, K* at low temperature can be lower than at room temperature if 
the crossover occurs at dl/dN < 10"' m/cycle. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



VERKIN ET AL ON CORRELATION OF PARAMETERS 95 

V 

o 
5 
3 

^ 
<̂  sr be 
•3 
5 

•ts 

£! 
13 
t j 
"3 

k . 

>i 

<u 
• ^ 

^ ' n Q 

^ t j 

« 
JC 
•̂  
s; 

^ ^ 
^ 
^ 3 
"5 
•«: 

a: 
o • ? • 

?« 
•̂  
^ 

|"K 
5 
o 

1 
^ d 
UH 

^ 
^ 1 
§ 
5 
1 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



96 FATIGUE AT LOW TEMPERATURES 

Discussion 

Let us consider the conditions at the crack tip under which the micro-
mechanism of fatigue crack growth varies through the whole process. Serdyuk 
and Grinberg [9] showed that for room temperature the cycHc plastic zone 
size at Kmaxy which corresponds to the Region I-Region II transition (ATî ) 
and is denoted A1-2, is comparable to the grain diameter (d) in the annealed 
MA12 alloy and to the distance between hardening particles in the thermally 
hardened MA12 specimen. As the temperature falls to 140 K, A1-2 < d, but 
for the thermally hardened alloy the relation remains unchanged. The Region 
I-Region II transition, therefore, occurs for a certain relation between the 
plastic zone size and the material structural parameters. 

Such a correlation appears to be valid also for Region II, throughout 
which striations are formed. It has been suggested that striations appear only 
for a particular plastic zone size h [17]. We can estimate h by using the exper
imental data. From the data in Figs. 2a and 2b, we can suggest that the plas
tic zone size (A) obeys the known relation [18] 

* = ^ ( ^ ) ' (1) 

where oy is yield strength and the coefficient A depends on structural state, 
environment, and temperature (Table 2). For the IMV6 alloy, the h value 
was not measured but calculated at point K* by Eq 1, assuming that the 
values of the coefficient A were close to those for the thermally hardened 
MA 12 specimens strained under the same conditions. In the IMV6 speci
mens the plastic zone sizes (fi*) were 42, 73, and 30 nm in air, in vacuum at 
293 K, and in vacuum at 140 K, respectively. Considering that the average 
grain size in the IMV6 alloy is about 40 /nm, we suggest that striations of the 
same spacing are formed when the plastic zone size in Region Ila does not 
exceed the grain size. In this case, the plastic zone structure [8,9] and hence 
the rigidity of its stressed state also changed, as indicated by the sensitivity of 
the A coefficient to environment and temperature. 

In the thermally hardened alloy MA 12 (T6), the plastic zone size was equal 
to 60, 170, and 75 ;um in air, vacuum at 293 K, and vacuum at 140 K, respec
tively, for ATmax corresponding to a dl/dN ~ 1 X 10"' m/cycle (Fig. 2b). For 
an average grain diameter of about 80 ûm, the plastic zone size in air at 293 
K and in vacuum at 140 K (when striations are formed) was approximately 
of the same value as the grain diameter. In vacuum at 293 K, when there are 
no striations, it was twice this value. 

The experimental data on the striation spacing provide support for Grin-
berg's hypothesis [8] on the difference in the micromechanisms of crack 
growth in Regions Ila and lib. The data offer additional experimental evi
dence that the ordinate of the point 0 separating these regions is independent 
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of temperature and environment, while its abscissa, K*, varies in response to 
these factors. 

It should be noted that the ordinate of the point corresponding to a con
stant separation between striations at Region Ila is almost the same for met
als and different alloys, being within the limits of 0.8 to 4.0 X 10'' m/cycle 
[6,19'\. Such a constancy is natural, since it apparently takes account of the 
common character of the effects that occur in Region Ila in different mate
rials. As indicated by an analysis of transmission electron microscopy and 
X-ray diffraction data [5], the value of ~10"' m corresponds to the diameter 
of a three-dimensional cellular structure which is formed at the tip of the fa
tigue crack in different metals and alloys. We can suggest then that the crack 
in Region II propagates in one loading cycle from one boundary of subgrain 
to the other and ceases its propagation for a certain number of cycles which 
depend on the Kmnn/K* value. In Region lib the fatigue crack propagation is 
not restricted by the dimensions of the dislocation cellular structure and oc
curs at each cycle of loading in accordance with A'max by the Paris formula. 

Tanaka and his colleagues [20,21] concluded that for the crack growth 
rate of ~10~' m/cycle there is a so-called pivot point in the intermediate 
growth rate range which is common for alloys of the same base. Using the re
lation between parameters C and m in the Paris law, they obtained the 
expression: 

dl/dN = BiAK/KoT (2) 

and showed that the constants B and ^o were the coordinates of the pivot 
point at which the curves for all alloys of the same base were crossed. The 
constant B for steels was equal to 1.7 X 10~' m/cycle and for aluminum and 
titanium alloys to 3.98 X 10"' and 2.99 X 10"' m/cycle, respectively [21]. 
Using these data, Tanaka and his colleagues proposed the following analytical 
expressions for the axial point coordinates: 

A-o = lOEs/b (3) 

B = dl/dN = lO'b (4) 

where b is the Burgers vector and ^'is the elastic modulus of an alloy. Taking 
account of the fact that the striation spacing (S) is given by the formula 

S = C'iAKf (5) 

they suggest that the plot log S versus log AA" passes through the pivot point. 
The coincidence of the pivot point ordinate, derived from the relation of 

the Paris equation parameters, and the point 0 obtained by the microfractog-
raphy data, provides evidence in favor of the fact that in both cases the same 
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point is meant which separates Regions Ila and lib. Indeed, for the IMV6 
alloy, estimation of the point abscissa by Eq 3 gives A'o = 7.4 MPa m"^ 
{b = 3.2 X 10"'° m, £• = 41000 MPa). As seen from Fig. 3, the K* values are 
6.0, 7.0, and 10.2 MPa m"^ in air and in vacuum at 293 K and in vacuum at 
140 K, respectively. Taking account of the fact that the experimental data for 
steels, aluminum, and titanium alloys [21] are within a wide range of spread, 
we believe that for the magnesium alloy tested the agreement of the A"* 
values at room temperature with the A'o values calculated by Eq 3 is 
rather good. 

It should be mentioned that in the IMV6 alloy, the striations with a fairly 
small ( <10~' m) and increasing spacing are observed for low ATmax corre
sponding to the beginning of the Paris region. In the other alloys the min
imum spacing between striations in Region Ila is constant and equals 10' m 
[6.17,181 

We believe that in this case the following two facts are of great impor
tance. First, in Region Ila the striation spacing increases to ~1 X 10~ m 
only and for all ATmax remains considerably higher than the macrocrack rate. 
Secondly, the arrangement of striations and the relationship between their 
spacing and the macrocrack rate at low temperature are the same as those at 
room temperature. For the ATmax values which slightly exceed K\-2, the crack 
propagates in one cycle by a value smaller than the subgrain diameter with 
crack arrest for several tens or even hundreds of cycles. The distance for 
which the crack propagates with an increase in ATmax at the beginning of Re
gion Ila rises but only within the limit of the subgrain diameter. The micro-
crack rate also grows so that the number of cycles of crack arrest remains 
approximately the same. As ATmax increases further through the whole Region 
Ila, the step of microcrack remains constant but the number of cycles of ar
rest decreases. The mechanism of crack growth is left the same at low 
temperature as well. 

As indicated in Ref 22, the condition for a fatigue-to-quasistatical fracture 
transition that occurs at ATmax, corresponding to the Region II—Region III 
transition (A!'2-3), is dependent on the micromechanism of fracture and, like 
the other transition point, is sensitive to the plastic zone size and structural 
parameters of a material. In the case of fatigue-to-brittle fracture transition 
(observed in the MA 12 (T2) and VMDIO alloys at 140 K, see Fig. 6</), the 
condition 

Ol-i > OCT (6) 

should be fulfilled at A'2-3. Then 

CT2-3 = oyp ( 7 ) 

where/? is the plastic constraint factor which is dependent on the alloy condi-
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tion, environment, and temperature [P] and p = {2nA)'^'^ where A is the 
coefficient from Eq 1. 

According to the data obtained by Meshkov [23], the stress of brittle frac
ture is related to the grain diameter by 

acr = Rpdr'"" (8) 

where Kp = (3007£'/7r)"^ 7 is a surface energy, and </is grain diameter. For 
the MA12 annealed alloy, the criterion of fatigue-to-ductile fracture transi
tion is the equality [22,24] 

62-3 = d (9) 

where 62-3 is the crack opening displacement at K2-3 equal to 

62-3 = 4^ (10) 

In the thermally hardened alloy, the critical crack opening displacement is 
smaller than the grain size, and the large intermetallic particles the sizes of 
which, as shown by the fractography data, are compared to the crack open
ing displacement found by Eq 10 may play the role of the material structural 
parameter which dictates the fatigue-to-ductile fracture transition [22]. 

Conclusions 

1. Each of the transition points in the curve log (dl/dN) versus log ^max 
(i.e., Ki-2, K* and Ki-i) corresponds to a particular relation between the plas
tic zone size and the structural parameters of the material. Different sizes of 
plastic zone and different degrees of plastic strain in it (which are sensitive to 
structural states, temperature, and environment) determine different micro-
mechanisms of fatigue and crack growth rates during different stages of the 
process. 

2. Cyclic straining in vacuum favors a decrease in the fatigue crack 
growth rate of magnesium alloys no matter what their composition and 
structural condition. The values of A'th and Kk are similar in vacuum and in 
air. The failure in vacuum occurs with a larger degree of plastic strain than 
in air. 

3. For small KmBx, the rate of fatigue crack growth at 140 K decreases in 
all magnesium alloys and Kth increases. For large ^max, the crack growth rate 
at low temperature may decrease or increase depending on the alloy compo
sition and structural condition and the Kfc values vary respectively. A de
crease in .̂ fc and an increase in the crack growth rate correlate with an in
crease of brittle components in the fracture microstructure. 
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4. The plastic zone size formed in vacuum is larger than that in air at the 
same temperature. For the annealed and thermally hardened MA12 alloys, 
the reduction in temperature from 293 to 140 K causes a decrease in the plas
tic zone size within the A"max range studied. 

5. The qualitative electron fractography analysis permits the Paris region 
to be separated into Regions Ila and lib by the point 0 with the coordinates 
K* and dl/dN ~ 10 '̂ m/cycle. In the thermally hardened MA12 alloy, K* 
corresponds to iiTmax at which the plastic zone size approaches the grain di
ameter both in air at 293 K and in vacuum at 140 K. The K* value increases 
as the temperature decreases. 

6. At the beginning of Region Ila the minimum distance between fatigue 
striations is 4 X 10~* m, it rises to ~1 X 10~' m with an increase in A'max and 
then for A'max < K* remains unchanged. In this case the distance between 
striations is larger than the crack growth macrocrack rate. The coincidence 
of the distance between striations with the macrocrack rate and the increase 
in the distance according to Amax is characteristic of the initial portion of Re
gion lib only, then striations vanish. These specific features are typical of 
crack growth at 293 K in air and at 140 K in vacuum. 
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ABSTRACT: Fatigue crack growth rates and crack closure have been examined for a 
body-centered-cubic (bcc) titanium alloy (Ti-30Mo) at five test temperatures ranging 
from 123 to 340 K. In the same temperature range the influence of internal hydrogen 
(as provided by gas phase charging) has been studied. Detailed fractographic analyses 
have been made to quantify the amount of cleavage fracture as a function of test 
temperature, hydrogen concentration, and stress intensity factor range. The extent of 
cleavage, both cyclic and static, increased with decreasing temperature. For the low-
hydrogen content specimens the fatigue crack growth resistance increased with in
creasing cleavage over the temperature range from 340 to 190 K. The fatigue crack 
growth resistance for the high hydrogen alloy remained relatively insensitive to the in
creasing amounts of cleavage over the same temperature range. An examination of the 
fatigue crack growth rate data shows that the power exponent in the following expres
sion is in the range of 2 to 2.5 for temperatures of 123 to 340 K: 

da 
— = B(^K' - AK'ihT 
dn 

where AAT = AA'' -H iifC and AK̂ ' is the intrinsic component and AA* is the closure 
component. These observations indicate that the factor dominating the fatigue crack 
growth rate and the resulting cyclic cleavage process is the reverse plasticity in the 
crack tip region. The increased resistance to fatigue crack growth in the temperature 
range from 340 to 190 K for the low hydrogen contents is attributed to the higher yield 
stresses in this region. The role of hydrogen in determining fatigue crack growth rates 
and fatigue thresholds (AAth) is discussed in terms of its influence on both AA' and 

Ar. 

KEY WORDS: fatigue crack propagation, low temperature, crack closure, hydrogen, 
fractography, static cleavage, cyclic cleavage, fatigue thresholds 

In recent years there has been an increasing interest in investigating fatigue 
crack growth behavior at low temperatures in the near-threshold region (Re-
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gion I). The understanding of the mechanisms which control fatigue crack 
growth in Region I is compHcated by several variables, such as microstruc-
ture, environment, and temperature, which play a dominant role in deter
mining the fatigue threshold. Crack closure has been found to be of particu
lar concern in the understanding of the fatigue thresholds and recent 
attention has been focused on the origin of fatigue crack closure and the 
ramifications of closure on the fatigue crack growth rate in Region I. The 
primary factor in the closure process is the creation of asperities in the crack 
tip region. These asperities can form as a result of out-of-plane crack trajec
tories associated with Mode 11 displacements, the presence of oxides, or 
other constituent particles on the crack faces, and localized plastic flow in 
the crack tip region [1-5]. The investigations examined the role of internal 
hydrogen content (22 and 1200 wt ppm) and test temperature on the fatigue 
crack growth and threshold response of the )3-titanium alloy. The micro-
structure of the alloy is essentially single phase, with grains of the order of 80 
to 100 jum in size. As reported previously [6,7], the major effects of internal 
hydrogen and temperature on Ti-30Mo are to increase the yield stress (ays) 
and internal stress (oi), while hydrogen alone increases the ductile-to-brittle 
transition temperature (DBTT). Although )3-Ti alloys have higher hydrogen 
solubility limits than a- or a/j8-Ti alloys, they still have been found to be af
fected by hydrogen or hydrogen-producing atmospheres. Furthermore, it 
has been found that for ;8-Ti alloys the effects of hydrogen are pronounced 
only if the starting microstructure enhances planar slip rather than multiple 
slip [8]. For example, the presence of coherent or semicoherent particles 
such as co-phase particles satisfies this condition. On the other hand, hydro
gen has been found to affect only certain regions of the fatigue crack propa
gation curve. As an example, Chakrabortty and Starke's work on Ti-27V [9] 
in a methanol/hydrochloric acid solution suggests that fatigue crack growth 
rates are affected only in the intermediate stress intensity factor range. Wil
cox and Koss's [8] work on Ti-30V suggests that gaseous hydrogen affects 
fatigue crack propagation in all three regions of the fatigue crack propaga
tion (fcp) curve. Results from previous work [10-12] show that at tempera
tures as low as 77 K, only a ductile transgranular mode of crack growth has 
been observed at near thresholds, including those alloy systems which other
wise exhibit extensive cyclic cleavage at higher stress intensity factors (in Re
gion II). 

Experimental Details 

The nominal composition in weight percent of the as-received alloy is 0.02 
carbon, 0.007 nitrogen, 0.02 iron, 0.007 oxygen, and 29.4 molybdenum. The 
as-received alloy was vacuum-annealed for 4 h at 100°C at 5 X 10'̂  torr, 
which resulted in 22 wt ppm of hydrogen and an average grain size of 
92 ± 10 nm. Hydrogen was introduced in the samples by gas phase charging 
in a Sieverts apparatus at 800°C. Hydrogen analysis on all samples was per-
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formed by the hot vacuum extraction technique. Fatigue crack propagation 
tests were performed on compact tension samples machined in the L-T orien
tation. In order to ensure plane strain conditions a thickness of 20 mm was 
used. Fatigue testing was performed on a servohydraulic closed-loop testing 
machine by using tension-tension sinusoidal loading at 20 Hz with a con
stant load ratio (i?) of 0.05. Crack growth was monitored with a crack open
ing displacement (COD) gage. The COD gage measured the crack opening 
displacement (ĵ ), and the compliance {v/p) was determined from a corre
sponding load (p). The value of v/p is then used to calculate the crack length 
by using the calibration equation 

-2466.7 + 27078.2 (a/w) - 115069(0/^)^ 

+ 24700(a/w)' - 248010(0/^)' + 101658(a/w)'] (1) 

where w is the distance from the loading point to the edge of the sample, B is 
the thickness, and Eh the elastic modulus. The stress intensities were calcu
lated from 

fiw' ^ = -irTaAa/y^) 

where AP is the cyclic load and 

fia/w) = 29.6(fl/w)"' - n5.5{a/wf'^ + 655.l{a/wf^ 

~ 1017(a/wf' + 639(a/w)'/' (2) 

Fatigue testing was carried out in air; low-temperature conditions were con
trolled in an environmental chamber with evaporated liquid nitrogen as the 
coolant. A step-down procedure was used to obtain the fatigue thresholds. 

Results and Discussion 

Low Hydrogen Content (22 wt ppm) 

The fcg curves in Region I, for 22 ppm level of hydrogen, are shown in Fig. 
la. As expected, the crack growth rates were observed to be highest at the 
maximum test temperature of 340 K. The crack growth rates decreased sys
tematically from 340 to 233 K and reached a minimum at 190 K. At 123 K, a 
reversal in crack growth rates was observed. This is shown more clearly in 
Fig. 16 for a A^of 7MPa m"^. Decreasing crack growth resistance at 123 K 
results in a lowering of the observed fatigue threshold at this temperature.' 

' The authors recognize that AKth is conventionally defined as the AAT to sustain a growth rate 
of 10~'° m/cycle. In this instance the term near-threshold refers to growth rates of 6 X 10~'° 
m/cycle. 
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106 FATIGUE AT LOW TEMPERATURES 

The observed fatigue thresholds AA'th'are shown in Fig. 2 for all test 
temperatures. Previous work on Fe, Fe-Mo [12], mild steel [11], high-
strength low-alloy steel [70], and Fe-Si alloys [13] indicates no crossover in 
fatigue crack growth rates in Region I at temperatures as low as 77 K. The 
fractography of these alloys as reported by the authors was characterized by 
a dominant ductile growth mechanism. 

There are two main effects of temperature on body-centered-cubic (bcc) 
alloys: an elevation of the yield stress and a change in the ductile-to-brittle 
transition temperature (DBTT). Although an increase in yield stress should 
increase the fatigue crack growth resistance, the change in DBTT might de
crease the fatigue crack growth resistance. This has been established both 
experimentally and analytically for Region II [75] for iron-base alloys. If the 
DBTT effects are encountered at low stress intensities and low temperatures 
then there would be two competing effects, namely yield stress and DBTT. 
At low stress intensities, in order for the crack to propagate by a brittle 
cleavage mode, a sufficient A'max value (R = Kmm/Kmax) has to be attained, 
or a dislocation dynamic controlled cyclic (cleavage) situation should exist 
[14-16]. In such an event, the fracture mode in Region I could be either brit
tle or a dual ductile/brittle mode which could dictate the rate of fatigue 
crack propagation. 

Note that with decreasing temperature from 340 K in the 22 wt ppm alloy, 
the yield stress increased and the alloy exhibited a ductile-to-brittle transi
tion. Both these factors contributed to the increase in fatigue crack growth 
resistance. The DBTT for Ti-30Mo was found to be 355 K in impact tests and 
252 K in four-point slow bend tests [6]. The DBTT under impact conditions 
was higher because of the higher imposed strain rate of 200 s~ as compared 
to 3 X lO""* s"' for four-point bend tests. If the dynamic strain rate [16] at the 
crack tip under fatigue is between the above two limits, then one might ex-
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pect the onset of brittleness at temperatures as high as 300 K in cracked fa
tigue samples under plane-strain conditions. Also, brittle conditions will be 
more likely at higher AK values where local stresses may be more easily 
raised to the cleavage stress. With this suggested importance of the DBTT, 
the discussion is directed to the fractography of the near-threshold region for 
the low-hydrogen samples. 

In the present investigation of Ti-30Mo, fractography indicated that the 
fatigue crack propagation at test temperatures down to 190 K was predomi
nantly ductile transgranular. At 123 K, a substantial number of cleavage 
facets were observed. To illustrate this, a few representative fractographs are 
presented. The fractographs shown in Fig. 3 correspond to near-threshold 
stress intensity at 300 K. At this temperature the area fraction of ductile 
growth was almost 0.8. Some of the facets (e.g., A in Fig. 3a) that appear 
smooth exhibited very fine ductile striations at higher magnification, as 
shown in Fig. 3b. In the fractograph shown in Fig. 3a there is also some evi
dence of monotonic cleavage. The overall amount of cleavage fracture in
creased at 123 K. At threshold, the area fraction of the fracture surface failed 
by cleavage was approximately 0.7. Figure 4 shows the variation in the 
amount of cleavage fracture as a function of stress intensity at 123 K. The re
sults in Fig. 4 indicate that the amount of cleavage decreased with increasing 
AK from the near-threshold region to a AK of approximately 14 to 16 
MPa-m"^ and subsequently increased above this AK. A tentative explana
tion for this behavior is given next. 

Below a A^ of 16 MPa m"^ the plastic zone size progressively decreased 
with decreasing AK. This would have the effect of reducing the extent of ac
commodation and associated ductile plasticity where cracks move from one 
grain to another along the crack front. For Kmax greater than 16 MPa m"^ 
the increase in overall cleavage formation is attributed to the onset of static 
cleavage. A critical cleavage stress of 2000 MPa was exceeded ahead of the 
crack for Kmax greater than 16 MPa m'''^ From previous work [7] this would 
support the view that static cleavage was involved at the crack tip. Two frac
tographs at a stress intensity of 10 MPa m'̂ ^ are included in Fig. 5. The frac
tograph in Fig. 5a has been chosen to show the presence of ductile striated 
mode (in grain D) accompanying the cleavage mode. In the adjacent grain 
(S) the markings correspond to intersecting slip bands that are orthogonal to 
each other, which suggests that plasticity in that facet is concentrated along 
the two orthogonal slip systems. Evidence of cyclic cleavage at 123 K is 
shown in Fig. 5b (arrow). In the absence of higher magnification pictures, no 
attempt has been made to calculate the microscopic crack growth rate for the 
low-hydrogen case. Figure 5c shows the extensive cleavage that was observed 
at 123 K. The fine lines perpendicular to the macroscopic crack growth di
rection appear to be cyclic cleavage markings left behind by the advancing 
crack. However, the spacing of these (>1 nm apart) is much greater than the 
macroscopic growth rate of about 10'' m/cycle at this stress intensity level. 
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Since previous studies [14,15] demonstrated tiiat local cyclic cleavage growth 
rates could be an order of magnitude greater than macroscopic growth rates 
in Fe-base systems, this result is consistent with those findings. 

High-Hydrogen Content (1200 wt ppm) 

For the high-hydrogen samples (1200 wt ppm), the lowest crack growth 
rates were observed at the highest test temperature, 340 K. Crack growth 
rates were little affected by lowering the temperature from 300 to 123 K. In 
Fig. 6, a comparison of the fcp curves at 340 and 123 K are shown. Here 
again the fatigue crack growth resistance decreases at lower temperatures, in 
spite of a twofold increase in yield stress. The DBTT for the 1200 wt ppm 
hydrogen was observed to be 375 K in four-point bend tests; thus the hydro
gen raised the DBTT by more than 120 K. The lower thresholds obtained for 
the higher hydrogen content are shown in Fig. 2. 

An examination of the fracture surfaces of the specimens showed substan
tial cleavage mode from 300 to 123 K. Particularly at 123 K, the fracture sur
face appeared 100% cleaved. Representative fractographs for the high hy
drogen level are shown in Figs. 7 and 8. It is clear from these fractographs 
that the dominant mode of crack growth is cyclical cleavage. The micro
scopic crack growth rates were usually observed to be two orders of magni
tude higher than the macroscopic values. At higher stress intensities the macro
scopic and microscopic crack growth rates were found to be approximately 
the same. In addition, the cyclic cleavage crack growth was accompanied by 
some cyclic plasticity as shown in the fractography (Fig. 8c). The variation in 
the amount of cleavage fracture as a function of stress intensity is shown in 
Fig. 4. 

Qualitatively, if the fatigue growth process were made up of brittle-type 
cleaved grains, one might expect the area fraction of cleaved grains to in
crease with increasing ATmax. As the fraction of "cleaved" grains appears to go 
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FIG. 5—Froctographs at 10 and 6 MPa nC'^ for 22 wt ppm H at 123 K. 

through a minimum, this probably represents competitive processes, with 
the cleavage fraction representing two distinct types of fracture micro-
mechanisms. Again, this indicates a mixture of "brittle" and "ductile" types 
of cyclic decohesion. 

Fatigue Crack Closure in Ti-SOMo 

The crack closure data obtained from crack opening displacement gage 
measurements are shown in Table 1. These values, given as a percentage of 
A'max, correspond to the maximum amount of closure exhibited at the thresh-
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FIG. 6—Comparison of observed da/dN versus AK for 1200 wt ppm H. 

old stress intensity (e.g., for 22 wt ppm hydrogen at 300 K, closure is 20%). 
This indicates that the fatigue crack remains closed until 20% of the maxi
mum load is reached. Thus A^' would be Km&% — 0.2 Km^, where AK is 
ATmax — .̂ min and MC = O.lKmax — Kmia. The general observation is that the 
amount of crack closure decreased with decreasing temperature and increas
ing amounts of hydrogen content. It is to be noted that, firstly, all testing was 
performed at a constant R ratio (0.05) and under plane strain conditions. Sec
ondly, for any given test temperature, the external environment test condi
tions were the same. Thus any oxide-induced closure that occurred should 
have resulted in equal amounts for any two different hydrogen contents at 
the same testing temperature. Table 1 shows, however, that for almost all 
temperatures the closure values decreased with increasing internal hydrogen 
contents. Therefore it is assumed that oxide-induced crack closure effects for 
Ti-30Mo played a secondary role in the closure levels observed. 

It is well known that the near-threshold crack propagation is characterized 
by out-of-plane crack path trajectories, which results in considerable facet
ing. This tendency may be enhanced by active environmental species such as 
hydrogen. For Ti-30Mo, however, such faceting was observed for hydrogen 
levels as low as 22 ppm and at temperatures as high as 300 K. In addition, 
there were some important microscopic features of these facets that need to 
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TABLE 1—Crack closure values at threshold stress intensity for Ti-SOMo." 

Temperature, 

340 
300 
233 
190 
123 

K 22 wt ppm 

16% 
20% 

17.5% 
18% 
8% 

H 1200 wt ppm H 

7% 
13% 

0 
0 
0 

' Crack closure values are as K'/Kmux in percentage. 
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be noted. As discussed previously, the facets exhibited slip bands that occa
sionally intersect orthogonally. At low temperatures and high hydrogen lev
els these facets transform more to cleavage or possibly Mode II cleavage 
along the active planes. Thus, although the Mode II (ATn) displacements at 
the crack tip that result in faceting were present in almost every testing con
dition, the overall effect on fractography was considerably different. The 
fractography suggests that with increasing hydrogen and decreasing temper
ature the slip offsets produced by shear or Mode II displacement decrease. 
Hence, less closure of the fatigue crack results in increasing cleavage. 

In order to obtain an insight into the crossover of the fatigue crack growth 
curve for 22 wt ppm at 123 K in Region I, the closure values at each stress 
intensity level and the threshold values have been subtracted from the ob
served A^ values. The data for Region I, Fig. 1, have been replotted in terms 
of an intrinsic effective stress intensity [17] defined as 

AKlit = AK' -Kk (3) 

where 

A^' = K°^- - A/ r 

and 

\ th = ^iAth" Kk = A ^ h ' - A^th 

The plots of zî eff versus da/dNshov/n in Fig. 9a suggest that the basic stress 
intensity [AKin) required to produce crack extension increases with yield 
stress. Furthermore, the slopes of da/dN versus AKltt lie in a range of 2 to 
2.8. These power exponents in Region I suggest that the crack growth in this 
region is controlled by the reverse plasticity at the crack tip, and the cyclic 
cleavage observed at low temperatures is thus attributed to the cyclic plastic
ity at the crack tip. 

The experimental slopes in Fig. 9a are compared to the theoretical curves 
in Fig. 96 as described in the Appendix. The analysis is based upon the 
crack-tip driving force for dislocation motion on a cyclic-slip decohesion 
plane [18]. Comparison to the fatigue crack propagation data was made pos
sible by recent measurements [19] of the cyclic strain-hardening exponent 
(j3c) and strain-rate sensitivity parameters (m and m*). The latter were meas
ured after the substructure had been cyclically stabilized in low-cycle fatigue 
tests. It is seen first in Fig. 9 that the predicted slopes at higher AKare in ap
proximate accordance with the observed slopes. Also, at lower AK, the low 
test temperature data represented growth rates slower than the 300 A^data by 
a factor of about 4 to 10. There was also a crossover point predicted near 8 
MPa m"^ as was observed. Keeping in mind that the lower test temperature 
for predicted versus observed crack growth rates was different and that the 
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analysis is for a single microfracture mechanism, the difference in the magni
tude between prediction and observation is not significant.^ The important 
point is that the general features are consistent, which suggests that disloca
tion dynamics controls the intrinsic growth process. 

The presence of crack closure is known to raise the threshold stress inten
sity, and the stress intensity (AAlh) required to overcome closure becomes a 
significant part of AKth". In Fig. 2, the AATĥ  values have also been replotted 
as AK\h: 

AKk = A ^ h ' - A^th (4) 

It is observed that the intrinsic threshold values (AA'lh) fall approximately on 
a straight line, which indicates that the basic stress intensity range required 
to sustain crack growth increases with decreasing temperature or increasing 
yield stress. These observations are in accordance with a crack tip opening 
displacement criterion [17] 

ACTOD = - ^ ^ ^ (5) 

where a'ys is the cyclic yield stress and f i s Young's modulus (i.e., for a criti
cal crack tip opening displacement, A^th increases with (j'ys. However, the 
higher hydrogen results do not seem to obey the above criterion, suggesting 
that for environmentally assisted crack growth a simple crack tip opening 
displacement criterion may not be applicable. The more important consider
ation appears to be the slip activity as is evidenced from the fractographic 
work. For a number of titanium alloys it has been shown that planar slip is 
enhanced by the presence of hydrogen; also, a change in the slip mechanism 
from cross slip to planar slip at low temperatures seems to be the cause of 
DBTT [20]. If this is true for Ti-30Mo, then the accumulated reverse plastic
ity at the crack tip would decrease with decreasing temperature and increas
ing hydrogen content. Thus increasing amounts of slip planarity would not 
only reduce closure but also promote cleavage. This model is consistent with 
the observations made here. 

Looking again at Fig. 2, it can be seen that AATjh, the basic AJ^ required to 
produce crack extension for 1200 wt ppm, slightly increases at 123 K com
pared with 300 K, in accordance with the increase in yield stress. Why the fa-

" It was difficult to perform tension-compression, low-cycle fatigue tests at 123 K in this coarse
grained material because of the tendency toward brittle fracture. Thus appropriate material 
constants could not be determined. 
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tigue thresholds at lower temperatures remain relatively constant is not yet 
known, but this phenomenon may be a result of increased cyclic slip resis
tance being offset by decreased cyclic cleavage resistance. 

Summary and Conclusions 

1. For low hydrogen contents, near-threshold crack propagation can best 
be described by an intrinsic stress intensity factor AKlu rather than the usual 
AK. Such an approach leads to the conclusion that at very low temperatures, 
cyclic cleavage is dominated by reverse plasticity. 

2. The fatigue threshold AATth can be described by AK?t = AATth + AKk, 
where A^th is the stress intensity needed to overcome closure and produce a 
fully opened crack, and A^Jh, is the basic stress intensity needed to produce 
crack extension. It is found that AKlh decreases with increasing hydrogen 
content and increasing temperature. The effect of lowering temperature or 
increasing hydrogen content is to decrease AA'th. 

3. Higher crack closure loads are accompanied by ductile-faceted crack 
growth and lower crack closure loads by cleavage-faceted monotonic or cy
clic crack growth in Ti-30Mo. 

4. A theoretical analysis of crack growth rates based on cyclically stabi
lized dislocation substructure has been obtained that shows good correlation 
with experimental observations. This analysis suggests that the intrinsic 
crack growth resistance (AA'eff) at low temperatures can be described by the 
dislocation dynamics at the crack tip. 
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APPENDIX 
Determination of Growth Rate by Cyclic Slip 

From a previous analysis of cyclic slip along a slip-decohesion plane, it was shown 
that [18] 
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where 

0 = crystallographic orientation factor, —1 for poiycrystailine materials, 
Rp± — reverse plastic zone size, ~\K^/\1-Ka\&, 

an = dislocation stress constant, — a*(e/pmbi'o) " " , and 
a* = thermal component of the flow stress, vn ~ 0.01 m / s . 

The values of the other parameters appropriate to annealed Ti-30Mo are shown in 
Table 2. 

The only parameters not fixed by either the cyclic stress-strain test data [/P] or the 
input loading parameter for fracture mechanics testing were the mobile dislocation 
density (pm) and the subcell size ( i s ) . To be consistent with other materials of this 
strength level and crystal structure the values chosen were lO^Vcm^ and 1 /nm, respec
tively. As is shown in the text, these parameters gave a reasonable representation of 
the test data. 
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DISCUSSION 

Peter K. Liaw^ (written discussion)—Do you think that oxide-induced 
crack closure is important in titanium alloys? 

K. V. Jata {author's closure)—We have not performed any Auger analysis 
to show whether a sufficient thickness of oxide layers exists at the crack to 
promote oxide-induced crack closure. 

'Dr. Liaw is with the Westinghouse R&D Center, Pittsburgh, PA 15236. 
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Fatigue Crack Propagation of 
25Mn-5Cr-1Ni Austenitic Steel 
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"Fatigue Crack Propagation of 25Mn-SCr-lNi Austenitic Steel at Low Temperatures," 
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for Testing and Materials, Philadelphia, 1985, pp. 121-139. 

ABSTRACT: A study has been carrried out on the fatigue behavior of a newly devel
oped high-manganese steel intended for low-temperature applications in the range 
from 0 to —174°C. As-rolled and solution-treated high-manganese steel were tested. 
The fatigue behavior of commercial austenitic steel was also presented for comparison. 

The fatigue life of high-manganese steel was found to increase with decreasing 
temperature from 0 to — 174°C. Crack growth rates were expressed in terms of the 
Paris relation da/dN = C(ilK)'', and the power coefficient n was shown to depend on 
temperature. The temperature dependence of crack growth rate and «, as well as the 
linear dependence of apparent activation energy of the fatigue crack growth rate on 
the logarithm of the stress intensity factor range, are explained by the dynamic theory 
of fatigue crack growth. 

Fatigue fracture toughness (Affc) was found to increase with decreasing temperature. 
The effect of welding on ^fc is also shown. 

KEY WORDS: fatigue, fracture, toughness, crack propagation, steel, manganese-
containing alloy, solution treatment, welds, low temperature, rate process, dislocation 

The development of structural steel for use at low temperatures is expected 
to affect a wide range of industrial applications, including nuclear fusion 
reactors, magnetohydrodynamic electric power generation, and the linear 
motor car. Several nickel alloys have been used for such purposes. 

A 25Mn-5Cr-lNi austenitic steel has also been developed [7]. This new 
high-manganese steel is nonmagnetic and shows high strength and toughness 
at low temperatures. These properties are desirable for applications like 

Dr. Yokobori is Professor Emeritus, Dr. Maekawa is a professor, and Mr. Tanabe is a re
search associate in the Department of Mechanical Engineering II, Tohoku University, Sendai, 
Japan. Mr. Jin is a lecturer in the Department of Mechanical Engineering, Xian Jiaotong Uni
versity, Xian, Shaanxi, People's Republic of China. Dr. Shin-Ichi Nishida is a senior researcher 
of the Technical Research Department at the Yawata Works of Nippon Steel Corp., Yawata, 
Japan. 
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those described above. Since this alloy contains a high concentration of 
manganese instead of nickel, it has an added advantage in that it uses ocean 
resources. Thus studies of the applicability of high-manganese steel as a 
structural material at low temperatures have an important practical signifi
cance. Therefore fracture properties were studied at 4 K [1,2]. Further study 
of fatigue properties at several temperature levels below room temperature 
also seemed necessary. 

The purpose of the research described in this paper was to determine fa
tigue properties and the effect of welding for the high-manganese steel at low 
temperatures, comparing it with normal austenitic steel. Crack growth be
havior, crack growth rate, fatigue fracture toughness, and fracture toughness 
were studied at 0, -120,-160, and -174°C or -178°C. This high-manganese 
steel showed ductility even at low temperatures. Therefore the fatigue crack 
growth rate was analyzed in terms of the rate process theory, taking into ac
count a microscopic plastic model at the crack tip. The relation between fa
tigue fracture toughness and fracture toughness is discussed, as is the effect 
of heating during welding. 

Specimens and Experimental Procedures 

A newly developed 25Mn-5Cr-lNi austenitic steel and SUS 304 steel, a 
commercial austenitic steel conforming to Japanese Industrial Standard for 
stainless steel (G 4303), were compared in this study. They were produced by 
Nippon Steel Corporation; their chemical compositions and mechanical 
properties are shown in Tables 1 and 2, respectively. 

The high-manganese steel was supplied in the hot-rolled condition with a 
rolling ratio of 8 and in the solution-treated condition. The solution treat
ment consisted of heating at 900°C for 60 min and subsequently quenching 
in water. The solution treatment for the SUS 304 steel consisted of heat
ing at 1040°C for 12 min and subsequently quenching in water. 

Compact tension specimens with a notch perpendicular to the rolling di
rection were prepared as shown in Fig. la for both materials. Slightly differ
ent compact tension specimens, shown in Fig. lb, were used to evaluate the 
elastic-plastic fracture toughness Jic. From the welded high-manganese steel, 
three series of specimens, designated WELD, BOND, and HAZ (for heat-
affected zone), were sectioned as shown in Fig. Ic. 

Fatigue experiments were performed at frequency of 3.3 Hz and load ratio 
(R) of 0.1 using a servohydraulic testing machine with a 98-kN capacity. A 
triangular loading wave was used. The maximum load (Pmax) was 49 and 58.8 
kN for the high-manganese and SUS 304 steel, respectively. Specimen 
temperature was measured by copper-constantan thermocouples attached to 
each specimen; temperature fluctuation was kept within 2°C at each temper
ature in a cooling box mounted on the testing machine. The box had a coiled 
copper pipe surrounding the specimen; the flow of liquid nitrogen in the pipe 
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Steel 

25Mn-5Cr-lNi steel 
(as-rolled) 

SUS 304 steel 

TABLE 2 

oo.i, MPa 

379.3 

263.6 

—Mechanical properties. 

Elongation, % 
OB, MPa (Gage Length = 50 mm) 

734.0 56.0 

619.4 58.8 

Reduction 
of Area, % 

61.9 

73.1 

(a) FATIGUE SPECIMEN 

.6=23.0. 
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(b) SPECIMEN USED TO OBTAIN 
J-INTEGRAL 

(c) NOTCH LOCATIONS OF WELDED SPECIMENS 

FIG. 1—Compact tension specimens. 
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was regulated by controlling the delivery of a plunger pump. Thus the spec
imens were cooled indirectly. The crack length (a)—that is, the distance be
tween the crack tip and the artificial notch tip—was measured by using a 
traveling microscope through an observation window in the cooling box. 

In order to evaluate Ju, several precracked specimens were used. Precracks 
were introduced by using the aforementioned testing machine at a frequency 
of 5 Hz at room temperature. The value of /"max was gradually decreased 
from 39.2 to 17.64 kN, keeping the load ratio at 0.1 until the crack length 
grew up to 0.6^F(30.5 mm) in accordance with the Test for Elastic-Plastic 
Fracture Toughness Jic recommended by the Japan Society of Mechanical 
Engineering (JSME SOOl-1981). From this value of 7ic, fracture toughness 
(^c) was estimated and compared with fatigue fracture toughness (Ktc). 

Experimental Results and Discussion 

Fatigue Crack Growth Behavior 

Crack length versus cycles for two series of high-manganese steel and SUS 
304 steel are shown in Figs. 2a to 2c, respectively. The mean value of crack 
length for two specimens was used at each temperature level, except for 
-174°C in Fig. 2b and 0 and -178°C in Fig. 2c. Scatter for fatigue life is also 
shown in these figures. Figure 2d shows the experimental results for welded 
specimens. In Fig. 2, fatigue life to fracture increases with decreasing 
temperature. According to Figs. 2a to 2c, fatigue life was greater in SUS 304 
than in high-manganese steel at low temperatures. The scatter of fatigue life 
for the high-manganese steel seems to be smaller than for SUS 304 steel, 
however. In Fig. 2b, fatigue life at — 174°C lies within the range for —160 and 
—120°C. No significant difference between fatigue life at —160 and —174°C 
can be seen, and the existence of a reversal point for the temperature de
pendence of fatigue life is not clear. Similar trends that showed the existence 
of a reversal point for the temperature dependence of fatigue life at lower 
temperatures than those studied here have been observed for other materials 
[3,4]. A similar result can be seen in Fig. 2c. A comparison of Figs. 2a and 2J) 
indicates that solution treatment had no significant effect on fatigue 
strength. From Figs. 2a, 2b, and 2d it can be seen that the fatigue life of the 
WELD specimens was comparable to that of as-rolled high-manganese steel 
at 0°C. The BOND and HAZ specimens were strongly affected by heating 
during welding, however. At — 174°C, a similar result can be seen, except for 
the WELD specimens, for which fatigue life was a little shorter than that of 
the as-rolled specimens. Thus it appears that heating causes an increase in 
life. The WELD specimens frequently contained internal defects, however, 
and heating did not improve their life. Because the strength of a structural 
member depends on the weakest point, a welded structure may not have a 
superior strength even at low temperatures. 
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Ê  

^ 

t 
is 

• « 

^ ,2 o 
1 rs 

o 
E 

o 
o 

(uuuu)? 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



YOKOBORI ET AL ON HIGH-MANGANESE STEEL 127 

The relation between cycles to fracture (Nt) and the inverse of absolute 
temperature (1/T) is shown in Figs. 2a and 3b. The increase in A'f was con
siderable in the case of the SUS 304 steel but moderate for the high-manga
nese steel. Thus the fatigue life of high-manganese steel is relatively stable 
over a wider range of temperatures than for the SUS 304 steel. This trend 
held true for welded specimens. 

In this experiment, crack length and load were measured with a precision 
of ±0.002 mm and ±0.5 kN, respectively. Crack growth rate and AAT value 
were then estimated within a relative error of ± 1 % . On the other hand, the 
scatter of fatigue life is not as small as in Fig. 2. Strictly speaking, the discus
sion should be based on a statistical treatment of experimental data, but this 
would require many specimens. For practical purposes, it is useful to know 
the trend in temperature dependence of fatigue behavior for 25Mn-5Cr-lNi 
steel as compared with SUS steel. These limited results are also a first step 
towards understanding the fracture mechanism of steel at low temperatures. 

Fatigue Crack Growth Rate 

Fatigue crack growth rate (da/dN) is usually expressed as a function of the 
stress intensity factor range (AA )̂; see Figs. Aa to 4J. The AK value is ob-
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tained, substituting AP instead of P for K [5], by 

^ =-i;^^ f("*/^ (1) 

where 

f(a*/W) = 29.6{a*/W)"'- - \%5.5{a*/Wf'^ + e55.1(a*/Wf'^ 
- \Q\l{a*/W)"^ + 6Z%.%a*/Wf'\ 

AP N, 
B = thickness of specimen, m, and 

a* = distance between crack tip and loading line, m. 

In Figs. 4a to Adthe linear dependence of crack growth rate on AK" implies 
that fatigue crack growth obeys the Paris relation [6] 

da/dN = dAKf (2) 

where C and n are numerical constants to be determined from crack propa
gation results. 

Although the crack growth rate was lower at —174°C than at —160°C (Fig. 
4b), the fatigue life was shorter at — 174°C (Fig. 2b), because the number of 
cycles at which cracks start to grow was smaller at — 174°C. Applying Eq 2 to 
these experimental results, numerical values for C and n were obtained 
(Table 3). In this table, the n value was about 3 or 4 in the case of high-man
ganese steel, almost the same values as reported in many other studies. But n 
took a slightly higher value in the case of SUS 304 steel. In Table 3, the value 
of n showed little increase with decreasing temperature. Thus da/dN de
pended on temperature; Figs. 5a to 5/show that da/dN gtntraWy decreased 
with decreasing temperature. 

As mentioned above, the existence of a reversal point for the temperature 
dependence of da/dN at very low temperature range has been observed for 
other materials [3,4'\. 

Because the fracture surface indicated that the high-manganese steel spec
imens were ductile even at low temperatures, it seems necessary to take into 
account the microscopic plastic mechanism as well as the macroscopic me
chanical treatment in order to explain the temperature dependence of the 
crack growth rate. According to the dynamics of a crack propagation [7,5], 
the microscopic contribution from dislocations near a crack tip is expressed 
as 

da/dN = n*b (3) 
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TABLE 3—Values of C and n in the relation da/dN = C(AK)"," 

25Mn-5Cr-lNi steel 
(as-rolled) 

25Mn-5Cr-lNi steel 
(solution-treated) 

SUS 304 steel 

Notch location 

Weld metal 

Bond 

HAZ 

Temperature, °C 

0 
-120 
-160 
-174 

0 
-120 
-160 
-174 

0 
-120 
-160 
-178 

0 
-174 

0 
-174 

0 
-170 

C 

1 0 ' - " 
lo'-"' 
,Q- ,2 .»4 

1 0 ' " " 

10-'-" 
,0-12,54 

10-'"" 
10-'-" 
,0-,4.22 

1 0 ' " * 
lO""" 
10-1548 

10-"" 
,0-16,7 

10-,,.5, 

1 0 ' " ' 

1 0 ' " " 
,0-13.02 

n 

3.90 
3.94 
3.95 
4.00 

3.68 
3.72 
3.77 
3.76 

4.64 
4.80 
4.97 
4,97 

5.88 
5.97 

4.21 
4.64 

3.82 
3.84 

°da/dN is given in m/cycle; AA" in MPa\/tri. 

where 

n* — number of dislocations emitted from a crack tip until the time con
cerned, and 

b = Burgers vector, m 

In a previous paper [<S], the final equation based on the rate process theory 
was obtained as 

In (da/dN) = In ^ + *,ln(A^) -^—- (4) 

where 

A, ai,b\ and Ui = material constants, 
k = Boltzmann's constant, J/K, and 
T = absolute temperature, K. 

The numerator of the third term of the right-hand side in Eq 4 corresponds 
to the apparent activation energy (Q) of a crack growth and is written as 

Q = C/2 - a,ln(A^) (5) 

In Eq 4, the temperature dependence of a crack growth rate is expressed in 
the form of an Arrhenius equation; the activation energy is a linear function 
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FIG. 5—Temperature dependence of crack growth rate. 

of ln(AA") in Eq 5. The relationship between Q and ln(AA!") obtained from the 
experimental results is plotted in Figs. 6a and 6b. These experimental results 
agree with the qualitative theoretical description above. Further, it can be 
seen that the power coefficient of A/T in Eq 4 corresponds to n in Eq 2. The 
numerical values of C and n were obtained as listed in Table 3. The value of« 
for high-manganese steel was slightly lower than for SUS 304 steel. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



132 FATIGUE AT LOW TEMPERATURES 

2000 

O1500 
E 
a 500-

(a) 

" - % . 

3.5 

OAS ROLLED 
©SOLUTION TREATED 
e SUS304 SIEEL 

"<''-<lNlMI>-

' • I I L-

800 

|500 

a 

ln(iK) 
45 

(b) 
•WELD 
9 BOND 
• HAZ 

%• • ' is 
• • • 

iS 
HM) 

(a) 25Mn-5Cr-1Ni STEEL and SUS304 STEEL 
(b)WELDED SPECIMEN 

FIG. 6—Apparent activation energy of crack growth versus logarithm of stress intensity factor 
range. 

It has been pointed out that for the same material, the activation energy 
model differs according to the temperature range [9]; in some materials, the 
activation energy model can be applied only within some range of tempera
tures [3,4]. Thus in the present article an attempt has been made to apply an 
activation energy model within the range studied. From the foregoing analy
sis, it was found that below about — 174°C the same equation could not be 
valid for 25Mn-5Cr-lNi austenitic steel. Thus below this temperature, da/dN 
may not obey the activation energy model, or may obey another activation 
model. Such trends were observed for 780-MPa-grade high-strength weld-
ments [5] and 5.5% nickel steel weldments [4]. 

Since temperature effects are small in the present case, one might at first 
assume that they may be accounted for by the variation of elastic modulus 
with temperature. However, da/dN has not been definitely established as a 
function of elastic modulus, as shown in Table 1 of Ref 10, although many 
formulas have been proposed. Based on rate process theory, da/dN is explic
itly given in terms of elastic modulus; it is added as a logarithmic term [7-9] 
to activation energy and thus its effect may not be large. On the other hand, 
applying rate theory, experimentally obtained values of activation energy 
(g) are found as a monotonically decreasing function of ln( AA"), which is in 
accordance with Eq 4. 

Although the material constants in Eq 4 have not yet been obtained for the 
alloys used in this study, they are iron-based alloys. So we may try to esti
mate the crack growth rate for iron by using Eq 4 and substituting appropri
ate values for iron at T = 273 K , / = 3.3 Hz, A: = 1.38 X 10"" J/K, distance 
over which applied stress is averaged e = 1.5 X 10"' m, and material con-
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Slants At = 80.3 GPa, a, = 9.04 X 10" '̂ J, 6i = 0.8, U2 = 1.58 X 10"" J. We 
obtain 

da/dN= 1.51 X 10"* m/cycle 

for AÂ  = 61.92 MPavni • The details of the calculation are given in the Ap
pendix. In contrast, experimental results are 

da/dN = 1.84 X 10"' m/cycle for high-manganese steel (as rolled) 
da/dN = 1.69 X 10~* m/cycle for high-manganese steel (solution treated) 
da/dN = 1.25 X 10"' m/cycle for SUS 304 steel 

Thus the experimental results agree fairly well with the theoretical predic
tion. The differences among these materials may be attributed to the micro
scopic material constant b and m, which is included implicitly in Eq 4 as a 
power coefficient of stress dependence in dislocation velocity [7,8]. 

The numerical results for iron based on the rate theory showed fairly good 
agreement with the experimental results. This fact also shows the applicabil
ity of the rate theory in this case. 

It should be noted that the temperature dependence of log (da/dN) for 
25Mn-5Cr-lNi austenitic steel is much smaller than for SUS 304 stainless 
steel and other materials [3,4]. This may mean that the term ailn(AA") includ
ing activation volume in Eq 4 is much larger in this case. 

Fatigue Fracture Toughness 

The microscopic mechanical condition at a fatigue crack tip is supposed to 
be different from the condition at an internal crack already contained in a 
specimen. Accordingly fatigue fracture toughness (Kk), which is defined in 
terms of final crack length and maximum load, is not always the same as 
usual fracture toughness (A'c) under monotonic load [11,12]. In this study, 
.̂ fc was calculated by substituting into Eq 1 the mean value of final crack 
length measured at three points on a fractured surface. The fatigue fracture 
toughness is plotted as a funciton of temperature in Figs. 7a and 7b; a linear 
relation between A'fc and l / Jcan be seen for each material. The slope of the 
linear relation of high-manganese steel is slightly steeper than that of SUS 
304 steel. 

The difference between these slopes implies that the temperature depend
ence of final resistance to fracture is slightly more sensitive for high-manga
nese steel than for SUS 304 steel. This difference will be explained by study
ing the differences in the mechanical condition at the crack tip, including 
microscopic considerations. Although the temperature dependence of ATfc for 
HAZ specimens is similar to that of WELD and BOND specimens (Fig. 7b), 
their slopes are different. This may be attributed in part to experimental scat-
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FIG. 7—Temperature dependence of fatigue fracture toughness. 

ter. Also, the steepness of the slope corresponds to the severity of heating ef
fects during welding. The reason for this will be left to future studies. 

On the other hand, the slope is nearly horizontal for HAZ specimens. On 
the whole, Kh values for high-manganese steel are higher than for SUS 304 
steel. Since Ktc is a measure of the resistance of crack propagation to final 
fracture, it can be said that this resistance increases with decreasing tempera
ture. Thus the resistance of high-manganese steel is a little higher than that 
of SUS 304 steel over the temperature range tested. In the case of welded 
specimens, the HAZ specimens did not show a distinct temperature depend
ence of this resistance. 

Elastic-Plastic Fracture Toughness 

It is interesting to study the relationship between .̂ fc and Kc, as it may be 
related to microscopic mechanisms at the crack tip and may provide some 
fundamental understanding. This relationship is also expected to offer a 
simple method of estimating ^fc by using ^c. Since the high-manganese steel 
used in this study was very ductile, the specimen thickness (B) did not satisfy 
the plane strain condition. 

B 
VOys / 

(6) 

where ays is yield strength. In such a case the use of elastic-plastic fracture 
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toughness (Jic) is recommended by JSME standard S 001-1981, which cor
responds to ASTM Test Method for /ic, a Measure of Fracture Toughness 
(E 813). According to the standard, the following condition must be 
satisfied: 

B^25- (7) 
Offs 

where 

/in = /-integral when a crack starts to grow, J/m^, 

oiB = effective yielding point 1 = ~~: I, Pa, and 

OB = tensile strength. Pa. 

When Eq 7 is satisfied, /in corresponds to /ic. 
There are several methods for evaluating /in at a crack tip. In this study, it 

was evaluated from the point of intersection of a blunting line and of a criti
cal line. The former line was drawn through several points on a diagram of/ 
versus stretched zone width (SZW) in which the / value was obtained by 

Bbo I+P' 
•̂  = T ; - X 2 . , ",; (8) 

where 

A = area surrounded by a load-displacement diagram, N • m, and 
bo—W— a*, m. 

A critical line was drawn for the critical stretched zone width, which was 
measured on the surface after the fracture. 

Figure 8 shows the temperature dependence of/ic, which was evaluated as 
described above. All these /k values satisfied Eq 7. In principle, the following 
relation is not valid for these tests: 

J=^1^K^ (9) 

where 

V — Poisson's ratio, and 
E = Young's modulus, Pa. 
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FIG. 8—Temperature dependence of elastic-plastic fracture toughness. 

But we assume that Eq 9 is valid and calculate ^c using the /ic values in Eq 9, 
and compare the resulting values with Ktc. Figure 9 shows .̂ c as a function of 
temperature for as-rolled high-manganese steel. The linear relation between 
them can be seen, although there is some scatter at — 175°C. This is similar to 
Fig. 7, but the .̂ c values are 1.5 times higher than the Kic values. It is consid
ered that this difference was caused by the plastic work which is included in 
^c. Therefore the evaluation of Kc for Ktc will be an overestimation and is 
dangerous in practical engineering design. 
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Conclusions 

1. Fatigue life of the materials tested increases with decreasing test 
temperature from 0 to — 174°C. Solution treatment seems not to have much 
effect on fatigue life. 

2. The temperature dependence of the fatigue life of high-manganese steel 
is moderate within the range 0 to — 174°C compared with that of SUS steel. 

3. The fatigue life of welded specimens also increases at low temperatures. 
4. When crack growth rate is expressed by the Paris relation [6], the 

power coefficient n of high-manganese steel is slightly lower than that of SUS 
steel and increases gradually with decreasing test temperature. The tempera
ture dependence of the crack growth rate can be explained as a thermal acti
vation process based on both microscopic and macroscopic treatment. 

5. The linear dependence of the apparent activation ^energy of fatigue 
crack growth rate on the logarithm of the stress intensity factor range and 
the temperature dependence of n are also explained by dislocation dynamic 
theory of fatigue crack growth. 

6. The fatigue fracture toughness of high-manganese steel is higher than 
that of SUS steel, especially at low temperature. 

7. Elastic-plastic fracture toughness was evaluated by the /-integral. The 
estimated Kc from this /-integral is about 1.5 times higher than ^fc because 
plastic work is included in the former. 
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APPENDIX 
According to the theory described in the text [7,8,13], crack growth rate is 

expressed as 

da/dN= 1.396 w" [ \m+ l 1 [roox/ri' 

4kT (10) 

Taking the logarithm of both sides of this equation, 

ln(da/dN) = ln| 1.396 m'^'b I ^ ' j(». i/».̂ 2,| ^ ( :^L±1J i „ ( ^ ) 

m + I I- m + I 
m ln(roo\A) Hv In(A^) 4 (m + 2) Aim+ 2) 1 '- (11) 

kT 
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where 

m = Hy/AkT, 
H\i = energy of kink. 

rls foi 
ulus ( 

xp( 1 = 
\ kTl 

Tm • 

Tf = Peierls force at 0 K, 
H = modulus of rigidity. 

V = A] exp( — — j = velocity of an isolated dislocation, and 

vo = 10"̂  m/s. 

Equation 4 is expressed more simply by using several constants, which are shown 
below: 

Oi 

b, 

A 

U2 

Now, 

T 
m 

b 
TOO 

/ 
e 
M 

m + 1 
4 (m + 2) 

m + 1 

" /n + 2 

= 1.396 m'" 

m+ 1 

4 (w + 2) 

substituting 

= 273 K 
= 3 [13] 
= 4.52 X 10' 
= 2.48 X 10' 

Hk 

, / A, V"̂ '"̂ '' 
\4v<jfb\/en} 

Hv ln(roo\/7) 

^"J 
•°m 

= 9.62 X 10'° Pa 
= 3.3 Hz 
= 1.5 X 10 ' m 
= 8.04 X 10'° Pa 

we obtain 

a i • 

br 
U2-

= 9.04 X lO"' 
= 0.8 
= 1.58 X 10"' 

'• J 

" J 

These values are used in the calculation of da/dN in the text. 
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ABSTRACT: Five common carbon or low-alloy cast steels—SAE 0030, SAE 0050A, 
C-Mn, Mn-Mo and AISI 8630—were subjected to constant-amplitude fatigue tests at 
room temperature and at the common low climatic temperature of —45°C (—50°F). 
Tests included smooth specimen axial low and high cycle fatigue and compact type 
(CT) specimen crack growth behavior from 10"' m/cycle (4 X lO''' in./cycle) to thresh
old values at 10''° m/cycle (4 X 10~' in./cycle). Three of the five steels had nil ductility 
transition temperatures above the low test temperature. Despite this, all five cast steels 
showed equivalent or better fatigue resistance at the low temperature, except for some 
very short life low-cycle fatigue tests and for some very high fatigue crack growth rates 
where fracture was imminent. Scanning electron fractographic analysis indicated that 
ductile type fatigue crack growth mechanisms with or without striations occurred for 
all steels at both test temperatures except for a few interdispersed cleavage facets in 
0050A steel at very high crack growth rates. At the low temperature, monotonic and 
cyclic stress-strain properties Su, Sy, and 5y increased by an average of about 10%, fa
tigue limits increased from 2 to 25%, and AKn, increased from 0 to 90%. No consistent 
correlations existed between fatigue and monotonic properties at either temperature. 
Mean stress effects at near AA'th levels appeared to be influenced by crack closure. 

KEY WORDS: fatigue (materials), cast steel, low temperature, low and high cycle, 
crack growth, threshold, fractography, mechanisms, nil ductility transition 

Nomenclature 
a Crack length, m 
A Coefficient for log-log linear da/dN-AK 

da/dN Crack growth rate, m/cycle 
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b Fatigue strength exponent 
c Fatigue ductility exponent 

CVN Charpy V-notch 
CT Compact type 

E Young's modulus, GPa 
K Stress intensity factor, MPa\/m 

AK^ Stress intensity factor range, M P a \ / m 
AATth Threshold stress intensity factor range, M P a v m 

K Cyclic strain hardening coefficient 
n Exponent for log-log linear da/dN-AK 
ri Cyclic strain hardening exponent 
Â  Applied cycles 

2N{ Reversals to failure 
NDT Nil ductility transition 

-T min Minimum force, kN 
•« max Maximum force, kN 

R Load or stress ratio Pmin/Pmax 
SEM Scanning electron microscope 

Sy Yield strength, MPa 
5f Fatigue limit, MPa 
Su Ultimate tensile strength, MPa 
5y Cyclic yield strength, MPa 
et True fracture strain 
tf Fatigue ductility coefficient 

Aee Elastic strain range 
Aep Plastic strain range 
Ae Total strain range 

at True fracture stress, MPa 
at Fatigue strength coefficient 

Maximum normal stress, MPa 

Constant-amplitude low- and high-cycle fatigue behavior using smooth 
axial specimens and fatigue crack growth, and threshold behavior using 
compact type (CT) specimens were obtained for five carbon or low-alloy cast 
steels at room temperature and at the common low climatic temperature of 
—45°C (—50°F). The five cast steels were selected by the Carbon and Low 
Alloy Research Committee of the Steel Founders' Society of America, with 
the aid of input from about ten companies from the ground vehicle industry. 
The selected cast steels represent a wide range of steels commonly used in the 
ground vehicle industry. 

Monotonic, cyclic, and fatigue behavior obtained at the two test tempera
tures were tensile stress-strain; Charpy V-notch impact energy; nil ductility 
transition (NDT) temperature; cyclic stress-strain; fully reversed low- and 
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high-cycle fatigue in strain and load control, respectively, using smooth axial 
loaded specimens; and fatigue crack growth rate and threshold behavior 
with /? = 0 and 0.5 using CT specimens. Both macrofractography and mi-
crofractography were used to contribute to a better understanding of low-
temperature fatigue mechanisms. 

Materials 

The five cast steels chosen for this research were two normalized and 
tempered ferritic-pearlitic steels, SAE 0030 and SAE 0050A, and three nor
malized, quenched, and tempered martensitic steels, C-Mn, Mn-Mo, and 
AISI 8630. Heat treatment procedures are given in Table 1 and the resulting 
chemistry is given in Table 2. The cast steel microstructures are shown in Fig. 
1. Both 0030 and 0050A steels have fine-grained (ASTM E 112, No. 8 or 9) 
microstructure, and all five cast steels contained normal inclusions and po
rosity and represent typical castings found in industry. All test specimens 
were machined from the castings. Additional details on pouring, heat treat
ment, microstructure, and machining can be found in Refs 1 to 3. 

The average monotonic tensile properties obtained from duplicate tests 
for each material are given in Table 3. Room temperature ultimate strengths 
for the five cast steels ranged from 496 to 1144 MPa. Thus the five cast steels 
investigated included a wide range of representative carbon and low-alloy 
cast steels. At -45°C, the yield strength (5y) and the ultimate strength (5u) 
increased on the average of 10%, while the true fracture ductility (ef) de
creased from about 3 to 40%. 

Standard Charpy V-notch (CVN) impact tests and standard drop weight 
tests were obtained for the five cast steels. The low test temperature, —45°C, 

TABLE \—Cast steel heat treatment. 

Steel 

0030 

0050A 

C-Mn 

Mn-Mo 

8630 

Treatment 

normalize 
temper 

normalize 
temper 

normalize 
austenitize and water quench" 
temper 

normalize 
austenitize and water quench 
temper* 

normalize 
austenitize and water quench 
temper 

Time at Temperature, h 

0.5 
1.5 

4 
4 

3 
1 
2,5 

3 
1 
2.5 

1.5 

Temperature, °C 

900 
677 

900 
650 

900 
900 
620 

900 
900 
682 

900 
885 
510 

° Repeated twice to obtain complete austenitization. 
' Four tempering temperatures between 552 and 682°C were used to avoid overtempering. 
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TABLE 2—Cast steel chemistry (weight percent). 

Alloy 

0030 
0050A 
C-Mn 
Mn-Mo 
8630 

C 

0.24 
0.49 
0.23 
0.34 
0.30 

Mn 

0.71 
0.93 
1.25 
1.32 
0.84 

Si 

0.44 
0.61 
0.39 
0.40 
0.53 

S 

0.026 
0.023 
0.028 
0.035 
0.022 

P 

0.015 
0.024 
0.036 
0.024 
0.021 

Cr 

0.10 
0.11 
0.10 
0.11 
0.51 

Ni 

0.10 
0.08 
0.09 
0.11 
0.61 

Mo 

0.08 
0.04 
0.04 
0.22 
0.17 

Al 

0.06 
0.08 
0.02 
0.06 
0.08 

was in the lower shelf CVN region for 0030 and 0050A steels and in the low 
CVN transition region for C-Mn, Mn-Mo, and 8630 steels. The NDT 
temperatures are given in Table 3. The low test temperature was above the 
NDT temperature for C-Mn and Mn-Mo steels and below the NDT tempera
ture for 0030,0050A, and 8630 steels. The NDT temperature for 0050A was 
actually slightly above room temperature. Thus a wide range of NDT 
temperatures existed for these five cast steels. The greatest difference in the 
NDT temperatures existed between the ferritic-pearlitic 0050A steel and the 
tempered martensitic Mn-Mo steel. Hence the reports of most of the follow
ing low-temperature behavior and the ensuing discussion will focus on these 
two extreme cast steels. 

Smooth Specimen Axial Fatigue 

The specimen configuration used for the fully reversed low- and high-cycle 
axial fatigue tests is shown in Fig. 2. Specimens were polished with decreas
ing grades of emery cloth from 0 to 000 with final polishing scratches in the 
longitudinal direction. Tests were performed using an 89-kN closed-loop 
electrohydraulic test system. Low-temperature tests were conducted in an 
automated CO2 temperature chamber. Low-cycle fatigue tests were per
formed in strain control with approximately 10̂  to lO' reversals to complete 
fracture. High-cycle fatigue tests were performed in load control with ap
proximately 10' reversals to fracture and to run-outs at 2 X lO' reversals. 
Approximate half-life stable hysteresis loops were used to obtain the cyclic 
stress-strain curves, the steady-state elastic and plastic strain amplitudes, and 
the stress amplitudes. The elastic strain amplitude is 

^ ^ ^ (1) 
2 2£' ^ ' 

and the plastic strain amplitude is 

1 1 1 ^ ^ 

where Ae/2 is the known controlled strain amplitude. 
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0030 0050A 

C-Mn Mn-Mo 

40 
^ 

8630 
FIG. I—Cast steel micro structures {X500). 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



STEPHENS ET AL ON CONSTANT-AMPLITUDE FATIGUE 145 

en 

S I 

a Q 

<u 
O <N 

O + 

_ H' 
- z 

O 

•r H 
SQ 

w5 Z 
c u 
S ^ 
uT 

• * 

1 

H 

cd 

;5 (N vo 
'«tw-i ( N c s i o m — t r o f n 

o o o o o o 
I I 

ooi/^ os*noCT\ o — o\ 

O O C5 O O O 
I I 

I I 

\C ^ (N f<̂  -H 00 I^ ^ P -^ (N ^ 
o o o o o o 

I I 

I I 

o d o d d d 
I I 

<n oo 
r- ON r^ 

o o t N ^ ^ o r ^ — r * ^ O f s ^ m o ^ Q — ^ « 
' <N r : Q r- — ( 

I I 

' g - r - O N ^ - H T t ON*o — 
• ^ - H S O « n - H f r i r r i o o o O O ' ^ ' ^ 

d d o d d d 
I I 

0 \OtN(Nrnf^w->0000>nCT\0 
^ m » O f O ~ i ^ ' O f S o * n — ^ 

d d d d d d 
I I 

s s 
ell o5' 

e; ss S CO 

'o o Jr o 'c •>< 'o ~i .o ij to to 

I 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



146 FATIGUE AT LOW TEMPERATURES 

NF-18 

25.4mm 42.9mm 25.4mm 
FIG. 2—Axial fatigue specimen. 

Typical low-cycle fatigue hysteresis loops at —45°C are shown in Fig. 3 for 
0030 cast steel. The first few cycles show the initial transient behavior (Fig. 
3a), followed by a single steady-state hystersis loop (Fig. 3b), and then a ser
ies of transient hysteresis loops just before fracture (Fig. 3c). The results 
shown in Fig. 3 are typical of all low-cycle fatigue tests at both test tempera
tures. Figure 4 shows a plot of Omax versus applied cycles at —45°C for 0050A 
and Mn-Mo steels under low-cycle fatigue conditions. Four or five represen
tative continuous curves are shown for each steel with the strain amplitudes 
labeled on each curve. Additional data points indicate periodic readings 
taken from hysteresis loops or from the measurement amplitude panel. The 
results shown in Fig. 4 are typical for low-cycle fatigue tests at both test tem
peratures. 

Cyclic stress-strain curves were obtained by connecting the tips of the 
strain-controlled hysteresis loops. These are superimposed on monotonic 
tensile stress-strain curves in the yield region in Fig. 5 for 0050A and Mn-Mo 
cast steels for both room temperature and —45°C. The upper yield point 
found in four of the five cast steels at both temperatures was eliminated 
under cycHc conditions (8630 has a continuous monotonic stress-strain 
curve). At larger strains, the cyclic curves intersect or tend to converge with 
the monotonic curves, except for 8630 steel. Thus 0030, and 0050A, and C-
Mn cast steels cyclic strain-soften at the smaller strain levels and cyclic 
strain-harden at the larger strain levels for both test temperatures. For Mn-
Mo and 8630 steels only cyclic softening existed. In general, the cyclic stress-
strain curves were raised an average 10% at —45°C compared with room 
temperature; this increase is consistent with the monotonic stress-strain in
creases. The 0.2% cyclic yield strength (5y), the cyclic strain hardening expo
nent («'), and the cyclic strain hardening coefficient {K') are given in Table 3 
for both test temperatures. 
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T 
FIG. 3—Low-cycle fatigue hysteresis loops at -45°Cfor 0030 cast steel. 

Both low- and high-cycle fatigue results are shown in Fig. 6 for 0050A and 
Mn-Mo steels at room temperature and -45°C. The low-cycle strain-control 
region includes the elastic, plastic, and total strain amplitudes, while the 
high-cycle load-control region (solid squares) includes only an elastic or total 
strain range obtained by dividing the controlled stress amplitude by Young's 
modulus (E). The low-cycle elastic and plastic components can be repre
sented by straight line log-log equations as 

Ae 
2 

Aee , Ae, at iit Lite , UkCji " i _ / T » , •,* I -f^MV 

= h —- = —- (2iVf) + ef (2A'f) 
(3) 

Values of at, e'l, 6, and c were obtained with a least-square computer analysis 
and are given in Table 3 for the five cast steels at both test temperatures. All 
five cast steels exhibited typical fatigue limits around 5 X 10* to 10̂  reversals 
for both test temperatures. The fatigue limit (St) taken at 2 X 10' reversals 
and the fatigue ratio (Sf/5u) are also given in Table 3 for both test 
temperatures. 
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- 5 0 0 

- 4 0 0 

-300 

(a) 0 0 5 0 A 

MPa 

-600 

-500 

400 

300 

CYCLES 

(b^ Mn-Mo 

FIG. 4—omax versus applied cycles at —45°Cfor 0050A and Mn-Mo cast steels. 

The fatigue curves of Fig. 6 and the data in Table 3 do not adequately 
show the low temperature effect on fatigue resistance of the five cast steels. 
The total strain versus life curves have thus been superimposed in Fig. 7 for 
each cast steel for proper comparison. The solid curves in Fig. 7 represent 
room temperature behavior and the dashed curves are for —45°C. Since 
these are log-log curves, differences in behavior are less evident. At longer 
lives (>10' reversals) the strain amplitudes and fatigue limits are between 2 
and 25% higher at the low temperature for a given cast steel. This increase is 
in agreement with smooth specimen fatigue limits found by others for most 
wrought steels and other alloys [4-7]. At the shorter lives, mixed results oc
curred such that in some cases the low temperature was slightly beneficial. 
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FIG. 5—Monotonic and cyclic stress-strain behavior at room temperature and —45°Cfor 0050A 
and Mn-Mo cast steels. 

detrimental, or had little influence. This is also in agreement with the lim-
mited data on low-temperature, low-cycle fatigue behavior available in the 
literature. 

Fatigue Crack Growth and Iliresholds 

Compact type specimens (Fig. 8) were used for all fatigue crack growth 
tests. The three-hole configuration was used in conjunction with a monoball 
gripping system that allows only axial ram loading. Specimen thickness was 
8.2 mm. ASTM Test for Constant-Load-Amplitude Fatigue Crack Growth 
Rates Above 10* m/Cycle (E 647) was followed for crack growth rates 
above about 10"* m/cycle, while the proposed ASTM incremental load 
shedding procedure [8] was used as the principal guide for threshold and 
near-threshold tests. Tests were run with the load ratio R = Pmin/Pmax set at 
approximately 0 (0.015 to 0.04) and 0.5 for high crack growth rate tests, and 
with R equal to 0.05 and 0.5 for threshold and near-threshold tests. Cracks 
were monitored using a X33 magnification traveling telescope with a least 
reading of 0.01 mm (0.0004 in.). For low-temperature tests, the cracks were 
monitored through the glass window of the temperature chamber. Loads 
were applied using a sine wave with a frequency between 10 and 40 Hz de
pending upon load range and crack length. Two to four test specimens were 
run for each test condition for da/dN S 10"* m/cycle, while a single speci
men was sufficient to obtain threshold and near-threshold data for one or 
two test conditions. Incremental load shedding steps ranged from 2 to 10% 
reductions, with the smaller steps taken closer to the threshold levels. Crack 
extension for a given step was between 0.25 and 0.5 mm. To make sure fa
tigue crack growth retardation did not occur during the decreasing Attests, 
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10 10° 10' 10' 10'' 10̂  lO" 

REVERSALS TO FAILURE, 2Nf 

FIG. 7—Composite strain versus life curves at room temperature and —45°C for five cast steels. 

an increasing AAT test was often run after the required AA'th was obtained. 
These results were very consistent with decreasing A ^ results. 

The crack growth rates for da/dN ^ 10'* m/cycle were obtained using an 
incremental polynomial while near-threshold crack growth rates were ob
tained using the secant method and the crack extension per increment of 
applied cycles. The total data for a given material, R ratio, and temperature 
were reduced; typical results for 0050A and Mn-Mo cast steels are shown in 
Fig. 9. Both /? «= 0 and 0.5 are shown. 

The da/dN versus AK data plotted on log-log coordinates have an ap
proximate linear behavior above the threshold region, which can be repre
sented by 

^ - < - ) - (4) 

Values of A and n along with AKth are given in Table 4. From Fig. 9 and 
Table 4, it can be seen that the da/dN versus AK data for different R ratios 
and temperatures tend to converge and even overlap at the higher crack 
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80.9 mm — 

• 64.8 mm 
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\63mm H/w=0.49J 

FIG. 8—Compact type (CT) fatigue crack growth specimen. 

growth rates. For a given R ratio and material, values of n were always 
greater at low temperature compared to room temperature. At the lower 
crack growth rates and the threshold or near-threshold conditions, substan
tial divergence exists. Here it is seen that da/dN was generally lower and 
AÂ th was generally higher at —45°C than at room temperature. At the low 
temperature, AÂ th values increased 0 to 90% compared with room tempera
ture. The two lower-strength cast steels, 0030 and C-Mn, showed the greatest 
increases in A^th at —45°C, while the highest-strength cast steel, 8630, 
showed the smallest increase. These data indicate that a general improved fa
tigue crack growth resistance occurred at —45°C for these five cast steels; 
these data are consistent with the smooth specimen axial fatigue behavior. 

For a given material, test temperature, and i^K value, the crack growth 
rates for R = 0.5 were generally higher than for R ^ 0. The AKth values at 
R = 0.5 were approximately one half the values for /? « 0. This difference 
can be reasonably attributed to crack closure, since limited crack opening 
load measurements taken at near-threshold regions with /? == 0 occurred at 
approximately Pm&x/2. This concept is also reinforced by the great amount 
of fretting often found in the near-threshold tests for R ^ 0. Insufficient 
crack closure loads were taken, however, to attribute the low-temperature 
crack growth resistance improvements solely to crack closure, as has been 
done by others [9,70]. 
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FIG. 9—Composite da/dN versus AK at room temperature and —45°Cfor 0050A andMn-Mo 
cast steels. 

Discussion 

The low-temperature tests were performed below the NDT temperature 
for 0030, 0050A, and 8630 steels. The low temperature was also in the lower 
shelf CVN impact energy region for 0030 and 0050A steels and in the lower 
transition region for the other three steels. Nevertheless, the low-temperature 
constant-amplitude fatigue resistance of these five cast steels, as determined 
from smooth specimen axial low- and high-cycle fatigue tests and from com
plete da/dN versus A.^ curves, was generally either equivalent to or better 
than fatigue resistance at room temperature. The only decrease in fatigue re
sistance at low temperature occurred in a few of the very short low-cycle fa
tigue tests and with some of the very high fatigue crack growth rates where 
final fracture was essentially imminent. The above general behavior suggests 
that for these five cast steels the NDT temperature is not a possible fatigue 
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transition temperature; the NDT temperature can be considered as a conser
vative design temperature above which constant-amplitude fatigue resistance 
should be equal to or better than fatigue resistance at room temperature. A 
transition from beneficial to detrimental fatigue crack growth resistance, ac
companied by a transition from ductile mechanisms to cleavage, appears to 
exist in steels significantly below the NDT temperature [6,11-13]. 

A macrofractographic and microfractographic analysis was made on the 
five cast steels for the smooth specimen axial tests and the CT specimen 
crack growth tests for both temperatures. The SEM analysis of the axial fa
tigue specimens showed substantial crack growth occurred before fracture. 
Many of the fracture surfaces exhibited severe rubbing damage and rough
ness because of the compressive loads. Multicrack initiation sites were often 
observed on specimens tested at low strain amplitudes, while crack origins 
were less clearly identifiable at the high strain amplitudes. Cracks initiated at 
or near the surface for both temperatures often involved inclusions or 
porosity. 

The macrofractographic appearances for both /? «= 0 and 0.5 were similar 
for the da/dN > 10"* m/cycle crack growth tests for a given material and 
temperature. For the threshold and near-threshold tests, however, the i? = 0 
surfaces often exhibited appreciable fretting damage, which indicates the 
greater importance of crack closure at these low AA" values. In all tests, a flat 
Mode 1 fatigue crack growth region existed. In many cases the smooth fa
tigue crack growth region became rougher at longer crack lengths with high 
values of AAT, but still remained essentially Mode 1 cracks. The final fracture 
regions showed: 

1. Substantial necking and ductile fracture (dimples) at both temperatures 
for C-Mn and Mn-Mo steels. 

2. Substantial necking, shear lips, and ductile fracture (dimples) at room 
temperature and brittle fracture (cleavage) at low temperature for 0030 and 
8630 steels. 

3. Brittle fracture (cleavage) at both temperatures for 0050A steel. 

Representative fatigue crack growth SEM fractographs for 0050A and 
Mn-Mo steels are shown in Fig. 10 for i? =« 0 at both temperatures and for 
both higher da/dN vaXuts and near-threshold conditions. Cracks grew from 
the bottom to the top in Fig. 10. Fatigue striation bandings were readily 
found only in the log-log linear region for 0030 steel at both temperatures; 
this trend was somewhat true for the 0050A steel at both temperatures. For 
the other cast steels and for all near-threshold tests, very few distinct stria-
tions could be found. Some did exist, but in general the surfaces contained 
more of a ductile mode or quasistriation surface (Fig. 10). In all five cast 
steels, the SEM analysis revealed a ductile type transcrystalline fatigue crack 
growth behavior at both temperatures. However, some mixed ductile and 
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cleavage regions became evident in 0050A steel at the low temperature at the 
long crack lengths and hence at the highest AK values. Secondary micro-
cracking, voids, and inclusions were common for all test conditions. In gen
eral, however, the fatigue crack growth mechanisms for each cast steel were 
essentially the same at both temperatures. No brittle microscopic growth be
havior was observed at either temperature except for 0050A steel at —45°C 
with longer crack lengths approaching final fracture. The similarity of the 
fractographic results indicate why the low temperature was not detrimental 
to the constant-amplitude fatigue crack growth behavior. Under variable-
amplitude loading, however, the —45°C temperature was shown to be detri
mental to fatigue crack growth life [3,14]. Thus constant-amplitude testing 
may not indicate the entire effect of low temperature on fatigue crack growth 
behavior. 

The fatigue properties obtained in this research (i.e., a'f, it, b, c, St, da/dN 
versus AK, and AATth) could not be related to specific monotonic properties 
such as Sy, SM, at and €f. For steels, AATth has often been shown to vary in
versely with St, Sy or 5u [15], while St has often been shown to increase 
with Su [4,5,7]. None of these generalizations were evident in this research 
for these five cast steels at either temperature. 

Summary and Conclusions 

1. The monotonic upper yield point stress was eliminated under cyclic 
stress-strain conditions at both test temperatures. Cyclic softening and/or 
hardening existed at both room temperature and —45°C. 

2. The monotonic and cyclic stress-strain curves, and thus Sy, Su and Sy, 
increased by an average of about 10% at —45°C compared with room 
temperature. 

3. In the low-cycle fatigue region, the fatigue curves at the two test 
temperatures tended to converge or intersect at large strain amplitudes, thus 
giving small mixed fatigue life differences in this region. At the longer lives 
the curves tended to diverge resulting in 2 to 25% increases in the fatigue 
limit {St) at —45°C. The fatigue ratio (Sf/5u) increased slightly from a range 
of 0.26 to 0.42 at room temperature to 0.29 to 0.44 at -45°C. 

4. Fatigue crack growth rates for both /f «= 0 and 0.5 at —45°C were equiv
alent to or lower than those at room temperature for a given AK, except for 
very high crack growth rates near imminent fracture. Thus the log-log linear 
exponent (n) was always greater at the low temperature compared to its 
value at room temperature. At —45°C, A^th values increased from 0 to 90% 
compared with room temperature values, with the two lower-strength steels 
showing the greatest improvement. 

5. The value of AA!"* at /? = 0.5 was approximately 50% of A^th at 
/?«« 0. This mean stress effect in these cast steels appears to be related to 
crack closure. 
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6. Ductile type transcrystalline fatigue crack growth occurred for all five 
cast steels at both test temperatures. Fatigue striations, however, were only 
appreciably evident in the ferritic-pearlitic 0030 and 0050A steels at both 
temperatures with da/dN ^ 10* m/cycle. No striations were commonly evi
dent in the near-threshold regions for all tests. 

7. Ductile type transcrystalline fatigue crack growth behavior and gener
ally improved fatigue resistance occurred at the low temperature, even 
though three of the five cast steels had NDT temperatures above the low test 
temperature, and the low test temperature was in the lower shelf CVN im
pact energy region for two steels and in the lower transition CVN region for 
the other three steels. Thus the NDT temperature and the CVN ductile-
brittle transition temperature does not predict possible ductile-brittle transi
tions in constant-amplitude fatigue crack growth behavior for these five cast 
steels. The NDT temperature, however, can be used as a conservative criteri
on in design for fatigue ductile-brittle transitions. 

8. Final fracture regions at —45°C showed that cleavage fracture for 0030, 
0050A, and 8630 cast steels and hence low-temperature fatigue crack growth 
mechanisms can differ significantly from final fracture mechanisms. 

Acknowledgmen ts 

The authors would like to thank the Steel Founders' Society of America, 
The University of Iowa, and contributing companies who financially spon
sored this research. 

References 

[/] Stephens, R. I., "Fatigue and Fracture Toughness of Five Carbon or Low Alloy Cast Steels 
at Room and Low Climatic Temperatures," Research Report 94A, Steel Founders' Society 
of America, Des Plaines, IL, Oct. 1982. 

[2] Stephens, R. L, "Fatigue and Fracture Toughness of Five Carbon or Low Alloy Cast Steels 
at Room and Low Climatic Temperatures," Research Report 94B, Steel Founders' Society 
of America, Des Plaines, IL, May 1983. 

[5] Stephens, R. L, Chung, J. H., Fatemi, A., Lee, H. W., Lee, S. G., \^cas-01eas, C , and 
W^ng, C. M., "Constant- and Variable-Amplitude Fatigue Behavior of Five Cast Steels at 
Room Temperature and —45°C," ASME Journal of Materials and Technology, Vol. 106, No. 
1, Jan. 1984, p. 25. 

[4] Forrest, P. G., Fatigue of Metals, Pergamon Press, New York, 1962. 
[5] Mann, J. Y., Fatigue of Materials, Melbourne University Press, Melbourne, Australia, 

1967. 
[6] Stephens, R. L, Chung, J. H., and GHnka, G., "Low Temperature Fatigue Behavior of 

Steels—A Review", Paper 790517, SAE Transactions, Vol. 88, 1980, p. 1982. 
[7] Fuchs, H. O. and Stephens, R. L, Metal Fatigue in Engineering, Wiley Interscience, New 

York, 1980. 
[8] Bucci, R. J., "Development of a Proposed Standard Practice for Near Threshold Fatigue 

Crack Growth Measurement," in Fatigue Crack Growth Measurement and Data Analysis, 
ASTMSTP 738, American Society for Testing and Materials, Philadelphia, 1981, p. 5. 

[9] Esaklul, K. A., Yu, W., and Gerberich, W. W., "The Effect of Geometric Oosure on Thresh
old Stress Intensities at Low Temperatures," in Fatigue at Low Tkmperatures, ASTM STP 
857, R. I. Stephens, Ed., American Society for Testing and Materials, Philadelphia, 1985, 
p. 63. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



160 FATIGUE AT LOW TEMPERATURES 

[10] Jata, K. v., Gerberich, W. W., and Beevers, C. J., "Low-Temperature Fatigue Crack Prop
agation in a )8-Ti Alloy," in Fatigue at Low Temperatures, ASTM STP 857, R. L Stephens, 
Ed., American Society for Testing and Materials, Philadelphia, 1985, p. 102. 

[11] Gerberich, W. W. and Moody, N. R,, "A Review of Fatigue Fracture Topology Effects on 
Threshold and Kinetic Mechanism," in Fatigue Mechanisms, ASTM STP 675, J. Pong, Ed., 
American Society for Testing and Materials, Philadelphia, 1979, p. 292. 

[12] Tobler, R. L. and Reed, R. P., "Fatigue Crack Growth Resistance of Structural Alloys at 
Cryogenic Temperatures," in Advances in Cryogenic Engineering, Vol. 24, K. D. Timmer-
haus, R. R Reed, and A. F. Clark, Eds., Plenum Press, New York, 1978, p. 82. 

[13] Kawasaki, T., Yokobori, T., Sawaki, Y, Nakanishi, S., and Izumi, H., "Fatigue Fracture 
Toughness and Fatigue Crack Propagation in 5.5% Ni Steel at Low Temperature," in Frac
ture 1977, ICF-4, Vol. 3, University of Waterloo Press, Waterloo, Ont., Canada, June 1977, 
p. 857. 

[14] Stephens, R. L, Fatemi, A., Lee, H. W., Lee, S. G., Vacas-Oleas, C , and \\^ng, C. M., 
"Variable-Amplitude Fatigue Crack Initiation and Growth of Five Carbon or Low-Alloy 
Cast Steels at Room and Low Climatic Temperatures," in Fatigue at Low Timperatures, 
ASTM STP 857, R. I. Stephens, Ed., American Society for Testing and Materials, Philadel
phia, 1985, p. 293. 

[15] Backlund, J., Blom, A. F., and Beevers, C. J., Eds., Fatigue Thresholds Fundamentals and 
Engineering Applications, Engineering Materials Advisory Services Ltd., U.K., 1982. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



spectrum Loading, Structures, 
and Applications 

Cryogenic Temperatures 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



J. M. Toth, Jr., W. J. Bailey, and D. A. Boyce 

Fiberglass Epoxy Laminate 
Fatigue Properties at 300 and 20 K 

REFERENCE: Toth, J. M., Jr., Bailey, W. J., and Boyce, D. A., "Fiberglass Epoxy 
Laminate Fatigue Properties at 300 and 20 K," Fatigue at Low Temperatures, ASTM 
STP 857, R. I. Stephens, Ed., American Society for Testing and Materials, Philadel
phia, 1985, pp. 163-172. 

ABSTRACT: A subcritical liquid hydrogen orbital storage and supply experiment is 
being designed for flight in the Space Shuttle cargo bay. The Cryogenic Fluid Man
agement Experiment (CFME) includes a liquid hydrogen tank supported in a vacuum 
jacket by two fiberglass epoxy composite trunnion mounts. The ability of the CFME 
to last for the required seven missions depends primarily on the fatigue life of the 
composite trunnions at cryogenic temperatures. To verify the trunnion design and test 
the performance of the composite material, fatigue property data at 300 and 20 K were 
obtained for the specific E-glass fabric/S-glass unidirectional laminate that will be 
used for the CFME trunnions. The fatigue life of this laminate was greater at 20 K 
than at 300 K, and was satisfactory for the intended application. 

KEY WORDS: composite materials, glass fiber, epoxy resin, room temperature prop
erties, cryogenic properties, fatigue 

Future space missions will require the use of cryogenic liquids for propul
sion, life support, power generation, sensor cooling, and thermal control, 
and reactants for experiment or process consumables. Storing and supplying 
subcritical (liquid) rather than supercritical (gaseous) cryogens offer advan
tages in weight savings. These savings result from the lower pressures asso
ciated with subcritical storage, which are reflected in thinner gage tanks and 
plumbing. Reduced weight and resulting loads and stress require lighter 
weight support mounts, leading to trade-offs between structural safety fac
tors and thermal heat leak considerations. These trade-offs multiply as sup
port cross-sectional areas increase. The Cryogenic Fluid Management 
Experiment (CFME), shown in Fig. 1, is such a system. The low heat-leak 
requirement, as part of the thermal control design, led to the use of fiberglass/ 
epoxy trunnions as structural supports for the tank. 

The ability of the CFME to last for the required seven missions depends 

Mr. Toth is the manager of composites technology, Mr. Bailey a staff engineer, and Mr. Boyce 
a senior engineer with Martin Marietta Corp., Denver, CO 80201. 
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FIG. 1—Cryogenic Fluid Management Experiment. 

primarily on the fatigue life of the composite trunnions at cryogenic temper
atures. Because of the limited availability of analytical or experimental 
treatments of the fatigue life of composites at cryogenic temperatures [1], an 
experimental program was initiated to verify the trunnion design and to de
termine the performance characteristics of the composite material. A full de
scription of the trunnion design and test program is provided in Ref 2. The 
fatigue testing of the selected fiberglass laminate is discussed here. 

Laminate Design 

The design of the laminate was based on thermal, stiffness, and strength 
requirements. The laminate design selected was (—45°/0°3/+45°/0°3/+45°/ 
-45°/0°3/+45°/0°3/-45°), where the 45°-material is Style No. 1581 E-glass 
fabric at a cured thickness of 0.023 cm/ply and the 0°-material is S2 unidirec
tional glass fibers at a cured thickness of 0.030 cm/ply. The epoxy matrix 
was Fiberite Corporation's 934 resin system. Fiber volume and void content 
of the laminate test panel, based on five test samples, were 61% and 2.2%, 
respectively. The laminate was balanced to avoid inplane coupling effects. 
The laminate was not symmetrical, but because the Style No. 1581 fabric 
was only slightly unbalanced with respect to warp and fill modulus (i.e., 
Em\ direction = 95% fwarp direction), and the asymmetric plies were grouped 
about the centerline, the coupling between inplane and bending response was 
minimized. The coupling in the fabricated trunnion would be less significant 
because of the closed, cylindrical section. 
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Test Specimen Design 

The design of fatigue test specimens in a flat configuration was a complex 
issue and underwent several modifications before an acceptable configura
tion was established. Little information was available in the literature on 
fiberglass epoxy composite fatigue specimen designs suitable for use at both 
300 and 20 K with fully reversed (R = —1.0) tension-compression loading. 
The proposed design evolved from the following considerations or criteria: 

• The specimen/test machine interface had to be compatible to minimize 
buckling on the compression part of the cycle. 

• The specimen gage section cross-sectional area had to be compatible 
with the existing liquid hydrogen cryostat and fatigue fixture capacities. 

• The specimen end configuration and machine attaching had to mini
mize alignment complexities. 

Figure 2 shows the selected configuration of the test specimen. Fiberglass 
tabs, fabricated of (0/90)s laminates of unidirectional S2-glass, were 
bonded to the ends of the specimens with American Cyanamid Corporation 
FM-1000 adhesive. The 0°-orientation laminae were aligned with the x-direc-
don of the test specimen laminate. The overall specimen length and gage sec
tion were minimized to prevent buckling during specimen compression. A 
four-bolt attachment interfaced with the test fixture and aligned the center-
line of the coupon with the load line of the test machine. 
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FIG. 2—Test specimen (all dimensions in centimetres). 
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Test Setup 

Figure 3 shows the test specimen installed in the test fixture, which was an 
integral part of the lid of a liquid hydrogen cryostat. For the 300 K tests, the 
cryostat reservoir was not installed. Tests were performed with the test spec
imen completely immersed in liquid hydrogen and at 300 K. Loads were 
transferred to the specimen through a loading rod attached to the top of the 
specimen by a mating clevis. The rod was flange-mounted to a load cell and 
hydraulic actuator that were mounted on top of the fixture (Fig. 4). The 
lower end of the specimen was rigidly fixed to a similar mating clevis bolted 
to the bottom of the test fixture. 

Test 
Specimen 

FIG. 3—Load fixture for cryogenic testing. 
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Hydraulic Loading 
Cylinder 

Cryostat 

Load Cell 

Test 
Specimen 

-MTS Servohydraulic 
Testing Machine 

FIG. 4—Test fixture configuration. 

Test Description and Results 

Tension-compression loads were applied sinusoidally to the specimens 
with /? = —1.0. Testing was conducted at frequencies of V2 to 4 Hz depending 
on the magnitude of the maximum load; that is, higher loads were applied at 
lower frequencies to reduce heating of the specimens. 

Results of the fatigue testing at 300 K of seven specimens is shown in Fig. 
5. A failed specimen tested at 300 K is shown in Fig. 6. Failure initiation ap-
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FIG. 5—S/N curve for ambient temperature. 

peared to have occurred in all cases in the transition region between the 
straight-sided gage section and the end-tab section. The same failure initia
tion mode occurred for the static test specimens. Laminate static strength at 
300 K was determined to be 13.24 X 10' Pa from an average of three 
specimens. 

Results of the fatigue testing at 20 K of four specimens is shown in Fig. 7. 
A failed specimen tested at 20 K is shown in Fig. 8. As with the 300 K tests, 
failure initiation appeared to have occurred in the transition region between 
the straight-sided gage section and the end-tab section. The static strength of 
the laminate was not determined at 20 K because the strength of the laminate 
exceeded the load-carrying capacity of the test system, which was 66720 N. 

Also shown in Fig. 7 is a comparison between the 300 and 20 K fatigue 
data. The results demonstrate the improved fatigue resistance at cryogenic 
temperatures of the fiberglass composite laminate. The static strength of fila
ment-wound fiberglass (0/90) laminate composites at 20 K, compared with 
strength at 300 K, has been shown to be approximately 20% to 30% greater 
[3]. The limited fatigue test data included here indicate that cryogenic 
temperatures increase the fatigue life of fiberglass composites by about 10% 
at the stress level corresponding to 1000 cycles in Fig. 7 and by more than 
38% at the stress level corresponding to 40000 cycles, as indicated by the 
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MiMl—lljWI ^re 

Posttest . 
(a) Plan View Post test 

(h) Side"view 
FIG. 6—Specimen R-7 tested at 300 K. 
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FIG. 7—S/N curve for liquid hydrogen temperature. 

lack of failure of Specimen HI at that stress level. These results follow the 
same trend as those described by Morris [4], where unidirectional fiberglass 
composites were tested in tensile fatigue at i? = 0.1. There, stress level in
creases of the order of 200% were found for the temperature reduction from 
300 to 20 K for the less severe R — O.l condition. 

Conclusion 

Fiberglass laminates can be designed and fabricated for effective use as 
combination thermostructural components at cryogenic temperatures. Fa
tigue life at 20 K apparently exceeds that at 300 K for the range of applied 
stress and cyclic loading conditions studied. 
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FIG. &—Specimen H-5 tested at 200 K. 
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ABSTRACT: A computerized near-threshold fatigue crack growth rate (FCGR) test 
method has been applied at cryogenic temperatures. Near-threshold FCGR tests were 
conducted at room and cryogenic temperatures as low as 4.2 K (—452°F) on JBK-75 
(modified A-286) stainless steel (base and autogenous gas-tungsten arc weld metal). 
Near-threshold crack growth rates in both the base and weld metal tended to decrease 
with decreasing temperatures from 297 to 4.2 K (75 to —452°F). At each temperature, 
the JBK-75 base material typically demonstrated a higher threshold stress intensity 
range than the weld material. Unlike the room temperature results, at 77 and 4.2 K 
(—320 and —452°F) near-threshold crack propagation rates were insensitive to load 
ratio (R = Pmin/Pmax). The decreased dependence of near-threshold FCGR data on 
load ratio at low temperatures appears to be in agreement with a crack closure model. 

KEY WORDS: fatigue tests, near-threshold tests, computerized tests, cryogenic tests 

The fatigue crack propagation threshold (AATth) of a material is defined as 
the value of the stress intensity range (AAT) below which an existing crack will 
not propagate (or will grow only at an extremely small rate) under fatigue 
loading. The value of AATth is a function of load ratio {R), the ratio of mini
mum to maximum load in a fatigue cycle, environment, and microstructure 
[7-5]. Load-bearing members of machines or structures frequently have low-
level cyclic loads superimposed on the static loads. In most cases, the pres
ence of pre-existing cracks cannot be ruled out. Given some assumed maxi
mum crack length, generally taken to be the sensitivity of the inspection 
technique used, the fatigue crack propagation threshold then gives the maxi-

Dr. Liaw and Mr. Logsdon are with the Metallurgy Department of the Westinghouse R&D 
Center in Pittsburgh, PA 15235. Mr. Attaar is with the Nuclear Services Integration Division 
(NSID) of the Westinghouse R&D Center in Pittsburgh, PA 15235. 
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mum cyclic load range for which the pre-existing cracks will not grow at an 
appreciable rate. The fatigue threshold is thus an important design parame
ter when one is considering the effect of low-amplitude, high-cycle loading. 

Near-threshold fatigue crack growth rate (FCGR) data were formerly de
veloped by using a manual load-shedding technique [1-3,5,6]. As the fatigue 
crack extended, the applied loads were manually reduced to obtain a lower 
stress intensity range. This process was continued until the rate of crack 
propagation reached the threshold. Since near-threshold crack propagation 
rates were relatively slow, the manual load-shedding technique was a time-
consuming scheme for generating near-threshold crack growth rate results. 
Combined with the high cost of cryogenic coolants, manual near-threshold 
fatigue crack propagation testing at low temperatures proved very tedious 
and expensive. 

In this investigation, an automated technique was employed to conduct 
near-threshold FCGR tests at cryogenic temperatures. Moreover, the effects 
of temperature and load ratio on the near-threshold crack propagation be
havior of JBK-75 (modified A-286) stainless steel base plate and autogenous 
gas tungsten arc weld metal were examined. 

Decreasing Stress Intensity FCGR Tests 

In order to develop AKth parameters, FCGR measurements must be taken 
at relatively low values of AK, where the growth rates are very slow. For a 
conventional FCGR test, maintaining a constant load during crack propaga
tion typically increases AK (depending on the specimen geometry), while 
maintaining a constant deflection progressively decreases AK [7]. The mod
erate decreases in ^-level and the large amount of time and consequent use 
of enormous quantities of liquid helium combine to make it very unattrac
tive to conduct a threshold FCGR test under decreasing A^ conditions using 
a constant displacement criterion. Load shedding can be accelerated by 
manual adjustments but this approach requires an operator's constant super
vision. Therefore, a completely automated FCGR data acquisition and load 
control system was used to measure crack length and also shed the applied 
cyclic load during a decreasing AK test. Following the suggestion of Saxena 
et al [7] the load-shedding schedule was controlled to satisfy the relationship 

AA' = A^o exp[c(a — ao)] 

where a is the instantaneous crack length, AKo is the stress intensity range 
corresponding to the starting crack length of Oo, and c is an experimental 
constant. In this investigation the value of c was chosen to be —0.098 mm~'. 
Previously, it has been shown that decreasing AA' testing with c = —0.098 
mm"' gives consistent crack propagation rate data, as compared to increasing 
AK (constant-load-range) testing [7,8]. 
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The austenitic stainless steel JBK-75 was developed by Sandia Laborato
ries as a special chemical modification to A-286 in order to control the pro
pensity for hot cracking in heavy-section A-286 welds. The chemical compo
sition of the JBK-75 tested in this investigation (Heat 85422, Ingot 2) is 
summarized in Table 1. Compared with A-286, JBK-75 places tighter chemi
cal controls on manganese, silicon, and boron, and increases the nickel level 
from approximately 24 to 30 weight-percent. 

In actual production, JBK-75 plate is solution-annealed at 900°C (1650°F), 
cold rolled 5%, formed into a square cross-section, and autogenously gas-
tungsten arc welded. Subsequently, the JBK-75 is cold worked an additional 
10% during the conductor sheath-forming operation and heat-treated for 30 h 
at 700°C (1292°F) to react the superconductor. To simulate this production 
process, the JBK-75 sheet examined in this investigation was subjected to a 
standard mill production solution annealing treatment at 900°C (1650°F); 
autogenously gas-tungsten arc welded (GTAW) by using argon shielding gas 
at 50 A, 8.5 V, and a 10.2 cm/min (4 in./min) travel speed; cold-worked 
15%; and reaction-annealed in an argon atmosphere for 30 h at 700°C 
(1292°F). Final sheet thickness was 3.56 mm (0.140 in.). The grain size of 
JBK-75 steel was ~25 nm. 

The ambient and cryogenic tensile properties of JBK-75 are summarized 
in Table 2. Sheet tensile specimens 1.3 mm (0.050 in.) thick with either a 25.4 
mm (1.0 in.) (base material) or 6.35 mm (0.25 in.) (weld metal) gage length 
were used to generate these tensile properties. The loading orientation for 
each specimen was transverse to the plate rolling direction; the direction of 
welding was identical to the plate rolling direction. The reduced specimen 
gage length in the weldment tensile specimens completely spanned the weld 
fusion zone and was primarily made up of weld metal. As such, this speci
men geometry provides a very accurate measure of weldment yield and ulti
mate strength. On the other hand, care should be used in comparing total 
elongation values for the base and weld metal, since they were measured with 
specimens of different gage lengths. To help in this comparison, uniform 
elongation (deformation to the point of maximum load), a measurement that 
is independent of specimen gage length, is also reported in Table 2. 

With one exception (GTAW room temperature reduction in area) the yield 
and ultimate strengths as well as the ductility of both the base and weld 
metal increased with decreasing temperature. Further, with the exception of 
the liquid helium temperature yield strength, the JBK-75 base material yield 
and ultimate strengths, elongation (both uniform and total), and reduction 
in area were all superior to those of the gas-tungsten arc weld metal. 

The near-threshold FCGR data were generated by using 2.5 mm (0.10 in.) 
thick (B) and 51 mm (2.0 in.) wide (W) compact specimens (H/W = 0.6, 
where ^ is half of the specimen height) machined so that the specimen crack 
opening displacement could be measured at the centerline of loading. The 
notch orientation in the base material specimens was in the direction of cold 
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rolling or T-L per ASTM Test for Plane-Strain Fracture Toughness of Metal
lic Materials (E 399). The notch orientation in the weld specimens was paral
lel to the direction of welding. The load ratios (/?) were 0.1 and 0.8; tests at 
R = 0.8 were conducted only for base metal. 

Experimental Test System 

An experimental setup was required to cool the specimens to 4.2 K 
(—452°F), apply the loads on the specimen while it was maintained at liquid 
helium temperature, sense and record the load and displacement signals con
tinuously throughout the test, and control the loads automatically. Pre
viously, an electrohydraulic fatigue machine was interfaced with a PDP 
11/34 A computer to conduct air environment near-threshold fatigue crack 
growth rate tests [8]. In this investigation, the same automated technique 
was applied to study the cryogenic temperature near-threshold crack propa
gation behavior of JBK-75 stainless steel. The test frequency was 85 to 100 
Hz. Displacement is sensed by a double-cantilever cryogenic service exten-
someter that is balanced on a thick blade knife-edge attached to the speci
men at the load line. 

The cryostat with the specimen mounted in the load train is illustrated in 
Fig. 1. The refrigeration techniques and apparatus for extremely low tempera
ture testing have been previously described [9,10]. Briefly, the cryostat is a 
multilayer Dewar flask made up of a primary container and a liquid nitrogen 
chamber that are separated by two styrofoam chambers (Fig. 1). For 4.2 K 
(—452°F) testing, the cryostat was precooled with liquid nitrogen before es
tablishing a liquid helium flow rate. The helium coolant dispenser served as a 
helium distributor and temperature stabilizer. Cold helium gas surrounded 
the specimen to provide the desired 4.2 K (—452°F) test temperature. For 
77 K (—320°F) testing, the specimen was directly immersed in liquid nitro
gen. Thermocouples mounted on the specimen constantly monitored the 
cryogenic temperatures [11,12]. 

Results and Discussion 

The near-threshold FCGR properties of JBK-75 base material and auto
genous gas-tungsten arc weld metal at three temperatures (4.2, 77 and 297 K 
[-452, -320 and 75°F]) are illustrated in Figs. 2 to 4. The near-threshold fa
tigue crack growth rates of JBK-75 base and weld metal both tend to de
crease with decreasing temperature. In addition, as the applied alternating 
stress intensity (A^) is decreased, the difference between room and liquid he
lium temperature fatigue crack growth rates becomes increasingly pro
nounced. Similar results were also found in aluminum alloys [13] and other 
steels [14-18]. 

The values of threshold stress intensity range (AKth) are listed in Table 3. 
At /J == 0.1, decreasing the temperature from 297 to 4.2 K (75 to -452°F) 
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FIG. 1—Cryostat for low-temperature testing. 

generally increases AATth in both base and weld metals. The same trend was 
observed at /? = 0.8 in base metal. 

The near-threshold crack growth rate properties at i? = 0.1 in base and 
weld materials are compared in Figs. 5 to 7. At all three temperatures, crack 
propagation rates in the base metal are slower than those in the weld metal. 
As shown in Table 3, the values of AATth at i? = 0.1 in the base metal are 
larger than those in the weld metal, independent of test temperature. 

Thus far, little information exists regarding the influence of welds on 
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FIG. 2—Effect of temperature on the near-threshold fatigue crack growth rate properties of 
JBK-75 stainless steel at R = 0.1. 

threshold crack propagation rate performance, except for a few investiga
tions of steels [3,19-24]. In other stainless steels [21-24], the rates of near-
threshold crack growth in weldments are faster than those in the corre
sponding parent metals; this behavior is consistent with current observations. 
Results in mild steels [19,20], however, demonstrate no apparent variation in 
AA'th for base versus weld materials. Several factors, such as residual stress 
or crack closure, may cause different near-threshold crack propagation be
havior in base and weld materials. Consequently, further research is required 
to understand crack propagation performance in base metals and their corre
sponding weldments. 

The effect of load ratio on the near-threshold FCGR properties of JBK-75 
base metal at 297, 77, and 4.2 K (75, -320, and -452°F) is presented in Figs. 
8,9, and 10, respectively. At 297 K (75°F), increasing the load ratio from 0.1 
to 0.8 increases the near-threshold fatigue crack growth rates. Furthermore, 
the influence of load ratio on crack propagation rate increases with decreasing 
AK. This behavior is characteristic of room temperature, air-environment 
near-threshold crack growth performance in structural alloys. It is interesting 
to note, however, that at 77 and 4.2 K (-320 and -452°F) (Figs. 9 and 10) 
the effect of load ratio on the rate of near-threshold crack propagation is 
significantly reduced compared with that of 297 K (75° F). Further, at 77 and 
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FIG. 3—Effect of temperature on the near-threshold fatigue crack growth rate properties of 
JBK-75 stainless steel at R = 0.8. 

4.2 K (-320 and -452°F) the crack growth rates at i? = 0.1 and /? = 0.8 are 
nearly identical. 

It has been suggested that the dependence of near-threshold FCGR behav
ior on load ratio may be due to oxide-induced crack closure [4,5,25-27]. At 
297 K (75°F), oxide deposits form at low A^ levels because of fretting oxida
tion [28]. Decreasing the R value increases the thickness of the oxide layer at 
the threshold because of increased plasticity-induced crack closure and in
creased Mode II displacements, which enhance fretting oxidation [4,5,25-31]. 
At low R values (<0.5), the thicknesses of the oxide deposits at the threshold 
are typically comparable to the cyclic crack opening displacements in steels 
and copper [4,25,27]. The sizable oxide layers at low R values wedge the 
crack tip, increase the crack closure level (oxide-induced crack closure), and 
decrease the effective stress intensity range (AKes — Kmax — A'ciosure, where 
Kmax and .K̂ ciosure are the stress intensities that correspond to the maximum 
and crack closure loads, respectively). The result is slower near-threshold 
crack propagation rates relative to those at high R values. At 77 and 4.2 K 
(—320 and —452°F), fretting oxidation does not tend to occur because of the 
low temperature and lack of moisture or oxygen. Consequently, oxide-
induced crack closure is minimal at low temperatures; this effect in turn 
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FIG. 4—Effect of temperature on the near-threshold fatigue crack growth rate properties of 
JBK-75 gas-tungsten arc weld metal a? R = 0.1. 

yields a decreased dependence of near-threshold crack growth rates on R 
values. 

In a similar vein, load ratio has a smaller influence on near-threshold 
crack growth behavior in inert as compared with moisture-containing envi
ronments. Data taken from the literature support the above statement. For 
example, it has been reported that near-threshold growth rates in vacuum 
are independent of/? values in aluminum [32], titanium alloys [55], and steels 

TABLE 3— Values of threshold stress intensity range for JBK-75 base and autogenous gas-tungsten 
arc weld metal. 

Material 

Base 
Base 
Base 
Base 
Base 
Base 

GTAW 
GTAW 
GTAW 

Temperature 

K 

297 
77 

4.2 
297 
77 

4.2 
297 
77 

4.2 

op 

75 
-320 
-452 

75 
-320 
-452 

75 
-320 
-452 

R Ratio 

0.1 
0.1 
0.1 
0.8 
0.8 
0.8 
0.1 
0.1 
0.1 

AJfth 

MI^\/m 

8.5 
8.5 

11.0 
5.7 
9.0 
9.0 
6.4 
7.2 
8.5 

ksi\Ari. 

7.7 
7.7 
9.9 
5.1 
8.1 
8.1 
5.8 
6.5 
7.7 
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FIG. 5—Comparison of the near-threshold fatigue crack growth rate properties of JBK-75 base 
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FIG. 7—Comparison of the near-threshold fatigue crack growth rate properties of JBK-75 base 
and gas-tungsten arc weld metals at 4.2 K {—452°F). 

[6,34,35'\. Further, the near-threshold crack growth rates in inert gas are less 
sensitive to R values than those in air for various steels [5,25]. Consequently, 
the decreased influence of load ratio on near-threshold crack growth behav
ior at cryogenic temperatures and in inert environments appears to be re
lated to the lack of oxide-induced crack closure. Moreover, it was observed 
that the fracture surfaces appeared to be smoother at 4,2 K than at 297 K in 
JBK-75 stainless steel [36]. At cryogenic temperatures, the decreased surface 
roughness-induced crack closure resulting from mismatch of the fracture 
surfaces [30,37-40] may also contribute to the decreased effect of load ratio 
on AA'th at lower temperatures. 

In Figs. 2 and 3, decreasing the temperature generally increases resistance 
to near-threshold crack growth, as mentioned before. If crack closure could 
rationalize the influence of temperature on crack propagation behavior, a 
minimum temperature effect would be observed at high load ratios, since the 
extent of crack closure decreases with increasing load ratio. In Fig. 3, at a 
high load ratio of 0.8, however, there is a significant temperature effect on 
cooling from 297 to 4.2 K. Thus, crack closure cannot be used to explain the 
influence of temperature on crack growth rates in the temperature range of 
297 to 4.2 K. The same conclusion has also been reported by other investiga
tors [41,42]. It has been suggested that Young's modulus {E) may reconcile 
near-threshold crack propagation behavior for materials of various E values 
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FIG. 8—Effect of load ratio on the near-threshold fatigue crack growth rate properties of 
JBK-75 stainless steel at 297 K (75°F). 
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JBK-75 stainless steel at 77 K (-32ff'F). 
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FIG. 10—Effect of load ratio on the near-threshold fatigue crack growth rate properties of 
JBK-7S stainless steel at 4.2 K (-452°F). 

[43]. In the present steel, decreasing the temperature from 297 to 4.2 K in
creases E by approximately 10%, which cannot totally account for the 
change of nearly 40% in A^th on cooling at load ratios of 0.1 and 0.8 (Table 
3). It appears that dislocation dynamics offers a possible explanation for the 
effect of temperature on near-threshold crack propagation rates [41,42,44,451. 
In other words, the lower activation energy at cryogenic temperatures re
stricts the dislocation motion at the crack tip, which in turn results in higher 
resistance to crack growth at lower temperatures. 

Finally, these JBK-75 near-threshold FCGR results demonstrate the suc
cessful automation of a decreasing stress intensity FCGR threshold test at 
cryogenic temperatures. During these tests, the computer constantly moni
tored crack lengths and adjusted applied loads instantaneously so that the 
decrease of AK (load shedding) was essentially continuous. Compared with 
manual threshold FCGR testing and its associated discrete steps of load 
shedding, the continuously decreasing Â T technique minimizes the transient 
effects associated with manual load shedding. Using this computerized near-
threshold crack growth technique, it takes one or two days to complete one 
test at a low load ratio (^0.5), which takes about one week with the manual 
load shedding method. Therefore, the present automated technique saves 
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considerable testing time, and excellent near-threshold FCGR data can now 
be developed at extremely low temperatures with relative ease. 

Conclusions 

1. Near-threshold fatigue crack growth rate (FCGR) data have been de
veloped at room and cryogenic temperatures as low as 4.2 K (—452°F) on 
JBK-75 (modified A-286) base and autogenous gas-tungsten arc weld metal 
by using a completely automated FCGR data acquisition and load control 
system. Computer-controlled load shedding substantially reduced testing 
time in these low-temperature thershold FCGR tests. 

2. The near-threshold fatigue crack growth rates of JBK-75 base and auto
genous gas-tungsten arc weld metal tended to decrease with decreasing 
temperature over the temperature range 297 to 4.2 K (75 to —452°F). 

3. At a given temperature, JBK-75 base material typically demonstrated a 
higher level of threshold stress intensity range (AKth) than weld metal. 

4. At 297 K (75°F), increasing the load ratio from 0.1 to 0.8 increased the 
rates of near-threshold fatigue crack propagation in JBK-75 base metal. At 
77 and 4.2 K (-320 and -452°F), however, the near-threshold FCGR prop
erties were insensitive to load ratio. 

5. The decreased dependence of near-threshold FCGR data on load ratio 
at 77 and 4.2 K (-320 and -452°F) relative to 297 K (75°F) appears to be in 
agreement with a crack closure model. 
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DISCUSSION 

L. D. Roth^ {written discussion)—Could you distinguish between the effect 
of temperature and that of environment in liquid nitrogen and liquid helium? 
That is, would you not expect to see the R ratio effect at 77 and 4.2 K if 
the specimen were tested in air in a refrigerated system at 77 and 4.2 K? I 
would assume that the liquid nitrogen and liquid helium have a very low sol
ubility of oxygen and hence very little oxide should form. In refrigerated air 
at the same temperature, however, oxides might form, which would mean 
this is an environmental effect and not just a temperature effect. Have any 
tests been performed in oxygenated liquid nitrogen? 

P. K. Liaw et al {authors' closure)—At 77 or 4.2 K the lesser effect oi load 
ratio on AATti, than at 297 K is related to the decreased extent of oxide 
and roughness-induced crack closure. Even though oxygen is present in a re
frigerated air system at 77 or 4.2 K, it is expected that fretting oxidation dur
ing near-threshold crack propagation would have difficulty in occurring be
cause of the low diffusion rate of oxygen at cryogenic temperatures. The 
fracture surfaces in refrigerated air at 77 or 4.2 K may be smoother than 
those in room temperature air, as observed by the present authors with liq
uid nitrogen and liquid helium (unpublished work). Therefore, the near-
threshold fatigue crack growth rates may be insensitive to load ratio in re
frigerated air because of the decreased oxide and roughness-induced crack 
closure. 

The solubility of oxygen is low in liquid nitrogen and liquid helium. How
ever, there is a difference in near-threshold fatigue crack growth rates at 77 
and 4.2 K. This behavior suggests that there exists an intrinsic temperature 
effect on fatigue crack propagation rates. 

We did not conduct tests in oxygenated liquid nitrogen. 

' Westinghouse R&D Center, Pittsburgh, PA 15235. 
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ABSTRACT: Low-temperature fatigue crack extension is studied in precracked single-
edge-notched specimens of AISI 4340 steel. Steady-state crack extension in tension-
tension fatigue and cyclic loading in conjunction with warm prestressing (WPS) are 
particularly emphasized. Effects of WPS on the fatigue crack growth curve are demon
strated and discussed. Special attention is given to the cleavage fracture mode, which 
dominates the features of the fatigue crack growth curve below the ductile-brittle tran
sition (DBT) temperature. In AISI 4340 steel, which is characterized by DBT, WPS af
fects the alternative fracture mode and therefore alters the lower and upper bound 
values Â th and Kuc, respectively. For a more complete view, the behavior of AISI 304 
stainless steel is discussed. The experimental results at low temperatures are mainly in
terpreted in terms of a transition in the cumulative crack tip damage process, induced 
by characteristic values of the stress intensity range amplitudes (AK). 

KEY WORDS: fatigue crack propagation rates, threshold, effective stress intensity fac
tor, warm prestressing, ductile-brittle transition, cleavage, frequency effect, steel 

Thermal effects on plastic flow behavior clearly influence fatigue crack 
propagation rates (FCPR) at low temperatures. However, there exist two 
additional events that are very typical of the low-temperature environment 
and might dominate the peculiar nature of the FCPR curve: first, the ductile-
brittle transition (DBT) phenomenon in body-centered-cubic (BCC) and 
hexagonal-close-packed (HCP) systems, which introduces a fracture mode 
transition, and second, the possible formation of martensitic phases with 
high volume concentrations in metastable austenitic materials [1,2]. The lat
ter is associated with some further complexity, since the stress level for irre
versible deformation is altered and the intrinsic fatigue resistance might be 
changed because of microstructural transformations. 

All three authors are research scientists at the Nuclear Research Center-Negev, Beer-Sheva, 
Israel. 
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The events mentioned above are probably the cause of the dispute in the 
literature regarding the differences in fatigue crack growth rates between 77 
K and ambient temperatures. For example, Bucci et al [5] have obtained 
small changes in the crack growth rates of 9-Ni steel measured at 77 K and 
room temperature. On the other hand, Moody and Gerberich [4] have found 
an increase in FCPR in Fe, Fe-Si, and Fe-Ni binary alloys below the DBT 
temperature. Moreover, it appears that not enough has been done in explor
ing such differences along the entire fatigue curve, namely from the near 
threshold value up to the critical value of the applied stress intensity factor. 
Thus a clear distinction between the tested materials in terms of the DBT, as 
well as a clearer indication of the relevant fatigue crack curve region, is nec
essary in order to explain some of the conclusions that have been derived by 
several investigators in the field of fatigue at low temperatures [3-7]. 

For the case of crack extension enhanced by an alternative mode, Ger
berich and Moody [8] have pointed out the restriction of the dislocation dy
namic theory proposed by Yokobori [9]. Consequently, for materials below 
the DBT they suggested a cyclic cleavage model in order to explain the high 
value of the cyclic exponents obtained at low temperatures. 

Based on recent research in AISI 4340 steel [70], austenitic stainless steels 
[1,2], and Zn-22A1 superplastic alloy [77], a consistent trend has been estab
lished in fatigue at low temperature, as compared to ambient temperature. 
This tendency applies to materials that are characterized by DBT phenom
enon. First, a shift in the threshold stress intensity factor ATth to higher values 
occurs. Additionally, the FCPR decreases only along Stage I. Secondly, 
there is some fatigue life at low temperatures that is due to the absence of a 
discrete critical stress intensity value below the DBT temperature. The fa
tigue curve is approaching such a critical value, in terms of a drastic degen
eration of Stage II as the temperature goes down. Thirdly, below the DBT 
temperature the upper asymptotic bound of the degenerated sigmoidal fa
tigue curve is the fatigue-critical plane-strain fracture toughness (Kuc) rather 
than plane-strain fracture toughness (ATic) (Kite < Kic). This final point was 
addressed in the work of Yokobori [72] and has been recently reconfirmed 
[101 

For materials not characterized by DBT, the fatigue behavior at low 
temperatures is completely different. In AISI 304 stainless steel, at tempera
tures down to 77 K, a consistent decrease of the FCPR was obtained along 
the whole fatigue curve up to the fatigue-critical plane-stress fracture tough
ness (.̂ Tfc), which is nearly equal to the plane-stress fracture toughness (Kc) 
[10]. This behavior was mainly attributed to the increase of the flow stress 
caused by its thermal dependency. 

The peculiar behavior of Stage I below the DBT temperature introduces 
the problem of cleavage processes in terms of nucleation and propagation. 
Moreover, this behavior also introduces the question of cleavage criteria in 
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the case of a steep stress gradient, as occurs in fatigue crack extension in
itiated by sharp flaws. 

The present investigation is centered on the typical features of the FCPR 
curve at low temperatures in AISI 4340 steel with and without warm pre-
stressing (WPS). For a comparative study some attention is given to experi
mental results in 304 stainless steel in order to demonstrate the dominating 
role of the DBT in fatigue processes. Two issues are particularly treated: fa
tigue behavior at Stage I and the significant decrease of the upper bound Kuc 
relative to ^ic below the DBT temperature. For the latter, the experimental 
program has been extended to include the effects of WPS on the low-temper
ature FCPR curve. The knowledge of such interactive effects is important in 
order to deal with some of the basic issues already mentioned. 

The WPS phenomenon has been reviewed by Nichols [13] and was investi
gated recently by Chell et al [14] and Curry [75]. Generally, WPS improves 
the resistance of BCC and HCP systems to brittle fracture. Specifically, 
loading-unloading tensile cycling of precracked specimens above the DBT 
temperature results in higher values of the critical stress intensity factor, as 
compared to the normally obtained values below the DBT temperature. 
There have been several attempts to explain these effects of WPS in terms of 
work hardening, crack tip blunting effects, and possible effects of the effec
tive stress intensity and its variation after a WPS cycle. 

So far the effects of WPS have been established in monotonic loading, but 
no research activity has explored WPS effects in cyclic loading. The present 
study emphasizes the effects of WPS on fatigue crack extension curves at low 
temperatures, attempting to use this information to explain some of the basic 
problems of fatigue below DBT temperatures. 

Experimental Procedure 

The material studied was AISI 4340 steel; its composition in weight per
cent was carbon, 0.38; nickel, 1.9; chromium, 0.85; manganese, 0.80; molyb
denum, 0.25; silicon, 0.2; copper, 0.13; aluminum, 0.05; sulfur, 0.004; phos
phorus, 0.006; and iron for the balance. This steel was tested in different 
metallurgical states after selected heat treatments. Standard mechanical proper
ties were established, including the critical fracture toughness parameters at 
77 and 296 K. These parameters were determined in accordance with ASTM 
Test for Plane-Strain Fracture Toughness of Metallic Materials (E 399). In 
addition, impact testing was performed in order to determine the DBT 
temperature and its variation with microstructure. 

Fatigue tests were carried out by using an electrohydraulic closed loop sys
tem with a load amplitude control device. Compact precracked single-edge-
notched specimens 12 mm in thickness were used under controlled A/T cy
cling with a sinusoidal waveform at 77 and 296 K. A range of different 
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frequencies (0.1 to 80 Hz) was applied with /? == 0 to minimize load-ratio ef
fects. Crack length was measured by direct tracking observations and by an 
electropotential technique that yielded complete curves of the steady-state 
FCPR versus the nominal A^. The FCPR dependency on the nominal AK 
was obtained according to the relation 

AK^ 
APY 

1/2 

where 

Y=29.6(a/Wy" 

BW 

185.5 (a/Wf" + 655.7 {a/Wf^ 
- 1017 ia/wy"" + 638.9 (a/Wf 

and APis the applied cycling load, a is the crack length, and 5and ^Fare the 
specimen thickness and width, respectively. 

This experimental procedure enabled us to calculate the asymptotic values 
for the lower limit (AKth) and the upper limit (ATifc) from the FCPR curves. 
An additional section of the experimental scheme was WPS in monotonic 
loading and during cyclic conditions. Generally, WPS was performed by a 
single load cycle of K"^^ = pKu at 296 K (with the constant /3 < 1), while 
subsequent monotonic or cyclic loading was carried out at 77 K, as schemat
ically illustrated in Figs. 1 and 2, respectively. 

In fact, WPS at 296 K was first performed after interrupting the 77 K 
steady-state fatigue crack extension of nearly 10"' mm/cycle. Since the WPS 
resulted in crack arrest, the subsequent 77 K cyclic loading was applied at a 
higher A^STthan before the WPS. Keeping AA^constant, the cycling was con-
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FIG. 1—Monotonic loading after warm prestressing. 
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UNLOAD 

TEMPERATURE. K 

FIG. 2—Cyclic loading interrupted by warm prestressing. 

tinued until the FCPR approached the former steady-state value. This 
procedure of WPS and subsequent cyclic loading at stepwise enlarged A^ 
values was repeatedly applied until unstable crack growth occurred. The cor
responding stress intensity upper Hmit was designated by Kftf^. Similarly, 
the critical stress intensity factor obtained after WPS for monotonic loading 
was designated .^i^^^. 

During the WPS, particular attention was given to acoustic emission (AE) 
activity. Following cyclic loading at 77 K, comparative AE signals were re
corded during two successive load cycles at 296 K. 

Fractographic studies were performed for steady-state fatigue crack prop
agation by tracking the modes at different stages along the fatigue crack ex
tension curves at 296 and 77 K. Special emphasis was given to fracture sur
face studies at the early stages of fatigue crack growth, as well as during 
crack extension following WPS. 

For comparison, steady-state fatigue tests were performed on AISI 304 
stainless steel whose composition in weight percent was carbon, 0.05; nickel, 
9.5; chromium, 18.6; manganese, 1.2; molybdenum, 0.23; copper, 0.25; sil
icon, 0.44; sulfur, 0.016; phosphorus, 0.033; and iron for the balance. Al
though the martensitic transformation occurred, namely the y ^ e + a' 
transformation [1,2] (where y is the face-centered austenitic phase and e and 
a' are the close-packed hexagonal and the body-centered martensitic phases, 
respectively), this material is not characterized by DBTdown to 77 K. Typi-

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



196 FATIGUE AT LOW TEMPERATURES 

cal fatigue curves were obtained for AISI 304 steels, for contrast with the be
havior of AISI 4340 steel, which is a BCC system dominated by the fracture 
transition at low temperature. 

Experimental Results 

The various heat treatments and corresponding mechanical properties of 
AISI 4340 steel are summarized in Table 1. Notice that the three metallurgi
cal states are designated HO, HI, and H2. While the HO consisted of pro-
eutectoid ferrite and pearlite phases, the HI and the H2 were tempered marten-
site at two different strength levels. As revealed by impact testing, the 296 
and 77 K temperatures are above and below the DBT temperature. A com
plete cleavage mode occurred at 77 K. For the AISI 304 stainless steel the 
yield stress (0.2% offset) was 260 and 510 MPa at 296 and 77 K, respectively, 
while the ultimate tensile stress was 590 and 1350 MPa at 296 and 77 K, 
respectively. 

Figure 3 shows FCPR curves in AISI 4340 at 77 and 296 K for the HO, H1, 
and H2 heat treatments. For comparison, the fatigue curve for the 304 stain
less steel is given in Fig. 4. For AISI 304 the regular shape of the FCPR curve 
is preserved at 77 K, but with a consistent shift to the right relative to the 296 
K curve for the entire range of the applied AK values. 

As previously mentioned, the Stage II region in 77 K fatigue of AISI 4340 
is degenerated, and the two critical limits are altered. Values for AA'th are 
shifted to the right and Region I is associated with decreased fatigue crack 
growth rates da/dN, up to nearly {da/dN)eq, defined at AK where ambient 
and low temperature rates are equal. Above this value a dramatic increase of 
the crack growth occurred with an upper critical limit .̂ ifc < Ku. This rela
tionship is typical of fatigue below the DBT temperature, while at room 
temperature Kik — Kic, as was also found for the Type 304 stainless steel at 
77 K. 

Figure 5 illustrates the fatigue crack extension curve for Type 4340 steel at 
77 K for two frequencies. Here, a decrease of the FCPR was obtained for 
cyclic loading at the higher frequency. 

Some of the fractographical findings are particularly interesting. For type 
4340 HO condition. Fig. 6 demonstrates mode changes in fatigue fracture 
from the near-threshold value and later stages associated with increasing 
A^. It should be mentioned that for early stages of crack extension no stria-
tions were observed. This is typical for the tested material even at room 
temperature. Nevertheless, the important point is that there was no cleavage 
mode but rather a relatively high-energy mixed mode (Fig. 6a). 

Figures 6b and 6c show the mixed fracture mode at increased AA' for the 
HO and HI conditions, respectively. Notice the start of a mode transition as
sociated with "static" cleavage, still isolated but readily observed. 

Figure 6d illustrates the fatigue fracture surface at a further increased AA', 
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FIG. 4—Fatigue crack propagation rate versus dK curves in austenitic (296 K) and microduplex 
(77 K) Type 304 steel. 

or higher crack extension rate, showing a complete cleavage mode, which 
dominates the fracture process under cyclic loading conditions. In contrast, 
ductile striations were detected at Stages II and III in the AISI 304 stainless 
steel (Fig. 7). Although some second interphase decohesion was observed at 
77 K, the basic ductile striation mode was preserved. 

The experimental results for WPS in AISI 4340 can be summarized as fol
lows. For the HI heat treatment and for fi = 0.75, WPS in monotonic load
ing resulted in a ratio KTC^/KIC = 1.3. This is the ratio between fracture 
toughness at 77 K after WPS and without it. Similar tests for HO heat treat
ment provided a ratio of Kj^^/Kic = 1.52. Clearly, a significant effect of 
WPS in monotonic loading was measured for both microstructures. 

With respect to the interaction of WPS with fatigue crack extension, the 
procedure and results are briefly described. For example, the steady-state 
fatigue crack extension at 77 K was interrupted at a crack extension rate of 
1.3 X 10"' mm/cycle, which corresponded to the stress intensity range of 
A^ = 13.2 MPa-m"^ for the HI treatment. Here WPS was performed for 
P = 0.75, and crack arrest was experienced for more than 3 X lO"* cycles. 
After this stage, cycling at a progressively increasing AK was repeatedly in
terrupted by additional WPS of double load cycles for /8 = 0.65 with simul
taneous tracking of AE spectra after each cycling block. Figure 8a shows the 
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FIG. 5—Frequency effects below the DBT temperature. 

massive activity of high-intensity AE waves associated with the first WPS 
cycle. 

In contrast, a significant decrease of AE activity was obtained during the 
second WPS cycle (Fig. &b). After each WPS the crack extension rate at 
preselected AK values was limited to the velocity range of 2 X 10'' to 
1 X 10'^ mm/cycle. This procedure enabled us to extend the applicable AK 
range and to determine the correspondingly higher Ku/^ value. 

For the Hi treatment, Ku</Kic with no WPS process yielded a ratio of 
0.65, while in the case of WPS the corresponding ratio, KTC^/K"^, in
creased to 0.73. This clearly indicated that KvF^ exceeded the upper conven
tional limit (^Kc) and almost approached the value of the conventional Kic, 
as expressed by the ratio Ku^^/Kic — 1. 

As already shown, the effect of WPS on the final critical stress in mono-
tonic loading was more evident in the HO than in the HI material. A similar 
tendency was obtained in the case of cyclic loading. Here, double WPS cycles 
were applied after the FCPR reached the value of 9 X 10* mm/cycle. At this 
stage the amplitude range (AK) was increased stepwise, and WPS was re-
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FIG. 6—Fatigue fracture modes in AISI4340 steel for 77 K cycling at 10 Hz. (a) Ductile mode 
at Stage I for HO; AK = 14 MPa • m "^ (b) Mixed ductile-cleavage mode at Stage II for HO; 
AK = 18 MPa •m"\ (c) Mixed ductile-cleavage mode at Stage IIfor HI; AK = 19 MPa • m "\ (d) 
Cleavage mode at Stage III for HO; AK = 21 MPa-m"\ 

peated after each fatigue run. Significant AE activity was observed during 
the first WPS cycle and higher values were obtained for the upper critical 
limit. For this material it was found that the ratio Kuc/Kic equalled 0.72, 
while in the case of warm prestressing a ratio of Kuc /Kic — 0.94 was ob
tained. Additionally, it was found that Kftf^/Ktc = 2, whereas in mono-
tonic loading the corresponding ratio was only 1.52. 

Fractographic observations of the region affected by WPS revealed a frac
ture mode transition. For example. Fig. 9a illustrates the occurrence of a 
mixed mode fracture at a AK value for which a complete cleavage mode was 
usually observed without WPS. Figure 9b demonstrates the appearance of an 
apparent ductile mode at a AK value that generally resulted in a mixed-mode 
fracture during 77 K steady-state fatigue. 
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FIG. 7—Ductile striations in Type 304 stainless steel for 77 K cycling at 10 Hz during stage II: 
AK = 44MPa-m"\ 

Discussion 

The current experimental results indicate that WPS influences are not ex
clusive to monotonic loading. At low temperatures, the FCPR versus AAT 
curve, including the upper Hmit Kuc values, are in fact sensitive to the WPS 
process and are strongly influenced by variations of the localized stress dis
tribution field at the vicinity of the crack tip. 

Furthermore, the dominating factor in shaping the FCPR curve below the 
DBT temperature is attributed to crack extension enhanced by the cleavage 
mode. Therefore WPS, which affects the necessary conditions needed to sat
isfy the cleavage criteria, should be reflected in the FCPR curves. This has 
been confirmed experimentally in the present study. 

In the case of monotonic loading, WPS results in an apparent increase of 
the critical fracture toughness parameters. Clearly, this influence relates to a 
modification of the critical conditions for cleavage, since cleavage is the 
dominating fracture mode below the DBT temperature. Consequently, it is 
believed that in cyclic loading also WPS effects should be examined in terms 
of a possible hindrance of the microscopic cleavage mode. 

While referring to the problem of WPS in ferritic steels under monotonic 
loading conditions, Curry [75] proposed a prediction method for the final 
fracture load after the WPS. His predictions, as well as predictions by Chell 
et al [14], have been shown to be in very good agreement with experimental 
results. In fact, Chell et al used a completely different approach, one based 
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FIG. 8—Acoustic emission activity in AISI4340 steel during warm prestressing after 2 X 10* 
fatigue cycles at 77K; AK = 16 MPa • m^'^. Upper and lower traces represent AE activity and load
ing respectively versus crack opening displacement for the first (a) and second (b) WPS cycle. 

on the /-integral, not on the main argument which is based on the cleavage 
fracture criteria of Ritchie et al [16]. According to these criteria, cleavage 
fracture will occur only when the local stress exceeds the cleavage fracture 
stress over some microstructurally determined characteristic distance. It is 
realized that in cyclic loading dynamic factors are involved, but the main 
idea of a characteristic distance remains as a central feature that might pro
pose a proper explanation of fatigue behavior below the DBT temperature. 
For example, the FCPR curves at 77 and 296 K indicate a peculiar behavior 
in Stage I (Fig. 3). As shown, during this stage the fracture is not enhanced 
by microcleavage and the thermal effects on FCPR are preserved. 
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A ̂ ^^•^~J//f'"'S"e fracture in AISl 4340 steel afrer WPS. (a) Mixed mode in HO material for 
AK-JOMPa-m- and /} = 0.75. (b) Ductile mode in HI material for AK = 28MPa-m'" and 
p — 0.65. 
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Only during Stage I is the behavior similar to that of materials that are not 
characterized by a DBT (Fig. 4), where the FCPR values increase with 
temperature elevation. The dislocation group theory [9] trend prevails along 
Stage I even below the DBT temperature. This behavior can be attributed to 
the characteristic distance (So) that is not satisfied near the threshold values 
(although the localized fracture stress is exceeded), resulting in a regular fa
tigue initiation process even at low temperature. 

Figure 6a strongly supports this explanation, since mixed-mode fracture 
or a complete cleavage mode with a significant increase of the FCPR values 
develops only at a later stage (Figs. 66 to 6d). It appears that the main differ
ence between AISI 4340, which is basically a body-centered-cubic system, 
and the austenitic AISI 304 lies in the DBT phenomenon. 

Notice that in the Type 304 stainless steel the flow stress at 77 K increases 
significantly because of the martensitic phase formation. However, the ab
sence of DBT is apparently the major factor that keeps the FCPR curve in 
the more familiar and regular behavior, even with the formation of the mar
tensitic a' phase. The ductile fatigue processes of crack tip blunting and re-
sharpening control the crack extension from near threshold up to the critical 
value. This comparative study clarifies the role of the microcleavage mode 
and its reflection on the fatigue curve, thus making the domination of the 
DBT more evident. 

Referring back to the WPS in cyclic loading, two major reasons for the 
crack growth behavior at low temperatures can be identified. These reasons 
relate to the flow stress elevation and the decrease of the effective cyclic 
stress intensity factor (A^eff). Curry [15] estimated the characteristic distance 
for slip-induced cleavage fracture by using the finite element crack tip distri
bution analysis in plane strain and small-scale yielding developed by Tracey 
[17] and by Ostergren [18]. For this purpose the cleavage and yield stress as 
well as the applied stresses and the theoretical stress intensity parameters 
were measured. Following this approach it can be seen that if the flow stress 
is raised by thermal effects and AKea decreases because of WPS, then the 
critical characteristic distance necessary for cleavage is no longer satisfied. 
Clearly, these circumstances result in the prevention of the cleavage mode, so 
that crack extension can occur only by ductile fatigue and by the conven
tional cumulative damage processes (Fig. 9b). 

As A^is raised, cleavage might occur, increasing the crack extension rate 
(Fig. 9a). This trend has been demonstrated in the present study by the 
experimental results. According to these findings, the following modified 
view on the role of cumulative damage below the DBT temperature is 
proposed. 

Let us consider the ductile steady-state fatigue crack propagation process. 
Here, cumulative damage is localized at the process zone, which is smaller 
than the dynamic plastic zone. Because of the extremely steep damage ac-
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cumulation gradient at the vicinity of the crack tip, the prior cyclic history is 
relatively masked during an incremental crack growth. 

In contrast, fatigue crack growth below the DBT temperature and above a 
critical value of AA'can be viewed by cumulative damage in terms of micro-
cleavage events that develop beyond the process zone. These discrete events 
are pronounced during high rates of crack extension. Thus cyclic loading at 
low temperature above Stage I can be associated with a crack tip damaging 
mechanism highly dependent on AA'amplitudes. 

The formation of this kind of damage zone seems to be responsible for the 
reduction of the upper bound limit, namely A'ifc < Kic. Consequently, warm 
prestressing, which affects the cleavage mode, should result in a higher value 
of Kiic and even close the gap between ATifc and Kic. 

At a certain stage of the present investigation it was assumed that lower 
Kite values below the DBT temperature are related to dynamic aspects. It 
was hypothesized that Kuc might be connected to critical dynamic or crack 
arrest values. This idea was investigated by cyclic loading in the range of fre
quencies between 0.1 and 80 Hz (Fig. 5). The results showed a tendency to
ward frequency-dependent FCPR changes, as has already been indicated by 
Gerberich et al [19]. Actually, the effects obtained were significantly smaller 
than expected. With respect to the Ku value, however, the aforementioned 
dynamic approach was not confirmed at the frequency range tested. 

Figures 10 and 11 show schematically the nature of fatigue curves in mate
rials that are characterized by DBT. With respect to life predictions at low 
temperatures, the shape of this curve has to be considered by including the 
typical elements that become more and more evident at low temperatures. 

DBT 
Parameters 

/ 
Kth/ II 

H 

c 

^ , 

T2I 

T) 
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R : 0 

log AK 

FIG. 10—Schematic fatigue curves above and below the DBT temperature. 
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FIG. 11—Schematic fatigue curves with emphasis on typical features at low temperature. 

As shown in Fig. 11, a higher value for AA'th is obtained at a low temperature 
(Ts). Only in the limited range between AJfth (^3) and AA'eq are the FCPR 
values lower for 7*3, which is below the DBT temperature. 

Finally, tests of WPS in Type 304 stainless steel and fatigue at low temper
atures is being carried out in our laboratory. At this stage no significant ef
fect has been observed in austenitic steel. It appears that in the absence of the 
microcleavage fracture mode sensitivity to WPS is drastically reduced, which 
emphasizes again the major role of the alternative brittle mode in fatigue 
processes at low temperatures. 

Conclusions 

1. DBT phenomena and microcleavage fracture are major events in shap
ing the typical FCPR curve at low temperatures. 

2. Comparisons between AISI4340 and 304 stainless steel at 77 and 296 K 
demonstrate the dominating role of the microcleavage fracture mode in fa
tigue crack extension processes. With regard to the FCPR curve tendencies, 
the high concentration of martensitic phases in Type 304 stainless steel plays 
a minor role. 

3. In materials characterized by DBT, WPS strongly affects the FCPR 
curve at low temperatures. 

4. The characteristic distance necessary to satisfy cleavage criteria is a 
central feature in fatigue crack extension below the DBT temperature, with 
and without WPS. 
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5. The upper limit ^ifc is sensitive to WPS; its dependency can be ex
plained in terms of a cumulative damage mechanism at the vicinity of the 
crack tip. 

6. Frequency effects in AISI 4340 at 77 K indicate tendencies similar to 
those proposed by a cyclic cleavage crack growth model. Quantitatively, the 
FCPR dependency on frequency is less than has been proposed by the men
tioned model. 
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DISCUSSION 

p. K. Liaw^ (written discussion)—Why are crack growth rates at 77 K faster 
at 0.1 Hz than at 10 Hz? 

Y. Katz et al {authors' closure)—The effect of frequency on the FCPR has 
been addressed by Yokobori et al [P],^ who propose a kinetic model that is 
associated with dislocation generation and activation processes. Accord
ingly, FCPR is expected to be lower at higher frequencies. Clearly, the case 
of fatigue crack propagation below the DBT temperature, where the cleav
age mode takes place, requires a modified view and explanation. Moody and 
Gerberich [4,19] attempted a dislocation dynamics model based on cleavage 
growths steps. They assumed that the dislocations along the rivers of a prop
agating crack control cyclic cleavage. Here also, the frequency is introduced 
and results in a similar trend, namely that high frequency is associated with 
relatively lower FCPR values. 

During the present work frequency effects have been studied experimen
tally at low temperatures (Fig. 5). According to our knowledge, these data 
are not available in the literature. It should be emphasized that although the 
general trend which has been suggested by Moody and Gerberich [4,19] was 
confirmed, there are still difficulties in verifying their proposed relationship 
quantitatively. We believe that the whole issue is more complex below the 
DBT. There are several variables that have to be considered (e.g., adiabatic 
heat, strain rate effects and, mainly, the role of the characteristic distance 
needed for cleavage). These variables are competitive and therefore some of 
the expected frequency effects might be reduced even at low temperatures. 

Westinghouse R&D Center, Pittsburgh, PA 15235. 
^ Citations of references and figures refer to the main body of the paper. 
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Fatigue and Fracture Properties of 
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and Fracture Properties of Ti-5AI-2.5Sn (ELI) for Use in Engine Components," Fatigue 
at Low Temperatures, ASTM STP 857, R. I. Stephens, Ed., American Society for Test
ing and Materials, Philadelphia, 1985, pp. 210-237. 

ABSTRACT: The results of an experimental investigation designed to obtain the mate
rial property data necessary to establish the salient characteristics of a Ti-5A1-
2.5Sn(ELI) alloy for use in a fuel pump impellor at cryogenic temperatures are de
scribed. Tension, fracture toughness, and fatigue crack propagation data were 
obtained from pancake forgings at room temperature in laboratory air and at 20 K 
(—423°F) in liquid hydrogen. Experiments were performed on coupons of three differ
ent orientations, from different forgings, and from different forging lots. The effect of 
frequency (0.1 and 10 Hz) and R ratio (-1-0.05 and -1-0.5) on crack propagation was 
evaluated. 

Tensile strength significantly increased at cryogenic temperatures compared to 
room temperature, percent elongation had a minor reduction, percent reduction in 
area significantly decreased, and modulus increased approximately 8%. Fracture 
toughness showed a significant reduction at cryogenic temperatures, as expected. A 
difference in toughness caused by orientation of as much as 25% was observed, despite 
the lack of any significant differences in material texture. The fatigue crack growth 
rate of this alloy showed a remarkable lack of sensitivity to the various experimental 
conditions. Crack orientation effects were minimal, although there were some small 
shifts in threshold. The two different forging lots resulted in a small shift in growth 
rate. No effect of frequency was found at any combination of R ratio and temperature. 
A load ratio effect was observed, but this expected result was manifested only by a 
small shift to higher rates at R = 0.5. No effect of temperature on fatigue crack propa
gation was observed from threshold (—10'* m/cycle [~4 X 10'' in./cycle]) to 44 
MPa \/m (40 ksi Vin̂ )̂ (~1 X 10"' m/cycle [~4 X 10 " in./cycle]). Above this level 
the observed difference in growth rate was due to the lower fracture toughness at 20 K 
(-423° F). 

KEY WORDS: mechanical properties (tensile strength, fracture toughness, fatigue 
crack growth), low temperature properties (titanium) 

Dr. Ryder is a senior research scientist with the Lockheed-California Co. in Burbank, CA 
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The recent development of reuseable upper stage spacecraft, high pressure 
rocket engines for such appHcations as the space shuttle, and space tugs rep
resents a significant extension of previous propulsion component design. 
The reuseable nature of such components has necessitated careful considera
tion of procedures for ensuring design life. The development of adequate 
procedures is severely influenced by the fact that these high-pressure compo
nents must be of small size and weight; these can only be achieved by em
ploying high-tip speed turbines and accepting the concomitant highly 
stressed impeller and turbine disks. The problem is aggravated for fuel pump 
impellers because of the high stresses that exist in rotor disks operated in the 
low temperatures of liquid hydrogen or oxygen. At such high stresses and 
in the cryogenic environments of interest, titanium alloys such as Ti-5A1-
2.5Sn(ELI) are used because of their low density and high strength. How
ever, also because of the high stresses, rotor disks can be extremely sensi
tive to small initial defects. This problem is intensified by the reduction of 
an alloy's fracture toughness at cryogenic temperatures [/]. 

The research effort described in this paper was directed towards provid
ing material characterization data, tensile and fracture toughness data, and 
fatigue crack propagation data necessary to establish the salient character
istics of a Ti-5Al-2.5Sn(ELI) alloy to be used in a fuel pump impeller in a 
cryogenic environment. The data were used in a research program spon
sored by the NASA/Lewis Research Center [2] to correlate crack propaga
tion data from conventional laboratory coupons with data from a parallel 
sided rotating disk used to model the rotor stresses. A key question con
cerning the use of such a material was whether rotating disk experiments 
conducted at room temperature could be correlated to potential experi
ments conducted at cryogenic temperatures. The data obtained in this pro
gram were reviewed to help answer that question and thereby possibly 
avoid expensive cryogenic rotating disk experiments. 

Material Characterization 

The Ti-5Al-2.5Sn(ELI) alloy is nearly an all-alpha phase alloy with excel
lent weldability. The presence of small beta stabilizer content (iron and man
ganese) as an impurity can be detrimental to extreme low-temperature prop
erties. The beta content in the alloy is therefore kept small. Enough beta 
stabilization is seen metallographically in the standard grade, but it is not 
visible metallographically in the extra-low interstitial (ELI) grade. This alloy 
is a non-heat treatable material and the ELI grade has somewhat lower ten
sile strength properties than the standard grade [1,3]. The microstructure at 
room temperature is in the alpha phase, with traces of beta phase from the 
residual iron content in the sponge. The alpha phase can be produced in an 
equiaxed form by mechanical working and annealing at temperatures in the 
alpha phase field, while an acicular structure results when cooling from the 
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beta phase field. Detrimental presence of ordered phases, such as the hexag
onal close-packed order compound TisAl in the Ti-5Al-2.5Sn alloy, is usu
ally minimal [4]. 

Two lots of Ti-5Al-2.5Sn(ELI) were purchased from the Rocketdyne Di
vision of Rockwell International. Both lots were from Reactive Metals In
corporated (RMI) Heat 891389 and were purchased to the ELI requirements 
of Aerospace Material Specification (AMS) 4924B as well as appropriate 
Rocketdyne specifications. Lot 1 was a 3567 N (802-lb) billet, 1090 mm (43 
in.) long and 305 mm (12 in.) in diameter, while Lot 2 was a 2002 N (450-lb) 
billet, 610 mm (24 in.) long and 305 mm (12 in.) in diameter. 

Results of a chemical analysis of the two lots of material are shown in 
Table 1. As can be seen in this table, both lots of material met both specifica
tions. An element not listed in Table 1 is yttrium. Conversations with Rock
etdyne personnel confirmed that this RMI Heat of Ti-5Al-2.5Sn(ELI) was 
one of numerous heats of titanium produced by RMI to which yttrium was 
added during the melt. Yttrium in small amounts and finely distributed can 
be used to reduce grain size and improve the forgeability of titanium and 
other alloys [5]. An analysis' of available data [6-8] on the effect of yttrium 
on the mechanical properties of titanium alloys indicated for Ti-5A1-4V 
somewhat lower longitudinal and short transverse tensile properties and a 
decrease in resistance to stress corrosion cracking. For Ti-5Al-2.5Sn, the 
addition of yttrium appeared to result in a reduction of^cby 13.2 to 22 MPa 
Vm (12 to 20 ksi Vm.).^ These reductions in mechanical properties were ap
parently due to both the addition and poor segregation of the yttrium [5-(S]. 
The amount of segregation of yttrium in this alloy is unknown and thus its 
effects on properties are also unknown. Future users of this alloy must con
sider this potential problem. 

The Ladish Company, Cudahy, Wisconsin, prepared 20 press-forged pan
cake disks from a first billet of material and twelve from a second lot. Each 
pancake was approximately 457 mm (18 in.) in diameter and 76 mm (3 in.) 
thick. Specimens were drawn from sections of the first 18 pancakes for ten
sile, fracture toughness, and fatigue crack propagation behavior characteri
zation. From the remaining pancakes of Lot 1 and those of Lot 2, disks were 
machined for an investigation [2] into material response under centrifigual 
loads induced by rotation. In addition, coupons were manufactured for ten
sile, fracture toughness and fatigue crack propagation characterization. 

The starting stock material of Lot 1 was cut into two pieces labeled 1-Top 
and 2-Bottom; these two pieces received Ladish Lot Nos. H4-2046 and H4-
2180. Lot 2 of the starting stock material received Ladish Lot No. H5-834. 
All three pieces were drawn down to I52-mm (6-in) diameter billets, after 

' Private communication from J. Van Orden, Lockheed-California Co., Burbank, CA, 
12 March 1975, on analysis of reactive metals. 

"Private communication from J. Van Orden, Lockheed-California Co., Burbank, CA, 
12 March 1975, on analysis of data supplied to G. Wald obtained from Reactive Metals Inc. 
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which 152-mm (6-in.)-long pieces were cut off for the pancake forgings. The 
Lot 1 billet yielded approximately 3025 N (680 lb) of material after draw
down, while Lot 2 yielded approximately 1846 N (415 lb) after draw-down. 

Forging reductions, to a total of 50%, were started above the beta transus 
temperature (7^) determined to be 1283 K (1850°F), and finished in the alpha 
field. The billets were upset twice during forging. Forgings were annealed at 
1061 ± 14 K (1450 ± 25°F) for 2 h and furnace cooled. The 152-mm (6-in.)-
diameter billets after draw-down were found acceptable to Level 30, ac
cording to Fig. 3 of AMS Specification 2380. Sonic testing per AMS 2631 
showed no apparent defects or flaws. The aluminum rating was met. While 
no specific AMS specification for microcleanliness is known to exist for this 
material, Ladish examination of the forged microstructure showed the mate
rial to be apparently free of microstructural segregation, porosity, or mate
rial nonuniformities. 

From Lot 1, ten pancakes from each piece were produced numbered 1 to 
20 from the top down, the first ten from piece 1-Top. Lot 2 produced twelve 
pancakes numbered 21 to 32. The finished pancake weight was approxi
mately 151 N (34 lb); the dimensions were nominally 203-mm (8-in.) diame
ter and 76-mm (3-in.) thickness. Pancake 11 was slightly underweight, while 
Pancakes 15 and 18 were discovered by sonic inspection to have small center 
cracks. During machining. Pancake 16 was also discovered to have a small 
crack at the location of the two tensile blanks. 

Macrostructures of Pancakes 1, 9, and 16 were obtained by taking a dia
metrical cut. Grain size appeared to be uniform. The photomacrographs 
showed that their macroetch grain size was acceptable according to Fig. 15 
of AMS 2380. The etchant used was Kroll's: 10% nitric and 8% hydrofluoric 
acid in water. Some indication of grain flow was evident, but this did not be
come pronounced until the higher serial numbered pancakes, numbers 15 
through 18. 

Hardness readings were taken on the top surface of each pancake, at three 
locations, 120 deg apart at the midradius. All hardness readings were taken 
by using a standard 29.42-kN (in old units, 3000-kgf) load and a standard 10-
mm-diameter steel ball. All pancake surface readings were taken at small 
polished areas. Brinell hardness was obtained because titanium sticks to the 
diamond tip used in Rockwell C hardness testing, often resulting in false 
readings. In addition, although this is not a serious problem for Ti-5A1-
2.5Sn, which is an all-alpha alloy, Brinell hardness is an average over a large 
area, as opposed to the small diamond tip of Rockwell C testing, which 
would detect differences in the two phases of titanium platelets, alpha and 
beta. This is not always desirable. The Brinell Hardness Number (BHN) was 
269 for each reading. 

Two texture examinations (pole figures) were performed on Pancake 1, 
one at midradius, center position, and one at 90 deg from the initial position, 
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but at one-quarter radius from the pancake center. Both examinations 
showed no evidence of preferred orientation. 

Although the standard does not actually apply to titanium alloys, ASTM 
E 112 was used to estimate the average grain size for the microstructures. 
Three micrographs for Pancakes 1,9, 16, and 18 were taken from the same 
radial-thickness plane cut along the pancake diameter as used to obtain the 
macrographs. Pancake 1 exhibited an estimated average grain size of 6 at 
XlOO, while Pancakes 9, 16, and 18 exhibited a grain size of 7 at XIOO. The 
microstructure in all four pancakes was similar. However, there appeared to 
be somewhat more oriented grain flow in Pancakes 9, 16, and 18 than in 
Pancake 1, as well as more secondary particle segregation. 

The tension specimen coupons were 6.25 mm (0.250 in.) in diameter with a 
25.4 mm (1.00 in.) gage length. These coupons were machined and tested ac
cording to ASTM Tension Testing of Metallic Materials (E 8). Seventy-four 
tensile coupons were obtained from 18 different pancakes. Of these coupons, 
66 were circumferentially (C) oriented near the outer edge of the pancake, 
half surface and half center location, and four each were oriented in the ra
dial (R) and thickness (L) directions of Pancake 16. Fracture toughness and 
fatigue crack growth coupons were of the Manjoine wedge-opening-loaded 
(WOL) type compact tension specimens with a specimen width W of 50.8 
mm (2.00 in.) and a thickness of 19.0 mm (0.750 in.). From 17 pancakes, 138 
compact (WOL) specimens were obtained, 48 circumferential orientation (26 
CR, 22 CL), 45 radial orientation (23 RC, 22 RL), and 45 thickness orienta
tion (23 LR, 22 LC). These orientations are as per ASTM Test for Plane-
Strain Fracture Toughness of Metallic Materials (E 399). 

Hardness readings were taken of tension, fracture toughness, and fatigue 
crack propagation test coupons. The hardness survey results varied over a 
small range, from 3.60 Brinell Hardness Diameter (BHD) (285 BHN) to 3.90 
BHD (241 BHN) with only one reading above 3.80 BHD and only five below 
3.70 BHD out of 265 readings. According to approximate tensile ultimate 
strength tables and Rockwell C conversion tables, these results convert to 
tensile ultimate strengths from 800 to 896 MPa (116 to 130 ksi) and Rockwell 
C Hardness (Re) values from 30 to 23. The results were somewhat higher 
than actual tensile ultimate strengths, which varied from 800 to 841 MPa 
(112 to 116 ksi). 

Experimental Procedures 

Tension tests at 20 K (—423°F) were conducted in liquid hydrogen cryo-
stats installed in the test machines. Extensometers used with liquid hydrogen 
testing consisted of rod-in-tube extensions that transmitted the strain from 
the specimen test section to a transducer located outside of the liquid hydro
gen cryostat. The output of the transducer was transmitted to the drum re-
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corder of the test machine in a conventional manner. Machine controls and 
readout equipment for the LH2 tests were located in another room com
pletely isolated from the area in which LH2 was used, so that accidental arc
ing from electrical equipment could not pose a safety problem. The LH2 was 
transferred from a storage tank outside of the test building by means of a 
double-walled, evacuated pipe to the cryostat on the test frame and vented to 
the atmosphere. The test facility was subjected to continual monitoring for 
the presence of H2 gas during any H2 test. 

All fracture toughness specimens were precracked at room temperature in 
a Baldwin SF-IN fatigue machines by using a three-step fatigue loading se
quence to ensure that the final load was equivalent to a stress intensity less 
than 60% of the expected KQ value. All cyclic precracking was performed by 
using a stress ratio (R) of 0.1 at a constant frequency of 30 Hz. Specimens 
were instrumented with an ASTM E 399 type crack opening displacement 
(COD) gage and a monotonic tensile load was applied to produce failure. The 
resulting load-displacement curves were analyzed to determine plane strain 
fracture toughness values. If any of the A'lc validity criteria were not met, ap
propriate Kg values and residual strength ratios (Rsc) were calculated for 
each specimen per ASTM E 399 requirements. 

Compliance calibration was obtained by using the procedures of Ref P, at 
room temperature in laboratory air for three samples and at 20 K (—423°F) in 
LH2 for one sample. For room temperature tests the compliance measure
ment was the average of five readings taken at each a/W value. Compliance 
curve readings were made approximately every 1.3 mm (0.050 in.). At low 
temperatures, multiple compliance readings were taken at less regular inter
vals. Results were analyzed so that they could be used to interpret the com
pliance data obtained from the fatigue crack propagation tests as well as to 
obtain an experimental compliance calibration. The primary purpose of the 
experimental compliance calibration was to determine if the compliance cal
ibration of the material changed as a function of temperature. 

The compliance calibration showed excellent agreement (less than a 1% 
difference) between optical and compliance a/Wdata, both at room tempera
ture and at 20 K (—423°F). Both optical and compliance readings were, 
however, used for subsequent low-temperature experimentation. In addi
tion, compliance calibration was shown not to be affected by temperature, 
except for allowance of a modulus change. Hence the practice of precrack
ing coupons in room temperature and subsequently testing them at low tem
perature was assumed not to affect their toughness or fatigue crack growth 
properties. 

Precracking of fatigue crack propagation specimens was accomplished in 
the same manner as for static fracture toughness specimens. Generally, 20 
data points were obtained over a spread of AK values for each specimen. 
Experiments were conducted at R — 0.05 and 0.5, / "= 10 and O.I Hz, and 
at room temperature (RT) and 20 K (—423°F). Tests at room temperature 
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were conducted in laboratory air by using a closed-loop electrohydraulic 
testing machine. Coupons were tested at 20 K (—423°F) in a Tatnal servo-
controlled test system equipped with a liquid hydrogen cryostat containing 
a clear plastic window. Loads were applied in three steps, with each load 
larger than the previous one. Initially, marker bands were induced in the 
specimen for the purpose of enhancing posttest fractography. However, the 
data reduction technique was adequate for accurate growth readings to be 
produced without the marker bands; thus they were discontinued. 

The crack length of coupons tested at room temperature was measured 
optically on both sides of the room temperature coupons. The two surface 
measurements were averaged. For tests in LH2, optical readings could be 
taken on only one side, but this was not a critical omission because the 
crack front remained symmetrical throughout the tests, as shown by post-
test observation of the fracture surface. A check of the crack length was ob
tained from COD data by expressing a/W as a function of normalized 
compliance, and comparing the results to those obtained optically. The op
tical crack length measurements, after adjustment for crack bowing, agreed 
closely with compliance-based measurements. An adjustment length of 1.27 
mm (0.050 in.) was added to each average optical surface crack length mea
surement to account for the bow in subsurface crack extension. This was 
justified by posttest observation of coupon fracture surfaces, which showed 
that the crack length based on the two surface readings and three subsur
face measurements (VA, V2, and VA thickness) was 1.01 to 1.52 mm (0.040 to 
0.060 in.) longer than the average of the two surface measurements. The ad
justment in crack length resulted in less than a 1% change in AK. Crack 
growth rate (da/dN) was defined simply as the change in crack length (Aa) 
divided by the change in cycles (AA'̂ ). Crack length intervals were usually 
maintained between 0.6 and 1.9 mm (0.025 and 0.075 in.), with no readings 
less than 0.33 mm (0.013 in.) considered acceptable. At higher AK levels, 
the shorter crack length intervals were used, if at all possible. Stress inten
sity was calculated by using the experimentally based compliance curve. 

All fatigue crack propagation data discussed in subsequent sections are 
presented in a graphic format. Plotted data are shown along with statistically 
based 2a curve fit scatter bands where a is standard deviation. The crack 
growth data taken at one test condition were combined and empirically fit
ted by using the following expression developed by Sandifer and Bowie [10], 
after the well-known form of Gumbel double exponential distribution [11]. 

da/dN = exp{u - £n [ - £n(l - AK/Kd)]/a} - 1 

where a and u are constants for a particular data set and Kd is the Km&x value 
at fracture of a crack growth coupon. Based on this equation, a median 
crack growth curve was defined as that corresponding to the a and u values 
found by linear regression. A curve suggested by Bowie [10] as a useful de-
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sign curve to give a conservative life estimate was defined by the left side la 
scatter band curve. Figure 1 shows the 2a scatter bands, median curve, and 
suggested design curve. 

Tension and Fracture Toughness Results 

Tension test results are summarized in Table 2. Included in Table 2 are the 
minimum properties from two standards, AMS4924B (dated 1 November 
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1969) and the more stringent Rocketdyne standard, RB170-152 (dated 8 Oc
tober 1973). In addition, results of three other studies are given for compari
son. The work by Nachtigall [12] was conducted by using 16.13-mm (0.635-
in.)-diameter coupons, that by Sullivan [75] was for coupons from 2.54-mm 
(0.1-in.) sheet, while that by Van Stone et al [/] was for 25.4-mm (l-in.)-thick 
plate. Van Stone et al [7] compared air-cooled and furnace-cooled tensile 
properties and found no significant difference. 

Most tensile properties varied little from pancake to pancake when tested 
at room temperature. However, at 20 K (—423°F), modulus varied from 96.5 
GPa (14.0 X 10' psi) to 160.9 GPa (24.5 X lO' psi); at room temperature, on 
the other hand, modulus varied from 103.4 to 125.5 GPa (15.0 to 18.5 X 10' 
psi). This variation indicated large measurement uncertainties at 20 K 
(—423°F), a definite problem. Percent elongation had a similar temperature 

TABLE 3—Fracture toughness test results. 

Coupon No. 

lCR-1 
6CR-1 

29CR-2 
IRC-I 
6RC-I 
lLR-1 
6LR-1 
lLC-1 
6LC-1 

12RL-1 
13RL-1 
I4CL-1 
15CL-1 

ICR-2 
6CR-2 
lRC-2 
6RC-2 
lLR-2 
6LR-2 
lLC-2 
6LC-2 

12RL-6 
13RL-6 
14CL-6 
15CL-6 

Fracture 
Toughness (A'g), 

MPa s/m 
(ksi \/in^)° 

Room Temperature 
91.6(83.4) 
89.8 (81.7) 
92.7 (84.4) 
91.4(83.2) 
91.1 (82.9) 
84.7(77.1) 
79.8 (72.6) 
93.4 (85.0) 
87.5 (79.6) 
80.3 (73.1) 
78.3 (71.3) 
85.6 (77.9) 
96.9 (88.2) 

20 K (423°F) 
61.8 (56.2) 
63.5 (57.8) 
63.7 (58.0) 
65.5 (59.6) 
58.2 (53.0) 
57.7 (52.5) 
60.0 (54.6) 
54.4 (49.5) 
70.5 (64.2) 
67.0(61.0) 
71.6(65.2) 
75.3 (68.5) 

Residual Strength 
Coefficient 

(Rsc)' 

0.950 
0.932 
1.35 
0.955 
0.940 
0.866 
0.818 
0.884 
0.911 
0.886 
0.843 
1.03 
1.07 

0.312 
0.342 

. 0.339 
0.327 
0.310 
0,307 
0.312 
0.276 
0.341 
0.335 
0.365 
0.376 

° None of the coupons tested at room temperature met the requirements of ASTM E 399. 
All tests at 20 K did meet the requirements. 

'Calculated per ASTM E 399 requirements. 
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dependence. All minimum specifications except for the apparent tensile mod
ulus at room temperature were exceeded, and results compared quite favor
ably to results of other investigations. At both room temperature and 20 K 
(—423°F), tensile strength results of surface coupons slightly exceeded those 
of subsurface specimens. Percent elongation essentially did not change with 
decreased temperature, while percent reduction of area was still quite good 
at 20 K (-423° F). 

Table 3 lists the results of the 25 fracture toughness tests conducted by 
using coupons from Pancakes 1 to 18 and 29. All coupons tested at 20 K 
(-423° F) met all the plane-strain criteria of ASTM E 399, while all cou
pons tested at room temperature failed to meet the criteria that Pmax/Po < 
1.10 and that the thickness be greater than (2.5 KQ/oysf. A review of the 20 
K (—423°F) results showed a dependence of Kic on direction. Samples in 
which the crack was aligned in the thickness direction (RL, CL) had the 
highest toughness. The apparent dependence of Kic on orientation existed 
in spite of the fact that no crystallographic texture was observed, as pre
viously discussed. 

The fracture toughness properties of Ti-5Al-2.5Sn(ELI) alloy are known 
to vary with temperature, which is consistent with these results. Values of 
49.5 MPa \ /m (45 ksi ^yin".) at -253°C (-423°F) have been reported [14] for 
ELI grade and 49.5 to 66 MPa \ /m (45 to 60 ksi \An"-) [13] for thin sheet 
material. Other data have indicated a wide range of fracture toughness 
values, depending on microstructure and specimen orientation [15]. Van 
Stone et al [/] found that although fracture toughness properties (^ic) at 
room temperature were similar for air- and furnace-cooled plate, the tough
ness of the air-cooled material at 20 K (—423°F) greatly exceeded that of the 
furnace-cooled material, namely 89 compared to 73 MPa \ /m (81 to 66.1 ksi 
vW.). This result suggests that in the future Ti-5Al-2.5Sn(ELI) should pos
sibly be air-cooled, not furnace-cooled as is the typical practice. 

Fatigue Crack Propagation Results 

Orientation Effects 

The effect of specimen orientation on the fatigue crack propagation be
havior of Ti-5Al-2.5Sn(ELI) at room temperature is shown in Figs. 2 to 5. 
The curves shown in these figures are the aforementioned 2a scatter bands; 
extrapolations are indicated by dashed lines. Variation in growth rates 
within a coupon were often as large as the variation from one orientation to 
another. When the location of the data for each individual specimen was 
compared to the 2a band for all data, the CL and RL orientation data were 
found to be more in the lower half of the data band for data at R = 0.05, 
F = 10 Hz. However, for Figs. 3 to 5 the same trend for CL and RL data was 
not discernable. Differences in propagation rates for cracks growing in the R 
or C direction were not observed. Data scatter within any specimen was gen-
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• 

f jjll 

r* ^m 3 

^A 
/%, 

•S 

y A 

?l'V Ox * 
* / 

— s 

-̂i s p i / 
S Y / 

© 

•y— 

.J. / 

¥— 

1 1 1 

-h-
/ 
' 

v m b o i C o u p o n 

r^ 

U / C K - l 
^ 7 R C - 1 
A 2 L R - 1 
^ 7 L R - 1 
•^ 1 2 R L - 2 

X 7 L r 1 

* i 3Ub-2 

en 4D. hn. 
/*:. STRESS INTENSITY RRNEE. 

-r1D' 

Lil 

cr 
a 

a a u 

u 
cr 
iz 

--ID 

•o 

-L1D-

MPQN 
100. 

FIG. 2—iy^fcf of orientation on fatigue crack propagation behavior of Ti-5Al-2.5Sn(ELI) at 
room temperature, R = 0.05, V = 10 Hz. 
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erally small except for specimens from Disk 9 (Fig. 4). For this disk, data 
scatter was greater than that for specimens from other disks. 

Figures 6 to 8 show the effects of orientation on fatigue crack growth be
havior at 20 K (—423°F). Study of these data again showed no unusually 
large orientation effect. Figure 9 is included for reference, since only one 
specimen was tested at R = 0.5 and /" = 0.1 Hz at 20 K (-423°F). 
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FIG. 6—Effect of orientation on fatigue crack propagation behavior of Ti-5Al-2.5Sn{ELT) 
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Frequency Effects 

The typical effect of frequency on fatigue crack growth rate is shown in 
Figs. 10 and 11. The data clearly show that no effect of frequency was ob
served at room temperature or at 20 K (—423°F). Curve shapes and thresh
olds were essentially identical. 
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Effect of Range Ratio 

Figures 12 and 13 show the typically observed effect of load ratio (R) on 
the fatigue crack growth behavior of this alloy. At both temperatures and 
both frequencies, the data at JR = 0.5 were shifted to left or higher growth 
rates, which can be easily seen in the figures. The amount of the data shift 
was about the same for each temperature. The result was consistent with 

ID-

ID-

u 
>-

^ID-" 

•: 

3 
O 
oe 
19 
u 
tc a: u 

u 

ID- ' 

:1D-a 
•o 

o 
X) 

ID-

1 0 - I D 

tm. STRESS INTENSITY RRNEE, KSIv/TTT 
ED l a faa fio 

J I I I I I I I L 

en HD bo an 
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Other fatigue crack growth studies (see, for example, Ref 16) and was ex
pected. The only other observation was that except under 10-Hz conditions 
at room temperature, data at /? = 0.5 appeared to have somewhat less scat
ter and hence tighter 2a data scatter bands than the R = 0.05 data, perhaps 
because of less crack closure. 
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Effect of Temperature 

The typical effect of temperature is shown in Figs. 14 and 15. At both R 
ratios, the extent of scatter was essentially the same at each temperature and 
frequency combination. In addition, there was no temperature effect at K 
levels below 44 MPa \fm (40 ksi x/irT.) at /? = 0.05 and below 33 MPa Vm 
(30 ksi x/iiT) at i? = 0.5. At higher A.«: levels, 20 K (-423°F) crack growth 
rates were faster than room temperature rates because of the lower fracture 
toughness at 20 K (-423° F). 
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Conclusions 

Based on the results of this experimental program, the following conclu
sions are drawn: 

1. Consistent homogeneous forgings were made from the Ti-5Al-2.5Sn 
(ELI) alloy. 
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2. Tensile and fracture toughness properties were excellent, met all specifi
cations, and were consistent with data available in the literature. 

3. The experimental compliance calibration was unaffected by tempera
ture, except for a correction of modulus. 

4. No significant effect of frequency or coupon orientation on fatigue 
crack propagation behavior was observed. 

5. An increase in load ratio (R) increased fatigue crack growth rates. 
6. Fatigue crack growth rates at 20 K (—423°F) were similar to room tem

perature growth rates at low AATlevels, but faster at high AATlevels because 
of the decrease in fracture toughness. 

The last conclusion was extremely important for the spin pit fatigue crack 
growth study [2] conducted after this material evaluation program. Based on 
the results of this program, fatigue crack growth studies of disks spun in a 
spin pit were conducted at room temperature, because up to relatively high 
AK levels (44 MPa \ /m [40 ksi \fin.] atR = 0.05) growth rates at room tem
perature were identical to those obtained at the low temperature. The lack of 
any significant frequency or orientation effect in the range of interest for the 
spinning disks was also experimentally helpful. 
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ture on the Fatigue and Fracture Properties of 7475-T761 Aluminum," Fatigue at Low 
Temperatures, ASTM STP 857, R. I. Stephens, Ed., American Society for Testing and 
Materials, Philadelphia, 1985, pp. 241-256. 

ABSTRACT: The effect of low-temperature toughness degradation on damage toler
ance and life analysis methodology is discussed. Spectrum fatigue and fatigue crack 
growth tests were conducted and life predictions made on 7475-T76I aluminum. The 
retardation behavior was determined by conducting constant K single overload fatigue 
crack growth tests. The low-temperature environment (—54°C [—65°F]) improved the 
life of fatigue and fatigue crack growth tests subjected to several loading spectra. This 
may be partially attributable to stronger retardation effects at low temperatures. It is 
concluded that low temperature may be a factor in damage tolerance and life analysis 
only under certain conditions. 

KEY WORDS: aluminum alloys, temperature, R-cxxrve, fatigue, fatigue crack growth, 
spectrum (loading), life prediction, damage tolerance, retardation 

For quite some time the problem of subcritical flaw growth and subse
quent fracture of aircraft structural components has been recognized as a 
significant factor in the safety, maintainability, and life-cycle costs of mod
ern aircraft. For traditional metallic structure, requirements such as MIL-A-
83444 on Airplane Damage Tolerance Requirements have been developed 
that specify the general framework for damage tolerance analysis. One re
quirement common to these specifications is that the analysis be representa
tive of structural behavior in typical operating environments. Aluminum air
craft structural design has been based, for the most part, on room or elevated 
temperature data. This practice seems to result from the belief that the face-
centered cubic crystal structure of aluminum precludes the type of transition 
temperature effects that are prevalent in body-centered cubic steels [7]. 

Mr. Cox is a senior scientist and Mr. Pettit a group engineer in the Fatigue and Fracture 
Mechanics Laboratory of the Kelly Johnson R&D Center at Lockheed-California Co. in Bur-
bank, CA 91520. Dr. Langenbeck is a research scientist in the Materials and Processes Depart
ment of Lockheed-California. 
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242 FATIGUE AT LOW TEMPERATURES 

This belief in the low-temperature insensitivity of aluminum alloys was 
shattered in the mid-1970s. During that time, Wang [2] and Pettit and Van 
Orden [ i ] , among others, reported a significant reduction in the toughness 
of several 7000 series aluminum sheet materials at low temperature. Since 
that time, Lockheed-California Company has been assessing if and how the 
low-temperature effects should be integrated into damage tolerance proce
dures. The work reported herein is part of that effort. 

Background 

Tension and R-curve toughness tests at room and lower temperatures on 
three different aluminum alloys were conducted in 1977 [3]. Summaries of 
the tension and /?-curve data are reproduced here in Table 1 and Fig. 1, re
spectively. The tension tests showed that all three alloys exhibit a slight in
crease in tensile strength with decreasing temperatures while no significant 
variation was noted in the elongation or reduction-of-area values. The R-
curve tests were conducted on the same three alloys according to ASTM 
Practice for i?-Curve Determination (E 561). The apparent fracture tough
ness based on the maximum load and the initial crack length for the three 
materials is presented in Fig. 1 as a function of test temperature. The results 
show a major decrease in the apparent fracture toughness of the two 7000 
series alloys but no degradation in the toughness of the 2024-T3 material. 

Fractographic features of failed tension and /{-curve specimens were ob
served by scanning electron microscopy (SEM). The 7000 series specimens 
(both tension and /?-curve) exhibited a change in fracture mode, going from 
primarily ductile dimpled rupture at room temperature to flat quasi-cleavage 
as the test temperature was decreased. No change with temperature was ob
served in the fracture features for any of the 2024-T3 specimens, the fracture 
mode remaining that of microvoid coalescence and growth for all conditions. 

Constant-amplitude fatigue crack growth (FCG) data {R = -1-0.1) were 
also generated for the 2024 and 7475 materials and are also presented in Ref 
3. Results for 2024-T3 showed no effect of temperature over the entire range 
of data (approximately 7.6 X 10"" to 7.6 X 10"̂  mm/cycle [3 X 10"' to 
3 X 10"' in./cycle]). For the 7475-T761, however, an increasingly significant 
acceleration of the FCG rate was observed at —54°C (—65°F) relative to 
22°C (72°F) data above a AK value of approximately 22 MPa yjm (20 ksi 
\/in.), as shown in Fig. 2. Other researchers (see Abelkis et al [4]) have re
ported similar results at higher AK levels but slower crack growth rates for a 
-54°C (-65°F) environment at low AA'levels for both 2024-T351 and 7475-
T7651 alloys (i.e., a higher FCG threshold at -54°C [-65°F] than at room 
temperature). This is called a crossover effect since the crack growth curves 
actually cross over each other. While the data presented here do not go to as 
low a da/dN rate as the Abelkis data, they do go below the level at which 
crossover should have been evident. The crossover/no-crossover question 
will be discussed later in this paper. 
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FIG. 1—Effect of test temperature on the apparent fracture toughness of three aluminum alloys. 

Damage Tolerance Considerations 

Testing up until the time of the publication of Ref 3 (1979) was aimed at 
determining what properties and alloys were affected by the low-temperature 
environment. The next step, which has been undertaken since then, was to de
termine how these property changes would affect damage tolerance life analy
ses. Obviously, The /?-curve data directly affect these analyses in that the critical 
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FIG. 2—Effect of temperature on the fatigue crack growth behavior of 7475-T761. 

crack length is shorter at lower temperatures. The constant-amplitude FCG 
data are less significant, however, because few aircraft structures experience 
constant-amplitude loads. Since the 2024-T3 alloy had been insensitive to 
low temperatures on all tests conducted so far, the 7475-T761 material was 
the only alloy to be investigated in the remainder of the program. It should 
be noted that all tests were conducted at a constant temperature of either 
-l-22°C (+72°F) or -54°C (-65°F) (as opposed to a temperature spectrum). 
While this does not simulate the actual operating environment it does allow 
for three things: (1) ease and speed of testing, (2) simplification of analysis. 
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and, probably most important, (3) the provision of what was beUeved to be a 
worst-case situation (i.e., —54°C [—65°F] 100% of the time). In this paper, 
"low temperature" refers to a —54°C (—65°F) environment. 

Two aspects of making accurate life analyses that were investigated were 
spectrum fatigue and spectrum FCG. Spectrum FCG is more important 
analytically because most current damage-tolerance standards require the 
assumption of a pre-existent flaw. An important aspect of analyzing the im
pact of low temperature effects on life analysis is to determine the accuracy 
of current life prediction techniques. If the inaccuracies in current predictive 
capabilities are greater than the error introduced by not accounting for low 
temperature effects, then these effects may not need to be taken into account. 
Therefore life predictions based on constant-amplitude FCG data were 
made for the spectrum FCG tests. 

For both the fatigue and the FCG tests the loading spectrum used was the 
80-Flight Fighter Spectrum [5,6]. This spectrum sequence consists of 40 typ
ical and 40 severe usage flights, simulating the mix of flights in an F-4 pilot 
training course conducted by the U.S. Air Force [7]. These flights are ap
plied in a random order. For simplicity, the ground loadings are truncated at 
zero load, resulting in a tension-only load sequence. Figure 3 compares the 
80-flight test spectra to mission mix spectra for the F-16, F-15, and A-7D 
from Refs 8, 9, and 10, respectively. Load interaction effects for this spec
trum are expected to be very high and were shown to be responsible for 
changes in experimental crack growth rates of a factor of four at room tem
perature [5,(5]. 

Spectrum Fatigue Crack Growth 

Four center crack tension (CCT) panels (specimen width W — 102 mm [4 
in.] and thickness B = 1.8 mm (0.072 in.]) were fabricated from 7475-T761 
aluminum sheet. Before these specimens were tested, life predictions were 
made based on the constant-amplitude FCG data previously presented in 
Fig. 2. Two predictions were made for each environment. In the first analysis 
the crack retardation caused by high tensile loadings in the spectrum was 
neglected (that is, no retardation). In the second analysis a slight variation of 
the retardation model of Willenborg et al was used [7i]. The exact proce
dures used were identical to those outlined in Refs 5 and 6. 

The resulting life predictions (shown as open data points) as well as actual 
test data from the four specimens mentioned above are presented in Fig. 4. 
The analysis assuming retardation predicts significantly longer lives than 
that assuming no retardation and is more accurate when compared to the ac
tual test data. The predictions premised on retardation, however, are slightly 
nonconservative when compared with the actual data. As expected, the ana
lyses resulted in predictions of "shorter" lives for the —54°C (—65°F) tests 
than for the room temperature tests. However, the actual tests resulted in 
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approximately 20% longer lives for the —54°C (—65°F) tests. This was true 
even though the low-temperature specimens failed at shorter crack lengths 
because of decreased toughness at that temperature. One possible explana
tion of this seemingly anomalous behavior is that the constant-amplitude 
FCG threshold is indeed lower at room temperature than at —54°C (—65°F), 
as determined by Abelkis et al [4], If these constant-amplitude FCG data are 
used as input to the life prediction program described earlier, the results 
presented in Fig. 5 are generated. The relative positions calculated for the 
two temperatures now agree with the actual data (i.e., room temperature life 
is shorter than low-temperature life). These predictions do not, however, 
agree well with the actual data in absolute terms. One could argue that the 
model inherently overpredicts the lives in this instance. If this were true, 
however, it should overpredict them by a consistent amount. In this case the 
actual life is 61% of the predicted life at room temperature and only 37% at 
—54°C (—65°F). This difference seems to indicate that even if the constant-
ampHtude FCG behavior described by Abelkis et al [4] is the proper one, it 
may not by itself completely explain the spectrum FCG behavior. 

All the predictions made so far (based on either of the constant-amplitude 
FCG data sets) assume that the material reacts to overloads (retardation) in 
the same manner independently of temperature. If temperature and retarda
tion behavior are not independent of each other, the actual relationship be
tween room temperature and —54°C (—65°F) data would be shifted from 

EFFECT OF LOW TEMPERATURE 
7475 T 7 6 1 : 80-FUGHT FIGHTER SPECTRUM 
"T 1 — I — I — n -

PREDICTION 
RETARDATION 
IRTI 

105 

FIG. 5—Life predictions based on constant-amplitude data from Abelkis et alf4] and actual test 
data showing the effect of temperature. 
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that predicted. This factor could then account for the discrepancies between 
predicted and actual lives mentioned previously. To understand the tempera
ture/retardation relationship it is necessary to isolate the phenomena. 

Constant-iiT Single Overload Tests 

To isolate retardation effects two things must be accomplished. First, only 
one overload should be dealt with at a time. Second, the overload effect 
should not be masked by increasing stress intensity factor due to crack 
growth. These requirements lead to the constant-A' single overload tests de
scribed in this section. 

Two center cracked tension (CCT) specimens {W = 610 mm [24.0 in.] and 
B = 1.83 mm [0.072 in.]) were fabricated from the same 7475-T76I sheet 
material used in the previous tests. One specimen was tested at room temper
ature, while the other was tested at —54°C (—65°F). All other testing pa
rameters were identical. The specimens were subjected to the loading se
quence shown in Fig. 6. The tests were conducted at three different 
constant-^ levels per panel. The stress intensity factor was maintained at a 
constant by shedding load as the crack grew. In this way K was kept within 
approximately 10% of the average stress intensity factor for each level. At 
each K level (ii: = 11, 22, 33 MPa \ /m [10, 20, 30 ksi \/in.]) three different 
overload ratios (UQL = 1.2, 1.6, 2.0) were applied. The overload ratio is de
scribed as the ratio of the overload stress intensity to the maximum stress in
tensity before the single overload cycle (C/QL = KoiyXmax)-

To analyze the data, the steady-state crack growth rate data {da/dN) be
fore each overload were determined. Then after each overload the number of 
cycles required to reattain the previously determined steady-state da/dN rate 
were counted. This cyclic count was then defined as the "recovery cycles" for 
each C/oL, nominal AAT, and temperature combination. The recovery cycle 
data are presented in Table 2. Figure 7 presents the data trends graphically. 
The data points have been left off for clarity. Each line in this figure repre
sents a temperature (room or —54°C) and an overload ratio (1.2,1.6, or 2.0). 
The arrows pointing down indicate that the steady-state rate was reattained 
on the first reading after the overload; therefore the locations of those lines 
with downward pointing arrows are a reflection of the intervals between 
crack readings rather than retardation effects. The arrows pointing up indi
cate that the steady-state rate was never reattained by the end of the test. 

Obviously the temperature/retardation behavior is rather complicated. 
Analysis of that behavior is not helped by the fact that there are relatively 
few data points. The only obvious trend is that at low overload ratios 
(f/oL = 1.2) FCG was retarded at room temperature but not significantly at 
—54°C (—65°F). This indicates that a very mild spectrum may result in 
markedly different behavior than the more severe spectrums. 
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TABLE 2—Effect of temperature on fatigue crack growth retardation. 

Nominal 
^K 

MPa \fm 

11 

22 

33 

Overload 
Factor 
(C/OL) 

1,2 
1.6 
2.0 

1.2 
1.6 
2.0 

1.2 
1.6 
2.0 

Cycles to 

Room 
Temperature 

Right Left 
Crack Crack 

4 2 
6 3 

10 10 

1.25 1.25 
3.74 3.74 

>22.05 12.75 

0.65 0.35 
3.8 2.6 

>43.7 >43.7 

Recovery (XI000) 

-54°C 

Right 
Crack 

<1 
4 

25 

<0.75 
4.5 

10.75 

<0.05 
>7,1 

° 

Left 
Crack 

<1 
4 

30 

<0.75 
5.25 

10.25 

<0.05 
5 
a 

"Specimen failed upon application of this overload. 

10^1-1 I I I 

lOl 
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— 5400 
STEADY STATE RATE 
ATTAINED ON 1ST CYCLE 

I I I I 

STEADY STATE RATE 
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FIG. 
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7—Effect of temperature on fatigue crack growth retardation. 
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Spectrum Fatigue 

The discussion so far has been concerned only with crack growth. Another 
area of concern is crack initiation at the different temperatures and is ad
dressed by fatigue testing. 

Fatigue specimens (190 by 38 by 1.8 mm [7.50 by 1.50 by 0.072 in.])center-
notched with a stress concentration factor (Kt) of seven were fabricated from 
7475-T761 aluminum sheet. Six specimens were tested at room tempera
ture and six at —54°C (—65°F). All specimens were subjected to the spectrum 
loading previously described. The results are presented in Fig. 8. The ordinate 
refers to the gross stress equivalent of the maximum load in the spectrum. 

The room temperature specimens had consistently shorter lives than did 
the —54°C (—65°F) specimens. The tests were not monitored in a way that 
would allow the life attributable to crack initiation to be separated from that 
attributable to crack growth; however, based on the spectrum "actual" fa
tigue crack growth data previously discussed it seems that most of the differ
ence in fatigue life can be attributed to crack growth, not crack initiation. 
This hypothesis is especially plausible when one considers the high Kt of the 
fatigue specimens. At lower Kt values temperature may indeed play a larger 
role in crack initiation. 

Other Considerations 

While all discussions so far have centered on low versus room temperature 
retardation behavior, there is another factor that could have affected the re
sults. This other factor is the difference in humidity between a room tempera
ture and a —54°C (—65°F) environment. Since some of the behavior ob
served could be attributed to humidity effects, repeating the tests in a dry 
room temperature environment could prove interesting. 

Ongoing work on the spectrum fatigue crack growth behavior of 7000 ser
ies aluminum alloys at room temperature and —54°C (—65°F) is proceeding. 
Recent results indicate that both 7475-T7651 tested under a tension only-
lower wing transport spectrum and 7075-T6 tested under the tension-com
pression Minitwist [12] transport spectrum also result in longer lives at 
—54°C (—65°F) when compared to room temperature. Both of these spectra 
are milder than the 80-Flight Fighter Spectrum. 

Conclusions 

The way in which the data affect life analysis, and thus design, is still un
clear. Certain observations can, however, be made: 

1. For all the alloys tested, use of room temperature static data is adequate. 
2. Since 7075-T76 and 7475-T761 specimens both experience reduced 

toughness at low temperature, this should be taken into account in residual 
strength calculations. (The 2024-T3 specimens were not affected.) 
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3. It is encouraging that, for all the alloy/spectrum combinations tested so 
far, the low-temperature spectrum FCG lives have been longer than the 
room temperature lives. If this trend continues for all other alloy/spectrum 
combinations, low temperature need not be considered in spectrum fatigue 
crack growth life analysis because room temperature predictions would be 
conservative. 

Questions that still need to be answered are: 

1. Does a crossover in constant-amplitude da/dNbehavior (lower da/dNat 
—54°C) occur at lower AK? If it does, is it the sole reason for longer lives under 
spectrum loading at —54°C? Fractography may provide further insight. 

2. How does low temperature affect fatigue crack initiation? 
3. Does 7475-T761 react differently when subjected to a very mild spec

trum, as is suggested by the constant-AT single overload tests? 
4. Is humidity a factor in the behavior so far observed? 
5. Would a temperature spectrum combined with the loading spectrum 

have an effect? 
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ABSTRACT: An experimental program was conducted to investigate the effect of low 
temperature (219 K [—65°F]) on the crack growth and fracture toughness of two alum
inum alloys, 2024-T351 and 7475-T7651. Crack growth tests were performed with 
center-cracked panels and constant-amplitude and spectrum loadings. The spectrum 
represented a transport wing lower surface. The results show the 2024 alloy properties 
at low temperature to be equal to or better than the properties of that alloy at room 
temperature (RT), whereas some of the 7475 alloy properties decreased. In addition, 
tests were performed at RT and low temperature on 2024-T3 to evaluate the effect of 
loading frequency on crack growth. The results indicated a faster crack growth rate at 
lower frequencies. 

KEY WORDS: crack growth, fracture toughness, low temperature, aluminum, fatigue 
tests 

A subsonic commercial transport airframe structure is subjected to 
temperature variations from 219 K (-65°F) to more than 333 K (140°F). The 
airframe outer surface reaches the low temperature at cruise altitudes be
tween 9100 and 12200 m (30000 and 40000 ft). Therefore material data at 
such temperature extremes are needed for material selection and design, par
ticularly with respect to damage tolerance requirements. 

This paper presents the results of an experimental program on the effects 
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of low temperature on crack growth and fracture toughness of two alumi
num alloys (2024-T351 and 7475-T7651) and the effect of loading frequency 
on the crack growth of 2024-T3 at room and low temperature. The 2024 
aluminum is used for wing lower surface and fuselage skin, while 7475 is 
considered for the wing lower skin. The experimental program investigated 
the following variables: 

• Temperature: room temperature (RT) or low temperature (LT) of 219 K 
(-65°F). 

• Loading: constant amplitude (CA) and spectrum. 
• Loading frequency: 5 Hz, or 2 or 4 cycles/h. 

Crack growth data were obtained at RT and 219 K (—65°F) under constant-
amplitude or spectrum loading representing a transport wing lower surface. 
Residual strength tests were performed on most specimens at the end of 
crack growth testing. 

The effect of loading frequency was investigated to reflect the slow change 
in fuselage skin hoop tension stress resulting from fuselage pressurization. 
Full pressure differential is typically reached at approximately 8500 m 
(28 000 ft) of altitude. It takes anywhere from 15 to 25 min for a jet transport 
to reach this altitude. This loading was represented in the tests by cycling at 2 
or 4 cycles/h as opposed to the normal testing frequency of 5 Hz. 

Experimental Program 

The experimental program, summarized in Table 1, consisted of crack 
growth tests of 49 center-cracked panels. Tests were performed in a labora
tory environment at either RT or at 219 K (—65°F). The program consisted 
of three distinct parts: (1) crack growth under constant-amplitude loading, 
(2) crack growth under spectrum loading, and (3) effect of frequency, for 
constant-amplitude loading, on crack growth. In Parts 1 and 2, at the end of 
the crack growth testing, the panels were loaded to failure to obtain residual 
strength/fracture toughness data. 

Test Specimens 

Four different sizes of center-cracked panels were used in the experimental 
program (Fig. 1). The panel width ranged from 50.8 mm (2.0 in.) to 610 mm 
(24 in.). The center crack was initiated as an electrical discharge machining 
slot (EDM) through the thickness. The slot was then precracked to a desired 
initial length. Most of the testing was done with the 305-mm (12-in.)-wide 
specimen. The 102-mm (4-in.) specimens were used to obtain the short crack, 
low-cycle-rate constant-amplitude loading crack growth data. The small, 
50.8-mm (2-in.)-wide specimens were used in the frequency effect study be-
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ALL DIMENSIONS ARE 
IN mm (INCHES! 

1.220 
(48) 

- 6 1 0 ( 2 4 ) -

- 0 - 0 - 0 - , - 0 - © - © -
I I 1 4 ) - l I 1 

- © - © - 0 - T ^ Q _ © - 0 -

3.18(0.125) 
EDM SLOT 

U^2a^ 

GRAIN DIRECTION 

- © - © - © - , - 0 - 0 - ® -

- 0 - 0 - © - ^ - © - © - © -

2024-T351 OR 7475T7651 
t = 4.76 (0.188) OR 6.35 (0.25) 

2024-T3, t = 1.3(0.05) 

FIG. 1—Test specimens. 

cause of the their initial use in the primary adhesively bonded structure 
(PABST) program [1], where they were used in low-frequency tests. 

Testing Procedures 

Except for the low-frequency loading tests, all tests were run in standard 
servohydraulic MTS or Schenck fatigue test machines at frequencies ranging 
between 1 and 30 Hz. The 2 cycles/h tests were run in a PABST program 
special test setup [/], where a large number of specimens were tested in se
ries. The 4 cycles/h tests were run later in a Shore Western environmental fa
tigue testing facility. 

The initial EDM slots were precracked under constant-amplitude loading; 
the maximum load did not exceed the maximum load of subsequent load
ings. A 40X optical scope was used to visually monitor the crack growth on 
the surface of the specimen. In most cases, crack growth testing was termi
nated when the total crack length reached approximately one third of the 
specimen width. The specimen was then loaded to failure in order to obtain 
data to calculate the fracture toughness (Kc)-

In the low-temperature tests in the MTS machine, the specimen was en
closed in a special chamber. Gaseous liquid nitrogen was pumped into it to 
maintain the low temperature. A specimen temperature-controlling thermo
couple was used to operate a demand valve that determined the flow of the 
nitrogen. Crack lengths were optically measured through a window in the 
chamber. The frost from the specimen surface was cleared by venting dry 
nitrogen over the surface. However, in the low-frequency (4 cycles/h) and 
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low-temperature test run in the special environmental test machine, the spec
imen was periodically removed and exposed to RT for crack length 
measurements. 

Laboratory temperature and relative humidity were recorded during test
ing. Temperature typically ranged between 294 and 300 K (70 and 80°F) and 
relative humidity between 35 and 55%. 

Loading 

Three types of cyclic loadings were used: (1) constant amplitude between 1 
and 30 Hz and /? = 0 or 0.8, (2) spectrum loading representing a transport 
wing lower surface, and (3) low-frequency (2 or 4 cycles/h) at /? = 0. The 
constant-amplitude loading varied as a function of specimen size and the de
sired crack growth rate. The spectrum loading consisted of a baseline spec
trum representing a transport wing lower surface and two variations of this 
spectrum: a spectrum with all loads increased by 15% and a spectrum with 
all loads decreased by 15%. The main features of the baseline spectrum are: 

• Flight-by-flight spectrum. 
• Repeatable sequence = 1000 flights. 
• Average of 64 cycles per flight. 
• Highest stress = 184.8 MPa (26.8 ksi), lowest stress = -109.6 MPa 

(—15.9 ksi), lowest stress range = 18.6 MPa (2.7 ksi). 
• Two typical flights are shown in Fig. la. There were 25 different flights 

in the spectrum, with respect to the number of cycles and their magnitude 
per flight. 

The low-frequency loading rates are illustrated in Fig. 2b. For the 2 cy
cles/h loading, it took 5 min to reach the peak; the peak load was held for 15 
min, then decreased to zero over 5 min, at which time the zero load was held 
for 5 min before load application started again. For the 4 cycles/h loading, 
the waveform was almost a square. 

Results and Discussion 

Crack Growth under Constant-Amplitude Loading 

The da/dN curves for /? = 0 and 0.8, at RT and at 219 K (-65°F), are 
presented in Fig. 3. The a versus Attest data were approximated by a curve 
using constrained regression analysis techniques [2] and da/dN data were 
obtained by differentiating this curve. The stress intensity factor (AT) was cal
culated as 

K= a\Jira • sec na/w 
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-ONE FLIGHT-

a) TWO FLIGHTS FROM BASELINE SPECTRUM 

2 CYCLES PER HOUR 

30 
TIME (MINUTES) 

4 CYCLES PER HOUR 

m 
30 60 

TIME IMINUTESl 

b) LOW FREQUENCY LOADING 

FIG. 2—Spectrum and low-frequency loadings. 

where 

a = applied gross area stress, 
a = half crack length, and 
w = panel width. 

Crack growth was slower at the low temperature at the lower AK values 
for 2024-T351 and 7475-T7651 material. This means that a higher threshold 
value AATth existed for both materials at the low temperature. At the higher 
AK values, however, the crack growth rates at low temperature were about 
the same for 2024-T351 and higher for 7475-T651 than at RT. The higher 
rate for 7475-T7651 was due to the lower fracture toughness for this alloy at 
low temperature. 

Crack Growth under Spectrum Loading 

The results of crack growth tests under the transport wing lower surface 
spectrum at RT and at 219 K (—65°F) are shown in Fig. 4. Tests were run 
with the baseline spectrum on both 2024-T351 and 7475-T7651 material. 
Two variations of the baseline spectrum, with all loads increased or de
creased 15%, were also tested with the 2024 material. In Fig. 4, a single curve 
shown for a given testing condition represents two tests whose results exhib
ited very little scatter. Where scatter was more pronounced, multiple curves 
are shown. 

In all cases, crack growth at the low temperature was slower than at RT. 
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-ROOM TEMPERATURE 219°K l-65°FI 

2024 T351 I 
BASELINE SPECTRUM (BSl , 

-T • -

I I 
I I 

/ / 
202«T351 
BS+15% 

30 _ 
E 
E 

20 -

5 10 ' 30 35 

LIFE, N (THOUSANDS OF FLIGHTS) 

7475T7651 
BASELINE SPECTRUM 

40 0 5 

LIFE, N (THOUSANDS OF FLIGHTS) 

FIG. 4—Crack growth resulting from transport wing lower surface spectrum loading at room 
and low (219 K [-65°F]) temperature for 2024-T351 and 7475-T7651; t = 6.35 mm {0.25 in.). 

The crack growth life, from initial to final half crack length of 50.8 mm (2 in.) 
at the low temperature was anywhere from 1.25 to 4.13 times longer than at 
RT (Table 2). Note that crack growth behavior with spectrum variation for 
the 2024-T351 material was as expected: shorter lives when all loads in the 
spectrum were increased by 15% (BS + 15%) and longer Hves for the spec
trum with stresses decreased 15% (BS - 15%) for both temperatures. 

Loading Frequency Effect on Crack Growth 

The effect of loading frequency under constant-amplitude loading was in
vestigated at RT and at 219 K (-65°F) using 2024-T3 1.0 and 1.3 mm (0.04 
and 0.05 in.) thin sheet. Tests were run at 5 Hz to represent a frequency often 
used in laboratory tests and at 2 and 4 cycles/h to approach transport air
craft fuselage pressurization cyclic rates. The results, in terms of da/dN 
curves, are shown in Fig. 5. Crack growth was faster at the lower frequencies 
at both temperatures. In order to determine whether this is significant 
enough to be considered in planning full-scale structure tests, additional 
experimental testing, which would include spectrum loading and tempera
ture cycling, would be required. 

Note that these data, including tests with low loading frequencies, show a 
similar effect of low temperature on crack growth as the previous data for 
2024-T351 in Fig. 3 (i.e., slower crack growth than at RT). 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ABELKIS ET AL ON 2024 AND 7475 ALUMINUM 265 

TABLE 2—Comparison of crack growth lives for transport wing lower surface spectrum at room 
and low temperature. 

Material" 

2024-T351 
2024-T351 
2024-T351 
7475-T765I 

Spectrum 

BS - 15% 
Baseline (BS) 
BS + 15% 
BS 

n' 

2 
3 
2 
2 

RT* 

N' 

8748 
3161 
1708 
4389 

n 

2 
1 
2 
2 

Lr 

N 

36146 
11586 
3180 
5474 

Nix/NsT 

4.13 
3.66 
1.86 
1.25 

"Specimen thickness (/) = 6,35 mm (0.25 in.). 
* RT = room temperature. 
'LT = low temperature = 219 K (-65°F). 
''n_= number of specimens tested. 
'A' = average life (flights) to grow half crack from 6.35 mm (0.25 in.) to 50.8 mm (2 in.). 

Fracture Toughness 

In most tests, at the end of the crack growth testing, the specimen was stat
ically loaded to failure. The load was increased in incremental steps and held 
for 2 to 3 min, and the crack length was measured optically on the surface of 
the specimen at each step. The results are summarized in Table 3 for 2024-
T351 and 7475-T7651 alloys. The plane stress fracture toughness (î c) was 
calculated as 

.̂ c = ffcv TTOc • sec wa/w 

10' 
i l l 

4K(MPav/ifi) 

2.2 3.3 

10-5 

IE 
X 
t— 

3 o a: u 

10" 

;r—ROOM 
y 

.r 
/ \ TEMPERATURE -.<* 

/ \ \ 
\ / \ / \ -^ V^ . ^ \ ^ •^ V ^ 

.> > 

/ / 
/ / LA 

/ / ~ - ^ L O W 
/ / TEMPERATURE 

/ 1 1 

x-̂  .^y .^ y 
^ y 

y 
y 

LOADING FREQUENCr: 

5 Hz 

2 CYCLES PER HOUR 

MATERIAL: 2024-T3 SHEET 

1 1 

10" 

- 1 0 - " 

10 30 14 18 22 26 

STRESS INTENSITY AK (KSIVlN.) 

FIG. 5—Effect of loading frequency on crack growth rates caused by constant-amplitude load-
ing(R = 0)of2024-T3(t = 1.0 and 1.3 mm [0.04 and 0.05 in.]) at room and low {219 K[-6rF]) 
temperatures. 
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where 

oc — applied gross area stress at instability, 
flc = half crack length at instability, and 
w = panel width. 

The crack length at instability was the last recorded value, plus an extrapo
lated increment, obtained by regression analysis, relative to the recorded 
stress (oc) at instability. Net section stress at instability was less than the yield 
stress for the materials tested. 

The effect of low temperature (219 K [—65°F]) on Kc of the two materials 
tested is summarized in Table 4. It can be seen that the effect of low tempera
ture on 2024-T351 was not significant, but a reduction of between 20 and 
30% occurred in the fracture toughness value of the 7475-T7651 material. 
Also to be noted (Table 5) is the effect of specimen thickne;ss, width, and pre
vious loading on Kc at room and low temperatures. It can be seen that 
neither the small variation in material thickness nor the type of loading used 
in the crack growth testing had any significant effect on Kc at either tempera
ture. However, both materials at RT showed a very significant increase (up 
to 75%) in Kc, with specimen width increasing from 101.6 mm (4 in.) to 304.8 
mm (12 in.). In both cases, the ratio of total crack length at instability to 
specimen width was the same, about 0.38. 

Comparison of2024-T351 and 7475-T7651 

The 2024 aluminum alloy has been in use in the aircraft industry for a long 
time, whereas the 7475 alloy is relatively new. Questions often arise about 
the superiority of one alloy over the other. It is not the intention of this paper 
to present a complete evaluation of the two alloys. Rather, the following dis
cussion is limited to an evaluation of the crack growth and fracture tough
ness properties generated in this investigation at RT and low temperature of 
219 K (-65°F). 

Crack Growth under Constant-Amplitude Loading—The two alloys are 
compared at RTand low temperature in Figs. 6 and 7. At both temperatures, 
2024-T351 was better (i.e., exhibited slower crack growth) at the lower values 
of i^K, while the opposite is true at the higher values of AK, where 7475-
T7651 was better. 

Crack Growth under Spectrum Loading—A comparison of the crack 
growth lives under the baseline spectrum from Fig. 4 shows that the 7475-
T7651 alloy had a longer life (4389/3161 = 1.39) at RT, while the opposite is 
true at the low temperature, where the 2024-T351 alloy had a longer life 
(11 586/5474 = 2.13). This behavior seems to correlate with the Kc behavior 
for the two alloys (Table 3), with the 7475 exhibiting higher Kc at RT but a 
lower value than 2024 at the low temperature. 
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268 FATIGUE AT LOW TEMPERATURES 

TABLE 4—Effect of low temperature on fracture toughness of 2024 and 7475 aluminum alloys. 

Specimen 
Thickness" Previous (Kc)a/(Kc)KT 

Cyclic 
Loading 2024-T351 7475-T7651 

4.76 
6.35 
6.35 

0.188 
0.25 
0.25 

CA 
CA 
spectrum 

0.97 
L03 
1.12 

0.77 
0.72 
0.79 

"Specimen width (w) = 304.8 mm (12 in.). 
' L T = low temperature ~ 219 K (—65°F); RT = room temperature. 

Fracture Toughness—Table 6 compares 2024-T351 and 7475-T7651 at 
room and low temperatures. Fracture toughness was higher for 7475-T7651 
at room temperature but dropped below the 2024-T351 alloy at the low 
temperature. 

Conclusions 

Fracture Toughness and Crack Growth 

The effect of low temperature (219 K [—65°F]) on the fracture toughness 
and crack growth characteristics of 2024-T351 and 7475-T7651 aluminum 
alloy sheet in the 4.76 to 6.35 mm (0.18 to 0.25 in.) thickness range, as com
pared to the room temperature properties, was found to be as follows: 

Fracture Toughness—There was no significant effect on the 2024-T351 
alloy, but the 7475-T7651 alloy fracture toughness was reduced up to 28%. 
This is similar to the effects observed by others in 2000 and 7000 series alloys 
in general and 2024 and 7475 alloys in particular [3-51. This means that ap
propriate fracture toughness values at low temperature should be used in 
damage tolerance analysis critical crack length and residual strength calcula
tions of 7000 series aluminum alloys for low-temperature environments. 

Crack Growth Caused by Constant-Amplitude Loading—For the 2024-T351 
alloy, the crack growth rate was lower at the lower A^ values and about the 
same at the higher ones. For the 7475-T7651 alloy, the crack growth rate was 
lower at the lower AiT values but higher at the larger iJC values. Similar be
havior has been observed by other investigators {3-51. Reduction in the 
crack growth rates at the low AAT values is not reported in Ref 5 because no 
tests were run in this range of zVAT values, below 11 MPavm. 

Crack Growth Caused by Spectrum Loading—The crack growth life for the 
transport wing lower surface spectrum for both materials was longer at the 
low temperature (Table 2). The life was significantly longer (by a factor of 
1.86 to 4.13) for the three spectra tested with the 2024-T351 alloy, but only 
marginally longer (by a factor of 1.25) for the one spectrum tested with the 
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FIG. 6—Comparison of2024-T351 and 7475-T765I (t = 4.16 and 6.35 mm [0.18 and 0.25 in.]) 
crack growth rates caused by constant-amplitude loading at room temperature. 

7475-T7651 alloy. Several observations and explanations can be given for 
this behavior: 

1. The slower crack growth at the low temperature resulting from spec
trum loading paralleled the slower crack growth rate caused by the 
constant-amplitude loading observed at the lower AA' values (Fig. 3). 
Most of the spectrum crack growth was dominated by cycles with AAT 
between 2.2 and 18.8 MPax/irT and R between 0.35 and 0.82. 

2. The smaller difference in the 2024-T35I spectrum crack growth lives 
between low and room temperature as the spectrum loads were in
creased (BS - 15% spectrum, to BS, to BS + 15%), see Table 2, paral
leled the decrease in the difference between room and low temperature 
da/dN of Fig. 3. 

3. The smaller difference in the 7475-T7651 baseline spectrum crack 
growth lives between low and room temperature when compared with 
2024-T351, 1.25 to 3.66 (Table 2), respectively, also followed the con
stant-amplitude da/dNdaia behavior (Fig. 3). In the range of AST = 2.6 
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2 3 4 5 6 8 10 20 30 40 50 70 100 

STRESS INTENSITY AK (KSI vIN.) 

FIG. 1—Comparison of2024-T35l and 7475-T7651 (t = 4.76 and 6.35 mm [0.18 and 0.25 in.]) 
crack growth rates resulting from constant-amplitude loading at low (219 K [—65°F]) temperature. 

16.4 MPavm cycles, which dominated the baseline spectrum, not only 
was the difference between low and room temperature da/dN data 
smaller for the 7475 alloy, but the low temperature rates became higher 
for the higher AK and R cycles. 
The 7475-T7651 spectrum loading results of this study are similar to 
those reported in Ref (Jfor 7475-T7651 clad sheet subjected to a fighter 
and a transport wing spectrum, namely marginally longer crack growth 
lives at low temperature. The authors of Ref 6 also report experimental 
evidence, based on simple overload crack growth tests on the 7475-
T7651 alloy, that retardation effects are different at low temperature 
when compared to room temperature, depending on the overload ratio. 
The validity of their suggested characterization of the spectrum load in
teraction effects on crack growth in terms of a single overload is per
haps too simplistic and requires further investigation. It does indicate, 
however, that the effect of low temperature on crack growth resulting 
from spectrum loading is more complicated than indicated by constant-
amplitude loading da/dN data. 
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TABLE 6—Comparison of 2024-T351 and 7475-T76S1 fracture toughness at room and 
low temperature. 

Specimen 

Thickness 

mm 

4.76 
6.35 
4,76 
6.35 
6.35 

4.76 
6.35 
6.35 

m. 

0.188 
0.25 
0.188 
0.25 
0.25 

0.188 
0.25 
0.25 

Width 

mm 

101.6 
101.6 
304.8 
304.8 
304.8 

304.8 
304.8 
304.8 

in. 

4 
4 

12 
12 
12 

12 
12 
12 

Temperature" 

RT 
RT 
RT 
RT 
RT 

LT 
LT 
LT 

Previous 
Cyclic 

Loading 

CA 
CA 
CA 
CA 
spectrum 

CA 
CA 
spectrum 

_ _ (^c)7475/(.^c)2024 

1.28 
1.20 
1.13 
1.17 
1.21 

0.90 
0.82 
0.88 

'RT = room temperature; LT = low temperature = 219 K (—65°F). 

In general, the effect of low temperature (219 K [—65°F]) on crack growth 
caused by transport and fighter wing lower surface spectra for 2024-T351 
and 7475-T7651 alloys was a longer crack growth life than at room tempera
ture. However, whether this is true for all types and severity of spectra, in 
particular for the 7475 alloy, is not entirely clear and the subject requires 
further study. 

Comparison of 2024 and 7475 Alloys 

Let us compare 2024-T351 and 7475-T7651 alloys, in the 4.76 to 6.35 mm 
(0.18 to 0.25 in.) thickness range, with respect to their crack growth and frac
ture toughness properties at room and the low temperature of 219 K (—65°F). 

Constant-amplitude Loading Crack Growth—At room and low tempera
tures, 2024 was better (i.e., exhibited slower crack growth) at low AAT values, 
whereas 7475 was better at the higher AiT values (Fig. 7). 

Spectrum Loading Crack Growth—For a wing lower surface spectrum, 
7475 was slightly better at room temperature, but 2024 was significantly bet
ter at the low temperature; see the baseline spectrum tests (Table 2). 

Fracture Toughness—7475 had the higher fracture toughness at room 
temperature by about 20%, but lost that advantage to 2024 by about 13% at 
low temperature (Table 6). 

In an actual application of the two materials to a damage-tolerant struc
tural design, the choice of the material will depend on the importance of the 
material behavior at the low temperature as well as other considerations. 
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Effect of Loading Frequency on Crack Growth 

The crack growth caused constant-ampHtude loading in 2024-T3 sheet at 
room and low (219 K [—65°F]) temperatures was found to be faster at low 
loading frequencies (2 and 4 cycles/h) that approach typical pressurization 
cycles of aircraft fuselage than at the typical laboratory testing frequency of 
5 Hz. Whether this is significant enough to be considered in full-scale fuse
lage tests requires further consideration. 
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ABSTRACT: Fatigue crack growth rates for the base metal and welds of SM50A steel 
weldments were determined at temperatures ranging from room temperature down to 
123 K. For the base metal, crack growth rates between room temperature and 188 K 
decreased slightly with decreasing temperature. At 123 K, the growth rate of the base 
metal increased markedly because of cyclic cleavage during striation growth. For the 
welds, no systematic correlation can be made between temperature and growth rate. 
The growth rates of the welds were lower than those of the base metal regardless of 
temperature because the crack tips in the weld specimens always existed in the field of 
compressive residual stresses. Therefore the growth rates of the welds were dominated 
by residual welding stress rather than temperature. The crack growth rates of the base 
metal and the welds with residual stresses under low temperatures were closely corre
lated with the effective stress intensity factor range (AA êff), estimated based on crack 
closure measurements, when the crack growth mechanism was dominated by striation 
formation, 

KEY WORDS: crack propagation, fatigue (materials), low temperatures, weldments, 
residual stress, crack closure, fractography, cleavage, striation 

Various kinds of defects, such as inclusions or incomplete fusion, are often 
introduced into welded structures during the welding operation. Under re
peated loading, these defects in the welds can serve as sites for the initiation 
of fatigue cracks that propagate to such an extent that unstable fracture oc
curs. In particular, fatigue cracks are quickly propagated at low tempera
tures, becoming unstable because of reduced fracture toughness of the welds. 
In cold areas, such welded structures as bridges, towers, and the like may be 
subjected to temperatures that fall to about 220 K. In general, however, these 
structures are fabricated of low-carbon structural steels rather than steels de
signed for low temperature service. For safe use of such structures at low 
temperature it is necessary to prevent unstable fracture induced by fatigue 
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cracks growing from welding defects. Therefore reliable data on the fatigue 
crack growth rates of weldments at low temperatures are required for safely 
designing or determining the inspection period of such structures. Consider
able work has been carried out on the fatigue crack growth of nonwelded 
materials at low temperatures [1-6]. However, studies of low-temperature 
effects on the fatigue crack growth rates of weldments have not been exten
sively performed [7-10]. 

The present study focused on the following issues in order to obtain fun
damental data on the fracture properties of low-carbon structual steel weld
ments at low temperatures: (1) determining the effect of low temperatures on 
the fatigue crack growth behavior of the welds and the base metal, (2) eval
uating the effect of residual welding stresses on the fatigue crack propagation 
of the welds, and (3) examining the mechanisms of crack growth at low 
temperatures. 

Material and Specimens 

The material used in this study was a structual steel plate (Japanese Indus
trial Standard SM50A) 3050 mm long, 1520 mm wide, and 16 mm thick. This 
plate has good weldability and has widely been used in the fabrication of 
welded structures. However, this plate is not a steel developed for use at low 
temperatures. The mechanical properties of the plate are given in Table 1; 
the chemical composition of the plate and weld metal is shown in Table 2. 
The plate was divided into eight strips, each 380 by 1520 by 16 mm, by fusion 
cutting across the rolling direction. A pair of the strips were machined with a 
double-V groove and butt-welded with a manual arc welding technique. The 
welding parameters are summarized in Table 3. Compact tension (CT) spec
imens were fabricated from the welded strips. The notch in the each speci
men was oriented so that the crack passed through the weld parallel to the 
welding direction. The configuration of the weld specimens is shown in Fig. 1. 
After machining, some of the specimens were stress-relieved at 923 K for 3 h. 
The specimen geometry for the base metal was exactly the same as in Fig. I, 
and the notch in each specimen was oriented perpendicular to the rolling 
direction. 

TABLE 1—Mechanical properties of the base metal. 

Test 
Temperature, 

K 

Room temperature 
268 
223 
188 
123 

Yield 
Strength, 

MPa 

382 
390 
451 
469 
659 

Tensile 
Strength 

MPa 

520 
573 
598 
657 
761 

Elongation, 
% 

26 
25 
24 
23 
21 
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TABLE 2—Chemical composition {weight 

Metal 

Base metal 
Weld metal 

C 

0.16 
0.09 

Si 

0.23 
0.37 

Mn 

1.10 
0.87 

P 

0.023 
0.038 

percent) of base and weld metal. 

S 

0.006 
0.018 

Cu 

0.290 
0.055 

Ni 

0.020 
0.018 

Cr 

0.450 
0.080 

Experimental Procedures 

Fatigue crack growth tests were carried out at room temperature (about 
293 K) and 268, 223, 188, and 123 K using a 196 kN closed-loop servo-
hydraulic fatigue machine at a frequency of 20 Hz. The load was varied sinu-
soidally, and the ratio of minimum to maximum load (R) was maintained at 
0.05. The specimens were precracked at stress intensity factor ranges of 10 to 
27 MPa m"'. 

The temperature was controlled by an electromagnetic valve triggered to 
eject liquid nitrogen into the refrigeration chamber when the temperature 
rose above the set value and to shut off the flow when the temperature fell. 
The specimen temperature was monitored by a copper-constantan thermo
couple that was spot-welded to the end of the specimen. The temperature 
was maintained within ±2 K of the set value during the tests. A diagram of 
the refrigeration system used is shown in Fig. 2. 

Changes in a crack length during the fatigue tests at room temperature 
were measured by using a traveling microscope at 50 times with a vernier 
scale and stroboscopic illumination. For low temperatures, direct measure
ment of the crack length was not possible; therefore the crack length was 
measured by a crack gage much Hke a conventional strain gage. Moreover, 
fatigue marker bands (beach marks) were periodically placed on the fatigue 
fracture surface to provide a check on the results obtained by the crack gage. 
The crack growth rates were determined graphically by taking the slopes of 
the crack growth curve at various crack lengths. The results were expressed 
in terms of stress intensity factor range (AK), which is expressed as [//] 

^^_AP ( 2 + a ) 

ByfiV (1 - af^ 

X (0.886 -I- 4.64« - 13.32a^ + 14.72a' - 5.60a'') (1) 

where a = a/w, AP is the applied load range, a is the crack length from the 
loading axis, W is the specimen width, and B is the specimen thickness. 

Crack closure at the crack tip during fatigue crack growth was measured 
by using a strain gage mounted on the back surface of the specimen to eval
uate the influence of low temperature and residual welding stress on the 
crack growth rate. The residual stress distributions in the weld specimens 
were measured with a sectioning method by using strain gages. Fatigue frac-
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TABLE 3—Welding parameters. 

Parameter 

Groove 
Electrode 
Diameter of electrode 
Current 
Arc voltage 
Welding speed 
Heat input 
Number of runs 

Value 

double V 
JIS-D5016 
4, 5, and 6 mm 
180 to 290 A 
35 V 
250 mm/min 
15.1 to 24.4 kJ/cm 
6 

ture morphologies were examined by using transmission and scanning elec
tron microscopes to explore the mechanisms of crack growth at low 
temperatures. 

Results and Discussion 

Fatigue Crack Growth Behavior 

Figure 3 shows the fatigue crack growth rates in the base metal at temper
atures ranging from room temperature down to 123 K. As may be seen in the 
figure, the crack growth data at each temperature describe approximately 
linear relations on logarithmic coordinates over the entire range of AK. 
Hence the Paris power law [72], which is expressed in Eq 2, can be used as a 
basis for the aforementioned empirical data: 

da/dN = C{AKy (2) 

where da/dN is the crack growth rate and C and m are experimental con
stants that depend on material and environment (temperature). Table 4 gives 
the values of C and m determined by the method of least squares for the base 

0.025 
2holes\ 

4—W 0.0 K 

FIG. 1—Configuration of weld specimen {dimensions in metres). 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:19:04 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



278 FATIGUE AT LOW TEMPERATURES 

I 
>3 

1. Liquid nitrogen vessel, 2 Compressor, 
3. Electromagnetic valve, A. Chamber, 5.Fan, 
6. Nozzle, 7. Specimen, 8 . Thermocouple, 
9. Temperature controller, 10.Thermograph. 

FIG. 2—Diagram of refrigeration system. 

metal and the welds. For a given AiT, the crack growth rates of the base metal 
decreased slightly with decreasing temperatures, except at 123 K. The reduc
tion in the crack growth rates at low temperatures may be expected because 
of increased work-hardening rates and yield strength. The Young's modulus 
of the base metal remained approximately constant, since the influence of 
Young's modulus on the growth rate was negligible. The growth rates at 123 K 
were markedly increased as compared with those of the other temperatures; 
discontinuous crack growth was often observed where the value of A^ ex
ceeded about 25 MPa m"^ The acceleration of the growth rates at 123 K was 
associated with the occurrence of cyclic cleavage. For temperatures below 
223 K, the transition from fatigue to unstable fracture during fatigue crack 
growth occurred in the high AA" regions. The maximum stress intensity fac
tor (A'max) at final failure—that is, fatigue fracture toughness (ATfc)—had a 
tendency to decrease with decreasing temperatures. In the high AA" region 
near final failure, the size of the plastic zone at the crack tip often became 
larger than the uncracked ligament of the specimen. Under such conditions, 
valid data for the growth rates can not be obtained, since the growth rates 
are no longer correlated with AAT. Therefore the data that did not satisfy the 
criterion in Eq 3 were neglected in the calculation of C and m in Eq 2; these 
data are marked with a slash in the figures. A criterion has been proposed in 
ASTM Test for Constant-Load-Amplitude Fatigue Crack Growth Rates 
Above 10~* m/Cycle (E 647) to indicate the valid range for the crack growth 
rates in a CT specimen with respect to AK: 

W-a> (4/7r) (K^^Joyf (3) 
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FIG. 3—Fatigue crack growth rates of base metal as a function of AK, 

where oy is yield strength. From Fig. 3 it can be seen that most of the final 
failure in the base metal specimens occurred by general yielding of the un-
cracked ligament of the specimen, even at low temperatures. Figure 4 shows 
the relationship between the fatigue crack growth exponent (m) and the re
ciprocal of the test temperature (1/7) for the base metal. The exponent m has 
a tendency to decrease, approaching a value of 2 at a reciprocal temperature 
of about 5 X 10"' K~'. This result may be related to the small-scale yielding 
at the crack tip that is achieved with decreasing temperatures. When the 
temperature was further decreased, the value of m increased markedly be
cause of the reduced fracture toughness of the specimens. 

Fatigue crack growth rates for the non-stress-relieved welds are shown in 
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TABLE 4—Regression constants" for the fatigue crack growth law da/dN = C(AK)"' 

Temperature, K 

Room temperature 
268 
223 
188 
123 

Room temperature 
268 
223 
188 
123 

Room temperature 
223 
188 
123 

C 

Base Metal 

2,16 X 10"" 
2.11 X 1 0 " 
2.11 X 10"" 
7,16 X 10"" 
5,27 X 10"'° 

Non-Stress-Relieved Welds 

6.11 X 10"" 
1.26 X lO''" 
5,00 X 10"" 
1.04 X 10"'" 
1,09 X 10"'* 

Stress-Relieved Welds 

7,92 X 1 0 " 
9.65 X 10"" 
1.02 X 10"" 
3.51 X 10"" 

m 

3.26 
2.89 
2.36 
2.57 
8.58 

5.54 
4.32 
4.26 
5,08 

13.50 

3.44 
3.25 
3.97 
3.53 

/Ctc, M P a m " 

127.9 
100.7 
35.7 

142.8 
110.9 
40.5 

114.3 
66.4 
30.7 

° Units for da/dN were m/cycle; for \K, MPa m . 

Fig. 5. In addition, the crack growth rate for the base metal at room temper
ature is given by a straight Hne in the same figure for the sake of comparison. 
The crack growth rates for the non-stress-relieved welds were considerably 
lower than for the base metal. In this case, no systematic correlation can be 
seen between temperature and growth rate. The value oi Kh decreased with 
decreasing temperature because of the reduced fracture toughness of the 
weld. Hence the crack growth rates of the non-stress-relieved welds may not 
be related to temperature, but the temperature had a remarkable effect on 
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0) 
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u 
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- * ( 1 2 3 K ) 
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•̂  

R = 0.05 
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Reciprocal temperature , l d /T , K' 
FIG. 4—Relationship between fatigue crack growth exponent (m) and reciprocal temperature 

(1/T)/or base metal. 
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FIG. 5—Fatigue crack growth rates of non-stress-relieved weld specimens as a function of AK. 

the condition of final failure for all the metals. Figure 6 shows how the crack 
growth rates of the stress-relieved welds increased as compared with those of 
the non-stress-relieved welds; they were approximately the same or slightly 
lower than those of the base metal because of the relief of residual stresses in 
the specimens. The observed retardation of crack growth in the non-stress-
relieved welds is attributed to the presence of compressive residual stresses 
introduced by welding. Consequently, the crack growth rates of the welds 
are dominated by residual stress rather than temperature. 

Distribution of Residual Stresses 

Figure 7 shows an example of the distribution of residual stress in the 
crack growth plane of the non-stress-relieved weld specimen. As shown in 
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FIG. 6—Fatigue crack growth rates of stress-relieved weld specimens as a function of AK. 

the figure, the longitudinal residual stress (ORY), which lies in the direction of 
the external applied stress, is compressive near the tip of notch and near the 
end of the specimen, while tensile residual stress exists near the center of the spec
imen. The transverse residual stress (ORX), which is parallel to the direction of 
crack growth, is tensile regardless of location. The most significant compo
nent of residual stress is the longitudinal residual stress, and the combination 
of applied stress and longitudinal residual stress may play an important role 
in fatigue crack growth. On the other hand, the transverse residual stress 
may have little influence on the crack growth rate. Judging from the result 
for ORY in Fig. 7, the vicinity of the crack tip in welds in CT specimens may 
always be in the field of compressive residual stress, even if the crack should 
extend. In the case of center-cracked tension (CCT) weld specimens, it is re-
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FIG. 7—Residual stress distributions in the plane of crack growth of a non-slress-relieved weld 
specimen. 

ported that the distribution of residual stresses tends to remain the same, 
even after the extension of the crack [13]. For these reasons, the growth rates 
of the non-stress-relieved welds in CT specimens were found to be lower than 
those of the base metal specimens. The measurements of the residual welding 
stresses suggest that the crack growth rates of CCT specimens would be 
greater for welds than for base metal, because CTRY would be tensile at the 
crack tip, as suggested by Bucci [14]. 

Crack Closure 

Crack closure [15] is useful for explaining the effect of environment 
[16,17] or loading history [18,19] on fatigue crack growth behavior. In par
ticular, the influence of stress ratio [20] on fatigue crack growth rate is corre
lated with the effective stress intensity factor range (AKett), which is based on 
the assumption that propagation occurs only when the crack tip completely 
opens. The influence of residual stresses on growth rate may be related to 
crack closure. For example, compressive residual stress perpendicular to the 
plane of the crack counteracts the applied crack opening load, thereby de
creasing the AS" value calculated from the external applied stress. Crack clo
sure may also be influenced by temperature as well as stress. The influence of 
the temperature and residual welding stress on fatigue crack growth rate 
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were therefore analyzed by using the crack closure concept [75]. Crack open
ing load (Pop) during crack growth was measured by the unloading elastic 
compliance method using a subtractive circuit [20]; effective load ratio (U) 
was determined from the value of (Pop). The parameter Uis defined as [75] 

U = (P„ax - Pop)/(Pmax ~ Pmin) = AK^li/AK (4) 

The curves in Fig. 8 show some examples of the relationship between load P 
and subtraction signal p. The signal /3 on the abscissa is expressed as 
P = 8 — aP, where d is the crack opening displacement and a is the adjusta
ble coefficient of the subtractive circuit for the unloading elastic compliance 
method [20]. The vertical lines of the P-p curves in Fig. 8 indicate that the 
cracks are completely open, while the portions that deviate from the vertical 
indicate that the cracks are closed. Crack opening load is defined as the load 
at which the P value begins to increase in the P-p curve. 

Figure 9 shows the relationship between C/and ilK'for the base metal spec
imens. The value of U in the low AK region decreased with decreasing 
temperature, except at 123 K. The f7 value in the high AJf region increased 
because the uncracked ligaments of the specimens were gradually coming 
close to yielding. At 123 K, it was often difficult to measure Pop because of 
the contribution of cyclic cleavage. Figure 10 shows the relationship between 
C/and the crack length ratio a/Wior the weld specimens. The value of t/in 
the weld specimens increased with increasing a/ W. This result occurred be
cause the residual welding stress in the specimens was relieved with increas
ing crack length. In addition, this result suggests that the distribution of re-
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FIG. 8—Typical traces of applied load (P) versus subtracted signal (ff), corresponding to crack 
opening displacement. 
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sidual stress in the weld specimens will not be changed in spite of changes in 
crack length. 

The crack growth rates of the base metal and weld specimens shown in 
Figs. 3,5, and 6 were replotted against AKeH instead of AK. The result for 
the base metal (except for the data at 123 K) is shown in Fig. 11. The data for 
the base metal fall on a straight line with a gradient of 2.9, regardless of 
temperature. The crack growth rates of the base metal at 123 K were difficult 
to plot against AKefu since the values of Pop could not be determined with 
high accuracy because of the occurrence of cleavage during the crack 
growth. Figure 12 shows the fatigue crack growth rates in the non-stress-
relieved and stress-relieved welds as a function of AA'eff. The crack growth 
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FIG. 12—Fatigue crack growth rates of non-stress-relieved and stress-relieved weld specimens 
as a function of AKe«-

rates of the base metal at room temperature as a function of AA'eff are super
imposed on the same figure for comparison. As may be seen in the figure, the 
crack growth rates of the welds and the base metals are closely correlated 
with AA'eff regardless of residual stress and temperature, except in the high 
AKett region. 

Crack Growth Mechanisms 

Fractographic analysis indicated that fatigue crack growth in the base 
metal was dominated by the mechanism of striation formation at tempera
tures ranging from room temperature down to 188 K. A similar tendency 
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was also recognized in the weld specimens. Some examples of striations in 
the base metal and the non-stress-relieved welds at 223 K are shown in Fig. 
13. Striation spacings obtained from each location on the fracture surfaces of 
the base metal and the non-stress-relieved weld specimens tested at 223 K are 
plotted against AK in Fig. 14. It was found that the striation spacings in the 
base metal were larger than in the weld specimens in the low AAT region. The 
discrepancy in the striation spacing may be caused by the residual stresses in 
the weld specimens. Hence the striation spacing was also replotted against 
AKeti- It was found that the striation spacings in the base metal and weld 
specimens were closely correlated with AA'eff as well as crack growth rates, in 
spite of the residual stresses (Fig. 15). 

FIG. 13—Fractographs showing typical striations formed at 223 K. (a) Base metal, AK = 49.3 
MPa m"\ da/dN = 4.34 X 10~' m/cycle. (b) Welds, AK = 61.3 MPa m"^ da/dN = 2.16X ICT' 
m/cycle. 
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In the base metal tested at 123 K, the traces of cleavage that show the evi
dence of cyclic cleavage were formed like bands on the fracture surface at A/iT 
values above 25 MPa m"^ (Fig. 16). The cleavage width (Aa) tended to in
crease with increasing A^. Figure 17 shows the relationship between Aa and 
maximum plastic zone size {Ry) at the crack tip. As may be seen in the figure, 

FIG. 16—Fractographs showing cyclic cleavage of base metal at 123 K. 
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the size of Aa is approximately the same as Ry. Hence the presence of cyclic 
cleavage may be related to local embrittlement caused by work hardening in 
the plastic zone ahead of the fatigue crack. Fractographic examination indi
cated that the acceleration of crack growth in the base metal at 123 K was as
sociated with the occurrence of cleavage during striation formation. 

Conclusions 

Several conclusions were drawn from this study: 
1. Fatigue crack growth rates in the base metal of structural steel weld-

ments at temperatures ranging from room temperature down to 188 K de
creased slightly with decreasing temperatures. In this case, the mechanism of 
crack growth was dominated by striation formation. 

2. At 123 K, the fatigue crack growth rate of the base metal was consider
ably increased in the high AAT region by the occurrence of cleavage during 
striation formation. 

3. Fatigue crack growth rates of the welds were found to be lower than in 
the base metal, regardless of temperature, because the crack tip in the CT 
weld specimens was always in the field of compressive residual stresses in
troduced by welding. 

4. When crack growth mechanisms were dominated by striation forma
tion, the fatigue crack growth rates of the base metal and the welds were 
closely correlated with MCett (as estimated from the crack closure experi
ments), regardless of temperature and residual stress. 
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Variable-Amplitude Fatigue Crack 
Initiation and Growth of Five Carbon 
or Low-Alloy Cast Steels at Room and 
Low Climatic Temperatures 

REFERENCE: Stephens, R, I., Fatemi, A., Lee, H. W., Lee, S. G., Vacas-Oleas, C , 
and Wang, C. M., "Variable-Amplitude Fatigue Crack Initiation and Growth of Five 
Carbon or Low-Alloy Cast Steels at Room and Lot* Climatic Temperatures," Fatigue at 
Low Temperatures, ASTM STP 857, R. L Stephens, Ed., American Society for Testing 
and Materials, Philadelphia, 1985, pp. 293-312. 

ABSTRACT: Five common cast steels were subjected to SAE transmission history at 
room temperature and three low climatic temperatures using an as-drilled keyhole 
notched compact specimen. The three low temperatures were —34, —45, and —60°C. 
These temperatures were both above and below nil ductility transition temperatures. 
Three fatigue criteria were specifically monitored: crack initiation defined by the first 
visible surface crack Aa equal to 0.25 mm, Ac equal to 2.5 mm, and final fracture. All 
low-temperature total fatigue lives were equal to or better than at room temperature 
for four of the five cast steels. All steels exhibited crack initiation lives at low tempera
tures equal to or better than at room temperature. Fatigue crack growth life tended to 
increase as the temperature was lowered, and then this trend reversed. Scanning elec
tron fractographic analysis showed all ductile type fatigue crack growth mechanisms 
above or below the nil ductility transition temperature. 

KEY WORDS: fatigue (materials), cast steel, low temperature, crack initiation, 
notches, crack growth, spectrum loading, fractography, mechanisms, striations, nil 
ductility transition 

Nomenclature 

Aa Fatigue crack extension from the keyhole notch, mm 
Aflf Final fatigue crack extension at fracture, mm 

A Keyhole specimen net section area, m 
c Distance from the neutral axis to the keyhole notch, m 

CVN Charpy V-notch 

Dr. Stephens is a professor in the Mechanical Engineering Department of The University of 
Iowa in Iowa City, lA 52242. The other authors are all research assistants or former research 
assistants in the Materials Engineering Division, The University of Iowa. 
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2H Keyhole specimen height, mm 
I Keyhole specimen net section moment of inertia, m" 

Ki Theoretical elastic stress concentration factor 
LEFM Linear elastic fracture mechanics 

M Bending moment, N • m 
N\ Number of applied blocks to crack initiation, defined as 

Aa = 0.25 mm 
A^2 Number of applied blocks to grow a crack to Aa = 2.5 mm 
Ni Number of applied blocks to final fracture 

N{-N\ Number of applied blocks of fatigue crack growth 
NDT Nil ductility transition 

P Applied load, kN 
/'max Positive peak load in the load spectrum, kN 
T/H SAE transmission history 
SEM Scanning electron microscope 

w Specimen width, mm 
onom Nominal elastic normal stress at the keyhole notch, MPa 

Low temperature fatigue behavior, principally at —45°C, has been re
ported for five low-carbon or low-alloy cast steels [ i - 5 ] . The behavior has 
included monotonic and cyclic stress-strain, low- and high-cycle unnotched 
axial fatigue, fatigue crack growth rates, and fatigue crack initiation and 
growth from a notch under two variable-amplitude spectra. Additional re
search has been carried out using three different low climatic temperatures 
involving fatigue crack initiation and growth and fracture tests using a key
hole compact type specimen and SAE transmission history. The keyhole 
specimen, variable-amplitude spectrum, and low temperatures represent a 
complete fatigue situation under realistic simulated service conditions for the 
five commonly used low-carbon or low-alloy cast steels. 

Very little low-temperature fatigue behavior under variable-amplitude 
spectra has been reported, and constant-amplitude tests, on the other hand, 
too often do not properly represent real component or structural behavior. 
Thus the objective of this research is to simulate real fatigue crack initiation 
and growth conditions to better our understanding of fatigue at low climatic 
temperatures. Three temperatures were chosen to represent low climatic 
temperatures found in much of the populated world: —34, —45, and —60°C. 
The three temperatures were both above and below the N D T temperature 
and the CVN transition regions for the five cast steels. 

Materials and Test Procedures 

The five carbon or low-alloy steels investigated were: 

• SAE 0030 (normalized and tempered) 
• SAE 0050A (normahzed and tempered) 
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• C-Mn (normalized, quenched, and tempered) 
• Mn-Mo (normalized, quenched, and tempered) 
• 8630 (normalized, quenched, and tempered) 

The pouring, heat treatment, chemistry, microstructure, average monotonic 
and cyclic properties, and constant-amplitude fatigue behavior at both room 
temperature and —45°C are given in another paper in this volume [7], Room 
temperature ultimate strengths for the five cast steels ranged from 496 to 
1144 MPa. At —45°C both monotonic and cyclic strength properties Sy, 5u 
and S^ increased by an average of about 10%. Both 0030 and 0050A have 
fine-grained (ASTM E 112, No. 8 or 9) ferritic-pearlitic microstructures, 
while the other steels are tempered martensite. All five cast steels contained 
normal inclusions and porosity and represent typical castings found in in
dustry. Test specimens were machined from the castings. 

Standard 10 by 10 mm Charpy V-notch specimens were tested with a 
standard pendulum impact test machine from —73 to I21°C. Two specimens 
were tested at each of about ten different temperatures within this range for 
each of the five cast steels. The CVN energy versus temperature results are 
shown in Fig. 1. Standard drop weight tests were also run in order to obtain 
NDT temperatures, which are superimposed as X's in Fig. 1. Also super
imposed on the five CVN curves are four vertical lines that represent the four 
test temperatures involved in this research. The three low test temperatures 
are in the lower transition region for C-Mn, Mn-Mo, and 8630 steels and es
sentially in the lower shelf region for 0030 and 0050A steels. The lower shelf 
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region for 0050A, however, exists up to about —4°C, which is well above the 
three low-temperature test conditions. The lateral contraction and the per
cent crystalline fracture were consistent with respect to the energy values 
given in Fig. 1. All tests were below the NDT temperature for 0050A steel, 
including the one at room temperature, while all low-temperature tests were 
below the NDT temperature for 0030 and 8630 steels. For C-Mn and Mn-Mo 
steels, all test temperatures were essentially equal to or above the NDT 
temperature. Thus a variety of NDT/test temperature ranges were involved 
in this research. 

The SAE transmission history (abbreviated T/H) was used in this research 
(Fig. 2). It has predominantly tensile loadings along with significant com
pressive loads. A total of 1710 reversals make up one T/H history block; 
most of the load ranges are of relatively small magnitude. A keyhole com
pact type specimen (Fig. 3), 8.2 mm thick, was used in conjunction with the 
T/H history. The 4.76-mm-diameter notch was left in the as-drilled condi
tion without additional reaming or polishing to better simulate actual com
ponent field conditions. A theoretical elastic stress concentration factor 
Kt = A was determined by using several different finite element models and 
programs with H/w = 0.6. The test specimens were polished on one surface 
in order to better monitor fatigue crack initiation and growth. Polishing 
scratches were perpendicular to the direction of crack growth. 

Variable-amplitude fatigue tests using the transmission history were run 
under load control at 12 Hz using an automated profiler in conjunction with 
an 89-kN closed-loop electrohydraulic test system. The block history was re
peated until specimen fracture. Low-temperature tests were conducted in an 
automated CO2 chamber from —34 to —60°C. Fatigue crack initiation and 
crack growth were monitored with a X33 traveling telescope. Crack growth 
increments between about 0.25 and 2.5 mm were monitored on one side of 
the specimen until fracture. About 15% of the room temperature tests also 
had an electropotential monitoring system to better aid in detecting crack in
itiation at the notch. Fatigue crack initiation was quantitatively defined as 
the first visible surface crack length of Aa = 0.25 mm that could be observed 
with the optical telescope to be emanating from the keyhole notch. The elec
tropotential system, however, always indicated cracks had initiated at the 
notch interior shortly before they were observed on the surface. The number 
of blocks involved in this difference was small and therefore the chosen cri
terion for crack initiation appears quite reasonable from an engineering 
point of view. A crack length (Aa) measured from the notch equal to 2.5 mm 
was also specifically monitored, since this value was previously selected by 
the SAE Fatigue Design and Evaluation Committee as a limiting value of 
crack initiation used with notch strain analysis prediction methods [4]. This 
value is also a reasonable crack length, where linear elastic fracture mechan
ics (LEFM) analysis becomes quite applicable. Most of the multiple initiated 
interior cracks and surface cracks had also coalesced into one major crack at 
this point. 
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" 1 — I — r 8.2 mm 

9.58 mm Dio. 

2H=77.7mm H/w = 0.60 
FIG. 3—Keyhole notch specimen. 

The T/H block history begins and ends with zero load. The first and last 
load in each block has the same peak value (/'max). A single value of P max was 
chosen for comparative tests with the five cast steels at the four test tempera
tures. Previously, three load levels had been used at room temperature and 
—45°C [2]. The single load choice provided reasonable test time per speci
men and produced fatigue lives from 130 to 1050 blocks, which is equivalent 
to approximately 2 X lO' to 2 X 10* reversals. Tests lasted from about 2 to 
20 h and were run at least twice for all test conditions. 

The compact specimen was predominantly a bend specimen with a small 
axial contribution. Nominal elastic stresses (anom) at the keyhole notch can 
be calculated from 

_ P Mc 
A I 

(1) 

where P is the applied load, A is the net section area. Mis the bending mo
ment, c is the distance from the neutral axis to the keyhole notch, and / is the 
net section moment of inertia. Values of peak Onom for the peak load level 
was 314 MPa. Since Kt at the notch was 4, all specimens were subjected to 
localized plasticity at the keyhole notch on the first loading. 
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Test Results 

The variable-amplitude test results using the keyhole compact specimen 
with the T/H load spectrum are shown in Table 1; the first column gives the 
material and the next four major columns separate the four test tempera
tures. For a given temperature, four subcolumns are shown, giving applied 
blocks to three different life criteria and then the crack extension Aat at frac
ture. The variable Ni represents the number of applied blocks to crack initia
tion, defined as Aa = 0.25 mm; N2 represents the number of applied blocks 
to Aa = 2.5 mm; and Nt represents the number of applied blocks to final 
fracture as measured on a test specimen. The macroscopic fatigue cracks 
grew essentially perpendicular to the applied load in almost all cases. A gen
eral deviation from this plane was usually within ±5 deg. For a given test 
specimen, only one predominant surface crack grew past Aa ^ 2.5 mm; 
however, several surface cracks sometimes initiated from the keyhole notch. 
These multiple small cracks either became nonpropagating cracks or coa
lesced with the predominant crack. 

As may be seen in Table 1, very little scatter occurred for the three life 
criteria for all five cast steels. The scatter for life to fracture for primarily du
plicate tests was less than a factor of 1.4. Somewhat greater scatter, but less 
than a factor of 2.3, occurred for crack initiation life (JVi) to Aa ==« 0.25 mm. 
This can be attributed to the as-drilled keyhole notch surface roughness var
iation, multiple interior cracks, and the exact decision as to when a surface 
crack was visible. 

The number of blocks ranged from 15 to 75% of total life for crack initia
tion, 5 to 50% to then grow the crack from Aa = 0.25 mm to Aa = 2.5 mm, 
followed by 0 to 70% to grow the crack from 2.5 mm to fracture. Thus all 
three regions, in general, significantly contributed to the total life of the five 
cast steels except where substantial brittleness occurred in the 0050A steel at 
the two lowest temperatures. This indicates the importance of including 
crack initiation, growth of short cracks from notches, and growth of longer 
cracks in a total fatigue life prediction procedure. 

In order to obtain a better visualization of the influence of lower tempera
tures on variable-amplitude fatigue crack initiation, growth, and total life, 
the data of Table 1 are plotted in Fig. 4. Here blocks to crack initiation (open 
data points) and blocks to fracture (solid data points) are plotted versus test 
temperature for all five cast steels. Straight line segments have been drawn 
from one test temperature to another through the average of the data for bet
ter visualization. The NDT temperatures have been marked with an X on 
each abscissa. This figure clearly shows the small scatter for a given test con
dition and the influence of the four test temperatures on each of the five cast 
steels. It is seen that as the temperature was lowered from room temperature 
to —60°C, the average fatigue crack initiation life for all five cast steels was 
essentially equal to or better than that at room temperature by a factor of 
less than 2.5. The greater increases occurred in Mn-Mo and 8630 steel at the 
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4—Average fatigue life to crack initiation (Ni) and fracture (Nt) with T/H loading; peak 
314 MPa. 

lower temperatures. Total life to fracture at low temperature was also essen
tially equal to or better than that at room temperature by less than a factor 
of 2.5, except for 0050A steel. This steel showed a continuous drop in total 
fatigue life as the temperature was lowered from room temperature to 
—60°C. Thus even though the lower temperatures were not detrimental to fa
tigue crack initiation life, in 0050A steel the lower temperatures were quite 
detrimental to total fatigue life. 

Average fatigue crack growth life can be determined from Fig. 4 for each 
of the test conditions by subtracting the average applied blocks to crack in
itiation from the average applied blocks to fracture. These values are plotted 
in Fig. 5, where it is evident that, except for 0050A steel, the crack growth life 

8630 

1-60 -45 -34 
R.T. 

TEMPERATURE °C 

FIG. 5—Average fatigue crack growth life (Nf — Ni) with T/H loading; peak Onom = S14 MPa. 
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tends to first increase as the temperature is lowered, reach a maximum, and 
then decrease. Again, the NDT temperatures have been marked with an X 
on each abscissa. For 0050A steel the crack growth life decreased at all lower 
test temperatures. The maximum fatigue crack growth life at the lower 
temperatures for the four steels was between 1.3 and 2.5 times greater than at 
room temperature. However, at —60°C only C-Mn had better fatigue crack 
growth life than at room temperature. 

Fatigue crack extension from the keyhole notch (Aa) is plotted versus ap
plied blocks (initiation blocks omitted) in Fig. 6 at the four different test 
temperatures for the five cast steels. The figure is for T/H loading with peak 
Onom equal to 314 MPa. Only crack extension up to about 10 mm is shown, 
since the rates become quite high and are substantially similar beyond this 
length. More than half of the curves in Fig. 6 are somewhat sigmoidal in 
shape in that the crack growth rate starts out high for short cracks, then de
creases as the crack grows 1 or 2 mm from the keyhole notch, and then in
creases until fracture. The change in curvature at the short crack lengths can 
be due to the interaction of the local notch plasticity with the crack tip and to 
multiple crack interaction effects. It is seen that the fatigue crack growth 
rates at the different temperatures confirm the trends found in Fig. 5. As the 
temperature is decreased for a given steel, fatigue crack growth rates are 
lower, but as the temperature is decreased even further, the rates revert to 
higher values that approach or surpass those at room temperature. Thus the 
increases in fatigue crack growth rates as the temperature was lowered con
tributed to the poor lower temperature fatigue crack growth life. In addition, 
the crack lengths at final fracture for 0050A at the two lowest temperatures 
are shown to be very short. 

Final crack lengths at fracture (Aat) for all five steels at the four test 
temperatures are plotted in Fig. 7. Here it is evident for 0030, 0050A, and 
8630 steel that crack lengths at fracture decreased as the temperature was 
lowered. For 0030 and 0050A the decrease was very large. Thus shorter 
crack lengths at fracture and hence lower fracture toughness at the lower 
temperatures also contributed to the eventual lower fatigue crack growth life 
at the lower temperatures. 

Macrofractography and Microfractography 

Macrofractography 

Macroscopic fractographs are shown in Fig. 8 for each of the five cast 
steels for the T/H spectrum with peak Onom equal to 314 MPa at the four test 
temperatures. The fatigue crack initiation, crack growth, and final fracture 
regions are shown. In all cases the fatigue crack initiated from the keyhole 
notch (bottom of photos) and grew toward the top of the photos. Despite the 
variable-amplitude loading, no beach marks are evident in any of the speci
mens. In all tests. Mode I fatigue crack growth existed. Initiation and coales-
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cence of multiple interior cracks at the keyhole notch is evident in most spec
imens. The roughness in the fatigue crack growth region varies from material 
to material and also at the four different test temperatures. In some cases it 
was difficult to distinguish the end of the fatigue crack growth region be
cause of the increased roughness at longer crack lengths. Additional specific 
macroscopic characteristics evident in Fig. 8 for each steel are given below. 

0030—The greatest roughness occurred in 0030 steel. This tendency in
creased at the lower temperatures. The final macroscopic fracture region 
showed substantial ductility and necking at room temperature and essen
tially brittle fracture at the three lower temperatures. 

0050A—The fatigue crack growth regions in 0050A steel were quite 
smooth at all four temperatures. The decrease in crack length at fracture as 
the temperature decreased is quite evident. A substantial jump in the fatigue 
crack region just before fracture is evident at —45°C. The final fracture re
gion at room temperature contained only a slight amount of necking and 
shear lips. At the lower temperatures, however, no necking or shear lips ex
isted and the fracture regions were completely flat, with bright and shiny 
brittle fractures. Thus at all temperatures, final macroscopic brittle fracture 
existed. 

C-Mn—The size and roughness of the fatigue crack growth region were es
sentially independent of test temperature in C-Mn steel. Necking with slight 
shear lips existed in the final fracture region at all four temperatures. These 
are less at —60°C, with some brittleness mixed in with the primarily ductile 
fracture. The final macroscopic fractures were completely ductile at the 
other three temperatures. 

Mn-Mo—The size and roughness of the fatigue crack growth region were 
similar at all temperatures except —60°C in Mn-Mo steel. The shorter fatigue 
crack length at fracture for —60°C is evident. Appreciable necking existed at 
all temperatures except —60°C. Shear lip size decreased as the temperature 
was lowered. However, final macroscopic fracture areas were still ductile at 
all temperatures. 

8630—Less roughness occurred in the fatigue crack growth region at the 
lower temperatures in 8630 steel. The decrease in final crack length at frac
ture for the lower temperatures is evident. At —60°C a substantial jump in 
the fatigue crack region just before fracture is seen. The final fracture region 
has appreciable shear lips at room temperature and —34°C, with only small 
shear lips at —45°C and none at —60°C. No bright shiny brittle fracture re
gions existed at any of the four test temperatures. The final fractures, how
ever, went from appreciable macroscopic slant or mixed-mode fracture at 
room temperature to Mode I at the two lower temperatures. 

Scanning Electron Microscopy 

Fracture surfaces from the different test temperatures were examined with 
scanning electron microscopy (SEM) from X50 to X3500 magnification. The 
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FIG. 6—Fatigue crack extension from the keyhole notch versus applied T/H blocks: peak 
Onom = 314 MPa. 

fracture surfaces were mounted normal to the SEM electron beam. Two to 
four independent fatigue crack initiation sites were found for the different 
test specimens. These sites were usually from the as-drilled keyhole notch 
scratches; however, some were formed at inclusions or porosity directly ad
jacent to the notch edge. The fatigue crack growth regions were much more 
irregular than for constant-amplitude loading [1,2'], and striations were 
fewer, more poorly defined, and more difficult to locate. They were often flat 
because of crack closure and rubbing between the two crack surfaces. Sub
stantial numbers of inclusions, porosity, and secondary cracks existed on the 
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FIG. 8—Macroscopic fracture surfaces for T/H loading; peak onom = 314 MPa. 

fracture surfaces at all temperatures. These increased in number at the longer 
crack lengths. 

Typical SEM fractographs taken with magnification between XIOOO and 
X3000 are shown in Fig. 9 for each of the five steels at room and low temper
atures. Fatigue cracks grew from bottom to top in the photographs. The fa
tigue crack growth morphology did not change significantly at any of the test 
temperatures, except near impending final fracture for a few of the very low 
temperature tests. In general, the fatigue crack growth behavior from room 
temperature to —60°C was transcrystalline and ductile, with and without 
striations. Just before impending fracture, a few mixed cleavage facets were 
found dispersed within the ductile fatigue matrix at lower temperatures. 
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These regions, however, contributed very Httle to the overall fatigue crack 
growth life or total life of an individual test. 

The final fracture region was usually quite distinct from the fatigue region. 
Final fractures ranged from 100% ductile dimples to 100% cleavage. Mixed 
modes also existed. Specific microscopic characteristics for each steel are 
given below. 

0030—The greatest number of striations with the variable amplitude his
tories occurred in 0030 steel at room temperature (Fig. 9a). The more flat
tened regions are shown at lower temperatures. Some mixed cleavage facets 
and ductile fatigue occurred at all three low temperatures just before frac
ture. The final fracture region exhibited ductile dimples at room tempera
ture, mostly cleavage at —34°C, and all cleavage at the two lowest 
temperatures. 

0050A—Striations were very scarce under all temperature conditions in 
0050A steel; however, fatigue crack growth was still ductile (Fig. 9b). Some 
mixed cleavage facets and ductile fatigue occurred at the two lowest temper
atures just before fracture. The final fracture region exhibited cleavage at all 
temperatures. 

C-Mn and Mn-Mo—Fatigue crack growth was ductile at all temperatures 
in C-Mn and Mn-Mo steel. There were very few striations, and they were usu
ally flattened (Figs. 9c and 9d). Some mixed cleavage facets and ductile fa
tigue occurred at —60°C just before fracture. Final fracture regions had duc
tile dimples at all test temperatures; however, some cleavage also became 
evident at —45°C and somewhat more evident at —60°C. 

8630—For 8630 steel, fatigue crack growth was ductile at all temperatures, 
with only a few striations present (Fig. 9e). At room temperature the final 
fracture region was all ductile dimples, while at —34°C mixed dimples and 
cleavage existed. At the lowest temperatures, final fractures were completely 
by cleavage. 

Discussion 

For 0030,0050A, and 8630 cast steels, all the low-temperature fatigue tests 
were performed below the NDT temperature and in or near the lower shelf 
CVN region (Fig. 1). The low temperatures, however, were equal to or above 
the NDT temperature and in the transition CVN region for C-Mn and 
Mn-Mo cast steels. Even under the above mixed conditions for the five cast 
steels, the average variable-amplitude fatigue crack initiation life for all three 
low climatic temperatures was approximately equal to or better than that at 
room temperature, but by less than a factor of 2.5. Thus the NDT tempera
ture and the lower shelf CVN region did not provide sufficient information 
for possible transitions in fatigue crack initiation and propagation mecha
nisms. Since these low temperatures were determined to be reasonable low 
climatic temperatures for most of the populated world, it appears that these 
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R.T. -34° C 
(a) 0030 

R.T. -45° C 

(b) 0050 A 

FIG. 9—SEMfractographsfor T/H tests: peak a„om = 314 MPa. 

five cast steels should perform adequately in components, judging only from 
fatigue crack initiation. However, 0050A in particular had extremely poor 
fatigue crack growth life at low temperatures because of higher crack growth 
rates and lower fracture toughness. This cast steel would not be desirable for 
use at low climatic temperatures. It should be noted, however, that the NDT 
temperature for 0050A was essentially room temperature, which is well 
above these low climatic temperatures. 

Fatigue crack growth life and rates for the other four cast steels under 
variable-amplitude loading were better at —34°C than at room temperature 
(Figs. 5 and 6), but this behavior tended to reverse as the temperature was 
lowered to —45 or —60°C. Decreases in fracture toughness at the lower 
temperatures partially contributed to the lower fatigue crack growth life in 
several of the steels. The reversal in fatigue crack growth rates has previously 
been shown for constant-amplitude loading [5-5]. This reversal in crack 
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growth rates primarily occurred below the NDT temperature and in the 
lower shelf CVN region for the constant amplitude tests [5-^]. In this vari
able-amplitude research, four of the five cast steels behaved in this same 
manner; however, Mn-Mo exhibited accelerated fatigue crack growth at 
temperatures above the NDT temperature and in the lower CVN transition 
region. This is just one isolated case of detrimental fatigue crack growth be
havior above the NDT temperature. Thus it appears reasonable that many 
steels with operating temperatures below NDT temperatures and lower shelf 
CVN regions should have fatigue crack initiation and growth resistance 
equal to or better than at room temperature. Additional research is needed 
to confirm this finding, particularly under variable-amplitude loadings in
cluding impact. 

The microscopic SEM fractographic analysis did not really clarify the in
creases or decreases in macroscopic fatigue crack growth rates at the four 
different temperatures, since the general microscopic fracture surfaces were 
all quite similar and ductile at all test temperatures. Some exceptions oc
curred before impending fracture, with the formation of dispersed cleavage 
facets. However, negligible fatigue life exists at that point. 

The selection or comparison of cast steels based on fatigue resistance is an 
important engineering decision. The five cast steels subjected to the T/H 
spectrum can be compared on the basis of fatigue crack initiation life (Ni), 
crack growth life (Nt — Ni), or total fatigue life (Nt) at the different tempera
tures. This complete comparison can be made from Table 1 and Figs. 4 and 
5. From Fig. 4 it is seen for both room and low temperatures that 8630 steel 
has the best fatigue resistance, based on both variable-amplitude fatigue 
crack initiation life and total life. The Mn-Mo steel is ranked second for 
these conditions. It also, however, has the highest monotonic and cyclic yield 
strength of the five cast steels. Crack initiation life for the other three steels 
were essentially equivalent. The ferritic-pearlitic steels, 0030 and 0050A, in 
general have the lower total fatigue life resistance. Crack growth life is 
shown in Fig. 5, where it is seen that the martensitic steels C-Mn, Mn-Mo, 
and 8630 in general have the greater fatigue crack growth resistance at the 
various temperatures. These rankings are consistent with variable-amplitude 
results reported previously [2]; however, different loading spectra could 
produce different rankings. 

Summary and Conclusions 

1. Fatigue life for crack initiation, short crack growth from the notch, and 
long crack growth were significant at all test temperatures except for 0050A 
steel at the two lowest temperatures. Thus total fatigue life predictions of 
notched components should consider crack initiation, growth of short cracks 
under the influence of the notch plastic zone, and growth of longer crack 
lengths away from the notch influence. 
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2. Except for 0050A cast steel, the average total low-temperature fatigue 
lives were equal to or better than at room temperature. The increase in crack 
initiation life was within a factor of 2.5, as was the increase in total fatigue 
life to fracture. Crack growth life, however, tended to increase as the 
temperature was lowered and then this trend reversed as the temperature was 
further lowered. This reversal was due to increased crack growth rates and 
decreased fracture toughness. The 0050A steel had a continuous decrease in 
fatigue crack growth life for all lower temperatures; however, its NDT 
temperature was at room temperature, which is well above the three low test 
temperatures. 

3. The SEM analysis indicated that fatigue crack growth was transcrystal-
line and ductile with and without observable striations at all temperatures. 
Final fracture region morphology depended upon both material and temper
ature. Final fracture surfaces ranged from 100% ductile dimples to 100% 
cleavage. Thus fatigue crack growth mechanisms were independent of final 
fracture mechanisms. 

4. Ductile fatigue mechanisms can exist at temperatures below the NDT 
temperature and within the lower shelf CVN energy regions. It appears that 
if operating temperatures are above the NDT temperature and lower shelf 
CVN regions, then fatigue crack initiation life and fatigue crack growth life 
can be equivalent to or better than at room temperature. 

5. In general, the three martensitic cast steels (8630, Mn-Mo, and C-Mn) 
had better fatigue resistance with the variable-amplitude loading spectrum at 
the four test temperatures than the ferritic-pearlitic 0030 and 0050A cast 
steels. 

6. The 0030, C-Mn, Mn-Mo, and 8630 cast steels appear suitable for low 
climatic temperature conditions (0050A steel is excluded). This can only be 
stated for the nonwelded condition, since weldments were not considered. 
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Summary 

The sixteen papers included in this volume describe tests conducted from 
room temperature to 4 K (—269°C). Twenty specific temperatures investi
gated are shown in Table 1 in both Kelvin (K) and Celsius (°C). Seven papers 
dealt with cryogenic temperatures involving liquid nitrogen (77 K), liquid 
hydrogen (20 K), or liquid helium (4 K); the other nine dealt with noncry-
ogenic low temperatures. A wide range of metal alloys was investigated 
along with one cryogenic fiberglass epoxy laminate. The specific metal alloys 
investigated under fatigue conditions are given in Table 2. In addition, 
Tobler and Cheng investigated cryogenic fatigue crack growth summary be
havior for Region II of the sigmoidai da/dN-AK curve (where a is crack 
length, A'̂ is applied cycles, and Kis stress intensity factor) for the following 
metal alloy families: ferritic nickel steels, austenitic stainless steels, and alum
inum, nickel, and titanium base alloys. Welds were also considered in several 
papers. 

Thirteen papers had as their subject fatigue crack growth (FCG) under 
constant-amplitude loading, four papers discussed spectrum fatigue crack 
growth behavior, two papers investigated low-cycle strain-controlled fatigue 
behavior using smooth axial specimens, one paper examined axial stress-
controlled 5-Af (where S is applied stress and TV is cycles to failure) behavior, 
and one paper studied fatigue crack initiation from a notched keyhole spec
imen. (Some papers discussed several topics.) Thus the predominant subject 
matter of this volume is fatigue crack growth under constant-amplitude 
loading conditions. The other areas of study, however, also add substantially 
to the overall understanding of fatigue at low temperatures. 

Constant-amplitude fatigue crack growth tests were carried out with com
pact type, (CT), center cracked panel (CCP), and bend specimens; the CT 
specimen was the predominant configuration. All cracks were considered as 
long cracks. Specimen thickness varied from about 1 to 25 mm. The load 
ratio {R = Pmin/Pmax) was primarily 0 or 0.1 except for a few tests at 
R — 0.35, 0.5, 0.7, and 0.8. Test frequencies ranged from 2 cycles/h to 100 
Hz. Compliance methods, using a crack opening displacement (COD) gage, 
and optical microscopes were the two most common methods of obtaining 
low-temperature crack length measurements. One investigation used the 
electropotential method; another used a strain gage for monitoring crack 
growth. Low-temperature environments included liquid nitrogen, liquid 
hydrogen, and liquid helium at cryogenic temperatures. Noncryogenic tem-
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TABLE 2—Metal alloys investigated. 

Alloy 

Aluminum 

Magnesium 

Titanium 

Austenitic 
stainless steel 

Manganese 
stainless steel 

Other steels 
and iron 

Cryogenic Temperatures 

Mg-Nd-Zr, Mg-Y-Cd, 
Mg-Y-Cd-Zb 

Ti-5Al-2.5Sn 

304,310,316, 
Mod A-286 

18Mn, 32Mn, 35Mn 

4340 

Noncryogenic Temperatures 

2024-T351, 7475-T761, 7475-T7651 

Ti-30Mo 

304 

25Mn 

Iron, HSLA, Fe-Si, mild steel 
Cast steels: 0030, 0050A, 

C-Mn, Mn-Mo, 8630 

peratures were controlled by evaporating liquid nitrogen along with a heater 
control system. In one study an automated CO2 system was used for tempera
tures between 239 and 213 K (-34 and -60°C). 

The constant-amplitude fatigue crack growth behavior was analyzed in 
terms of da/dN versus applied l^K or versus effective i^K. In the one paper 
that dealt with /? = —1, A ^ was taken as the positive range (i.e., ^max — 0). 
The effective AA" value was principally equal to ^max — ^op, where ^op is the 
crack opening value usually obtained from compliance readings. Four pa
pers included the entire sigmoidal da/dN-AKbtha\ior, three papers included 
only threshold or near-threshold behavior, and six papers were concerned 
with da/dN values of about 10'* m/cycle or greater. 

Constant-amplitude FCG resistance at low temperatures was found to be 
better, worse, about the same, or mixed compared with room temperature 
FCG. The FCG behavior was dependent upon the test temperature and the 
material. When several low temperatures were reported, the FCG resistance 
usually increased as the temperature was lowered; however, continued lower
ing of the test temperature caused either a continuation or a reversal of the 
FCG resistance. It was concluded that prediction of beneficial or detrimental 
low-temperature FCG behavior for a given alloy depends upon what low 
temperature value is being considered. Quite often, mixed FCG behavior ex
isted at a given temperature (i.e., at low AK values the FCG rate was lowered 
and at higher AAT values the FCG rate increased at low temperatures). Thus 
at higher AAT a crossover (or at least convergence) of the low temperature 
and room temperature da/dN-AK cuT\es often occurred. Crossover has oc
curred in many alloy systems; in these investigations, crossovers occurred in 
4340 steels and Ti-5Al-2.5Sn at cryogenic temperatures and in 7475 alumi
num, mild steel, and in several cast steels and magnesium alloys at noncry
ogenic temperatures. Crossover at higher da/dN or AK values is attributed 
here to decreases in static and cyclic fracture toughness (Kc and Ku respec-
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lively) at low temperatures and to a transition from ductile-type fatigue 
crack growth mechanisms, to a mixed ductile/cleavage mode, and finally to 
a cleavage mode as da/dN or A A'increases. This crossover or convergence re-
suited in the Paris exponent (n) increasing at low temperatures. Values of « 
as high as 8 were reported at low temperatures. 

In some tests, the entire sigmoidal curve was shifted to the left at low tem
peratures, which indicated beneficial behavioral all AA"values at low temper
ature. In other tests, where only threshold and near threshold results were 
obtained, low-temperature AA"th values were equal to or greater than those at 
room temperature. Thus, under all low-temperature conditions reported 
here, the applied AA'th at low temperature was never less than the applied 
A^th at room temperature. This improved, or at least equivalent, low-temper
ature AA'th occurred in aluminum, magnesium, and titanium alloys, ferritic 
and martensitic steels (wrought and cast), and in austenitic stainless steels. In 
many cases the low-temperature fatigue crack growth mechanisms in the 
AATth or near-AATth region were ductile transgranular; in several cases, how
ever, they were found to be cleavage modes that yet had AA'th values equal to 
or greater than at room temperature. 

Analysis of FCG data was based heavily upon electron fractography find
ings and crack closure measurements. Crack closure at room temperature 
appears to be much more important at low AA" values than at high values. 
The findings also indicate the importance of crack closure at low-tempera
ture near-threshold conditions. Crack closure has been attributed to oxides, 
geometry, and reversed crack tip plasticity. Under the low-temperature test 
conditions, humidity or moisture is very low; hence low-temperature crack 
closure can be attributed more to reversed crack tip plasticity, geometry, and 
Mode II displacements. In some cases the authors indicated that crack clo
sure was the important consideration in the low-temperature near-threshold 
results, including R ratio effects, and in other cases the fracture process was 
suggested as being of greater importance. The applied AA'th values at low 
temperatures were found to be both R ratio dependent and somewhat 
independent. 

One of the more influential factors on FCG of body-centered-cubic (bcc) 
metal alloys is the ductile/brittle transition phenomenon. Several authors in
cluded monotonic transition conditions, namely Charpy V-notch, notched 
slow bend, or drop weight test data. These values, however, did not quantita
tively correlate well with ductile/brittle transitions under fatigue conditions. 
However, under cyclic conditions, when cleavage was present, the cleavage 
percentage increased as the temperature was lowered, which is consistent with 
monotonic transition results. These investigations indicate that FCG ductile/ 
brittle transitions occur at temperatures below monotonic transitions. 

Constant-amplitude FCG of welds was investigated in three papers. In 
each case the FCG behavior of the weld metal was reasonably similar to that 
of the base metal. All the previous statements made for base metals appear 
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applicable to weld metals. No major differences appeared, except that resid
ual stresses caused much greater complications. One author suggested that 
residual stresses rather than low temperature was the dominant factor in his 
weld results. 

Spectrum FCG results were reported for 2024 and 7475 aluminum alloys 
at 219 K (—54°C) and with five cast steels at three low climatic temperatures 
between 239 K (-34°C) and 213 K (-60°C). The chosen spectra represented 
typical load histories that could be found in the specific application. The ef
fect of room temperature tensile overloads on FCG at 20 K was also investi
gated with 4340 steel and 304 stainless steel. These overloads were found to 
be beneficial. The FCG resistence for both aluminum alloys under spectrum 
loading was better at 219 K (—54°C) than at room temperature (including 
that for single tensile overloads with 7475). Under constant-amplitude condi
tions, the 219 K (—54°C) temperature FCG resistance compared to that at 
room temperature was better for 2024 but a crossover existed for 7475. Thus 
2024 spectrum FCG results at low temperature were in agreement with con
stant-amplitude FCG results. For 7475, however, the spectrum and constant-
amplitude low-temperature results were partially in conflict. The authors ex
plained this conflict by noting that most loadings in the spectrum caused low 
values of ATmax or AK, which would then be consistent with the constant-
amplitude results. Spectrum FCG life with four of the five cast steels tended 
to increase as the temperature was lowered and then a reversal occurred. 
Even so, at all test temperatures investigated, four of the five cast steels had 
better FCG resistance at the low climatic temperatures than at room temper
ature. The fifth cast steel, 0050A, where nil ductility transition (NDT) tem^ 
perature was room temperature, had a continuous decrease in spectrum 
FCG resistance as the temperature was lowered. These reversals and the 
poor FCG resistance were attributed to changes in crack growth rates and 
decreases in cyclic fracture toughness. Under constant-amphtude conditions, 
crossovers occurred in several of these cast steels including 0050A. Thus 
correlations between constant- and variable-amplitude FCG at low tempera
tures still remain conjectural. However, the crack initiation life in these five 
cast steels, defined as a visible surface crack of 0.25 mm emanating from a 
keyhole notch (^t = 4), was always greater at the three low chmatic tempera
tures than at room temperature. 

Two papers included cyclic changes under strain-controlled low-cycle fa
tigue conditions at cryogenic and noncryogenic temperatures. The results 
indicated that both cyclic strain softening and hardening can be present at 
these low temperatures. Greater cyclic softening was evident in 300 series 
and high manganese stainless steels at cryogenic temperatures than at room 
temperature. The authors suggested this softening was influential in increas
ing the low cycle fatigue life at the cryogenic temperatures. Under the cyclic 
conditions the upper and lower yield points found under monotonic condi
tions in low or medium strength cast steels were removed at both room and 
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low climatic temperatures. Cyclic yield strengths generally increased about 
10% for the five cast steels investigated. At 228 K (-45°C) the smooth spec
imen fatigue resistance of the five cast steels was greater than at room temper
ature at long lives but was similar or decreased at short lives. This behavior 
seems to parallel much of the FCG behavior. 

A fiberglass epoxy laminate uniaxial specimen was designed and tested at 
room temperature and 20 K. The specimen design was satisfactory, and the 
test results indicated that S-N tests at 20 K had greater life than at room tem
perature. The laminate was considered satisfactory for the intended cry
ogenic purpose. 

The results of these 16 papers taken together indicate that low-tempera
ture fatigue resistance is much more sensitive to chemical composition and 
microstructure than fatigue resistance at room temperature. In many situa
tions, metal alloy systems designed for a specific temperature range may be 
very successful under fatigue conditions. However, ductile/brittle transi
tions, lower cyclic fracture toughness, and increased composition and mi
crostructure sensitivity at low temperature still tend to create a strong con
cern involving fatigue at low temperature. Cumulative experience and 
proper simulated and field testing will be keys to the success of a product 
under cyclic loading at low temperature. The needed principal research is to 
determine a relationship between low-temperature fatigue resistance and one 
or several of these factors: composition, microstructure, and a simple pa
rameter such as one from a monotonic test of notched or smooth configura
tions at the prescribed test temperature. 

R. I. Stephens 
Mechanical Engineering Department, The Uni

versity of Iowa, Iowa City, I A; sympo
sium chairman and editor 
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