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Foreword 

The International Symposium on Low Cycle Fatigue and Life Prediction, 
sponsored by the French Metallurgical Society and ASTM, was held in Fir-
miny, France, on 23-25 September 1980. C. Amzallag and P. Rabbe, Creu-
sot-Loire, served as chairmen. Messrs. Amzallag and Rabbe, and B. N. Leis, 
Battelle Columbus Laboratories, have edited this publication. 
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Introduction 

Design against fatigue has been a concern of engineers since the identifica
tion of fatigue as a failure mode in the middle of the 19th century. Since that 
time, several key studies have given definition to the process and led to the 
development of rational design tools. One major development was the isola
tion of cyclic plastic strain as a measure of materials fatigue damage and as a 
basis for correlating materials cyclic deformation and fatigue life behavior. 
Another major development made use of fracture mechanics concepts to 
characterize the driving force for cracking and the materials resistance to 
that driving force. 

This volume includes papers presented at the Conference on Low-Cycle 
Fatigue and Life Prediction, organized under the auspices of the French Met
allurgical Society and ASTM by Messrs. P. Rabbe and C. Amzallag. This 
symposium truly had an international flavor. Forty-four papers were pre
sented at Maison de la Culture—Le Corbusier, de Firminy, in September 
1980, to an audience representing more than 14 countries from 4 continents. 

Papers selected in response to the call for papers fell into three broad cate
gories. The first category was basic research on the fatigue of metals. Three 
conference sessions were devoted to this, embracing aspects such as nonpro-
portional plasticity, short cracks, and damage theories^The second category 
was phenomenology and modeling. Three sessions were also allocated to this 
category, which included subjects such as effects of service environment 
(temperature/atmosphere) and the evaluation and verification of popular 
modeling techniques. Lastly, the third category focused on applications and 
design aspects. The single session devoted to this topic included considera
tion of aspects such as multiaxial stressing and the integration of research 
data and phenomenology into design codes. 

Because of the range of subjects covered, this volume should become a 
valuable source of information for all those involved in designing against fa
tigue. The assistance of the organizing committee, which was essential to the 
development and running of the conference, is gratefully acknowledged, as 
are the contributions of the session chairmen and the reviewers. We appre
ciated the advice and help of the ASTM staff. Lastly, the support of both 
Battelle Columbus Laboratories and Creusot-Loire is acknowledged, along 
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2 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

with the help of Ms. Cheryl Nance (BCL) who carried on the bulk of the cor
respondence during the editorial process. 

C. Amzallag 
Creusot-Loire, Firminy, France; symposium 

co-chairman and co-editor 

B. N. Lets 
Battelle Columbus Laboratories, Columbus, 

Ohio; co-editor 

P. Rabbe 
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co-chairman and co-editor 
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C. Hoffmann,^ D. Eylon,^ and A. J. McEvily^ 

Influence of MIcrostructure on 
Elevated-Temperature Fatigue 
Resistance of a Titanium Alloy 

REFERENCE: Hoffmann, C , Eylon, D., and McEvily, A. J., "Influence of Micro-
structure on Elevated-Temperature Fatigue Resistance of a Titanium Alloy," Low-Cycle 
Fatigue and Life Prediction, ASTM STP 770, C. Amzallag, B. N. Leis, and P. Rabbe, 
Eds., American Society for Testing and Materials, 1982, pp. 5-22. 

ABSTRACT: The strain-controlled, elevated-temperature, low-cycle fatigue behavior 
of a near a titanium alloy, Ti-6Al-2Sn-4Zr-2Mo-0.1Si (Ti-6242S), has been studied in 
both air and vacuum (10"' torr) at 525°C over a range of frequency and strain. Of par
ticular interest in this investigation were the influence of microstructure and environ
ment on fatigue behavior. Two different microstructures were obtained by combina
tions of mechanical processing and heat treatment above and below the /3-transus 
temperature. Particular attention was given to these microstructural variations and to 
the effect of environment on the high-temperature low-cycle fatigue behavior of this 
alloy. The nature of fatigue crack initiation sites was examined by a precision section
ing method. The microstructure was found to have a pronounced effect on fatigue life 
as well as on the fatigue crack initiation process. Tests performed in vacuum revealed 
no influence of frequency on fatigue life, which indicated that environmental factors 
were responsible for the observed frequency effect on tests performed in air. It was 
also observed that testing in vacuum led to the formation of a number of subsurface 
crack nucleation sites and to a longer fatigue life. Crack origins in specimens tested in 
air were located at the surface, and the initiation sites were larger than those observed 
in vacuum. The features of a fatigue resistant microstructure in addition to environ
mental effects at elevated temperature are identified and discussed. 

KEY WORDS: fatigue (materials), titanium alloys, elevated temperature, microstruc
ture, crack initiation, subsurface cracking 

A wide variety of microstructures can be produced in titanium alloys by 
altering mechanical-processing and heat-treatment parameters. Studies have 
shown that microstructure can play an important role in determining the 
mechanical properties, such as tensile properties, fracture toughness, and 
creep, as well as the fatigue behavior of the alloy [1-12]} It has been deter-

' Graduate Assistant and Professor, respectively. Department of Metallurgy, University of 
Connecticut, Storrs, Ct. 06268. 

^ Metcut-Materials Research Group, Wright-Patterson Air Force Base, Ohio 45433. 
' The italic numbers in brackets refer to the list of references appended to this paper. 
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6 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

mined that certain microstructures which can produce optimum characteris
tics in terms of any one property may not provide adequate all-around per
formance with respect to other important material property requirements. 
Thus microstructures must be developed that have the necessary combina
tion of properties for particular applications. The strong microstructure in
fluence on mechanical properties of titanium alloys results in conflicts in 
terms of material property requirements when designing for resistance to fa
tigue crack initiation and resistance to fatigue crack growth that are used as 
criteria for "fail safe" design [5]. In general, it has been found that micro-
structures produced at temperatures above the )3-transus temperature (j8 
processed) yield better fatigue crack growth characteristics [1,5,6], while mi
crostructures produced at temperatures below the j8-transus (a+P proc
essed) provide better resistance to fatigue crack initiation [7-10,12]. Con
flicting microstructural requirements such as these have led to the suggestion 
[12] that in future applications it may be necessary to produce components 
of dual microstructure that will provide resistance to fatigue crack initiation 
at the surfaces while the material in the interior will have a microstructure 
that is resistant to fatigue crack growth. 

The fatigue crack propagation process is generally believed to be more 
important than the crack initiation process in determining low-cycle fatigue 
behavior, since fatigue crack initiation usually occurs very early in the fa
tigue lifetime and thus the majority of low-cycle fatigue cycles are expended 
in propagating a fatigue crack to failure. For titanium alloys, however, it has 
been shown that the fatigue crack initiation process and the fracture tough
ness can assume dominant roles in determining low-cycle fatigue lifetimes 
[1,13,14]. All three of these parameters—crack initiation, crack growth, and 
fracture toughness—are dependent upon microstructure, therefore we can 
expect that low-cycle fatigue behavior will also be microstructurally 
dependent. 

In addition to the effect of microstructure, high-temperature low-cycle fa
tigue (HTLCF) behavior is affected by the environment. There is only a lim
ited amount of information available on high-temperature low-cycle fatigue 
of titanium alloys, and the effect of oxidation during elevated-temperature 
low-cycle fatigue has not been examined in any great detail. Oxidation of ti
tanium is known to occur in a two-stage process [12,15-17]. Formation of an 
oxide scale and diffusion of oxygen into the metal may be enhanced at grain 
boundaries and interfaces between phases [10,11]. Formation of an oxygen-
enriched diffusion layer leads to an increase in hardness and a decrease in 
ductility at the surface, which may lead to premature crack initiation. Strain 
cycling at elevated temperature can enhance diffusion rates due to the gener
ation of large numbers of defects. The depth of oxidation contamination, 
particularly along a/fi interfaces, may be increased, which would lead to 
even earlier low-cycle fatigue failure. 

The object of this work was to establish the effects of both microstructure 
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HOFFMANN ET AL ON FATIGUE RESISTANCE OF TITANIUM ALLOY 7 

TABLE I—Processing and heat treatment ofTi-6242S (T» = 995°C). 

Condition 
Designation 

Extrusion 
Temperature, 

°C 

Swaging 
Temperature, 

°C 

Solution 
Temperature 

and Time 

Stabilizing 
Temperature 

and Time 

6.1 T;,+42 Tfl+42 T^-28°C/2h/AC 595°C/8h/AC 
6.4 T^-83 T^-42 T ^ - i r C / l h / A C 595°C/81i/AC 

and oxidation on the high-temperature low-cycle fatigue behavior of a near 
a titanium alloy, Ti-6Al-2Sn-4Zr-2Mo-0.1Si (Ti-6242S), at 525°C. Two dif
ferent microstructures were tested in air and vacuum, and comparisons are 
made between the test results for each condition. 

Experimental Procedures 

Material 

Two different microstructures were prepared from a Ti-6242S alloy pro
duced by RMI (Reactive Metals Inc.) and supplied in the form of 75-mm-
diameter round bars. The )8-transus temperature of this alloy was deter
mined to be 995 ± 5°C. The material was hot-worked in a two-step process, 
a 6:1 ratio extrusion followed by a 3:1 ratio hot swage. Processing tempera
tures are summarized in Table 1. 

Testing 

High-temperature low-cycle fatigue tests were performed under total axial 
strain control at 525°C in a servohydraulic test machine. A uniform gage sec
tion specimen was used with buttonhead ends for gripping (Fig. 1). Both mi
crostructures of the Ti-6242S alloy were tested in air and in vacuum (10~' 
torr) at 0.25 and 0.04 Hz. A triangular waveform was used at 0.25 Hz. At the 
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FIG. 1—Specimen design for high-temperature low-cycle fatigue testing under axial strain 
control. 
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8 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

lower frequency of 0.04 Hz, 10-s hold periods were introduced into the same 
triangle wave at peak tensile and compressive strains. In so doing, similar 
strain rates were achieved for both test frequencies. The number of cycles to 
failure, Nt, was taken as the point at which the peak tensile stress decreased 
by 5 percent from the saturated value. An x-y recorder was used to periodi
cally record hysteresis loops while a strip chart recorder maintained contin
uous load versus time and strain versus time records. Some tests were con
tinued to final separation. Others were terminated prior to fracture and the 
samples were pulled apart at room temperature to permit examination of the 
fracture surfaces. 

Microscopy 

The two microstructures obtained in the Ti-6242S alloy were characterized 
using optical microscopy. The nature of fatigue crack initiation sites was 
studied using a precision sectioning technique [18]. Specimens at higher total 
strain ranges were selected for this examination, since in previous work high 
strain range values led to more crack initiation sites, which made characteri
zation easier [77]. 

Specimens were prepared for observation by precision sectioning on a 
plane parallel to the tensile axis through the initiation locations. This method 
has been successfully used to determine the nature of surface subsurface fa
tigue crack origins in titanium alloy forgings [2], castings [19.20], and 
powder compacts [16,21]. 

Scanning electron microscopy (SEM) was used to examine fracture sur
faces of fatigue specimens and precision sectioned specimens. 

Results 

Microstructures 

The Ti-6242S microstructures tested in this investigation are shown in Fig. 
2. The microstructure of condition 6.1 (Fig. 2a) is a coarse a annealed struc
ture that resulted from the combination of )8-work and a+P heat treatment 
(Table 1). This microstructure consists of a platelets separated by thin layers 
of p phase. The microstructure of condition 6.4 (Fig. 2b) is an a+P struc
ture with a relatively low percentage of equiaxed alpha particles present. The 
equiaxed a is surrounded by a transformed P matrix consisting of fine a 
platelets surrounded by a thin film of j8 phase. 

High-Temperature Low-Cycle Fatigue 

Results of high-temperature low-cycle fatigue tests performed in air are 
given in Fig. 3. It can be seen that the a+P microstructure of condition 6.4 
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FIG. 3—Strain range versus cycles to failure for Ti-6424S. Conditions 6.1 and 6.4 tested at 0.25 
and 0.04 Hz at 525''C in air. 

has superior low-cycle fatigue resistance to the /3 processed microstructure of 
condition 6.1. This result is in agreement with previous findings, at both 
room and elevated temperature, that a+j8 microstructures have better low-
cycle fatigue resistance than )8 processed structures [1,7-10,12-14]. 

Decreasing the cycle frequency has a tendency to reduce lifetimes when 
they are compared in terms of total strain range (Fig. 3). This result follows 
the general trend observed for most materials in low-cycle fatigue at elevated 
temperature. This behavior has been observed for other titanium alloys 
[7,10]. The frequency effect is not as easily recognized when tests results are 
compared on the basis of the plastic strain range. However, the frequency ef
fect is present in the form of an increased plastic strain range that occurs due 
to the relaxation during hold periods. 

Figure 4 compares high-temperature low-cycle fatigue results in air and 
vacuum. It is apparent that lifetimes are significantly improved in vacuum 
tests. Plastic strain ranges are also higher in vacuum for a given total strain 
range than they are in air. Tests at the lower frequency*, 0.04 Hz, in vacuum 
did not reveal any frequency effect in terms of either total or plastic strain 
range in the absence of the air environment. No significant increase occurred 
in the plastic strain range for tests conducted at 0.04 Hz in vacuum. Addi
tionally, it was observed that the saturated stress range was higher in air for a 
given plastic strain range than in vacuum tests (Fig. 5). 
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12 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

Microscopy 

Fracture surfaces of air and fatigue specimens were examined by SEM. In 
general it was observed that the fracture surface of the vacuum tested speci
mens was more faceted and tortuous than air-tested specimens as a result of 
multiple subsurface initiation sites occurring during HTLCF in vacuum. It 
was previously demonstrated in other titanium alloys both at room [i ,7i] 
and elevated temperatures [74] that the fatigue lives are predominantly con
trolled by crack initiation. Therefore the crack initiation characteristics of 
the vacuum and air-tested specimens were examined by the precision section
ing technique in order to understand the differences in their fatigue strength 
and fracture morphology. All observed air test initiation sites were at the 
specimen surface (Figs. 6a to 6d). Most cracks initiated along a/p interfaces 
(Figs. 6a to 6c), with a few cracks initiating across colonies of a plates (Fig. 
()d). Cracks were more numerous and greater in length in the condition 6.1 
microstructure than in the condition 6.4 microstructure. 

On the other hand, most of the vacuum test cracks initiated from subsur
face locations (Figs, la, lb, and Id), although a few small surface cracks 
were also observed (Fig. 7c). Some internal cracks partially follow a plate 
boundaries (Fig. lb at A and B), and some are parallel to intense shear bands 
(Fig. IdaX C and D); the latter can be observed in the microstructure (Fig. 8). 

SEM examination of fracture surfaces revealed numerous subsurface initi
ation sites in specimens tested in vacuum (Fig. 9). Fracture facets were lo
cated at the origins of some of these subsurface cracking sites (Fig. 10). Mi-
crostructural features are often revealed on the facet surface that correspond 
to interfaces between a platelets. Another interesting feature of the fracture 
facet was that in many cases a small pore seemed to be located at the base or 
point of origin of the facet (Fig. 10 at A). 

Discussion 

The results of the high-temperature low-cycle fatigue tests in this program 
have shown that the a+/8 microstructure (condition 6.4) has better low-cycle 
fatigue resistance than the /3 processed microstructure (condition 6.1). Pre
vious investigations have found this to be true for other titanium alloys both 
at room temperature [1,13] and elevated temperature [7-12]. It is generally 
believed that the cause for the difference in fatigue lifetime is due to the ef
fects of the different microstructures on the fatigue crack initiation process 
[ 7-12]. The P processed structures have long a/p interfaces at which crack 
initiation can occur with relative ease. 

The environment is also an important factor in determining the low-cycle 
fatigue behavior of titanium alloys, as evidenced by the comparison of air 
and vacuum tests in Fig. 4. Oxidation at elevated temperature can accelerate 
crack initiation by enhanced diffusion of oxygen along a/fi interfaces. Eylon 
and co-workers [10,11] have also accounted for the effects of frequency and 
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temperature in terms of increased oxidation. For tests in air, a distinct de
crease in cycles-to-failure versus total strain range is observed when the fre
quency is reduced from 0.25 to 0.04 Hz. The frequency effect is not as ob
vious when comparing plastic strain range versus cycles-to-failure at the two 
cyclic frequencies. This is because of stress relaxation that occurs at the 
lower cyclic frequency with hold times. The relaxation results in an increase 
in the amount of plastic strain for a given total strain range. The apparent 
absence of any frequency effect in vacuum tests in terms of either total or 
plastic strain range is further evidence that the major time-dependent influ
ence is that of the environment. 

Plastic strain ranges for tests in vacuum at both frequencies are generally 
found to be larger than those in air for a given total strain range. During 
tests in air, oxidation of the surface of the specimen results in an increase in 
strength level and a decrease in ductility. These changes reduce the amount 
of plastic strain at a particular total strain range, and also explain the result 
that saturated stress range levels are generally observed to be higher for tests 
in air than in vacuum for equal amounts of plastic strain (Fig. 5). These ob
servations are an indication that oxygen penetration into the material could 
be occurring to fairly substantial depths. If oxidation is going to affect the 
bulk properties of the alloy, such as yield strength, then oxygen must be 
penetrating relatively deep into the material. However, for the times and 
temperatures involved in the present test program, bulk diffusion of oxygen 
could not possibly occur to a great enough depth to alter the bulk material 
properties. The observed changes, therefore, lend further credence to the 
possibility that interface diffusion plays an important role. It is known that 
oxygen diffusion rates are higher in )3-titanium and that oxidation rates are 
also higher for j8-titanium alloys. Pipe diffusion of oxygen along a/^ inter
faces, which will induce fiioa transformation and will generate new disloca
tions, appears to be the only available mechanism which can allow sufficient 
oxygen penetration to occur such that bulk material properties might be 
affected. 

Most air test cracks were initiated along a/fi interfaces. Because of the la
mellar morphology of the a phase, the interfaces are planar and, conse
quently, the initial cracks are also planar (Fig. 6b). In most cases, the 
cracked interfaces are at 30 to 60 deg to the tensile direction. This surface-
connected interface cracking is an indication of environmental effects on fa
tigue crack initiation. A very similar initiation mode was observed in pre
vious work [77] on Ti-5Al-5Sn-2Zr-2Mo-0.1Si (Ti-5522S) with a similar 
microstructure and under similar test conditions. Environmental-assisted 
crack initiation and growth can explain the decrease in fatigue life when 
temperature is increased and test frequency is decreased. It can also explain 
the lower fatigue life associated with testing in air. 

The planar surface cracking across an a plate colony (Fig. 6d) was identi
fied in previous works as the major mode of fatigue crack initiation in room-
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FIG. 9—Fracture surface of vacuum lested^specimen revealing multiple subsurface crack initia
tion sites. 

I 2 Mm I 
FIG. 10—Origin of subsurface crack initiation site. A small pore is observed associated with the 

cleavage facet at the point of crack initiation. 
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temperature tests of alloys with similar microstructures [2,16,22]. This 
cracking was related to the presence of intense shear bands across the a plate 
colonies on basal and prismatic planes [23]. An evidence of intense shear ac
tivity is shown in Figs. 8a and Sb, and was found in this study only in vacuum-
tested material. This mode of cracking represents only a small portion of the 
initial cracks. 

The surface-connected cracks in the vacuum tests (Fig. 7c) are very limited 
in size. The major fatigue failure was initiated by the linkage of many subsur
face cracks throughout the gage section (Fig. 7a) that are responsible for the 
tortuous appearance of those fracture surfaces. Some segments of the sub
surface initial cracks follow a plate boundaries (A and B in Fig. 7b) and 
some are parallel to intense shear bands (C and D in Fig. Id). It seems that in 
the absence of environmental assistance surface cracks did not propagate as 
rapidly into the specimen as they did in the air tests. This increased the 
number of cycles that the material was subjected to, and at the same time, al
lowed enough internal damage, such as shear band formation, to accumulate 
and generate subsurface cracks. Fractographic examinations showed that 
most fatigue fracture areas initiated from the subsurface locations and that 
the role of the small surface cracks in the total failure is minimal. It seems 
that in vacuum conditions, the main factor responsible for the increased fa
tigue strength and change of the failure morphology is the lack of dominant 
surface cracks. 

The fracture facets observed at the subsurface cracking sites are similar to 
the "cleavage rosettes" described in earlier work [2]. Subsurface origins con
taining small pores were found in titanium alloy IMI 685 after low-cycle fa
tigue testing at room temperature. The source of the porosity, which was as
sociated with subsurface fatigue crack initiation, was believed to be from 
incompletely healed casting porosity. 

Conclusions 

The near a titanium alloy Ti-6Al-2Sn-4Zr-2Mo-0.1Si (Ti-6242S) was 
tested under elevated-temperature low-cycle fatigue conditions at 525°C. 
Two different microstructures were tested in both air and vacuum environ
ments. The purpose of this investigation was to determine the effects of mi-
crostructure and environment on the high-temperature low-cycle fatigue be
havior of this alloy. The following conclusions have been drawn: 

1. The a+P processed microstructure has the superior HTLCF resistance 
of the two microstructures tested. 

2. The fatigue resistance of the /8 processed microstructure is decreased 
because it has less resistance to fatigue crack initiation. 

3. Crack initiation in air tests occurs at the specimen surface predomi
nantly along a/p interfaces as a result of preferential oxidation at these 
locations. 
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4. Subsurface crack initiation sites in vacuum tests were the origins for fa
tigue fracture. The role of surface cracking in vacuum was minimal. 

5. Air environment plays an important role in determining the fatigue life
time and fatigue crack initiation process during HTLCF of titanium alloys. 

6. The observed frequency effect on tests in air is due to environmental ef
fects, namely oxidation. This conclusion is based on the apparent absence of 
any frequency effect for tests performed in vacuum. 

7. The observation that the saturated plastic strain range is higher in vac
uum tests than in samples tested in air is an indication that oxidation has af
fected the bulk material properties by an increase in strength level. It is be
lieved that pipe diffusion of oxygen along a/p interfaces, to depths much 
greater than would be expected from bulk diffusion of oxygen, is responsible 
for the observed changes in material properties. 
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Low-Cycle Fatigue Damage 
Accumulation of Aluminum Alloys 
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Materials, 1982, pp. 23-44. 

ABSTRACT: Tests of fatigue crack initiation are carried out on two different alumi
num alloys by using low-cycle fatigue (LCF) data to predict initiation at notch tips 
with a radius between O.I and 10 mm. A comparison of the LCF properties of these 
alloys in terms of stress strain and cyclic plastic energy is made. Damage accumulation 
laws in the range of plastic strain and elastic stress are studied. Variable-amplitude 
loading represented by programmed blocks characterizing the standard TWIST flight 
loading are investigated. Fatigue crack initiation at notches is determined; initiation is 
detected by the electric potential method. It is found that the energy approach is an ac
curate method of determining a realistic cyclic mechanical behavior of aluminum al
loys. Constant-amplitude loading of low AA' (stress intensity factor range) that causes 
no crack initiation decreases the number of cycles to crack initiation, when the loading 
program is composed of a higher AK and this low A ^ to form block loading. 

KEY WORDS: low-cycle fatigue, crack initiation, plastic strain energy, function of 
damage, fatigue notch factor, programmed block loading, damage accumulation 

Even in the case of nominal elastic loading, some zones have stress con
centrations leading to plastic fatigue. Results obtained from classical fatigue 
tests must be used when dimensioning the structures. If the three phases of 
endurance (initiation + propagation + rupture) are considered, the results 
obtained are more accurate than those given by the Wohler approach. 

Fatigue crack initiation at the notch root is considered to be due to local
ized low-cycle fatigue (LCF). The cyclic behavior of the aluminum alloys 
was investigated in terms of stress, strain, and plastic strain energy. Results 
of LCF and cyclic stress-strain response were correlated to evaluate the 
crack initiation in notched specimens for uniform loading. 

In reality, variable-amplitude loading is frequently met in aeronautical 
structures. The present paper is restricted to a study of the cumulative fa
tigue damage in two simple cases: (7) for the whole life duration, under cy
clic strain control with zero mean strain; and (2) for the initiation under cyclic 

' University of Technology, Compiegne, France. 
^ Societe National Industrielle Aerospatiale, Suresnes, France. 
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TABLE 2—Tensile properties. 

Aluminum Alloy Sense 0.2 MPa m, MPa A, % 

2124 T 351 274 439 18.1 
2618 AT 6 TL 329 444 9.1 

(aged 10 h at 190°C) 
2618 AT 6 . . . 371 427 7.3 

(aged 10 h at 203°C) 

load control where plastic cycles are combined with elastic ones but with a 
different mean load level. Only in the first case is a linear damage accumula
tion found. 

Our investigations are not directed to the study of the case of different 
mean stresses and their effect on damage accumulation, but rather to the re
sponse of aluminum alloys used in aircraft industry to these two particular 
loading types. 

Cyclic Stress-Strain Curves 

Experimental Procedure 

The materials used are aluminum alloys 2124 T 351, 2618 AT 6 (aged 10 h 
at 190°C), and 2618 AT 6 (aged 22 h at 203°C). Chemical compositions, ten
sile properties, and heat treatments are shown in Tables 1, 2, and 3, 
respectively. 

Experiments were carried out on a servo-valve Instron machine (force of 
10 tons, with diametral strain imposed upon cylindrical specimens, by apply
ing sinusoidal signals with a frequency of 0.05 Hz. Cyclic stress-strain curves 
are determined by several methods—namely, one specimen for one strain 
level, one specimen for one stress level, increments, and a cumulation of 
strain levels with a constant number of cycles per strain level. 

Experimental Results 

Cyclic stress-strain curves determined experimentally are shown in Fig. 1, 

TABLE 3—Heat treatment. 

Aluminum Alloy Heat Treatment 

2124 T 351 normal air 
2618 AT 6 water tempered at 55°C + 10 h at 190°C 

(aged 10 h at igO-C) 
2618 AT 6 boiled water tempered + 22 h at 203°C 

(aged 22 h at 203°C) 
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where a is the real or rational stress and et is the real longitudinal strain. 

t \ Ppf Pp 

where 

td = Ln (1 + e), real diametral strain, 
e = {do — d)/do, apparent diametral strain, 

Ve, Vp = Poisson's elastic and plastic ratio, respectively, and 
E — Young's modulus. 

When examining these curves it is found: 

1. For aluminum alloy 2124 T 351, under cyclic loading with imposed 
strain or stress, hardening occurs and oy is increased by about 60 percent for 
the strain case and by a lesser percentage for the stress case. 

2. 2618 AT 6 (aged 10 h at 190°C) also shows some hardening but less 
than 2124 T 351; only a 30 percent increase in oy is observed. Greater hard
ening is achieved in the case of imposed strain. 

3. For 2618 AT 6 (aged 22 h at 203°C), both monotonic and cyclic loading 
curves are very near to each other, but one can notice some softening fol
lowed by some hardening, depending on the loading. For the controlled load 
case it is slightly hardened, while for the strain case it softens and then 
hardens with an increase in strain values. Thus 2124 T 351 and 2618 AT 6 
(aged 10 h at 190°C) are hardened with controlled strain, while 2618 AT 6 
(aged 22 h at 203°C) remains relatively stable. 

From these results monotonic tensile and cyclic curves can be approxi
mated hy a = K (tp)" and oa = K' (£p„)" respectively where K(K') are mono
tonic (cyclic) strength coefficients and n («') are monotonic (cyclic) strain-
hardening exponents. K. K', n, and n' are calculated by linear regression 
(Table 4). Examining these results it is found: 

1. For 2124 T 351 and 2618 AT 6 (aged 10 h at 190°C), values of «', AT', 
obtained by the method of strain cumulation are the highest, while those ob
tained by increments are the lowest. 

2. For all methods, values of ^ ' are greater than K, while values of «' close 
to n are obtained by the method of one specimen for one strain level. 

3. For 2618 AT 6 (aged 22 h at 203°C), «', K\ depend greatly on the 
method applied; generally they are greater than n, K. 

Low-Cycle Fatigue (LCF) 

The life duration as a function of elastic and plastic strain is [l,2f 

et = e'f (2A f̂)' + ^ {INtf 
E 

' The italic numbers in brackets refer to the list of references appended to this paper. 
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TABLE 4—Principal monolonic and cyclic characteristics. 

Material 

2124 T 351 

2618 AT 6 
(aged 10 h at 190°C) 

2618 AT 6 
(aged 22 h at 203''C) 

/f, 0.2 
MPa 

276 

330 

375 

/?', 0.2 
MPa 

420° 
442' 
445' 

420° 
440* 
455' 

366° 
358' 
342' 

n 

0.111 

0.100 

0.055 

n' 

0.155° 
0.113' 
0.071' 

0.143° 
0.127' 
0.066' 

0.095° 
0.090' 
0.101' 

K 

545 

615 

530 

K' 

1100° 
890' 
695' 

1030° 
955' 
690' 

670° 
635' 
650' 

° Method of strain level cumulation. 
'Method of one specimen for one strain level. 
'Method of increments. 

where 

c = fatigue ductility exponent, 
e'f = fatigue ductility coefficient, 
b = fatigue strength exponent, 

a'f = fatigue strength coefficient, and 
E = Young's modulus. 

Ductile materials having higher er give a higher resistance to fatigue in the 
case of imposed strain than in the case of imposed stress. For Âf > 10 cycle, 
ep is negligible relative to eel et — a't/E (INt)''; for Nf < 10̂  cycle, €« is negligible 
relative to tp; et — e'f (2A f̂)̂  

Experimental Procedure 

Experiments are done in symmetrical tension compression by using a fre
quency of 0.1 Hz and a sinusoidal form; the strain is recorded by a diametral 
extensometer. For life duration with controlled strain we apply the method of 
one specimen for one strain level, whilefor that with imposed force we apply 
the Wohler method by changing the nominal stress to obtain a life duration 
between 1 and lO' cycles. 

Experimental Results 

Low-Cycle Fatigue with Controlled Strain—From the experimental results, 
we obtain the following relations for the three aluminum alloys: 

N-0.527 
2124 T351 et = 0.0087 {INtr"" + 0.0845 (2NfT 
2618 AT 6 {aged 10 h at 19(PC) e* = 0.0093 (2M)'°'**" + 0.0835 (2M)"""' 
2618 AT 6 {aged 22 h at 203°C) et = 0.0082 (2Arf)"""'" + 0.0974 (2Aff)•<"'*' 

where {2N{) is reversals to failure. 
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Examining these results, one can see that in the range of short life duration 
(<10 ' cycles) 2618 AT 6 (aged 22 h at 203°C) has the best resistance to fa
tigue with strain controlled, whereas in the range of life duration >10 ' cycles 
2124 T 351 has the best resistance; however, the difference is not that 
significant. 

Low-Cycle Fatigue with Force Controlled—Curves of life duration are 
shown in Fig. 2. We observe that in the range of short life duration ( < 10̂  cy
cles) the three alloys have approximately the same resistance to fatigue, 
whereas, in the range of life duration between 10̂  and 10' cycles, both 2124 T 
351 and 2618 AT 6 (age.d 10 h at 190°C) have similar resistance; 2618 AT 6 
(aged 22 h at 203°C) has the worst resistance to fatigue as it has not been 
hardened. 

When calculating a't and e'f it was noticed that for alloys that harden [2124 
T 351, 2618 AT 6 (aged 10 h at 190°C)] a't > at and e'f < tt whereas e't > it 
for 2618 AT 6 (aged 22 h at 203°C). 

Low-Cycle Fatigue and Energy Dissipation 

It is unclear whether the stress or the strain controls the fatigue process in 
aeronautical structures. Let us consider each by studying its energy criterion. 
According to Halford [5], life duration as a function of energy dissipated by 
plastic strain is 

Wt = Nf J^W 

where AfFis the plastic strain energy dissipated by one cycle and is to be cal
culated as the area of the hysteresis loop by 

A f r = 2 a a - A € , \ i + «7 
where n' is the strain-hardening exponent. This plastic strain energy is ac
cumulated until rupture; experimental results give an exponential relation 
for Wt as a function of {INt); thus Wt = (W't/l) (INt)'. 

2124 T 351 Wt = 0.0850 {INtf**^ 
2618 AT 6 {aged 10 h at 190°C) Wt = 0.0865 {2Ntf^" 
2618 AT 6 {aged 22 h at 203°C) Wt = 0.0807 {2Ntf"^ 

W't/2 represents the mean energy dissipated by one reversal. Examining 
these relations, we can say that for the life duration range of 1 to lO' cycles, 
2618 AT 6 (aged 10 h at 190°C) has the best resistance to fatigue, 2618 AT 6 
(aged 22 h at 203°C) the worst, and 2124 T 351 in between. 

Crack Initiation at Notch Root 

Previous studies provide us with the necessary parameters for determining 
the crack initiation at a notch root. Two questions remain to be answered: 
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(7) How can crack initiation be detected? and (2) What is the initiation cri
terion and the effect of material and geometrical defects? 

Experimental Conditions 

Compact specimens are chosen with a width Wof 75 mm and a thickness 
B of 12 mni; five radii at notch root are chosen, giving different values of 
stress concentration, while the length of notch is constant in all cases, 
(a/W) = 0.5. 

To determine the stress concentration factor ^t we consider the perfect 
elastic behavior 

max/AcTnom 

According to Clark [4], Aanom = [AP/B (W - a)] [1 + 3 (W + a)/ 
{fV — a)] and Aomax = lAK/\l~np where AK is the stress intensity factor 
calculated as AA" = l:)J>/ByJW'\J{a/W)'\. Both the effect of crack length 
and the depth of mechanical notch are considered in the polynominal ex
pression 

fia/W) = 29.6 {a/fVf^ - 185.5 (a/wy 

+ 655.7 ia/Wf^ - 1017 (a/Wf^ + 638.9 (a/Wf' 

See Table 5. 
Specimens are loaded in tension by a servo-valve MTS machine of ±15 kN; 

sinusoidal signals of 10-Hz frequency loading was chosen so as to study dif
ferent domains of initiation for total life duration ranging from lO' to lO' cy
cles. To detect the crack initiation we applied the electrical potential method, 
which is simply measuring the change of specimen electrical resistance dur
ing the experiment. Specimens were supplied by either an alternating or di
rect current of about 10 A/mm^ to avoid heating. As an initiation criterion, 
one can accept the number of cycles corresponding to a measurable devia
tion of electric energy during the experiment to be an initiation (M) corre
sponding to the beginning of the microcrack to open in Mode I (Fo = 82 mV; 
V = 0.2 mV; A F / Fo = 0.0024). 

Analysis of Experimental Results 

Function of Nominal Stress—By Clark's formula [4] we calculate Aonom as 
the stress amplitude in the place of notch and plot it versus Ni (Fig. 3). We 
find that (7) for the same notch radius the relation is linear; (2) for the same 
M, a higher load amplitude must be applied as the notch radius increases; 

TABLE 5—Elastic stress concentration factor. 

mm 

Kt 

0.1 

14.9 

0.5 

6.9 

1 

4.7 
5 

2.1 

10 

1.5 
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34 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

and (3) the values for notched 2618 AT 6 (aged 10 h at 190°C) are greatest, 
followed by 2124 T 351 and then 2618 AT 6 (aged 22 h at 203°C). 

Utilization of Fracture Mechanics—Barsom et al proposed that there is 
some relation between K/\fp and Ni, where AK is the stress intensity factor 
range and p is the notch radius [5,6]. This is linear in bilogarithmic coordi
nates (Fig. 4), as it is possible to write 

Aanom v r p 

thus the parameter Kt and the value K/\/^issue from the same elastic analy
sis. Neglecting the plastic strain developed at the notch root, one can easily 
see that the dispersal of results are reduced relative to the previous analysis. 

Use of Fatigue Notch Factor Kf—If we were to use Kt by itself, we would 
always err in our investigations of the crack initiation at notches; therefore 
we must use the other experimental factor Kt which considers the notch ef
fect, notch characteristics, and materials [7]. Kt is defined as the ratio of two 
endurance limits of the same testing type: 

endurance limit of smooth specimen 
Kt 

endurance limit of notched specimen 

Kt is calculated according to the Heywood empirical formula [8] 

Kt 
Kt = 

( ^ ) 

where 4̂ is a material constant 

(Af'=l^^j mm' 

and am is ultimate stress in tension. See Table 6. 

-©• . 1 / 2 ^ i t : ^ \ „„i/2 

TABLE 6—Fatigue notch factor. 

mm 

0.1 
0.5 
1 
5 
10 

2618 AT 6 
(aged 10 h at 190°C) 

5.94 
4.15 
3.35 
1.87 
1.42 

K, 

2618 A T 6 
(aged 22 h at 203°C) 

5.58 
3.98 
3.25 
1.85 
1.41 

2124 T 351 

5.81 
4.09 
3.31 
1.86 
1.42 
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Knowing ^f, we calculate Awmax = ATf X Awnom to be the maximum stress 
range at the notch root. Figure 5 represents relations between Aamax and M, 
which depend slightly on notch radius. 

Analysis Based on Function of Damage -y/E AoAe—Based on the Neuber 
rule [9,10], Kt = K„X K^ where Ka = Aa/Aanom is the stress concentration 
factor in the elastoplastic domain and Kt = Ae/Acnom is the strain concentra
tion factor. According to the Morrow et al modification that replaces ^t with 
K{, K(^ = (Aa/Aomm) X (At/Atnom) for specimens tested with Aanom less 
than the elastic limit. This yields sfWKaKt = KtX Aonom which is adapted 
as the function of damage to be computed according to Sanz et al [11]. Fig
ure 6 represents the linear relation between this function and M which shows 
a small scatter behavior for all radii. 

Damage Accumulation 

Previous studies were concerned with the constant amplitude loading with 
strain or stress controlled. In reality, loading is of a variable amplitude na
ture, so low-cycle fatigue laws must be modified to suit this amplitude varia
tion when predicting the life duration. We can define damage generally at 
any time of a component history as the ratio of the number of cycles through 
which the piece is loaded (by stress or strain imposed) to the number of cy
cles to rupture exhibited at the same level of stress or strain. 

The principal laws of damage accumulation consider the linear accumula
tion as Miner's law: A = m/Ni, where m is the number of cycles applied at 
stress level ai and M is the number of cycles to rupture at the same stress level 
Oi- Rupture is attained when 2 A = 1. Depending on the sequence of stress 
level changes, S A is between 0.61 and 1.45. Stress changes in an ascending 
order, 2 (m/M) > 1, are termed understressing, and stress changes in a de
scending order, S (/li/M) < 1, are termed overstressing, where in both cases 
the stress levels are greater than the od endurance limit [12,13]. 

Experimental results show that this law leads to some error in the case of 
overloading (whether positive or negative overloading). Landgraf, consider
ing the cycle properties of materials, proposed a law to evaluate the damage 
per cycle; this law helped to deal with complex and variable strain. He used 
the value of 2Nt (transition life duration where Aee = Atp) to express damage 
per cycle 

i l/b-c 

di 
' 2iVf\A£e/ 

considered as linearly accumulated; thus rupture was attained, 2 4 = 1 [14]. 

Damage Accumulation for Smooth Specimens 

Experiments were conducted on 2124 T 351 and 2618 AT 6 (aged 22 h at 
203°C) by controlling the diametral plastic strain (using calculator PDP 11) 
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38 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

and using loading signals of a triangular form with a frequency of 0.05 Hz. 
Applying the shown pattern of loading where eo = 1 percent and epic = 1 . 5 
percent, no,«', and n" were programmed as shown in Cases A and B in Fig. 7. 
For 2124 T 351 we have additionally studied Cases C, D, and E, where 
«o = 0.5 percent and Cpk = 1 percent. 

Experimental Results—Test results with the application of both cumula
tion laws are shown in Table 7. Besides applying Miner's law for the stress-
imposed case, we have applied it to the case of strain imposition. Here 
A = rii/Nu where both m and M have the previous definition but are at 
strain level €i and rupture is attained when 2 (jii/Ni) = 1 . In addition, we 
modified Miner's law so as to evaluate rupture by damage accumulation 
given by plastic strain energy dissipated per cycle. Total plastic strain energy 
dissipated in the case of constant strain amplitude, Wt = N{ AW; therefore 
we calculate IVR as energy dissipated by plastic strain for m cycles to be 
Wn = mAfVi. Knowing WR one can calculate NR to rupture from the relation 

Wf 
WR=^(2Nfir 

where both W{ and a were calculated as before and rupture is attained when 
Xrii/Ni = 1. 

Discussion of Results—Reviewing the results given in Table 7 we conclude: 
1. The modified Miner law (energy criterion) is generally verified in all 

cases with remarkable precision, because of the fact that it considers both 
stress and strain simultaneously. This conclusion is limited to LCF with zero 
mean strain. 

2. Miner's law with strain is verified with less precision. 
3. Landgraf's law is less precise than Miner's with strain, because of its 

difficulty in application. 
4. Miner's law with stress is difficult to apply in LCF and gives errors if 

mean stress is not considered. 

no = 20 

n ' = 1 

n" = u p t i l l rupture 

B) no = 20 

n' = 1 

n" = 20 

repeated u p t i l l 

rupture 

C) no = 20 D) no = 20 E) no = 20 

n' = 1 n ' = 5 n' = 5 

n" = u p t i l l rupture n" = u p t i l l rupture n" = 20 

FIG. 7—Damage accumulation for smooth specimens. 

repeated 
up to rup
ture 
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TABLE 7—Results of damage accumulation. 

2124_I_35J 

h° 20 V 
n' 1 \ 
n" upt i l l rup
ture 

n" = 20 \ 
n' = 1) ^ \ 
n" = 20) 

h" = 20 V 
n' = 1 \ 
n" upt i l l rup
ture 

n° = 20 \ 
n' = 5 \ 
n" upt i l l rup
ture 

n° = 20 \ 
n' = 5 )» \ 
n" = 20' 

—1 

Number of cycles 

e = 1.5% 

1 

1 

1 

-

^ P - ^ 

24 

26 

33 

-

1 

1 

1 

5 

5 

5 

6 

6 

8 

% - °-^^ 

82 

92 

97 

50 

58 

75 

40 

40 

40 

MINER 

Strain 

0.99 

1.07 

1.36 

-

0.87 

0.93 

1.01 

0.69 

0.74 

0.93 

0.68 

0.63 

0.72 

Energy 

1.14 

1.17 

1.29 

-

0.96 

1.00 

1.04 

0.98 

0.97 

1.13 

0.95 

0.99 

1.04 

LANDGRAF 

2 Nt = 136 

0.75 

0.83 

1.07 

-

0.74 

0.82 

0.93 

0.60 

0.66 

0.80 

0.58 

0.54 

0.58 

2618 AT 6 

(22 h a t 203°C) 

n" •= 20 \ ^ 

n' = 1 

n" u p t i l l rupture 

n° = 20 \ . 

n ' = 1 ) ^ 

n" = 20 ) 

Number of cycles 

£ p = 1 . 5 % 

1 

1 

1 

2 

2 

2 

^p = 1% 

55 

59 

77 

45 

53 

55 

MINER 

Stra in 

0.79 

0.86 

1.08 

0.69 

0.81 

0.79 

Energy 

1.01 

1.05 

1.14 

1.01 

1.08 

1.03 

LANDGRAF 
2 NT = 480 

0.80 

0.92 

1.20 

0.71 

0.81 

1.11 

n' & n" are repeated u p t i l l rupture 

Crack Initiation at Notch Root under Spectrum Loading 

In reality, most of the components used specially in aeronautical struc
tures are exposed to variable amplitude loading that forms some spectrum. 
Two aluminum alloys [2618 AT 6 (aged 19 h at 190°C) and 2124 T 351] were 
tested under programmed loading blocks characterizing the standard TWIST 
flight loading. 
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40 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

Experimental Procedure—Compact specimens are chosen with width 
W =15 and thickness fi = 12 mm; for each material 2 radii at notch root are 
chosen, 5 mm and 0.5 mm (Tables 5 and 6). 

Two constant amplitudes of different values of AP were used, from which 
programmed loading blocks were formed with different combinations so as 
to resemble the standard TWIST loading (Fig. 8). Specimens are loaded in 

A - B - - C 

^=;:;^-T 
• r > ' 1 
I I I I I 
' ' ' ! F-
1 ) " , 2 

I 

A r. f\ 

F 

F. 
3 

F, 

Fo 

••4 

69 + 1 

r^ 
il/lj hi 

J 1 ; 
; \ / t 

F 

'"i-'"'..'I 

1 

„ 
1 ! 

1 

69 1 

r 1 

1 

1 

• 1 1' 

*~ 

'\A 

For P= b mm 
For P= 0 , 5 mm 

7700 N 
3100 N 

' 2 
4900 N 
1975 N 

3 
8660 N 
3490 N 

4 
3940 N 
1590 N 

F 

^1 

\ \ 1 
I ; I 1 

t 
A 

t 
B 

AP 

A^ 
ACT 

nom 

'^t 

Kf 

"init . 

AP 

AK 

A<7 
i-l nora 

h 

l̂ f 

^ i n i t . 

P = 5 mm 

2124 T 351 2618 AT 6 

7700 N 

21.6 MPaflT 

157.86 MPa 

2.15 

1.91 

119000 cycle 

1.89 

83300 

2800 N 

7.85 MPa ifnT 

57.4 MPa 

2.15 

1.91 

72.0.10^ 

1.89 

> 2.5.10^ 

P = 0 ,5 mm 

2124 T 351 2618 AT 6 

3100 N 

8.69 MPa /Tn" 

63.55 MPa 

6.9 

4.22 

112250 

, 4.05 

47240 

1125 N 

3.15 MPa fm' 

23.06 MPa 

6.9 

4.22 

7 2.1.10^ 

4.05 

7- 2.6.10^ 

FIG. 8—Loading pattern and principal values. 
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tension by a servo-valve Mayes machine of ±50 kN with a sinusoidal form of 
signal with frequency 10 Hz; crack initiation was detected by the electrical 
potential method. 

Analysis of Experimental Results—Results of fatigue crack initiation and 
damage accumulation are shown in Fig. 8 and Table 8. From these results it 
is found that: 

TABLE 8-—Results of damage accumulation under spectrum loading. 

Spectrum 

F 

A "> A i\ •: / '. ""' 
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^ 
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E 
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N°. of 
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Z-
' ^Ni 

N°. of 
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\ ni 

' ^ N i 

N°. of 
blocks 

T ^ ni 

• ^ Ni 

N°. of 

blocks 

T " ni 

' ^ N i 

P - b m m 

2121T351 

73 625 

0.64 

37 800 

0.411 

24 232 

0.372 

7 954 

0,122 

>125 600 

no crack i n 

2618AT6 

69 230 

0.85 

42 300 

0.612 

33 266 

0.628 

21 522 

0,409 

^ 2 0 925 

i t i a t i o n 

P' 0 

2124T351 

69 606 

0.653 

17 200 

0.19 

6 400 

0.101 

3 421 

0,054 

20 900 

0,236 

.5 mm 

2618AT6 

23 200 

0.497 

6 700 

0.157 

3 169 

0.089 

2 174 

0,061 

29 190 

0,41 
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1. For constant amplitude loading, aluminum alloy 2124 T 351 has a bet
ter resistance to fatigue than 2618 AT 6 (aged 19 h at 190°C). 

2. For programmed loading blocks characterizing the standard TWIST 
during flight, the resistance of both materials to fatigue decreases. 

3. Although constant amplitude loading of a small value of AK (load type 
B) causes no crack initiation, when introduced combined with those of great 
AK value (lo^d type A) to form the programmed loading blocks, they cause 
certain pronounced damage that decreases the number of blocks to crack in
itiation and consequently the whole life duration. Table 8 shows that a linear 
accumulation is inapplicable in this case, simply because the damage due to 
cycles of low AKare accumulated with the microcracks created by the cycles 
of high A^. 

4. Increasing the number of cycles of small AK value per block reflects a 
great deterioration of the fatigue crack initiation stage (that is, accelerating 
crack initiation) (Fig. 9; Table 8). 

5. We have increased the number of cycles per block to 1000 cycles for 
2124 T 351 with a notch root radius of 5 mm to discover whether or not there 
will be an asymptote. We noticed a great deterioration of the initiation stage, 
which shows that the crack is initiated on the notch surface as a small micro-
crack and then propagates due to these cycles of small AK into a macro-
crack. This is why there is great damage accumulated due to these cycles dur
ing initiation and consequently during propagation. 

Discussion and Conclusions 

We have attempted to survey how, by using low-cycle fatigue data, crack 
initiation at a notch root or around a hole in aluminum alloys can be evalu
ated. When examining these parameters, namely Aanom, AK/yJp, Kt^ X 
ACTnom and sfEAaAe, we find that they do not give the same precision for 
calculating the number of cycles to crack initiation; however, we can say that 
the analysis based on the function of damage yjEAaAe is very helpful and 
shows a small scatter behavior for all notch radii. 

Concerning the damage accumulation in the case of smooth specimens 
with controlled programmed strain, although Miner's law is applicable for 
variable strain amplitude loading with the same value of mean strain and in 
the plastic domain, it is completely inapplicable for variable amplitude load
ing with different mean stress levels [15]; this is also noticed in the case of 
variable amplitude stress loading [16]. When mean strain is kept zero for 
both cycles, we found that Miner's law modified by the energy criterion was 
generally verified with a remarkable precision, because it considers both the 
stress and strain simultaneously. Miner's law with strain and Landgraf's law 
were verified with less precision. 

In the case of notched specimens with controlled programmed load char
acterizing the standard TWIST, which involves different mean stress levels. 
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44 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

the cycles of higher mean stress cause no crack initiation if applied as a uni
form load. Cycles with a greater value of AÂ  contribute mostly to the initia
tion of the small fatigue microcracks on the notch surface, while cycles of 
small A^ but with high mean stress contribute to their propagation into mac-
rocracks. Miner's law is completely inapplicable here because it ignores the 
difference in the nature of damage caused by initiation and propagation, 
which exist simultaneously during this type of loading. 
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ABSTRACT: The behavior of a Type 316 L austenitic stainless steel subject to creep 
and cyclic tension under imposed load is examined at room temperature. Tests are car
ried out on the material in both the annealed and work-hardened state; in the latter 
case the influence of an initial hardening by cyclic tension on the subsequent creep be
havior, together with the influence of creep hardening on the subsequent cyclic ten
sion behavior, are determined. All tests are conducted with stresses from half the 0.2 
percent yield stress up to a stress leading to an initial plastic strain of about 10 percent. 

We demonstrate the existence of a (critical) stress limit for creep and a stress limit 
for (cyclic) accommodation. The creep strain, for a given time interval, increases with 
the applied stress and, in general, the material continues to creep after 10000 h. The 
plastic elongation, between the 1st and the 10(X)th cycle, that occurs during cyclic ten
sion tests on the annealed materials goes through a maximum when plotted as a func
tion of the maximum applied stress. The creep strain obtained after prior cyclic ten
sion (1000 cycles at the same maximum stress level) has the same stress dependence as 
the plastic strain that occurs between the 1st and the 1000th cycle, and exhibits a max
imum. A creep pre-strain before the cyclic tension tests considerably decreases the 
elongation measured during cycling. 

KEY WORDS: creep, cyclic tension, stainless steel, room temperature, accommoda
tion, creep strain, cyclic strain 

The use of austenitic stainless steels in engineering applications, particu
larly for the construction of pressure vessels, makes it necessary to know the 
mechanical behavior of these materials in service conditions. The application 
of static or cyclic loads can in fact lead to certain dimensional changes of the 
structures under load; the prediction of the amount of these deformations is 
indispensable. 

' Research Engineer, Research Engineer, and Head of Fracture Mechanics Group, respectively. 
Commissariat a I'Energie Atomique, Service Metallurgie, Paris, France. 
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46 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

A number of studies [7-5] have demonstrated that austenitic stainless 
steels creep at room temperature under very low stress levels—that is, lower 
than the 0.2 percent yield stress—and that, in general, creep is not exhausted 
even after tests of 1000 h.' Furthermore, (cyclic) room-temperature plastic 
accommodation has been the subject of several publications [4-6]. In partic
ular, Lieurade et al [6] have shown that the determination of the accommo
dation limit—that is, the maximum stress level which, when applied periodi
cally, can eventually give rise to a purely elastic behavior—depends upon the 
shape of the applied loading cycles and the test frequency. More recently, 
Pellissier-Tanon et al have shown that when a Type 316 L steel is cyclically 
loaded progressive deformation appears when the maximum stress exceeds a 
certain value.^ 

Relatively few studies have examined the behavior of austenitic stainless 
steel at room temperature under loads that are alternately static and cyclic. 
Krempl [7] and Kujawski et al [8] have recently studied the monotonic and 
cyclic creep of a Type 304 steel at room temperature, albeit for relatively 
short periods of time and essentially concentrating on tjie influence of the de
formation and loading rates. 

In general, systematic comparisons of the room-temperature behavior of 
an austenitic stainless steel under static and cyclic loading, together with the 
combined influence of these two loading modes, have not been studied in de
tail. This paper presents the results obtained on a Type 316 L steel during the 
course of such an investigation. 

Experimental Program 

Materials and Specimens 

The steel examined is AISI Type 316 L, produced by vacuum remelting 
and forged to a bar of diameter of 135 mm. The chemical composition and 
mechanical properties of the material are given in Tables 1 and 2, respectively. 

Figure 1 shows the form of the specimen. Specimens were machined from 
samples taken in the longitudinal direction of the bar at 46.5 mm from the 
bar axis. The samples were water quenched after a heat treatment of 1 h at 
ld80°C before final machining. This treatment gives a grain size of index 
ASTM 3 to 4. 

c 

0.0145 

TABLE 1—Chemical composition of the steel (weight percent). 

Si Mn S P Ni Or Mo Cu 

0.39 1.52 0.0035 0.0105 13.64 17.17 2.55 0.02 

N 

0.0101 

' The italic numbers in brackets refer to the list of references appended to this paper. 
"This publication, pp. 69-80. 
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TABLE 2—Mechanical properties of the steel. 

Ultimate 
Tensile 

Strength, 
MPa 

Total 
Elongation, 

Reduction 
of Area, 

Charpy 
U-notch, 

da J • cm"' 

207 517 58 82 30 

Test Equipment and Methods 

All tests were performed under controlled room temperature (20 ± 1°C). 
The creep tests were performed at constant load using vertical creep ma
chines. The specimen elongation was measured with a mechanical exten-
someter and recorded graphically on a drum recorder. The elongation was 
usually amplified by a factor of 100 for most of the tests. Initial loading was 
carried out manually using a system of suspended weights. For each test the 
initial elongation Oi was measured (at the departure from the elastic modulus 
on the recorded curves), and the creep elongation flpf (total elongation minus 
the initial elongation) was then determined as a function of time. 

Most of the cyclic loading tests were conducted on an electro-mechanical 
machine; some comparative tests were performed on a hydraulic pulsator. 
The load-elongation cycles were plotted graphically on an Z-K recorder, and 
the elongation was measured by means of a strain gage extensometer with a 
maximum amplification of 2600. The tests were carried out under load con
trol, between and 0.1 with a triangular waveform. 

The test frequency was maintained at 0.06 Hz. For some tests the fre
quency was 0.06 Hz during the first 20 cycles and 0.2 Hz thereafter. The 
loading rate depends on Omn when the frequency is maintained constant. A 
set of tests was performed with amax = ffyo.oi and a minimum load other 
than 0.1 amax- In this case the frequency was adjusted in order to maintain a 

'Kl 
12 30 

75 

FIG. 1—Specimen geometry. 
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48 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

constant loading rate equal to that obtained during the test where the min
imum load is 0.1 amax and the frequency is 0.06 Hz. 

For each test the experimental values of the maximum stress (omax) and the 
plastic deformation at the 1st (epi) and between the 1st and Mh cycle (tp'"^) 
were determined. 

After testing, a transmission electron microscope (TEM) study was per
formed on thin foils from a number of specimens. The foils were taken paral
lel to the specimen axis at a distance from the surface of about 0.5 mm. 

Test Program 

The stresses chosen for the creep tests (which were also the maximum 
stress levels used f6r the cyclic tests) were determined from the room-
temperature monotonic tension test curve of the material and corresponded to 
('/2)/?o.oo2, ('/4)/?o.oo2, -̂ 0.002, /?o.oo5, Ro.oi, •/?o.o25, Ro.os, Ro.i (Rx being the nom
inal stress to produce a plastic strain x). The creep tests were carried out on 
both the annealed material and on material that had previously been cycled 
in repeated tension for 1000 cycles with a maximum stress level correspond
ing to the creep stress. Most creep tests were conducted for 1000 h, but some 
tests lasted between 2000 and 10000 h. 

The cyclic tension tests were performed on material in both the annealed 
state and after 1000-h creep at a stress equal to the maximum stress of the 
cyclic tension tests. Most tests were carried out for 1000 cycles, although 
some tests were continued for much longer. The different types of tests are 
shown in Tables 3 to 5. 

TABLE 3—Creep test results of the annealed material. 

Specimen 
No. 

25 
35 
19 

38 
17 
34 
24 
18 

40 
26 

12* 
27 
33 
A5 

10* 

Stress, 
MPa 

/?O.0O2/2 

R0M2/2 
3/fo.0O2/4 

3/?o.oo2/4 
^0.002 

•R0.002 

/?0.005 

^O.OI 

Root 
/fo.02Si 

^0.025; 

Ro.os 
Ro.05 

Ro.i 

Ro.i 

= 105 
= 105 
= 157 

= 157 
= 209 
= 209 
= 235 
= 256 

= 256 
= 283 

= 283 
= 323 
= 323 
= 391 

= 391 

<2i, 

% 

0.12 
0.20 
0.32 

0.32 
0.73 
0.67 
1.17 
1.75 

1.05 
3.98 

3.70 
5,37 
6.87 

12.92 

12.63 

Opt (1000 h). 
% 

0.017 
0.03 
0.08 

0.143 
0.33 
1.20 
0.80 
1.38 

0.67 
1.83 

2.38 
2.97 
2.78 
4.83 

4.15 

Opt (10000 h). 

% 

0.055 

(2000 h) 
0.151 

1.616 

(2000 h) 
0.73 

(6000 h) 
2.69 

3.211 

(5000 h) 
4.46 
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Results 

Applied Stress Levels 

Figure 2 shows the tensile stress-strain curve of the material and the stress 
values chosen for the creep and cyclic tension tests. In the upper half of this 
figure, the points (amaz> Cpi) of the cyclic tension tests and (a, ai) of the creep 
tests oh the annealed material are shown for comparison. The slight scatter 
of these points about the tensile stress-strain curves can be partly explained 
by the fact that «pi does not include the elastic part of the elongation, and 
also by the fact that the loading rates are different from those of the tension 
test. 

Creep of the Annealed Material 

Table 3 summarizes the creep test results of the annealed material. The 
material creeps when the applied stress is higher than or equal to (y4)/?o.oo2. 
Figure 3 shows a semi-logarithmic plot of the variation of Opf with time for 
times of 1 to 1000 h. With the exception of the highest stress levels (/?o.05 and 
/Jo.i) the creep elongation between 1 and 1000 h can be written in the form 

flpf = a log t ^^ k (opf in %, / in hours) 

where k corresponds to the value of Opf after 1 h. a and k depend upon the 
applied stress and can be expressed as a linear function of the stress accord
ing to the equations 

a = -4.679 X 10"' + 2.918 X 10"' a 
k = -2.81 X 10"' -I- 1.38 X 10"̂  a 

where a is in megapascals. The correlation coefficients obtained with these 
expressions are good (0.96 and 0.95). The equations are valid for the higher 
stress levels J?o.o5 and /?o.j except for a when t is between 1 and 100 h. When t 
is greater than 100 h the a-values decrease. 

For tests longer than 1000 h, and irrespective of the stress level, this type 
of representation is no longer valid. An expression of the form a^t = )8r" ap
pears to be more representative. Figure 4 shows the variation of Opf with time 
for tests lasting up to 10 000 h. In general, at stresses higher than or equal to 
(y4)/fo.oo2, stabilization is not observed, although the creep rate decreases 
continuously throughout the test whatever the test duration. However, the 
appearance of secondary creep leading to rupture cannot be excluded for 
longer times. 

Cyclic Tension Tests on the Annealed Material 

Table 4 summarizes the cyclic tension test results. Accommodation is not 
observed at less than 1000 cycles for stresses higher than or equal to 
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iy*)Ro.oo2- The accommodation limit occurs between 147 and 167 MPa—that 
is, around 0.7 /?o.oo2—which is in good agreement with the results obtained 
by other authors on Type 304 steels [6]. If one considers that the plastic de
formation of the 1st cycle corresponds to the initial loading during a creep 
test, then it is reasonable to pay particular attention to the elongation that 
occurs after the 1st cycle. Figures 5 and 6 depict the elongation measured be
tween the 1st and Nth cycles as a function of the number of cycles. 

We have been unable to find a simple equation that describes this elonga
tion as a number of cycles. In order to evaluate the influence of the maxi
mum cyclic stress on the dimensional changes of the material, the plastic 
elongation measured between the 1st and 1000th cycles has been plbtted 
(Fig. 7) as a function of the plastic elongation during the 1st cycle (which de
pends in fact on the maximum stress level). These results concern the tests 
with amin = 0.1 «7max. In general, the plastic elongation between the 1st and 
the 1000th cycle increases rapidly with the deformation of the 1st cycle, cpi, 
goes through a maximum for £pi between 1 and 3 percent, then decreases rap
idly to relatively low levels at the higher values of «pi (owing to the high stress 
levels). The maximum value depends upon the test frequency. Tests con
ducted with a higher frequency after the first 20 cycles exhibit a less pro
nounced maximum; separating the elongation between the 1st and 20th cy
cles and the 20th and 1000th cycles shows that the increase in frequency is 
responsible for the lower value of the elongation (Fig. 8). One also observes 
that the test machine appears to exert some influence. Finally, the results 
show that, for a given maximum stress, a change in the minimum stress does 
not have a strong influence on the deformation behavior. 

Creep of Material Deformed in Cyclic Tension 

The initial elongation does not depend very much on the applied stress 
and remains very small, as does the creep elongation after 1 h. The logarith
mic representation used for the creep behavior of the annealed material can 
not be applied in this case. The creep elongation after 1000 h varies with the 
applied stress in the same manner as the elongation between the 1st and 
1000th cycle during the previous cyclic tension testing (Fig. 9). 

Cyclic Tension on Material Deformed in Creep 

The plastic elongations between the 1st and the 1000th cycle are very small 
at all the applied stress levels, and one can consider that the material has 
been accommodated whatever the maximum stress. The elongation during 
the 1st cycle remains small—that is, less than 0.05 percent for stresses less 
than or equal to R0.05—and is equal to 0.24 percent for a stress equal to ROA. 
Figure 10 shows the creep elongation after 1000 h as a function of the ap
plied stress for the annealed material, and the elongation between the 1st and 
1000th cycles during cyclic tension of the material after creep. 
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Cyclic tension . Annealed material 

1 to 20 cycles 20 to 1.000 cycles 
O • without frequency change 
n — — • with frequency change 

9 10 11 12 13 14 

Epdst cycle) 

FIG. 8—Elongation during cyclic tension between the 1st and the 1000th cycle (annealed stale). 

Cyclic tension - creep 

O S p ( i to 1,000) annealed material In cyclic loading 

* ' p f ( 1 . 0 0 0 h ) creep after prior cyclic deformation 

100 200 300 

<r , NlPa 

FIG. 9—Creep elongation after 1000 h (on pre-cycled specimens). 
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FIG. 10—Elongation during cyclic tension between the 1st and the 1000th cycle {on pre-crept 

specimens). 

Comparison Creep + Cyclic Tension and Cyclic Tension + Creep 

Figure 11 shows the total elongation of specimens after 1000-h creep plus 
1000 cycles of repeated tension and also 1000 cycles of repeated tension plus 
1000-h creep, as a function of the maximum stress. It is to be noted that the 
order in which the different tests are carried out has practically no influence 
on the total elongation up to a stress level on the order of/?o.oi (256 MPa). 
For higher stresses the sequence creep + cyclic tension produces a total elon
gation greater than that of the sequence cyclic tension -l- creep. This point 
remains to be confirmed for the stress level i?o.i (391 MPa). Table 5 shows all 
test results. 

Micrographic Study 

A thin-foil TEM study was carried out to determine the changes in the dis
location siibstructure between the 1st and the Mh cycle during cyclic ten
sion. The stress levels were chosen so that the deformation between the 1st 
and the 1000th cycles corresponded to the highest and lowest of the observed 
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Creep - cyclic tension 

Cyclic tension - creep 

. # Creep + cyclic tension 
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100 200 300 400 

(T , MPa 
FIG. 11—Total elongation of creep + cyclic tension and cyclic tension + creep. 

values. Figure 12 shows the structures observed in a specimen after 1 cycle 
with a deformation of 2 percent, and in a specimen after 45 700 cycles with a 
deformation of 2 percent during the 1st cycle and 1.13 percent during the fol
lowing cycles. After the 1st cycle a relatively low dislocation density is ob
served; some regions contain free dislocations while other regions show the 
beginning of dislocation rearrangements. 

After 45 700 cycles the dislocation substructure is rather heterogeneous, 
and regions of both high (cellular arrangements) and low dislocation density 
can be observed. 

Figure 13 shows the substructures observed in a specimen after 1 cycle at 
14 percent deformation, and another specimen after 31900 cycles with a de
formation of 14 percent in the 1st cycle and 0.23 percent for the following cy-
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cles. After the 1st cycle one observes a high density of dislocations arranged 
either into cellular configurations or along slip planes or slip bands. After 
31 900 cycles the structure is cellular and the density of free dislocations in 
the interior of the cells is relatively low. 

One cannot see any difference between the structures produced by a de
formation of 14 percent obtained in a monotonic or a cyclic way. 

Discussion 

These tests confirm that creep occurs in austenitic stainless steels at room 
temperature. The 1000-h creep law of the annealed material is, however, only 
valid for this particular steel grade, and a study of the influence of the com
position on the coefficients of the creep equations would be useful. 

The material continues to creep with a continuously decreasing creep rate 
for periods of time up to 10000 h. A constant creep rate region is not ob
served. The creep elongation, at a given instant, increases with the applied 
stress. 

The behavior in cyclic tension is completely different. Thus the elongation 
between the 1st and the 1000th test cycle initially increases with the maxi
mum stress, then decreases and becomes very small at high stresses. The 
creep elongation cannot therefore be related (directly) to the cyclic elonga
tion. Moreover, the commutated tests (creep + cyclic tension and cyclic ten
sion -|- creep) show that the test order affects the results. The total elonga
tion is smaller in cyclic tension + creep at the highest stress levels because of 
the accommodation that occurs during cyclic testing. 

The TEM study of the dislocation substructures is not developed enough 
to explain in a quantitative way the different behaviors observed during the 
tests. 

Conclusions 

The phenomenon of room-temperature creep of annealed austenitic stain
less steels has been confirmed by tests on a Type 316 L steel. The creep stress 
limit is between 0.5 Ro.ooi and 0.75 /?o.oo2. The creep elongation increases with 
the stress level, and no stabilization is observed for creep times up to 10000 h. 
The creep rate always decreases with time for all applied stresses. 

The accommodation limit obtained by cyclic tension on the annealed 
material is about 0.7 /?o.oo2- The deformation between the 1st and the 1000th 
cycle does not increase (monotonically) with the maximum stress, but goes 
through a maximum for a stress of about Ro.oi-

For a material deformed by cyclic tension, the subsequent application of a 
static stress equal to the maximum cyclic stress produces a creep strain that 
does not increase with the applied stress, as is the case for the annealed mate
rial. This deformation obeys the same law as that obtained by cycling, and is 
on the same order of magnitude. 
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For creep-deformed material the subsequent application of tensile stress 
cycles (of maximum stress equal to the creep stress) produces a very small de
formation. Accommodation takes place rapidly after a few cycles at all stress 
levels. 

The order in which the combinations of static and cyclic stresses are car
ried out has practically no influence on the deformations at stress levels 
below ROM . At higher stress levels, the creep—cyclic-tension sequence leads 
to higher strains than the cyclic-tension—creep sequence. 
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ABSTRACT: An experimental program has been conducted on Type 316 stainless steel 
uniaxial specimens to determine the main characteristics of their behavior under re
peated loading. The cyclic stress-strain curve measured under constant repeated load, 
without high preloads, is independent of the level of the mean stress. Two different be
haviors with respect to the occurrence of progressive deformation have been observed: 
(1) at room temperature, progressive deformation occurs when the maximum value of 
the tensile stress exceeds a critical value, and (2) at 320°C and for loading with tempera
ture cycling between ambient temperature and 320°C, progressive deformation occurs 
when the amplitude of stress exceeds a critical value. 

These results show that Section III of the ASME Code, which limits the range of vari
ation of the primary plus secondary stress intensity to the value of 3 Sm, gives an effec
tive guar.antee against progressive deformation for operating conditions in the range 
of 20 to 320°C. It is recalled that the absence of progressive deformation is a necessary 
condition for the validity of conventional low-cycle fatigue analysis. 

KEY WORDS: stainless steels, cyclic behavior, shakedown analysis, progressive de
formation, plastic accommodation, low-cycle fatigue creep, strain, aging 

Large industrial pressure vessels and boilers are designed so that, for all 
in-service repeated loadings, progressive deformation of the structure cannot 
occur and the zones of localized plastic strain remain contained within a glob
ally elastic field. The analysis rules proposed in the ASME Code for this 
purpose [i] are presented with reference to limit load or plastic shakedown 
criteria; this implies that the material behavior is described by a perfectly 
plastic stress-strain law in which the yield stress is equated with a plastic flow 
limit [2].^ In practice, the Code limits are established by reference to the con-

' Engineer, Framatome, Tour Fiat, Paris la Defense, France. 
^Materials Engineer, Department of Mechanics, Creusot-Loire, Centre de Recherches 

d'Unieux, Firminy, France. 
'The italic numbers in brackets refer to the list of references appended to this paper. 
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ventional yield stress of the tension test, thus ignoring the actual behavior of 
the steels under cyclic loads. To check the adequacy of these rules, it is neces
sary to know the limiting conditions below which progressive plastic flow of 
the material does not occur under repeated loading. These limiting condi
tions are those which characterize the transition between progressive defor
mation and plastic shakedown. 

A material element in a structure is said to have reached a state of "plastic 
accommodation" under repeated loading [3,4], if it ultimately presents 
steady cycle elastoplastic reversible behavior (with the possible exception of 
the first few cycles). The difference between progressive deformation and 
plastic accommodation of a uniformly strained material element, here a test 
specimen, is illustrated in Fig. 1. 

The accommodation limit under repeated tension (amin = 0) has been de
fined by Plenard [ i ] to characterize the yield limit of cast iron. Lieurade et 
al [5] have investigated the relation between this "accommodation limit" 
and the conventional yield and flow properties for stainless steels at room 
temperature. However, the stress state applied to any material element in a 
structure is seldom that of repeated tension. 

For this reason, we have looked for a wider description of the material 
"plastic accommodation" region under imposed uniaxial stress as a function 
of the alternating stress amplitude oa and the value of the mean stress am 
(Fig. 2). 

In a similar test program performed on a IViCr-lMo quenched and tem
pered steel [6] at room temperature, the limit for plastic accommodation 
was shown to be associated with a limiting value oa.' of the alternating stress 
amplitude. In addition to the determination of the limiting loading condi
tions between "plastic accommodation" and progressive deformation, it is 
necessary to characterize the cyclic stress-strain curve under alternate load
ing in order to better understand the behavior of the steel. 

Experimental Procedure 

Material 

The material investigated is an annealed Type 316 stainless steel, with low 
carbon content and controlled nitrogen, used in the primary loop of Pressur
ized Water Reactors (PWR). Test specimens were taken from a 30-mm-thick 
plate, in the rolling direction. Chemical analysis and mechanical characteris
tics are given in Tables 1 and 2, respectively. 

Description of Tests 

The tests were conducted at 20 and 320°C, which are close to the limits of 
the operating temperature range of the PWR. These tests are shown schemat
ically on Fig. 2 together with a key to the symbols used. Tests were per-. 
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FIG. 1—Different typical behavior of material under stress loading conditions at room 
temperature. 

formed on a servohydraulic test machine under strain (Fig. 2a) or load (Figs. 
2b to 2d) control. The specimen used is a smooth specimen with a cylindrical 
gage length (Fig. 3). 

Cyclic stress-strain curves have been determined at room temperature and 
at 320°C, under strain control, using the multiple-step test method. These 
curves are drawn on solid lines in Figs. 4 and 5. \ 

The conditions of "plastic accommodation" and the occurrence of pro
gressive deformation were determined by tests under load control between 
CTmax = 0m + a* and tTmin = Om — 0a, Until the tendency to stabilization or 
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TABLE 1—Chemical analysis. 

C Mn Si S P Ni Cr Mo N 

0.029 1.80 0.50 0.012 0.032 12.60 17.54 2.38 0.077 

Cu Co 

0.26 0.18 

TABLE 2—Mechanical characteristics. 

2 % Yield Ultimate Tensile Percent 
Temperature Strength, MPa Strength, MPa Elongation (5rf) 

Percent 
Reduction 

of Area 

Room temperature 

320<'C 

284 
283 

149 
155 

539 
590 

471 
472 

52 
52 

40 
39 

81 
80 

67 
64 

progressive deformation occurred. Two types of tests were performed: (7) 
Oa constant, Om increaiing, b y S t e p S , a n d ( 2 ) am constant, Oa increasing, b y StCpS. I n 

these tests the number of cycles at each step has to be sufficient to reveal a 
tendency to stabilization or to progressive deformation, but is limited to 
avoid extensive low-cycle fatigue damage. In a previous study [6] on a 
2'/4Cr-lMo steel, these tendencies appeared clearly after 10 to 20 cycles. 
For the stainless steel, this number of cycles is insufficient. Moreover, we 
have noted that, even for small loading amplitudes, there is often a slight incre
ment of deformation at each cycle. Therefore it is necessary to defme a crite
rion to characterize the tendency to "plastic accommodation" or to progres
sive deformation. The criterion retained is as follows: if the increment of 
mean deformation is below 0.1 percent between 50 and 100 cycles [(Atm/AN) 
< (2 • lO'Vcycle)], the material is taken to be stabilized. Figure 1 gives an ex
ample of the behavior of two specimens located just below and above the ac
commodation limit according to this criterion. 

FIG. 3—Specimen dimensions. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



74 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

•̂  400 

300 

o 200 

^ / cyclic stress strain 
A curve under alternate 

/ strain 
/k 

0^ constant o^ increasing 

A or 
c%,constant o^ increasing 

1 1 1 1 1 1 1 

100 

0 0.2 0.4 0.6 0.8 

alternating strain onnplitude Ea t%) 

FIG. 4—Cyclic stress-strain relation at room temperature. 

s 
z 
tf 

400 

I 300 

cyclic stress 
strain curve 
under alternate 
strain. 

stress controlled results : 

A (X constant and CL increasing 

J I I I I L 
0.2 0.4 a s 0.8 

olternating strain omplitude £a (%) 
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Results of Tests on Determination of Progressive Deformation 

Tests at Room Temperature 

The reference tests were carried out with a constant alternating stress am
plitude and increasing mean stresses. The results obtained are plotted on a 
diagram (oa — am) (Fig. 6). These results show that the points corresponding 
to progressive deformation are practically above the line 

aa + am = amax = 350 N/mm^ 

The limiting condition for "plastic accommodation" depends only on the 
maximum stress, whatever the level of the alternating component. We have 
examined the influence of the test method on the determination of progres
sive deformation by performing tests with a constant mean stress and in
creasing alternating stresses. These tests led to equivalent results. 

Tests at 320°C 

The reference tests were performed with a constant alternating stress am
plitude and increasing mean stresses. Figure 7 shows the variation of the 
mean stress as a function of the alternating stress; in contrast to the room-
temperature behavior, an abrupt transition is observed between stress states 
for which the material undergoes "plastic accommodation" and states for 
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FIG. 6—Progressive deformation threshold at room temperature. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



76 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

£ 200 

t 150 

100 

50 

H 

I 
i 
II 

^ 

o 
I 
1 
o 
I 
I 
6 
I 
6 
I 
I 
6 
I 
* 
I 
o 
I 
I 
I 
• 
I 

o 
I * 
I 
o 
I 
I 

<!> 
I 

6 
I 
I 
o 
) 
• 

I 
6 

I 
I 

4 
I 
I 

320*0 

o plastic 
accommodatior 

• progressive 
deformotion 
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FIG. 7—Progressive deformation threshold at 320°C. 

which progressive deformation occurs. The values of the mean stresses ap
plied had to be limited owing to the value of Oa chosen, in order to avoid an 
excessive elongation of the specimen. The lower value of the monotonic flow 
stress at 320°C explains why the maximum values of the mean stresses are 
lower at 320°C than at 20°C. We can therefore define for this temperature a 
limiting value of the alternating stress amplitude below which plastic ac
commodation occurs for levels of mean stresses lower than 150 to 200 MPa; 
this value, a«', is between 230 and 250 MPa. 

Relation to the Creep Behavior of the Material 

The very different behaviors observed at room temperature and at 320°C 
can be related to the creep behavior of the material at these temperatures. 
Creep tests performed between room temperature and 350°C, at equivalent 
stress levels, on a similar steel [7,8], have shown that (/) the steel creeps 
under load at room temperature, (2) when the temperature increases, the 
creep elongation decreases, and (3) at 350°C there is practically no creep. 

The difference in creep behavior between 20 and 350°C may be interpreted 
by the phenomenon of strain aging at higher temperatures. Thus at room 
temperature, because of the creep phenomenon, a time-dependent deforma
tion appears as soon as the stress reaches a sufficient value. 

At 320°C, as there is no creep, only the alternating amphtude of the stress 
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cycle governs the "accommodation" phenomenon. The value of the ampli
tude of the stress cycle determines the value of the amplitude of the strain 
cycle according to the cyclic stress strain curve (see below). The strain ampli
tude has to be sufficient for the occurrence of progressive deformation. 

Tests at Room Temperature Preceded by Tests at 320°C 

As the tests had shoWn a very different behavior at room temperature and 
at 320°C, it was of interest to verify if preliminary loadings at 320°C would 
have an effect on the behavior of the material at lower temperatures. The re
sults of the tests (Fig. 8) show that, for a given loading (aa — om), if "ac
commodation" occurs at 320°C, it also occurs at room temperature. Further
more, "accommodation" takes place at significantly higher stresses. This 
shows a memory effect of the material; it retains at room temperature the 
"accommodation" capacity acquired at 320°C. 

Cyclic Stress-Strain Curves 

Figure 2 shows how it is possible to determine the cyclic stress-strain rela
tion even in the presence of progressive deformation. Figures 4 and 5 present 
the cyclic stress-strain curves obtained under alternate strain (solid line) 

AOO 
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"iaoo 
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I 200 

100 

. plastic accommodation threshold at 20 *C 
plastic accommodation threshold at 320*C 

a o plastic accommodation 
• • progressive deformotion 

320 "C 20'C 
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FIG. 8—Influence of preliminary solicitations at 320° C on the progressive deformation thresh
old at ambient temperature. 
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with the measurements made with stabiHzed values of oa and ea under stress 
control with or without mean stress. Figures 4 and 5 show that the cyclic 
stress-strain curve is independent of the nature of the loading sequence. This 
observation is of interest for the modeling of the material stress-strain rela
tion for numerical elastoplastic structure analysis. Indeed, it confirms mod
els, for example as proposed by Eisenberg [9], which assume that the mate
rial tends to reach asymptotically stable loops depending only on the 
amplitude of the stress or strain cycle. 

Application of the Material "Plastic Accommodation" Limit to 
Structural Analysis 

Tests performed on Type 316 stainless steel have shown different results at 
room temperature and at 320°C. At room temperature, the capacity for 
"plastic accommodation" is related to the existence of a creep flow stress 
under cyclic load. Repeated loading cycles above the cyclic flow limit have 
the same effect as constant load in a conventional creep test. Thus the resist
ance to progressive deformation under repeated loading can be calculated by 
using a model similar to the one used to analyze the resistance to excessive 
deformation under constant load for a creeping material or, even more 
schematically, for an elastic perfectly plastic material. A practical simplified 
method to solve this type of problem may be the use of limit load analysis in 
the same manner as for the application of the reference stress concept to 
creep analysis. 

At about 320°C and for cycles between room temperature and 320°C, the 
capacity for "plastic accommodation" is directly related to the alternating 
stress amplitude during the repeated cycles. For any components and any 
loadings, if the alternating stress amplitude computed elastically for the most 
highly loaded material fiber remains lower than the material "plastic ac
commodation limit," the whole component must reach plastic shakedown. 
Indeed, this material fiber is subject to a stress amplitude that cannot be 
physically higher than the elastically computed one owing to the process of 
plastic stress redistribution within the structure. This material element must 
then necessarily attain "plastic accommodation," so must the remaining 
parts of the structure which sustain lower stress amplitudes. Thus the plastic 
shakedown of the structure is assured. 

However, when loading a structure to the level allowed by the aforemen
tioned considerations, there remains a risk that the amount of accumulated 
plastic deformation preceding plastic shakedown will be too high with re
spect to the design requirements. To avoid such a risk, one may consider a 
more stringent practical definition of the material "plastic accommodation" 
than the one given in this study (accumulated strain lower than 10'' between 
the 50th and the 100th cycle). One may also apply a safety factor. 

In addition, a transposition of the results obtained on the steel under uni
axial loading to the analysis of the behavior of a structure requires that a 
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multiaxial stress state should be considered. One can reasonably then employ 
the usual plastic flow criteria (Von Mises or Tresca), since the material "plas
tic accommodation" process takes place physically at the level of polycrys-
talline structure in the same manner as for the monotonic strain-hardening 
process. 

For both conventional and nuclear boilers, which have operating cycles 
combining start-ups, shut-downs, and power fluctuations, all cycles are at 
elevated temperatures or between room and high temperatures. Therefore 
plastic shakedown in Type 316 stainless steel components would be governed 
by the alternating stress amplitude. This situation perfectly fits the ASME 
Code, Section III or Section VIII, Division 2 criterion for the primary and 
secondary stresses: 

Pl + Pb + Q^3 Sm 

in which the left-hand term represents the range of variation of the Tresca 
equivalent stress resulting from the superposition of primary and secondary, 
and membrane and bending parts of the applied cyclic loading. 

It is of interest to compare the "plastic accommodation" limit measured at 
SlCC in this study to the 3 Sm value given in ASME Code Section III for the 
Type 316 stainless steel [7]. At 320°C, 2 a^' = 460 MPa, while 3 Sm = 390 
MPa. Actually, the loading cycles in operating plants have a larger duration 
than the tests presented here. We did not perform low-frequency tests or tests 
with hold time. However, it may be reasonably expected that the disloca
tion interstitial pinning that forms the basis of the dynamic-hardening effects 
revealed in the 320°C or 20 to 320°C tests should confer on the Type 316 
stainless steel a large resistance to these time-dependent effects. Therefore 
the foregoing comparison between 2 oa' and 3 Sm shows that the present 3 Sm 
stress limitation of the ASME Code should provide a safe guarantee of plas
tic shakedown for austenitic Type 316 stainless steel structures. 

To understand the mechanical meaning of such an approach compared to 
the thermal ratchet type criteria, one must consider that the 2 oa' "plastic ac
commodation" criterion is a sufficient but not necessary condition for the 
occurrence of plastic shakedown of the structure. In fact, in the case of com
bined mechanical and thermal loadings, it is the rate of progressive deforma
tion beyond the 2 aa'^loading limit which depends on the severity of the load
ing situation, as described by thermal ratchet criteria. And the same would 
hold, to a lesser extent, for the value of the strain accumulation preceding 
plastic shakedown just below the 2 oe limit. 

Conclusion 

The salient result of this study is the demonstration that the possibility of a 
steady-state flow behavior of Type 316 stainless steel under repeated cyclic 
loading at 320°C or for cycles between 20 and 320°C depends only on the al-
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ternating stress amplitude for levels of mean stresses lower than 150 to 200 
MPa. The capacity for "plastic accommodation" of the steel for tensile cyclic 
loading is then related to a limiting value of the cyclic stress amplitude oa-
For all Type 316 stainless steel structures for which the level of mean stress 
under cyclic loading is lower than 150 to 200 MPa, which is expected to be 
the most general case, this limiting value can be used within an elastic analy
sis as a sufficient condition to guarantee the plastic shakedown of the 
structure. 
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ABSTRACT: Lifetime of a structure is considered as the time needed to initiate some 
macroscopic crack, propagation of which is then calculated with the help of Fracture 
Mechanics concepts. The paper gives a brief discussion of the possibilities of lifetime 
parametric relations, based on strain variables, in the high-temperature range. Alter
native approaches based on Continuous Damage Mechanics are then developed and 
discussed; they introduce internal damage variables, describing the progressive deteri
oration of the material before macroscopic crack initiation. A particular definition of 
damage, based on the effective stress concept, gives a macroscopic measure, which 
constitutes a guideline to the development of differential damage equations. Some ex
amples show the possibilities of these approaches and deal with nonlinear cumulative 
effects (or sequence effects) and creep-fatigue interaction. 

KEY WORDS: fatigue life, crack initiation, cumulative damage, refractory alloys, 
creep properties, fatigue materials 

In the field of jet engines, gas turbines, and nuclear and chemical plants, 
structural components working at high temperature under cyclic conditions 
are the location of many complex phenomena. The very severe requirements 
in design procedures (safety, reliability, efficiency, economy, etc.) require the 
development of sophisticated lifetime prediction techniques, which take into 
account viscoplastic behavior as well as crack initiation under creep and fa
tigue conditions. 

The prediction of macroscopic crack initiation is generally made through 
more or less simple parametric equations, relating lifetime to some stabilized 
cyclic quantities such as elastic or inelastic strain ranges. A complementary 
approach, initially introduced for creep but recently developed for creep-
fatigue interaction, leads to a macroscopic description of the successive physi-

' Office National d'Etudes et de Recherches Aerospatiales (ONERA), Chatillon-sous Bagneux, 
France. 
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cal phenomena giving rise to the crack initiation. The two main tools of this 
Continuous Damage Mechanics are the introduction of damage as an inter
nal state variable and the treatment of the damaged material as a macroscopi-
cally homogeneous volume element. The main purpose here is to introduce 
these concepts in relation to classical approaches and to evaluate their utility. 

General Background 

Lifetime and Macroscopic Crack Initiation 

The physical processes occurring in metals at high temperature before 
crack initiation can be schematically separated into: 

1. A first phase, where slip and dislocation motion generate plastic and 
creep strains and where the preponderant macroscopic effect is cyclic harden
ing or cyclic softening. 

2. The micro-damage stage, where dislocations pile-up and nucleate irre
versible decohesions such as surface microcracks and grain boundary cavities. 

3. A micro-propagation period, during which microdefects grow and coa
lesce into a single main crack. 

This final state corresponds generally to the macroscopic crack initiation— 
that is, the presence of a material discontinuity—sufficiently large as regards 
the microscopic heterogeneities (grains, subgrains, etc.); in such a case, the 
main macroscopic crack is assumed to be developed through several grains, 
in order to show a sufficient macroscopic homogeneity in size, geometry, 
and direction, leading to a possible treatment through the Fracture Mechanics 
concept (Fig. 1). Let us remark that, contrary to other definitions, the present 
one corresponds approximately to the breaking up of the tension-compression 
specimen. 

Classical Parametric Correlation of Crack Initiation 

Continuation of the initial works of Coffin [/] and Manson [2] leads to 
the development of equations relating the number of cycles to failure NR (or 
macroscopic crack-initiation) to several parameters, defined with respect to 
cyclic stabilized conditions, such as elastic, inelastic, and total strain ranges, 
dissipated strain energy [3,4'\, temperature, frequency, strain rate, and hold 
times.^ 

Under high-temperature loading, several relations have been proposed, in
troducing directly the frequency or the strain rate to describe the time or 
creep effects. One has, for example, the Frequency-Modified Life Relations 
developed by Coffin [5,5]: 

^ The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. 1—Schematic of a macroscopic crack initiation concept. 

E (1) 

where Ae is the total strain range, N/ is the number of cycles to failure, and 
the modified frequency takes into account the cycle shape. A,C,k,ki, fi, and 
n' are coefficients, depending on the material and temperature. Another 
modification, proposed by Berling and Conway [7], is 

-4(?r-f(Ti) 
•m/2 

(2) 

where e/ and a/ are the true strain and the true stress for tensile failure (E is 
the Young's modulus). The Strain Range Partitioning (SRP) method [8,9] 
more directly recognizes the separation and the combination of creep damage 
and fatigue damage processes in terms of the corresponding creep and plastic 
strains occurring in the stabilized cycle. The difference between creep effects 
under tension or compression is accounted for by introducing four basic cyclic 
conditions: tensile plastic flow reversed by compressive plastic flow (Ae^p 
type inelastic strain range), tensile creep reversed by compressive creep (Accc 
type), and two mixed conditions (Atcp and Ae^c). 

Four basic failure equations are associated with these four loading condi-
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tions and determined by the corresponding tests, where plastic strain is de
fined as the inelastic strain under rapid loading and creep strain corresponds 
to hold times. These equations can be written as 

Nij = Cij Aein""'' U =porc (3) 

In the case of complex cycling, where three kinds of inelastic strain-range 
components can be present, several experimental [70] or numerical tech
niques [11] have been studied for the partitioning of the cycle. The prediction 
of cycles to failure N/ in the complex situation is then made by means of an 
additive rule such as 

Nf Acta LA/pp(Aei„) iV„(Aei„) JV.p(Aei„) A/p.(A€i„)J ^ ' 

Extension of the strain-range partitioning method to energetic concepts 
has been studied [12], but does not change the general utility of this 
approach. 

The main advantage of parametric correlations such as Frequency Modi
fied equations or Strain Range Partitioning holds from their simplicity; in 
fact, they apply easily in their range of determination. However, they appear 
as interpolation rules more than general constitutive equations and present 
several deficiencies: 

1. Under temperature cycling (thermal fatigue), their application needs 
additional hypotheses and some specific techniques for creep and fatigue 
damage identification (strain partitioning is not so easy). 

2. The three-dimensional generalizations are difficult to understand and 
apply when complex loadings are considered. 

3. These formulations relate some stabilized cyclic conditions to the ulti
mate state of the damage process and ignore the progressive growth of the 
physical damage between the undamaged state and macroscopic crack initia
tion. This impUes that under nonperiodic loading the sequence effects cannot 
be predicted; only the linear Miner's rule is applicable. 

4. Extrapolation to long lifetimes, when the inelastic strain range is very 
small but hold times are very large, seems doubtful. The creep influence, for 
example, is minimized in the SRP method for strain cycling with large hold 
times (the tcp component becomes asymptotically constant as the hold time 
increases). 

As can be seen by these remarks, the strain-range-based parametric corre
lations are already usable for design purposes, but many specific experimen
tal determinations have to be carried out in order to extend and improve 
their utility. The Continuous Damage concepts, reviewed in the next sections, 
constitute an attempt to develop some complementary approaches. 
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Definitions and Measures of Damage 

The usual engineering definition of damage, which ignores the details of 
the damage process, corresponds to the life ratios and leads to the use of the 
linear summation t/U + N/NF = 1, where h is the nominal creep life and NF 
is the number of cycles to failure under pure fatigue conditions. This defini
tion, sufficient to introduce the linear cumulative Miner's rule, becomes in
consistent when physical aspects of damage are considered or when sequence 
effects have to be reproduced. 

On the other hand, the physical studies of damage, limited to the micro
scopic scale, are important in increasing the understanding of phenomena, 
but are difficult to apply to engineering situations, because of their poor 
quantifiability. Let us note, however, progress in this domain [75-75]. Some 
macroscopic definitions of damage can be introduced through the measured 
changes in physical parameters such as density [16,17] and resistivity [18], 
but additional models are necessary to use these measurements for engineer
ing purposees. 

Damage Definition by the Residual Life 

When lifetime predictions are considered, the natural way to introduce 
damage corresponds to the definition in terms of the remaining life; at each 
time of a given process the actual state of damage will influence the future 
life (or remaining life) under a particular nominal loading. This concept 
[19,20] is schematically illustrated in Fig. 2 and generally leads to the defini-

Nominal reference loading 

Actual state D 

Initial damaging process D, = I - 'R 1 

FIG. 2—Schematic of the damage measured by remaining life. 
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tion of the actual damage by Di = 1 — (fR/tR), where fR is the residual life for 
the same loading giving rise to life IR for the undamaged material. 

Such a definition of damage has been used in the past for creep [ 19] as 
well as for fatigue processes [21,22], but needs a considerable number of 
tests for implementation; at each time of the process being studied at least 
one specimen is necessary to measure damage in terms of the remaining life. 
Moreover, results of the measuring sequence can depend on the chosen ref
erence loading (stress or strain level, temperature, creep loading, fatigue 
loading, etc.). In other words, these measurements are destructive and could 
lead to nonunique values of damage. 

This concept can be used, however, as a theoretical definition of damage 
that permits the generally observed nonlinear cumulative effects (or sequence 
effects) to be described, as, for example, in stress-controlled fatigue tests 
under two-level sequence loadings. Figure 3 a schematically illustrates that 
nonlinear cumulative damage can be associated with the stress dependence 
(or loading dependence) of the damage evolution curves as function of the 
life ratio N/NF (where NF is the nominal life under periodic loading). If dam
age D is considered as a unique internal state variable, it is easy to see that 
the summation of initial life ratio and the remaining-life ratio is different 
from unity. Such behavior agrees well with many experimental fatigue re
sults [23-26]. 

Let us remark now that the remaining-life definition of damage is insuffi
cient to completely quantify the damage state. Figure 3 b shows schemati
cally that the same remaining life after the same initial damaging process can 
be obtained for two very different kinds of damage evolution curves; for ex
ample, a biunivocal mapping between the two damage definitions, 

D ^ D' = D"^ " 

does not change anything about the residual life and the sequence effects. 
This nonunicity of damage gives no problem when only one damage process 
has to be considered, but leads to arbitrariness in the case where two damage 
processes, determined independently, are present simultaneously or sequen
tially. Such a situation arises under creep and fatigue interaction. The pur
pose of the next section is to develop a complementary measure of damage 
giving rise to a unique quantification. 

Damage Definition by the Effective Stress Concept 

The theory is supported by the physical idea that crack initiation is pre
ceded by a progressive internal deterioration of the material, which induces a 
loss of strength in terms of strain as well as in terms of remaining life. 
Rabotnov first proposed to relate these two aspects through a macroscopic 
damage variable, introduced with the effective stress concept. 

The effective stress concept is used to describe the effect of damage on the 
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FIG. 3—(a) Nonlinear cumulative effect associated with nonunicity of damage evolution, (b) 
Nonuniqueness of damage measures by the remaining-life concept. 

Strain behavior. In this concept a damaged volume of material under the 
applied stress a shows the same strain response as the undamaged one sub
jected to the effective stress (Fig. 4a)\ that is, 

a = a/(l - D) (5) 

Using this definition, D represents a loss effective area taking into account 
decohesions and local stress concentrations through homogenization con
cepts [27]. 

Under completely reversed stress-controlled tests, for example, measures 
of maximum plastic strain evolution {tpu) lead to damage measurements 
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through the power relation for the undamaged stabilized stress-strain 
behavior 

<JM = K tfu 

and the effective stress concept for the last part of the test 

1 -D 
= K tPM" (6) 

where ^PM* is the maximum plastic strain under stabilized conditions, and 
the cyclic strain hardening exponent n' is determined from a set of cyclic 
tests. The damage follows by [28,29] 

D = I - (epM*/tpM/ (7) 

Figure 4b shows examples of such measurements made on the IN 100 
nickel-base superalloy at 1000°C (5 Hz reversed stress control). One observes 
highly nonlinear damage evolution, owing to the more pronounced influence 
of damage processes in the micropropagation phase, and a stress dependency 
of these curves in the same order as in Fig. 3a, which correlates well with the 
generally observed cumulative effects [24,25,30]. Application of the method 
was also satisfactory with INCO 718 at 500°C [31] and 316L stainless steel at 
room temperature [32]. 

The method also applies in creep situations [33] by using Norton's equa
tion as the reference undamaged behavior. As observed from remaining-life 
studies under creep [19,34], the different damage evolution curves are in
versely ordered as regards the fatigue case (compare Figs. 4b and 4c). 

As mentioned before, these damage measurements complete the remaining-
life definition; they provide quantitative values of a macroscopic damage 
variable associated with actual physical processes. Although these measured 
values correspond more to the microcrack propagation, they give a sufficient 
indication and lead to a possible description of nonlinear creep-fatigue inter
action. The quantitative difference in the damage rates under creep and 
under fatigue, evident from comparison of Figs. 4b and 4c, is sufficient to 
explain this nonlinearity for the IN 100 alloy. Let us note also the success of 
the approach for high-temperature creep and fatigue of I'ACr-lMo steel at 
550°C [35]. 

Damage Constitutive Equations 

It is essential that these equations be developed in a differential form; an 
expression of D as a function of time, for example, constitutes only a response 
of the material to a particular forcing parameter [36]. All equations using 
the consumed potential (life ratio) as a damage parameter are so eliminated. 

If nonlinear cumulative effects are needed, these equations must have in
separable variables in terms of damage and the chosen forcing parameter 
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[28,37]. In other words, the damage response functions have to be different 
under different loading conditions [30,38], as observed also by measuring 
damage through the effective stress concept. 

Three types of damage increase can be investigated: (7) in terms of stress 
increment da (or strain) in the static plastic failure, (2) as a function of the 
time increment dt for the creep processes (or for corrosion or irradiation 
processes), and (5) as a function of the cycle increment dN for the fatigue 
processes. Each has to be identified by some specific tests, independent of the 
others, leading to the determination of the corresponding differential damage 
equations. Considering only creep and fatigue processes, their one-dimen
sional isothermal form is [29,39] 

dDc = M<p, a, Dc )dt 
(8) 

dDF = ffi^, a, DF )dN 

Here tp denotes the chosen forcing variables (stress or strain or plastic strain), 
and a represents the internal variables, describing, for example, the harden
ing state of the material. 

Particular creep damage and fatigue damage constitutive equations are 
discussed in the next three sections, neglecting the influence of the hardening 
variable a. 

Creep Damage 

Creep damage develops at high temperature under constant or slowly vary
ing loads. This time-controlled deterioration process corresponds on the 
microscale to the nucleation of grain boundary decohesions and their in
crease until formation of intergranular microcracks. The most popular creep-
damage equation was first proposed by Kachanov [40] and relates damage 
rate to the applied stress and the actual creep damage. For the one-dimen
sional case its extended form writes as [29,33] 

-i^h-dD = \^j(l-Dy''^'"dt (9) 

Damage is 0 for the initial state and equals 1 to failure. The stress-dependent 
exponent k (a) is introduced in order to take account of the stress-dependent 
damage evolution curves. Under constant stress, integration of Eq 9 gives 

« = '-('-i)" ""' (10) 

where tc is the creep rupture time 

[k{a)+l] (11) 
- & , 
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This creep damage equation gives a correct fit not only to the creep rupture 
curves [29,31] but also to the measured damage evolutions such as in Fig. 4b. 
Moreover, using the effective stress concept in addition to viscoplastic flow 
equations for the undamaged material can lead to a very accurate descrip
tion of the whole creep curves [31] (Fig. 5). Primary creep is obtained from 
the strain-hardening equation; secondary and tertiary creep comes from 
coupling with the damage equation. Predictions of the creep strain at failure 
are also satisfactory, which supposes a correct creep ductibility description. 

Let us mention other works on creep damage and its cumulative aspects, 
with similar approaches as Kachanov's [37,41-43], or by various concepts 
such as the exhaustion of ductility [44], the microcrack propagation ap
proach [45], and the creep endurance limit [34]. These formulations are not 
really in opposition with the ones based on the effective stress concept; in the 
last theory [34], the nonlinearity of creep damage evolution is completely 
reversed, but the curves show the same kind of stress dependency which, as 
discussed before, allows a possible mapping between the two definitions of 
damage. 

Fatigue Damage 

The fatigue process generally involves surface defect nucleation and trans-
granular microcracking. Although some difficulties could be encountered 
under complex loading [31,46,47], the fatigue damage equations are gener
ally written in terms of cycles; this hypothesis is supported by the usual ob
servation of little dependence between fatigue life and frequency in the low 
temperature range. The problem of relating a formulation in terms of stress 
and stress rate (or strain and strain rate) to a formulation in terms of cycles 
has been studied by several researchers [37,47]. Three particular forms of 
damage growth equations are considered here: 

1. The bilinear cumulative damage rule, introduced by Manson and his as
sociates [24,25], uses the separation into a micronucleation stage and a micro-
propagation period with two independent linear damage evolutions. Stress-
range dependency of the damage evolution, mentioned by the authors, is 
introduced in order to lead to nonlinear cumulative damage predictions 
when two-level fatigue tests are considered. However, the discontinuity in 
damage evolution, induced by the bilinear approximation, is physically un
acceptable. A recently proposed cumulative approach [48], based on dissi
pated energy considerations, leads to the same kind of discontinuities and to 
some inconsistent results when considering limiting cases (N2/NF2 does not 
equal 0 when NI/NFI = 1). 

2. The unified theory of Bui Quae [26,30] derives from a damage definition 
through the present fatigue limit of the material (after each damaging proc-
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ess) and synthetizes together several damage equations [49-51]. The damage 
is measured through the relative variation of fatigue limit: 

-i(-^) 
where at and a't are the initial and present fatigue limits. D varies between 0 
(virgin condition) and 1 (failure condition). The damage evolution is de
scribed by [30] 

dD = ̂ ^-^J^ OM'[OM - at(l - AD)]^dN (12) 

R = Om/oM is the stress ratio between minimum and maximum stress, b and 
K being material-dependent coefficients. An additional condition relates the 
residual static strength and fatigue limit as 

at \ Ou / 
(13) 

where Ou aind a'u are the initial and present values of ultimate tensile strength. 
Then, the failure condition leads to the expression for A of 

= -fe)" (14) 

Integration of these equations leads to stress-dependent damage evolution 
(as function of the life ratio) and to a correct description of S-N curves with 
the number of cycles to failure: 

NF = f T—r;ri (15) 
— R) (oAf— ai)\a\f— ail 1 l< 

The nonlinear cumulative effects are qualitatively described, with some lim
itations, however, owing to the form of Eqs 12 and 13, when increasing the 
difference between the two stress levels. 

3. A damage equation based on the measures made through the effective 
stress concept incorporates very high nonlinearity for the damage evolution 
curves as well as for the cumulative effects (as mentioned previously, the two 
kinds of nonlinearities are not of the same nature). The first kind of non-
linearity is obtained by combining two simple differential equations into [28] 

dD = [i-ii- nrr-- \j^^0^J^ (16) 

Damage rate is zero in the initial state (D = 0) and infinite at failure 
(D = 1), which corresponds to the measured evolutions. For periodic load
ing (OM and a constants), integration of (Eq 16) gives 
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-'-[-(i)1 p+i 
(17) 

where the number of cycles to failure NF can be written as 

^"'{13+ 1) [1 - aioM, a)] [ Mia) J ^^^^ 

The nonlinear cumulative effects are obtained through the stress dependence 
of the exponent a, which leads to inseparability and nonunicity of damage 
evolution curves. 

For a large number of materials the following choice of functions is satis
factory [29]: 

_ . I OM- atja) \ 
a — 1 — a{ ) 

\ Ou ~ OM I 

atia) = at{0) + [1 - bat{0)]a (19) 

Mia) = Moil - ba) 
This formulation uses six material-dependent coefficients. The coefficients p, 
Mo, au, aiiO) give the description of the 5 - ^ curve under zero mean stress, b 
introduces the mean stress dependency, and a scales the damage evolution 
(see the correct modeling in Fig. 4b). Under two-level stress control the inte
gration of damage Eq 16 gives 

\NFJ 
^ = 1 - 1 ^ 1 (20) 

where Â î and NFI are the nominal lives andp depends upon the two loading 
conditions by 

1—02 aM2 — at au — aini -•,. , -™. , ,_,, 
p=- = = _ _ | - ^ j (21) 

I — ai aMi — at au ~ OMI 
NF2 \ a Ml I 

Let us remark that the nonlinearity of cumulation in Eq 20 does not de
pend on the coefficient a, which scales the nonlinearity of damage evolution. 
Figure 6 shows the correct predictions made by Eqs 20 and 21 for IN 100 
alloy [29]. Other experimental validations at high or at room temperature 
for various materials have been published [28.31]. Cumulative predictions 
with this model are very similar to those obtained by a theory based on the 
knee point of the S-N curve [52], where the exponent p of Eq 20 is replaced 
by (CTJI/2 — at)/iaMi — at). Let us note also the recent similar treatment by 
Manson et al [53], where exponent p is replaced by iNpi/NFif*. 
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Creep-Fatigue Interaction 

When several processes act simultaneously, the interaction effect has to be 
determined through special tests. For example, the combination of creep and 
fatigue effect could be treated by introducing coupling terms in Eq 8: 

dDc =fc(<p, a, Dc, DF)dt 
(22) 

dDF = fFi<f>, a, DF, Dc)dN 

Although some microphysical studies [54] use such coupling parameters, 
most of the present day cumulative damage theories are based on the simpli
fying hypothesis that damage variables (here Dc and DF) are of similar na
ture and interact in an additive manner, giving rise to 

dDc = Mv. a, Dc + DF)dt 

dDF = fF((p,a,Dc + DF)dN 

As shown in several applications, the nonlinearities of interaction proc
esses can effectively be described, because of different nonlinearities in func
tions fc and fp. Using this hypothesis only one damage variable has to be 
considered for the general case; combination of Eqs 23 leads to 

dD=fc{i(>,a,D)dt+fFi,f>,a,D)dN (24) 

One more simplification arises if variables D and (f> in Eq 24 are separable; 
that is, if 

dD = h{D)A(,p, a)dt + h{D)h{i(>, a)dN (25) 

The linear interaction rule of Robinson [55] and Taira [56] follows directly 
from this simplification. 

Application of the nonlinear cumulative equation (24) to the high-
temperature creep-fatigue behavior of IN 100 has been made [29,33,57] by 
using Eqs 9 and 16 to describe creep and fatigue damage, neglecting the in
fluence of hardening. The two sets of coefficients were determined independ
ently by pure creep and pure fatigue tests, including the damage measure
ments reported above. Creep-fatigue interaction results as a consequence; in 
the following examples the calculated lives are predictions and not correla
tions only. 

Two situations have been considered. The first case is the two-level test 
where a portion of life is spent in fatigue, the remaining life being measured 
under creep. For IN 100, such testing leads to nonlinear effects with life 
summations greater than 1, because the measured fatigue damage rate (Fig. 
4b) is much lesser than the creep damage rate (Fig. 4c) when they are nor
malized by the total life [31,58]. This has been experimentally checked and 
compared quite satisfactorily to integration of Eqs 9 and 16 (Fig. 7a). 

The second case, more important for applications, appears when creep 
and fatigue act simultaneously during each cycle: low-frequency stress-
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controlled or strain-controlled cyclic tests, cyclic creep, and cyclic tests with 
hold times under strain control. In such cases, the developed damage equa
tions are numerically integrated, after some rearrangement [2P], as 

,n_ro-^)'* I ri-(i-Dr'3° ],„ ._ 
. '^ - [WTW. •" (0 + 1)(1 - «)(! - DfNA''' '̂'̂  

where Nc is the number of cycles to failure that would be predicted for pure 
creep process. The nonlinear interaction is reproduced through the different 
damage rates under creep and under fatigue for a given damage value. This is 
supported by the physical idea that creep cavities nucleate early in the life 
and accelerate the nucleation and propagation of fatigue microcracks; more
over, the transgranular fatigue microcracks induce stress concentrations that 
accelerate the cavity growth. 

Figure 7b shows that the theory predicts nonlinear creep-fatigue interac
tion with a stress-range dependency. The lower the stress, the greater the in
teraction; that is, the greater the life reduction by comparison with pure fa
tigue. Such predictions are consistent with experimental results reported in 
the literature [59-61] and agree fairly well with results of cyclic creep tests 
performed with IN 100. For this material, the low-cycle high-temperature fa
tigue under strain control, with or without hold times, is predictable from 
damage equations determined under pure creep and pure fatigue conditions, 
as shown in Fig. 8 (predictions are made from the measured stabilized stress-
strain loops). 

Critical Evaluation and Future Developments 

Application to Stainless Steels 

The linear creep-fatigue cumulative rule has been "caught out" on several 
occasions [60,62,63], particularly with cumulated creep damage much larger 
than 1 [62,64]. Such poor predictions could be improved by using the non
linear creep-fatigue cumulation described above, with some modifications 
required to describe the particular behavior of stainless steels. 

The first difficulty arises from the high ductility of stainless steels. In a 
large portion of the tensile creep test the stress applied to the specimen is no 
longer constant: 

a = (F/SHl + e) 

where Fis the applied constant load, S is the original cross-sectional area, 
and € is the engineering strain. Under cyclic strain-controlled testing this 
ductility effect does not intervene; a correct prediction of creep damage 
from the measured stress evolution in the cycle then needs a correction for 
the associated creep rupture life. Taking account of this effect would de
crease the creep ratio. 

Unlike the IN 100 alloy, the stainless steels generally show a large cyclic 
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FIG. 8—Prediction of strain-controlled cyclic tests on IN 100, from the measured stabilized 
loops and the nonlinear creep-fatigue damage equations. 

hardening effect that can be stored [55] and that can interact with damage 
processes [32^ The creep rupture reference has to take into account such a 
hardening effect by using hardening internal variables in damage equations 
[57] or by special creep tests (creep after cyclic hardening; special cyclic 
creep tests such as in Ref 66). 

Complementariness to Other Approaches 

In view of design situations, there is a specific advantage in using the pres
ently developed damage concepts, generally based on stress, in parallel with 
classical relations, generally based on strain. Either the stress or the strain 
has to be calculated in the critical area of the structure; simplifying assump
tions, inadequate constitutive equations or poor discretization of the struc
ture can result in poor values of stress and strain. Owing to the stress re
distribution effects (when plastic flow occurs), a stress overestimation 
corresponds generally to a strain underestimation; then, using damage equa-
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tions in terms of stress and in terms of strain gives larger possibilities to 
bound the predicted lives or to detect a discrepancy. 

This problem of extrapolation of fatigue data to large lifetimes is particu
larly relevant to nuclear applications. In this domain, the creep-fatigue dam
age cumulation approach presents some advantages because of its predictive 
character. Unlike the classical strain-based correlations, the predictions re
ported above were made from pure tensile creep and pure fatigue. Good 
agreement of this predictive approach in the domain where experimental re
sults exist vouches for a better predictability in the extrapolation domain. 

A special study of the IN 100 alloys shows the better applicability of the 
stress-based approach [67]. During the cyclic tests some specimens have 
been hardened by several temperature changes (leading to y' precipitation). 
Under stress control this induces smaller inelastic strain ranges than usual 
[68] but the life does not increase appreciably; under strain control the stress 
is increased (inelastic strain decreases) and the measured life decreases. Un
like the present stress-based creep-fatigue cumulation, under such thermal 
cycling superposed to the mechanical cycling, the strain-based correlations 
have to be modified. 

Possible Improvements 

In addition to the particular studies needed to describe creep-fatigue inter
actions in several stainless steels (as previously mentioned), the present cu
mulative damage concepts could be developed in several directions. 

The first point concerns the application of such theories to complex load
ing situations. Two aspects have to be treated. The first is the definition of 
equi-damage surfaces (or failure locus) in the stress' space for a proportional 
triaxial loading. Several formulations have been proposed in this domain, 
for creep [69,70] as well as for fatigue conditions [31,46,71]. Such equi-
damage surfaces contain as a particular situation the case of pure compres
sive creep [39], which can be important for creep-fatigue interaction studies. 
The second aspect is relevant to nonproportional loading and concerns the 
anisotropy of damage and of damage evolution; in this area, several tensorial 
formulations are being studied [72-75], but there is a need for more experi
mental data. 

As mentioned before, the nonlinear cumulative effect comes from the in
separability of forcing and damage variables in damage rate equations, 
which leads to different damage evolutions associated with different forc
ings. However, if the hardening influence is neglected, the damage response 
curve is unique for a given loading; this induces a certain symmetry in the 
nonlinear cumulative rule, evident from Fig. 3, when the order of forcing 
levels is changed. When such a symmetry is in contradiction to the experimen
tal evidence, two methods can be followed: (7) use the hardening variables to 
differentiate the internal state in the two situations (with the same damage 
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no 

FIG. 9—Damage and interaction with another process. 

State); this was recently done for the fatigue damage description of an austen-
itic stainless steel [32] and is schematically illustrated in Fig. 9, giving rise to 
the so-called interaction damage effect [75]; and (2) use the separation of 
microinitiation and micropropagation stages, introducing a new damage in
ternal variable, which allows more degrees of freedom to the cumulative 
theory; this method is supported by some experimental observations [58]. 

A better modeling of fatigue damage could be obtained by developing 
damage rate equations in term of stress rate (or strain rate) [37,47,77], which 
is interesting under nonproportional loading, aperiodic loading, or under 
temperature cycling. 

Another point concerns the separation, and the description by mechanical 
concepts, of environmental effects [78] and changes in the material proper
ties induced by temperature changes [67,68] or by irradiation [79]. A study 
of the relations between this Continuous Damage approach and some mi
croscopic theories [54] would lead to a better comprehension and modeling 
of physical processes. In the case of creep-fatigue interaction, cooperation 
between mechanicians and metallurgists is necessary in order to remove the 
simplifying hypothesis of additivity of creep and fatigue damages. 
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rials, 1982, pp. 105-134. 

ABSTRACT: Four models for the creep-fatigue interaction were evaluated for their 
ability to predict fatigue behavior at 650°C (1200°F) of thermomechanically processed 
Rene 9S, a nickel-base superalloy used for turbine disks. These models are the Strain-
range-Partitioning Model, the Frequency-Separation Model, the Frequency-Modified 
Damage Function, and the Damage-Rate Model. The data base was divided into base
line and verification tests. The correlations of the baseline tests, having the smallest 
standard deviation of 0.18, were by the Frequency-Separation Model and the Fre
quency-Modified Damage Function. The other two models had standard deviations 
greater than 0.22. These standard deviations correspond to worst correlations of 3.6 
and over 5.0 times the observed life. The ratios of the observed to the predicted life of 
the verification tests ranged from 5.2 by the Frequency-Modified Damage Function to 
18 by the Frequency-Separation Model. Each of the models consistently overpredicted 
or underpredicted the lives of certain types of tests in the data base. The models did 
not account for the mean stresses observed in the fatigue tests. A method based upon 
the stress versus minimum creep rate and the cyclic stress-strain curves is suggested to 
indicate whether an environmental-fatigue interaction or a creep-environmental-fatigue 
interaction is present. For Rene 95, this method indicates an environmental-fatigue 
interaction. 

KEY WORDS: Rene 95, crack initiation, low-cycle fatigue, high-temperature fatigue, 
strain-rate effects, nickel-base superalloys, creep-fatigue interaction 

The purpose of this paper is to evaluate the ability of four prominent creep-
fatigue models to predict the high-temperature low-cycle fatigue (HT-LCF) 
behavior of a nickel-base superalloy used for military-engine turbine disks.̂  
HT-LCF constitutes a principal failure mode for disks, and in many cases 
limits the service life. For extension of this life and the design of lighter-weight 
disks, an accurate model to predict HT-LCF is required. Accuracy is required 
both on overprediction and underprediction—overprediction of the life 

'Graduate Assistant, University of Cincinnati, Cincinnati, Ohio 4522J; formerly with Sys
tems Research Laboratories, Inc., Dayton, Ohio 4S440. 

^The terms HT-LCF and creep-fatigue are used interchangeably in this paper without implying 
a particular physical mechanism. 
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would be unsafe and underprediction would result in a heavier design than 
required. 

No model for HT-LCF has yet gained widespread acceptance. The primary 
difficulty in predicting this behavior is accounting for the interaction of creep 
and/or environmental attack (from high-temperature oxidation) with the fa
tigue process. 

Four models are evaluated in this paper: 

• Strainrange-Partitioning Model (SRP) [1-4 f 
• Frequency-Separation Model (FS) [5,6] 
• Frequency-Modified Damage Function (FMDF) [7,8] 
• Damage-Rate Model (DRM) [9-11] 

These models, which have been applied previously with promising results, 
were developed mainly with materials having lower strength and higher duc
tility than the nickel-base superalloys used in turbine disks. 

An advanced nickel-base superalloy—thermomechanically processed, cast 
and wrought Rene 95—was used to generate the data base. A series of fa
tigue tests—both continuous cycling tests at different frequencies and strain-
hold tests—was run at 650°C (1200°F), which is the operating temperature of 
this material. Each of the models was evaluated for its ability to both corre
late and predict these tests, and then the models were compared. 

This study is a continuation of previous investigations. Menon [12] evalu
ated the SRP and Frequency-Modified [13] Model using a smaller data base. 
Bernstein [14] made a preliminary evaluation of the four models using a 
somewhat larger data base. A detailed evaluation of the SRP Model by Hyzak 
and Bernstein [15] used the same data base as that in the present paper, with 
the exception of five tests. A detailed description of the fitting of the models 
to the data and a tabular listing of the data base are given in Ref 16. 

The constitutive behavior of Rene 95 has been examined by Stouffer et al 
[17], and the complete fatigue program on the material has been presented 
by Conway and Stentz [18]. 

Material 

Rene 95—a nickel-base superalloy used in jet-engine turbine disks—has 
high tensile strength, excellent creep resistance, and good ductility up to 
650°C (1200°F). The alloy is strengthened primarily by the precipitation of a 
high-volume fraction of the intermetallic y', NisCAl, Ti, Cb), as well as by 
solid-solution hardening and carbide formation. The particular form of 
Rene 95 used in this study was a forging that underwent a thermomechanical 
processing (TMP) treatment during the forging operation. This produced a 
duplex microstructure consisting of large, warm-worked grains (75 ;um) sur
rounded by a grain boundary composed of fine, recrystallized grains (4 fim). 

' The italic numbers in brackets refer to the list of references appended to this paper. 
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Rene 95 is also available as a forging without TMP and as a powder-metal
lurgy product. 

The principal alloying elements (in weight percent) are 14Cr, 8Co, 3.6W, 
3.6A1, 3.5Mo, 3.5Cb, 2.5Ti, and 0.15C. A complete chemical composition is 
given in Ref 16. The processing and heat treatment of the Rene 95 is given in 
Ref 12. Microstructural characterization can be found in Refs 12 and 19-22. 

Constitutive Behavior 

Stress-Strain Behavior 

The stress-strain behavior of Rene 95 has been studied by Stouffer [17,23]. 
At 650°C (1200°F) Rene 95 has a 0.2 percent tensile yield stress of 1207 MPa 
(175 ksi), an ultimate tensile stress of 1448 MPa (210 ksi), a tensile elastic 
modulus of 175 X lO' MPa (25.4 X lO' ksi), and a reduction in area of 12 
percent. The creep behavior is shown in Fig. 1. Two minimum creep rate 

750 

STRESS (MPa) 

1000 1250 

120 140 160 
STRESS (KSI) 

200 

FIG. 1—Relationship between creep and fatigue based upon the minimum creep rate versus 
stress and the cyclic stress-strain curves. 
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curves are given: the solid curve for the forging used to produce the stress-
strain data in Ref 77, and the dashed curve for the forging used for the fatigue 
tests and the data in Ref 23. Figure 1 is quite complicated and will be ex
plained throughout this section. 

The most significant aspect of the stress-strain behavior related to HT-LCF 
is the strain-rate sensitivity of the material. For strain-controlled tension 
tests run on a servohydrauHc machine, similar stress-strain behavior to 1.2 
percent strain was exhibited from strain rates of 50 to 0.05 percent/min. A 
strain-rate effect was observed only for a strain rate of 0.001 percent/min. 
This same behavior was also observed for the fatigue tests in which similar 
hysteresis loops were exhibited for continuous-cycling tests at frequencies of 
0.05 cycles per minute (cpm) and 20 cpm. 

This strain-rate sensitivity can be understood in relation to the creep be
havior in Fig. 1. If a tension test were run under strain control at a rate of 
0.001 percent/min, one would expect a maximum stress of 1000 MPa (145 
ksi) from Fig. 1 because a creep test at this stress has a minimum creep rate 
of 0.001 percent/min. All the imposed strain in the tension test can be ab
sorbed by creep deformation when the stress reaches this value. This idea 
was confirmed by tension tests run at strain rates of 0.001 and 0.05 percent/ 
min, in which the maximum stress observed was 1014 MPa (147 ksi) and 
1244 MPa (180 ksi), respectively. The tensile behavior to 1.2 percent strain at 
50 and 0.05 percent/min was similar because insufficient stress was generated 
to cause creep at these strain levels and strain rates. 

The possibility of strain-age-hardening influencing the stress-strain behav
ior was investigated. A series of cyclic stress-strain tests was run at frequencies 
from 0.05 to 20 cpm [16]. Similar hysteresis loops were observed at all fre
quencies. If strain-age-hardening was occurring, then the stress-range should 
have increased as the frequency was lowered instead of remaining the same. 
In addition, the tension tests run by Stouffer et al [i7] did not exhibit any 
strain-age-hardening. Therefore it was concluded that strain-age-hardening 
was not present for the given test conditions. 

These ideas can be extended to the fatigue behavior of Rene 95. In Fig. 1, a 
total strainrange scale has been drawn above the stress scale. The strainrange 
scale was calculated from the cyclic stress-strain curve. (This curve was de
termined from continuous-cycling fatigue tests at a frequency of 20 cpm). 
Each strainrange is placed above the peak tensile stress reached in the fatigue 
test; that is, a fatigue test at a strain range of 1.4 percent developed a stress of 
1055 MPa, therefore the value of 1.4 percent is written above 1055 MPa. 

A relationship between creep and fatigue can now be given by considering 
a fatigue test with a triangular waveform having a strain rate of 0.01 percent/ 
min. At this rate a stress of 1100 MPa (160 ksi) is required to produce creep 
deformation. For developing this stress a strainrange of 1.5 percent or greater 
must be employed. At smaller strainranges little creep will occur because the 
stresses will not be sufficiently large. If the strain rate of the fatigue test is re-
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duced, then creep will occur at smaller strainranges. If faster strain rates are 
employed, larger strainranges will be required to develop the stresses neces
sary to cause creep. Therefore creep deformation in a fatigue test depends 
upon a combination of strain rate and strain range. 

This relationship provides insight into the circumstances under which a 
creep-environmental-fatigue interaction can take place. If the combination 
of strainrange and strain rate is sufflcient to produce creep deformation, 
then a creep-fatigue interaction can be expected, with an environmental effect 
being present. If this combination is out of the creep regime, then only an 
environmental-fatigue interaction is possible. A creep-fatigue interaction 
cannot occur because creep is absent. It should be noted that the minimum 
creep rate is lower for some materials in vacuum than in air [24] including 
Rene 95 [25]; therefore smaller strain rates may be required to produce creep 
in vacuum than in air. In this sense, one may speak of a true creep-environ
mental-fatigue interaction. 

In many test programs, the frequency is held constant for all strainranges, 
and the strain rate is allowed to vary. A curve is constructed in Fig. 1 for a 
triangular waveform of constant frequency of 0.05 cpm from the equation re
lating frequency v, strain rate e, and strainrange Ae: 

€ = 2(Ae)r 

It can be seen that using the dashed curve, creep does not occur for the 0.05-
cpm triangular wave until a strainrange greater than 2.0 percent is reached. 
This result explains the similarity in the hysterisis loops for the 20-cpm and 
0.05-cpm fatigue tests. Neither frequency produces creep deformation over 
the strainranges studied. 

These concepts also help to explain the differences between the sine and 
ramp waveforms. The sine waveform has a continuously varying strain rate 
whose magnitude becomes smaller at the higher stress levels. This behavior is 
plotted in Fig. 1 for a total strainrange of 2.0 percent and a frequency of 0.05 
cpm from the equations 

(E = TTviAe) cos (2irvt) 

e = '/z Ae sin (lirvt) 

where t is time. Because of the drooping nature of the sine curve, it encounters 
the creep curve before the ramp does. Consequently, the sine wave should 
exhibit more creep effects than the ramp wave. Creep may not be the only 
reason for a difference between the ramp and sine waves, since environmental 
effects may be dependent upon strain rate, stress, and strainrange. 

Finally, Fig. 1 shows that different deformation and failure mechanisms 
would be expected in a set of HT-LCF data that spans the creep and no-creep 
regimes. The figure provides a quantitative estimate of the location of these 
regimes and should aid in the planning of test matrices. 
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Cyclic Behavior 

Rene 95 does not form a stable cyclic stress-strain curve. Under continuous 
cycling it initially hardens and then softens [17,26]. This softening continues 
until failure. 

The most striking feature of tension-only and compression-only strain-hold 
tests is the large mean stresses that developed. The mean stress became 
greater as the hold period lengthened or as the strainrange decreased. The 
mean stresses for all the fatigue tests are shown in Fig. 2, and a description of 
the test conditions can be found in the following section on the experimental 
program. The mean stress develops rapidly during the first 10 percent of the 
test life and thereafter continues to increase, but at a slower rate. The mean 
stress does not stabilize, owing to the continuously softening nature of the 
material. Figure 3 is a plot of the peak tensile and compressive stresses for a 
tensile strain-hold test as a function of both percent of cyclic life and the log
arithm of cycles. It can be seen that the stresses appear to reach an asymp
totic value on a linear scale; whereas on a logarithmic scale, they are seen to 
be constantly decreasing. Since the stresses are decreasing at a logarithmic 
rate, they appear to reach an asymptotic value on a linear scale. 

The lack of a stable cyclic stress-strain curve for Rene 95 meant that the 
values of the stresses and strains were changing throughout the test. To cir
cumvent this problem in evaluating the models, the values of the stresses and 
strains at one half the fatigue life were used in the models to predict the life. 
The justification for this procedure would be that these values uniquely 
characterize the particular fatigue test. In addition, this procedure is used 
almost universally in the literature. 

Graphical and tabular data on the cyclic behavior of the stresses for many 
of the fatigue tests in this paper have been reported in Ref 26. 

Fatigue Behavior 

Experimental Program 

The LCF tests were performed using servohydraulic, closed-loop feedback 
machines. The test specimen was of the 6.35-mm (0.25-in.)-diameter hourglass 
geometry. The load and diametral strain were measured and converted by an 
analog computer into an equivalent axial strain, which was used to control 
the test. The specimen was heated by an induction coil. Further details of the 
test procedure are given by Slot [27} and Conway [28]. 

The test program was divided into two sections: baseline tests and verifica
tion tests. Baseline tests were used to obtain the constants in the models and to 
test the correlative ability of the models. Verification tests were of waveforms 
different from the baseline tests and were used to determine the ability of the 
models to predict tests not used in calculating the constants. 

The waveforms used for the baseline tests consisted of continuous-cycling 
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FIG. 2—Plot of mean stress as function of total strain range (6.895 X ksi = MPa). 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



112 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

180 
R E N I 95 SPEC. 233 
650«C l-MIN. TENSILE-ONLY STRAIN HOLD 
)200*F A « = 1.0% 

Nf = 9609 

y^'^""^^ ^COMPRESSIVE 

' 
r 

y 
N. TENSILE 

0 20 40 60 80 100 
1 

1 10 
1 

100 

^ COMPRESSIVE 

.TENSILE 

1 1 

1000 10,0 

1200 

1000 

800 -

600 

PERCENT Nf LOG CYCLES 

FIG. 3—Change of stress during a fatigue lest. 

tests and strain-hold tests. The continuous-cycling tests were run at two fre
quencies: 20 and 0.05 cpm. The strain-hold tests consisted of tensile and 
compressive strain-holds of 1 or 10 min. They are identified by a two-digit 
code x/y, where x is the amount of time spent in a tensile strain-hold and;/ is 
the amount of time spent in a compressive strain-hold. 

The waveforms used for the verification tests consisted of unbalanced 
strain-hold tests, intermediate strain-hold tests, and dual-rate continuous-
cycling tests. The unbalanced strain-hold tests were similar to the baseline 
strain-hold tests except that the strain was held on the tensile side for 1 min 
and on the compressive for 10 min, or the reverse. These tests are identified 
using the same code as the baseline strain-hold tests. 

In the intermediate strain-hold tests, a 1-min hold period was placed be
tween the peak tensile and compressive strains rather than at the peak strain. 
The purpose of this test was to determine whether there was an order effect 
when first plastic strain and then creep strain followed by more plastic strain 
was applied to the test specimen. The intermediate strain-hold tests are iden
tified by the code Il/O or O/Il, I signifying intermediate hold. 

In the dual-rate continuous-cycling tests, a positive strain rate which was 
different from the negative strain rate was employed. These tests were similar 
to the slow-fast (S/F) and fast-slow (F/S) tests used by Coffin [5]. The fast 
strain rate was 20 cpm, and the slow strain rate was either 1 cpm or 0.05 cpm. 
These tests are identified by a two-digit code, x-y cpm, x being the positive 
strain rate and y being the negative strain rate. For example, a test having a 
positive strain rate of 0.05 cpm and a negative rate of 20 cpm is called a 
0.05-20 cpm test. 

On some of the dual-rate tests, the first quarter of the strain in the slow 
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rate was run at the fast rate in order to avoid spending a long period of time 
at a high tensile or compressive load which could result in creep. In these 
tests the strain rate was changed from the fast to the slow strain rate halfway 
between the peak tensile or compressive strain and the zero-strain level. 
These tests are identified by means of a '"A" between the strain rate—that is, 
0.05-'/2-2O cpm. 

All testing was performed at 650°C (1200°?) at an y4-ratio on strain of in
finity. Further details on the test program can be found in Refs 16 and 18. 

Failure Behavior 

The lives of the baseline fatigue tests plotted as a function of the total 
strainrange and the inelastic strainrange are shown in Figs. 4 and S, respec
tively. The most damaging waveform was the compressive strain-hold. The 
least damaging waveforms were the tensile strain-hold—especially at lower 
strainranges—and the 20-cpm tests. The transition fatigue life was 72 cycles. 

As shown in Figs. 4 and 5, the fatigue life was sensitive to frequency, al
though the stress-strain behavior was not. The O.OS-cpm tests had shorter 
lives than the 20-cpm tests, but their hysteresis loops were similar. This be
havior means that another form of time-dependent damage, such as envi
ronmental attack, is occurring. 

The validation data are also plotted in Figs. 4 and 5, along with the baseline 
data. Based upon either the inelastic or total strainrange, the intermediate 
strain-hold tests had longer lives than the tension or compression strain-hold 
tests. Based upon these same strainranges, the unbalanced strain-hold tests 
had lives between those of the tension-only and compression-only strain-hold 
tests. Therefore, holding the strain only at the peak tensile or peak compres
sive stress produced the most severe effects upon test life. 

The life of one of the dual-rate tests plotted as a function of the total or 
inelastic strainrange had a very short life. Specimen 252 (a 0.05-20 cpm test 
at 1.4 percent total strainrange) had a life of 194 cycles. This life is felt to be 
valid because the specimen had multiple crack-initiation sites, and a dupli
cate test had a life of 238 cycles. The reason for this short life is not known. 
Except for this specimen, the lives of the other dual-rate tests were similar to 
those of the 20-cpm tests when compared on the basis of total strainrange. 
All the dual-rate tests had shorter lives than the 20-cpm tests, when compared 
on the basis of inelastic strainrange. 

An attempt was made to assess the experimental scatter inherent in the 
material. Five test conditions were replicated, and the scatter in test lives was 
a maximum of 36 percent.* Although this limited number of replications is 
not statistically meaningful, based upon the author's experience the scatter 
did not appear to be much greater than ±50 percent, or a factor of 1.5. 

* Scatter in test lives = [(longest life — mean Iife)/mean life] X 100. 
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FIG. 5—Inelastic strainrange as function of cycles to failure. 

Parameters Used for Evaluation of the Models 

The predictive ability of a model was assessed using three different criteria 
concerning the ability of the model to (7) correlate the baseline data, (2) pre
dict the verification data, and ( i ) avoid consistently overpredicting or under-
predicting any test waveform. 

The ability of the models to correlate the baseline data was determined 
using the scatter band of the predicted versus observed life. The scatter band 
was defmed as the data point having the largest ratio of predicted to observed 
life or the reciprocal of this ratio if the ratio was less than one. 

max 
scatter band = over 

data 

Nf 
- f ifNp>Nf 

Np 
if Np > Nf 

where Np is the predicted life and N/ is the observed life. This is the conven
tional evaluation technique for models of creep-fatigue interaction. It mea-
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sures the scatter of the extreme point. If the scatter band was two or less, 
then the model was considered to have correlated the data well. 

The standard deviation was also used to evaluate the correlative ability of 
the models. It was defined as 

= ( • 

^ J . . . , SOog Nf - log Np) 
standard deviation = | =— =—— 

n — I 

,2 \l/2 

where n is the number of data points. 
The lives of the verification tests were predicted using constants in the 

model which were determined from the baseline tests. If the predicted life 
was within a factor of two of the observed life, then the model was consid
ered to have been verified. 

The life predictions of each model for the baseline tests were examined to 
determine whether any test waveforms were consistently overpredicted or 
underpredicted. This phenomenon was termed segregation because the data 
were segregated to one side or the other of the best-fit line. Segregation oc
curred because the model was not correctly taking into account the material 
behavior. 

Models 

Strainrange-Partitioning Model 

The Strainrange-Partitioning (SRP) Model [l-4'\ extends the Manson-
Coffin Law [29,30'\, which is valid at room temperature, to high temperature 
by considering the interaction of time-dependent inelastic (or creep) strains 
and time-independent inelastic (or plastic) strains. The equations of the SRP 
Model are 

Nij = CijiAeinelf'J (1) 

(Nf)-'=-Zinj/Nu) (2) 

where ij represents the four strainranges pp, cp, pc, and cc. Nij is the cycles to 
failure if Atmei is all //-strain;/^ = Aetj/AeineW and Q and Pij are constants. 
Equation 2 is the interaction damage rule [2] and is used to predict the fa
tigue life Nf. 

Two modifications were made to the SRP model after the analysis described 
in this paper had been completed. The first modification, called Ductility 
Normalized SRP [31], consisted of specifying the values of the constants in 
Eq 1 in a manner similar to that of the method of Universal Slopes [32]. 
Since sufficient tests were available to calculate these constants, it was not 
necessary to use the ductility-normalized equations. 

In addition to specifying the constants, the ductility-normalized equations 
attempt to incorporate environmental effects into the SRP model. These ef
fects are modeled by determining the creep-rupture ductility as a function of 
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the time to rupture in a creep test and using this function for some of the 
constants in Eq 1. However, the creep-rupture ductility of Rene 95 did not 
appear to be a function of the time to rupture. Consequently, this method 
could not be used. 

The second modification [4] involved incorporating the effect of mean 
stresses into the model along the same lines as Morrow [33]. This modifica
tion required computing what the fatigue life would have been if the mean 
stress were zero and then determining the constants in Eq 1 using these com
puted lives. To predict the life of a test, Eq 2 is used to find the cycles to failure 
when no mean stress is present, and then a mean stress correction is made to 
these cycles. It is not known whether making these computations would have 
significantly influenced the overall results. 

The SRP Model has a validity requirement that before a test point can be 
used to establish the constants in Eq 1, it must have 50 percent or more of its 
damage due to the particular strainrange of interest in which 

percent damage = 100 X N/X fij/Nij 

The purpose of this requirement is to ensure that the fatigue test contains a 
sufficient portion of the damage of interest so that the test is representative 
of this damage. Not all the Rene 95 data met this criterion. Although the in
tent of this requirement is appreciated, it was decided to attempt to apply the 
SRP model to the data. After this attempt was made it was found that data 
did provide an accurate evaluation of the model, as discussed in detail in 
Ref 75. 

When Eqs 1 and 2 were fit to the fatigue data, as discussed in Ref 16, the 
following constants were determined: Cpp = 0.777, Ccp = 1.40, Cpc = 0.429, 
C„ = 0.130, PPP = -1.10, Pep = -0.882, fipc = -0.870, and i3« = -1.20. 
The 0.05-cpm tests were not used to determine the constants, because these 
tests could not be directly partitioned from the individual test results. 

All the tensile strain-hold tests with lives greater than 5000 cycles had neg
ative values for Ncp because these tests lasted longer than pp-tests having the 
same inelastic strain range. According to Eq 2, if 

Jpp 

then 

}^cp < 0 

It should be noted that all the cp-tests having negative values of Ncp also had 
large compressive mean stresses, which may have increased the life. 

The SRP correlation of the baseline data is shown in Fig, 6 (see Appendix). 
The scatter band was 5.4 and the standard deviation was 0.23. The 0.05 cpm, 
0/10, and long-life 1/0 tests were not well predicted. The predicted lives for 
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some of these tests were either greater than two and one half times the ob
served Hfe or less than one fifth the observed life. 

The SRP predictions of the verification tests are given in Table 1. Except 
for the dual-rate tests, the verification tests were well predicted. The dual-rate 
tests presented special problems in partitioning the strains. In all these tests, 
anomalous behavior occurred when the strain rate switched from fast to slow. 
This behavior was similar to either stress relaxation or strain recovery, as 
discussed in Ref 16. Only two of the dual-rate tests could be partitioned, and 
only one was predicted well. 

The SRP model segregated three test types: the 0.05 cpm, 0/10, and long-
life tensile strain-hold tests. The 0.05 cpm and 0/10 tests were consistently 
overpredicted. All the tensile strain-hold tests having lives greater than 1700 
cycles were underpredicted. These 0/10 and tensile strain-hold tests had large 
mean stresses. Although some 0/10 and 10/0 tests having large mean stresses 
were well predicted, it is felt that the mean stress was the major contributor 
to the poor predictions. The modification to the model to account for mean 
stress [4] should improve these predictions. 

The consistent overprediction of the life of the 0.05-cpm tests indicates 
that the model encounters problems when used in a regime where creep is 
not the principal type of time-dependent damage. As discussed in a preceding 
section on stress-strain behavior, the strain rates associated with cycling at a 
frequency of 0.05 cpm are higher than the minimum creep rates for the given 
strainranges tested. That a negligible amount of creep occurred is confirmed 
by the similarity between the 20-cpm and 0.05-cpm hysteresis loops. The 
SRP model is a deformation-based model;jherefore it treats a 0.05-cpm test 
as a 20-cpm test, since the amount and type of deformation is similar. How
ever, the life of the 0.05-cpm tests is shorter than that of the 20-cpm tests. 
Thus there must be another type of time-dependent damage taking place, 
most likely that of environmental attack caused by oxidation. Since the SRP 
model did not take this type of damage into account, it overpredicted the life 
of these tests. 

Frequency-Separation Model 

The Frequency-Separation (FS) Model [5,6] postulates that the basic pa
rameters necessary to predict the creep-fatigue life are the inelastic strain-
range Acinei, the tension-going frequency v,, and the loop-time unbalance 
Ve/vi- These three parameters are combined in a power-law relationship to 
predict the cycles to failure: 

•'•"fe) Nf=CAeinefvr\—j (3) 

where C, )8, m, and k are constants. Thus the FS Model extends the Coffin-
Manson Law by the addition of two frequency terms. 
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The values of the constants in Eq 3 that yielded the best fit to the baseline 
data were C = 0.456, j8 = -1 .11 , m = 0.121, and k = 0.183.' The predicted 
and observed lives of the baseline data are shown in Fig. 7. The scatter band 
was 3.6 and the standard deviation was 0.18. Of the baseline tests, only the 
tensile strain-hold tests were segregated. For observed lives of less than 1800 
cycles, the lifetimes were consistently overpredicted; for lives greater than 
1800 cycles, the lifetimes were all underpredicted. The probable reason for 
this behavior is that the longer-life tests had large compressive mean stresses. 

The constants obtained for Eq 3 show that vt has less of an effect upon fa
tigue life than Vc. vt is raised to the m — k power, which is —0.06, while vc is 
raised to the 0.18 power. This small influence of vt is contrary to the basic 
postulate of the model that vt is a major parameter which affects the fatigue 
life. 

The FS Model was able to predict all the verification tests to within a factor 
of two except the slow-fast tests. The predicted and observed lives are given 
in Table 1. All the slow-fast tests were overpredicted, one by a factor greater 
than ten. The reason for this waveform being so poorly predicted is that the 
tension-going time had a negligible influence in the model. Thus the long 
tension-going time of the slow-fast waveform was ignored by the model, and 
the waveform was treated as a 20-cpm test, which would account for the con
sistent overprediction of this waveform. 

The FS Model is one of three models proposed by Coffin which modify 
the Coffin-Manson relation by the addition of a frequency term. The other 
two models—a Frequency-Modified (FM) Model [75] and a Tension-Going 
Frequency-Modified (TGFM) Model [5]—were also examined. The FM 
Model makes use of the total cyclic frequency, while the TGFM Model em
ploys the tension-going frequency. Neither model makes use of the loop-time 
unbalance term. The best-fit equations for the baseline data were found to be 

FM: Nf = 0.6084 (Aeinei)" '""/"" 

TGFM: Nf = 0.4014 (Ae„ei)"''"»',"**'^"' 

where v is the total cyclic frequency. The scatter band for the FM Model was 
6.2, and that for the TGFM Model was 5.8. Both of these models extensively 
segregated the data. Also, the exponent on the tension-going frequency is 
almost zero, which indicates the lack of importance of this term. Since both 
of these models were significantly inferior to the FS Model, they were not 
evaluated further. 

Overall, the FS Model predicted the results of most of the baseline and 
verification tests well. Only the slow-fast tests, a few tensile strain-hold tests, 
and one compressive strain-hold test were poorly predicted; and only the 
tensile strain-hold tests were segregated. The concept that the tension-going 
frequency controls fatigue life did not appear to be applicable in the case of 
Rene 95 at 650°C (1200''F). 

'The units of the variables are in./in. for ASMI and cpm for v,. 
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ê  

I 
••!5> 

a 
z 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



BERNSTEIN ON FOUR CREEP-FATIGUE MODELS 123 

Frequency-Modified Damage Function 

The Frequency-Modified Damage Function (FMDF) [7,5] is based upon 
the premise that LCF is controlled by the tensile hysteretic energy absorbed 
by the specimen. This energy is approximated by the damage function—the 
product of the inelastic strainrange, Aeinei, and the peak tensile stress, at-
The life is predicted by using a power-law relationship between the damage 
function and the life: 

A(/'=C(Aei„erCT,f (4) 

where C and j8 are constants. In effect, what the FMDF has done is to modify 
the Coffin-Manson Law by the addition of the tensile stress to the inelastic 
strainrange. It should be noted that Eq 4, like the Coffin-Manson Law, is 
valid only for time-independent fatigue. 

When time-dependent mechanisms are present, as in the creep-fatigue in
teraction, Eq 4 is modified by a frequency term which takes into account the 
time dependency: 

iV/=C(Aei„era,)%'" (5) 

where w is a constant and v is the frequency. The frequency term selected for 
use in Eq 5 is dependent upon the sensitivity of the material to different 
waveshapes. If the material is insensitive to waveshape, then the proper value 
for frequency in Eq 5 is the frequency of the entire cycle. If the material is 
waveshape sensitive, then a frequency term is chosen in Eq 5 to properly re
flect this sensitivity. 

Since it was not possible to determine in advance which frequency term 
would be appropriate for Rene 95, different terms were fitted to the baseline 
data [75]. The term which provided the best fit to the data with the least seg
regation was the total cyclic frequency. This frequency is reasonable because 
it reflects environmental attack, which is apparently the predominant type of 
time-dependent damage in the fatigue tests. 

Life predictions for the baseline tests were made using C = 162, 
P = —0.976, and w = 0.137 and are shown in Fig. 8.* The scatter band was 
3.6 and the standard deviation was 0.18. Most of the tests were correlated to 
within a factor of two. One 20-cpm test, two compressive strain-hold tests, 
and three tensile strain-hold tests yielded correlations greater than a factor of 
two. 

The life predictions for the verification tests are given in Table 1. All the 
tests except a 11/0 and a 0.05-20 cpm test were predicted to within a factor of 
two. The 11/0 test was predicted to 2.05, slightly above a factor of two. The 
0.05-20 cpm test was underpredicted by a factor of 5.2. However, this test 
had a very short life and was badly predicted by all the models. 

The FMDF segregated the tensile-only and compressive-only strain-hold 

'The units of the variables are in./in. for Aeinei, ksi for a, and cpm for v. 
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tests. All the tensile strain-hold tests having lives greater than 1700 cycles 
were underpredicted, and all but one of the compressive strain-hold tests 
were overpredicted. The reason for this segregation is probably the mean 
stresses which these tests developed. 

According to the FMDF, the life of a test should decrease with test fre
quency. Figure 9 is a plot of the baseline and validation tests where Aeinei X a, 
is plotted as a function of life. It can be seen that the life does not always de
crease with frequency. The 1/0 and Il/O tests have a lower frequency than 
the 20-cpm tests; yet, in some cases, the 1/0 and Il/O tests last longer than 
the 20-cpm tests. Also the 10/1 and 1/10 tests are not nearly so damaging as 
would be expected from their low frequency. On the other hand, the 0/10 
tests are more damaging than their frequency terms would suggest. 

In summary, the FMDF was able to correlate most of the baseline data 
and to predict all the validation tests except for two of the slow/fast tests. 
The model segregated two parts of the data base. Also, the test life did not 
always follow the expected behavior with respect to frequency. 

Damage-Rate Model 

The Damage-Rate Model (DRM) [9-11] is based upon the premise that 
LCF is primarily a process of crack propagation and cavity growth. Micro-
cracks and cavities are assumed to be originally present in the virgin material, 
and the majority of the LCF life is spent growing these microcracks and cavi
ties to a critical size at which time they link up and form a macrocrack. Once 
a macrocrack is formed, it propagates rapidly until fracture takes place. 

The model postulates the following growth law for the microcracks and 
cavities: 

da 
dt 

d£ 
dt 

aT\ Cinel I I Cinell 

a C | e i n e i r | e i n e l | 

CGI €inel I "I €inel| ° 

c(-G)|ei„.,r|ei„ei|*' 

in the presence of 
tensile stress 

in the presence of 
compressive stress 

in the presence of 
tensile stress 

in the presence of 
compressive stress 

(6) 

(7) 

where a is crack length, c is cavity length, t is time, cmei is the inelastic strain, 
Cinei is the inelastic strain rate, and T, C, G, m, k, and kc are constants. The 
law states that microcrack and cavity growth is a function of the inelastic 
strain and the inelastic strain rate. The microcrack is assumed to grow at dif
ferent rates under compressive and tensile stresses. The cavity is assumed to 
shrink under a compressive load, but its size is not allowed to be less than the 
initial cavity size. 
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The growth laws of Eqs 6 and 7 are integrated over the specimen life from 
the initial microcrack and cavity size to the critical crack and cavity size 
when a macrocrack is formed. The integration is performed over an ideal 
cycle^ in which the peak tensile and compressive stresses are equal and the 
inelastic strain rate is constant. The critical crack and cavity size which causes 
failure is determined from a microcrack and cavity-growth interaction 
equation 

In a/flb In c/cp _ 
In fl/Zoo In c//co 

where oo is the initial crack size, a/ is the critical crack size, co is the initial 
cavity size, and c/ is the critical cavity size. When Eqs 6 and 7 are integrated 
over such an ideal cycle and Eq 8 is used, the predictive equations of the 
DRM result. For continuous cycling at a constant frequency or strain rate: 

where A = [(C + T)/2]/[In (a//ao)]. For hold times 

t-i 

-I- rdt Jo T 

X '' 1A 
Y:p^\hU^dt (10) 

Z)c = G f leineir Uinell*- dt - G f ^ Uineir Ulnell*" dt (11) 
Jo Jo 

where Da is the damage caused by crack growth, Dc is the damage caused by 
cavity growth, tt is the time spent in a tensile hold, tc is the time spent in a 
compressive hold, eineimax is the inelastic strain at the beginning of the tensile 
hold time, eineimin is the inelastic strain at the beginning of the compressive 
hold time, and C/T is a constant. In Eq 10 the first term on the right-hand 
side is the damage caused by continuous cycling, the second term is the dam
age caused by a tensile hold, and the third term is the damage caused by a 
compressive hold. In Eq 11 the first term on the right-hand side is the damage 

' Strictly speaking, the integration should be performed over the actual cycle observed in the 
test. However, the DRM, as its authors presently propose it, makes use of the equations devel
oped from integrating and ideal cycle. Use of the observed cycle instead of the ideal cycle would 
necessitate a modification to the model. 
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caused by a tensile hold, and the second term is the healing due to a com
pressive hold. For F/S (fast-slow) tests: 

1 / Aeijje.r'^" r 6in.l^" fan.,.'*-" V 
\ 2 I [l + C/T 1 + T/c\ ^ ' 4A 

where eineif is the inelastic strain rate for the fast rate and eineii is the inelastic 
strain rate for the slow rate. For S/F (slow-fast) tests: 

Z)a = 
4A 

1 \ 2 / L1 + C/T 1 + T/Cl ^ ' m + 

Dc = ^ ^ [ ^ y [^«eu<*-" - 6i„,ir<*--"] (15) 

A detailed description of how the model was fitted to the fatigue data can 
be found in Ref 16. 

Preliminary examination of metallographic sections of tensile strain-hold 
and S/F test specimens using a scanning electron microscope (SEM) revealed 
no evidence of cavity damage. Therefore Eqs 11 and 15, which take into ac
count the cavity damage, were not used. This assumption of no cavity damage 
was justified by the life predictions which will be discussed later. 

It should be noted that no constants need be determined in order to 
achieve a best fit for the strain-hold tests. Thus the strain-hold tests constitute 
verification tests for the DRM. 

The constants used in DRM were m = 0.2395, kc = 0.8340, A = 1.650, 
k = 0.8705, and C/T = 2.' These constants were used in Eqs 9, 10, 13, and 
14 to predict both the baseline and verification tests. Life predictions are 
presented in Fig. 10 and Table 1. The scatter band for the baseline tests was 
5.1 and the standard deviation was 0.24. 

In order to predict the lives of the strain-hold tests, only Eq 10 was used. It 
was assumed that no cavity growth occurred. This assumption was justified 
because the lives of these tests were either accurately predicted or underpre-
dicted. If cavity growth did occur, then the lives would be expected to be over-
predicted because the cavity growth was ignored. 

The DRM was able to predict all the verification tests except two of the 
S/F tests, which were overpredicted by as much as 8.9 times the observed life. 
Equation 14 was used to predict these tests. An attempt was made to use Eq 
15 to account for cavity growth. The value of G was determined for each test 
by equating the predicted life and the observed life. The values of G ranged 
from 18.7 to —0.2. Since no value of G which was similar for each of the S/F 

* The units used for the variables were in./in. for Aenei and min"' for cinei-
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tests could be obtained, the cavity-growth equation was assumed to be inap
propriate and was not used to predict these tests. 

The DRM segregated the tensile strain-hold and compressive strain-hold 
tests. All the tensile strain-hold tests having lives greater than 1700 cycles 
were underpredicted. As the lives became longer, the predictions became less 
accurate. The lives of all the compressive strain-hold tests were overpredicted. 
These predictions became worse as the length of the hold time was increased. 

One possible reason for these strain-hold tests being segregated is that they 
were the only tests having large mean stresses. The DRM as used in this eval
uation did not take into account mean stresses. The crack-growth law of Eq 6 
was integrated over an ideal cycle in which the mean stress was zero. If the 
crack-growth law were integrated over a cycle containing mean stresses, then 
better life predictions might result. 

A conceptual difficulty arises in the assumed crack-growth equation (6). 
The appropriate value of C/T used for Rene 95 was 2. This indicates that the 
crack growth under a compressive stress is twice as great as that under a ten
sile stress, contrary to what would be expected. This unusual result may be 
influenced by the presence of mean stresses. 

Discussion 

None of the models was able to correlate the baseline tests to within the 
desired scatter band of two. The models fell into two groups according to 
their correlative ability. The first group, composed of the FS and the FMDF 
Models, was able to correlate the baseline data to within a scatter band of 3.6 
and a standard deviation of 0.18 (as done by both models). The second group, 
composed of the DRM and the SRP Models, correlated these data worse, 
having scatter bands of 5.1 and 5.4, respectively, and standard deviations of 
about 0.23. 

Except for the S/F tests, all the models predicted the verification tests to 
within a factor of two. For the S/F tests, the FMDF Model yielded the best 
predictions, with a scatter band of 5.2, and the FS Model the worst, with a 
scatter band of 18. The DRM Model fell in the middle, having a scatter band 
of 9. It was possible to partition only one of the S/F tests, and the SRP 
Model's prediction of this test was a scatter band of 6.1. It is not understood 
why the S/F tests were so difficult to predict. Mean stresses were not present 
in these tests. An unusually short life occurred for one of these tests (which 
led to the majority of the poor predictions), but this life was confirmed by 
duplicate testing. 

All the models segregated sections of the baseline data set to some extent. 
The data were segregated the least by the FS and the FMDF Models and 
most by the DRM and SRP Models. The FS Model had the wrong trend for 
the tensile strain-hold tests, overpredicting those tests having short lives and 
underpredicting those having long lives. The FMDF underpredicted the ten-
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sile stain-hold tests having long lives and overpredicted all but one of the 
compressive strain-hold tests. The DRM also underpredicted the long-life 
tensile-hold tests and overpredicted all of the compressive strain-hold tests. 
The SRP Model underpredicted the long-life tensile strain-hold tests and 
overpredicted the 0/10 tests. It also overpredicted all of the 0.05-cpm tests. 
Thus the amount of segregation of the data by the models followed the same 
trend as the life predictions. 

In general, those tests having large mean stresses were poorly predicted by 
all the models. However, some tests having large mean stresses were well 
predicted. Thus the influence of mean stress could not be conclusively de
termined. Nevertheless, the general trend was that the models did not account 
for mean stress effects. 

It is noteworthy that the models employing frequency terms—the FS and 
the FMDF Models—were more successful in life prediction than those models 
dependent upon creep deformation to cause time-dependent damage—the 
SRP and DRM Models.' As discussed previously, the frequency regime over 
which the testing was done produced negligible amounts of creep in the con
tinuous-cycling tests, and the amount of creep during the strain-hold tests 
was usually small. Consequently, another type of time-dependent damage, 
such as environmental attack, would be expected to be important. Those 
models able to take into account other types of time-dependent damage by 
the use of a frequency term were able to predict the data better than those 
models which did not. 

The Coffin-Manson equation [29,30] was also examined. The equation 
yielding the best fit to the baseline data was 

Nf = 0.4070 (Aeinei)'"" 

The scatter band was 5.8 and the standard deviation was 0.26. The data were 
extensively segregated by this equation. These results show that a more so
phisticated model is needed to accurately predict the data. 

It should be noted that the conclusions of this paper are limited to fatigue 
behavior similar to that of Rene 95. This behavior is characterized by small 
inelastic strains, small amounts of creep, and the presence of mean stresses. 
The models evaluated in this paper have been used with success for materials 
exhibiting other types of fatigue behavior. 

Conclusions 

1. No model was able to correlate the fatigue life of Rene 95 at 650°C 
(1200°F) to within the desired scatter band of two. The correlations and pre
dictions are shown in Table 2. 

' The DRM is dependent upon creep deformation because the damage during a strain-hold 
period is controlled by the amount of stress relaxation that occurs. Although the ductility-
normalized SRP equations have a term to account for environmental attack, this term was unable 
to be used for reasons explained in the section on the SRP model. 
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TABLE 2—Correlations and predictions of the models. 

Model 

Frequency-Modified Damage Function 
Frequency-Separation Model 
Damage-Rate Model 
Strainrange-Partitioning Model 
Coffm-Manson Equation 

Baseline Tests 

Scatter 
Band 

3.6 
3.6 
5.1 
5.4 
5:8 

Standard 
Deviation 

0.18 
0.18 
0.24 
0.23 
0.26 

Veriflcation Tests 

Scatter 
Band 

5.2 
17.9 
8.9 
6.1 

2. All the models segregated the baseline tests to some extent. 
3. The models were unable to predict the fatigue life to within the desired 

scatter band because (7) mean stress was not properly taken into account, 
and (2) environmental attack, which appears to be the principal time-
dependent damage for Rene 95 at 650°C (1200°F), was not properly taken 
into account by the Strain-Range Partitioning Model and the Damage Rate 
Model. 

4. A method based upon the minimum creep rate versus stress and the 
cyclic stress-strain curves was presented to determine when an environmental-
fatigue interaction or a creep-environmental fatigue interaction may be pres
ent. Essentially, the method states that if the imposed strain rate is greater 
than the minimum creep rate for the highest stress in the cycle, then no creep 
damage can take place and only environmental attack can occur. For Rene 95, 
this method indicates an environmental-fatigue interaction and little creep 
damage. 
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APPENDIX 
Reading the Graphs 

The graph of the predicted and observed lives has been made in an unconventional 
manner in order to achieve a more meaningful display of the data. The observed life 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



BERNSTEIN ON FOUR CREEP-FATIGUE MODELS 133 

is plotted logarithmically on the horizontal axis. The ratio of predicted to observed 
life or its inverse is plotted linearly on the vertical axis. When a perfect prediction is 
made, this ratio has a value of one. When the life is overpredicted, then the ratio of 
predicted to observed life is greater than one and is plotted above the perfect fit line 
of one. When the life is underpredicted, the ratio of observed to predicted life is 
greater than one and is plotted below the perfect fit line. Thus, unconservative predic
tions are above the perfect fit line, and conservative predictions are below it. 
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ABSTRACT: An analysis of the interaction of creep and fatigue is made based on the 
energy expended for the nucleation of damage at the advancing crack front. A rate 
equation is assumed for the damage nucleation, and the activation energy is taken as a 
function of the total mechanical energy at the crack tip. The analysis yields a relation 
in terms of /-integral which is applicable to both crack propagation and final failure. 
Raw data from various sources have been analyzed for different types of loading and 
compared with the theoretical prediction. The total energy in tension, which includes 
the tension-going strain rate, appears to be a good parameter for the prediction of 
fracture life in creep-fatigue interaction. 

KEY WORDS: creep, fatigue, energy approach, damage function, crack propagation, 
life prediction 

Interaction of creep and low-cycle fatigue has been the subject of much in
vestigation during the last decade. Approaches based on damage summation 
[7,2],^ strain range partitioning \_3,4'\, and frequency modification [5,5] have 
been proposed and discussed in detail. Using the ASME Boiler and Pressure 
Vessel Code's damage summation equation given in the form 

aXt/U + ^XN/Ni = Dtoiai (1) 

Campbell [ 7] analyzed the experimental data on Type 304 stainless steel and 
found the damage to be minimum when the strain range is low or when the 
hold periods are long. The relation between creep damage, Dc, and the fa
tigue damage, Dt, is more nonlinear, and such nonlinear interaction relation 
is also reported by Janson [5]. Majumdar and Maiya [9] have analyzed the 
damage accumulation based on crack propagation and void formation. 

Metallurgy Department, Indian Institute of Technology, Madras, India. 
^ The italic numbers in brackets refer to the list of references appended to this paper. 
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CYCLES Nf " 

FIG. 1—Relative magnitudes of the elastic and inelastic strains in IN 100 alloy at 650°C. 

In the analysis of the strain range partitioning method, the data collected 
and reported in Ref 10 clearly reveal that in many cases the elastic portion of 
the strain, deei, is either greater than or comparable to the inelastic strain 
range, Scm, as shown by a typical example for IN 100 in Fig. 1. Therefore the 
analyses made are for the conditions beyond the transition fatigue life, Nu as 
defined by Coffin [5], and hence the contribution to damage due to the elas
tic strain component cannot be neglected. At low temperatures when creep is 
negligible, there will be one-to-one correspondence between Stei and 8tm. 
Thus analysis and correlation based on de«i or 6tm can be sufficient. At higher 
temperatures with creep deformation also present, however, there will not be 
one-to-one correspondence between 8eei and 8tm, as shown in Fig. 2 [77] for 
turbine disk alloy AF2-lDa; therefore the elastic strain component must also 
be taken into consideration in the analysis. 

In the interaction rule employed for SRP analysis, the damage contribu
tion per cycle of any typical strain component, say Stpp, for a given total in
elastic strain, Scu, is given by 

damage/cycle = 
1 5tpp/6ein /pp 

iVpp •*'PP ^ p p 
(2) 

where TVpp is the number of cycles obtained against the value dem on the dcpp-M 
curve (Fig. 3a). This means that so long as the inelastic strain range 8fm is 
fixed, the damage line will be the DD' line with a slope equal to unity (ac
cording to the relation A'̂pp* 6epp = TVpp Scin = constant) and is not influenced 
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138 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

by the slope of the curve 8ej,p~Nt. For a typical case of Type 316 stainless 
steel, different treatments, such as annealing, aging, and irradiation, give dif
ferent 6efp-Nt lines with different slopes (Fig. 3b) [12]. Yet if the inelastic 
strain range Sein is fixed as shown, the damage contribution for a given Stpp-
component will be the same in all three cases; that is, the damage contribu
tion per cycle in all three materials will correspond to point D{= l/Npp*). 

Ostergren [13] proposed the hysteresis energy in the tensile portion as a 
basis for creep-fatigue analysis. Investigations carried out on Rene 95 and 
Inconel 718 alloys [14] showed better correlation with the hysteresis loop 
energy approach. Leis [75] and Fong [16] have also approached the problem 
of interaction of creep and fatigue from the energy standpoint. Bernstein [17] 
analyzed the creep-fatigue behavior of Rene 95 based on the different models 
currently in discussion and found that none of the models could predict all 
the verification tests to within a factor of two. 

The damage due to creep-fatigue interaction has also been viewed from 
the standpoint of crack propagation [18,19], and the crack growth rate 
da/dN was correlated with the 7-integral. The damage accumulation as en
visaged in other approaches is the nucleation and propagation of a dominant 
crack up to the critical point, and even at elevated temperatures where creep-
fatigue interaction will be more pronounced, an analysis based on damage 
nucleation and accumulation in the form of a dominant crack will be able to 
give a better understanding and method of life prediction. A model for dam
age accumulation in the form of crack growth based on the energy input is 
discussed in the following section. 

A Model for Crack Growth 

When a crack of length a forms on the surface of the material, the stress 
and strain just ahead of the crack are increased, and this enhanced effect is 
felt over a small highly strained volume represented by its width Rp. Beyond 
this highly strained volume of the material, the stress and strain will rapidly 
reduce to macrovalues applied away from the crack. The stress-strain con
centration factors, Ka and Kt, are related to the theoretical stress concentra
tion factor, Kt, by [20,21] 

Kt^ = K„K, (3) 

If a* and e* are the stress and strain near the crack tip, it can be taken that 

Ka = a*/a and K, = eVe (4) 

and in the case of fatigue it can be written as 

j^2 ^ gg* Se* ^ 8a*(8ea* + gcpi*) 
da 8t 8a(8tei + Sepi) 

where 8a and 8e are the stress and strain range away from the crack, and Sa* 
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and 6e* are those at the crack tip. The product 8a 6epi is considered to repre
sent the energy absorbed during each cycle as given by the area of the hys
teresis loop, and the product 8a 8tA represents the elastic energy. Hence the 
numerator in Eq 5 represents the energy 8W* at the crack tip, and the de
nominator represents the energy 6 fT supplied away from the crack. Thus we 
can write 

. ^ 8W* ^ {8Wa* + 8W,i*) 

* 8W iSWa + 8Wp\) ^ ' 

With the relation ^ t = 1 + Isja/p «* 2\Ja/p, where a is the crack length 
and p is the crack-tip radius, we can write Eq 6 as 

8W* = — {8W'a) (7) 
P 

A plastic 7-solution for a center crack strip of infinite extent is given by 
Shih and Hutchinson [22] and their solution in fatigue terminology can be 
written as 

8Jp = A:(3.85/n'7r + nV) («' + l)8Wp-a (8) 

which can be approximated within 3 to 4 percent by the modified form [23] 

8Jv=Cii8Wp-a) (9) 

where Ci = 1.96\/l/n'. Similarly the elastic 5J-solution can be given as 

8Je=C2{8W^-a) (10) 

where C2 = Iv. The total will be 

SJ = 8Je + 5/p = (C28We + Ci8Wf) -a (11) 

In creep-fatigue the damage nucleation at the tip of the advancing crack 
could be in the form of microcrack or void growth contributed by point and 
line defects. Both the strain energy at the crack tip and the thermal energy 
will contribute to the damage nucleation ahead of the crack tip. The damage 
per unit volume of the material ahead of the crack nucleated per cycle can be 
given by a rate equation of the form 

dD ^ -jQ - m' log {8W*/Wo)) 

where Q is the activation energy, and w' arid Wo are constants. A similar 
da/dN dependence on the activation energy has been found to be valid in the 
case of high-temperature fatigue of ailuminum [24]. Equation 12 can be re
written as 

dD I 8W* Y 
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where m = m'/kT. 
The damage takes place over a small highly strained volume, represented 

by its linear dimension Rp. In the case of elastic field this dimension can be 
identified as the width of the plastic zone given by 

Rj, oc (£/ay.^)/e 

where E is Young's modulus and try, is the yield stress. In the case of high-
temperature low-cycle fatigue, the width of the highly strained volume can 
be given by a similar type of relation: 

Rp oc (E/ay,^)8J (14) 

The total damage in the volume of highly strained zone joins the crack, and 
the crack advances through a small distance da in the time dN. Hence the 
crack growth rate can be written as 

Rp'dD/dN = da/dN = CsiE/oy,^) (87) i8W*/Wo)"' exp (-Q/kT) 

= CiddWp + C28W,) (dW/Wo)'" iaf*^ exp (-Q/kT) (15) 

In the above model, it is assumed that the damage nucleates only in the 
highly strained volume represented by its width Rp during the small interval 
dN. This damage joins the advancing crack at the end of the interval, thereby 
making the crack advance through a small distance da. When the value of 
the cyclic strain-hardening exponent«' is in the range of 0.1 to 0.15, the con
stants Ci and C2 will be nearly equal and Eq 15 can be given as 

da/dN = CiidW-ar*' exp {-Q/kT) (16) 

Under certain conditions of testing, as in vacuum, some of these damages 
may get healed. Under normal testing conditions with ambient air, such heal
ing may not be possible. In addition, with hold times the crack front will be 
subjected to environmental attack. Hoffelner and Speidel [25] have reported 
that the crack propagation rate is two times higher in air than in vacuum for 
IN 738 LC alloy and IN 939 alloy at 850°C. The stress corrosion effect at the 
crack front in the above cases appears to be a mere multiplying effect; how
ever, the effect may also depend on the time. In the simple case we can write 
Eq 16 in the form 

da/dN = CyCtiSJ)""*' (17) 

where C? is a temperature-dependent constant and Ct is a stress corrosion 
factor. The crack growth rate in high-temperature low-cycle fatigue is shown 
to be a function of 8J[18,19], and the value of the exponent (m + 1) is found 
to be around 1.3 to 1.7, 

After rearranging and integrating, we obtain 

^ [l-(ao/at)'"} = C7Cti8W)'"*'-Nt (18) 
mao 
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where ao is the length of the crack at the time of initiation and at its final 
length. Assuming the variation of at under different loading to be marginal 
and flo ̂  at, we obtain 

Cf(6 W)"*' • Nt = constant (19) 

The left-hand side of the relation gives the energy input during the tensile 
portion of the cycle. 

Wave Shape Analysis 

In the case of a balanced hysteresis loop with no creep effect, the energy 
associated with the /-integral will be We and W^ corresponding to dJ» and 8Jp 
respectively (Fig. 4). This energy term will be 

8W=8We + 8Wp 

= -y- 6ed + [(1 - «')/(!' + «')] - y ««pi (20) 

The second term, corresponding to the plastic region, depends on the cyclic 
strain-hardening exponent n'. 

The case of unbalancing in the hysteresis loop comes in when there is a 
hold period either in tension or compression or when the tension-going fre
quency is different from the compression-going frequency. The need to con
sider wave shape effects has been recognized in recent life-prediction tech
niques. The general approach is either to separate the hysteresis loop into 
components of fully reversed strain elements (as is employed in SRP method) 
or to consider tensile-going and compression-going frequencies separately 
(as has been proposed by Coffin [26,27] and Ostergren [28]). In such a case, 
the contribution to damage due to creep also comes into the picture. Tom-
kins and Wareing [29] have taken the creep damage as an effect in reducing 
the crack length to cause instability. In the analysis presented, the entire 
energy term can be looked upon as three components. We, W^, and Waeep, 
the latter being due to the tensile stress at and the displacement ecnep- It is 
generally agreed that intergranular cavitation and triple point cracks at high 
temperatures are produced by tensile (not compressive) axial stresses, and 
that they are also enhanced by lowering the strain rate [30]. Hence Eq 20 can 
be extended to creep region and be written as 

8a 1 — n' 8a 
8W = --8ea + 7 — r ^ T ««P' + '^^^ (21) 

Z I -r n 2, 
where 8eei + 8epi + 8ec = total strain. The third term need not necessarily be 
due to creep under constant stress hold. When the frequency is low, the creep 
effect will come in. Thus the strain rate will play a part, and in such a case the 
energy term can be given as 
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1 „ ' 

8W = atSeei + ":—;—r OiSep\ + [atSec] 1 + n (t)' (22) 

where er is the reference strain rate (for example, when the creep contribution 
is zero) and et is the actual strain rate during the tensile portion. The expo
nent 9 is a constant. The cyclic strain-hardening exponent «' refers to Fast-
Fast (FF) cycling. Since the tensile portion of the energy is considered in the 
analysis, tests CC (creep-creep) and CP (creep-plasticity) can be considered 
similar and tests PP (plasticity-plasticity) and PC (plasticity-creep) will be 
similar, except for the mean stress effect. Typical energy evaluations are 
shown schematically in Fig. 4. 

Under certain conditions of high-temperature low-cycle fatigue, some 
materials are more prone to environmental stress corrosion than to creep 
damage. Low strain rate alone will not be a sufficient condition for creep 
damage to take place. The stress induced must also be sufficiently high 
enough to introduce the creep phenomenon. Materials that are environmen
tal-corrosion sensitive will have accelerated crack growth rate with or with-

Wg Wp 

time 

time 

time 

FAST SLOW 
FIG. 4—Schematic energy separation in creep-fatigue interaction. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



RADHAKRISHNAN ON FRACTURE LIFE IN HTLCF 143 

out the aid of the creep damage. When the stress or strain is held constant at 
the peak value, or when the material is subjected to a low strain rate, the 
crack front will be attacked by corrosion and the crack zone will experience a 
stress corrosion effect. Under such a case the failure life can be given as 

Nto^Cf'iSW)'^"'*^^ (23) 

where Ct is the corrosion factor. Whether this factor is a simple multiplying 
factor or is a function of the time of exposure of the material during each 
cycle, depends on whether the protective layer that forms at the crack front 
because of corrosion is going to be stable during each cycle or will break 
down immediately after formation, thereby continuously exposing the crack-
front to stress corrosion attack. When the hold time involved is small, Cf can 
be taken as a simple multiplying factor. 

Case Study and Discussion 

Continuous Cycling {Fast-Fast) 

When the cycling is continuous and symmetrical at a constant strain rate, 
the first two terms in Eq 21 will be valid because there is no creep effect, and 
the total energy will be 

8W= atSea + 7——7 otSejn (24) 

If the hysteresis loop is available, the energy can be evaluated or for compu
tation purposes Eq 24 can be approximated as 

6W= (atSetotai) 

so that 

(at6€totai)'"*'-iVf = constant (25) 

where at is the tensile stress. 
Typical relations between tensile total energy 8 Wt and the cycles to failure 

for 800 and 800 H nickel alloys are shown in Fig. 5 (raw data from Ref 57). 
Even when the stress or strain is held constant for a duration in tension or in 
compression, if the temperature is not high enough to cause creep damage in 
the small interval of time, then Eq 25 will be valid for cases of continuous cy
cles ( • ) , tension hold (©), compression hold (®), or tension and compres
sion hold (O). Such a typical correlation at a comparatively low temperature 
where the creep damage or relaxation effect may be negligible is shown in 
Fig. 6 for chromium-molybdenum steel [72] under Fast-Slow, Slow-Fast, 
and Slow-Slow conditions of testing. 
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FIG. 5—Relation between 6Wt and Ntfor 800 and 800 H nickel-base alloys in FF type of load
ing. Data from Ref 31. 

Slow-Fast Cycling {CP type). 

In the case of slow-fast cycling, the tensile-going strain rate et will be 
smaller than the compression-going strain rate ecom which will correspond to 
the normal fast-fast cycling. In this case creep strain will be introduced in the 
total strain range, and the energy is computed as shown in Fig. 4. The total 
tensile energy term responsible for the damage accumulation can be written 
as 

2 0 1 -
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FIG. 6—Relation between 6Wt and Ntfor chromium-molybdenum steel at 538°C in PC, CP, and 
CC type of loading. Data from Ref 12. 
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SlVt= atdeei + 
1 n' 
1 +n 

7 CTt&pi + atSe, (t)' 
For a given pattern of slow-fast cycling, where «' refers to cyclic strain-
hardening exponent under FF condition, the relation 

(8Wt)'"*'Nt = constant 

will be valid. Typical relations for FF (•) and SF (®) loading conditions for 
Waspaloy are shown in Fig. 7 [32]. On the log-log plot, the FF and SF give 
two straight-line relations, the slopes of which are the same, equal to 
1/(1 -I- m). If the data of SF are to be compared with those of FF (so that a 
single relation will emerge), then the strain rate effect must be taken into 
consideration, as shown in the above relation. Typical experimental results 
on Inconel 718 alloy and Rene 95 alloy are shown in Fig. 8 (raw data from 
Ref 14). 

The SF loading gives rise to two considerations. The tensile strain rate et 
will be smaller than hi (the reference FF strain rate), and so the damage 
owing to d Wt will be greater than that owing to FF loading. The SF loading 
will also introduce a mean compressive stress which will reduce the value of 
at. However, the net effect will still be large enough to cause failure at a 
lower number of cycles. In general we can say that the fatigue life will be 
governed by the net effect of these two opposing forces. 
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FIG. 7—Relation between Sy/tandtitfor Waspaloy and Astroloy in FF and SF type of loading. 
Data from Ref 32. 
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HIP&Foiged ReneK 

• PP 
eCP 
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FIG. 8—Relation between 6Wt and Nf/or Inconel 718 alloy and Rene 95 alloy in PP and CP type 
of loading. Data from Ref 14. Nf = (X70). 

Fast-Slow (FS) Cycling 

It is assumed in the analysis that the damage accumulation takes place 
during the tensile portion of the cycling. Hence fast-slow cycling data will be 
similar to the FF cycling data. Typical results of turbine disk alloy AF2-1DA 

S O i -

-=0-2« 

- L J_ _L 
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FIG. 9—Relation between fiW, and Nf/or turbine disk alloy AF2-1DA in PP, PC, CP, and CC 
type of loading. Data from RefW. 
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are shown in Fig. 9 (raw data from Ref 11), where the FF and FS data fall on 
one line and the SF and SS data fall on another. It should be noted, however, 
that even though FS may be similar to FF, FS will introduce a tensile mean 
stress and the total strain range will also be increased. Thus the energy 
absorbed will be slightly higher in the case of FS than in FF, depending on 
the mean stress level. Typical results of MAR M002 alloy at temperatures of 
850 and 1040°C are shown in Fig. 10 (raw data from Ref 55). It can be noted 
that at 850°C the creep effect appears to be negligible, and therefore all the 
points fall on the same line. As the temperature is increased, creep effect is 
more pronounced. Thus there is difference between FF-FS and SF-SS data 
at 1040°C. 

Corrosion Effect 

In the investigations carried out by Bernstein [77] on Rene 95 alloy at 
650°C it was observed that the hysteresis loops for frequencies of 20 and 0.05 
cpm were similar, thereby indicating that the material was not very sensitive 
to strain rate at that temperature. Tests were carried out with 1 and 10 min 
hold periods at peak stress or strain. Some tests were also carried out at some 
intermediate strain level (before the strain reached its peak value). 

This material appears to be very sensitive to environment, the tests having 

• O l 
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I I \ I I 
to 
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FIG. \0—Relation between 5W, and fit for MAR M002 alloy in PP. PC, CP. and CC type of 
loading at 850 and 1040°C. Data from Ref 33. 
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been carried out in air, and the creep damage appears to be negligible. In 
such a case the life can be given by 

CfiaWt)"*^ • Nt = constant 

In the experimental analysis, the 20-20 (FF) tests and the intermediate 
strain-hold tests (Il-O, O-I 1) will offer little (or similar) conditions for stress 
corrosion. Other tests—namely 0.05-0.05 (SS), 1-min hold, 10-min hold, 
etc.—will offer more time for stress corrosion at the peak values of the stress 
and strain. Thus the first three fall into one category and the others fall 
under a category where corrosion is more severe than in the first. The raw 
data reported in Ref 77 were analyzed based on this premise, with the corro
sion factor Cf = 1 for the first category and Cf = 2.5 for the other cases; 
correlations were made between tensile work 8Wt (=at Setotai) and Nt. The re
sults are shown in Fig. 11. For the first three tests the correlation is very 
good, with a scatter band of only ±1.4. The correlation in the second cate
gory can be said to be good because the scatter band is within the recognized 
limits of ±2. Even this scatter may be because a common Cf-factor of 2.5 is 
taken for all the cases. Rene 95 alloy is a typical example where stress corro
sion plays a dominant role at 650°C, creep damage is rather negligible, and 
the model presented and discussed here can be successfully applied. 

Concluding Remarks 

If fatigue resistance of different materials are compared on the basis of the 
inelastic strain range, higher strength materials will exhibit lower strength. 
On the other hand, if results are plotted in terms of the saturation stress 
range, then the higher strength materials will exhibit better fatigue behavior. 
In order to combine the influence of both stress and strain, the energy pa
rameter combining both stress and strain ranges will be best. 

In the analysis presented, the total energy is partitioned into elastic, plas
tic, and creep. The macroscopic elastic strain energy is also taken into con
sideration, since it will also aid the accumulation of damage at the crack 
front. For the calculation only the tensile portion is considered, as damage 
accumulation normally occurs only during tensile excursion. Compressive 
stresses will try to close the crack. Even in normal fatigue crack propagation 
analysi^, the crack closure effect has been recognized and the effective stress 
intensity factor is used to describe the crack growth rate. In the partitioned 
strain energy, the plastic strain energy refers to fast-fast balanced cycling. 
The hold time and frequency influence will be taken care of by the energy term 
associated with creep effect. If the creep effect is negligible and stress corro
sion effect is more pronounced, then the corrosion factor Ct can be intro
duced to evaluate the failure life. 

In all these cases, if the hysteresis loop is available for any particular type 
of loading, then these energy quantities can be directly computed. The effect 
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of hold either in tension or compression will introduce a mean stress which 
will alter the value of at. Though FS cycling may be similar to FF cycling, the 
former will increase ot in addition to increasing the value of the total strain 
range. In that respect FS may be more damaging than FF cycling. 

In the analysis, the slope of da/dN versus 8J is given by the exponent 
(1 + w) on the log-log plot. With increasing temperature, the value of/« will 
decrease. A similar tendency has been observed by Huang and Pelloux [i9]. 
The slope of 8W\, versus Nt on the log-log plot is likely to increase with in
crease in temperature. This is observed in the case of MAR M002 alloy. At 
low temperatures when the creep effect is negligible, the interrelation be
tween the exponents oi da/dN vtxsus 6/and 6 W'versus iVf is discussed in Ref 
34. At high temperatures with different combinations of loading conditions, 
experimental data to examine the behavior oida/dNvtxsus d/and 8Wt vs Nt 
for a particular material are rather limited. The analysis carried out with the 
available data, however, shows that the total tensile energy may prove to be 
a useful parameter to predict the fracture life in creep-fatigue condition. This 
parameter appears to be more attractive, as computation of the total tensile 
energy will be easier once the hysteresis loop for any particular loading is 
available. 
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ABSTRACT: In order to predict long-term behavior of a high-creep resistant low-
carbon Type 316L stainless steel under low-cycle fatigue with long hold times, a series 
of tests of fatigue relaxation was undertaken at 550, 600, 650, and 700°C for medium 
strain ranges (Aet = 0.7,1.2, and 1.6 percent). Hold times up to 5 h were introduced at 
the maximum tensile strain. It has been shown that a reduction of fatigue life occurred, 
generally associated with intergranular cracking when hold times increased. A maxi
mal effect was observed at 600°C. 

Different methods for extrapolating results for very long hold times, such as those 
encountered on fast breeder reactor components (—1000 h) were proposed. These 
methods were based on a time-temperature equivalence comparable to those used for 
extrapolating creep rupture data. A correlation between reduction of fatigue life with 
the amount of stress relaxation during hold times was also used. Predictions by these 
methods are compared with ASME N47 fatigue design curves. 

KEY WORDS: creep fatigue interaction. Type 316 stainless steel, high temperature de
sign, stress relaxation 

Nomenclature 

A Coefficient in primary creep equation 
B Coefficient in creep rupture equation, MPa 
C Coefficient in secondary creep rate equation, MPa 

Ce, Cf Coefficients in fatigue life equations 
/R Fatigue life reduction factor 
K' Strain-hardening coefficient 
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Nucleaires, Saclay, France. 

^ Creusot Loire, Centre de Recherches d'Unieux, Firminy, France. 
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Exponents in fatigue life equations 
Exponent in creep rupture equation 
Cyclic strain-hardening exponent 
Design fatigue life 
Number of cycles to failure in continuous cycling 
Number of cycles to failure with tensile hold times 

Linear fatigue damage 

Time-temperature equivalence parameter 
Stress exponent in primary creep equation 
Stress exponent in secondary creep equation 
Time exponent in primary creep equation 
Temperature, °C 
Length of hold time, min 
Time, h 
Time to rupture, h 
Strain, m/m 
Strain rate, m/m/s 
Elastic strain range, % 
Total strain range, % 
Plastic strain range, % 
Stress, MPa 
Stress amplitude, MPa 
Tensile stabilized stress in continuous cycling or at the be
ginning of hold time, MPa 
Tensile stress ampHtude at the end of a hold time, MPa 

Relative relaxed stress 

Relative amount of stress relaxation 

The problem of creep-fatigue interaction on austenitic stainless steels has 
received considerable attention during the past decade [/-5]/ In particular, 
with the development of liquid-metal fast breeder reactors (LMFBRs), the 
need to know the consequences of creep-fatigue interaction has been accen
tuated. Effectively, several components of LMFBRs are subjected to creep 
and fatigue loadings; creep loading occurs during normal operation and fa
tigue loading occurs during startup and arrest transients. 

In order to evaluate possible component life reductions resulting from 
creep-fatigue interaction, usually low-cycle fatigue tests are carried out with 
hold times. For austenitic stainless steels, these hold times are more detri-

*The italic numbers in brackets refer to the list of references appended to this paper. 
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mental when they are introduced in the tensile part of the fatigue cycle. 
However, to avoid excessive experimental times these tests are generally 
conducted at relatively high strains (0.5 to 2 percent) and short hold times 
(less than 48 h). When compared with the strain ranges and hold times en
countered in actual service (less than 0.3 percent and about 1000 h) the re
sults imply that a considerable degree of extrapolation is needed for the pre
diction of the long-term behavior of the materials. 

The present work on a Type 316L stainless steel that is used for fast 
breeder reactor components is a cooperative effort among three laboratories 
involved in fast breeder reactor development in France. The purpose is to 
generate data and to propose extrapolation methods for establishing design 
curves for creep-fatigue interaction. 

Material 

The steel studied in this work is a Type 316L stainless steel used for nu
clear applications [6], It is characterized by a relatively high nitrogen con
tent and good tensile and creep properties which are very close to those of 
conventional Type 316 stainless steel [7]. Only one cast was used throughout 
the experiments; its composition is given in Table 1. 

The test material was received in the form of a 30-mm-thick plate that had 
been twice annealed at 1070°C and water quenched. It had an austenitic mi-
crostructure with some ferrite stringers (less than 0.5 percent) and an ASTM 
grain size number of 4 to 6. All test specimens were machined in the longi
tudinal direction. 

Testing Procedures 

The mechanical properties of the material were fully determined by ten
sion, creep, low-cycle fatigue, and low-cycle fatigue with hold time tests. In 
this paper only low-cycle fatigue tests, with and without hold times, are re
ported in detail. 

Creep tests were conducted at 550, 600, 650, and 700°C. From these tests 
average creep deformation and creep rupture properties were determined. 

Low-cycle fatigue tests were conducted in air on push-pull strain-controlled 
machines at Re = —I with axial extensometry and resistance furnace heating 
in all three laboratories. Particular attention was given to axial aUgnment of 
specimens and clamping devices (misalignment less than 0.03 mm). Speci
mens were cylindrical type and measured 8 to 10 mm in gage length and 38 
to 64 mm^ in cross section. They were all finished by fine turning to a rough
ness average value of 0.8 fitn. 

Axial strains were measured by attaching extensometers either directly on 
the calibrated cylindrical part of the specimens or on the shoulders of the spec
imens. In the latter case, which was generally adopted for avoiding rupture 
under the extensometer knives, a calibration factor, as determined experi-
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156 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

mentally and by computation at each temperature, was used to calculate the 
actual strain range applied to the gage length. Round-robin tests were suc
cessfully conducted to check the validity of testing procedures in the three 
laboratories. 

Low-cycle fatigue tests were performed at 20, 450, 550, 600, 650, and 
700°C using constant strain rates of 1.5 to 4 X 10"' s"', depending on the lab
oratory, and strain ranges between 0.4 and 3 percent. Tests with hold times 
in the tensile part of the cycle were conducted at 550, 600, 650, and 700°C 
with strain ranges of 0.7, 1.2, and 1.6 percent and hold times of 1, 3, 10, 30, 
90, and 300 min. 

The number of cycles to failure, A^F, was defined as the number of cycles 
leading to a reduction of the maximum load by 25 percent. The symbols used 
for analyzing results are given in the section on Nomenclature. 

Results 

Creep Results 

Primary creep was described by 

e = Aa't' (1) 

secondary creep rate by 

and creep rupture by 

- ( ! ) • • 

'»=(i)" 

(2) 

(3) 

These equations were fitted to experimental data points using the least 
squares method at the different temperatures. Creep rupture strengths ob
tained were close to the average creep strength of Type 316 stainless steel [5]. 

TABLE 2—Average creep properties of Type 316L stainless steel. 

Secondary Creep Creep Rupture 
Primary Creep Equation Rate Equation Equation 

e = Aa^t' 

T, 
i^r -ii)-

550 
600 
650 
700 

1.45 X 10'" 
5.69 X 10"" 
2.60 X 10"'" 
1.33 X 10"" 

3.87 
4.31 
4.75 
5.19 

0.403 
0.467 
0.570 
0.713 

1011 
663 
449 
309 

10.15 
10.15 
9.2 
8.5 

665 
537 
465 
386 

-12 
-10 
-7.5 
-6 
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The results of the creep experiments are summarized in Table 2. 

Low-Cycle Fatigue Results 

Fatigue resistance and cyclic-hardening stress-strain curves were deter
mined using the usual relationships 

Aet = C^N'" + C^N'" (4) 

and 

M¥i G. = K'[-:^\ (5) 

Results are summarized in Table 3. 

Creep-Fatigue Results 

Low-cycle fatigue tests with hold time were performed at 550, 600, 650, 
and 700°C; this paper concentrates on those at 550 and 600°C because they 
were more numerous. 

Effect of Hold Time on Cyclic Stress-Strain Curve—Significant cyclic hard
ening occurred in continuous cycling. It remained important when hold 
times were introduced, but at 600°C a slight decrease in hardening occurred 
with increase in hold time over 10 min (Fig. 1). Similar behavior had been 
observed by Rezgui [5] on Type 316L stainless steel. This effect was more 
complicated at 550°C, since a supplementary hardening appeared for short 
hold times, but for hold times greater than 30 min a decrease in hardening 
finally occurred. This behavior is illustrated in Fig. 2, where stresses in tests 
with hold time normalized to stresses in continuous cycling are plotted 
against hold time duration. 

Effect of Hold Time on Fatigue Resistance—Introduction of hold time in 
tension reduced fatigue life at 600, 650, and 700°C. At 550°C a transitory in
crease in fatigue resistance occurred for short hold times. For longer hold 

TABLE 3—Average continuous fatigue properties of Type 316L stainless steel. 

Cyclic Stress-Strain Curve Fatigue Life Curve 

a. = if' I 1 Aet = (C, X Nf) + (Cp X Nf") 

T, 
°C 

550 
600 
650 
700 

K' 

462 
469 
394 
363 

n' 

0.340 
0.332 
0.218 
0.225 

C, 

1.33 
1.20 
1.00 
1.07 

P 

0.16 
0.14 
0.12 
0.14 

Cp 

17.14 
8.22 
21.83 
20.57 

m 

0.47 
0.37 
0.51 
0.52 
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FIG. 2—Effect of hold time on maximum tensile stress of Type 316L stainless steel at 550 and 
600°C. 

times (longer than 30 min), the general trend of decreasing fatigue life when 
increasing hold time also occurred at 550°C. 

Figure 3 illustrates the steel behavior at 600°C. It can be seen that, owing 
to scatter in results, the reduction in fatigue life becomes important and no
ticeable only for hold times greater than 10 min. 

In order to summarize the results, a reduction factor /"R, defined as the 
ratio of fatigue life with hold time to fatigue life without hold time, was in
troduced. Figure 4 plots this reduction factor FR against hold time TH for dif
ferent temperatures. The decrease in FR is quicker at high temperatures (650 
to 700°C) for short hold times, but seems to be lesser than that at 550°C and 
600°C for longer hold times. It can be noticed that only at 600°C is the rela
tionship between Fn and TH not strain range dependent. A further point is 
that the FR versus TH plot is quasi-linear for long Tn-values on the log-log 
diagram; the slopes of these linear relationships are close together at 550 and 
600°C and decrease in absolute value at 700°C. At 600°C there is no signifi
cant increase of FR between 90 and 300 min of hold time, but results are too 
scarce to allow us to predict a hold time saturation effect. 

Effect of Hold Time on Fracture Appearance—After testing, the fracture 
surfaces of all specimens were examined using scanning electron microscopy. 
It appeared that at 550 and 600°C, where reduction of fatigue life occurred, 
the rupture was mainly intergranular. Similar behavior is described in Ref P. 
At 650 and 700°C the rupture was essentially transgranular, which indicates 
that, for the steel tested here, a change in damage mechanism under creep fa
tigue condition occurs at and above 650°C. This is the main reason why only 
results at temperatures below 650°C are discussed in this paper. 
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1 3 10 30 100 

TENSION HOLD TIME J H , min . 
FIG. 4—Effect of tension hold time on fatigue life of Type 316L stainless steel at different 

temperatures. 

Stress Relaxation Behavior 

During hold time, stress relaxation occurs. For a given test, the amount of 
stress relaxation is practically constant. At the beginning, during cyclic hard
ening, a slight increase in stress'relaxation occurs. During the central part of 
the test, where maximum stress remains constant, the amount of stress relax
ation does not vary. The amount of stress relaxation increases with increas
ing hold time and strain range. These results are in good agreement with 
those given by Conway et al [10]. In order to account for the change in cyclic 
hardening due to hold times, stress during relaxation was normalized to ten
sile stabilized stress, atmax, and a relationship between normalized stress and 
time was obtained. 

As creep strains during stress relaxation are always less than 0.3 percent, 
primary creep laws were used since, for this steel, the onset of secondary 
creep is always at strains greater than 0.5 percent. From creep data, stress re
laxation curves for different tests were calculated in the following manner. 
During stress relaxation, elastic strains are transformed in creep strains and 
stress decreases following 

— = —E— 
dt dt 

(6) 
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FIG. 5—Prediction of cyclic stress relaxation from primary creep equation for Type 316L stain
less steel at 600° C. 

From the primary creep equation (1), we have 

dt 
^ = AroV-^ (7) 

From Eqs 1, 6, and 7, eliminating e for time-hardening rule or t for strain-
hardening rule, relaxation curves can be numerically calculated. Figure 5 
shows that stress relaxation computed by this method is significantly greater 
than actual stress relaxation. Corrected coefficients for primary creep equa
tion were determined to describe more accurately cyclic stress relaxation. 
Corrected coefficients are given in Fig. 5; only results with time-hardening 
rule are presented, since they gave the best agreement between calculated 
and experimental data. It can also be shown that the use of normalized stress 
leads to a good description of stress relaxation for a given strain range, elimi
nating initial stress variations due to different lengths of hold time, since all 
the final normalized relaxed stresses for different hold times are practically 
on the same curve. 

Linear Damage Cumulation 

Linear damages were calculated for the different tests at 550 and 600°C in 
the following manner. Fatigue damage is evaluated by 

Np NF,O 
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F I G . 6—Creep-fatigue linear damage diagram of Type 316L stainless steel at 550 and 600°C. 

and creep damage is given by 

/ R 0 J o R̂ •'''tm, 

tmin fjf 

/R(<r) 

where /R is given by Eq 3, atmax is obtained from the cyclic-hardening curve 
(Eq 5), and numerical integration along the stress relaxation curve is calcu
lated as described previously. This method of computation of damage in 
creep fatigue interaction is compared with other methods in Ref 11. Results 
are given in Fig. 6. It appears that at 600°C total linear damage occasionally 
falls below the linear damage envelope, but is above the bilinear limit given 
by ASME N47 T1420-2 for austenitic stainless steels [72]. 

Discussion 

The major problem in creep fatigue interaction evaluation for design pur
poses is how to extrapolate experimental results obtained with short hold 
times (less than 5 h) and relatively high strain ranges (greater than 0.7 per
cent) to practical situations with long hold times (1000 h) and low strain 
ranges (0.3 percent). The fatigue resistance curve at 600°C with 1000-h hold 
time was determined using three different methods: (7) direct extrapolation 
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using time-temperature equivalence, (2) direct extrapolation using stress re
laxation correlation, and (3) computation method using linear damage rule. 

Direct Extrapolation Using Time-Temperature Equivalence 

Figure 4 shows the relation between /R and Tk in log-log scale at different 
temperatures. A time-temperature equivalence similar to the Larson-Miller 
parameter was employed for creep rupture data extrapolation, with longer 
time being replaced by higher temperature. As stated earlier, owing to the 
change in damage mechanisms, only results at 550 and 600°C in this study 
were employed. Some recently published data by Wood et al [5] obtained on 
a similar stainless steel were included for determining time-temperature 
equivalence. A parameter P = (T + 273) (12 -I- log JH) was found efficient 
in describing the relation between /K and P. This approach is given in Fig. 7. 
It is worthwhile noticing that in the aforementioned temperature range there 
is practically no effect of the strain range in this correlation. 

Stress Relaxation Correlation 

If we take into consideration that creep deformation and creep rupture 
characteristics are interrelated, it appears that a correlation must exist be
tween creep damage and the amount of stress relaxation, creep damage in
creasing with the amount of stress relaxation. In Fig. 8, the correlation be
tween the reduction factor FK and the amount of stress relaxation during a 
cycle is shown as estimated lines drawn through data points. The formula
tion derived previously for calculating the amount of stress relaxation asso
ciated with a long hold time was used, and the reduction factor and the fa
tigue life were determined from the correlation. In Fig. 8, that approach 
appeared to be strain range dependent in the experimental field. 

Linear Damage Method 

From the experimental data described previously, it is possible, for a given 
strain range, to compute cyclic stress and fatigue life in continuous cycling, 
to determine the stress relaxation during hold time, and, from creep rupture 
properties, to evaluate total creep damage. Using the bilinear limit for total 
damage given by ASME N47 T1420-2, the life in fatigue can be determined. 
This approach was used to predict fatigue life including different hold times. 

Table 4 gives results of life reduction by the three different approaches for 
1000-h hold time at 600°C. Good agreement between the three methods is 
reached for higher strain range (1.2 percent). But for lower strain ranges, the 
stress relaxation correlation and the linear damage method predict an in
crease in life reduction that is not given by the time-temperature equivalence 
approach which is strain range independent. It appears that the evaluation of 
the effect of strain range for estimating fatigue life reduction in creep-fatigue 
tests is an essential point which needs further study. 
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FIG. 8—Application of stress relaxation correlation for predicting fatigue life reduction factor 
for Type 316L stainless steel at 600°C. 

These approaches for predicting fatigue life under creep-fatigue loading 
were compared with the ASME N47 T1430 design curve. For this purpose, 
reduction factors were calculated by different methods and applied to mean 
fatigue resistance curves, and finally a dividing factor of 20 on number of cy
cles or of 2 on strain range was introduced. The results are given in Fig. 9. 
The linear damage method leads to the most detrimental effect of hold time 
and gave results comparable with the ASME N47 T1430 design curve but 
slightly less pessimistic. Results obtained by time-temperature equivalence 
were significantly less pessimistic owing to the fact that this method was 
strain range independent. 

TABLE 4—Predicted fatigue life reduction factor by different methods for 1000 h at 600°C. 

Prediction Method 

Time-temperature equivalence 
Stress relaxation correlation 
Computation of creep damage 

Total Strain Range, % 

1.2 

0.095 
0.15 
0.116 

0.7 0.2 

0.095 0.095 
0.08 
0.056 0.021 
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FIG. 9—Comparison of different prediction methods. Design fatigue lifes curves including hold 
time effects for Type 316L stainless steel at 600°C. 

Conclusions 

The following conclusions are drawn from this study of creep-fatigue in
teraction in a Type 316L stainless steel: 

1. Creep fatigue interaction leads to a reduction in fatigue life at tempera
tures from 500 to 700°C. 

2. Fatigue life reduction under creep-fatigue loading is associated with in-
tergranular fracture below 650°C. At higher temperatures, fatigue life reduc
tion also occurs, but is not associated to intergranular fracture. 

3. At 600°C, life reduction was found independent of strain range in the 
experimental work. 

4. A time-temperature equivalence using a parameter P = (T + llli) 
(12 + log JH) can be used to correlate results at temperatures below 650°C. 
This parameter appeared to be strain range independent in the experimental 
field. 

5. A correlation between reduction of life and amount of stress relaxation 
was established. 

6. Computation of linear creep damage and stress relaxation correlation 
methods predicts a reduction of fatigue life with decreasing strain range. 
This does not occur for time-temperature equivalence. 

7. The three different methods (time-temperature equivalence, amount of 
stress relaxation correlation, and linear damage method) used to predict fa
tigue life reduction for 1000-h hold time at 600°C were in good agreement for 
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Strain range of ~ 1 percent. The number of cycles to rupture is in that case 
divided by 10 compared with continuous cyclic life. 

8. Clarification of the effect of strain range on reduction of fatigue life in 
creep fatigue is needed. 

9. It appeared that the ASME N47 T1430 design curve for elastic analysis 
at 600°C was conservative compared with extrapolations made by different 
methods. 
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Assessment of High-Temperature 
Low-Cycle Fatigue Life of Austenltic 
Stainless Steels by Using 
Intergranular Damage as a 
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Cycle Fatigue Life of Austenitic Strainiess Steels by Using Intergranular Damage as a 
Correlating Parameter," Low-Cycle Fatigue and Life Prediction, ASTM STP 770, 
C. Amzallag, B. N. Leis, and P. Rabbe, Eds., American Society for Testing and Mate
rials, 1982, pp. 169-193. 

ABSTRACT: Strain-controlled continuous fatigue and creep-fatigue experiments are 
reported for two types of 316 steel tested at 600°C (1112°F). It is shown that, although 
the continuous fatigue properties of the two materials are very similar, the one con
taining a controlled amount of nitrogen exhibits a better creep-fatigue resistance than 
the other alloy. Detailed measurements of intergranular damage made either on the 
fracture surfaces or in the bulk of creep-fatigue specimens indicate that the susceptibil
ity of the materials to the effect of tensile hold times can be related to their propensity 
to intergranular cracking. A stress relaxation-propagation reduction factor per cycle 
correlation is proposed in order to account for the detrimental effect of tensile hold 
times on the fatigue life. This correlation relies upon experimental results on austenitic 
stainless steels published in the literature. It is shown that the proposed approach, de
rived largely from the quantitative measurement of intergranular damage, holds some 
promise for predictive purposes. 

KEY WORDS: austenitic stainless steels, tensile hold low-cycle fatigue, intergranular 
damage measurements, crack propagation, life prediction 

There are many experimental studies in the literature dealing with creep-
fatigue properties of 304 and 316 type austenitic stainless steels (for example, 
[7-P]).' These studies were conducted in order to evaluate the fatigue resis
tance of these structural materials whose use is anticipated for the fabrication 
of sodium-cooled fast reactors. 

It has been shown that for these stainless steels, hold periods at maximum 
tensile strain seriously reduce fatigue life while compressive hold periods or 

' Centre des Materiaux, ficole Nationale Superieure des Mines de Paris, France. 
^The italic numbers in brackets refer to the list of references appended to this paper. 
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equal tension-compression hold times have little or less effect on endurance 
(for example, [1,5,10,11]). Most of these experiments were performed at 
strain ranges (=0.5 to 2 percent) and at temperatures [='600°C (1112°F)] 
which are higher than those anticipated in service. These experimental condi
tions are chosen in order to produce results in a reasonable length of time. At 
present there is no generally accepted method that can be used to extrapolate 
the short-term data to the service situation. This is a major area of concern. 

To deal with this problem, several approaches such as the frequency-
modified approach [12], the strain-range partitioning model [75], the Os-
tergren approach [14] and, in this conference, the time-temperature equiva
lence approach [9] have been proposed. These models are essentially 
phenomenological, and they give no insight into the fundamental aspects of 
the creep-fatigue mechanisms. Other models, more closely related to the 
creep-fatigue micromechanisms have also been proposed ([7,15,16]). Al
though the details of these models are very different from each other, they 
assume essentially that creep damage accelerates the fatigue crack growth 
rate. In this respect, it is rather surprising to note that, although it seems to 
be well accepted that the acceleration in crack growth rate originates from 
intergranular damage, very few experimental studies dealing with this impor
tant aspect of the problem have been reported. 

The present study is an attempt to show that quantitative measurements of 
intergranular damage made on creep-fatigue specimens can be used to model 
creep-fatigue interactions. Towards this end, the present work is an extension 
of a preliminary study [17] performed on one of the materials, VIRGO steel, 
which is a Type 316 stainless steel. A number of short-term tests performed 
at 600°C (1112°F) on two types of austenitic stainless steels are reported, 
with emphasis placed on indicating how the results derived either from our 
study or from other studies published in the literature can be used to extrap
olate short-term data. 

Experimental Procedures 

Two materials were investigated. Their composition and conventional ten
sile properties are given in Tables 1 and 2, respectively. VIRGO steel is essen
tially a 316 low-carbon steel, while ICL 167 steel is a 316 steel with a con-

VIRGO (316L) 
ICL 167 

VIRGO (316L) 
ICL 167 

TABLE 1-

C 

0.033 
0.021 

N 

0.025 
0.080 

-Chemical composition (weight 

S 

0.022 
0.007 

B 

0.0012 
0.0032 

Si 

0.44 
0.41 

Co 

0.18 
0.21 

Mn 

1.55 
1.74 

Cu 

0.07 
0.15 

percent). 

Ni 

13.6 
12.3 

P 

0.022 
0.030 

Cr 

16.4 
17.2 

Mo 

2.12 
2.40 
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VIRGO (316L) 
ICL 167 

TABLE 1—Tensile properties at 6WC (lllTF). 

0.2 percent 
Yield Stress, Elongation, 

E, 10' MPa MPa UTS, MPa % 

144 116 377 49 
144 159 404 41 

Reduction 
of Area, % 

74 
67 

trolled nitrogen content. The creep properties of these two materials have 
been extensively investigated \_18,19\ These studies have shown that ICL 167 
steel exhibits a better creep resistance than VIRGO steel. 

All specimens were cut in the longitudinal direction of rolled plates, with a 
thickness of 15 mm for VIRGO steel and a thickness of 32 mm for ICL 167 
steel. The materials were investigated in the as-received condition, which 
corresponds to an anneaUng treatment at 1110°C (2012°F) and water-quench 
for VIRGO steel, and a double-annealing treatment at 1070°C (1958°F) and 
water-quench for ICL 167 steel. In these mate^'ials, the grain size was about 
50 /urn, although ICL 167 steel contained a few larger grains (̂ ==200 /xm)-

Low-Cycle Fatigue (LCF) Tests 

All tests were run at 600°C (1112°F) using a servohydraulic machine in the 
axial strain control mode. Cylindrical specimens whose gage length was 12 
mm and diameter was 8 mm were employed. These specimens were heated in 
a radiation furnace specially constructed for the experiments. Two types of 
tests were conducted [7]. Continuous cycling was performed with a triangular 
fully reversed wave shape («« = 4.10"' s"') [2]. Creep-fatigue tests were carried 
out by superimposing a tensile hold time at the maximum tensile strain cor
responding to continuous cycling. The tests conducted on VIRGO steel were 
performed under constant plastic strain amplitude. This was achieved by pe
riodic manual adjustment of the total strain. The tests performed on ICL 167 
steel were conducted under constant total strain amplitude. The tests dealing 
with ICL 167 steel are part of a cooperative program between several labora
tories including CEA, EDF, CLU and CDM.' The LCF properties of VIRGO 
steel have already been partially reported [77]. This material has also been 
extensively investigated by Rezgui [20]. 

Metallography and Fractography 

Optical microscopy observations were used to measure the percentage of 
cracked grain boundaries in specimens subjected to superimposed tensile 
hold times. This quantity, hereafter named "bulk damage", was defined as 

' CEA, Commissariat a I'Energie Atomique; EDF, Electricite de France, CLU, Laboratoire 
ie Creusot-Loire (Unieux); CDM, Centre des Materiaux, ficole des Mines de Paris-Cooperative 
urogram "Groupe de Travail Materiaux". 
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the ratio between the length of damaged grain boundaries per unit of area on 
a section plane parallel to the specimen axis and the average length of grain 
boundaries per unit of area. The procedure used for these measurements is 
described elsewhere [77]. The fracture surfaces were examined using scanning 
electron microscopy (SEM). 

Results 

Mechanical Tests 

The results of the LCF tests are given irt Table 3. In this table we have in
cluded some of the results obtained by Rezgui [20] on VIRGO steel and 
some of the results obtained on ICL 167 in the cooperative program pre-

TABLE 3—LCF tests results at eOCPC (1112°F). 

NOTES: = Maximum tensile stress. 

o>,min = Minimum tensile stress. 

Material 

VIRGO 
316L 

ICL 167 SP 

Specimen 

f 54 
18 
17 
14 
19 
20 

Reo" 
56 
55 
57 
21 
22 
23 
58 

SP16 
SP15 
SP 6 
SP12 
SP 7 
SP14 
SP17 
SP 8 
SPll 
SP13 
SPIO 
183'' 
187' 
188* 

Act, % 

2.48 
2.02 
1.68 
1.42 
1.00 
0.74 
2.47 
2.46 
2.45 
2.31 
1.26 
1.23 
1.25 
1.51 

1.60 
1.60 
1.20 
1.20 
0.70 
0.67 
1.60 
1.20 
1.20 
1.22 
1.20 
1.17 
1.18 
1.18 

Aep, % 

1.96 
1.52 
1.20 
0.98 
0.60 
0.40 
1.96 
1.96 
1.96 
1.86 
0.88 
0.88 
0.88 
1.14 

1.09 
1.10 
0.73 
0.74 
0.31 
0.29 
1.14 
0.74 
0.75 
0.77 
0.78 
0.76 
0.76 
0.80 

Th, min 

0 
0 
0 
0 
0 
0 
3 
10 
30 
200 
3 
10 
30 
100 

0 
0 
0 
0 
0 
0 
30 
3 
10 
10 
30 
30 
30 
90 

Nt, cycles 

348 
298 
434 
795 
1631 
3288 
305 
146° 
122 
66° 
671 
410 
273 
125° 

438 
498 
704 
942 

3312 
6170 
375 
634 
944 
692 
651 
484 
413 
332 

Ot.mKXt 

MPa 

376 
361 
342 
317 
287 
245 
370 
358 
350 
324 
276 
249 
264 
268 

367 
363 
340 
333 
269 
256 
334 
329 
324 
323 
300 
316 
324 
309 

OR, M P a 

0 
0 
0 
0 
0 
0 
35 
52 
84 
113 
29 
34 
45 
75 

0 
0 
0 
0 
0 
0 
64 
33 
35 
42 
39 
40 
43 
59 

'Data from Rezgui [20]. 
''Data from Groupe de Travail Materiaux [9,21]. 
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FIG. 1—Continuous cycling fatigue life versus strain range at 600°C (,1112°F). 

viously mentioned [9,21]. Figure 1 shows the variation of the number of cy
cles to failure, Nt, as a function of the applied strain range for continuous cy
cling fatigue tests. It is observed that within the range of fatigue lifes 
investigated in this study, fatigue lifes at a given total strain range are very 
similar for the two steels. ICL steel exhibits a lower endurance in terms of the 
plastic strain component, Aep, which is balanced by a higher strength leading 
to a higher elastic component, Aee. 

Figure 2 summarizes the effect of tensile hold times on the fatigue life. In 
this figure, the test conditions were selected so that the two materials exhibited 
approximately the same fatigue life for continuous cycling. The results ob
tained on ICL steel are given in terms of the total strain range, Aet, while 
those obtained on VIRGO steel are reported in terms of the plastic strain 
range, Atp, since, as indicated previously, different testing procedures were 
used for the two materials. Table 3 gives the values of Act and Aep for both 
materials. Figure 2 shows that at Act = 1.20 percent, which corresponds to 
Aep =K 0.88 percent, ICL steel exhibits a better resistance to the detrimental 
effect of tensile hold times on the fatigue life than VIRGO steel. At higher 
strain amplitude, the same behavior difference is observed. 

Fractography 

Continuous Fatigue—Scanning electron microscopy observations showed 
that fracture is transgranular in specimens tested under continuous fatigue. 
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FIG. 2—Influence of tensile hold time on fatigue endurance at dOOPC (1112°F). 

In these specimens Stage I crack initiation occurs along crystallographic 
facets of about 20 /um depth. On these facets no striation could be observed. 
After this initiation stage fatigue striations are observed as illustrated in Fig. 
3. Striation spacing was measured as a function of the crack length along the 
crack path in accordance with a procedure already used by other investigators 
[22.23,24\ Eleven specimens were examined (4 on VIRGO steel at 600°C, 3 on 
ICL steel at 600°C, 4 on ICL steel at 550°C). The details of the results are 
given elsewhere [17,25]. Here we shall only underline that the two alloys be
have similarly when they are compared at the same plastic strain range. A re
cent study by Wareing and coworkers [26] has shown that at a temperature 
close to 600°C a one-to-one relationship exists between striation spacing and 
macroscopic crack growth rate. The striation spacing therefore can be used 
to derive an LCF crack propagation relation; this can be written as 

f=.(..)••»• (1) 
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FIG. 3—Scanning electron microscopy; fracture surface of a continuous cycling fatigue specimen: 
VIRGO steel: Specimen 54: Acp = 1.96percent: eOCPC. 

where 

a = crack length in ûm, 
da/dN = crack growth rate in /um/cycle, 

Atp = plastic strain range in percent, and 
A = 7.07.10"'. 

This experimental relationship is valid for crack length larger than a critical 
value fls, which is a decreasing function of the applied strain range, as shown 
schematically in Fig. 4. For crack length between ao = 20 ;um, which corre
sponds to the end of Stage I cracking, and a,, it was found that the striation 
spacing (=da/dN) was almost constant whatever the applied strain range. 
Thus, in this domain, 

da 
dN 

=« 0.27 (um/cycle for ao < fl < a». (2) 

These experimental crack propagation relationships result from the best 
fit of eleven da/dN versus a curves. 

The number of cycles spent in crack propagation, Np, can be calculated 
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FIG. 4—Schematic representation of the results of striation spacing measurements. 
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either using Eqs 1 and 2 or by numerical integration of the experimental stri-
ation spacing curves. Results reported in Fig. 5 show the number of cycles 
for propagation as a function of the applied strain range. The curve derived 
from integration of Eqs 1 and 2 is given by 

iVp = 721 Aep"'"' ' - 103 Acp"'-' - 74 (3) 

where Acp is given in percent. 
In this integration the final crack length was taken as 2000 /xm. This cor

responds approximately to the length of the main crack observed in the spec
imens whose cycling was stopped after a 25 percent decrease in the stabilized 
stress range. This experimentally determined N{ is very close to the rupture 
life. This procedure for determining iVf was adopted in order to avoid rubbing 
damage of the fracture surfaces during the last cycles. Figure 5 indicates that 
the data points obtained by the integration of each striation spacing versus 
crack length curve fit well with the proposed relationship [5]. 

Creep-Fatigue—Scanning electron microscopy observations showed that 
tensile hold times promote intergranular rupture. Figure 6 illustrates that the 
fracture surface of the specimens tested with superimposed hold time shows 
areas covered with striations and areas of intergranular cracking. The 
amount of intergranular rupture, Da, was measured on fracture surfaces. 

FIG. 6—Scanning electron microscopy; fracture surface of a creep-fatigue specimen; VIRGO 
steel; Specimen 55; Acp = 1.96 percent; Th = 30 min; 60(f'C. 
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FIG. 7—Influence of hold time of the amount ofintergranular rupture measured on the fracture 

surface, D„ at 60(fC. 

Figure 7 indicates that the intergranular fraction Ds increases with hold time. 
The propensity to intergranular fracture is more pronounced for VIRGO 
steel than for ICL steel. This difference can be associated with the different 
hold time fatigue lifes already mentioned. The greater susceptibility of 
VIRGO steel to intergranular cracking was confirmed by optical micrography 
of longitudinal sections of specimen and short Stage I cracks density mea
surements [25'\. 

Quantitative Assessment of Grain Boundary Damage—Figure 8 is an optical 
micrograph illustrating the presence of cracked grain boundaries in a VIRGO 
creep-fatigue specimen. Observations were made away from the crack rup
ture surface, as described previously [77]. Preliminary results giving the per
centage of cracked grain boundaries measured in the bulk of VIRGO speci
mens have already been reported [17]. Similar measurements were conducted 
on specimens of ICL steel, which allowed a quantitative comparison of the 
microstructural behavior of the two alloys. Figure 9 indicates that the 
amount of intergranular bulk damage, Dm, measured at failure, increases 
much more rapidly with increasing hold time in VIRGO steel than in ICL 
steel. 
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FIG. 8—Optical micrograph illustrating intergranular bulk damage in a creep-fatigue specimen; 
VIRGO steel; Specimen 55; Acp = 1.96 percent; Th = 30 min; eOCPC. The direction of applied 
stress is indicated by the arrow. 
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FIG. 9—Influence of hold time on intergranular bulk damage, D„, measured at failure. Typical 
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It is worth mentioning that experiments on VIRGO steel [17] showed that 
the amount of intergranular bulk damage increased roughly linearly with the 
number of cycles applied to the specimens. This means that a constant dam
age, Dc, may be attributed to each cycle; that is, 

Dc = 
Dm 

Nt 
(4) 

where 

Dm = intergranular bulk damage measured at failure, and 
A'f = number of cycles to failure. 

If we assume that this result is also valid for ICL steel, the difference be
tween the two materials is still larger in terms of Dc as a function of hold time, 
as shown in Fig. 10. This is owing to a better creep-fatigue resistance of ICL 
steel as compared to VIRGO steel. 

Discussion 

All the experimental results of our study clearly indicate that the detrimen
tal effect of tensile hold times on LCF life is closely related to intergranular 
fracture. Similar conclusions have also been reached by others [7,8], at least 

lOlr -—\—I I I m i l 1—I I I iHM 1—1-" I i r i i . 
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FIG. 10—Influence of hold time on intergranular bulk damage per cycle, Dc. Test 

temperature = 60(fC. 
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qualitatively. The measurements made in the present study can be used to 
quantitatively model creep-fatigue interactions using intergranular damage 
as a correlating parameter. 

The first part of this discussion introduces a model based on the effect of 
intergranular damage on crack growth rate. The second part applies the 
present approach to various results in the literature. The last part is an insight 
into predictive methods which can be derived from our approach. 

Part I—Relation between Intergranular Damage and the Reduction in 
Fatigue Life 

It is well known that the fatigue life, either in continuous cycling or in creep 
fatigue, can be divided into a crack initiation stage and a crack propagation 
stage. In a previous study [i7], SEM observations of the gage length surface 
of specimens tested with tensile dwell times showed that the number of cycles 
spent into crack initiation, M, was much reduced as compared to pure fatigue 
conditions. It is felt that this reduction is mainly due to the occurrence of in
tergranular surface cracking and to the effect of oxidation. Therefore it was 
assumed that under the extreme conditions of large hold times (>10^ h) all of 
the fatigue life is spent in crack propagation, so that 

With this assumption, which is obviously conservative, one is left with the 
problem of modeling the effect of creep damage associated with intergranular 
rupture on the fatigue crack growth rate. It should be mentioned that models 
in terms of crack propagation rate have already been introduced by several 
authors [15,17} in order to take into account the effect of hold time on fa
tigue life. 

In our approach, parts of which have been already presented [27], the 
crack propagation rate in continuous fatigue is taken as a reference, and a 
damage function ^is introduced to express the crack growth rate acceleration 
due to intergranular cracking. The crack propagation rate under creep fatigue 
conditions is expressed as 

where CF refers to creep fatigue and PF refers to pure fatigue conditions. 
As a general rule, two parameters, D which is the cumulated intergranular 

bulk damage and Dc which is the intergranular bulk damage of a given cycle, 
are necessary to fully characterize the state of damage. For cycling with a 
constant dwell time throughout all the fatigue life: 

dD 
Dc = -T- = constant so that D = DcN (6) 

dN 
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The bulk damage parameter, Dc, is preferred to the local rupture surface 
percentage of intergranular cracking, Ds, because the latter parameter is not 
necessarily characteristic of the creep or relaxation part of the cycle but re
sults from the interaction between a growing fatigue crack and intergranular 
damage. Actual mechanisms of interactions between a crack and intergranu
lar damage in the region ahead of the crack tip are not known. Consequently, 
at the present time, only empirical correlations may provide information on 
the damage function S. 

Our aim is to correlate the damage per cycle, Dc, to its detrimental effect 
on LCF endurance. The reduction of the crack propagation stage due to hold 
periods is expressed by 

R = ^' p p " (7) 

Since Np^^ =« Nt^, 

jyp 

The contribution of each creep-fatigue cycle to this reduction is given by 

'e = ^ (9) 

where /'c is referred to as the propagation reduction factor per cycle (PRFC). 
/c was calculated using Eq 3 to evaluate A'̂ p̂ ''. Figure 11 shows that a very 
good correlation is obtained between the PRFC h and the bulk damage per 
cycle Dc. It is worth noting that this correlation is independent of strain 
range, hold time, and material. This correlation can be written with a corre
lation coefficient equal to 0.976 as 

io = kDi (10) 

where k = 22.2 and p = 1.208. 
This experimental correlation combined with integration of Eq 5 can be 

used to derive the damage function (see Appendix):* 

•"it is worth mentioning that this formulation of the damage function .3^can also be used to 
take into account the effect of sequential tests conducted at a constant strain range and includ
ing cycles with different hold times. These sequential tests might be of some practical importance 
for reducing the total duration of experiments. For example, a certain number of cycles (A î) in
cluding large dwell time (Ti) followed by shorter cycles (N2) with hold time (Ti) leading to failure 
could be applied. From these tests the number of cycles to failure corresponding to Ti, which is 
unknown, can be determined by integrating Eq 5, which gives DQ corresponding to Ti, and by 
using Eq 10. However, it should be kept in mind that this procedure can only be applied if the 
fracture modes remain unchanged. Moreover, because the microstructure in stainless steels can 
be modified with time, sequential tests have also some limitations, namely these tests do not fully 
reproduce the complex interaction between cyclic straining and transgranular or intergranular 
carbide precipitation. 
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ter. Test temperature = 60ff'C. The numbers indicate the hold time in minutes. 

d {D. Do) = 
1 

(1 - knr' Df (11) 

Equation 11 cannot be directly used to predict fatigue life unless Dc is re
lated to the mechanical creep or relaxation behavior of the material. One 
way of dealing with this problem is to relate the fatigue life directly to a 
damage parameter which can be calculated from stress relaxation. In a pre
vious study [i5], McLean and one of the authors have shown that grain 
boundary sliding could be this parameter. Here we have attempted to derive 
directly a correlation between Dc and the amount of stress relaxation taking 
place every cycle, OR. The results are shown in Fig. 12. In this figure, as is de
fined as 

CTR — at, max Ot,m\n (12) 

where at.max is the tensile stress at the beginning of hold period, and Ot^min IS 

the tensile stress at the end of dwell period. 
It is worth noting that this OR — Dc correlation is neither hold-time nor 

strain-range dependent, at least within the limits investigated in this study. 
However, it is clearly material dependent. For a given stress relaxation, CTR, 
VIRGO steel suffers more intergranular damage, Dc, than ICL steel. This sit
uation is likely associated with the higher creep resistance of ICL steel as 
compared to VIRGO steel. This suggests that creep damage is not uniquely 
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FIG. 12—Variation of the intergranular bulk damage per cycle, Do, as a function of the amount 
of stress relaxation a^. Test temperature = 60ff'C. The numbers indicate the hold time in minutes. 

dependent on a^. Other factors, including in particular chemistry and aging 
effects, are known to strongly influence the creep resistance of auStenitic 
stainless steels and likely their creep-fatigue properties. 

If we combine the two correlations, a purely mechanical and macroscopic 
relationship is found between stress relaxation a^ and PRFC h, as shown in 
Fig. 13: 

ic=ja^^ (13) 

where j and q are material-dependent constants. 

Part II—Application to Literature Data on Austenitic Stainless Steels 

It is worth comparing the present results to extensive data on 316 and 304 
stainless steels available in the literature. For this purpose the values of /c 
were determined by calculating iVpf̂  with Eq 3 for all materials. For 316 
stainless steels, the various ag versus ic data points are shown in Fig. 14. Re
sults of Brinkman and coworkers [4] obtained on annealed material at 
593°C (1100°F) are included for three strain range levels and hold times 
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FIG. 14—Application of the Wg-ic correlation to literature data on 316 stainless steels in the 
range of 593 to dSVC. Data obtained on VIRGO steel are included. All reported tests refer to an
nealed material. The numbers indicate the hold time in minutes. The meanings of the symbols are 
given in Table 4. 
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TABLE A—Symbols used in Fig. 14. 

Symbol 

O 

• 
A 
V 

0 
• D 

• 

Ae, % 

0.88 
M4 
1.96 

2.0 
1.0 
0.5 
1.25 
1.98 
0.45 
0.58 
0.88 

(P) = 
(t) = 

- plastic 
= total 

(P) 
(P) 
(P) 
(t) 
(t) 
(t) 
(t) 
(t) 
(t) 
(t) 
(t) 

Reference 

(this study; 
I VIRGO 
' steel 

1 ' 
1 \ 
! ' 

Tempera
ture, °C 

600 

593 

625 
650 

650 

reaching 10 h in one case. These data fit the VIRGO steel curve. Data ob
tained at 625°C (1157*F) and 650°C (1202°F) [3,6,8] give another CTR-/C curve, 
indicating that a given stress relaxation an is more damaging in terms of /> 
parameter at 600°C than at 650°C. 

For 304 stainless steels, a certain number of the results of the literature 
[2,4.5,7,11] obtained in the temperature range of 538 to 650°C (1000 to 
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FIG. 15—Application of the at.-u correlation to a number of results published in the literature 
on 304 stainless steels in the range of 538 to 650°C. The numbers indicate the hold time in minutes. 
The meanings of the symbols are given in Table 5. 
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TABLE S—Symbols used in Fig. 15. 

Symbol 

0 

• 

o 
• 

• 
• 

• 

Aet, % 

1 

1 

1 \ 
\ 

2) 

„, 
2.2 

Reference 

7 

4 

11 

2 

5 

Tempera
ture, °C 

593 

593 

593 

650 

538 

Material 
Conditions 

Heat 845; aged at 
593°CforlOOOh 

aged at 400 to 
410°C for 3096 
to 8760 h 

Heats 597, 414 , 
380, 796; 
annealed or 
aged; Table 2 
111] 

annealed 

annealed 

Remarks 

stress relaxation is 
calculated from 
Table 4 [7] 

the results related to 
Heat 813 exhibiting 
an increased 
resistance to creep-
fatigue are not 
included 

stress relaxation is 
calculated from 
Table 2 [5] 

1202°F) are shown in Fig. 15. These results suggest a smaller temperature 
dependence of the OR-ie curve as compared to 316 stainless steels. The slope 
of an-ic curve is higher for 304 steels, however, as shown in Fig. 16 where the 
comparison between 304 and 316 stainless steels is made. In this figure scatter 
bands encompassing all the results are drawn. 
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It appears that the present aR-i'c approach is appropriate for austenitic 
stainless steels exhibiting a propensity to intergranular cracking. It should be 
emphasized, however, that in some cases, as for instance in one of the five 
heats of 304 steel investigated by Brinkman and Korth [77], hold times have 
less of an effect on LCF life, although the relaxation behavior does not greatly 
change. It is clear that the stress relaxation OR is essentially a correlating pa
rameter based on numerous experiments, but it does not indicate intrinsically 
the material susceptibility to intergranular fracture. In particular the occur
rence of intergranular cracking is a prerequisite condition for applying the 
proposed approach. 

Part III—Application to the Prediction of Long-Term Behavior 

The aR-i'c correlation may conceivably be used to predict fatigue lifes of 
components in actual service conditions with large dwell periods (10̂  to 10' h) 
and low strain ranges (Aet ===0.5 percent). Prediction does not mean extrapo
lation on the aR-/c curve of a given material, because increasing hold time in
creases the stress relaxation aR but decreasing strain range decreases the stress 
relaxation, so that the two trends are opposite. If we assume as a working 
hypothesis that the OR-ZC correlation remains valid for long-term conditions, 
the stress relaxation must be known to calculate the fatigue life N^^ through 
I'c. But at the present time, no data of stress relaxation for large dwell time 
are available. In order to illustrate the predictive ability of the present ap
proach, the stress relaxation curves were calculated using a creep strain hard
ening law fitted on creep tests conducted on annealed VIRGO material [18] 
at 600°C (1112°F). Two extreme conditions were assumed in order to define 
the maximum tensile stress at the beginning of the dwell time. It is experi
mentally observed that the incorporation of hold times into continuous cy
cling lowers the cyclic stress-strain curve (Table 3). Under extreme conditions 
corresponding to very long hold times it can be assumed that, at a given 
strain rate and a given temperature, the monotonic tensile curve is a lower 
bound for the cyclic curve. Conversely the cyclic stress-strain curve corre
sponding to pure fatigue can be used as an upper bound. 

Fatigue lifes corresponding to these two assumptions were calculated for 
5, 50, and 500 h hold times at 600°C (Fig. 17). They are compared with the 
pure fatigue endurance curve, N^^, and with the pure fatigue propagation 
curve, N/^, calculated from Eq 3 where the plastic strain range was inferred 
from the pure fatigue cyclic stress-strain curve. In these calculations, the 
monotonic and the pure fatigue cyclic stress-strain curves determined at a 
strain rate of about 4 X 10"' s"' were used. 

Figure 17 shows that all the calculated curves tend towards the N/^ curve 
at a small strain range. This is associated with the assumption that for long 
hold times Nf'^ = 0. It is equally observed that the calculations made with 
the cyclic stress-strain curve lead to much lower lives. This is not an unex-
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FIG. 17—Predictions of fatigue life for large hold times using two different assumptions for cal
culating stress relaxation. Temperature = 60(f'C. The numbers indicate the hold time in hours. 

pected result; since the stress relaxation, ag, is larger, the higher the maximum 
tensile stress. It should be noticed that the difference in fatigue life resulting 
from the two bounds used for the maximum tensile stress decreases with de
creasing strain range. This situation corresponds to the fact that the difference 
between the cyclic stress-strain curve and the monotonic curve decreases 
with decreasing strain. Finally there exists a large difference between the two 
sets of curves calculated either from the monotonic curve or from the cyclic 
stress-strain curve. 

This difference is pronounced at high strain levels, but is smaller at lower 
strain ranges. In the absence of other experiments it is difficult to assert 
which assumption is more realistic. It is interesting to note, however, that for 
predictive purpose the stress relaxation CTR is a parameter of practical interest 
because it is characteristic of a stabilized cycle, the measurement of which 
does not necessarily imply tests to failure but can be continuously monitored. 

The curves shown in Fig. 17 indicate a large reduction in the number of 
cycles to failure due to creep-fatigue interaction. This reduction is largely as
sociated with the assumption dealing with crack initiation {N-^ = 0). How
ever, this effect is important essentially at a small strain range. For large 
strain ranges, such as those usually used in laboratory tests, a simplified ex
pression for /c could be used by replacing the numbers of cycles for propaga-
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tion by the fatigue lives; that is, 

. ^ N/^ - Np^ _ Â f̂ '' - Nf^ ^ _ j 1_ 
'° N/^ X Nt^ ~ Nt^ X Np^ Nt^ N{^ 

It is felt that this simplification must be avoided for strain ranges corre
sponding more closely to service conditions because it is not conservative. 

Limitations 

1. Creep-fatigue loading involves many factors. Clearly our model is 
strictly applicable for tests with tensile hold at the maximum strain limit and 
for a given strain rate (e == 10"' s"'). A modification in strain rate and test 
temperature could eventually change the values of the coefficients deter
mined in our correlations. 

2. More fundamentally, the correlation found between the magnitude of 
stress relaxation and intergranular damage implies that the strain rate is not 
an important factor in producing tensile hold time damage. This presumably 
arises from the fact that, in fatigue-relaxation tests, at least at high strain levels 
and for relatively small dwell periods, intergranular cavity growth is essen
tially controlled by the creep strain taking place during relaxation at every 
cycle. In other words, in those conditions intergranular cavity growth is very 
similar to hole growth processes in ductile rupture which are governed by 
plastic deformation at a given stress triaxiality. In the creep literature (for 
example, [28]) the models developed for the growth of intergranular cavities 
predict that at high strain rate the cavity growth rate is proportional to the 
cavity size and strain rate. Thus the correlation established between an and Dc 
is in broad agreement with the results of these models. However, at smaller 
strain amplitudes and for longer hold times other micromechanisms of cavity 
growth could operate. Clearly further work is needed to derive an extrapola
tion procedure which takes into account the damage mechanisms responsible 
for the reduction in the tensile hold time fatigue life. Nevertheless, it is felt 
that the correlation determined between the intergranular damage and ie-
parameter can be very useful to continuously monitor the damage in a spec
imen or in a component subjected to creep-fatigue conditions including very 
long hold times. 

Summary 

1. When tensile hold time periods are introduced into LCF tests, progres
sively larger reductions in cyclic life are observed as the hold time is increased. 
This reduction in fatigue endurance is attributed to the reduction of the peri
ods of both crack initiation and crack propagation. 

2. The acceleration in crack growth is related to intergranular rupture tak
ing place every cycle during dwell period. 
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3. It is possible to correlate the relative reduction in fatigue life and inter-
granular damage. 

4. The intergranular damage per cycle is directly related to stress relaxation 
which takes place during hold times. The susceptibility to intergranular rup
ture is also material dependent. 

5. A new approach based partly on the effect of intergranular damage on 
fatigue crack growth rate and partly on the effect of oxidation and inter
granular rupture on crack initiation is proposed for the prediction of the fa
tigue life of components subjected to creep-fatigue loading. 
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APPENDIX 

Identification of tlie Damage Function S (D, Dc) 
iPF 

\ dN/ \ dNI 

For periodic cycling: 

Then 

D = DcN with Dc = constant 

da ^ dD 
(doY^ - ^^''•'''^ Dc 

\dNI 

If we assume that during the propagation stage a crack grows from the same oo to 
the same at as in pure fatigue whereas D increases from 0 {t^^ — 0) to Z>m = -Oc X 
Â f"̂ , it follows that 

PF f"' da 1 r"="-

XdNI 

Hence 

'r = — - X G (Z>„,Z)c) 
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with 

d G(D.Dc) 

and 

From 

we obtain 

6D 

G(OJ)c) = 0 

1 =: —1 = tr nf 

Then 

G(A2)c) = -

1 - A: Dr'D 

with 

G(OJ)c) = 0 

and 

5G 1 
^iD,Dc) = — = ; — r 

SD (l-k or'Df 
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Cumulation of High-Temperature 
Low-Cycle Fatigue Damage in 
Two-Temperature Tests 

REFERENCE: Reuchet, J., Reger, M., Rezai-Aria, F., and Remy, L., "Cumulation of 
High-Temperature Low-Cycle Fatigue Damage in Two-Temperature Tests," Low-Cycle 
Fatigue and Life Prediction. ASTM STP 770, C. Amzallag, B. N. Leis, and P. Rabbe, 
Eds., American Society for Testing and Materials, 1982, pp. 194-211. 

ABSTRACT: The cumulation of damage in high-temperature low-cycle fatigue is in
vestigated for a cast cobalt-base superalloy MarM509, by using two-temperature test
ing. The two temperature levels [600 and 900°C (873 and 1173 K)] are taken as repre
sentative of low and high temperature behavior. At low temperatures crack initiation 
is crystallographic, while at high temperatures MC carbides are preferentially oxi
dized, giving rise to early initiation. Testing is conducted at a constant plastic strain 
range (Atp/2 = 0.2 percent), and the remaining fatigue life is determined at one 
temperature after cycling at the other temperature for a definite amount of the ex
pected life. The fatigue lives so obtained exhibit a large deviation from Miner's rule, 
particularly when the first cycling is carried out at the higher temperature. A detailed 
metallographic study using a replication technique shows that this deviation was re
lated to the differences in the microcracking process at each temperature. More quan
titatively, an estimate of the life to initiation is defined using a potential drop tech
nique, which has shown that conservative predictions can be made from the 
application of Miner's rule to the initiation period. 

KEY WORDS: high-temperature low-cycle fatigue, cobalt-base superalloy, cumulative 
damage rules, crack initiation 

A number of papers dealt with the definition of fatigue damage using 
either a mechanical or metallurgical approach, especially in the field of 
isothermal creep-fatigue testing. Only a few studies, however, examine the 
problem of thermal fatigue damage, which many components suffer under 
service conditions. In this case one has to deal not only with the interaction 
of fatigue with creep and oxidation damage (as in high-temperature fatigue), 
but also with the effect of temperature variation. At the present time the 
most successful method has been that of Spera [7],^ who considered thermal 
fatigue similar to a process of cumulative creep. On the other hand, a very 

' Centre des Materiaux de I'Ecole des Mines de Paris, Evry, France. 
^ The italic numbers in brackets refer to the list of references appended to this paper. 
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attractive method is to treat the relevant damage as equivalent to that in
duced under isothermal fatigue conditions. This was actually done (mainly 
for steels) by Taira [2], who tried to define an equivalent temperature from 
the temperature dependence of the Manson-Coffin law, and by Halford and 
Manson [5], who applied the strain-range partitioning method. However, 
linking thermal and isothermal loading requires the use of cumulative dam
age rules that can properly account for the temperature dependence of cyclic 
damage. A simple and relevant way to investigate this problem is to carry 
out sequential fatigue testing at two temperatures. 

This is the object of the present paper, which reports preliminary results 
obtained on a cast cobalt-base superalloy MarM509 used for guide vanes in 
gas turbines. Based on detailed study of low-cycle isothermal fatigue, two 
temperatures were studied [600 and 900°C (873 and 1173 K)]. At the first 
temperature, oxidation which occurred did not much affect the fatigue life, 
which is the same as at room temperature. At the higher temperature, creep 
and oxidation damage may intervene in reducing the fatigue life with respect 
to that observed at 20 and 600°C, as previously pointed out [4]. Therefore a 
constant plastic strain range was used, and the influence of previous cycling 
for a definite amount of expected life at each temperature on the residual life 
at the other temperature was investigated. 

After reviewing the basic alloy behavior at both temperatures, the results 
of two-temperature tests will be presented with metallographic examinations 
of the various specimens. These observations will be discussed with reference 
to the mechanisms of crack initiation and the respective importance of crack 
initiation and crack propagation periods in the overall life. 

Experimental Procedure 

Two heats were used in this study; their compositions are given in Table 1. 
Specimens were taken from cylindrical castings of 20 mm diameter. The as-
cast alloy was given a heat-treatment at 1230°C (1503 K) for 6 h, and for the 
casting conditions used the average grain size was in the range of 0.5 to 2 
mm. The corresponding microstructure is that of a face-centered-cubic (fee) 
matrix with a few percent of two kinds of interdendritic carbides: (/) coarse-
textured M23C6 carbides, which are rich in chromium and nickel, and (2) the 
so-called "Chinese script" MC carbides, which contain mainly tantalum 
[5-7]. These MC carbides are nearly platelets which delineate the secondary 
arm spacing of about 60 fim (Fig. I). So far as high-temperature fatigue is 
concerned, these are the most important microstructural features. 

An investigation of the temperature dependence of the fatigue behavior was 
previously carried on Heat 1 using hourglass-shaped specimens with a di
ameter of 5 mm and a radius of curvature of 30 mm. Results have been partly 
reported in the range of 20 to 900°C (293 to 1173 K) using induction heating 
for continuous saw-tooth push-pull cycling under air [4]. All these tests were 
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FIG. 1—Microstructure of the as-cast heat-treated condition. 

carried out on a modified screw-driven tension testing machine, under total 
constant diametral plastic strain control, which recorded continuously the 
load and from time to time the stress-strain hysteresis loops. 

These first results were completed by tests on Heat 2 in the range of 20 to 
1100°C (293 to 1373 K) using the same wave shape, but with axial strain con
trol of cylindrical specimens 8 rhm in diameter and 12 mm in gage length. In 
this case a radiation furnace was used. Within the experimental accuracy, var
iation in the results from both heats and strain controls was found to be neg
ligible. Accordingly, in the reference life curves, the specific mode of control 
will not be referred to. 

For the two temperature tests of interest here, only Heat 2 and axial strain 
control were used. A nearly constant total strain rate et was used; this was for 
a plastic strain amplitude Aep/2 = 0.2 percent, 5 • 10"" s"' at 900°C (1173 K) 
and 10"' s"' at 600°C (873 K). These two temperatures were selected because 
they can be taken as representative of the high and low temperature behavior 
in a Manson-Coffin plot of the fatigue life as a function of the plastic strain 
range. As definitions vary among the literature, it is worth noting that the fa
tigue life was conventionally defined as corresponding to the onset of a rapid 
decrease in the tensile load, which corresponds to the existence of a fatigue 
crack typically in the range of 1 to 2 mm. Thus specimens are still suitable for 
various metallographic examinations. One has to emphasize that in the case 
of a precycling at 600°C, some dynamic aging occurs, and a thermal treat-
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ment of 15 min at 1100°C (1373 K) was done before subsequent testing at 
900°C (1173 K) in order to avoid alterations in the cyclic stress-strain behav
ior. In this way, the hardening curves were identical to those of the virgin 
material within the experimental accuracy. 

Crack initiation sites and crack propagation paths were studied on both 
fracture surfaces of broken specimens and longitudinal sections of unbroken 
specimens, using either light microscopy or scanning electron microscopy 
(SEM). In the case of two temperature level tests, specimen surfaces were rep
licated after the first cycling at one temperature and after the final cycling at 
the second temperature. Standard plastic replicas were made using a shad
owing technique for examination in SEM. 

This metallographic study of the microcracking process was completed by 
an estimation of the number of cycles to initiation from an electrical potential 
drop technique. This number was arbitrarily defined as corresponding to a 
relative variation of 0.1 percent of the potential drop. This definition was 
chosen because for our experimental equipment it corresponded to a fairly 
good reproducibility of the results. Experimentally, through replicating and 
sectioning, it was found that this number of cycles to initiation corresponds 
actually to a crack size range roughly 0.2 to 0.3 mm in depth. 

Results and Discussion 

Isothermal Fatigue Behavior 

From an extensive study of the isothermal fatigue behavior of MarM509 
[4], one can classify the test temperatures between 20 and 1100°C (293 and 
1373 K) into two ranges with respect to a Manson-Coffin plot of the fatigue 
life under continuous cycling in air versus the plastic strain range. Below, 
say, 650°C (823 K) there is no temperature dependence of the fatigue life. 
Above 650°C (823 K) there is a strong reduction of the number of cycles to 
failure. These two different behaviors can by typified by 600 and 900°C (873 
and 1173 K). The corresponding experimental points are given in Fig. 2, to
gether with the points obtained at room temperature. There is a break in the 
Manson-Coffin curves at large strain ranges. But, neglecting this domain, 
one can see that the slope of these curves is slightly temperature dependent 
about —0.5 at 600°C and room temperature and higher at 900°C («—0.8), 
and that the main feature is the reduction in fatigue life from 20 to 600°C to 
900°C of a factor of about 7 for a strain range Aep/2 about 0.2 percent. 
(Further details on the mechanical characterization are given in Ref 4.) 

A detailed metallographic study has enabled us to show that this transi
tion in the fatigue fracture law is linked with a change in the microcracking 
process, for both initiation and propagation. The crack initiation is mainly 
crystallographic at low temperatures. Crystallographic facets can be ob
served on the fracture surface (Fig. 3). In this case (Aep/2 = 7 • 10"" at 20''C) 
there is a definite correspondence between the slip markings on the gage 
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iO| jm 

FIG. 3—Crack initiation at low temperature: facets on the fracture surface (temperature = 2ff'C, 
A€p/2 = ±7-10''. SEM). 

4 

20 urn, 
FIG- 4—Crack initiation at low temperature; longitudinal section showing Stage I growth from 

the specimen surface (temperature = 60(1PC, ^tt/2 = ±0.2 percent, the stress axis is vertical). 
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length and the facets on the fracture surface as seen in wrought alloys [8]. 
This result is confirmed by observations on longitudinal sections of speci
mens (Fig. 4) (with a vertical stress axis). This secondary crack obtained for 
Aep/2 = 0.2 percent at 600°C shows that if Stage I crack growth is mainly 
transcrystalline and transdendritic, the actual path may be connected with 
broken carbides. For strain ranges not low enough, it is thus suspected that 
in some instances carbide cracking below the surface may play some role in 
the initiation process. At high temperatures the initiation of cracks is com
pletely modified by the occurrence of oxidation, as shown in Fig. 5 for 
Aep/2 = 0.2 percent at 900°C. The observation of the specimen gage length 
after interrupted testing reveals a preferential oxidation of MC carbides. 
Longitudinal sections confirm that this preferential oxidation of the free sur
face connected MC carbides is the origin of microcracking (Fig. 6). 

In addition, the Stage II crack propagation was found to be different be
cause of longitudinal sectioning. Up to 650°C (823 K) the fatigue cracks 
propagate either in the matrix dendrites or along carbides in the inter-
dendritic regions. At higher temperatures, cracks have essentially an inter-
dendritic path, mostly along MC carbides, which is presumably caused by 
the influence of oxidation. 

FIG. 5—Crack initiation at high temperature (Acp/2 = ±0.2percent, temperature = 900°C); 
oxidation of the MC carbides at the surface. 
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FIG. 6—Crack initiation at high temperature {Aep/2 = ±0.2 percent, temperature = 90ff'C)\ 

longitudinal section showing crack initiation by oxidation of the carbides connected with the free 
surface (vertical stress axis). 

Two-Temperature Level Tests 

From these observations on the transition of both crack initiation mecha
nisms and fatigue lives, we decided to investigate the damage cumulation at 
600 and 900°C, typical low and high temperatures. This study was limited to 
a single plastic strain range Aep/2 = 0.2 percent. Since for sequential fatigue 
testing it is necessary to have good reference values, three tests were com
pleted for each temperature. The results are given in Table 2 with 90 percent 
confidence intervals; for this strain level, the fatigue life was about 3360 cy
cles at 600°C and 440 cycles at 900°C. 

TABLE 2—Test results for a plastic strain range of Aip/2 = 

Temperature, 

600 
900 

Ni 

3358 ± 308 
442 ± 157 

Number of tests 
forAff 

3 
3 

0.2 percent.' 

Number of tests 
Ni for Â i 

1905 ± 503 
142 ± 18 

5 
4 

Ni/Ni 

=0.57 
=0.32 

°Nt is the conventional number of cycles to failure, as defined in the text. Ni is the number of 
cycles to crack initiation, as inferred from the potential drop technique. All these values are 
given with error bounds corresponding to a 90 percent confidence interval. 
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Sequential fatigue tests were conducted at the two temperatures. A first 
cycling was made at Ji with /ti cycles, and the remaining life, /12 cycles, was 
determined at the temperature Ti; Ti and T2 being respectively 600 and 
900°C. If Nil and Nt,i are the expected life at each temperature level, the 
damage as defmed by Miner at the first level is Z)i = n\/Nt,\ and the remain
ing life actually observed, 112, corresponds to a damage Di = ni/Nt,2. Accord
ing to Miner's rule, the sum of Di and Di should be unity; therefore we have 
reported the test results in this classical form of observed cycles normalized 
to the expected life at each temperature level (Fig. 7). As usual for tests under 
two stress levels at a single temperature. Miner's rule did not apply to our re
sults, even within the experimental scatter that cannot be avoided with se
quential testing. In particular, when cycling is carried out first at 900°C, the 
remaining life at 600°C is much lower than that predicted by Miner's rule. It 
is worth noting that only 10 cycles at 900°C, which corresponds to only 0.2 
percent of the expected Ufe, reduce the final life at 600°C to 55 percent of the 
expected value. Precycling at 600°C yields a smaller deviation from Miner's 
rule. Despite the small number of tests carried out and within the experimen
tal scatter, it appears that the final life at 900°C is nearly unaffected by pre
cycling for less than about 55 percent of the expected life when Miner's rule 
is nearly verified for higher amounts of precycling. 

•H. 900°C 
Nf 

0.5 

Aep/2 = 027. 

• — • 900t;-»600'C 

• — • 600X;-»900'C 

{7 600°C 
Nf 

FIG. 7—Variation of the remaining life with the amount of precycling as normalized to the ref
erence life at each temperature. 
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204 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

Thus the results obtained on this material showed clearly that Miner's rule 
is not obeyed whatever the precycling temperature, low or high. However, 
life predictions according to this rule are largely unconservative when cycling 
is first carried out at high temperatures. 

Two major reasons may account for this large deviation from Miner's law. 
Firstly, in low cycle fatigue the number of cycles to failure encompasses both 
a crack initiation period usually considered as including Stage I crack 
growth, and a Stage II crack propagation period. The importance of the 
crack growth period is well known to increase in the high-temperature range 
[4,9]. Secondly, there is a complex interaction between the microcracking 
mechanisms at each temperature, which renders a linear cumulative damage 
rule unsound. 

Therefore to rationalize the observed behavior we used extensive metal-
lographic observations of the cracking process during fatigue cumulation, 
and we tried to estimate the number of cycles to crack initiation. 

Metallographic Examinations for Sequential Tests 

During the two temperature level tests, replicas of the gage length were 
taken after cycling at the first temperature, J i , and after the final cycling at 
T2. Observing these replicas by SEM enabled us to study how microcracks in
itiated at one temperature have evolved at the second temperature. 

All the obtained replicas were not studied in a quantitative manner. How
ever, two examples of sequential observations are illustrated in Fig. 8, which 
can be taken as representative. In these diagrams the surface crack length is 
plotted as a function of Miner's damage; that is, l,n/Nf = ni/Ni,i after the 
first cycling and tn/Nt = (ni/iVf,i) + (ni/Nn) after the final cycling. The re
sults are shown for a specimen given 200 cycles at 900°C {n/Nt = 0.45) and 
then 150 cycles at 600°C (Xn/Nt ^ 0.50), and for a second specimen given 
2370 cycles at 600°C (n/Nf = 0.70) and then 130 cycles at 900°C (Xn/Nt« 1). 
As the primary object of Fig. 8 is to illustrate the evolution of individual 
cracks, all the cracks of the histogram could not be represented and are thus 
typified by a number of cracks in each class interval. The straight lines join
ing two points refer to the same crack. From these lines, three kinds of be
havior can be observed. Firstly, the main crack after precycling at Ti is still 
the main crack or at least one of the largest cracks after cycling at T2. Sec
ondly, most of the secondary cracks formed at T\ exhibited a slow evolution 
at T2 or eventually stayed dormant. Thirdly, the final cycling at T2 may pro
duce new cracks that did not exist after precycling. 

The same conclusions applied whether the first temperature was 600 or 
900°C. Nevertheless, there are differences in the relative importance of every 
class of crack and the total number of cracks, as can be inferred by compar
ing both diagrams of Fig. 8. In particular the proportion of newly initiated 
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206 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

cracks is much higher with final cycling at 900 than at 600°C. But the more 
striking difference is in the density of microcracks per unit area formed dur
ing the first temperature level: at 600°C this density is about 3 • 10"̂  mm"^ 
when it reaches 0.8 to 2 mm"^ at 900°C (more than an order of magnitude 
higher). 

Strictly speaking all these observations are relevant to the propagation pe
riod of the overall life. However, the propagation is largely determined by 
the initiation mechanisms, which are physically different at each temperature 
along crystallographic planes at 600°C and along preferentially oxidized MC 
carbides at 900°C. Therefore cycling at 600°C for a period shorter than the 
number of cycles to initiation, which can be defined as corresponding to the 
transition between Stage I and Stage II crack growth, does not seem likely to 
be effective in reducing the initiation period at 900°C. In fact an early initia
tion at the latter temperature is expected owing to the oxidation of carbides, 
which should give rise to a large density of new cracks inside the carbides. 
This qualitative behavior is associated on a quantitative viewpoint with a 
much higher crack density at 900 than at 600°C. For microcracks smaller 
than some unknown critical size, there should be a competition between the 
small density of microcracks initiated at 600°C and those then initiated at 
900°C; the latter cracks may be shorter but are much more numerous, and 
presumably may grow at a higher rate. 

Precycling at 900°C induced a rapid oxidation of MC carbides, which gave 
rise to microcrack formation inside the carbides. As for the former case of 
cycling at 600°C and then at 900°C, there should be a competing process of 
possible initiation sites, but the large density of microcracks initiated at the 
highest temperature should prevail over those newly formed at 600°C and 
must yield a reduction in the initiation period. This mechanism is illustrated 
in Fig. 9 by the observation of a two temperature test where only 50 cycles 
were carried out at 900°C. For this amount of cycles all the initiated surface 
cracks are contained inside the oxidized carbide aggregate. Figure 10 refers 
to a secondary crack where an initial microcrack contained in a MC carbide 
at 900°C extends into the matrix during subsequent cycling at 600°C. 

Therefore, because of the mechanisms of crack initiation and the large dif
ferences in microcrack density, a strong influence is expected on the remain
ing initiation period when cycling is carried out first at 900°C, and a much 
weaker influence is expected in the opposite case. However, as soon as the 
microcrack size exceeds some critical value—that is, in the propagation 
period—the same kind of interaction is expected whatever the temperature 
sequence, provided the interaction of microcracks remains of minor im
portance. 

Definition of a Crack Initiation Period and Its Application to Life Prediction 

These metallographic observations yield a physical understanding of the 
deviation from Miner's rule. However, it is necessary to estimate the respec-
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FIG. 9—Evolution of microcracks during sequential testing after SO cycles at 900°C; all cracks 
are limited to the carbide size. 

live importance of the initiation and propagation periods. In fact the con
ventional fatigue Hfe corresponds to the existence of main cracks about 1 to 2 
mm in depth. This may be an initiation criterion for a designer but not for a 
metallurgist who is looking for cracks on the order of 0.1 mm in depth (which 
is often roughly the size of a microstructural feature such as a grain size or a 
dendrite arm spacing or a carbide size in the present case). It is generally dif
ficult to determine directly the number of cyples corresponding to such a 
size. However, using a potential drop technique, we found that a conven
tional initiation period could be defined that corresponds to crack sizes of 
about 0.2 to 0.3 mm in depth, with sufficient reproducibility. The corres
ponding values for the reference tests at a strain range Aep/2 = 0.2 percent 
are given in Table 2 with a 90 percent confidence interval. This initiation pe
riod at 600°C is about 1900 cycles for a fatigue life of 3360 cycles (that is, 57 
percent of the total life) and at 900°C is only 140 cycles against 440 cycles 
that is, 32 percent of the total life). Therefore the propagation period be
comes dominant at the higher temperature, and the difference in overall fa
tigue life results in part from variations in the propagation period, but 
mostly from a reduction of the initiation period within a factor of 13. 
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*a 40 lam 

A 1^ = 0.21-50 cycles at 9 0 0 ^ 

+1118 cycles at6CX}°C 
FIG. 10—Evolution of microcracks during sequential testing after 50 cycles at 900°C (Fig. 9) 

and after 1118 further cycles at 600°C; a secondary crack extends from the carbide into the matrix. 

Taking into account the relative importance of initiation and propagation, 
one may reasonably consider that the deviation from Miner's rule is partly 
owing to the importance of the crack propagation period. 

In addition, we determined this number of cycles to initiation for all the 
two temperature level tests. The corresponding initiation lives are reported 
in Fig. 11 using initiation cycles normalized to the expected life to initiation; 
that is, similar to Fig. 7 for initiation instead of total fatigue life. But in con
trast to the previous case, the remaining initiation life obtained at 600°C 
after a first cycling at 900°C is within the experimental accuracy, in good 
agreement with Miner's rule. Despite its simplicity, the linear damage rule 
accounts for the influence of carbide oxidation and of a very large density of 
initiation sites on the subsequent initiation life at 600°C. On the other hand, 
the linear damage rule is not obeyed in the case of a precycling at 600°C, and 
the initiation life at 900°C does not seem to be altered. This behavior is in 
good agreement with the inferences made from the metallographic study. 

Thus in all cases Miner's rule even if not obeyed yields a conservative pre-
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n. 90CPC 
Ni 

Aep/2=o.2Z 

900fC-»600°C • 
600°C*900''C • 
Nj = N(a*0.25mm) 

n 600°C 

FIG. 11—Variation of the remaining life to initiation with the amount of precycling as normal
ized to the reference life to initiation at each temperature. 

diction for the number of cycles to initiation so defined. However, it must be 
emphasized that there is a large modification of the remaining period of 
propagation after a previous cycling, and in all the cases this period was 
found smaller than that predicted from Miner's rule as applied to the crack 
propagation periods. 

The applicability of Miner's rule as a predictive method that accounts for 
the temperature dependence of low-cycle fatigue damage has been checked 
as illustrated in Fig. 12. When the overall life JVf is predicted from the dam
age rule as applied to the expected total lives at 600 and 900°C, one observes 
good agreement with the experimental values when cycling first at 600°C, 
but the prediction is largely unconservative after precycling at 900°C since it 
can overestimate the fatigue life by a factor of 6. The overestimation is larger 
the higher the number of cycles at 900°C. One must remember, however, the 
strong reduction in the crack propagation period after previous cycling. 
Thus in order to obtain a reliable and conservative prediction it seems 
reasonable to neglect the crack propagation period. Therefore one may try 
to estimate the overall life Nt by assuming A'f to be equal to Ni and by then 
applying a linear cumulative rule to the expected initiation lives at each 
temperature. As shown in Fig. 12, the prediction of Nfis now conservative 
within an error of 10 percent, and at most the underestimation of life is 
within a factor of 2 for a precycling at 900°C. This implies that in order to 
make a reliable prediction of the remaining life under various temperature 
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FIG. 12— Comparison between the observed experimental life and that predicted from the appli
cation of Miner's rule either to the total life Nf or to the initiation period Nj. 

loadings, the actual resistance to low-cycle fatigue damage to consider is not 
the overall life but merely the initiation period. 

Conclusions 

The present study has examined the cumulation of low-cycle fatigue dam
age in the superalloy MarM509 under sequential testing at two temperature 
levels [600 and 900°C (873 and 1173 K)] where the initiation mechanisms are 
very different, mainly by crystallographic cracking at 600°C and by carbide 
oxidation at 900°C. 

A large deviation from the linear cumulative damage rule was observed, 
especially for a precycling at 900°C. This behavior was qualitatively ex
plained by a study of the initiation mechanisms and the microcracking proc
ess. The importance of the higher crack density at the higher temperature has 
been emphasized. 

By using a potential drop technique for determining the number of cycles 
to initiation. Miner's rule was found to apply for the initiation period for a 
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precycling at 900°C. On the other hand, this initiation period seems to be 
unaltered by previous cycling at 600°C. 

These results showed that for the cumulation of damage at various 
temperatures, the resistance to low-cycle fatigue damage to consider is not 
the conventional fatigue life, but the duration of the initiation period. 

This study is in agreement with the common idea that high-temperature 
low-cycle fatigue is more damaging than low-temperature fatigue, for a same 
strain level. However, in the particular material studied, this effect seems to 
result mainly from an oxidation effect rather than from a creep-fatigue 
interaction. 
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ABSTRACT: The mechanisms of low-cycle fatigue damage of two high-purity ferritic 
alloys, Fe-3Si and Fe-26Cr-lMo, have been investigated at room temperature using 
both polycrystal and single crystal specimens. The cyclic stress-strain behavior and the 
fatigue crack initiation mechanisms are shown to be sensitive to the applied strain rate 
and the crystal orientation. In the case of single crystals, high strain rates (^10~' s~') 
give rise to large cyclic stress asymmetries and crystal shape changes. In bicrystals and 
polycrystals the cyclically induced grain distortions lead to intergranular crack initia
tion. Low cyclic strain rates favor the formation of persistent slip bands and hence 
transgranular crack initiation and reduced fatigue lives. These results are interpreted 
as a consequence of the asymmetry of dislocation motion in the body-centered-cubic 
(bcc) lattice. 

Other unusual features of the cyclic deformation of bcc alloys, such as the softening 
and hardening behavior at low amplitudes and deformation banding, are described 
and discussed. 

KEY WORDS: fatigue, high strain, ferritic alloys, crack initiation mechanisms, cyclic 
hardening, polycrystals, bicrystals, single crystals 

Although the behavior of different materials during cyclic deformation 
has been widely studied in recent years, surprisingly little attention has been 
paid to the specific mechanisms of fatigue damage in body-centered-cubic 
(bcc) materials, and, in particular, to iron-based ferritic alloys. It is well 
known, from monotonic tests, that the mechanical response of such mate
rials is very sensitive to the strain rate (or the temperature) and the presence 
of alloying elements both interstitial and substitutional. Furthermore, bcc 
crystals are known to exhibit an asymmetric behavior in tension and com
pression [1].^ These characteristics are expected to strongly influence the 

' Ecole des Mines de Saint-Etienne, Saint-Etienne, France. 
^ The italic numbers in brackets refer to the list of references appended to this paper. 
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cyclic stress-strain response, the specific damage mechanisms, and the fa
tigue resistance of the material. In this context several recent studies have ex
amined the cyclic plasticity of high-purity niobium [2,3], molybdenum [4,5] 
and iron [i, 5,7] single crystals. 

This paper presents results of room-temperature cyclic plastic deforma
tion tests on two different iron-based, essentially single-phase substitutional 
ferritic alloys, namely Fe-3Si and Fe-26Cr-lMo. The respective influences of 
strain amplitude and strain rate on these different materials are described. 
The asymmetrical mechanical behavior of the grains (that is, the stress 
asymmetry and the shape changes) is examined by means of tests on oriented 
single and bicrystals. Finally, the different modes of fatigue crack initiation 
observed in polycrystalline silicon-iron and iron-chromium are discussed in 
terms of the basic mechanisms that govern the cyclic plasticity of these fer
ritic alloys. 

Experimental Procedure 

The compositions, in weight percent, of the two steels are as follows: (7) 
Fe-(25.5 to 26.1)Cr-(0.94 to 1.15)Mo, containing about 15 ppm carbon and 
25 ppm nitrogen; and (2) Fe-(2.5 to 3)Si, containing 30 ppm carbon and 10 
ppm nitrogen. Single crystals of the Fe-Si and Fe-Cr alloys were grown by 
controlled solidification in horizontal furnaces. Some Fe-26Cr-Mo bicrystals 
were produced either by controlled solidification using two seed crystals or 
by electron beam welding two oriented single crystals [8]. 

The single crystal fatigue specimens, with a square cross section of side 
4 mm and a gage length of 10 mm, were obtained by spark cutting. After the 
appropriate heat treatment they were brazed into threaded shoulders and 
electropolished before testing. 

The different heat treatments used to control the interstitial content, and, 
in the case of the cylindrical polycrystalUne specimens, to ensure a relatively 
fine grain size, were as follows: (7) Fe-3Si (polycrystal), annealed 16 h at 
800°C in vacuo, grain size ==60 pm; (2) Fe-3Si (single crystal), annealed 16 h 
at 1200°C in vacuo; (3) Fe-26Cr-lMo (polycrystal), annealed 800°C in vacuo 
16 h, then 30 min at 950°C in argon and water quenched, grain size 60 /im; 
and (4) Fe-26Cr-lMo (single crystal), annealed 1200°C in vacuo 16 h and 
slow cooled, then solution treated at 950°C for 30 min in argon and water 
quenched. 

Symmetrical tests in tension-compression were carried out at constant 
strain rate (in the range of 2-10"' to 2* 10"' s"') under total strain control 
using a servo-hydraulic machine. The strain was measured with a strain gage 
extensometer mounted directly on the gage length. Liquid metal grips were 
used for specimen positioning and alignment. Further details of the testing 
techniques have been published elsewhere [9]. 
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Results 

Cyclic Stress-Strain Response 

The changes in the cyclic stress levels at er = 2 • 10"' s"' of the polycrystal 
Fe-Si and Fe-Cr alloys are shown in Figs, la and 1* as a function of the cu
mulative plastic strain £pcum (= INAe^) for two different strain amplitudes 
(AeT/2 = ±0.2 percent and ±0.6 percent). Both alloys show somewhat sim
ilar behavior: at high plastic strain amplitudes (Aep ~ 10"̂ ) the usual rapid 
hardening is followed by a slight softening; conversely, at low plastic strain 
amplitudes (Aep ~ 10"'), the annealed alloys initially soften, then, in certain 
cases, may harden before saturation. It should be noted, however, that the 
softening phase is relatively short for silicon-iron and prolonged for Fe-
26Cr. This unusual initial softening behavior has also been observed on low-
carbon steels [10] and Fe-30 
tween 4 X 10"' and 6 X 10'' 

ppm C single crystals cycled at Acp-values be-
[i] . Similar effects are observed on all the 

iron-chromium single crystals, but only on certain orientations of the silicon-
iron crystals. 

Typical cyclic hardening curves of the <100) and <011) Fe-Si and the (100) 
Fe-Cr crystals, at the same total strain amplitude, are illustrated in Figs. 2a 
to 2c and demonstrate the following important features: 

1. At low strain amplitudes all the Fe-Cr crystals soften then harden, as in 
the case of the polycrystalline Fe-Cr (Fig. 2a). 

Ao/2fN/mm2 PolycrystoUint Fe-3Si i y . 2. lO-^ssc"'' 

«-2 

400. 

300 

200. 

Atf .1,2.10" 

Aep «9>.10"^ 

1 1 1 1 — I »• 
2 * 6 8 10 Cpcum 

FIG. \a—Variation of the peak cyclic stress of Fe-3Si with cumulative plastic strain at 
'ei = 2-10'' s-'. 
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FIG. 1 b— Variation of the peak cyclic stress of Fe-26Cr-lMo with cumulative plastic strain at 
'n = 2-10'^ s-\ 

2. The Fe-3Si crystals either harden normally (Fig. 2b) or soften then 
harden—for example, the [112] orientation [11]. In one particular case, 
however, namely the [001] orientation for which the plastic strain amplitude 
was very small (6 X 10"*), neither significant hardening nor softening was 
detected (Fig. 2c). 
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AOO 

300. 

N/mm^ 

:P 
200 ' f e ^ 

Fe-26Cr-1Mo [OOl] 

AeT = 1,2.10" 

Aep = 7,6.10 ,-3 

Acj - i .10' 

Aep»1,6.10" 

,-3 

1 2 3 4 5 epcum 

FIG. 2a—Variation of the cyclic tensile and compressive stresses of Fe-26Cr-lMo [001] single 
crystals with epcum, ex = 2-10'^ s'\ 
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FIG. 2b—Variation of the cyclic tensile and compressive stresses ofFe-SSi [Oil] single crystals 
with fpcum, CT = 2 - /O"' S'\ 

3. A Stress asymmetry between tension and compression is frequently 
observed. 

The low strain amplitude softening of the Fe-Cr crystals, extending over 
cumulative plastic strains of 2 or 3, is usually followed by a hardening phase, 
so that saturation is only attained for tpcum values of 3 or higher. Further
more, only the final plateau" appears to be a stable state. If cycling is stopped 

a 
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200. 

N/mm^ 

r" 

Ft-3Si [001] 

Acp .7,6.10" 

- 2 

,-3 Aey =6.10' 

Aep =6.10"* 

5 e, pcum 

FIG. 2c— Variation of the cyclic tensile and compressive stresses ofFe-3Si [001} single crystals 
with tpcum, CT = 2-10'^ S''. 
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Fe-26Cr-1Mo [Tl2] 

Cocum 

FIG. 3—Cyclic softening and hardening of a Fe-26Cr-lMo [112] crystal during interrupted and 
continuous cycling (A«T = 4-10'^; ir = 2-10'^ s'^). 

briefly for a few minutes during the hardening phase (Fig. 3), then restarted, 
softening re-occurs and the hardening is retarded, for several hundreds of 
cycles, to higher Cpcum values. Interrupting a test, when saturation is reached, 
only affects the subsequent peak stresses for 2 or 3 cycles before saturation is 
regained. It should also be pointed out that softening is sensitive to strain 
rate, being more pronounced at high strain rates. This softening is not re
lated to Luders band formation, at least in single crystals, since homogene
ous slip is observed throughout the specimen gage length after the first few 
cycles. As discussed later we attribute the softening and hardening to dislo
cation interstitial interactions. 

The fact that the [001] Fe-3Si crystals do not harden at very low plastic 
strain amplitudes leads to a discontinuity in the cyclic stress-strain curves 
(Fig. 4). In this figure, hardening is insignificant at Acp < 6* 10'* for strain 
rates €T ~ 2-10"' s"'. A similar absence of hardening at Aep ~ 5 • 10"̂  has 
been reported for niobium single crystals [5] and pure iron single [6] and 
polycrystals [10], and may well be general to all bcc metals at low tempera
tures (or high strain rates). At low strain rates of ^lO"' s"' (Fig. 4), the cyclic 
stress-strain curves become more conventional and the low plastic strain 
anomaly disappears. These stress effects at low strains and high strain rates 
are considered to be related to the relative mobility of edge and screw dislo
cations in the bcc lattice [S,6] and, according to Mughrabi et al [5], can di
rectly control the fatigue limit of bcc metals and alloys. 

The stress asymmetry of certain crystals, clearly shown in Figs. 2a to 2c 
and 4, depends upon the crystal orientation, the plastic strain amplitude, and 
the cyclic strain rate. The orientation effects have been previously shown 
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Fe-3Si [001] 

500 

FIG. 4—Saturation stresses ofFe-SSi [001] crystals as a function of the plastic strain amplitude 
at two strain rates. 

[9,12] to be related quite simply to the sense of slip on the active slip systems 
when slip occurs on systems which do not exhibit two-fold symmetry—that 
is, on systems other than {110} <111>. Thus for the [001] Fe-Cr single crystals 
in tension, slip occurs on four well-defined {112} (111) systems in the easy, 
twinning sense; in compression, since the {112} planes are oriented for slip in 
the hard, or anti-twinning sense, very wavy noncrystallographic slip is ob
served. Under symmetrical cyclic strain the peak stresses of the [001] Fe-Cr 
and Fe-Si crystals are significantly higher in compression than in tension. 
For the [Oil] crystals the opposite behavior is observed, slip being easier in 
compression (planar slip on {112} (111) in the twinning sense) than in tension 
(wavy slip in the anti-twinning sense). This slip asymmetry typical of the 
plastic deformation of bcc lattices, which gives rise to stress asymmetry in 
symmetrical strain control, will cause strain asymmetry in symmetrical load 
control. Figures 5a and 5b illustrate this behavior for the case of [001] and 
[Oil] Fe-3Si crystals. In Fig. 5a the [001] crystal deforms more easily in ten
sion than in compression and thus, when cycled at constant load, will elon
gate slightly at each cycle (the loop shifts to the right). Since stress asymmetry 
is a permanent effect (Figs. 2a to 2c and 4), over thousands of cycles very 
large elongations are possible. The [Oil] crystals cycled at the same stress 
level will, on the other hand, contract in length since slip is easier in com
pression (Fig. 5b). The asymmetry is also clearly revealed by the shape of the 
hysteresis loops in load control: pointed in compression for [001] and in ten
sion for [011]. The pointed part of the loop corresponds to the stress sense 
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Fe-3Si [OOl] 

219 

FIG. 5a—Typical shapes of the saturation cyclic hysteresis loops ofFe-3Si [001] single crystals 
under symmetric load control (O.S Hz). 

for which a is highest in symmetrical strain control—that is, the hard sense 
of shear. 

It should also be noted that the cyclic stress asymmetry is reduced at low 
strain amplitudes (Figs. 2a to 2c and 4) and low strain rates (Fig. 4). 

Influence of Strain Rate—Strain-rate effects are particularly important 
during the cyclic plastic deformation of bcc metals at relatively low tempera
tures. As a general rule high strain rates lead to high cyclic flow stresses, 
large stress and slip asymmetries, but relatively lower amounts of cyclic har
dening. An example of the influence of strain rate on the cyclic stress-strain 
curves of the polycrystalline Fe-26Cr alloy is shown in Fig. 6. The saturation 
stresses are significantly higher at strain rates ~10~^ than 10"' s''; the effect is 
particularly marked at low strain amplitudes and relatively minor at large 

Fe-3Si [on] 

FIG. 5b—Typical shapes of the saturation cyclic hysteresis loops ofFe-iSi \011\ single crystals 
under symmetric load control (0.5 Hz). 
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Polycrystalline Fe-26Cr-1Mo 

10-2 ^j^/2 

FIG. 6—Influence of strain rate on the saturation cyclic stresses of polycrystalline 
Fe-26Cr-lMo. 

Strain amplitudes. Similar results are obtained on single crystals (see, for ex
ample, Fig. 4). In addition, the amount of cyclic hardening, compared with 
the initial yield stress, is higher at low strain rates than at the higher strain 
rates. The influence of strain rate on the saturation stresses, particularly at 
low strain amplitudes, together with the disappearance of the low strain 
"plateau" region (Fig. 4), implies that strain rate would have a pronounced 
effect on the fatigue limits of bcc materials [5]. 

Finally, as previously noted, decreasing the strain rate decreases the stress 
asymmetry, as shown in Fig. 4. This behavior has been described by the au
thors in further detail [P] and is owing to the influence of the strain rate on 
the ability of dislocations to change slip planes when stressed in different 
senses. 

Crystal Shape Changes—The operation of different slip systems in tension 
and compression leads to mass displacements that are different in tension 
and compression—that is, to a change in shape of the crystal when deformed 
cyclically under symmetrical strain control. The grain shape change per cycle 
is relatively small (typically in the range of lO""* to 10"'), but, since the proc
ess is continuous throughout cycling, becomes significant over large numbers 
of cycles. The shape changes of cyclically deformed bcc crystals have been 
studied in detail on niobium [2,5], iron [7], and Fe-26Cr-lMo [9,13]. An ex
ample of the change in cross section of an initially square section [011] Fe-26Cr 
crystal at epcum = 2 is shown in Fig. 7. Maximum diametral plastic strains on 
the order of 0.3 or higher are frequently encountered. The shape changes can 
be related quantitatively to the slip systems that operate in tension and com
pression and depend sensitively on the crystal orientation. Finally, it is im
portant to note that, yet again, the strain rate and the strain amplitude have 
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n 

FIG. 7—Cross-sectional shape change of an Fe-26Cr-lMo [Oil] crystal cycled under symmetri
cal strain control at ACT = 1.2-10'^ (evcum = 2;'ei = 2-10"' j " ' ) , 

a pronounced effect on the phenomenon; for a given value of €pcum shape 
change is large at high strain rates (>10"' s"') and high plastic strains (~10"'), 
but can be very small at low strain rates and very small plastic strains 
[5.7.9,131 

Crack Initiation Mechanisms 

The large crystal shape changes that take place during cyclic straining of 
bcc materials (at high CT and Acp) can be expected to influence the fatigue 
crack mechanisms of poly crystals. To relate the single crystal behavior to that 
of polycrystalline material we have studied the influence of strain rate on 
cyclically deformed oriented bicrystals of the Fe-26Cr-lMo alloy. 

The bicrystals were oriented so that the stress axis was contained in the 
boundary plane and the individual grains had orientations A = [31, 33, 89] 
and B = [10, 21, 97] (misorientation 15 deg). For both grains the boundary 
plane was close to {Oil}. Tests were performed at a strain amplitude 
AeT/2 = 10"̂  and at two different strain rates, 2-10"' and 2-10"' s"'. Both 
grains were orientated so that slip on the {112} (111) and {123} (111) systems 
was easier in tension than in compression. Consequently at ej = 2 • 10"' s"' 
the bicrystal exhibited a stress asymmetry, CTC > ot, but exhibited an insignifi
cant stress asymmetry at ex = 2 • 10"' s"' in agreement with the single-crystal 
results. 

At the lower strain rate, homogeneous slip and profuse cross-slip was ob
served by optical microscopy throughout both crystals and no extra slip was 
detected in the boundary region, indicating the absence of large plastic in
compatibilities. Continued cycling led to transgranular crack initiation 
without any apparent effect on the grain boundary (Fig. 8a). At the higher 
strain rate, planar slip was observed in the grains and additional slip systems 
were clearly visible within about 0.1 mm of the boundary. After continued 
cycling, the region adjacent to the grain boundary became extremely 
rumpled and eventually intergranular cracks developed at the boundary 
(Fig. ib). The fact that the prominent surface relief effects were only ob
served near the boundary at high strain rates means that they were caused by 
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FIG. 8a—Fatigue crack initiation modes in an Fe-26Cr-lMo bicrystal (SEM of the specimen 
surface); transgranular at n — 2-10'^ s~\ 

l O p Uin. 

FIG. ib—Fatigue crack initiation modes in an Fe-26-Cr-lMo bicrystal (SEM of the specimen 
surface): intergranular at it = 2-10'^ s'\ 
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the grain shape changes during cycling and not by the well-known mono-
tonic elasto-plastic boundary incompatibilities. (Furthermore the elasto-
plastic incompatibilities of grains A and B were calculated to be relatively 
small, as confirmed by the absence of boundary secondary slip at low strain 
rates). 

The single crystal and bicrystal results are also in very good agreement 
with the crack initiation modes observed on polycrystal Fe-30 ppm C [13], 
Fe-3Si, and Fe-26Cr-lMo. In all cases fatigue crack initiation was intergran-
ular at high strain rates (h on the order of 10"̂  s"') and transgranular at low 
strain rates. 

Other examples of the influence of strain rate on the crack initiation 
mechanisms of a-Fe [14], Fe-Si, and Fe-26Cr have been reported [P]. The 
critical strain rate at which the transition from transgranular to intergranu-
lar initiation occurs depends upon the alloy composition, the strain ampli
tude, and the grain size [13]. 

Transgranular fatigue crack initiation, an example of which is shown in 
Fig. 8a, usually occurs along the intrusions and extrusions formed in associ
ation with the persistent slip bands (PSB). Mughrabi [3] has suggested that 
PSB formation in high-purity bcc materials would be rather difficult owing 
to the particular dislocation substructure developed during fatigue of bcc 
metals. PSBs would only be likely to form under conditions of low strain 
rates (or high temperatures) and significant interstitial contents. Our results 
on all these steels are in good agreement with this suggestion; intrusions and 
extrusions favoring transgranular crack initiation occur predominantly at 
low strain rates. Well-defined PSBs are not observed at high strain rates in 
any of the steels. 

Since PSB formation promotes fatigue crack initiation, it is therefore un
derstandable that fatigue lifetimes at low strain rates should be lower than 
those at high strain rates. In fact the fatigue lifetimes of Fe-Cr polycrystals at 
tT ~ 10"* s"' are about half those at CT ~ 10"̂  s"'. It is also probable that this 
difference in fatigue resistance would be appreciably higher if intergranular 
cracking caused by crystal shape changes did not intervene at high strain 
rates. 

PSB formation is not the only mechanism of transgranular crack forma
tion in bcc materials. Strain localization can also occur in deformation bands 
such as kink bands or shear bands. In single crystals these bands are easily 
distinguishable from the PSBs, since they do not follow the trace of the 
primary slip plane. They have been observed as kink-like bands in niobium 
[15] and iron [3] and as shear bands for particular crystal orientations in Fe-
3Si and Fe-26Cr-lMo [11]- In the latter cases, the conditions for shear band 
formation could be related to a critical amount of cyclic hardening, and con
sequently shear bands only formed in crystals oriented within ~20 deg of 
(111). Fatigue lives were drastically reduced when shear band formation oc-
cured. It seems reasonable to suggest that this type of failure mechanism 
could also occur in polycrystalline material. 
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Discussion and Conclusions 

The results have clearly shown that bcc materials exhibit specific cyclic 
stress-strain behavior and fatigue crack initiation mechanisms which can be 
related to the detailed mechanisms of slip in bcc materials. Both the mono-
tonic and cyclic plastic deformation of bcc alloys are characterized by the 
particular slip geometry and by the pronounced dependence on strain rate 
and solute elements. 

For example, cyclic softening (often followed by hardening) of the an
nealed, essentially single-phase alloys is a common feature at low strain am
plitudes. Cyclic hardening and softening are essentially related to the change 
in dislocation density and substructure caused by cyclic deformation. These 
factors can be approximately described by the athermal internal stress com
ponent oi of the flow stress d: 

a = ai + a*(e,T) 

where a*, the effective stress, describes the stress required to move the dislo
cation through short-range obstacles. 

Cyclic hardening and softening are both related to changes in ai [5,6,9], a* 
remaining constant at a given strain rate and temperature. 

We propose that the initial softening, observed particularly in Fe-Cr, is 
owing to the liberation, during the first few cycles, of mobile dislocations 
from interstitial-substitutional solute atom complexes. Unlike a tension test, 
however, this phase can last for large cumulative plastic strains at low strain 
amplitudes (and relatively high strain rates), since the dislocation-dislocation 
interactions which harden the material are relatively rare events caused by 
the low dislocation density under these conditions, as observed by TEM [16]. 
Hardening follows when either secondary systems are activated or when the 
screw components cross-slip to increase the dislocation density and hence the 
internal stress ai. Single crystal Fe-Cr may be more prone to this softening 
behavior than Fe-Si, since during annealing carbon and chromium atoms tend 
to attract each other and form with the dislocations strongly bound C-Cr 
complexes or very fine precipitates unlike the mutually repulsive carbon and 
siHcon atoms. The slight initial softening in polycrystalline Fe-Si may also be 
caused by segregation effects at the grain boundaries. 

This behavior means that even under well-defined laboratory testing con
ditions the saturation flow stress, oe, is difficult to define. In service condi
tions where loading into the plastic region is rarely periodic but random (and 
occurs more frequently at low ep values) the tj, values will be very poorly 
defined. 

The asymmetrical slip that accommodates the plastic strain in bcc metals 
is a direct consequence of the special structure of the dislocations in the bcc 
lattice. The threefold symmetry of the (111) screw dislocations leads to 
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asymmetric slip, and hence the observed crystal shape changes during cyclic 
stressing. It now seems well established that the shape changes which bcc 
crystals undergo during cyclic deformation can promote intergranular crack
ing. This type of cracking will obviously be accelerated by the presence of 
impurity elements which embrittle the grain boundary. Nevertheless, it is 
important to realize that boundary embrittlement is not a necessary condi
tion for intergranular fatigu? crack initiation in bcc materials. This failure 
mechanism is a direct result of the slip asymmetry characteristic of these 
materials, particularly at high strain rates and strain amplitudes. 

The pronounced influence of strain rate on both the cyclic stress-strain 
behavior and the crack nucleation mechanisms is also a consequence of the 
dislocation core structure. Glide only occurs when a stressed sessile screw 
dislocation adopts, by a thermally activated process, a glissile configuration. 
The process is strain-rate dependent, so that changing the strain rate changes 
both the effective stress and the relative mobilities of the edge and screw 
components. At high cyclic strain rates (or low temperatures) plastic defor
mation is governed by the movement of relatively immobile screw disloca
tions, as shown by recent transmission electron microscopy studies [6,16]. 
Thus high cyclic strain rates are associated with (7) high cyclic flow stresses, 
(2) large stress asymmetries, and (3) large crystal shape changes. 

This study has concentrated on two high-purity single-phase ferritic al
loys. It is probable, however, that the proposed basic mechanisms, in many 
ways specific to bcc alloys, would apply to less pure multiphase industrial 
steels. 

Further studies should examine the cyclic behavior of industrial ferritic 
steels in the light of the specific mechanisms proposed from the single-crystal 
studies. It would be particularly interesting to specify in greater detail the 
role of the interstitial and substitutional elements and the influence of 
temperature. 
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ABSTRACT: An assessment of the effects of discontinuities and a gaseous environment 
on the low-cycle fatigue behavior of NiMoV generator rotor forging steel is presented. 
Discontinuities were positioned near the notch root in blunt-notch compact tension 
specimens machined from trepanned core bars. These specimens were subjected to cy
clic loading with two maximum stress/yieldstress ratios, 0.95 and 1.37. For tests con
ducted in air, discontinuities reduced the average crack initiation and propagation cy
cles by factors of as much as 6 and 1.5, respectively. The discontinuity influence was 
greater at the low cyclic load. Hydrogen reduced the cycles for crack propagation in 
discontinuity-free specimens by as much as a factor of 2 but had less influence on initi
ation. In specimens containing discontinuities, the crack propagation interval was 
shorter in hydrogen than in air, thus indicating the existence of a discontinuity-envi
ronment interaction. The variability in cycles to crack initiation from specimen to 
specimen was reduced by taking into account the initiation criterion as well as the dis
continuity size and location with respect to the notch. The relation between disconti
nuities, cracks, and the service performance of generator rotors is discussed. 

KEY WORDS: testing (fatigue), stress concentration, crack initiation, crack propaga
tion, environment, discontinuities, low-cycle fatigue, ultrasonics 
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a Crack length 
B Specimen thickness 
d Distance from notch surface to discontinuity 
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K{ Fatigue notch factor 
K't Specific value of A'f for a given specimen 
Kt Elastic stress concentration factor 
to Discontinuity length parallel to notch surface 

Na Nt-Nc-Ni 
Nc Cycles from first crack detection to crack emergence on specimen side-

surfaces 
Nt Cycles to end of test 
M Cycles to first crack detection 

Maximum load per cycle 
Pr Load range 
R Keyhole notch radius 

Maximum nominal stress per cycle 
Sr Nominal stress range 
W Specimen width 
a Parameter expressing local stress near notch root 

oiogN, Standard deviation of the logarithms of life 

With the development of fracture mechanics and nondestructive testing 
techniques, realistic and safe nondestructive inspection standards for power 
generator rotor forgings can be established [1].* Current rotor acceptance 
practice involves deciding whether discontinuities can be tolerated, must be 
removed, or necessitate rejection of the forging. With improvements in ultra
sonic testing methods, smaller indications can be resolved than was previously 
possible. The nature of the discontinuity distribution is such that the smaller 
indications, presumably representing small discontinuities, are more numer
ous than the larger ones of obvious concern. The possibility of the interaction 
of many small discontinuities to cause premature crack initiation has raised 
questions regarding the adequacy of the present acceptance procedures. 

A cooperative program was undertaken by Bethlehem Steel Corporation 
and Westinghouse Electric Corporation to provide information concerning 
the effects of discontinuities on the reliability of generator rotor forgings. 
The program consisted of two phases. The first phase characterized the pop
ulation of ultrasonic indications in bore core bars. The core bars were taken 
from large 4-pole generator forgings made from 3300-mm (130-in.)-diameter 
ingots weighing about 3.18 X lO' kg (350 ton). The number of signals, the 
signal amplitude, discontinuity location, and the number of groups of dis
continuities were recorded. Metallographic results of this phase of the pro-

" The italic numbers in brackets refer to the list of references appended to this paper. 
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gram showed that an ultrasonic indication or cluster of indications can rep
resent either an individual discontinuity or, what is more often the case, a 
discontinuity composite in which a number of microporosities and/or sulfide 
inclusions were near or adjacent to each other forming an irregularly shaped 
mass. In strict usage we are here defining a "cluster" as two or more ultrasonic 
indications within 2.5 mm (0.1 in.) of the same depth and separated by less 
than 12 mm (0.5 in.) in their common plane. Since the cluster was viewed in 
terms of its function as a discontinuity, however, we will use the latter term. 
Although the practical output from this first program phase was determina
tion of specific locations within the core bars where fatigue specimens con
taining discontinuities could be prepared, we also gained insight into the 
complexities of the relation between discontinuities and ultrasonic 
indications. 

In the second program phase we studied the effect of discontinuities on the 
low-cycle fatigue behavior of bore core bar material from large NiMoV rotor 
forgings. The effect of hydrogen on fatigue life was also studied, because 
hydrogen gas is currently used as a cooling medium in large generator rotors. 
The focus of the present paper is the comparison of fatigue results on speci
mens having discontinuities with those in which no discontinuities were 
present. Some discussion is devoted to the effect of discontinuities on the 
service performance of generator rotors. 

Experimental Work 

Materials 

Specimens tested in this program were taken from trepanned bore core bars 
of five vacuum-cast NiMoV generator rotor forgings identified as A, B, C, D, 
and F. The highest and lowest levels of chemical composition, tensile proper
ties, and impact energy of these core bars are given in Table 1. Tension and 
impact specimens were oriented so that the longitudinal axis and direction of 
crack growth were parallel to the respective tangential and radial directions 
in both core bar and rotor forging. The core bars had a bainitic microstruc-
ture containing globular sulfides (Fig. 1). 

Specimen locations in the core bars were selected so that they contained 
no discontinuities (DF), "small discontinuities" (SD), or "large discontinui
ties" (LD). (A depth-corrected ultrasonic signal amplitude was used to give a 
qualitative index to discontinuity size.) Large discontinuities are represented 
by ultrasonic indication D2D177 (Fig. 2d). Examples of small discontinuities 
are given by sonic indications D2B167 and D2B139 in Figs. 2b and 2c, 
respectively. 
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230 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

TABLE 1—Chemical composition, mechanical properties, and impact energy of NiMoV rotor 
forging core bar material.' 

Core 
Bar 

highest 
lowest 

C 

0.31 
0.18 

Mn 

0.41 
0.32 

Chemical Composition, % by weight 

P S Si Ni Cr V 

0.012 0.023 0.28 3.76 0.10 0.15 
0.007 0.009 0.25 3.50 0.06 0.12 

Mo 

0.41 
0.27 

O2 

0.0022 
0.0016 

Mechanical Properties 

Core 
Bar 

0.2 % Offset 
Yield Strength, 

ksi 

Tensile 
Strength, 

ksi 

Elongation in 
1.4-in. Gage 
Length, % 

Reduction 
in Area, 

highest 
lowest 

85.2 
71.8 

106.1 
93.0 

23.7 
14.6 

65.2 
30.7 

Charpy Impact Energy Absorption," ft • lb 

Core 
Bar 

Test Temperature, °F 

-50 0 75 212 

highest 
lowest 

15.3 
5.0 

28.0 
8.7 

70.0 
21.3 

118.5 
57.5 

° 1 in. = 25.4 mm; 1 ksi = 6.89 MPa; 1 ft • lb = 1.36 J. 
'Tabulated mechanical properties represent the average of results of four cylindrical specimens 

from a given core bar. 
'Tabulated energy values represent the average of results for at least two V-notch specimens 

at a given test temperature. 

Fatigue Specimens and Tests 

Low-cycle fatigue tests were performed on keyhole (blunt) notch compact 
tension specimens, (Fig. 3) for which the elastic stress concentration factor 
Ki was 2.1 [2]. The specimens were oriented in the CR direction;' that is, the 
crack grows in the radial direction with respect to the parent rotor. For those 
specimens containing discontinuities, ultrasonic data were used to locate the 
notch root as close to the discontinuity as possible, that is, in the range of 0 
to 1.3 mm (0 to 0.05 in.). In most cases the positioning technique was suc
cessful. In a few instances, however, a postfracture metallographic examina
tion using optical and/or scanning electron microscopy did not reveal a dis
continuity in the fracture plane even though pretest ultrasonic inspection 
showed indications to be present. The missing discontinuity may have been 
removed during machining of the keyhole notch or may have been located 
out of the fracture plane. 

The fatigue tests were conducted in three laboratories on electrohydraulic 

' ASTM Test for Plane-Strain Fracture Toughness of Metallic Materials (E 399). 
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SPECIMEN A 2 - 2 

- S - ' '• •'•• > • . 

• - • / * • . - . • / ^ • * ' 

• • •- •• v : - . - > - -

• * : . : ^ ' ^ / * " * " • . . V 

. . • •- - ' - V •• •••• • • . . 

• . - • 

' • • - ^ • ^ ••: 

Nital 200 X 
FIG. 1—Bainitic microstructure ofNiMoV rotor forging core bar. 

testing systems under sinusoidal tension-tension loading at a test frequency 
of 3 Hz. The cyclic loads were selected to give fatigue lives which were shorter 
and longer than that for a generator rotor in service. The maximum cyclic 
loads of 20.0 and 28.9 kN (4500 and 6500 lb) resulted in ratios of the nominal 
stress/yield stress of 0.95 and 1.37, respectively. The maximum nominal 
stress was computed from Eq 1 where Pmax is the maximum load, and W, B, 
and a are respectively specimen width, thickness, and crack length in Fig. 3. 

Smax - —=r. 1- 1 -r--r. (1) 
L W — a \ B{W — a) 

The minimum cyclic load was 1/10 of the maximum load for all tests. The 
number of loading cycles required to initiate a fatigue crack was determined 
by visual examination of the notch radius with a X50 telemicroscope posi
tioned to look directly into the slot. Once the crack had emerged on the side 
surface, crack length was determined by measurements on both sides of the 
specimen. Failure was defined as either complete separation (high load) or 
crack extension of 5 mm (0.2 in.) beyond the notch root (low load). 

For the tests carried out in a 34.5 kPa (5 psig) hydrogen gas environment, 
visual detection of crack initiation was made through a viewport in the envi
ronment chamber. Since a small portion of the notch root was not visible 
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FIG. 2a—Example of discontinuities in core bar D2; D2D177; XSO. 
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• .4 . f ' 

!t» 

FIG. 2b—Example of discontinuities in core bar D2; D2B167; XIOO. 

through the viewport, it was necessary to periodically disassemble the envi
ronmental chamber in order to view the entire notch root. The chamber was 
then reassembled and purged with nitrogen for about 30 min. After purging, 
the chamber was again filled with hydrogen gas and the fatigue test was re
sumed. Once crack initiation occurred, the test was not interrupted again 
and the crack length was measured from only one side of the specimen. After 

°V. 

FIG. 2c—Example of discontinuities in core bar D2; D2B139; X50. 
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T 
D - 0.500 

- ^ 

^ • - ^ 

^ 

0.925 1.075 0.50 

2.5 

FIG. 3—Keyhole (blunt) notch compact tension specimen (dimensions in inches; 1 in. = 25.4 mm). 

the crack emerged from the notch root to the specimen surface the rate of 
crack growth in this environment was so fast that the test frequency had to 
be reduced to 0.1 Hz to facilitate taking data on crack length versus cycles. 

In the test program 22 discontinuity-free DF specimens, 8 SD specimens 
with small discontinuities, and 36 LD specimens with large discontinuities 
were assigned randomly to the treatment combinations (load, environment). 
Fatigue tests in ambient air were performed by the three participating labor
atories, whereas those in hydrogen gas were run at only one laboratory. 

Test Results 

Figures 4 and 5 and Tables 2 and 3 present (/) cycles to first crack detec
tion, Ni, (2) the additional cycles from first detection until the crack 
emerged' to the specimen side-surface, Nc, and (5) cycles to failure, Nt. 

As seen in Tables 2 and 3, differences in the experimental results obtained 
by the three laboratories are not very great. With the assumption that 
{Ni + Nc) and Âf follow a log normal distribution, a Mest [3] at the 5 percent 
significance level was used to compare the differences in average cycles be
tween Bethlehem and Westinghouse (LRA). The comparison showed that 
for two levels of cyclic load and either discontinuity-free or large-discontinuity 
specimens, the null hypothesis—that is, no differences in interlaboratory in
itiation and failure cycles—could not be rejected. Statistical comparisons of 
intralaboratory data showed that the effects of discontinuities and environ
ment on low-cycle fatigue behavior were significant. Average fatigue life (an-
tilog of log Â f) along with the cyclic intervals for initiation (M + Nc) and 
propagation (Nt — Ni — Nc) are presented in Figs. 4 and 5 for the low- and 
high-load tests, respectively. 

' Bethlehem's criterion of emergence was the cycles necessary to reach a total notch root crack 
length of 23 mm (0.9 in.) or 90 percent of the specimen thickness, whereas Westinghouse used 
the cycles for first contact of the crack with a side surface. Results for discontinuity-free materials. 
Tables 2 and 3, show little influence of this difference in emergence criteria. 
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FIG. 4—Effect of discontinuities and environment on low-cycle fatigue life at a maximum cyclic 
load of 4500 lb (1 lb = 4.45 N). (a) Fatigue life, (b) Average initiation and propagation cycles. 

Results of Low-Load Tests 

Results in Fig. 4a show that for low-load tests in air the average fatigue life 
decreased progressively from 67 500 to 27 800 to 23 800 cycles as the discon
tinuity status changed from discontinuity-free (DF) to small discontinuities 
(SD) to large discontinuities (LD). Intragroup variability of tests in air as 
expressed by aiogjv,, the standard deviation of log iVf, increased from 0.033 to 
0.137 to 0.212 for the same progression in discontinuity status. For tests per
formed in hydrogen gas the average fatigue life and standard deviation of log 
Nt were respectively 83 000 cycles and 0.037 for DF specimens and 13 200 cy
cles and 0.363 for LD specimens. 

Results in Table 2 show that for low-load tests of DF specimens in air 
about 50 percent of the fatigue life was spent in crack initiation. Discontinuities 
decreased the average cycles to crack initiation by factors of about 5 and 9 
for air and hydrogen tests, respectively. For DF specimens the results in hy-
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FIG. 5—Effect of discontinuities and environment on low-cycle fatigue life at a maximum cyclic 
load of 6500 lb (/ lb = 4.45 N). (a) Fatigue life, (b) Average initiation and propagation cycles. 

drogen exhibited a longer initiation period than for the air tests. Propagation 
cycles were slightly reduced by the presence of the discontinuity and/or by 
hydrogen gas. Propagation cycles for discontinuity-containing specimens in 
hydrogen are about half the value for tests in air. 

Results of High-Load Tests 

Results in Fig. 5a show that for high-load tests in air the average fatigue life 
(antilog of log Nt) decreased progressively from 12 900 to 8600 to 7500 cycles 
as the discontinuity status changed from DF to SD to LD. For the same 
progression in discontinuity status the standard deviation of log Nt varied 
from 0.053 to 0.202 to 0.158. In the hydrogen environment the average fatigue 
life and standard deviation of log Âf were 5800 cycles and 0.198 for DF spec
imens and 3000 cycles and 0.328 for LD specimens. 

Results in Table 3 and Fig. 5b show that for high-load tests of DF speci-
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mens in either environment about 50 percent of life was spent initiating the 
crack. Discontinuities decreased the average cycles to initiation in air and 
hydrogen by factors of about 3 and 1.6, respectively. As observed for the 
low-load tests, the average propagation cycles were reduced by the presence 
of discontinuities and/or hydrogen. Also, for DF specimens average propa
gation cycles in hydrogen were about half the value for air tests at high cyclic 
load. 

Effect of Hydrogen Gas 

Results presented in Table 4 show the effect of hydrogen on first detection 
of initiation and on propagation both along and away from the notch. Tabu
lated data are the ratios of average cycles (hydrogen/air) for a particular 
stage of cracking. The effect of hydrogen on cycles for first crack detection is 
not consistent. The M-ratio decreased in going from DF to LD specimens at 
low load, whereas the opposite was true at high load. Moreover, at low load 
hydrogen did not reduce the initiation period. Crack propagation along the 
notch root was adversely affected by hydrogen, and there was a large hydro
gen-discontinuity interaction since the JVc-ratio is a factor of 3 to 5 less for 
LD than for DF specimens. Propagation of the through-thickness crack in 
the vicinity of the notch, as represented by the A'̂ a-ratio, exhibited the same 
trend as for iVc. 

Discussion 

The test data and analyses are discussed in terms of (7) effect of disconti
nuities in air, (2) hydrogen influence on discontinuity-free material, (5) dis
continuity-environment interaction, (^) sources of variation in results, and 
(J) discontinuities and generator rotor performance. 

Effect of Discontinuities in Air 

Results in Figs. 4 and 5 and Tables 2 and 3 show that the presence of dis
continuities can reduce average fatigue life (failure cycles) in air by as much 
as a factor of 3. The reduction in life is on about the same order of magnitude 
whether the discontinuities are large or small and is greatest at the low cyclic 
load. The reduction in fatigue life is caused primarily by a reduction in the 
cycles for first crack detection. When a discontinuity was present, average M-
values were reduced by as much as a factor of 6, whereas average propaga
tion cycles were reduced at most by a factor of 1.6. The propagation result is 
consistent with previous work, which showed that small discontinuities have 
little effect on the rate of crack growth [4,5}, and that spherical discontinui
ties as large as 6.3 mm ('A in.) diameter do not significantly affect the growth 
rate in a specimen 25.4 mm (1 in.) thick [d]. 
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o o o o ŵ  m r- r-
O —' - ^ 1 ^ 
so so r̂  so 

-H »n so o 
^ so m •^ 
(N rs m fn 

— o — o 
CO OS so O 
f̂  (N r^ r*̂  

i i r̂  -H wi 
fo rn *^ <^ 
U U Q Q 

"O fn Q O r*̂  
CN —« O "O -H 
^ m m <s 00 

1*^ •o — 00 O o VO 

s o;; ^ ^ 
Q ffl Q m no 
b Q U b. bu 

8 8 8 
v^ xn *n 
'^ <n fs 

f*i oo »n 
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TABLE 4—Environment and discontinuity influence on initiation and propagation phases 
of low-cycle fatigue life.' 

Maximum 
Cyclic 

Load, lb 

4500 
6500 

First Crack Detection 
(Mhydrogen/Mmir) 

DP 

1.82 
0.45 

" 1 lb = 4.45 N. 

LD 

1.10 
0.71 

Propagation 
Along Notch 

( jVc hydrogen/iVc Mr) 

Discontinuity Status' 

DP 

0.45 
0.71 

LD 

0.14 
0.14 

Propagation 
Away from Notch 
(iV»hydrof«i/jVa«r) 

DP 

0.76 
0.63 

L D J 

0.11 
0.23 

''Af. = JV, - (M + JVc). 
"Discontinuity free. Dp; large discontinuities, LD. 

Hydrogen Influence on Discontinuity-Free Material 

The effect of hydrogen on the fatigue Hfe of discontinuity-free material 
was not consistent. At the low cyclic load, life was sHghtly increased by the 
presence of hydrogen, whereas at the high cyclic load the opposite effect oc
curred. The cycles to first crack detection followed this same trend. The in
creased initiation interval for DF specimens tested in hydrogen as opposed 
to air, might be due to the larger average crack length at first detection, 
namely 7.6 versus 2.1 mm (0.300 versus 0.082 in.). This explanation, however, 
cannot be used to rationalize the apparent increase in life at low cyclic load. 
Propagation results are consistent with other work [7] showing that hydrogen 
causes a reduction in the propagation cycles. 

Discontinuity-Environment Interaction 

Results presented in Tables 2 and 3 reveal a discontinuity-environment in
teraction. The reduction in life due to the presence of discontinuities is greater 
in hydrogen than in air, and it is also greater at low than at high cycHc load. 
Data presented in Table 4 show that the discontinuity-environment interac
tion involves crack propagation both along and away from the notch, but 
not crack initiation. 

Sources of Variation in Results 

Results presented in Figs. 4 and 5 show a fairly wide variation in the cycles 
to initiation for a particular treatment combination (load level, discontinuity 
status, environment). There was also variability in the crack length at first 
detection. Since the precision of predictive models and the ability to resolve 
differences in average effects depend on the variability in cycles to crack in
itiation, it is important to minimize this variability by identifying and remov
ing the sources of variation. 
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In the present program the definition of initiation was identified as a pos
sible source of variation. For example, consider the case of discontinuity-free 
specimens. The standard deviation of cycles to first crack detection exceeds 
that for total life by about a factor of two or more. If initiation is defined in 
terms of the number of cycles to form a crack that intersects a side surface or 
extends 23 mm (0.9 in.) along the notch, the variability in cycles to crack in
itiation for DF specimens in ambient air is comparable to that for failure. 

In specimens containing discontinuities another source of variation is the 
discontinuity itself. Variability for SD and LD specimens is greater than for 
DF specimens and depends on the size, shape, and location of the disconti
nuity as well as the definition of initiation. For example. Specimens C1D3 
and F2B69 (Fig. 6) had large discontinuities located near the notch and rela
tively short cyclic periods for crack initiation. On the other hand, for Speci
men D1D119 (Fig. 6) the discontinuity was far from the notch, and both the 
initiation and failure cycles were greater than for the other LD specimens 
tested at the same loads. 

Discontinuity location is important because the local stress field decays 
with distance from the notch. An estimate of the effect of distance is based 
on the parameter a: 

where 

R = keyhole notch radius, and 
d = distance from notch surface to discontinuity. 

In Eq 2, a describes the decrease in local stress as the distance from a cir
cular notch increases [8]. The discontinuity length parallel to the notch sur
face, £o, is important because it reduces the amount of crack extension re
quired to satisfy the emergence criterion of initiation. An increase in the 
product a£o reflects either an increase in discontinuity size or a decrease in 
distance from the notch root. This product quantifies the effects of both dis
continuity size and location on cycles to crack initiation M + Nc (Fig. 7). 

Values of d and £o were obtained from XICT photographs of the fracture 
surface of the specimen. Given the roughness of the fracture surface plus the 
irregular nature of the discontinuity itself, the determination of </and to were 
approximate. However, the data generated at both low and high cyclic loads 
(Fig. 7) exhibit a fairly well-defined trend that (M + Nc) decreases as the 
product a to increases. Moreover, the trend suggests that there is a vertical 
asymptote—that is, a limit to the decrease in M + Nc—as the notch acuity or 
product ato increases. This result is consistent with previous work by others 
[9,10]. 

SD Specimen B1B9 is considered to be an outlying observation since its in
itiation period was much less than expected based on the trends depicted in 
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Initiation Cycles, (N.+N .̂) 

FIG. 7—Discontinuity size and location parameter of aU versus cycles to crack initiation 
(Ni + Nc) (7 in. = 25.4 mm: 1 lb = 4.45 N). 

Fig. 7. One explanation Is that the XIO photographs used for determining d 
and £o failed to reveal the true nature of the discontinuities In B1B9. Support 
for this view is provided by the scanning electron microscope photographs of 
the fracture surface (Fig. 8) which revealed the presence of several manganese 
sulfide (MnS) particles lying within about 0.3 mm (0.01 In.) from the notch 
surface. Their presence could increase the product ato and thus could account 
for the short initiation period of Specimen B1B9. 

In the case of Specimens D1D84 (Table 2) and F2B81 (Table 3) a second 
crack observed along the notch root probably contributed to the increased 
cycles for Initiation. For Specimen F1D581 (Table 2) there is no explanation 
for the inordinately long propagation interval, which was 16 to 30 times 
longer than those for the other specimens of this group. 

Finally, a comparison of the data presented in Figs. 4, 5, and 7 demon
strates the importance of recognizing that what might seem to be an accept
able estimate of variability contains sources which make it in fact an inflated 
estimate. That is, one should make a determined attempt to identify and 
eliminate such sources. Thus, accounting for variability due to initiation 
criteria and to discontinuity size and location with respect to the notch root 
reduced the range in initiation cycles by a factor of 2 or more. 
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Discontinuities and Generator Rotor Performance 

To examine the applicability of the present findings to the assessment of 
generator rotor reliability, consider the following design example [77]. A 
generator operating at a nominal tangential bore stress of 345 MPa (50 ksi) 
accumulates 14600 cycles of fluctuating tangential stress in a 40-year life of 
daily startup and shutdown. If the bore surface of this generator contains a 
discontinuity assumed to be equivalent to a crack 2.5 mm (0.1 in.) deep (ra
dial) by 25.4 mm (1 in.) long that escaped detection during inspection, it 
would take about 25000 cycles [77] to grow this crack in air from its initial 
size to the critical flaw size. Thus, in air, a rotor containing an isolated crack 
similar in size to discontinuity F2B82 (Fig. 6) would not fail in nearly twice 
the service life. 

On the other hand, based on the results of Table 4, hydrogen could accel
erate crack growth by about a factor of 7 and failure in 10 years would be 
predicted. Service experience indicates, however, that even hydrogen-cooled 
generators do not fail after 10 years of exposure to normal operating condi
tions. This fact can probably be attributed to a combination of factors: (7) 
the absence of hydrogen at the bore, (2) the severity of the initial discontinuity 
not being as great as the crack assumed in the design example, and (i) the 
possibility that even under conditions of daily startup and shutdown the 
service cycles do not accumulate as fast as expected. The presence of hydrogen 
in an appreciable concentration on the bore surface is unlikely [77] because 
this gas would first have to react with the rotor material and then diffuse 
through a minimum of 127 mm (5 in.) of steel at temperatures only slightly 
above ambient. 

Since the preceding discussion suggests that discontinuities are not initially 
equivalent to the assumed 2.5 by 25.4 mm (0.1 by 1 in.) crack, the important 
question is how one can make a quantitative estimate of the effect of discon
tinuities on the cyclic period for crack initiation. One approach involves using 
the fatigue notch factor K{, that is, the ratio of the unnotched fatigue 
strength to the notched fatigue strength. It is assumed that in the presence of 
a discontinuity there is a value oiKt, namely Jf'f, that can be estimated. For 
each discontinuity-containing specimen in this program, the procedure for 
determining K't involved using the value of (M + A'c) to enter the plot in Fig. 
9 in order that a value of the product K'tSt could be selected for the specimen. 
K't was obtained by dividing the product by ST determined from Eq 1 using 
Pr instead of/'max. The plot in Fig. 9 was developed from Neuber's rule [72], 
incremental step data for core bar A, and cyclic stress-strain parameters es
timated from tensile properties [7i,7^]. 

For each specimen containing a discontinuity this procedure was used to 
determine K't. The resulting values range from 1.8 to 3.1 with the maximum 
value of K't being about 50 percent greater than Ki. The average value of ĴT'f 
increases in going from: air to hydrogen, small to large discontinuity, or high 
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FIG. 9—K'fSr versus cycles to crack initiation (Ni + Nc) (/ ksi = 6.89 MPa). 

to low cyclic maximum load (Table 5). K't can also be used to estimate the 
effects of discontinuity size and location on crack initiation, as shown by 
ambient air data in Fig. 10. Excluding SD Specimen B1B9, which was dis
cussed previously, K't increases with the product a£o and appears to reach a 
limiting value of about 3. This finding is in agreement with other work [9,10] 
which suggests that the fatigue notch factor reaches a limiting value, regard
less of notch severity. 

Although the uncertainty of any prediction method is affected by factors 
such as the means used to detect and measure discontinuities, given the size 
and location of a discontinuity, information such as that in Figs. 9 and 10 
could be used to estimate the effect of that discontinuity on fatigue behavior. 

TABLE 5—Fatigue stress concentration factors for discontinuities.' 

NOTE—Tabulated values represent the average and (range) in K't for a given treatment 
combination. 

Maximum 
Cyclic 

Load, lb 

4500 

4500 

6500 

6500 

Environment 

ambient air 

hydrogen gas 

ambient air 

hydrogen gas 

Discontinuity Status^ 

SD 

2.35 
(2.2 to 2.46) 

2.12 
(1.82 to 2.59) 

LD 

2.51 
(2.13 to 3.04) 

2.86 
(2.48 to 3.12) 

2.17 
(1.96 to 2.81) 

2.58 
(2.08 to 3.13) 

" 1 lb = 4.45 N. 
^ Small discontinuities, SD; large discontinuities, LD. 
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FIG. 10—Fatigue notch factor K'tversus discontinuity size-location parameter ato(lin. = 25.4 
mm: 1 lb = 4.45 N). 

To illustrate the use of the method, return to the design example with K'{ = 3 
and Sr = 345 MPa (50 ksi), K'tSr would then be 1035 MPa (150 ksi) and the 
cycles to crack initiation predicted from Fig. 9 would be about 30000 or 
more than twice the life estimate based on daily startup and shutdown. This 
illustration supports the view that an isolated near-bore surface discontinuity 
should not, in general, be regarded as equivalent to a crack. 

Conclusions 

The influence of discontinuity presence and size and of environment—that 
is, ambient air or hydrogen gas—on the low-cycle fatigue behavior of NiMoV 
generator rotor forging material was evaluated. Blunt-notch compact tension 
specimens 25.4 mm (1 in.) thick were subjected to cyclic maximum loads of 
20.0 and 28.9 kN (4500 and 6500 lb) and corresponding cyclic minimum loads 
of 2.0 and 2.9 kN (450 and 650 lb). Specific findings of the investigation were 
as follows: 

1. For tests carried out in air, discontinuities reduced the average crack in
itiation and propagation cycles by as much as factors of 6 and 1.5, respec
tively. The reduction was greater for specimens tested at the low cyclic load. 
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2. For discontinuity-free specimens, cycles to initiation and failure were 
decreased by the presence of hydrogen at the high load. No explanation was 
found for the opposite trend at low load. Propagation cycles were reduced by 
the presence of hydrogen at both load levels. 

3. The more deleterious effect of discontinuities on life in a hydrogen at
mosphere as opposed to air attests to the existence of a significant disconti
nuity-environment interaction, which primarily affected propagation in the 
vicinity of the notch. 

4. Variability in cycles to initiation was dependent on the initiation criter
ion and exceeded that for cycles to failure. Specimens with discontinuities 
exhibited greater variability than those without them. Taking into account 
discontinuity size and location with respect to the notch reduced the variabil
ity of test data by a factor of 2 or more. 

5. In the presence of a discontinuity, the fatigue notch factor K't exceeded 
the elastic stress concentration factor î t of the discontinuity-free blunt-notch 
by as much as 50 percent. 

6. Based on the strain-cycle fatigue model for estimating the effects of dis
continuities on the service performance of generator rotors, an isolated near-
bore surface discontinuity should not, in general, be regarded as equivalent 
to a crack. 
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Application of Low-Cycle Fatigue 
Test Results to Crack Initiation 
from Notches 

REFERENCE: Truchon, M., "Application of Low-Cycle Fatigue Test Results to Crack 
Initiation from Notches," Low-Cycle Fatigue and Life Prediction, ASTM STP 770, 
C. Amzallag, B. N. Leis, and P. Rabbe, Eds., American Society for Testing and Mate
rials, 1982, pp. 254-268. 

ABSTRACT: Fatigue crack initiation tests were carried out on notched specimens, 
with Kt values ranging from 1.4 to 4.2, made of a large variety of steels. The paper de
scribes the application of the critical location approach to these tests on the basis of 
low-cycle fatigue data obtained on smooth specimens under Neuber control straining or 
under conventional reverse straining (/?, = (cmin/fmai) = —1). 

KEY WORDS: fatigue crack initiation, low-cycle fatigue, Neuber's rule 

Fatigue crack initiation from notches has been a subject of active interest 
over the last 20 years [1-22].^ Problems such as correlation between smooth 
and notched specimen test data and prediction of crack initiation were exam
ined during this period by different methods. Initially, notches were ac
counted for in current fatigue design by means of a fatigue strength reduction 
factor K{, depending on the elastic stress concentration factor, but it was not 
unique owing to size effects and local plasticity effects [1-4]. More recently, 
in the case of sharp stress raisers, some authors [5-9] used fracture mechanics 
concepts to correlate the results. Another point of view, which has prevailed 
during the last 10 years, is based on the fact that equal fatigue damage will 
take place in a smooth specimen or at the root of a notch, provided the metal 
at the critical location experiences the same stress-strain history [10-22], 
This hypothesis has been the basis for further developments ranging from 
the improvement of the .fff-approach (indirect approach) [10-18] to cycle-by-
cycle calculations of the damage at the critical location (direct approach) 
[19-22], 

In this paper we are only concerned with the indirect approach, since it 
has proven to be successful in predicting initiation from notches [10-17] and 

' Research Engineer, IRSID, Saint Germain en Laye, France. 
^ The italic numbers in brackets refer to the list of references appended to this paper. 
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correlating smooth and notched specimen data [18]. The aim of this work 
was to apply this approach to a large variety of steels, and to investigate the 
crack initiation phenomenon in a large domain of number of cycles. 

Experimental Conditions 

The experimental work was divided into three different parts: 
1. Fatigue crack initiation tests to obtain the basic data necessary to make 

the correlation between initiation and low-cycle fatigue. The notch severity 
was varied, with iTt-values ranging from 1.39 to 4.22. 

2. Conventional low-cycle fatigue (LCF) tests to derive the Manson-Coffin 
curve and the cyclic stress-strain curve for the materials of this study. 

3. LCF tests under Neuber control: that is, the product ACT X Ae is kept 
constant during the test at each strain reversal. 

Materials 

This work was conducted on four steels. The chemical compositions are 
given in Table 1. 

The following heat-treatments were applied to these materials: 

35 CD4 850°C, 45 min, oil-quenched 
550°C, 4 h, air 

XC 38 850°C, 30 min, water-quenched 
600°C, 30 min, air 

E 36 normalized to 900°C, 2 h 30 min, air 

AISI 316 1100°C, 1 h, water-quenched 

In these conditions, the materials exhibited the mechanical properties 
given in Table 2. 

Specimens 

The specimens used for the crack initiation tests are shown in Fig. 1. They 
were three-point-bend specimens with 15 mm thickness and different notch 
root radii in order to make the ^t-values vary from 1.39 to 4.22. Particular 
care was brought to the finishing operation of the notch root. Automatic 

TABLE 1—Chemical composition of the steels investigated. 

Material C Mn Si Cr Mo P S Ni Cu Co N 

11.5 0.104 0.26 0.0414 
0.006 

35CD4 
XC38 
AISI316 
E 3 6 

0.339 
0.403 
0.069 
0.191 

0.620 
0.657 
1.76 
1,43 

0.270 
0.167 
0.46 
0.435 

1.12 

17.5 

0.235 0.0147 
. . . 0.022 

2.22 0.034 
. . . 0.222 

0.006 
0.037 
0.006 
0.0142 
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TABLE 2—Mechanical properties of the steels investigated. 

Material 

35CD4 
XC38 
E36 
AISI 316 

O y 

N/mm^ 

1005 
525 
350 
250 

Ultimate Tensile 
Strength, 
N/mm^ 

1100 
750 
547 
575 

Elongation to 
Rupture, 

% 

16.5 
19 
33 
72 

Reduction of 
Area, 

% 

62 
63 
72 
75 

grinding achieved the same conditions of metal surface at the critical point in 
notched and smooth specimens—that is, similar roughness and machining 
striations normal to the crack plane. 

Except for the case of the high-strength steel 35 CD4, it was found impos
sible to carry out tests on specimens with Kt= 1.39 because of gross plastic
ity which developed within the ligament. This explains why only two ^t-
values were investigated. 

For the LCF tests, smooth specimens with a cylindrical central part were 
used. In these tests the longitudinal strain was controlled. 

II I. 

1_1 

1 - - - ^ 

30 ^ 

Kt«it^ 

i<t^,!«l 
^ TJf 

KtiJ,i9 

ThU^ness ISmm. 

FIG. 1—Notched specimens for fatigue crack initiation tests. 
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Mode of Loading for Initiation Tests 

Tests on the notched specimens were carried out with the loading equip
ment as shown in Fig. 2. This device was designed to allow for quick posi
tioning of the specimens relative to the rollers, and also to electrically insu
late the specimen from the load frame. The tests on the notched specimens 
were carried out at constant amplitude, with an /?-ratio of 0.1 and a fre
quency of 30 Hz. 

Detection of Crack Initiation 

For both the notched and the smooth specimens in the Neuber control 
mode, we used an a-c potential-drop method [18,23]. 

Notched Specimens—Figure 3 shows a specimen instrumented with the a-c 
leads and potential probes. Figure 4 shows a typical record of the potential-
drop signal during a crack initiation life test. Initiation was chosen as the 
moment when the signal began to leave its plateau. It has been shown [18] 
that such a criterion corresponds to a crack area of approximately 1 mm .̂ 

Smooth Specimens—It should be emphasized here that crack initiation ob
servations were performed only in the LCF tests under Neuber control con
ditions. The observation system was the same as that used for the notched 
specimens. The potential measurement probes were placed across the central 
part of the specimen. 

Figure 5 shows the variations of the potential-drop signal during a strain 
cycle. This signal was found to vary substantially during cycling, but the am-

Lood Celt 

Electric 
insulatlorv 

nN^njT 

Actuator 
FIG. 2—Experimental setup for notched specimens. 
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FIG. 3—Notched specimen instrumented for the detection of crack initiation. 

AV(my) 

N t NCe<)ele&) 

FIG. 4—Definition of initiation from the a-c potential-drop record. 
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FIG. 5—Typical records of the a-c potential-drop (signal within a strain cycle). 

plitude of this variation varied from one material to another. This point has 
been discussed in Ref 2J, where it is explained that such an effect is due to the 
magnetic properties of the material and their alternations with stressing and 
yielding. 

This potential-drop signal was recorded during the test, as shown in Fig. 6, 
and initiation was found to occur when the shape of the potential-drop cycle 
began to change. It was checked that this point always corresponded to the 
existence of a macroscopic crack within the specimen (less than 1 mm wide). 

(a) 
AISI 316 

(b) 

XC 38 
and 

E 36 -3 

FIG. 6—Definition of the initiation point on smooth specimens from the a-c potential-drop 
record 
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Fatigue Crack Initiation Results 

Figure 7 shows the crack initiation data. The amplitude of nominal stress 
as applied to the specimens is plotted as a function of the number of cycles to 
crack initiation in the range of lO' to lO' cycles. The amplitude of nominal 
stress refers to that in the ligament of the specimen. It is determined assum
ing a linear distribution of stress within the ligament [7]; that is; 

6 Mb 

where Mb is the bending moment, and B and L are the thickness and liga
ment width of the specimen, respectively. 

These diagrams show the influence of notch severity on crack initiation. 

Application of LCF to Correlate with Crack Initiation Data 

As mentioned previously, we used the critical location approach together 
with Neuber's rule [24], which gives an approximate means of approaching 
the local stress-strain history at the notch root [10-18]. We rearranged the 
Neuber relation to determine K{^^, the elasto-plastic fatigue strength reduc
tion factor, from the "local" quantities ACT and Ae, and the nominal stress 
amplitude Aanom: 

EP y/E ACT Ae 
A f = 

ACTnom 

In this investigation it is assumed that the quantity y/E ACT Ae is a criter
ion for the crack initiation at notches. If this criterion applies, Kt^^ should be 
constant whatever the nominal loading. This is examined in the present 
paper. 

The quantity \/E ACT Ae can be calculated by the help of basic LCF data 
in two different ways (see below). 

Analysis with Conventional LCF Data 

These data refer to tests carried out with Re = (enm/tmax) = — 1. They 
give (7) the number of cycles to failure as a function of the strain amplitude 
Aet; and (2) the cyclic stress-strain curve 

/ACT Aet\ 
\ 2 ' 2 / 

These data are given in numerical form in Appendix I. 
On the other hand, from each test on a notched specimen with a nominal 

stress amplitude ACTnom, a number of cycles to initiation is derived. Taking 
this number of cycles to initiation as a starting point (Fig. 8), it is possible to 
derive the local amplitudes of stress and strain from the above LCF data. 
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Nokdned m«mV>«ra 

FIG. 8—Derivation ofKt from conventional LCF data and fatigue crack initiation results. 

With the three quantities, it is now possible to calculate K^^ as the ratio of 
the local quantity \JE Aa Ae and the nominal stress amplitude. 

Analysis with LCF Data under Neuber Control 

The second way to evaluate K^^ is to use the so-called "Neuber stimula
tion" for the generation of the LCF data. In this type of test the product 
Aa X Ae is kept constant. Appendix II gives a description of the experimen
tal technique used to control the machine. Figure 9 summarizes the results of 
the Neuber simulation tests. They are presented in diagrams where the preset 
quantity \/E Aa Ae is given as a function of the number of cycles to 
initiation. 

These Neuber simulation tests differ from the conventional LCF tests in 
that they take into account the effects of local mean strain and local stress 
transients. Indeed, for all materials in this investigation, when tests under 
Neuber control were carried out in the manner described in Appendix II, a 
transient mean stress appeared in the early stage of cycling (less than 5 per
cent of the number of cycles to initiation) and the stress-strain hysteresis 
loop stabilized at Rt = (emin/emax) ~ 0.5 and zero mean stress, in the domain 
of low-cycle fatigue (that is, M ^ lO' cycles). 

Derivation of Kf and Comments 
EP . Figure 10 gives the variations ofKf as a function of Aanom. In the first 

analysis, K{^^ values are calculated according to the procedure described in 
Fig. 8. In the second, Neuber control test data of Fig. 9 are used to determine 
the quantity \/EAaAe corresponding to a given number of cycles to 
initiation. 

According to Fig. 10, it is obvious that Kf^ values obtained by the two 
analyses differ substantially for some materials. This can be attributed to (7) 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TRUCHON ON CRACK INITIATION FROM NOTCHES 263 

2000 

1500 

1000 

500 

^ 

\ - V 
1 

AISI 316 

1 1 1 

% 1500 

i 
< 1000 
b < 
Ul 

500 

\ 

\ 
\ 

1 

V 

1 

E 36-3 

1 1 

2000 -

1500 -

1000 

500 

N. ^cycles) 

FIG. 9—LCF results presented according to Neuter's rule. 
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the definition of crack initiation in the smooth specimens and (2) the local 
stress-strain history. 

Definition of Crack Initiation in the Smooth Specimens—As it is a pertinent 
statement that the criterion from crack initiation must be the same for 
smooth and notched specimens [19], the conventional LCF test data fall out 
of this requirement because they were run up to specimen separation. Ac
cording to Manson \_25] and Pineau [26], 10 to 20 percent can be spent in 
propagating a crack in a smooth specimen when its total life is between lO' 
and lO' cycles. In a previous investigation [18] on high-strength steels, this 
parameter had not been found to be important, because the LCF smooth 
specimens broke by sudden failure with a crack size similar to that which was 
used to define initiation in the notched specimens. The same feature ap
peared in the case of steel XC 38. However, this approximation cannot be al
lowed when the material ductility increases. This is thought to be a major 
source of error in the case of the first analysis when applied to steels AISI 
316 and E 36. 

Local Stress-Strain History—In the procedure shown in Fig. 8, the influ
ence of mean strains and/or stresses is not accounted for. Examples in the lit
erature [19-20] show that neglecting this effect can induce incorrect predic
tion of crack initiation at notches. In this regard the second procedure, 
which is based on Neuber simulation tests, meets this requirement because it 
reproduces, at least approximately, the strain history at the notch root [14]. 

LCF experiments reported in Ref 27 show that the cyclic properties and 
resistance to failure of the 316 steel were greatly dependent on strain history. 
This is a second reason why ^f '̂' is about constant when the second proce
dure is used, while it was increasing with the first one. 

With regard to the effect of mean stress, it was shown earlier that the mean 
stress at the notch root was zero, even for the Neuber simulation tests. In this 
respect, the damage parameter used in this investigation coincides with the 
one Smith et al [11] proposed to account for the mean stress effect. Such is 
not the case for high-cycle fatigue, which is beyond the scope of the present 
paper, where this must be accounted for by using the appropriate damage 
parameter and the appropriate smooth specimen data. 

Conclusion 

Fatigue crack initiation tests with notched specimens and LCF tests were 
carried out. LCF data with unnotched specimens were used to analyze the 
fatigue crack initiation data. This was done according to Neuber's rule. In 
this way it was possible to derive an elasto-plastic fatigue strength reduction 
factor K^^ which is able to account for local plasticity effects on the fatigue 
crack initiation phenomenon. Its amount depends on the notch severity and 
the mechanical properties of the material. 
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LCF smooth specimens were strained according to Neuber's rule in order 
to simulate the local strain history. This procedure improved the correlation 
between LCF and notched specimen data by defining a fatigue strength re
duction factor that is almost constant in the low-cycle fatigue regime. 

APPENDIX I 
LCF Properties of the Steels Investigated 

Cmax 

35CD4 
Cyclic stress-strain law: 

Manson-Coffin curve: 

f-(T^r 
Ae. ^ A6, Aep ̂  (2^^)^°" + 78.25 (27\f)^'" 
2 2 2 

XC38 
Cyclic stress-strain law: 

Manson-Coffin curve: 

Aet ^-0.091 I ni t tl »r\-0-686 

AISI316 
Cyclic stress-strain law: 

0.64 (2^0"°"" + 97.2 (2N) 

Aa (Aey' 

Manson-Coffin curve: 

Aet 

E-36-3 
Cyclic stress-strain law: 

= 1.42 (2Nr"' + 23.5 (2N) 

^=3«(tr 
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Manson-Coffin curve: 

— = 0.54 (2N)'°" + 43.9 {2iV)""'" 

Units: a in N/mm^, e in %, N = number of cycles to failure. 

APPENDIX II 
Description of the Neuber Simulation Test Teclinique 

Neuber's rule [13,14] is a method of approximately determining the local stress-
strain behavior of material at the root of a notch. For a nominal loading in the elastic 
range, the local stress and strain amplitudes follow the relation 

where Kt depends on the sharpness of the notch. 
In order to simulate this behavior on smooth specimens, it is necessary to control 

the product Aa X At. This is now possible with computerized fatigue machines. At 
IRSID, a minicomputer PDP 11/03 was coupled to a servohydraulic MTS machine 
of 250-kN capacity. 

Description of the Control Program 

The program is called DSDE. It was written to control the product Aa X At dur
ing the LCF test on a smooth specimen. The imputs of the computer are the stress 
and strain at the specimen. At each strain reversal, the computer generates a strain 
ramp (increasing or decreasing) which is the command of the machine. During the /th 
reversal, which begins at the point (ax; ti), the quantity Q is computed at any time as 

Q = (a- a,)(e - e,) 

When Q reaches the preselected value of the constant CI at the point (ai+i; e,+i), 
the command is reversed and Q is computed again, taking (a/+i; «/+i) as a new origin. 
CI is computed from the imput parameters Kt and Aanom: 

Cl=—{KfAar,omf 
E 

C1 works throughout the test, except for the first reversal. Indeed, DSDE takes into 
account the load ratio R of the nominal loading. During the first reversal, Q is com
pared with the constant C2, which is defined by 

E\ l-R I 
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ABSTRACT: Because they combine minimum experimental expenses with a maximum 
flexibility regarding their application areas and objectives, numerical notch analysis 
methods have attained special importance among the presently available crack initia
tion life prediction methods. 

The first part of this study gives the results of an evaluation program in which the 
prediction capability of the numerical notch analysis concept using the Neuber ap
proach for the consideration of the notches was investigated. The loading histories 
considered are standard flight loading histories (TWIST and FALSTAFF), automo
tive histories, and simple, systematically varied loading histories. The test specimens 
were center notched and angle type, and the materials were high-strength aluminum 
alloys, Ti6-4, and others. The test results showed satisfactory predictions in many 
cases; however, unacceptable deviations occurred, especially under long-term random 
loading, after high peak loads, and under a high amount of compressive loads. 

The second part of this study investigates the reasons for the deviations in the pre
dictions. The main reasons are (7) inadequate consideration of the sequence effects 
on the damage accumulation, and (2) differences in the stress states and crack initia
tion processes at the stress raisers of the notched specimens and at the unnotched 
specimens. 

A new damage evaluation procedure is proposed that is based on these test results. 
A more adequate definition of the crack initiation stage is attempted and a considera
tion of short cracks is provided. 
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270 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

In order to achieve a higher efficiency of Hght-weight constructions, im
proved fatigue life prediction methods, which are more reliable, more flexi
ble, and less expensive than the conventional methods (as, for example, the 
Palmgren-Miner hypothesis [/]'' are required. 

An important step in damage analysis methods development was the spe
cial consideration of stress concentrations present at specimens and compo
nents and the local stresses and strains at these stress raisers (local approach) 
[2,3]. The crack initiation stage and the crack propagation stage are sepa
rately considered. 

An important basis of the local approach for the crack initiation stage is the 
idea of Crews and Hardrath, the "Companion Specimen Method" [4]. The 
local stresses and strains are determined by the combined experimental op
eration of the notched specimen or component (for which the prediction has 
to be made, and where the local strains are measured at the root of the 
notch) and an unnotched specimen (where the local strains are applied to de
termine the corresponding local stresses). It is assumed that the notch root 
material and the unnotched specimen behave in a similar manner and show 
the same crack initiation life behavior (equivalence criterion). Because of its 
large experimental expense, the companion specimen method is not practi
cal in its basic form. Derivatives of the method, however, have attained spe
cial importance, especially the experimental notch simulation method 
(Neuber control method) [5] in which the notched specimen (or component) 
is replaced by the utilization of an equation derived by Neuber (Neuber hy
perbola) [6] or by other equations [7]. The material stress-strain response 
and the damage accumulation are simulated on an actual (unnotched) spec
imen, which should yield quite realistic results within the boundaries of the 
aforementioned equivalence. This method is applied in the present study, es
pecially in a consideration of the nonlinear damage accumulation in the 
crack initiation stage. 

The most practical derivative of the companion specimen method is the 
numerical notch analysis. Only basic material input data are required and 
crack initiation life predictions can be made for arbitrary loading histories 
and specimen geometries (provided that the actual notch factor is known). 
The basic principles of the method have often been described [8,9]. The spe
cial features of the analysis types considered in the present study are briefly 
outlined later. 

In this paper the numerical analysis is considered in its standard format 
and with various modifications that have been proposed in the literature to 
improve the quality of its predictions. It is shown that a comparison of the 
predictions of the numerical analyses with actual test results for different 
types of automotive and standard flight histories and different high-strength 
materials (aluminum alloys, Ti6-4) gives unsatisfactory predictions in several 

•* The italic numbers in brackets refer to the list of references appended to this paper. 
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cases. Systematic tests on unnotched specimens show that inadequate con
sideration of the sequence effects that occur under consecutive cycles with 
varying ampUtudes and mean stresses, which lead to considerable deviations 
from a linear damage accumulation scheme, is a main cause of the unsatis
factory predictions. An approach that more accurately accounts for the se
quence effects is described. 

Very short cracks appear in the course of the fatigue life much earlier than 
they can be detected by engineering nondestructive testing methods. These 
short cracks and their behavior significantly influence the whole damage ac
cumulation process in the crack initiation stage. During the last 3 to 5 years 
analysis concepts have been formulated to account for the behavior of very 
short cracks at stress raisers [10,11]. Some of these approaches even neglect 
the crack-free part of the fatigue life, and the whole fatigue damage analysis 
is based on crack propagation. The advantages of approaches where short 
cracks are included, and where the significance of the severe stress field 
around such small cracks and their opening behavior is considered, are out
lined in the last part of this study. The still-existing difficulties in applying 
these concepts from a practical point of view are also discussed. 

Investigation Program 

The investigation program included three main parts: 

1. An analysis evaluation program. 
(a) Series of tests with different loading histories, specimen types, and 

materials were run and the occurrence of engineering-size cracks 
was observed. 

(b) Crack initiation life predictions were made with the numerical 
notch analysis method. 

(c) Results from (a) and (b) were compared in order to gain insight 
into the prediction capabilities. 

2. A test program that investigated the causes for the deviations between 
the actual and predicted crack initiation life data. Its main objectives 
were: 
(a) A systematic experimental evaluation of the sequence effects under 

variable amplitude loading by applying simple systematically var
ied strain histories on unnotched specimens. 

(b) The application of the experimental notch analysis method for 
comparative considerations. 

(c) A careful observation of the initiation of short cracks at notches as 
well as at unnotched specimens in order to identify the actual crack 
initiation mechanism more clearly. 

3. The integration of the results of the second part of the study into the 
notch evaluation schemes. 
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Automotive history (SAE) Right simulation (TWIST) 

~+T ° 

,Automotive history jDB) Right simulation (FALSTAFF) 

FIG. 1—Loading histories as applied in the tests. 

Notch Analysis Evaluation Program 

Experimental Program 

The loading histories applied in the present study are shown in Fig. 1. The 
monotonic and cyclic properties of the investigated materials are given in 
Table 1 in the manner proposed in Ref 12, so that they can immediately be 
used for the application of the numerical notch analysis methods. 

The size and shape of the 4.7 and 10 mm thick specimens are given in Fig. 
2. The crack initiation life behavior was determined with the notched speci
mens (Figs. 2a to 2c); the unnotched specimen type (Fig. 2e) served for the 
generation of the basic material and notch analysis input data. The notched 
specimen type of Fig. 2c (Kt ~ 3.J) and the specimen types of Fig. 2d 
(/Tt ~ 1.3) and Fig. 2e (ATt ~ 1.0) were applied for basic crack initiation 
mechanism studies. The elastic strain distributions along the net sections of 
these specimen types as determined by finite-element analyses are shown in 
Fig. 3. 

TABLE 1—Monotonic and cyclic properties of the investigated materials. 

Material 2024-T3 7075-T6 7475-T761 GkAlSi7Mg,. TiA16V4 

Monotonic Properties 
Modulus of elasticity (£•), N/mm^ 72500 71000 70000 69000 120350 
Yield strength (ao.i), N/mm^ 315 470 457 190 1046 
Ultimate strength (as), N/mm^ 475 532 510 230 1069 

Cyclic Properties 
Strain-hardening exponent (n') 0.136 0.154 0.0514 0.0682 0.137 
Strength coefficient (/:') 960 276.36 620 354 1797 
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As the yield stress of the material was exceeded at the stress concentra
tions, the elastic-plastic deformations along the net section of the specimens 
were experimentally determined by applying a special grid technique, where 
the displacements between the nodal points of an engraved grid (line spacing 
0.1 mm) were measured both in the loading direction and transverse to the 
loading direction (Fig. 4). 

The orientation of all specimens was such that the cracks propagated in 
the rolling direction. 

All tests were performed on 400 and 20 kN computer-controlled servohy-
draulic testing machines. The computer generated the loading histories for 
the tests and changed the loading input on-line by the aid of a special mem
ory matrix routine (EKOR, Schenck AG) until the actual loading on the 
specimens was accurate (within ±2 percent). (Because of this special soft
ware a serious source of errors in variable-amplitude testing was eliminated.) 
A second main function of the computer was the control of the Neuber con
trol tests [P]. 

For the observation of the crack initiation in the tests, two different methods 
were applied: 

1. A high-resolution recording method—the notch root and the side sur
faces of the specimens were observed by at least four microscopes; cracks of 
a size less than 10 /um could be identified, and their growth was followed dur
ing the course of the tests. A special mapping procedure was applied in 
which the locations and the actual lengths of the growing microcracks were 
documented. For certain cycle numbers a separate sheet of transparent 
paper was used. By the superposition of these transparent sheets a recon
struction of the whole crack initiation process became possible. 

2. A routine method for the detection of cracks of an engineering size—this 
consisted of one microscope (magnification XlOO) and a special crack initia
tion monitoring device similar to that in Ref 13. 

Computerized Notch Analysis 

The notch analysis method was used in a basic format and in various modi
fications. The basic format included: 

1. A straight-line element simulation of the stress-strain response of the 
material, based on the stabilized cycUc material properties (Table 1) and a 
detailed consideration of the material memory effect under variable-ampli
tude loading [14^ (Module I). 

2. The transformed Neuber equation [5] [for the consideration of the 
notches (Module II)], whereby the elastic ^t-value was normally used in the 
equation (only in a very few cases the fatigue notch factor after [75] or after 
[75] was applied). The intersections of the a-e curve with the Neuber hyper-
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Damage parameter after < Lehrke and . 

Smith eta! : Ae/2 CT™ 

Haibach 

FIG. 5—Definition of damage parameters. 

'-eff 

bolas were always iteratively determined with a high accuracy in order to 
avoid any unrealistic shifts in the a-e behavior. 

3. For the damage evaluation (Module III), the Rainflow counting method, 
a damage evaluation per hysteresis loop on the basis of constant-amplitude 
crack initiation life data using the Smith et al damage parameter (Fig. 5) to 
account for the mean stress effect on linear damage accumulation, and—as a 
criterion for the end of the crack initiation stage—a sum of the individual 
damage amounts of unity. 

The modifications of the numerical notch analysis method which were in
vestigated here were mainly different damage calculation schemes in Module 
III: 

1. The utilization of constant-amplitude crack initiation life curves, where
by the curves were extended below the endurance limit of the material for the 
evaluation of the damage partitions. 

2. The use of the Haibach/Lehrke damage evaluation concept [77] in
stead of the Smith et al concept. In this concept the damage increments per 
cycle are calculated using a variable base line, which depends on the magni-
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tude of the highest compressive loads in the loading history (Fig. 5). So long 
as no plastic deformations occur in the compressive direction the base-line 
remains unchanged for the subsequent loading events. However, when com
pressive plastic deformations actually occur which lead to a shift of the up-
going branch of the overall hysteresis loop into the compressive direction, 
the base-line moves down. This leads to higher damage amounts per hystere
sis loop not only for the instantaneous hysteresis loop but also for all follow
ing hysteresis loops. The procedure represents a load sequence dependent 
damage evaluation. Haibach et al reason that small cracks have to be as
sumed as being present very early in the fatigue life. These cracks open and 
close. As soon as a plastic deformation into compression occurs the residual 
stress field in the material surrounding the small cracks (the essential cause 
for crack closure) is rebuilt due to the plasticity, and the crack opening level 
is decreased; this leads to higher effective stress intensities at the crack tip 
and from that to higher crack rates. (Although this model is not complete, 
the idea to consider the load sequence effects explicitly has been a significant 
development in notch analysis.) 

Comparison of Predictions and Actual Behavior 

For an illustrative comparison of the predicted and the actual test results a 
plot-procedure as proposed by W. Schiitz (lABG, Germany) is applied: a 
log-normal plot of the ratios of the predicted values, Â pred, by the actual test 
values, Attest. In such plots two essential features can be distinguished: the 
mean value of the Â pred/Â test values [which shows the general trend in the 
predictions (overprediction or underprediction)] and the scatter range of the 
Â pred/Â test values (which is a main indication of the uncertainties due to a 
certain method). Both parameters are expressions of limitations in the physi
cal quality of a prediction method. 

Figure 6 compares five different materials (Al 2024, Al 7075, Al 7475, 
GkAlSi7Mgwa (cast aluminum alloy), Ti6-4) and four different loading histo
ries (SAE, DB, TWIST, FALSTAFF). The Smith et al damage parameter 
concept and straight-line elongated crack initiation life curves from strain-
controlled constant-amplitude tests with unnotched specimens were used for 
the damage evaluation. 

It can be observed that the Â pred/Aftest values group around 1 with a slight 
tendency to overpredict the actual crack initiation life behavior. It was found 
that decreasing the stress levels or increasing the number of small stress vari
ations between higher peak loads caused a tendency to overpredict the actual 
crack initiation life behavior. 

Figure 7 shows the crack initiation life behavior as predicted using the 
Haibach et al damage calculation scheme. In this case the predictions were 
all conservative. The magnitude of the compressive peak loads in the loading 
history proved to be the most essential controlling variable for the trend in 
the predictions. All loading histories investigated exhibited high compressive 
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loads, such that the base-line for the damage parameter evaluation was actu
ally shifted into the compressive direction, which led to conservative predic
tions in all cases. One can, however, easily imagine that loading histories 
may exist where the compressive loads are not so high that the position of 
the base-line is shifted into compression. In these cases the predictions fall 
closer to those predicted by the Smith et al damage evaluation concept. 
From that it follows that the whole scatter range in the predictions may be
come quite large. 

When all the prediction results are considered it must be concluded that 
the quality of the predictions remains unsatisfactory. Improvement of this 
situation required a more detailed evaluation of the phenomena and mecha
nisms of the damage accumulation processes, which was tried by the testing 
and evaluation program described in the following sections. 

Analysis of Damage Accumulation Process 

Evaluation of Sequence Effects 

A systematic evaluation of the load sequence effects that cause a nonlinear 
damage accumulation becomes rather difficult if loading and geometry pa
rameters vary in a complicated manner. Thus unnotched specimens were 
taken and simple strain histories were applied (in strain-controlled tests) that 
consisted of two types of cycles only, which were combined as indicated in 
Figs. 8 to 10. Constant-ampUtude tests, where only one of the two cycle types 
was applied, were also performed as a basis for damage calculations. Figures 
8 to 10 show the experimentally determined crack initiation life behavior and 
the predicted behavior following the Smith et al and the Haibach et al dam
age evaluation concepts. The Smith et al damage parameter calculations rep
resent a simply linear damage evaluation scheme. In all cases overpredictions 
can be observed; obviously considerable sequence effects occur that cause 
the smaller cycles to damage significantly more than in a constant-amplitude 
test. 

The Haibach et al damage parameter calculations lead to satisfactory pre
dictions only for the 1-1 sequence. For the other histories a significant under
estimation of the actual behavior occurs (Figs. 8 and 10) or a considerable 
overprediction (Fig. 9). The overprediction is close to the Smith et al damage 
parameter predictions. If all prediction results are considered, the complete 
range in the predictions between under- and overpredictions is quite large, 
larger than for the Smith et al damage parameter concept, a tendency which 
has already been mentioned. 

The experimental results in Figs. 8 to 10 show the following important 
phenomena tendencies. The small cycles inserted in a 1-1 sequence at the top 
reduced the initiation life (expressed as the number of complete cycles until 
crack initiation of ~35 percent). If the same damaging effect of the small cy-

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



282 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

e -
•i nSsp 

i z \ • 

23ro 

y//////////////////////////, 1500 'X 

ISspSlZwSsp 
-0.4; jt/OA 

Ssp = complete cycle 
ZwSsp = inserted small cycles 

G,. AlSi7Mg„ 

~5g5gB| 

_ i _ 
500 1000 1500 

Cycles to initiation N| 

Oomage evaluation after Smith et al 
Haibact> et al 
Hanschmann 

Test results (^ = 50% 

FIG. 8—Predicted and actual crack initiation life behavior under simple program loading history 
for GkAlSi7Mg 

cles in the 1-1 sequence is assumed to become effective in the 1-5 and 1-10 se
quences (according to a linear damage calculation scheme), initiation life 
values of 585 and 340, respectively, should have been observed for the GkAl-
Si7Mgwa alloy, and 290 and 170, respectively, for the 2024-T3 alloy. The ac
tual initiation life values, however, are 680 and 540, respectively, for the 
GkAlSiTMgwa alloy, and 472 and 344, respectively, for the 2024-T3 alloy. 
From these results and from those in Fig. 9, where the small cycles are in
serted belo\y and which show the same trend, it can be seen that the damag
ing effect of a small cycle decreases as the number of consecutive small cycles 
following one large cycle is increased, and, also, that the type of material in
fluences how much the damaging effect of the small cycles decreases as their 
number is increased. 

Based on the experiences from these and similar basic studies on un-
notched specimens a straightforward engineering approach to the problem 
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FIG. 9—Predicted and actual crack initiation life behavior under simple program loading history 
for GkAlSi7Mg„a. 

of sequence effects was attempted; this will be described in the following 
section. 

New Damage Evaluation Concept 

The observations and influencing factors the new damage evaluation con
cept considered were: 

1. The sequence effects usually increased the damage as compared to a 
linear damage law. They depended on the type of material investigated and 
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FIG. 10—Predicted and actual crack initiation life behavior under simple program loading history 
for 2024-T3. 

decreased as the cycle number after high load (which caused the sequence ef
fects) increased. 

2. The application of the simple linear Smith et al damage parameter con
cept led to a lower overall scatterband in the prediction results than the utili
zation of the Haibach et al parameter. The Smith et al parameter offered a 
more suitable basis for damage calculation schemes. 

The damage evaluation scheme found to represent the observed trends in 
the actual crack initiation life behavior best was 

Di = i>s.p.(h.p.i.) + AZ), (1) 

where / is the instantaneous cycle number, Di is the instantaneous damage, 
Z>s.p.> is the instantaneous damage partition after the Smith et al parameter-
based damage evaluation scheme, and AD/ is the additional damage caused 
by the sequence effects. 
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^Di = / ( M S P , exp [£>s.P.(h.p.i.), i>s.p.(f-i), I>S.P.,],' — j (2) 

where MSP is a material constant indicating the sensitivity of the material to 
sequence effects, Z)s.p.(h.p.i.) is the damage due to the foregoing highest peak 
load which caused the main (first-order) sequence effects after the Smith et al 
parameter, Z>s.p.(i-i) is the damage due to the second-last cycle after the 
Smith et al parameter (to consider second-order sequence effects that may 
occur between Z>s.p.(i-i) and DS.P i o ) . and/(A:) is a functional expression of 
the number of smaller cycles k after the foregoing high peak load that caused 
the first-order sequence effects. 

Based on a large amount of test results, including those in Figs. 8 to 10, the 
following equation for AZ), was empirically derived for high-strength alumi
num alloys: 

M S p | 2 1 n - ^ S : £ ^ + 2 1 n - ^ ^ ' 
. ^ _ L X>8.p.(h.p.i.) Ds.p.(,-1) 

Psp.. 1 
S.P.(i-l) J 

yjK' Ds.p.(h.p.l.) • ̂ S.P.i 

The application of this damage calculation procedure, which was originally 
proposed by Hanschmann [9], on simple block histories is shown in Figs. 8 
to 10. 

When the proposed damage calculation scheme is applied to predict the 
crack initiation life behavior under the automotive histories, the results 
shown in Figs. II to 13 are achieved. It can be seen that the overall scatter 
band in the predictions becomes less. 

In order to further investigate the quality of the proposed prediction 
method the Neuber-control method was applied—that is, whole notch histo
ries were applied on unnotched specimens until crack initiation. The results 
of the application of this method, where the damage realistically occurs on 
the unnotched specimens, were very close to the predictions of the proposed 
damage evaluation concept. This indicates that the new concept may be a 
substantial improvement of the damage evaluation module of the numerical 
crack initiation life analysis regarding the consideration of sequence effects. 

At this stage of the study two points were found necessary to be consid
ered in more detail. 

1. The results of the Neuber-control method underestimated (so far as the 
50 percent value of the scatter band of all results is considered) the actual life 
of the notched specimen. A similar tendency was found previously in con
stant-amplitude tests, where the same strain history was applied at the notch 
root of a notched specimen and at unnotched specimens [5]. The unnotched 
specimens also showed a shorter life than the crack initiation life of the 
notch; that is, the occurrence of an engineering crack of a length of ~0.5 mm 
at the side surface of the notched specimens was taken as the end of the crack 
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FIG. 11—Crack initiation life predictions using different damage evaluation concepts and after 
the Neuber-control method. 
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FIG. 12—Crack initiation life predictions using different damage evaluation concepts and after 
the Neuber-control method. 

initiation period. These results also clearly indicated that the equivalence be
tween a notch root and an unnotched specimen with the same strain histories 
was not satisfactorily fulfilled for the aforementioned convenient crack initi
ation criterion. Therefore the crack initiation process at the notch root and 
at the unnotched specimens had to be considered in more detail (see next 
section). 
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2. Another essential characteristic of the present crack initiation life pre
diction concept is that it does not explicitly account for cracks. Studies of se
quence effects in the crack stage have shown that especially high positive 
peak loads cause crack retardation; thus the crack life is elongated. This is in 
contrast to the observations made in the crack initiation stage, where high 
peak loads usually increased the damage of the following low loads. Residual 
stresses and the deformation fields surrounding the crack are mainly respon
sible for the sequence effects in the crack stage. As soon as a crack grows so 
large that these stress and deformation mechanisms become predominant, 
they must be considered in the damage analysis or errors will result. 

The crack initiation and propagation is considered in more detail in the 
next section. 

Initiation of Cracks at Notches and at Unnotched Specimens 

For the evaluation of the crack initiation behavior at notches where a 
stress gradient is present and at unnotched specimens with a uniform stress 
distribution, a constant-amplitude loading was applied at the Â t = 3.3 spec
imen in Fig. 2c; this loading was tension-tension with a maximum net sec
tion stress of 160 N/mm^ and R = 0.25, and led to a complete failure of the 
specimens after N ~ lO' cycles. The strain history at the notch root showed 
significant plasticity at the beginning of the loading and then remained 
nearly elastic (compare Fig. 4). The same strain history was applied on an 
unnotched specimen (Fig. 2e) and, also, at the notch of the specimen type in 
Fig. 2d, which shows a similar elastic stress gradient immediately at the 
notch as the specimen type in Fig. 2c. 

Experimental Crack Initiation Behavior 

Figure 14 shows the initiation process of cracks at the notch surfaces of 
the Kt= 3.3 specimens as it was observed by optical microscopes. Four es
sential stages could be distinguished. In Stage I small cracks started at var
ious places at the notch, especially at the hard iron-silicon particles present 
in the 2024 alloy that fail when the shear forces of the piled-up dislocations 
at the particles exceed a certain limit. So long as the crack size does not ex
ceed 60 to 80 ^m the small cracks start and behave independently, and there 
are no certain indications which later path the macrocrack will follow. In 
Stage II the small cracks further grow and other new cracks develop. The 
end of Stage II can be defined as that cycle number when the surface path of 
the later macrocrack can be identified (as a sequence of individual cracks of 
sizes between 100 /um and 300 to 400 nm). The transition from Stage II to 
Stage III represents a certain limit behind which macrocrack propagation 
mechanisms become obviously predominant. During Stage III the initiated 
crack grows through the whole notch surface and into the interior of the 
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N:60000 

A. 211 P I r j 

N, 94000 

FIG. 14—Crack initiation at a notch. 

Specimen. When the crack reaches one edge of the notch, Stage III is defined 
to be ended. During Stage IV the crack propagates as a through crack clearly 
visible at the side surfaces of the specimen. It can immediately be seen that 
the convenient technical crack initiation criterion (a crack of ~0.5 mm 
length at the specimen side surface) marks a rather late state of the whole 
damage process. At the end of Stage IV the specimen separates by complete 
failure. 
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The crack initiation processes at the specimen type in Fig. 2d and at the 
unnotched specimen type in Fig. 2e show quahtatively similar stages; how
ever, the cycle numbers for the individual stages (especially for Stage III) are 
different and a significant Stage IV could not be observed. Figure 15 plots 
the observed lengths of the predominant cracks and the scatter bands against 
the cycle numbers. It can be seen that the Stage III period is extremely short 
for the unnotched specimen. The reason for this is the high uniform stress 
field along the whole cross section of the specimen compared with the other 
(notched) specimen types, where the stresses decrease behind the specimen 
surface (stress gradient) (compare with Figs. 3 and 4) and where higher cycle 
numbers have to be applied in order to reach a similar crack size. 

In summary, significant differences in the trends of the fatigue behavior of 
specimens with a gradient at the notch and without a gradient (unnotched 
specimen) occurred as soon as Stage I was ended. The formation and propa
gation of the macrocrack were highly accelerated for the unnotched speci
mens. The results indicate that equivalence considerations of notches and 
unnotched specimens where the same surface strain histories are applied re
quire a careful consideration of the individual crack initiation processes. 

Analysis of Short Crack Behavior 

As previously mentioned, several fracture mechanics based methods have 
been proposed that consider the behavior of short cracks at notches [10,11]. 
These analyses explicitly include both (1) the notch stress field, and (2) the 
small crack stress field within the notch stress field, for the calculation of the 
sttess-intensity factors. 

These analyses show that, because of its notch field, a crack starting at a 
notch surface is propagated by a different stress-intensity variation than a 
crack of the same size starting at a flat surface. At the notched specimen 
types in Figs. 2c and 2d the notch field influences play a significant part. Un
fortunately a satisfactory quantitative evaluation of the crack propagation 
behavior for the specimens in the present study was not possible for several 
reasons: 

1. Presently available continuum mechanics analyses consider cracks that 
start immediately as completely through cracks. Actually they begin as notch 
surface cracks—that is, their shape is first the envelope of several individual 
small cracks. Later a roughly half-elliptical crack shape develops. The exten
sion of the elliptical crack into the interior of the specimen is influenced by 
the notch field. In tests with the specimen type in Fig. 2c the short axis of the 
ellipse became about 0.3 to 0.4 times the long axis, the visible surface crack 
at the notch. The crack front propagated up to about % of the notch field 
extension into the interior of the specimen until the cracks became visible as 
side surface cracks. The assumption that completely through cracks are 
present only from the beginning is not vaUd in the present case. Exact solu-
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tions for thicker walled test pieces (also common in engineering design) have 
to be developed until realistic short-cracks in notches' analyses become 
possible. 

2. The specimen type in Fig. 2d spent nearly 100 percent of its total life 
with surface cracks significantly smaller than the specimen width. Because 
the nominal stresses that had to be applied to the specimens in order to ob
tain the same notch surface strain history as for the specimen type in Fig. 2c 
were high, the specimens always failed rather quickly after the crack had 
passed through the main part of the notch field. Exact fracture mechanics so
lutions for this situation are not available at present; besides, the high net 
section stress requires elastic-plastic solutions. 

3. As previously mentioned, the crack initiation and propagation behav
ior of the unnotched specimen differ from that of the notched specimens. 
The cracks (which start as individual small surface cracks that later join to
gether) do not meet a decreasing notch stress field as they propagate. In 
order to achieve the same strains as at the notch surfaces on the notched 
specimens the nominal stresses had to be made high enough so that gross 
yield occurred only from the beginning of the test. Once Stage II was passed 
failure occurred rather quickly. For an adequate description of the crack 
propagation behavior elastic-plastic fracture mechanics has to be applied 
(for example, the approximate /-integral solution given in Ref 11). 

These considerations show clearly that equivalence between unnotched 
specimens and the notch root of notched specimens becomes rather poor the 
longer the cracks grow. An acceptable limit for the validity of the equiva
lence may be the end of Stage II (when the first macrocrack forms as a con
junction of individual small surface cracks). 

Sequence Effects 

As previously mentioned, sequence effects significantly influence the dam
age accumulation. The aforementioned test results showed that sequence ef
fects mainly increased the damage in the crack initiation stage. In the crack 
stage, however, sequence effects due to high peak loads considerably de
crease the crack propagation. The crack closure behavior that becomes 
clearly visible when COS-measurements are performed across the crack 
[18,19] must be considered the main cause of the crack retardation behavior. 
COS-measurements were also performed for the specimen type in Fig. 2c 
and for the unnotched specimens down to (surface) crack lengths of 0.5 mm. 
The results showed that crack closure and crack-retarding sequence effects 
are present at least down to the end of Stage II of the crack initiation proc
ess, and that they have to be considered in an adequate crack initiation life 
analysis. 
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Summary and Conclusions 

In the present investigation the prediction capabiUty of the conventional 
notch analysis for the crack initiation stage was considered. Based on (7) nu
merous comparisons of the predicted and the actual crack initiation life be
havior under different types of service loading histories, and (2) cumulative 
damage studies with unnotched specimens and with simple program histo
ries, a damage calculation scheme has been suggested that considers load se
quence effects on the damage accumulation. In order to more clearly define 
the influence of the initiation of small cracks on the damage accumulation 
the crack initiation was investigated in more detail. The investigations led to 
the following results: 

1. The main causes of the unsatisfactory results of the conventional notch 
analyses (large scatter bands in the predictions) are inadequate consideration 
of the sequence effects and the neglect of the different initiation behavior of 
small cracks at notches and at unnotched specimens. A main cause for the 
differences in the initiation processes is the different stress-strain fields in the 
vicinity of a notch and along the cross section of an unnotched specimen. In 
order to generate the same strains on unnotched specimens as at the notch of 
notched specimens the cross section of the unnotched specimen has to be 
loaded much higher; this leads to extremely high crack propagation rates 
and from that to a short life in the crack stage as soon as small cracks have 
started. Conventional engineering definitions of the crack initiation stage at 
notched specimens (a crack length of ~0.5 mm at the specimen side surface) 
do not adequately consider this behavior. 

2. The ability of fracture mechanics to describe the behavior of small 
cracks is still rather limited, especially when the variety of possible crack in
itiation sites of real components is considered. Until satisfactory solutions 
become available a reasonable compromise from an engineering point of 
view may be to use the unnotched specimen data for the crack initiation life 
predictions, because there is some safety built in in the predictions. 

3. Load sequence effects increased the damage in the crack initiation stage 
in all cases considered in the present study. The proposed modified damage 
evaluation concept adds a damage portion to each damage amount calcu
lated on the basis of the conventional Smith et al damage parameter. The 
additional damage portion is material and sequence dependent. The material 
dependence of the sequence effects may be determined with simple block 
program tests on unnotched specimens. These tests can be performed in con
junction with other tests in which the basic input data for the application of 
the numerical crack initiation life analysis are generated. The notch analysis 
modified by the new damage evaluation concept led to satisfactory results. 
This is of special interest because many engineers in various technical appli
cation areas are quite familiar with the conventional notch analysis concepts 
and can easily modify their own computer programs. 
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4. In the crack stage sequence effects due to high peak loads also decrease 
the damage. Since the proposed damage evaluation concept only accounts 
for increased damage amounts per cycle, the predictions become more con
servative, which may be tolerable from an engineering viewpoint at present. 
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ABSTRACT: In this study of low-cycle fatigue, the following steels were evaluated: ( /) 
two reference steels used in pressure vessel construction, A 543, Grade B (200 mm 
thickness) and St 52-3 (50 mm thickness); these steels were also studied after heat 
treatments simulating heat-affected zones of weldments with heat inputs ranging from 
10 to 150 kJ/cm; (2) one structural steel, St E47 (50 mm thickness), after either nor
malization or quench-tempering treatment in order to compare two characteristic 
values of the yield strength/ultimate tensile strength ratio; and ( i ) fifteen experimental 
steels (28 mm thickness) in a thermal condition simulating the water quenching at the 
core of a plate 200 mm thick, this quenching being followed by a tempering. 

Smooth and notched specimens were fatigue tested at 20 and 350°C under com
pletely reversed tension-compression. The imposed diametral strain range was con
trolled to a constant value throughout each test. 

Results were compared with ASME design curves and showed sufficient performances 
in all cases, so that the choice of the steel may be based upon another use property or 
economical argument. Nevertheless, differences between steel fatigue properties were 
studied by statistical methods as a function either of the tensile properties or of the 
chemical composition in the case of quenched and tempered steels. Concerning these 
last correlations, the influence of chromium at 350°C was particularly noted. 

KEY WORDS: low-cycle fatigue, high-strength steel, pressure vessel, quenched and 
tempered steel 

Nomenclature 

N Fatigue life, number of cycles to failure 
a Fatigue strength exponent, slope of log Aa-log 2N plot 
b Fatigue ductility exponent, slope of log Aepi/2-log 2N plot 
c Exponent, slope of log Aew-log N plot, plain specimens 

c^ Exponent, slope of log Aeta^-log N plot, notched specimens 

' Ingenieur Civil, Centre de Recherches Metallurgiques (CRM), Liege, Belgium. 
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Aepiji; 

Aetlji: 

Aetd (loooj 

Aatd' 

a'i Fatigue strength coefficient, intercept of log Aa-log IN plot 
e'f Fatigue ductility coefficient, intercept of log (Aepi/2)-log 2N 

plot 
Elastic longitudinal strain range for a life of {iooo} cycles (plain 
specimens) 
Plastic longitudinal strain range for a life of {Iooo} cycles (plain 
specimens) 
Total longitudinal strain range for a life of {'000} cycles (plain 
specimens) 
Total diametral strain range for a life of {1000} cycles (plain 
specimens) 
Total diametral strain range for a life of {iooo} cycles (notched 
specimens) 

Aa Stress range 
C Coefficient, intercept log Aetd-log N plot (plain specimen) 

C Coefficient, intercept Aetd -log N plot 
Re Tensile offset yield point, MPa 
Rm Ultimate tensile strength, MPa 

A Gage length at fracture, % 
Z Reduction in area at fracture, % 
Ve Poisson's ratio (elastic strain range) 
Vp Poisson's ratio (plastic strain range) 

This work is part of an important collective research program studying use 
properties of thick high-strength steel plates for pressure vessels.^ The proj
ect aim was to allow the making of less heavy-weight vessels by reducing the 
wall thicknesses and by increasing the steel yield stress. Therefore the fatigue 
behavior of new steels had to be compared with that of classical materials 
having the same use. 

This paper is a comparison of materials by means of classical low-cycle fa
tigue tests. In addition, a statistical study was carried out in order to better 
understand the steel behavior. 

Experimental Studies 

Materials 

Various chemical compositions and a quenching and tempering treatment 
were used to obtain the desired levels of mechanical properties in the exper-

^ Research carried out with a financial grant from IRSIA (Institut pour I'Encouragement de la 
Recherche Scientifique dans I'lndustrie et 1'Agriculture) and CECA (Communaute Europeenne 
du Charbon et de I'Acier). 
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imental steels. The main characteristics of all the tested steels are given in 
Table 1. Most of the steels contained about 0.5 percent molybdenum (Table 2). 

Concerning the microstructures, the following comments can be given. All 
the heat-treated steels except C (normalized) have a bainitic structure 
(tempered bainite in experimental steels). The steel St 52-3, as-received, 
shows a classical ferrite-pearlite microstructure, whereas the index C (St E47 
normalized) presents a composite microstructure wherein some bainitic 
areas are dispersed in the ferrite. 

Test Specimens and Extensometers 

Drawings of the smooth and notched specimens configurations are given 
in Fig. 1. The theoretical elastic stress concentration factor kt is equal to 1.68 
for the notched specimens. All specimens were cut in the rolling direction. 
The tests were strain controlled by means of devices measuring the diametral 
deformation of the specimen (Fig. 1). 

Procedure 

Smooth and notched specimens were fatigue tested at 20 and 350°C under 
completely reversed tension-compression. All tests were carried out with a 
sine strain-time wave form, the frequency being 0.4 Hz. Until rupture (N cy
cles), during each test. Acta (see Nomenclature) was controlled and Aa was 
recorded. After the test, a conservative value of Aa was chosen to describe 
the test (value of Aa at half life or minimum value if this minimum exists). 
From a classical analysis of hysteresis loop (Fig. 2), plastic and elastic strains 
were further calculated. 

In the case of smooth specimens, longitudinal strains were also calculated 
by 

Vp \ Vpf 

Aa 
E 

where 

Aeti = longitudinal total strain, 
A€td = diametral total strain, 
Aa = stress range, MPa, 

E = Young's modulus, MPa, 
Ve — Poisson's ratio (elastic strain range), and 
j'p = Poisson's ratio (plastic strain range). 

From the sets of measurements of Aetd, Aa and Â , the classical parameters 
describing low-cycle fatigue relationships were determined. These relation
ships are summarized in Fig. 3 for the case of a smooth specimen. Figure 3 
also suggests the fact that these different formulas are not quite mathemati-
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TABLE 2—Typical composition of tested steels and Japanese reference steels. 

Mo Mn Cr Ni Index 

0.50-

- 0.18 -

•Q20-

0.26 

0.12-

0.14 

-0,18 

0,12 

•1,60 

1,40-

0,80 • 

•0.45-

•0.60 

0.80 • 

1.40 

0,45 

1,40-

0,25 

0.50-

•0 — 

•0 — 

• 0,50 • 

1 — 

1,25-

• 1,40 • 

1,90 

0,50 • 

1.40 

0,75-

0,50-

0,75 • 

7,75 

• 2,25 

0.60-

-0-

•0-

•3-

0.15-

• 0.15-

2 — 

3 — 

4 -

-2 

•3 

•4 

2 

3 

•3 

5 

3-

•3-

3.5 

0.16-

•C and D 

•B,BG.BH 

•SB 46 

•H 

'SCMV2 
('Cr.0.5Mo) 

'SCMV3 
ll,2SCr-0.5Mo> 

•K 

'L 

'0 

•P 

•R 

•u 
-w 

'E 

'G 

'A.AB.ACAD. 
AE (A543B) 

'SCMV 4 
l2.2Sa-tMel 
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J rectification 
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" / • 

/ ^ ^ ^ 

FIG. 1—Types of test specimens and extensometers. 

cally compatible. If one admits that epi and €ei are given by relations of the 
kind e = CN^ then the function Aeta cannot have the same form. 

In the case of notched specimens, only measured quantities were used in 
the study. 

Results 

Characteristic values of the results can be found in Table 3 (for explana
tions of symbols, see Nomenclature). The test results on smooth specimens 
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area 

^ipd*plastic diametral strain range 
Ated^elastic diametral strain range 

FIG. 2—Parameters of the hysteresis loop. 

are summarized in Figs. 4 and 5 for test temperatures of 20 and 350°C, re
spectively. Obviously, it was interesting to compare the performances of 
these new steels with those of steels currently used in pressure vessel con
struction. We tested reference steels and compared the results with ASME 
design curves [/] and with values published in the literature, namely the 
values given by the NRIM (National Research Institute for Metals, Tokyo) 
laboratory [2] for steels SB 46, SCMV2, SCMV3, and SCMV4 (nomencla
ture in accordance with the Japanese standards). 

As shown in Figs. 4 and 5, the comparison with ASME design curves is 
carried out by following some rules: on the one hand, the cycles numbers are 
divided by a factor of 20; on the other hand, the strains are divided by a fac
tor of 2. These 2 and 20 factors are consistent with those given in the criteria 
for the ASME Code. Then the worst case is considered and compared with 
the design curves. Figures 4 and 5 show that scatter bands corresponding to 
our results are above the ASME curves, so that sufficient performances are 
obtained. 

Concerning the comparison to NRIM results, the following comments can 
be made. At 20°C, our results agree with those obtained with steels SB 46, 
SCMV2, and SCMV3, whereas results for steel SCMV4 seem to be lower. At 

' The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. 3—Analysis of a strain-controlled test on smooth specimen. 

350°C, the lower limit of our scattering band roughly separates NRIM re
sults at 300 and 400°C. 

The experimental steels having yield points ranging from 475 to 590 MPa 
(20°C) show, from the low-cycle fatigue point of view, a behavior as good as 
that of ductile steels normally used in pressure vessel construction, which 
have yield points of about 330 MPa (20°C) (steels St 52-3, SB 46, SCMV2, 
and SCMV3). However, several factors have to be kept in mind: 

1. The obtainment of a given level of performance does not mean that 
no difference exists between steels; these differences will be examined 
subsequently. 
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TABLE 3—Diametral strains. 

steel 

i.a 

2.AB 

SiAC 

4.AD 

5.AE 

6.B 

7.BG 

8.BH 

9.C 

10.D 

11.E 

12.G 

13.H 

14.K 

15.L 

Ifa.M 

17.0 

18.P 

19.R 

20.S 

21.T 

22.U 

23.W 

24.x 

35.2 

Smooth 

td 100 

10-^ 

340 

325 

343 

334 

334 

[364] 

329 

291 

295 

324 

315 

308 

336 

( 2 3 1 ) 

318 

339 

339 

330 

308 

338 

333 

281 

304 

255 

- 20°C 

'̂ td luOO 

10-5 

EHZU 
959 

1001 

1020 

1020 

1050 

930 

920 

918 

947 

1018 

1016 

961 

1042 

1021 

1068 

1007 

970 

1040 

1070 

978 

953 

1003 

967 

Smooth 

*^td 100 

10-^ 

298 

269 

285 

311 

256 

330 

( 2 0 6 ) 

273 

269 

293 

269 

241 

295 

HI 
297 

314 

3 79 

363 

323 

269 

252 

261 

266 

242 

258 

- 350°C 

*^ta luoo 
10-5 

977 

865 

865 

961 

857 

892 

773 

754 

754 

794 

830 

731 

826 

967 

95 2 

917 

1003 

[r53o| 

789 

863 

742 

900 

803 

Q 699 ^ 

764 

Notched 

'̂ t̂d 100 

io-« 

158 

158 

160 

106 

155 

im 
145 

151 

106 

110 

131 

92 

106 

127 

142 

128 

122 

92 

87 

98 

129 

128 

113 

75 

- ao-c 

*^td 1000 

10-5 

224 

254 

207 

171 

218 

m 
237 

240 

210 

155 

22 7 

216 

185 

267 

239 

209 

218 

C-,) 
172 

247 

167 

191 

183 

202 

119 

Notched 

'̂ t̂d 100 

10-" 

127 

120 

123 

79 

111 

imi 
85 

87 

90 

96 

106 

70 

84 

108 

132 

119 

131 

98 

90 

86 

88 

105 

101 

53 

- 350''C 

*'̂ td 1000 

10-5 

216 

211 

223 

178 

198 

mil 
201 

156 

163 

167 

183 

160 

C ^ 
249 

240 

197 

209 

137 

186 

213 

115 

171 

204 

(l05) 

142 

• CD-
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2. In the case of steels submitted to a welding simulation (with the Gleeble 
machine) and showing good low-cycle fatigue performances after the treat
ment, actual welding may induce lower performance. 

3. Although the tested steels represent a wide range of chemical composi
tions (Table 2), in most cases the microstructure was bainitic (excepted for 
indexes B and C). This could explain why the obtained results are situated in 
a relatively narrow range. 

4. This comparison is based upon results of smooth specimens submitted 
to strain-controlled tests only. 

Concerning the test results on notched specimens at both temperatures, 
Fig. 6 shows that the different performances are less grouped than the cor
responding ones on smooth specimens, since the scatter band is broader in 
the case of notched specimens. 

Here the ductile steel B (St 52-3) shows a significantly better behavior 
(drawn separately on Fig. 6), but this advantage disappears after welding 
simulation at the Gleeble machine (steels BG and BH having performances 
inside the scatter band). This leads us to attempt an analysis of the observed 
differences within the scattering band of results as a function of tensile 
properties. 

10 

0.1 

A£fd,A£td 
(Vo) 

AEtd 

10^ 10^ Vf 
FIG. 6—Comparison of results on smooth and notched specimens. 

10' 
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Statistical Analysis of Low-Cycle Fatigue Performances as a Function of 
Tensile Properties 

The statistical study on the whole set of steels gives few results but, if only 
the quenched and tempered steels are considered, good relations can be 
found. The data for other types of steels were not numerous enough to make 
a statistical analysis. Such a situation is shown in Fig. 7, which also explains 
the differences within the scattering band of Fig. 6. Figure 7 clearly shows 
the existence of two different tendencies, on the one hand for quenched and 
tempered steels, on the other hand for the other tested steels. 

The statistical study on quenched and tempered steels is summarized in 
Table 4. Table 4 is presented in the following manner: ( / ) every fatigue prop
erty is described by a line of the table; (2) the influence of a tensile property 
is seen in a row; (5) if a tensile property influences a given fatigue property, 
the case at the intersection of the corresponding line and row contain an 
arrow; this arrow indicates a positive or negative influence; and (4) the 
correlation coefficients are also given. Table 4 shows that better correlations 
are obtained by considering the values of different parameters corresponding 
to lives of 100 and 1000 cycles rather than classical parameters. 

The influence of the test temperature on the values of correlation coeffi
cients will also be noted: better results are obtained at 350°C for diametral 
and longitudinal total strains (notched and smooth specimens) than at 20°C. 

As stated in previous work [3,4], Table 3 also shows that diametral and 
longitudinal total strains, as well as longitudinal plastic strain corresponding 
to a life of 1000 cycles, are relatively constant at 20''C but not at 350°C. The 

0.020r AitdtOO 20'C 

0.015 

0.010 

0.005 

set of quenched and 
tempered steels, includim, 
reference steels D and A 

statistical relationstiip 
given by experimental 
steels 

At (•/.) 20'C 

10 20 X 

FIG. 7—Behavior of notched specimens as a function of fracture elongation. 
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TABLE 4—Summary of the correlations between fatigue properties and tension test properties. 

Quenched and temoered steels 

_ ia 
E 

— p L 

--tL 

^^td 

-L 

a 

°f 

^^eL 100 

'̂ êL 1000 

b 

4 
^^pL 100 

^^pL 1000 

^^tL 100 

^^tL 1000 

c 

C 

^^td 100 

•̂ t̂d 1000 
E 
c 

ĉ  
. E 
°^td 100 
. E 
^ t d 1000 

Tests at 20°C 

r 

0.821 

0.916 

0.918 

0.987* 

0.568 

0.591 

0.694 

-

% R 
m 

« 
« 
« 

A 

a 

a 

constant value 

0.620 1 1 1 
-

0.577 

0.623 

0.620 

-
-
-

0.693 

0.485 

constant value 

constant value 

* 
• 

z 

« 
m 

« 

« 
a 
a 

Tests at 350''C 

r 

-
0.688 

0.788 

0.707 

-
-

0.779 

0.844 

0.758 

0.840 

-
-

0.768 

0.846 

-
-

0.814 

0.677' 

R "m A 

a 

a 

a 

* 
* 
« 
« 

i» 

* 

* 
* 

z 

a 

a 

a 

a 

a 
a 

with n 

r = coef 

and K in the relationship 

ficient of'correlation 

variations at 350°C depend on both the fracture elongation A and the reduc
tion of area Z. 

Statistical Analysis of Low-Cycle Fatigue Performances as a Function of 
Chemical Composition 

This analysis was carried out in the same way as the mechanical one. In 
particular, it was limited to experimental steels. It can be summarized in the 
following manner. At 20°C, the study shows only a few correlations: positive 
influences of nickel and manganese on elastic properties and a negative in
fluence of manganese on lifes of notched specimens. (One also knows the in
fluence of manganese on the appearance of banding microstructures.) At 
350°C, the chromium influence systematically appears. Increase of chro
mium content improves total and plastic strains of smooth specimens, while 
elastic properties slightly decrease. The amount of chromium influence at 
350°C can be estimated by the relationship Atpuoo = 0.0124 (chromium in 
percent) + 0.0435 (/• = 0.776). 

Influence of the Ratio "Yield Stress to Tensile Strength" 

The statistical study shows little influence of this ratio, but the direct com
parison of C and D steels indicates that a low YS/UTS ratio is better at 20°C 
in the case of a notch. 
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Concluding Remarks 

Which are the best steels from the low-cycle fatigue point of view? Answer
ing this question is rather difficult because (7) the answer changes according 
to the chosen criterion: values at 100 cycles or 1000 cycles, presence of notch, 
behavior after welding, test temperature, etc.; and (2) stress-controlled tests 
would give another classification. 

In fact, no tested steel shows very significant advantages with regard to the 
others. For example, the ductile steel St 52-3 shows better results with 
notched specimens, but this advantage tends to disappear after the welding 
simulation. Within the class of steels having higher yield points, few differ
ences are observed. However, steels X and Z frequently show lower results 
(Table 3). 

Concerning the relations between mechanical properties and fatigue, it 
was mainly found that the ultimate elongation A and the reduction of area Z 
are related to the fatigue results obtained in strain-controlled tests. This is 
not surprising. However, details of the statistical study show that (7) there is 
no correlation between A and Z; and (2) there is a negative influence of A on 
the behavior of notched specimens (Table 4, Fig. 7) that is not counterbal
anced by a positive influence of Z. This should be related to the particular 
heat treatment given to the considered steels. 

More details of this study can be found in the complete report [5] pub
lished by the European Community for Steel and Coal (ECSC). 
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Low-Cycle Fatigue Behavior of 
Welded Joints in High-Strength Steels 
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ABSTRACT: Low-cycle fatigue tests are carried out on different types of welded joints 
in structural steels. The low-cycle fatigue strength of welded joints depends on the 
weld geometry and the weld toe quality. The influence of these parameters and the role 
of the microstructure on low-cycle fatigue are discussed. For cruciform joints, the weld 
toe ground increases the low-cycle fatigue strength. The butt joints present a higher fa
tigue strength, and this fatigue strength increases when the weld reinforcement de
creases. Submerged arc welded butt joints (presenting small reinforcement) have the 
same low-cycle fatigue strength as as-rolled base metal. The test results are expressed 
as a function of different fatigue notch factors. 

KEY WORDS: low-cycle fatigue, welded joints, surface finish, notch factor, yield 
strength 

In recent years, the low-cycle fatigue strength of construction steels in the 
as-welded conditions has called for particular attention owing to the use of 
these steels in metal structures such as pressure vessels and earth-moving 
equipment. In these types of structures, intermittent loading can lead to local 
plastic strains, which results in reduced service life. The use of high-strength 
steels in these structures is thus of particular interest. 

In their bibliography devoted to the low-cycle fatigue strength of welded 
joints, Diez and Salkin [7] observe that most of the research done in this 
area concerns heat-treated ground welds containing very few defects and 
that it would be interesting to have a closer simulation of the real conditions 
under which welded joints are used.^ Since their review, few studies have 
been conducted in this area [2-8]. Accordingly, the present study deals with 
different types of joints in the as-welded conditions subjected to controlled 
strain experiments. These types of joints have also been characterized in the 
case of long fatigue lives [9-12], 

' Engineer, Institut de Recherches de la Siderurgie Fran^aise, Saint-Germain-en-Laye, France. 
^The italic numbers in brackets refer to the list of references appended to this paper. 
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Materials 

The examined joints are made of structural steel plates in the annealed 
condition. The steels are AFNOR E 355, E 36, and A 70 types. The chemical 
compositions of these steels are given in Table 1. The E 355 steel is also char
acterized after a heat treatment simulating the structure of a heat-affected 
zone (HAZ) caused by welding. The chosen treatment consists of quenching 
in a 2 g/dm^ aqueous solution of methyl cellulose after holding for 10 min at 
1250°C in a salt bath. 

The mechanical properties of the steels in the normalized and heat-treated 
conditions are given in Table 2. Table 3 gives the parameters «, k, n\ and A:' 
of the monotonic and cyclic stress-strain curves determined for the E 355 
steel (Fig. 1). 

Experiments 

Test Specimens 

The nominal sections of the specimens are indicated in Table 4. 

Cruciform Joints {Fillet Welds)—Two stiffeners are welded perpendiculary 
to the rolling direction (Fig. 2a). Manual arc welding is carried out in two 
different ways: (/) in the vertical position (Fig. 2b), and (2) in the flat posi
tion; in this case, the toe of the weld is lightly ground. This grinding elimi
nates microdefects caused by welding (Fig. 2c). 

Butt Joints—The weld is perpendicular to the rolling direction (Fig. 3a). 
Two types of welding are carried out: (7) manual arc welding leading to a 
convex bead (Fig. 36), and (2) submerged arc welding leading to a flat bead 
(Fig. 3c). 

Test Setup 

The tests are conducted on an electrohydraulic machine of ±400 kN under 
total strain amplitude control, Aet/2. This strain is related to the base metal. 

TABLE 2—Mechanical properties. 

Grade 
of Steel 

E355, 
annealed 

E355, 
HAZ simulation 

E36 
A 70 

Yield 
Strength (7) , 

N/mm^ 

400 

570 

420 
515 

Ultimate 
Tensile 

Strength (UTS), 
N/mm^ 

570 

760 

570 
660 

Elongation, 
% 

32 

28 
24 

Reduction 
of Area, 

% 

74 

55 
54 
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TABLE 3—Parameters of the monotic and cyclic stress-strain curves for E 355 steel. 

Grade 
of Steel 

E 355, 
annealed 

E355, 
HAZ simulation 

n 

0.28 

0.11 

N/mm^ 

1300 

1000 

r, 
N/mm^ 

350 

470 

n' 

0.18 

0.19 

N/mm' 

1100 

1500 

The frequency of the sinusoidal strain cycle is set between 0.01 and 0.1 Hz, so 
that there is no heating of the specimen. The load versus time curve is 
recorded. 

Strain Transducers 

The strain is controlled by two strain transducers connected in full bridge 
in order to observe the average strain on the two sides of the specimen. For 
cruciform joints, the knifes of the transducers are positioned on each side of 
the weld. The gage length—that is, the distance between the knifes—is equal 
to 50 mm (Fig. 4). For butt joints the specimen has two calibrated parts (Fig. 
5a); one is in the base metal (used for strain control), the other contains the 
weld. At this level, the resultant strain is also recorded (Fig. 5b). 
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FIG. 1—Monotonia and cyclic stress-strain curves for E 355 steel. 
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ĉ  so d d 
1 1 

so r̂  

00 O 
v-i s o 
d d 
1 1 

_ so 
<N rsi 

OO s o 
so so 
d d 
1 1 

OS OS 

o 
I 

o 
I 

o o 
I I 

d d 

Si XI 

O O 
I I 

53 
d d 

o o 
I I 

S! 
X XI 

op o 

•o -a 
•a n iu m 

00 o 

" • S 

3 
Tj 
S 

S 

"3 

i 
1 
.5 
* J 

t; 

•o u 
00 
Iri 
1) 

s 

.S 
•o 
g 
s 
a 

c 
o 
•s 
•« 
o 
a. 
ca 

1 
g 

s2 

3 

5 
.2 
:5 
« o D, 

1 
crt 

.s 
o • — > 

c 
o 

• s 
• 5 
0 
a 
ta 

1 
B 
C 

^ 
u 
3 

C 
2 

:5 
t « 

o 
o, 

i 
CA 

.S 
O 

••^ 

3 

.6 
C/l 

i < 

II rj, 

II 

4h 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



316 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

• ^ 

Tf 
FIG. 2a— Welded joints—cruciform joints. 

Stiffener 

A device is used to prevent the flat specimens from buckling. It is held on 
the specimen by means of bolts. Teflon plates are inserted to facilitate the 
sliding of the specimen (Fig. 5c). 

Results 

Available Results 

In each case, we dispense with the following results: (7) a load versus time 
recorded chart, and (2) load plotted as a function of total strain. 

FIG. 2b—Welded joints—cruciform joints—as-welded. 
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FIG. 2c—Welded joints—cruciform joints—after grinding the weld toe. 

Presentation of Results 

Stress and Strain—The nominal stress and elastic strain can be calculated by 

Aanom _ AF 1 

^ / i3nom 

Acenom _ 1 Aa 
2 E' 2 

where 

AF= load range, 
nominal section of the plate, and 

E = Young's modulus. 

• ^ 

FIG. 3a—Welded joints—butt joints. 
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FIG. 3b—Welded joints—butt joints—manual arc welding. 

For cruciform joints, the strain of the joint is heterogeneous. Manual arc 
welding leads to a very convex bead (Figs. 2b and 2c), and if the local strain 
at the toe of the weld is neglected, it is possible to assume that the central 
part made of the flange and the joints undergo only elastic strain. The nomi
nal plastic strain can be then calculated by 

Ae, PnoiD Aep 1 

where 

Aep = gage length variation, and 
n̂om = length outside of the joint within the base of the transducer. 

FIG. 3c—Welded joints—butt joints—submerged arc welding. 
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FIG. 5b—Fatigue test on butt joints—transducer setup. 

For butt joints, the weld reinforcement is too progressive and not impor
tant enough for us to assume that the weld does not deform plastically. The 
specimen, then, has two calibrated parts and the nominal plastic strain is cal
culated for the part in the base metal. 

Variation in Stress Amplitude as a Function of the Number of Cycles—Since 
the controlled strain is the average of the strain on the two sides of the spec
imen, stress amplitude is a function of the number of cycles dependent on the 
location of crack initiation (Fig. 6a). Stress distribution without crack is 
shown in Fig. 6b. If the crack appears between the blades of the transducers 
that control the strain, the stress amplitude drops (Fig. 6c, Example I). If the 
crack appears outside of this zone and symmetrically on the specimen (case of 
butt joints), there is no variation in stress amplitude (Fig. 6d, Example II). If 
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FIG. 5c—Fatigue test on butt Joints—stiffener setup. 

the crack forms outside of the transducers and is not symmetrical, the stress 
amplitude can increase (Fig. 6e, Example III). 

Failure Criterion—The failure criterion chosen should be applicable to 
each case described in the preceding paragraph. The chosen criterion corre
sponds to the appearance of a crack smaller than 5 percent of the nominal 
section. In the case of a load variation, this change is considered as represen
tative of the existence of a crack. When there is no load variation, the strain 
recorded at the weld increases rapidly with the appearance of a crack (Fig. 7). 
This change allows us to determine the number of cycles corresponding to 
the initiation of the crack. 

The reference cycle is chosen at half life. For this cycle, stress and strain 
amplitudes are calculated; the results are given in Table 5. Taking these crite-
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§!• 
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J 

FIG. 6a—Variation in stress amplitude versus N as a function of crack initiation location. 

ria into account, we can plot nine strain amplitude versus life curves. Figures 
8a, 8ft, and 8c give the total, plastic, and elastic strain amplitudes versus life 
curves determined with ground specimens for the E 355 steel in the annealed 
and the heat-treated conditions and the total strain amplitude versus life 
curves for all other tests. Parameters a V ^ a n d b of the elastic line and e'f and 
c of the plastic line are grouped in Table 4. 

Analysis of Results 

E 355 and E 36 steels have similar metallographic structure and mechanical 
properties. Therefore it can be assumed that in the annealed and heat-treated 
conditions, these steels present nearly similar low-cycle fatigue properties. 
For E 355 and E 36 steels several experimental parameters characterizing the 
notch acuity of the different specimens tested (as-rolled or as-welded) can be 
derived using the test data. For this derivation, characteristics of the tested 
specimens (indexed "nom") are compared with reference characteristics de
termined on ground specimens (without index). The used reference charac
teristics correspond to the heat-treated E 355, if the crack initiation occurs in 
the HAZ of the tested specimens, and to the annealed E 355, if the crack in
itiates in the base metal or in the weld metal having the same hardness as the 
base metal. 

From low-cycle fatigue strength curves (Ae-M) and from the cyclic stress-
strain curve, the strain and stress amplitudes corresponding to a given fa
tigue life have been derived (Fig. 9). 
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• F 

FIG. 66—Variation in stress amplitude versus N as a function of crack initiation location-
stress distribution without crack. 

Elastic Strain Range (Long Fatigue Lives) 

Elastic stress concentration factor (Kt)—The factor Kt was determined by 
Mattos and Lawrence [13] on butt welded joints using an elastic finite-ele
ment computer program. The geometry of the joint is then defined by differ
ent parameters and in particular by the ratio r/t (r = local radius at weld 
toe; t = plate thickness) and by the angles 6 and 0 (Fig. 3b). 

Fatigue notch factor (K{)—This factor is conventionally defined as the 
ratio of the endurance limit obtained on plain specimens, Aa, over that ob
tained on notched specimens, Aonom; for the investigated joints [9-77], the 
endurance limit is obtained for 2* 10* cycles. 

Kt = 
Aa 

Aanon 
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FIG. 6c—Variation in stress amplitude versus N as a function of crack initiation location— 
Example I. 

where 

Aa/2 = endurance limit of the E 355 ground specimens, and 
ACTnom/2 = endurance limit of the studied specimens. 

Fatigue notch factor according to Peterson—Peterson proposes a relation
ship between Kt, Kt and a parameter a that depends upon the metal: 

iSTf" 1 + 
Kt- 1 
1 + a 

r 

In fact, as pointed out by Mattos and Lawrence [13], K^ is also a function of 
r/t. This function goes through a maximum corresponding to a critical value 
of r/t. Since in an as-welded joint the radius r at the toe is not constant along 
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FIG. 6(/—Variation in stress amplitude versus N as a function of crack initiation location— 
Example II. 

the weld bead, the maximum value oi Kt is a conservative estimate for the 
fatigue crack initiation life. 

Plastic Strain Range (Short Fatigue Lives) 

Strain concentration factor (K't)—K'e is the ratio of the total strain ampli
tudes obtained for a given fatigue life for the reference specimens and for the 
tested specimens (Fig. 9): 

^Cnom 

Stress concentration factor (K'a)—The notch acuity of the investigated 
joints can also be expressed in terms of stress by using the stress concentration 
factor K'a (text continues on page 332): 
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Fni>F 

FIG. (se—Variation in stress amplitude versus N as a function of crack initiation location— 
Example III. 

A • hifljh strain 

B > Low strain 

50 ISO 100 
A : number of cijelcs 
B : 0,1 number of cijcU* 

FIG. 1-Variation in strain amplitude as the weld joint versus N 
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TABLE 5a—Low-cycle fatigue results (base metal in E 355 steel). 

E355 

HAZ simulation 
ground specimens 

Annealed 

ground specimens 

Annealed 
as-rolled specimens 

Aft 

2 
% 

L509 
1.504 
L009 

1 1.010 
I 0.506 
1 0.509 

0.304 
, 0.261 

1.520 
1.000 
0.500 
0.310 
0.500 

1.475 
1.483 
0.978 
1.083 
0.503 
0.452 
0.294 
0.258 

ACe 

2 
% 

0.311 
0.308 
0.281 
0.278 
0.236 
0.236 
0.208 
0.191 

1.287 
0.779 
0.316 
0.152 
0.313 

0.236 
0.254 
0.216 
0.231 
0.193 
0.183 
0.154 
0.162 

^ , 
2 
% 

1.198 
1.196 
0.728 
0.732 
0.270 
0.273 
0.096 
0.070 

0.233 
0.221 
0.184 
0.158 
0.187 

1.239 
1.229 
0.762 
0.852 
0.310 
0.269 
0.140 
0.096 

Ag 

2 
N/mm^ 

641 
635 
578 
572 
486 
485 
429 
393 

480 
455 
380 
325 
385 

486 
524 
445 
476 
397 
377 
317 
333 

Ni 

235 
310 
556 
600 

1926 
2784 

16186 
19692 

245 
660 

3760 
16800 
3330 

183 
176 
540 
364 

1828 
1408 
6780 
5030 

TABLE 56—Low-cycle fatigue results (butt joints in E 355 steel). 

E355 

1 

1 

1 

Submerged 1 
arc 1 
welded 1 

Act nom 

2 
% 

1.490 
1.500 
0.994 
0.994 
0.512 
0.512 
0.250 
0.250 

1.481 
1.465 
1.002 
0.953 
0.502 
0.516 
0.263 
0.269 
0.256 

/iCe nom 

2 
% 

0.237 
0.235 
0.215 
0.216 
0.185 
0.185 
0.146 
0.154 

0.229 
0.233 
0.213 
0.211 
0.187 
0.182 
0.154 
0.148 
0.153 

A £p nom 

2 
% 

1.253 
1.265 
0.779 
0.778 
0.327 
0.327 
0.104 
0.096 

1.252 
1.232 
0.789 
0.742 
0.315 
0.334 
0.109 
0.121 
0.103 

A<7nom 

2 
N/mm^ 

488 
484 
443 
444 
381 
381 
300 
317 

472 
480 
439 
435 
385 
374 
317 
306 
315 

jVinom 

115 
130 
294 
297 

1230 
1240 
4000 
4950 

154 
205 
410 
525 

1340 
1640 
6060 
6425 
7200 

Localization 
of Crack 
Initiation" 

J, BM 
J, BM 
J, BM 

J 
J, BM 
J, BM 

BM 
BM 

J 
BM 

J 
BM 
BM 
BM 

J, BM 
BM 
BM 

° J = welded joint; BM = base metal. 
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TABLE 5c—Low-cycle fatigue results (cruciform joints in E 36 steel). 

AetD ACen Ae, ACTD, 

E36 
2 
% 

0.118 
0.179 
0.198 
0.200 
0.203 
0.208 
0.271 
0.400 
0.400 
0.400 
0.406 
0.435 
0.500 
0.580 
0.650 
0.656 
0.662 
0.662 
1.000 
1.018 
1.020 

V 1.027 

^0.186 
0.197 
0.206 
0.206 
0.271 
0.294 
0.335 
0.397 
0.400 
0.406 
0.467 
0.500 
0.594 
0.633 
0.662 
1.018 

^1.023 

2 
% 

0.116 
0.131 
0.137 
0.140 
0.140 
0.140 
0.147 
0.180 
0.186 
0.179 
0.172 
0.185 
0.190 
0.216 
0.203 
0.208 
0.203 
0.207 
0.220 
0.229 
0.233 
0.226 

0.144 
0.148 
0.158 
0.154 
0.154 
0.169 
0.167 
0.190 
0.178 
0.192 
0.198 
0.207 
0.216 
0.220 
0.214 
0.229 
0.237 

2 
% 

0.020 
0.048 
0.061 
0.060 
0.063 
0.068 
0.144 
0.220 
0.214 
0.221 
0.234 
0.250 
0.310 
0.364 
0.447 
0.448 
0.459 
0.455 
0.780 
0.789 
0.787 
0.799 

0.042 
0.049 
0.048 
0.052 
0.117 
0.125 
0.168 
0.207 
0.222 
0.214 
0.269 
0.293 
0.378 
0.413 
0.448 
0.789 
0.786 

2 
N/mm^ 

225 
255 
267 
273 
272 
273 
285 
349 
362 
349 
335 
360 
370 
420 
394 
404 
394 
403 
428 
446 
454 
439 

280 
288 
307 
299 
300 
328 
325 
370 
346 
374 
385 
403 
420 
428 
417 
445 
462 

iVinom 

46520 
17000 
13150 
9316 
7911 

10570 
4460 
1379 
1315 
1789 
1751 

820 
563 
388 
452 
503 
592 
465 

99 
110 
165 
108 

33000 
9776 
7345 
8150 
8170 
2200 
5 520 
1667 
1890 
1375 
2120 
1195 

495 
658 
797 
134 
150 

Localization 
of Crack 
Initiation" 

As-welded 

/ 

\ 

After grinding 
the weld toeV 

J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 

J 
J 
J 
J 
J 

BM 
J 
J 

BM 
BM 

J 
J 
J 
J 
J 
J 
J 

"J = welded joint; BM = base metal. 
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TABLE 5rf—Low-cycle fatigue results (cruciform joints in A 70 steel). 

Act nom 

2 
A 70 % 

/ 0.191 
r 0.195 

0.196 
0.202 
0.203 
0.206 
0.394 
0.397 
0.397 

J 0.398 
/ 0.406 

As-welded / 0.409 
\ 0.650 

L 

0.650 
0.650 
0.654 
0.656 
0.997 
1.014 
1.017 
1.017 
1.022 

\ 1.024 

/0.191 
1 0.194 
1 0.197 
1 0.197 
1 0.197 
1 0.200 
1 0.203 
1 0.397 
1 0.400 
1 0.400 

After grinding / "-^^ 
the weld toe \ "•^'' 

\ 0.642 
0.645 
0.650 
0.656 
0.658 
0.660 
0.999 
1.003 

1 1.009 
V 1.011 
\1 .016 

ACe nom 

2 
% 

0.161 
0.160 
0.157 
0.166 
0.166 
0.159 
0.213 
0.210 
0.211 
0.209 
0.210 
0.211 
0.240 
0.240 
0.244 
0.248 
0.238 
0.268 
0.270 
0.263 
0.275 
0.275 
0.274 

0.162 
0.165 
0.167 
0.166 
0.166 
0.160 
0.170 
0.209 
0.217 
0.220 
0.211 
0.217 
0.248 
0.250 
0.250 
0.244 
0.235 
0.247 
0.277 
0.272 
0.285 
0.274 
0.272 

ACp nom 

2 
% 

0.030 
0.035 
0.039 
0.036 
0.037 
0.047 
0.181 
0.187 
0.186 
0.189 
0.196 
0.198 
0.410 
0.410 
0.406 
0.406 
0.418 
0.729 
0.744 
0.754 
0.742 
0.747 
0.750 

0.029 
0.029 
0.030 
0.031 
0.031 
0.040 
0.033 
0.188 
0.183 
0.180 
0.192 
0.194 
0.394 
0.395 
0.400 
0.412 
0.423 
0.413 
0.722 
0.731 
0.724 
0.737 
0.744 

Aanom 

2 
N/mm^ 

333 
331 
327 
344 
344 
331 
443 
435 
437 
435 
435 
437 
499 
499 
507 
516 
494 
557 
560 
547 
572 
571 
568 

335 
343 
347 
345 
345 
328 
432 
433 
451 
456 
437 
451 
515 
520 
520 
507 
488 
513 
575 
565 
592 
569 
565 

•'Vi nom 

10489 
7768 
8670 
4664 
3970 
9400 

829 
1018 
1010 
1188 
1097 

795 
260 
256 
214 
344 
225 
101 
99 
94 
76 
92 

118 

13 875 
13466 
18622 
14576 
12506 
13817 
11928 

1530 
1397 
1137 
1591 
1738 

372 
388 
325 
384 
377 
276 
140 
147 
94 
88 

117 

Localization 
of Crack 
Initiation" 

J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 

J 
BM 
BM 
BM 

J 
J 

BM 
J 
J 
J 
J 

BM 
J 
J 

BM 
J 
J 
J 

BM 
J 

BM 
BM 

J 

" J = welded joint; BM = base metal. 
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FIG. 8a—Strain amplitude life curves—base metal (ground specimens). 
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FIG. 86—Strain amplitude life curves—comparison between butt joints and base metal. 
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^— HAZ sltnulatlon,o|r(nincL 
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FIG. 8c—Strain amplitude life curves—comparison between cruciform joints and base metal. 
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FIG. 9—Derivation of the local strain and stress conditions (ACT, Ae) using smooth specimen 
properties. 
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332 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

K'„= ^'^ 
AOnom 

where ACT and Aanom correspond to the stable cycle for a given fatigue life 
(Fig. 9). 

Application of Neuter's rule—Using Neuber's hypothesis [14], it is possible 
to define 

^ E P _ / Ac • ACT 

V Aenom • ACTnom 

This expression relates the local strain and stress conditions (Aa, Ae) to the 
nominal conditions (ACTnom, Aenom) applied to the plate. For the short fatigue 
lives, the variations o{K't,K'„ and Kt^^ as functions of M are limited. These 
parameters are then calculated for Ni = 2000 cycles. 

Discussion of Results 

Notch Effect 

The notch effect was studied from results obtained from E 355 and E 36 
steels. Table 6 gives the values of the different concentration factors. 

Long Fatigue Life Range—In only one case (butt joint made by manual arc 
welding) are estimates available for the theoretical value of ^t and for the 
level K{^ deduced from Peterson's analysis. These estimates, respectively 2.05 
to 1.85, are substantially lower than the ^f-level deduced from endurance 
limits (2.85). The difference observed can be explained by the difficulty, dur
ing calculation, of taking into account the microgeometry of the weld toe as 
well as the presence of residual stresses caused by the welding operation. 

Short Fatigue Life Range—A very substantial drop in the stress or strain 
concentration factors is observed compared with those calculated in the en
durance range; the ratio Kt/Kt'^ varies between 1.6 and 2.4. This observa
tion shows that the deformation ability of the metal increases with the plastic 
strain amplitude level to which the metal is subjected. 

The level of Kt^^ is intermediate between those of K\ and K',; in fact. 

In the cyclic strain-hardening range, stress and strain amplitudes are re
lated by 

^Mf)' 
For this reason, in the case of butt joints, where the crack initiation occurs 

in a zone comparable with the base metal, 

K'. = {K'y 
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334 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

Surface Conditions 

The results show that the initiation life is much shorter in the as-rolled 
conditions than in the ground conditions (Fig. 86). Within the low-cycle fa
tigue range, this drop expressed in terms of strain is still about 40 percent 
{K\ = 1.4). It is due, on one hand, to the detrimental nature of the surface 
defects and of the scale effect (ratio of useful sections between unmachined 
and machined specimens) in the case of as-rolled specimens and, on the other 
hand, to the beneficial effect of strain hardening during machining in the 
case of ground specimens. 

Bead Geometry 

Butt Joints (Fig. 8h)—In the low-cycle fatigue range, no significant differ
ence is observed between the behavior of the joints obtained by submerged 
arc welding and of the as-rolled plate; K'a, K't and K/^ are the same for 
both. This accounts for the fact that, owing to the small reinforcement of the 
bead many failures have been observed in the base metal. In the case of 
manual arc welding, the increase is about 10 percent for K'a and 20 percent 
for K\ compared with submerged arc welding (Table 6). It may be noted that 
this difference is clearly smaller than in the endurance range; there the in
crease of Kt is on the order of 30 percent (Table 6). 

Cruciform Joints (Fig. 8c)—The drop in the low-cycle fatigue properties of 
cruciform joints is substantially greater than that observed in the case of butt 
joints. This is because of the increase in the transition angle at the bead. The 
improvement obtained with weld toe grinding leads to a drop of about 10 
percent in K'„ (Table 6). Nevertheless, the grinding effect is clearly smaller 
than in the case of long fatigue lives; the drop ofKt is on the order of 40 per
cent (Table 6). 

Role of Microstructure 

Heat Treatment—The cyclic tensile curves of E 355 steel in the annealed 
condition and in the heat-treated condition are very different (Fig. 1). The 
cyclic yield strength, J", increases from 350 to 470 N/mm^, whereas the 
strain-hardening coefficients, n', are similar (Table 3). 

These differences result in a major shift of the elastic line (Aee-M) and of 
the plastic line (Aep-M). The annealed condition, more ductile, leads to a 
higher resistance to cyclic plastic strain amplitudes, whereas the heat-treated 
condition entails better behavior under high stress cyclic conditions (Fig. 8a). 

On the other hand, the total strain curves, Aet-M, practically coincide. In 
the studied fatigue life range, there is a compensation of the elastic and plas
tic behaviors for E 355 steel. 

Steel Grade—In the case of fillet weld specimens, the low-cycle fatigue 
strength expressed in terms of strain is found to be lower for A 70 steel than 
for E 36 steel (Fig. 8 c). This representation method shows that the higher 
ductility of E 36 steel enables the welded joints to support slightly higher 
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Strains for any given fatigue life. If the low-cycle fatigue strength is expressed 
in terms of stress (Fig. 10), however, we observe an advantage for A 70 steel, 
for which fatigue strength increases with strain amplitude. 

This behavior, observed for short fatigue lives, is different from long fa
tigue lives (N > 10* cycles), where the fatigue properties are comparable for 
both steels [9]. 

Conclusion 

The results of low-cycle fatigue tests (N < 10* cycles) on base metal and 
welded joints have made it possible to elucidate the following points: 

1. The fatigue reduction factor, as an expression of the notch acuity, is 
considerably reduced for the low-cycle fatigue range compared with the 
endurance range (^f = 2K'„). Thus the ability of the metal to adapt to 
localized defects increases with the applied strain amplitude. 

2. For short fatigue lives (M < lO* cycles) and for a given fatigue life: 
(fl) Strain amplitudes are about 30 percent higher in the machined 

conditions than in the as-rolled conditions. 

K2V 

10' 10' , io;. ^ 10' 

eucln to faoura inlttolion , nl 

FIG. 10—Stress amplitude life curves (cruciform joints). 
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336 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

(b) For butt joints, the results show major difference in behavior de
pending on the welding process. Submerged arc welding leads to 
strain amplitudes more than 20 percent higher than those obtained 
by manual arc welding. These differences are explained by the bead 
profile and by the microgeometry at the bead toe. 

(c) The effect of the toe grinding in the case of cruciform joints leads 
to an improvement in stress (about 10 percent), clearly smaller 
than that observed in the endurance range (>40 percent). 

(d) The simulated HAZ metal does not show any difference in low-
cycle fatigue strength when compared with the annealed metal. 

(e) For cruciform joints, the increase in the yield strength of the base 
metal improves the low-cycle fatigue strength expressed in terms of 
stress. For a given strain, the fatigue life increases with ductility. 
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R. P. Skelton^ 

Growth of Short Cracks During High 
Strain Fatigue and Thermal Cycling 

REFERENCE: Skelton, R. P., "Growth of Short Cracks During High Strain Fatigue 
and Thermal Cycling," Low-Cycle Fatigue and Life Prediction, ASTM STP 770, C. Am-
zallag, B. N. Leis, and P. Rabbe, Eds., American Society for Testing and Materials, 
1982, pp. 337-381. 

ABSTRACT: Research in high-temperature fatigue usually concerns either crack initi
ation and endurance of smooth specimens in high strain fatigue (HSF) or the growth 
of long cracks in the nominally elastic regime described by linear elastic fracture me
chanics. This review shows that the relatively unfamiliar growth rates in HSF can be 
linked to those in stress-intensity controlled growth, and so can be used satisfactorily 
for predicting component failure. Either a strain-based intensity parameter or a J-in-
tegral method may be used, and several examples are given. Integrated HSF growth 
rates are also shown to be consistent with smooth specimen endurance from (/) stria-
tion measurements, {2) direct measurement, and (3) the predictions of the shear de-
cohesion model. 

Empirical HSF growth relations are summarized and the effects of temperature, en
vironment, tension dwells, and microstructural damage are assessed in several alloys. 
The greatest correction that has to be made to the experimental and theoretical growth 
relations arises from the accelerating effects of creep during dwell. 

KEY WORDS: high temperature alloys, thermal cycling, thermal shock, thermome-
chanical test, high strain fatigue, cyclic crack growth relation, linear elastic fracture 
mechanics, strain intensity, J-integral, creep-fatigue interaction, tension dwell, fre
quency, total endurance, integrated endurance, striation spacing, growth models, 
crack tip opening displacement, transgranular and intergranular crack, microstruc
tural damage, aging, environment, laboratory specimen, component, plastic strain 
range 

Components in power-generating plants experiencing a heating and cool
ing cycle during routine operation vary over three orders of magnitude in 
thickness: from fuel-element cladding tubes in nuclear reactors (~0.5 mm), 
to vanes and blades of gas turbines (5 mm), and ending with cast valve chests 
and casings and rotor forgings in conventional turbine plants (100 to 300 
mm). The rate at which plants can be brought up to full load is limited by the 
transient thermal stresses developed across certain regions [7,2].^ As will be 

' Materials Division, Central Electricity Research Laboratories, Central Electricity Generat
ing Board, Leatherhead, Surrey, England. 

'The italic numbers in brackets refer to the list of references appended to this paper. 
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seen, the service cycle experienced by the more massive components is essen
tially strain controlled [1-3]. 

However large or small the component, if the magnitude of successive 
thermal cycles produces reversed yield at the surface (or at the root of a 
stress-raising notch or groove) a small fatigue crack will initiate after a char
acteristic number of cycles. The crack then propagates through a plastic zone 
defined by the notch geometry [4] and temperature gradient. This is the high 
strain fatigue (HSF) growth stage. Ultimately the crack will emerge from 
such local plasticity, and its progress is then described by linear elastic frac
ture mechanics (LEFM) [4]. In rotating components, cracks cannot be al
lowed to propagate far from the surface, and so use of initiation data in de
sign [5] is appropriate. Since the early work of Walker [6] on low-alloy 
steels, many subsequent studies have been undertaken on creep-fatigue initi
ation behavior, many tests lasting up to six years [3,7]. However, in large 
static components, great economic savings can result if it can be shown that 
relatively deep cracks discovered during service operation will become dor
mant, thus allowing that component to continue in use. If we could describe 
convincingly the complete crack growth pattern, an important practical link 
would be achieved between the major disciplines of HSF and LEFM. 

There is an increasing tendency for the presence of defects either to be al
lowed for at the design stage or to be assessed when disclosed during con
struction or operation. Thus stress intensity at the tip of a crack starting 
from a notional defect must be kept below threshold or one must be able to 
estimate crack progress during service cycles [8]. In laboratory determina
tions, the propagation relation, valid for intermediate-range stress intensities 
[9], 

^=CAK^ (1) 

(where da/dN is cyclic growth rate, AK is the range of stress intensity, m lies 
in the range of 2 to 4, and C is a constant) was quickly applied at high 
temperature. Some of the earliest results were on Type 304 and Type 316 
stainless steels [10,11]. It is not intended to review all subsequent work in 
this regime except to note that tensile dwell periods are now being incorpo
rated, causing an increase in cyclic growth rate [72-7^]. The application of 
fracture mechanics techniques to high-temperature crack growth in many 
structural alloys has recently been discussed by Sadananda and Shahinian 
[15]. 

For a simple, ductile, high-temperature alloy of yield strength ~ 150 to 200 
MPa it is impossible to initiate a surface fatigue crack without general cyclic 
yield. In a push-pull specimen, valid LEFM data are only obtainable at crack 
depth/specimen width (a/W) ratios in excess of 0.1 to 0.2—that is, when 
there are the first indications of a compliance change—and crack growth 
may then proceed for zero width of hysteresis loop. After the initiation stage 
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in smooth specimens, there is thus a significant technological range involving 
crack propagation under reversed plasticity—that is, HSF. This region con
stitutes an important but neglected chapter in the study of high-temperature 
fatigue deformation. It is of course embraced by the total failure of a smooth 
specimen, but comparatively few attempts have been made to monitor the 
growth stage. Tomkins et al [75] suggest the reasons as (7) experimental dif
ficulties and (2) lack of analytical solutions for short cracks in elasto-plastic 
stress-strain fields. As for (7), however, growth increments of 0.02 to 0.05 
mm can readily be detected using the d-c potential drop technique [77]. 

The empirical crack growth relations that have been established in thermal 
and HSF are not currently familiar; perhaps this is because investigators 
have not expressed their results usefully for design assessment purposes. The 
subject has only received passing mention in two previous reviews of HSF 
[18,19], and it is hoped that the present contribution will give some idea of 
the cyclic growth rates involved. 

In this review, theoretical and experimental HSF growth relations are first 
identified with total endurance data and then compared with propagation 
rates in the LEFM regime. The data are then used to describe crack growth 
in two instances of thermal stressing which arises from deformation that is 
contained. 

Data Requirements and Laboratory Simulation of the Service Cycle 

A typical strain-controlled cycle arising from heating and cooling the sur
face of a thick structure has been discussed previously [20] and is shown in 
Fig. 1. The main points to note are that during the steady running period, the 
residual tension stress relaxes from R to R' so that creep damage is intro
duced, and that the loop width attenuates for increasing distances into the 
yield zone, shown shaded in Fig. la. If external stresses are imposed, the 
loop width increases [21] and conversely, if cooling is sufficiently slow, the 
tension-going phase R'S disappears [22]. 

Crack growth in the system of Fig. 1 can be measured in the laboratory as 
follows: 

1. If the variation of stress intensity across the section is known, the 
growth of long cracks (that is, in region B) can be measured on standard 
specimens at several temperatures. This forms the LEFM test (Eq 1). 

2. The stress gradient near the surface is ignored. A smooth specimen, rep
resenting the surface at 4̂, is temperature and strain cycled concurrently in 
the push-pull mode (Fig. lb). This is a thermomechanical test. 

3. A simpler form of 2 above is to perform the test isothermally at the 
maximum temperature, assuming this to be the most damaging. This is the 
HSF test. In types 2 and 3 a shallow starter notch can be introduced, and 
testing continued under fully reversed net section plasticity. 

4. For crack growth across the whole section, whether on thin or thick 
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^ 

COMPRESSION 

(a) (b) 

FIG. 1—Heating and cooling the surface of a structure (a) leads to hysteresis loop (b). 

specimens, a thermal shock test is employed [27]. Once the crack has 
emerged from the region of reversed plasticity, growth is retarded because of 
the stress gradient. 

Only the thermal shock test (4) simulates the whole process from nuclea-
tion to propagation deep into the structure. On the other hand, tests of types 
1 to 3 are convenient simplifications of crack initiation and growth across a 
whole component. Type 3 is often simplified even further by introducing the 
dwell at peak tension (compare Fig. 1), thus producing conservative data [7]. 

Theoretical and Experimental HSF CxzcV. Growth Rates Compared with 
Total Endurances 

Shear Decohesion Model 

An analysis by Tomkins [25] considered HSF crack advance per cycle to 
take place by irreversible shear decohesion of material on 45-deg planes im
mediately ahead of the crack tip. The length of the intense deformation zone 
D was given by 

"^AA^-)]' (2) 

where a is the maximum applied stress and T is the flow stress of heavily 
cycled material. The amount of decohesion 8 was originally given [2i] by 
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8 = D tp where €p is the bulk plastic strain range (that is, width of hysteresis 
loop at zero stress), but was later [24,25] modified to 

-i-" 8= I D epde (3) 

From Eqs 2 and 3 the cyclic growth rate was derived for a/T< 0.5: 

da 
dN %\Tl 1 + 2)8 8 \ r / 1 + 2j8 ^ ' 

P is the cyclic-hardening exponent obtained during steady-state cycling of a 
plain specimen and is given by 

Aa = k i/ (5) 

where Aa = 2a is the stress range and A: is a constant. 
Equation 4 may thus be expressed alternatively 

2 / I, \ 2 2̂ +1 

= — I — I ^ (6) 
s KIT! I+ 28" ^ ^ 

da 
dN 8 \ 2 r / 1 + 2̂ 3 

This equation has aroused much interest because it may be integrated [23] to 
give a form of the Coffin relation 

-"fe) tpNt" = constant x In I —I (7) 
Vflo/ 

whose slope a is identified with 1/(1 -h 2j8). The terms ao and at are initial 
crack length (~10 nm) and final crack length (—0.75 specimen width), 
respectively. 

The theory has subsequently been developed to cater for grain boundary 
creep damage that builds up during dwells at high temperature [26-28], to 
explain observed striation spacings [29,30], and to establish links between 
crack-tip opening displacement (CTOD) </> and da/dN. An expression for 
CTOD under elasto-plastic conditions is given [57] by 

_ Ai(l — v^)ira^a Ai2{\ — vi^)natva 
*̂  ET (1 + P) ^ ' 

where v and vi = 0.3 and 0.5, respectively (elastic and plastic Poisson's 
ratio), E is Young's modulus, and ̂ î = 0.5 for plastic relaxation at ±45 deg. 
Each of these aspects will be discussed. Since the creation of new crack sur
face by shear decohesion is common to both HSF and LEFM [57], Eq 8 can 
be used in both regimes to describe crack growth. 

Experimental Growth Relations 

In one of the first high-temperature studies on crack growth at 600°C it 
was observed for Type 316 steel [32,33] that cracks initiated at grain bounda-
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ries (Stage I) but then accelerated perpendicular to the alternating stress in a 
transgranular manner (Stage II). Ripple (nowadays called striation) spacings 
were identified with cyclic crack growth rate, and provided that a was "small 
compared with the specimen diameter" the following growth relation 
applied: 

da 
dN 

= Ba (9) 

5 is a constant measuring fractional growth per cycle and it depends on plas
tic strain range. When a/W > 0.1, a deviation from linearity under strain-
controlled cycling has since been observed in other high-temperature alloys 
[16.34-371 
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FIG. 1—Experimental crack growth rates for 20Cr-25Ni-Nb at 75(fC in air. 
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FIG. 3—Variation of growth rate with plastic strain. 

Figure 2 shows some crack growth data of Wareing [38] on 20Cr-25Ni-Nb 
stainless steel at 750°C. The variation of 5 with plastic strain range is shown 
in Fig. 3 for this and other high-temperature materials for which growth data 
are available [17,38-46]. It is clear that Eq 9 can be written more generally: 

da 
dN 

= C ep" a (10) 
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where C and n are constants for a given material. Comparing this experimen
tal relation with Eqs 6 and 7, we thus have n = 1 + 2^ = 1/a. Some exam
ples at high temperature are given in Table 1; it is seen that the term 1 + 2j8 
generally overestimates the experimental exponent n given by the slopes of 
Fig. 3 and also the reciprocal Coffin slope l/a (Eq 7). It is emphasized that 
the data of Fig. 3 and Table 1 refer to continuous cycling tests mostly carried 
out in air at a reversed strain rate of ~10"' s"'. 

The results of Fig. 3 together with Eq 9 can thus be used to predict near-
surface crack growth rates in high-temperature components. Unfortunately 
much of the data is at rather large values of plastic strain and, further, this 
parameter cannot often be computed for use in engineering assessments. 
This is especially true for thermal transients where cp, the bulk section plastic 
strain, becomes zero at the edge of the yield zone (Fig. 1 a) and yet cracks 
propagate beyond this [27]. Perhaps a more acceptable practical method is 
to relate the term 5 in Eq 9 to total strain range et. This is done in Fig. 4 
which also includes further results [47,48], some with dwell. The data should 
not be extrapolated to lower strains because oxide blocking (q.v.) sometimes 
rapidly decelerates the crack [77]. 

The linear increase in da/dN with crack depth a (Eqs 2 and 6) is based on 
Dugdale's [49] model for the spread of the plastic yield zone. There have, 
however, been several cases [17,20,41,42,45,46,50-52] where crack growth 
rates obey the relation 

where 2 > 1. Values of Q are summarized in Table 2 and some examples of 
growth rates given in Fig. 5. 

A semi-empirical approach [46] accounting for Eq 11 regarded crack 
propagation as increments of successive reinitiation by determining each in-

TABLE 1—Comparison of constants for crack growth (n) cyclic stress-strain (/8) and 
slope of Coffin plot (a). 

Material 

20Cr-25Ni-Nb 
Type 316 steel 
Hastelloy X 
Type 321 steel 
Type 321 steel 
A286 
'/2Cr-Mo-V 
9Cr-lMo 
Type 301 steel 

Temperature, 
°C 

750 
625 
760 
700 
490 
593 
550 
525 
200 

n 

1.52 
1.35 
1.28 
1.5 
0.98 
0.7 
1.0 
1.2 
1.80 

1 +2/8 

1.54 
1.48 
1.45 

1.57 
1.20° 
1.56 
1.50 
2.0 

l / a 

1.15 
1.30 
1.38 
1.67 
1.63 
1.03 
1.0 
1.12 
2.17 

Reference 

38 
38 
39 
41 
45 
44 
46 
46 
42 

"Calculated from Ref i5. 
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FIG. 5—Span of crack growth rates. Compare slopes in Fig. 2. 

crease in crack-tip strain concentration. The resulting expression for craclc 
growth was 

da 
dN A^mi" (12) 

where d, K', G, and y are constants. Equation 12 can thus predict Q > 1 
from the identity Q = (1 — n)/(y + j8)a via changes in the experimental 
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slope a [54]. Figure 2 shows some calculated growth rates according to Eq 
12 [46] compared with experimental values [38]. 

The nonlinear growth relation (Eq 11): 
(i) is not caused by compliance changes. Figure 5 shows that the effect 

occurs well before a/fV values of 0.1 to 0.2. Typical values of Ware 5 to 16 
mm. 

(2) does not arise from different modes of crack detection, namely poten
tial drop against visual detection, as suggested by Yamaguchi and Kanazawa 
[41]. For rectangular specimens there is a one-to-one correspondence in 
depth. 

(3) is not a geometry effect. The growth rate of a semielliptical crack in a 
cylindrical specimen is generally half that of a straight-fronted crack of equiva
lent depth [29,40], provided the crack depth is less than the specimen radius, 
when they become identical. 

Integrated Endurances from Crack Growth Data 

In order to develop an integrated approach to life assessment, it is neces
sary to demonstrate that HSF crack growth rates are consistent with smooth 
specimen endurances. It has been shown [38,39,55] that the integrated Eq 9, 
namely 

fe) = In I j - l = B{Nt - No) (13) 

gives good predictions of smooth specimen total endurance. Initial crack 
length Co at cycles A'o is taken as ~10 /im, and No is neglected in comparison 
with N{, the cycles to failure. Figure 6 shows Eq 13 plotted for Type 316 steel 
at 625°C [38]. Below a plastic strain of 0.0016 there is a considerable short 
fall in the integrated and actual endurance, and this difference may be at
tributed either to a finite number of cycles of initiation in smooth specimens 
or to a much lower growth rate in the early stages [30]. Other data for excep
tionally smooth specimens (0.0075 jum surface roughness) of Type 304 steel 
at 593°C have shown [36,47], by striation measurements, that most of the 
life was spent in crack initiation. However, when Stage II cracking occupies 
most of the life, as clearly is the case with shallow starter notches, satisfac
tory estimates of total endurances can be made, including integration of the 
nonlinear equation 11 [41,50,51]. 

Wareing and Vaughan [29] counted striations in conjunction with direct 
measurement and found that striation spacing S increased linearly with 
crack depth: 

S = Aa (14) 

The constant A depends on plastic strain range and was thus identified with 
B {=S/d) of Eq 9. The results are shown in Fig. 7. A similar integration 
(above ep = 0.0016) for Type 316 steel at 625°C gave endurances in close 
agreement with experiment (Fig. 6). 
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FIG. 6—Total endurances and integrated crack growth endurances compared. 

The coincidence of striation spacing and crack growth increment was not 
always observed, however. Below cp = 0.0016, several cycles were required 
to produce one spacing [29], while at the largest growth rates (10 /xm/cycle; 
that is, 5 = 10 fj.m) striations of 0.5 /xm separation were often seen within the 
larger ones. At 400°C on Type 316 steel, Wareing and Vaughan [30] found 
that striation spacing exceeded da/dNaX a//plastic strain ranges in the range 
of 0.001 to 0.006. Arguments as to whether striations represent CTOD or in
cremental growth at high temperature and the precise contribution of oxida
tion appear undecided [16]. Figure 7 shows that Eq 4 underestimates ob
served growth rates and that striation spacings are better given by the CTOD 
relation (Eq 8). To obtain the best agreement, the value of T in the intense 
plastic zone (Eqs 4 and 8) is taken from known relaxation data [29], 

Transition to LEFM Regime 

It has been shown that either an integration of experimental and theoreti
cal expressions for da/dN or summing striations can give a satisfactory ac
count of small, smooth specimen endurances. However, in many instances 
(for example, a peak thermal transient in relatively thin components) plastic 
strain rapidly falls to zero beneath the surface, whereas cracks can penetrate 
to the midsection [21]. Clearly Eq 10 cannot then be used. We require a 
transitional approach to the LEFM region (where indeed striations have 
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been observed at high temperature [40,56] so that behavior across the whole 
component can be described. 

J-Integral Approach 

The J-integral is more usually applied to deep cracks and is a measure of 
the potential energy available for crack extension. By considering the area of 
the hysteresis loop, Dowling [57] has derived an approximate expression for 
/ in the HSF regime by applying for a thumbnail crack in a push-pull 
specimen: 

=("l^-"lfi)« (15) 

Crack growth rates were measured at room temperature in 7.6-mm-diameter 
specimens of A533B steel and, using the above equation, were compared 
with growth rates obtained in elastic-plastic tests on compact tension speci
mens {W = 2S and 50 mm) and, in the linear elastic range, on very large 
{W = 200 mm) compact tension specimens of the same steel for which J is 
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\ 

well characterized [58,59]. The results are given in Fig. 8. The correlation 
(for a wide range of sizes from near-surface to deep cracks) is satisfactory 
over several orders of magnitude of growth rate. A very similar expression, 
derived from Eq 8, is given [16] by 

which can be expressed alternatively as 

IE a(l+)8)J 

(16) 
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in terms of the cyclic range. A similar comparison to that of Fig. 8 for Type 
304 steel at room temperature shows [16] that HSF data somewhat exceed 
the LEFM data, with high plastic strains emerging at the top of the scatter-
band; nevertheless, the method is acceptable for engineering assessment. 

Strain-Based Intensity Factor 

Following Boettner et al. [60] crack growth rates at high temperature have 
been expressed in terms of a strain intensity (AKt = AK/E). Thermo-
mechanical and thermal shock tests have been conducted on conventionally 
cast cobalt and nickel based superalloys and on a directionally solidified 
nickel-based alloy [61-64], The results can be expressed as 

^=C.AK- (17) 

by analogy with Eq 1. The index m was typically ~3.4 for a nickel-based 
alloy cycled from 980°C and "-6 for the cobalt-based alloy cycled from 900°C 
[61]. The temperature variation of da/dN with AÂ  disappears when plotted 
interms of AA/£[/^]. 

Solomon [65] proposed that when plastic strain occurs, the strain inten
sity is ety/rra where et is the total strain range given by 

et = ep + ee (18) 

where ee is the elastic strain range. Haigh and Skelton [66] showed that Sol
omon's [65] room-temperature data on 1018 steel could be better fitted by 
the relation 

AK, = (ep + qeeW^ (19) 

The term (ep + êe) describes the strain range for which the crack is open as 
shown in Fig. 9 and evidence for q = V2 was given [66]. The term (cp + Vzu) is 
called the equivalent elastic strain and upon multiplication by E one has an 
equivalent stress oen (Fig. 9), giving rise to aeit\nra, the equivalent stress 
intensity. 

Equation 19 is able to correlate growth rates in HSF [77] with those under 
LEFM conditions [67]. Some results for '/aCr-Mo-V steel at 550°C under vac
uum are reproduced in Fig. 10. Generally the spread of results in the HSF 
regime is contained within an upper limit set by tension-compression testing 
in LEFM (R = ~l, where R = minimum stress/maximum stress) and a 
lower limit for the tension-only mode {R = 0). A similar comparison is made 
in Fig. 11 for some recent tests at Central Electricity Research Laboratories 
(CERL) on Type 316 steel at 625°C in air and an upper-bound value of Eq 1 
is quoted. 

There are common features between the/relations (Eqs 15 and 16, and Eq 
19) which can be expressed, respectively, as 
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AK = (A/E*) 1/2 (20) 

and 

AK = oeq (TTC) 1/2 (21) 

where E* is an effective modulus. Equivalent stress intensities for Type 316 
steel at 625°C under vacuum [40] (Eq 21) are compared in Fig. 12 with AK 
calculated according to Eq 20. In the latter relation the stress range Aa has 
been used as an operational definition of cyclic/[5P], but it can be seen (Fig. 
12) that the method gives more scatter than the strain-based intensity rela
tion. However, both methods may be used for cracks of any depth, thus 
overcoming the difficulties of Eq 10 discussed previously. 

Effect of Frequency and Dwell 

It is emphasized that all work mentioned hitherto concerns transgranular 
cracking. It is shown in this and the next section that the onset of intergranu-
lar cracking depends on strain rate, temperature, microstructural effects (in
cluding damage accumulated during the test), and environment. Indeed, 
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three-year reverse bend tests on ferritic steel incorporating a 16-h dwell have 
shown final failure to be induced by internal creep damage rather than by the 
growth of a surface crack [7]. One of the severest tests for the crack growth 
models is in accounting for the effect of creep damage induced by low strain 
rates or tensile dwells. After a summary of experimental trends, Eqs 1 to 21 
are re-examined for the case of dwell. 

Experimental Observations in HSF and LEFM Growth 

It is now well established in the LEFM regime at high temperature that as 
the frequency of testing is reduced below 1 Hz the cyclic growth rate da/dN 
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FIG. 11—As for Fig. 10. Numbers denote R-value. 

increases. This has been shown, for example, in Type 304 steel in air at 538°C 
[68] and in low-alloy ferritic steels at 550°C [69]. Intergranular damage is 
apparent at frequencies below 10"' Hz [13,70], and over the frequency range 
of 1 to 10"' Hz an order of magnitude increase in da/dN is typical [13]. When 
tension dwells are introduced, two orders of magnitude increase are often 
observed; some results are summarized in Fig. 13 [71-75]. 

A similar but not so pronounced effect is also found in HSF, reflecting the 
well-known reduction of endurance with increasing dwell time. Yamaguchi 
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and Kanazawa [41] found that upon lowering the strain rate from 6.7 X 10"' 
s"' to 6.7 X 10"' s"' in Type 321 steel at 700°C there was a factor 8 increase in 
da/dN. Solomon and Coffins' [35,44] data on A286 at 593°C are replotted in 
Fig. 14. Growth rates in both air and vacuum increased as the testing fre
quency was reduced, and the effect was greater in air than in vacuum. This is 
discussed further in the section on Effect of Temperature, Environment, and 
Microstructure. 

Other work does not show such large strain rate variations: that of Min 
and Raj [76] shows none at all for crack growth in aged Type 316 steel at 
625°C in the range of 7 X 10"* to 8 X 10"* s"' and the same applies to 20Cr-
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FIG. 14—Frequency effect and cracking mode in high-temperature alloy. 

25Ni-Nb steel at 750°C in several environments [50]. In ferritic steel Vs-h 
dwells cause an increase in crack growth rate compared with continuous cy
cling, but the effect is not large [77] (Figs. 4 and 22). Other crack growth re
sults on this steel [77] show no increase in da/dNiox a 7-h tensile dwell over 
'/2-h dwell data. Also, despite heavy cavitational damage introduced during 
prior creep-fatigue on a plain specimen, subsequent propagation with dwell 
from a small starter notch (Fig. 15) was only ~2 to 3 times faster than that 
obtained in virgin material [77]. 
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^- ^v 

FIG. 1 i—HSF crack growth with dwell revealing prior creep-fatigue damage. ¥2 Cr-Mo- V steel at 
SSVC. unetched. X12. 

Integrated Endurances 

It has been shown previously that the dwell effect is not so pronounced in 
HSF as in LEFM. Nevertheless, when reversed strain rates are <10"* s"' or 
when tensile dwells are introduced, difficulties are encountered in calculating 
integrated endurances using Eq 9 or 11. Even taking ao at the fairly high 
value of 0.02 to 0.05 mm the calculated cycles always exceed plain specimen 
endurances [77,50]. Below a depth of, say, 0.2 mm, crack growth rates are 
thus greater than those given by Eq 9 or 11 [77]. Reuchet and Remy [52] 
found that for MAR M509 alloy at 900°C integration of Eq 11 with g = 1.8 
and flo = 0.06 mm gave a cyclic life of 3900 cycles compared with a plain 
specimen endurance of 1700 cycles. They suggested that a linear growth law 
applies for undamaged material, but that as cracking proceeds into cumula
tively cavitated regions the relation becomes 

da 
dN = Ba(l+ qf) (22) 

where 9 is a constant and/is the volume fraction of cavities which for alloy 
MAR M509 at 900°C developed as (time)* '̂, that is, Â *̂ ' [52]. Thus the value 
ofB in Eq 9 effectively increases with time. Upon integrating Eq 22 instead, a 
propagation life of only 1350 cycles was predicted. 

These authors' introduction of a damage parameter can be extended gen
erally. Equation 22 becomes 
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da 
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where g and p are constants. Upon integration and neglecting No we find 
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FIG. 16—Modifications to exponential growth law. 
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Using these equations, the variation of da/dW with a is shown in Fig. 16 for 
linear time-dependent and other forms of damage. This approach can ex
plain apparent Q values > 1 (Fig. 5), and moreover is physically based in 
that for many materials, the damage can be detected microscopically 
[52,77]. 

A "lower bound" approach [25,26,31] supposes that once cavitation oc
curs extensively throughout the material the intense deformation zone D at 
the crack tip extends to the back face of the specimen or component, so that 

(W~ a) where W is the component width. The growth rate then 
becomes 

da D 
= €p-jr=eAW-a) (25) dN~''72' 

which integrates to 

\ 1 — at/wf 
epNt=\n\- 1 (26) 

at/wf 
for flo ̂  flf < W. Equation 26 gives a slope of—1 on a Coffin plot; although 
it provides a failure line that is approached as tensile dwell times increase in 
several materials [25-27,31], it is not clear why the increase in growth rate 
with depth a (Eq 4) should disappear when the flow band meets the opposite 
face. Equation 25 predicts a deceleration which is not observed in push-pull 
tests. 

The striation method is of limited help in tests at low frequency or with 
tensile dwells, because with intergranular cracking, little trace of cyclic crack 
progress is left [-^7,7*.79]. (In Type 304 steel at 593°C, however, striations 
were present for compression, or equal tension and compression dwells [79].) 
This breakdown in continuum advance suggests an unstable state (that is, 
when the CTOD is on the order of the particle or cavity spacing ahead of the 
crack). This condition is given [27,28,80] by 

<t>/2 = k-p (27) 

where X is the particle spacing and p is the particle diameter. It was shown 
that the corresponding reduction in flow stress T{1 — [P/kf) leads only to a 
second-order increase in (j> [27]. When Eq 27 is used with Eq 8 a critical 
crack depth at is predicted; substituting this in the integrated form of Eq 4 
enables an endurance for the onset of unstable growth to be calculated. 

High-temperature experiments were conducted on two casts of Type 316 
steel with different carbide spacings [28]. Even with dwell times, striations 
were observed up to 0.05 or 0.3 mm crack depth, depending on cast. There
after only ridge markings some 20 /*m apart were observed. Figure 17 indi
cates the general lowering of predicted endurance with decreasing values of 
A. — /> in line with experimental trends as the dwell time was increased. In 
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FIG. 17—Prediction of unstable growth (Eqs 7, 8, and 27) and effect of increasing dwell. 

one cast the cavity spacing coincided with the particle spacing (~0.1 pm), 
but in the second cast was an order of magnitude greater [28'\. 

This model can account for a cast-to-cast variation in creep-fatigue endur
ances. However, the lower bound Of is small, typically ~0.1 mm for cp = 0.01 
(compare 0.75 W for continuous cycling), and, since the second-stage crack 
growth through cavitated material is rapid, really is a criterion for initiation 
in an engineering-sized component. 

Equivalent Stress Intensity 

The solid points A in Fig. 18 denote the equivalent stress intensity (Eqs 19 
and 21) plotted against da/dN for 12.7-mm-diameter HSF specimens of solu
tion-treated Type 316 steel at 625°C for cycles containing a Vi-h tension dwell 
in vacuum \_40'\. The solid points B represent crack growth rates versus ^K 
for single-edge-notched specimens in the LEFM range tested at /? = — 1 
under the same conditions [55]. Why is there a remarkable lack of 
correlation? 

During stress relaxation in the HSF dwell period, an additional bulk plas
tic strain epr is generated. The effect upon 0 and hence ^K is not obvious 
from Eq 8. If relaxation is regarded as an unloading phase, epr should be sub
tracted from ep in Eq 19. The effect of this is to displace the data along the 
^K axis, shown by the hollow points in Fig. 18. A further correction is to re
duce the LEFM data by a factor 2 along the da/dN axis to allow for the dif
ference in curved and straight crack fronts [29,40]. Even so, the data do not 
overlap. 
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FIG. 18—HSF and LEFM data compared for case of dwell. 

The very large increases in growth rate produced by tension dwells in 
LEFM (Fig. 13) may be owing to differences in creep damage in a highly 
constrained plastic zone (LEFM) compared with the HSF case. The correc
tion for plastic strain during relaxation is still required for those materials 
(for example, 9Cr-lMo) that show no creep-fatigue interaction either in 
crack growth [40'\ or in total endurances [81]. As an interim measure, how
ever, the equivalent stress-intensity method provides lower bound crack 
growth data. HSF results are given in Fig. 19 for tests at 550°C with '/2-h ten
sion dwell in air on ViCr-Mo-V steel in several heat treatments. Tests with '/2-h 
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FIG. 19—Equivalent stress intensity data for aferritic steel; HSF dwell tests. 

dwell in the LEFM range are now in progress at CERL to establish an upper 
bound for this material. 

Effect of Temperature, Environment, and Microstructure 

It is convenient to consider the interrelated contributions to crack growth 
of microstructural changes and temperature/atmosphere separately, point
ing out the alterations which can be made to the basic growth model to ac
commodate these effects. 

Temperature 

The predictions of Eq 6 are generally upheld experimentally. With increas
ing temperature it is found that T and fi (Eq 6) both decrease; thus the inte
grated form (Eq 7) predicts a gradual reduction in endurance in accord with 
experiment [26]. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SKELTON ON GROWTH OF SHORT CRACKS 365 

Experiments conducted in air at frequencies >10"^ Hz in the LEFM re
gime away from the threshold have generally shown a fourfold increase in 
propagation rate between room temperature and 500 to 600°C for low-alloy 
ferritic steels [69] and austenitic steels [14,82]. An order of magnitude differ
ence occurs between room temperature and 850°C for Udimet 700 [15]. 

Very similar variations arise in the HSF regime. Figure 20 indicates the 
variation of the constant J? in Eq 9 with temperature for several alloys 
[45,83,84]. The 0.16C steel gave a maximum propagation rate at the inter
mediate temperature of 300°C, which is surprising in view of the well-known 
increase in fatigue strength with strain-aging at this temperature [85]. 

Most temperature cycling experiments have been carried out on super-
alloys. Heating and quenching a cobalt-base alloy X-40 between 1075°C and 
room temperature produced growth rates about twice those observed for a 
maximum temperature of 975°C [86]. Figure 21 indicates the variation in 
uniform growth rate over the range of 2.5 to 7.5 mm observed in tapered disk 
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FIG. 20—Variation of crack growth rate with temperature given by B (Eg 9). 
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FIG. 21—Variation of steady crack growth (over 2.5 to 7.5 mm) with maximum temperature m 
thermal shock of several alloys. 

experiments on several alloys [57] and its increase with increase in maximum 
temperature. These rates are rather higher than those discussed heretofore. 
An increase in dwell time from 4 to 16 min caused further crossovers in 
propagation rate [57]. In similar materials it has been shown that changes in 
growth rate may sometimes reflect a transition in cracking mode [57]. 

Amongst the ferritic alloys, during thermomechanical cycling of '/zCr-Mo-V 
steel in vacuum between 250 and 550°C (tp = 0.001), crack growth rates 
were one third those for continuous cycling isothermally at 550°C at the 
same plastic strain [20]. In air tests, Koizumi and Okazaki [88} found very 
little difference in growth rates for 12Cr-Mo-V-W steel thermomechanically 
cycled between 300 to 550°C and 350 to 600°C at several strain ranges. The 
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latter data for example were unified as Eq 17, with Ci = 1.79 X 10"' and 
m = 2.23 when the growth rate was in mm cycle"'. In contrast to Eq 19, the 
total strain et was used to describe AKi. 

The temperature effect on crack growth clearly contains a contribution 
from oxidation, although it persists in vacuum. A threefold increase in propa
gation rate has been observed for Type 316 steel over the range of 0 to 600°C 
under LEFM conditions and is due to the variation of E with temperature 

Environment 

One advantage of HSF crack growth rate experiments is that changes in 
atmosphere made during the test are immediately followed by changes in 
propagation rate, which eliminates specimen-to-specimen scatter. Thus in 
20Cr-25Ni-Nb steel at 750°C, da/dN increased in the order, vacuum, air and 
CO2 for all crack lengths [50]. Since smooth specimen total endurances in 
CO2 are enhanced [89], initiation and very early growth must be inhibited by 
CO2 [50]. Similarly (and rather surprisingly) in tests on Type 316 steel at 
625°C and 6 X 10'̂  Hz, growth rates in pure argon exceeded those in air 
[40]. At higher frequencies growth rates in air were about four times those in 
vacuum [40] (see Fig. 22 and compare also Figs. 11 and 12), and this factor 
also applies to A286 tested at 600°C [35,44] (Fig. 14). 

At high plastic strains, oxidation contributes directly to cyclic growth 
either by strain-enhanced oxidation and subsequent metal loss at the crack 
tip [90] or by diffusion of oxygen ahead of the tip [7¥]. For the first case, the 
environmental effect may thus be expressed as 

lda\ ^lda\ MXI^) 
\dN/u>t&\ \dN I vacuum \ dN I surtMx lorn 

The second term in Eq 28 is a "mechanical" component while the third term 
represents cyclic metal loss at the crack tip. Surface metal loss rate itself in
creases with applied total strain in a VzCr-Mo-V steel reverse-cycled in air at 
550°C [90]. The magnification factor M in Eq 28 thus arises from the in
crease in strain concentration at the tip. If oxygen penetration is more signifi
cant, the last term is replaced by IsfOt where t is the cycle time and Z) is a 
fatigue-enhanced diffusion coefficient [74]. In Solomon and Coffin's work 
on A286 [35,44] intergranular cracking occurred at 10"' Hz in air, but was 
delayed until 10"* Hz in vacuum (Fig. 14). This may be strong evidence for 
intergranular penetration, but it should be noted that changes in strain range 
(vacuum tests being conducted at greater €p. Fig. 14) sometimes cause a tran
sition in fracture mode [7]. 

At low plastic strains in ferritic steels crossover effects sometimes occur so 
that crack growth rates in air and steam become less than those in vacuum 
[17,20]. This is shown in Fig. 22. The reasons for this unexpected benefit of 
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oxidation are (7) crack closure is prevented, interfering with the mechanism 
of advance, (2) crack-tip strains are thus too low to cause oxide spalling and 
subsequent metal attack, and (i) when the crack is sealed with oxide, the oxy
gen diffusion path to the tip is increased (and similarly with cation diffusion). 

There is no crossover for Type 316 steel (Fig. 22). Because little bulk oxide 
is formed at the tip, the threshold value (at R = —1) in air and vacuum at 
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625°C is about 8 MPa m'̂ ^ in both cases [40]. In contrast, the threshold of 
low alloy ferritic steel at 550°C is 15 MPa m'̂ ^ in air compared with 10 MPa 
m''^ under vacuum [67], again at /? = — 1. Vacuum/air crossovers can occur 
at midrange stress intensities, but this is due to crack branching in air reduc
ing the effective AK [91]. 

At crack lengths >3 mm in HSF (Fig. 5) or for AK > 50 MPa m'̂ ^ in 
LEFM (Fig. 13) there is little difference between growth rates in inert and ox
idizing environments in ferritic [70] and austenitic steels [72,73,75]. At a 
plastic strain of 0.01 striation measurements on Type 316 steel at 600°C con
firm [92] that at low crack lengths propagation rates in air are three times 
those in vacuum but are similar beyond a/W = 0.06. At large CTOD values 
therefore the environmental component can be neglected. Excepting possibly 
the high-vacuum work of Coffin and Solomon [35,44], the order of magni
tude difference in growth rates at midrange stress intensities is not repro
duced in HSF (Figs. 4, 5, and 22). This is not surprising since (7) the CTOD 
is significant under reversed plasticity (Eq 8), and (2) the effect may be 
masked by creep damage ahead of the crack which occurs independently of 
environment. 

Environmental effects can be included in Eq 6, for example, by allowing 
the cyclic stress-strain properties at the tip to increase under carburization 
conditions or by supposing [27] that oxidation raises the amount of crack 
surface created each cycle to its theoretical limit of '/2CTOD. The most satis
factory explanation of g > 1 in Eq 11 and Table 2 is to assume that partial 
rewelding [74] occurs at the crack tip. If the cyclic recohesion is 8'B inde
pendent of crack depth, which is reasonable because the crack is fully closed 
at peak compression, then Eq 9 becomes 

This is shown plotted for 5 = 10'' and several values of 5' in Fig. 16. The in
itial slope Q increases as 8' increases, the effect diminishing at large crack 
depths. Tomkins has suggested [93] that vacuum data can be used as base
line only if recohesion does not occur. 

Microstructure 

The effects of creep, temperature, and environment upon crack growth are 
ultimately controlled by the microstructure, and are manifested by varia
tions in the indices Q and m in Eqs 1 and 11 (Table 2 and Figs. 5 and 13). It 
follows that if the microstructure changes from its initial state during a long-
term test, this should be attended by corresponding changes in crack growth 
rate. 

In the LEFM range Lloyd [13] has shown that a transgranular crack, 
obeying Eq 1 with m = 2.8 in solution-annealed Type 316 steel at 625°C, 
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suddenly accelerated, proceeding intergranularly with m = 10. This was 
caused by aging during the first-stage (4500 h), leading, it was suggested, to a 
critical particle dispersion (Eq 27) and subsequent unstable growth. If the 
material was pre-aged, intergranular cracking occurred at the outset. Similar 
behavior in aged Type 316 steel was observed in HSF [75] where the transi
tion occurred at a critical crack depth (that is, CTOD according to Eq 27). 
However, this crack depth was at a/W ~ 0.13 where, as discussed pre
viously, deviations occur. Further criticisms are that the plastic strain 
(~0.008) increased during the test and was rather large, as were the datum 
growth rates (2 to 7 X 10"̂  mm cycle"'). Nevertheless, a significant demon
stration was that a prolonged compressive dwell restored crack growth rates 
to the datum. 

This healing effect, also reported for Type 304 steel at 593°C after tensile 
dwells [94], is generally accepted to be caused by the sintering of cavities. A 
related phenomenon was noted by Lloyd [75]: when the frequency was in
creased from 10"" to 1 Hz, crack growth immediately fell from enhanced in
tergranular to the transgranular rate obtained previously at 1 Hz on a sepa
rate specimen, showing that the mechanism of advance depends only on the 
currently applied strain rate, ignoring previous damage. This device was 

FIG. 23—LEFM transgranular crack growth at 10' 
ViCr-Mo-V steel at 550PC. etched, X4S. 

Hz despite prior creep-fatigue damage. 
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used in HSF [41] to leave striation markers in Type 316 steel at 700°C using 
an intermittent strain rate of 7 X 10"' s"' because the rate of interest (6 X 10"' 
s"') left no intergranular growth history. Even with prior creep exposure of 
3000 h at 538°C and 162 MPa, subsequent fatigue cracking in Type 304 steel 
was transgranular at 0.6 Hz [82]. Similar effects occur in '/2Cr-Mo-V steel at 
550°C for, despite prior HSF damage of 500 cycles at €p = 0.002 and '/2-h ten
sion dwell, subsequent propagation at 10"̂  Hz in LEFM at an average AK of 
16 MPa m'̂ ^ at R = 0 was transgranular (Fig. 23) [53]. This contrasts 
sharply with the experiment of Fig. 15, where HSF testing with dwell reveals 
prior damage. 

In severely damaged material fatigue cracking is always intergranular and 
unstable [80]. Figure 24 indicates widespread cavitation induced on prior 
austenite boundaries of a '/zCr-Mo-V steel quenched from 1250°C and tem
pered at 700°C, simulating an HAZ. Cavities arise from rapid precipitation of 
TiS and MnS during cooling and subsequent dissolution in ferrite during 
tempering [95]. Taking (X —/>) = 5 X lO"* mm from Fig. 24, it may be 
shown from Eqs 8 and 27 that the critical crack length for unstable propaga
tion with €p = 0.0005 is 0.4 mm. Thus the HSF experimental growth rates 
with '/2-h dwell (Fig. 5) were unstable and occurred along the prior austenite 

FIG. 24—Cavitation on prior austenite boundaries of quenched and tempered ViCr-Mo-V steel 
; 1.6K approximately). (X1.6K approximately) 
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boundaries. At room temperature, fatigue cracks in this material proceed by 
ductile striations [96] within the scatterband of low-alloy steel propagation 
rates [97]. 

There is now evidence that aging of Type 316 steel suppresses the switch to 
intergranular cracking observed at low strain rates in solution-treated mate
rial, for LEFM growth rates at 593°C on aged material were transgranular 
and unaffected by dwell [98]. In HSF, a strain rate of 4 X 10'' s"' or a 1-h 
tension dwell both left evidence of ductile striations—that is, transgranular 
growth—for a closely spaced distribution of precipitates which inhibited 
grain boundary sliding [99]. However, it is clear from experiments in which 
a transition occurred [13,76] that the CTOD as well as applied strain rate is 
important in defining the type of cracking. 

Discussion 

From the results of this and the previous section it is seen that the effects 
of creep damage, temperature, microstructure, and environment can be in
corporated into empirical expressions. However, for developing models of 
crack growth, only temperature can be treated satisfactorily. At present, the 
effects of creep damage and microstructural changes are only predicted as an 
instability condition for growth and not as an increase in growth rate. The 
influence of environment is less clear; initiation and propagation may be af
fected differently and mechanical properties at the crack tip may be altered. 
Oxidizing environments are generally aggressive, either by metal loss at the 
crack tip or by oxygen penetration ahead of it. Beneficial effects of environ
ment include crack sealing by oxide at low strains and rewelding in inert 
atmospheres. 

Conclusions and Application of the Data 

The HSF crack growth method yields information more quickly than a 
conventional endurance test, since several steps at different plastic strain 
ranges may be accomplished on one specimen [17]. The method also eluci
dates the cycles required for initiation at a smooth surface; recent results on 
2'/4Cr-lMo steel, for example, have shown [100] that an unexpected decrease 
in endurance with compression dwells [101] is accompanied by an increase in 
HSF growth rate. Integrated HSF growth rates are identified with smooth 
specimen total endurances and furthermore can be reasonably linked, for 
continuous cycling at least, with growth rates in the LEFM range. We now 
show that short crack growth data in the range of 10"* to 10"̂  mm cycle"' can 
prove useful in design and failure assessment. 

Short crack growth data are relatively new and their use has been over
shadowed by other approaches using total endurance data, which have been 
takei) to represent crack initiation in large components. For example, a "rule 
of thumb" for continuous cycling in HSF is that a plastic strain range of 0.01 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SKELTON ON GROWTH OF SHORT CRACKS 373 

gives 1000 cycles endurance. As an extension of this rule, the HSF growth re
lations may be used to calculate propagation rates at small depths. For ex
ample, B in Eqs 9 and 11 is numerically equal to the growth rate at 1 mm 
depth. Thus it may be seen in general from Fig. 3 that at this depth a plastic 
strain range of 0.01 produces a growth rate of about 0.01 mm with each cycle. 

For a Type 321 steel stud fixing assembly which in operation would suffer 
a stress "well beyond that covered by present design codes", Bolton et al 
confirmed by subsequent metallography [102] that crack propagation from 
a thread root occupied most of the experimental life. This is one example 
where Eq 11 could be used directly, environmental, microstructural, temper
ature, and dwell effects being incorporated into the terms B and Q, thus pro
viding more information on crack depth with cycles than is possible from a 
total endurance value. 

In the LEFM regime, these variables are similarly accounted for in the 
terms C and m (Eq 1). The values C and m also apply over the whole range 
from HSF to LEFM when it can be demonstrated that there is a smooth link 
in crack growth rates (Figs. 10 and 11). There is thus a practical benefit in 
expressing da/dN as a single relation rather than by Eqs 11 and 17 separately. 

As an example of the use of the data, we consider the steep temperature 
gradients set up over a small distance in the dehberate on-load water quench
ing of superheater tubes to remove ash deposits [103]. Thermal fatigue 
cracks initiate and propagate, and it is required to show that these arrest at 
some depth. The following calculation is based on experimental results for 
repeated quenching from 625°C of a Type 316 tube of 4.5 mm wall thickness 
[21]. After establishing an equivalent stress profile across the section using 
cyclic stress-strain data, the superposition method [104] is used to establish 
the corresponding variation in equivalent stress intensity. The crack growth 
rate at each depth is found from Eq 1 with C = 3.2 X 10"* and m = 2 [40] 
(Fig. 11). Experimental growth rates and predictions are compared in Fig. 
25, where it is seen that the crack arrests before reaching the outer surface. By 
integrating the curves, predicted crack depth can be given alternatively 
against the number of cycles. It has been shown [21] that the method gives 
conservative predictions compared with experiment. 

An example for massive components is in the region ahead of a heat reUef 
groove of tip radius p in a turbine rotor, where cracks form after high-
temperature operation [105]. The basic service cycle is as shown in Fig. 1, 
but growth data for peak tensile dwell will be (conservatively) taken. For a 
temperature transient of, say, 120°C in the metal and stress concentration Kt, 
the elastic strain at the root of a groove is found and hence, from cyclic 
stress-strain data for ICr-Mo-V steel [3], the equivalent strain (Table 3). The 
stress ahead of the groove decays owing to the parabolic temperature tran
sient [21] and the notch itself [106]. Taking both fields into account and a 
cyclic yield stress of 250 MPa at 550°C [3], we obtain the variation of equiva
lent stress intensity with distance given in Fig. 26. Taking the best fit line for 
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FIG. 25—Predicted and experimental growth rates in 316 tube repeatedly quenched from 625°C 
[21]. 

TABLE 3—Integrated cycles 

Ki Surface Value 

2.0 0.00187 
2.5 0.00277 
3.0 0.00388 

for AK variations in Fig. 26-

Propagation Cycles 
0.1 to 10 mm 

7260 
1584 
681 
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FIG. 26—Equivalent stress intensity at distance a ahead of groove tip for an assumed tempera
ture difference in turbine rotor. 

bainitic material (Fig. 19) as Eq 1 with C = 1.7 X 10"' and w = 3 when 
da/dN is in mm cycle"', we obtain the integrated cycles for crack growth 
from 0.1 to 10 mm given in Table 3. 

Thus a single crack growth relation, based on HSF and LEFM data, can 
be used to describe propagation across the complete section. While the 
method has practical advantages, further work, especially in the case of the 
low-alloy ferritic steels, is required to define an upper bound for growth in 
the combined creep/fatigue cycle. 
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APPENDIX 
Modification to Growth Laws 

Figure 16 indicates how the basic exponential growth law is affected by creep dam
age ahead of the crack and by rewelding at the tip. It can be shown that oxide attack at 
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the tip, given by Eq 28, also increases the slope g in Eq 11. The last term in Eq 28 can 
be rewritten, for V'2Cr-Mo-V steel at 550°C, as 

XdN/mUce lot L\ V p / J 

where 7 is a cyclic stress-strain constant ~0.45 [46] and p is the crack tip radius. The 
cubic term arises because surface metal loss rates vary as et' for this material [90], and 
in the above equation the Neuber relation has been used to relate surface conditions 
with those at the tip. If (da/dN)mrtac»iom, is identified with an early crack growth rate 
(for example, 10 mm cycle"' at 0.1 mm depth in Fig. 16), an increase in slope very 
similar to the "increasing damage" lines is obtained. 
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• Co-33Ni 
V Ca-33Ni 
A Co-45Ni 

O TYPE 304 R T 

R T 
R T 
R T 

0.002 (PLASTIC) 
0.0012 (PLASTIC) 
0 002 (PLASTIC) 

0 008 (PLASTIC) 

J I I I I I I I I I 

0.1 

a/W 

1.0 

FIG. 27—Beyond a certain crack depth, crack growth rates deviate from an exponential growth 
relation. 
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FIG. 28—Creep damage modification in LEFM regime; compare Fig. 16. 

10 

Figure 27 illustrates the deviation, mentioned previously, from an exponential 
growth law in HSF, generally in the a/fTrange of 0.06 to 0.3, depending on the strain 
range. The relation da/dN = Ba (Eq 9) is equivalent to da/dN oc ^K^ (that is, w = 2 
in Eq 1). It thus follows that values of g > 1 in Eq 11, either for the a/fF values 
shown in Fig. 27 or for those implied in Table 2, give rise to m > 2 in Eq 1. Therefore 
the rewelding and oxidation corrections apply equally in the LEFM regime, so that 
increased slopes in Eq 1 can be considered basically as a ^K^ relation modified by an 
ever-changing value of C. 

However, unlike the case of Eq 23 where creep damage builds up from the outset, 
in LEFM it can only occur in the intense deformation zone D (Fig. 28). By consider
ing the time taken for the crack to traverse the zone, a similar expression for LEFM is 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



378 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

da 
= Ba 

dN 1 + te) 
(30) 

Putting D = za and da/dt = {da/dN)<a where cu is the frequency, we find upon rear
ranging and solving for da/dN: 

da 

dN 

Putting g = 10"', we plot this in Fig. 28 for (7) several values of z when <u = 1, and 
(2) several values of <o when z — 1. It is seen that an order of magnitude increase in 
cyclic growth rate is predicted for two orders of magnitude decrease in frequency; this 
is generally observed [tfS] (Fig. 13). Compared with HSF (Fig. 16) no increase in 
slope is predicted in Fig. 28. This is reasonable because as the plastic zone D expands, 
more cycles should be available for damage, but this is offset by an increase in crack 
growth rate for that zone size. By assuming a linear decrease in plastic strain in the 
zone ahead of the crack tip we may incorporate an average damage factor ĝ av in Eq 31. 
This alters the absolute magnitude of da/dN, but does not change the frequency ef
fect or slope. 
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ABSTRACT: Studies have been made of factors influencing fatigue life of smooth speci
mens of SG iron. It is shown that nodule size does not influence fatigue life, whereas 
pore size exerts a strong influence. Microcrack growth commenced from the pores 
within a few percent of the life of the specimen, for lives up to 10' reversals. Using an 
experimentally determined expression for microcrack growth, and approximating the 
defects to small cracks, fatigue lives for a variety of starting defect shapes and sizes 
have been calculated. Calculated lives agree with the experimentally determined lives 
within a factor of four. It is shown that fatigue life is predominantly controlled by 
pores (owing to their larger size and more rapid crack initiation) rather than by nod
ules. The variation in observed fatigue lives can be related to the variation in pore size 
within the iron. 

KEY WORDS: casting defects, crack initiation, crack growth, /integral, life prediction, 
microshrinkage porosity, SG irons, short cracks, fatigue life 

Nomenclature 

a Half the surface crack length 
c Crack depth 
C Fatigue crack growth rate coefficient 
E Young's modulus 
/ Path independent line integral 

A/ Range of J 
/SURF J of crack where it intersects the specimen surface 

/TIP J at the crack tip 

' Metallurgist and Section Head, respectively. Materials Engineering Department, GKN 
Technology Ltd., Wolverhampton, England. 
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A^ Stress intensity range 
m Fatigue crack growth rate exponent 
N Number of applied cycles 
Nf Number of cycles to failure 
R Stress ratio, minimum stress/maximum stress 

Ae Strain range 
ip Plastic strain 
a Applied stress 

The fatigue life of smooth test specimens is generally divided into crack in
itiation and crack growth. Where plastic strain predominates, at short lives, 
crack growth accounts for the major part of cycles to failure. At long lives, 
elastic strain is dominant, as are the cycles occupied by crack initiation [1,2].^ 
The division between the two extremes becomes less distinct the closer the 
crack initiation process is examined, and it is now apparent that at all but the 
longest lives microcrack growth takes up a substantial part of total fatigue 
life [3,4]. 

Factors influencing the growth of such microcracks have recently become 
of interest from a fracture mechanics viewpoint as there is now evidence [5-7] 
that short cracks (typically <100 fim) behave differently from long cracks, 
even though the nominal applied stress intensity range, AK, may be the same 
in both cases. Growth of cracks in smooth specimens will encompass both 
short and long crack behavior. 

The smooth specimen fatigue behavior of cast irons is somewhat different 
than that of other materials, because cast irons contain shrinkage pores and 
graphite precipitates. These are of a larger size (50 to 200 /*m) than defects 
found in forged materials, and their presence is liable to accelerate crack in
itiation and early growth. The evidence as to the magnitude and circum
stances of their effect is somewhat conflicting. 

Ikawa and Ohira(5] compared the properties of irons with different graph
ite morphologies and found that grey irons with sharp ended graphite 
flakes had inferior fatigue properties to SG irons in which the graphite is 
present as spheroids which have a reduced stress concentration. Gilbert [P] 
has shown that in SG irons under tensile load, graphite nodules at the sur
face can separate from the matrix at the graphite/matrix boundary or at the 
primary/secondary graphite interface. Thus the nodules act as spherical 
voids and many workers [10-12] have shown that cracks initiate at nodules 
under such circumstances. On the other hand Palmer [75], Ostensson [14], 
and Testin [15] have illustrated that pores can also contribute to crack 
initiation. 

' The italic numbers in brackets refer to the list of references appended to this paper. 
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In previous work [16] the authors made an examination of the effects of 
nodules and micropores on the fatigue life of smooth specimens of SG iron. 
Thirty cylindrical specimens were cut from cast blocks of different nodule 
count and tested at two fully reversed strain amplitudes, 0.005 and 0.0018, 
resulting in lives of about lO' and lO' reversals respectively. In these castings, 
nodule size was found to have no effect on fatigue life. Failure origins were 
identified and found to be microshrinkage pores in 90 percent of the speci
mens tested. Additionally, replica studies were made of crack initiation and 
early growth in a few specimens. It was found that crack growth from these 
micropores occupied nearly all of life in the majority of specimens examined. 
From the replicas it was possible to measure crack growth rates; and, using a 
similar analysis to Dowling [77], these were successfully correlated with A7, 
an elastic-plastic parameter, rather than with the linear elastic A^. 

In the present work the authors have used a finite-element analysis to de
termine 7 for small semi-elliptical cracks similar in shape to the crack-initiating 
pores, in an elastic uniaxially loaded cylinder. J expressions used previously 
have been refined and crack growth rate constants calculated. Specimen life 
has been predicted by integration of these crack growth laws. 

Materials 

Five casts of spheroidal graphite cast iron were kindly supplied by the 
British Cast Iron Research Association. Three casts were of BS 2789 grade 
370/17 with an annealed, fully ferritic structure, and two were of grade 
700/2 with an as-cast, pearlitic structure. Chemical analyses of these irons 
are given in Table 1 and mechanical properties in Table 2. Their microstruc-
tures are shown in Fig. 1. 

Nodule counts and size distributions were determined using a Quantimet. 
Nodule count was found to vary between 100 and 200 nodules per mm .̂ The 
observed two-dimensional size distributions were converted to three-dimen
sional size distributions using the Schwartz-Saltykov method [18]. The re
sulting histogram for the cast containing the largest nodules is given in Fig. 
2a. The micropores found to have initiated fatigue failures in these irons 
were also measured; a histogram of their sizes (longest axis) is shown in Fig. 

TABLE 1—Chemical composition of cast irons (weight percent). 

SG Iron Code 

Pearlitic irons 
A 
B 

Ferritic irons 
C 
D 
E 

C 

3.52 
3.57 

3.56 
3.56 
3.57 

Si 

2.09 
2.24 

2.02 
2.13 
2.18 

Mn 

0.37 
0.33 

0.34 
0.34 
0.34 

S 

<0.01 
<0.01 

<0.01 
<0.01 
<0.01 

P 

0.016 
0.017 

0.017 
0.017 
0.017 

Mg 

0.053 
0.057 

0.058 
0.058 
0.057 
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TABLE 2—Monolonic mechanical properties of cast irons. 

SG Iron 
Code 

Pearlitic irons 
A 
B 

Ferritic irons 
C 
D 
E 

Ultimate 
Tensile 

Strength, 
MN m"̂  

800 
844 

373 
379 
412 

0.2% Proof 
Stress, 

MNm"' 

443 
455 

243 
245 
248 

Reduction 
in Area, (%) 

7.7 
5.6 

31.9 
26.8 
25.3 

2b. These pores were intersected by the machined specimen surface. They 
were long and narrow, with their longer dimension generally perpendicular 
to the specimen surface. The ratio of depth to half surface length of these 
pores ranged from 0.5 to 7.0, with an average of 4.3. Similar microshrinkage 
porosity defects were found in polished metallographic sections of large SG 
iron axle housings. 

The pores found can be seen to be much larger than the graphite nodules 
(Fig. 2). The majority of the nodules have diameters from 20 to 60 /xm, whilst 
the pores have lengths from 60 to 150 fim. The majority of the micropores in 
the commercial castings were similar in size to those found in the tested lab
oratory castings, but a few were much larger, up to 300 /xm in length. 

Strain amplitude versus fatigue life curves generated for the ferritic and 
pearlitic irons are given in Figs. 3a and "ib respectively. The testing methods 
that were used are described fully in Ref 16. The ferritic irons have a fatigue 
limit of 0.0012 strain, corresponding to a stress amplitude of 200 MN m'̂  
whilst the pearlitic irons have a fatigue limit of 0.0015 strain or 250 MN m"̂ . 

Techniques Used for Fatigue Life Prediction 

In all but one of the specimens replicated, fatigue crack growth from the 
micropores was found to start almost immediately. It should be possible to 
predict the lives observed for all the tested specimens by integration of the 
crack growth expression previously determined [id]; namely 

f=C(ii)- (!) 

where C and m are constants for the material, c is the crack depth, and N is 
the number of constant-amplitude cycles applied. As an approximation, the 
pores can be assumed to be crack-like defects and the expression integrated 
between starting pore size and final crack length. In order to carry out this 
integration expressions are needed for the line integral / and for the pore 
sizes and shapes observed. The pore shapes were extremely complex but a 
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FIG. 2—Histograms of defect sizes. 

semi-ellipse was thought to be a reasonable approximation to most of them. 
The values of the constants C and m in the crack growth rate expressions are 
also needed. 

The MARC finite-element package [/9] was used to evaluate J at the crack 
tip and at the specimen surface of small semi-elliptical cracks in elastically 
loaded cylindrical specimens. This program calculates the change in strain 
energy at a point on the crack front due to a very small increment of crack 
growth, while keeping the applied load constant [20]. The /-integral was de
rived from this value by dividing it by the incremental change in crack area. 

For a through-crack in elastic loading: 

/ = 
na^a 

(2) 

Geometry constants for these elastically loaded semi-elliptical cracks were 
obtained by dividing the /-values from the MARC analysis by the above ex
pression for a through-crack. The results are shown in Figs. Aa and 46. As 
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FIG. 3—Strain versus fatigue life curves for irons. 
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FIG. 4—Geometry constants for J of a small semi-elliptical surface crack in an axially loaded 
cylinder (elastically calculated). 
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the ratio of crack depth c to half surface length a increases,/at the specimen 
surface will approximate to / of a through-crack. 

Most of the specimens were tested at strains high enough to cause substan
tial plasticity, and so these elastically calculated /-solutions are no longer 
valid. The cyclic strain hardening exponent for these irons was found to be 
0.142. For such a material Shih and Hutchinson [2i] have derived an esti
mate for / of a through-crack which includes a plasticity term 

f l . 
^^^"- + 2.94a e,] (3) 

It was assumed that the geometry correction factors calculated for elastic 
loading are also applicable to plastic loading, and both the elastic and plastic 
components of this expression were modified by the geometry constants de
rived by the finite-element analysis. 

Measurements were made of the surface length and depth of numerous 
small heat-tinted cracks in the tested specimens. From this it was established 
that cracks growing from the pores adopt a stable c/a ratio of 0.82 at short 
lengths. 

For this crack shape 

2.30a^c 
/ = + 4.91 atpc (4) 

E 

at the crack tip. 
Under cyclic loading stress and strain must be replaced by stress range and 

strain range. The replica work showed that the microcracks remained open 
throughout most of the compression-tension loading cycle; therefore in cal
culating A / the whole of the strain range was used. 

Crack depth was estimated from the surface crack lengths observed on the 
replicas, assuming a c/a ratio of 0.82. Crack growth rates were calculated 
from a piecewise quadratic curve fit. 

The results are given as a function of A/a t the crack tip in Figs. 5a and 5b 
for the ferritic and pearlitic irons respectively. Also plotted on these figures 
are the results of crack growth tests on compact tension specimens at /?-ratios 
of 0.1,0.33, and 0.7. The observed crack growth rates are very similar for the 
two matrix structures. 

From these plots crack growth rates can be approximated by 

dN 

for the ferritic irons, and 

"^^ =2X 10-' A / ' " (5) 

dN 

for the pearlitic irons. 

- ^ = 1 . 3 X 1 0 - ' A / ' * ' (6) 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



STARKEY AND IRVING ON FATIGUE LIFE OF SG IRON 391 

III 11 1 
'• 

• 

* 

-
'• 

• 

" 

1 
e 

K 
^ ~ . „ 
•X 

1 V) 

I r pTTTTT—r 

o 

^•^^ 
o o o 

" • O 

tt i t I 1 .i 

I- p i l l 1 1 I 1 i i i i n I 

• 
o 

• 0 ° 
o 

^ ^ • ' ' ^ -
^ ^ N . "̂  ^ " 

1 i' 

^ " ^ * ' \ •*• ^ • 

^ \ 

' ' " • h t i I 1 I 

~---, 
• \ ^ 

^ ___̂^ 
X 

\ 

1 

•; •S 
o 

.1 
1 
J _ 

'~' 

\ . 
, 

m 
r '" T o o o 
^^« 
1 

1 t 

1 

' " • I ' l l I 

_ -
-

; 
; 

-
' 

I 

a o 

NP 
(apA3/u j ) 3p- I. 

i M i i 1 I r 1T1 

• 

i 
1 ilii 
g " 0 * 0 

Ml I ' l 1 fTTTTT T-T- I - | n i T T I I T | I I l l l 1 1 

m 

- i 

e a 

-

1 ' 1 ' 1 • 1 ' " ' ' 

• 

6b 

I 
o 

•{3\of.o/m) ^ 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



392 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

These equations were integrated in incremental steps from the starting 
pore geometry to a crack 1 to 2 mm in depth. After each step the crack shape 
was modified. This integration was carried out for the observed initiating 
pore shapes in each specimen tested. 

Results of Life Prediction 

In Figs. 6a and 6b the predicted lives have been plotted as a function of the 
initial value of A/a t the surface of the pore, together with the actual lives ob
tained. At short lives (less than lO"* cycles) the predicted lives are somewhat 
longer than the observed lives. At long lives (greater than 10* cycles) the pre
dicted lives of the ferritic specimens are reasonably accurate, whilst the lives 
predicted for the pearlitic specimens are shorter than those observed. All 
predicted lives are within a factor of four of the actual lives. 

As they grew, the modelled cracks eventually adopted a constant c/a ratio 
of 0.87 for the ferritic irons and 0.88 for the pearlitic irons, which is in good 
agreement with the observed shapes. For a typical pore, J at the specimen 
surface was higher than / at the pore tip. Consequently crack growth rates 
were initially much higher at the surface than at the tip. A large proportion 
of life was spent growing the crack before it adopted a constant c/a ratio. 
This is illustrated in Fig. 7, which shows the calculated crack depth and half 
the predicted surface length as a function of life for an initiating pore of typi
cal geometry. Although the crack geometry did not stabilize until 70 percent 
of life, the crack was then only 240 yum deep, that is, 1.5 times its starting 
depth. 

In addition to predicting the fatigue life of specimens with known pore 
geometry, the integration technique can be used to explore the reasons for 
the dominance of pores over nodules. By considering a nodule as a crack-like 
defect, the effect on life of the differences in geometry and size of the two 
crack initiators can be examined, assuming crack initiation to be instantane
ous. Similarly, by comparing the integrated lives obtained from the smallest 
and largest pores measured by metallographic techniques, the extent of pos
sible scatter in fatigue life can be calculated. 

A typical nodule has a diameter of 40 pm and a large nodule a diameter of 
80 jum. The smallest pore observed to initiate failure was 20 by 60 fxm and the 
largest pore found was 300 by 120 nm. The lives predicted for crack-like 
starting defects of these sizes, for the applied strain amplitudes used in the 
tests, are given in Table 3. This shows that from size considerations alone an 
average nodule would give similar lives to a very small elongated pore, whilst 
a large nodule would reduce this life by half. This observation is independent 
of strain amplitude. A difference in life of a factor of four is predicted be
tween a small and a large pore in a pearlitic specimen and six in a ferritic 
specimen. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



STARKEY AND IRVING ON FATIGUE LIFE OF SG IRON 393 

II 

I t I i I T" -1 1 1 I I j ^ 

V' 

I I ' ' i__i 1 I I 1 L 

a 3̂ 

" -I 
u .« 
0) ^ 

13 XI ^ 

m CM 

I .̂tuNM) 3jod fiui^enjo! jo j a n S £ 7 

Ol 

IZ 

«D 
3 

u 

< 
• 

-
-
-
-

--
-
-
-

0 

^.' 'Jf 

-
-
-

" 

^ 
~' •o 
at 

w 

^ 
2 o: 
0 

8 

1 ' 

• 
o 

o . 

• 

1 1 

o 

• 

1 

. 1 

o 

• 

_ l 1 — 1 

1 1 1 1 

o 

• 

1 . t 

t I 1 

• 

• • 
o 

o o o 

• 
o 

1 : 

• 
o 

_ 
; 
-
-
-
-

~ -
" • 

*" 
-

— 2 

~ 
-
-

I 

s 

I 
I 
t 3 

5 ^ 

o 
— ^ ^ ^ 

m t>* 

(i.iuNNl aj°d fiuijeuiui jo dbflSXy 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



394 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

1-2 

10 

I 0 8 

0-6 

Ok 

0-2 

• 

-

X crack depth. 

• half surface length. r 

1 1 1 1 I I I 1 ._ 

12 16 20 24 28 32 

X10 applied cycles. 

FIG. 7—Predicted change in shape of a typical fatigue crack (ferritic specimen tested at a strain 
amplitude of 0.0018). 

Discussion 

Agreement of predicted lives with actual lives is fair, all being within a fac
tor of 4 and most within a factor of 3. There are many possible reasons for 
the discrepancies, which perhaps serve to illustrate the complexity and diffi
culty in making accurate fatigue life predictions in even this relatively simple 
case. Some of these are as follows: 

1. The model disregards crack initiation cycles. 
2. The starting defect is treated as a crack rather than a notch. 

TABLE 3—Predicted lives (cycles) of specimens containing extremes of defect sizes. 

Defect 

Typical nodule. 
40 /xm diameter 

Large nodule, 
80 fxm diameter 

Small pore. 
60 by 20 fitn 

Large pore. 
300 by 120 /um 

Pearlitic 

— = 0.0018 
2 

207000 

125000 

201000 

58000 

At 

2 
- = 0.005 

5500 

3350 

5400 

1500 

Ferritic 

— = 0.0018 
2 

116000 

58000 

114000 

19000 

At 

2 
- = 0.005 

4500 

2200 

4400 

720 
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3. No account has been taken of short crack effects. 
4. Crack closure behavior may vary with strain amplitude. 
5. The linking of multi-ply initiated cracks has been ignored. 

It is likely that the first three factors all have negligible effects, as it is 
known that initiation generally occurred within 15 percent of fatigue life at 
sharp pores 50 to 200 jum deep. Hence soon after initiation the pore and 
crack can be considered together as a longer crack of a size greater than the 
100 fim limit [7] for short crack behavior. 

The other two factors could cause the major errors in the predictions. At 
rhort lives cycles-to-failure are over-estimated for both irons, whilst at long 
lives the lives of the pearlitic specimen are under-estimated and those of the 
ferritic specimens are predicted with reasonable accuracy. At these long 
lives, the pearlitic specimens were fully elastic, whilst the ferritic specimens 
contained some plasticity. The differences in life prediction at these low 
strains may perhaps be attributed to differences in crack closure behavior as 
the proportion of plastic to elastic strain is varied. In specimens tested at 
high strains, replica observations showed the crack to be open throughout 
the load cycle. Closure behavior has not, however, been closely investigated 
at low strains, and it may be that crack closure during the compressive half 
of the cycle could reduce the effective AJ and prolong life, when strains are 
elastic. 

At high strains the predictions over-estimate fatigue life. At these strains, 
multiple crack initiation was observed and some of the crack growth oc
curred by crack coalescence rather than by crack-tip advance through the 
specimen. Hence a single crack model will tend to over-estimate life. 

There are two major points of difference between the nodules and the 
pores. Firstly, Fig. 2 shows that there is a substantial difference in the size 
distribution of the two although there is some overlap; secondly, the pores 
have much sharper radii of curvature and so are more effective stress concen
trators. If a small pore and a similar sized nodule are treated as crack-like de
fects, the integrations predict that similar lives can be expected. 

A more valid analysis would treat the nodules and pores as notches. Stress 
intensity solutions of a crack growing from a circular hole (nodule) and an 
elliptical hole (pore) of similar diameters or lengths are given in Ref 22. This 
shows that once the crack has initiated and grown a distance equal to the 
hole diameter or length, there will be little difference in crack growth behav
ior between the cracks growing from nodules, and those growing from pores 
of the same length. There is a much greater difference in stress intensity (or 
/-value) between cracks emanating from pores of different sizes than be
tween pores and nodules of the same size. Thus, in the absence of crack initi
ation effects, starting defect size is the major influence in Ufe. 

However, small pores have been observed to cause failure in preference to 
nodules. The lower stress concentration of the nodules will affect crack initi
ation as well as crack growth, and it is thought that crack initiation from the 
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nodules may be quite slow. To investigate this, the recorded replicas were 
studied further to observe the behavior of cracks initiating at nodules. At 
high strains, a large number of such cracks were found. Most of these cracks 
did not, however, show measurable growth until about 50 percent of life. At 
low strains very few cracks were found. Those associated with nodules were 
very small, even at failure lives. 

At low strains approaching the fatigue limit, the work of Murakami and 
Endo [23] suggests that nodules and pores less than a certain size will de
velop nonpropagating cracks. Murakami and Endo showed that artificial 
holes less than 100 fim in diameter had no effect on the fatigue limit of mild 
steel, since the cracks initiating from them became nonpropagating. The 
pores and nodules in these cast irons are of similar size. Further replica work 
is in progress to see if such cracks can be observed. 

The integration predicts that a ferritic specimen containing a very small 
60-/im pore will last six times as long as a specimen with a very large 300-/im 
pore, whatever the applied strain amplitude. In the course of work on these 
irons, a hundred strain life tests have been performed on specimens cut from 
commercial axle casings and a scatterband of lives obtained. At low strain 
amplitudes this variation in fatigue life is actually observed, but at high 
strains the observed scatterband is much narrower than predicted. The rea
sons for this discrepancy are not clear. At high strains, multiple crack initia
tion and crack linkage were common, and these may reduce the dependence 
of fatigue life on the extremes of defect sizes. 

Traditionally nodule size is one of the parameters used to judge the quality 
of SG iron castings. The present work, however, shows that nodules do not 
affect fatigue life. For maximum fatigue resistance the size and distribution 
of microshrinkage pores must be controlled, since these are the defects in
itiating fatigue failure. 

Conclusions 

1. Failure cracks in smooth specimens of SG irons have been observed to 
initiate invariably at pores rather than nodules. Initiation generally occurred 
within a few percent of the total fatigue life, the remainder of life being occu
pied by microcrack growth. 

2. The growth rates of these small cracks, less than 4 mm in surface 
length, have successfully been correlated, in the presence of large plastic 
strains, with the parameter A7. 

3. Using a crack growth law derived from the A/correlation, fatigue lives 
of smooth specimens containing a variety of pore and nodule sizes have been 
calculated by assuming the pores and nodules to be crack-life defects. The 
predicted life tends to over-estimate observed lives at high strains. All esti
mates are within a factor of four of the observed value. 

4. In general, pores are much larger than nodules, and calculated lives in-
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dicate that from size considerations alone the pores will produce a substan
tially shorter life. 

5. Small pores have additionally been observed to initiate failure cracks in 
preference to nodules larger than themselves. This suggests that cracks in
itiate more readily from the pores. 

6. This deduction has been supported by replica observations. Nodules do 
not initiate cracks until late in life and at failure these cracks are still very 
small. 

7. For maximum fatigue resistance the size and number of microshrink-
age pores must be kept to a minimum. The size of the graphite nodules is 
unimportant. 
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ABSTRACT: This paper presents and discusses experimental results concerning the in
itiation and continued growth of cracks in thin circularly notched sheets. Data are re
ported for specimens and test conditions selected to examine the influence of (/) free 
surface and (2) inelastic action on the behavior of cracks at notch roots. Results of the 
study suggest that proximity to a free surface causes first a decrease and then an in
crease in the growth rate of physically short cracks at notches. This is postulated as 
being due to blunting of very short cracks and growth in a plane stress field, respec
tively. Inelastic action at notch roots, by contrast, is associated with increased growth 
rate within the notch plastic field. Its influence, therefore, is felt over distances equal to 
the plastic zone size so that its effect need not be restricted to physically short cracks. It 
is shown that current models which attempt to account for the influence of inelastic 
action and free surface on crack growth rate through empirical modifications to linear 
elastic fracture mechanics analysis are, in general, both inappropriate and inadequate. 

KEY WORDS: physically short cracks, fatigue, fatigue crack growth rate, inelastic ac
tion, notches, corner cracks, free surface 

Research in fatigue life prediction schemes during the last several years has 
culminated in recent attempts to couple previously independent develop
ments in crack initiation and crack propagation analysis (for example, [7]).̂  
Studies in crack initiation had focused on nonlinear models of a damage 
process which predicts the formation of a small crack using reference data 
developed from small diameter smooth specimens (for example, [2]). In con
trast, studies in crack propagation analysis have utilized linear elastic frac
ture mechanics (LEFM) to predict the crack growth rate using reference data 
developed from specimens containing macrocracks (for example, [5]). Clearly, 
the fatigue process being modeled in this context does not undergo a distinct 
transition from that modeled by the smooth specimen to that modeled by the 

' Senior Research Scientist and Research Scientist, respectively, Battelle Columbus Laborato
ries, Columbus, Ohio 43201. 

^ The italic numbers in brackets refer to the list of references appended to this paper. 
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400 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

macrocrack geometry. As such, difficulties have been encountered in achiev
ing similitude in the damage processes being compared [4,S]. These difficul
ties have in turn resulted in a number of studies which discuss the analytical 
marriage of initiation and propagation models (for example, [4-10]) and the 
phenomenology of the damage process (for example, [11-17]). With regard 
to initiation, these studies have examined factors which control growth first 
as a microcrack, then as a macrocrack. In the context of growth, similar 
studies have been performed to establish factors which cause the observed 
nonunique correlation of stress intensity factor, K, and crack growth rate, 
da/dN (for example, [11-15]). 

The purpose of this paper is to present and discuss experimental results on 
the nucleation and continued growth of corner cracks at circular notches in 
thin aluminum sheet specimens. The object of this study is to develop a better 
understanding of the nucleation and early growth of fatigue cracks. Specifi
cally, specimens and test conditions have been chosen to examine two as
pects considered significant with regard to microcrack growth and the ob
served nonunique correlation of ̂  and da/dN. The first pertains to a study of 
the postulate that observed differences in physically long and short cracks 
are due in part to displacement controlled growth of cracks at inelastically 
strained notch roots. The second pertains to a study of free surface effects on 
crack development. These aspects are examined at length following sections 
which address experimental details and results, and data analysis. Finally, 
the paper closes with a general discussion of how these results impact on 
present models of the so-called short crack behavior. 

Experimental Aspects 

Material and Specimens 

The data to be presented have been developed from thin sheet specimens 
tested under conditions chosen to create either a small notch root plastic 
zone or a moderate but still contained plastic zone. Thin sheets have been 
used to develop corner cracking to emphasize the role of a free surface. 
Notch profile was, however, fixed as circular because the desire was also to 
examine a situation commonly found in practical problems. 

The geometry chosen was a plate 7.62 cm (3 in.) wide by 15.25 cm (6 in.) 
long containing a central circular hole 1.25 cm (0.5 in.) in diameter. For the 
sheet thickness of 0.23 cm (0.090 in.), three-dimensional elasticity solutions 
[IS] and elastic-plastic finite element analysis [19] indicated essentially a 
plane stress state exists at the notch root. Also, finite element analysis indi
cated the theoretical elastic stress concentration factor, Kt, was 2.5 at the 
point of maximum stress on the notch boundary. Experiments [20] indicated 
K, was 2.56. 

The material investigated was part of a pedigreed heat of 2024 series alum
inum alloy extensively explored by NASA and their contractors since the 
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1950s. Using current nomenclature, the materials designation would be 2024 
T351. Specimens were aligned with their long axis parallel to the rolling di
rection. Machining practices used were selected so as to reduce residual 
stresses. Notches were honed after boring. Further details regarding the 
material, including cyclic deformation and fatigue resistance, and specimens 
can be found in Refs 19 and 20. 

Crack Measurement Technique 

Optical methods involving essentially continuous observation at X40 via a 
traveling microscope with a least count of 10 nm were used to detect and 
monitor the growth of small cracks. Included were initial crack lengths as 
small as 25 ^m. Before considering results of such measurements, it is ap
propriate to discuss the accuracy of the measured crack length in the short 
crack domain. As elaborated in Ref 75, there are at least three possible sources 
of error: locating the crack tip, determining the absolute length of the crack, 
and determining the relative advance of the crack. To reduce the influence of 
these errors, surfaces of the specimens near the notch root have been metal-
lurgically prepared using standard techniques down to \-nm diamond paste. 
Even so, these errors are important and so are further elaborated. 

The first significant point relates to the repeatability in locating a tight 
crack tip that lies in a region of significant cyclic plasticity. Uncertainties of 
10 percent are not unreasonable in this context. A second significant source 
of error enters through the resolution of the microscope vernier. In this and 
other comparable studies, the resolution is about 10 /im, approximately one 
half of the length of the crack being measured. Clearly then, an uncertainty 
of 50 percent is possible in a worst-case sense. Finally, there is at least one 
further source of uncertainty which arises in the context of crack extension. 
Say, for example, that the short crack domain is on the order of 125 nm 
(0.005 in.). If one chooses to make five readings in this domain, then one 
would seek to measure increments of 25 /xm, just twice the resolution of the 
vernier. Again, on a worst-case basis, the uncertainty is on the order of 50 
percent. Thus, in a worst-case sense, the most probable error is (0.1^ -I-
0.5^)"^ =s! 50 percent for either the absolute length or the increment in crack 
growth. Therefore caution must be used in interpreting the data that will be 
presented both here and in papers using comparable techniques. Such care 
should be taken even if the uncertainty is less than that for this crude worst-
case analysis. 

Experimental Procedure and Program 

Experiments have been performed in axial load control. Data have been 
developed from constant-amplitude fully reversed cycling and zero to ten
sion cycling. Antibuckling guides have been used to avoid instability for the 
fully reversed loading condition. Details of these guides and other related in-
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formation can be found in Refs 19 and 20. Fully reversed cycling at ±144.7 
MPa (21 ksi) was used to generate very limited notch root plasticity, whereas 
zero to tension cycling at a maximum stress of 255 MPa (37 ksi) was used to 
generate a much larger but still confined plastic zone. Finite element analysis 
of this test geometry [79] indicates these stresses develop plastic zones with 
lengths of 12,5 jum (0.0005 in.) and 0.33 cm (0.13 in.), respectively, along the 
transverse net section. Data were developed from a total of 27 microcracks 
which initiated and grew in 3 specimens, one tested at iJ = —1 and two at 
/? = 0.01. 

Experimental Results 

Raw Data 

Data generated in fatigue crack growth studies are characterized by two 
variables: crack length and cycles. Raw data developed in this study are pre-
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sented in parts a and b of Figs. 1, 2, and 3, on linear coordinates of crack 
length versus applied cycles. Note that while only 6 cracks are anticipated at 
3 X 2 = 6 notch roots, data are presented for a total of 27 cracks. This is be
cause numerous cracks nucleate and exist for many cycles before a dominant 
crack develops or corner cracks link up. Note too that the length plotted is 
taken with respect to the edge of the notch, not the center of the hole. 

It is appropriate to comment here on the term crack length. Unless non
destructive techniques which measure crack area are used, one is obliged to 
make surface measurements of crack position. In this study, such measure
ments have been made on the face of the specimen. Crack lengths reported in 
Figs. 1 to 3 are therefore surface measurements. They do not reflect the two-, 
possibly three-dimensional nature of the crack. The second dimension of 
growth has been obtained for purposes of analysis via detailed low-power 
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FIG. 3—Crack length as a function of cycles; Specimen N31. (a) NE/SE side, (b) NW/SW side. 

Stereo-optical microscopy (XIO to X40) and higher power scanning electron 
microscopy (SEM; X50 to X5000). Details of this study, with the exception 
of the brief discussion that follows, are beyond the scope of this paper, but 
are reported elsewhere [27]. 

Fractography indicated that most cracks initiated as corner cracks. In
itiated corner cracks had aspect ratios (that is, surface length from notch 
root divided by depth through thickness or a/c) of about 1.0 and, for the 
most part, grew in a self-similar fashion until their rather quick transition to 
a planar front. Fractography also indicated multiple through-thickness initi
ation sites in a few cases, but this is not surprising in that the driving force 
for growth based on notch stress is greatest at the notch root. Generally, 
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LEIS AND GALLIHER ON SHORT CORNER CRACKS 405 

both corner and midthickness initiation/microcracking occurred on macro-
planes perpendicular to the maximum principal stress, as shown in Fig. 4. 
Figure 5, by contrast, shows that the growth process of a dominant crack 
certainly does not occur on a single macroplane and involves much branch
ing. Scanning microscopy indicated that, in the vicinity of initiation, the 
fracture surface is feature free, almost brittle-like, as shown in Figs. 6 and 7. 
Once away from the initiation site, the fracture surfaces showed patches of 
striations with locally different orientations until far enough away that a 
dominant crack front developed. The brittle-like appearance, perhaps asso
ciated with crystallographic Stage I growth, is compatible with the burst of 
growth recorded using a very sensitive eddy-current detection scheme in a 
prior study on identical specimens [19]. 

Observe in Fig. la, which plots data for/? = —1 cycling at an amplitude of 
144.7 MPa, that three corner cracks develop on the side designated NE. One 
initiates and goes dormant, a second initiates, grows somewhat and then 
goes dormant, whereas a third initiates and becomes dominant. After the 
dominant crack is about halfway through the thickness, a crack develops on 
the other face and very quickly grows to match its counterpart. At the other 
notch root, designated NW, results for which are plotted in Fig. lb, three 
cracks again initiate. One crack quickly dominates and grows rather quickly. 

' Likewise, a crack develops on the other face and also grows rather quickly. 
There is certainly little unusual about this behavior, with perhaps the excep
tion of the multiple initiation and growth of the secondary cracks long after 

FIG. 4—Fatigue microcrack; Specimen N31; optical at X250. 
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FIG. 5—Fatigue microcrack; Specimen N31; optical at X250. 

FIG, h— •̂|l•n• of fracture surface; Specimen N29; SEM at X500. 
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FIG. 7—View of fracture surface at corner; from Fig. 6; SEM at XSOOO. 

a dominant crack develops. Such multiple initiation is common even at 
sharper notches. 

Figures 2 and 3 present data for/? = 0.01 cycling at a maximum stress of 255 
MPa. Note that six cracks initiate in Fig. 2a. Of these, one appears on each of 
the opposite faces of the plate less than 100 cycles after the most recent in
spection for cracks. The initiation and early growth, therefore, occur very 
quickly. But measurements and fractography indicate that the early growth 
is not continuous. In one of the two cases, crack 1 on the SE side, a very large 
crack developed. If its growth had been continuous, the rate would be on the 
order of 5.08 X 10"" cm/cycle (2 X 10"" in./cycle)! It is believed that, based 
on the feature-free appearance of the fracture at initiation, much of this ad
vance occurs in a very few cycles, perhaps as brittle crystallographic ad
vances near and on the free surface. A total of four other cracks initiate and 
grow before two become dominant. 

It is significant to note that the first cracks to initiate in the foregoing cases 
do not become the dominant cracks. Equally interesting is the apparently 
dormant nature of the cracks once initiated. Such behavior, however, has 
been observed before (for example, [22]). It would appear on the basis of 
these results that the "initiation" of a small crack, say, 125 nm (0.005 in.) 
long, is a process which occurs rather quickly, and that the initiated crack 
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may then lie dormant for some time. Depending on the frequency of obser
vation, one could say then that "initiation" occurred over a broad range of 
cycle numbers. That is, ascertaining when the initiation event occurs is 
somewhat uncertain. 

Given the results in Fig. 26 which in essence parallel those of Fig. 2a, one 
could say that the aforementioned observations are not unique and therefore 
they are not a statistically rare occurrence. Again, initiation occurs very soon 
after the most recent inspection, and then the first-to-initiate cracks lie dor
mant for some time. Likewise, the first-to-initiate cracks do not necessarily 
develop into the dominant cracks leading to separation. As with the compan
ion notch root, all cracks begin as corner cracks. All dominant cracks are 
plane fronted near the transition from relatively slow growth to more rapid 
growth. 

Results presented in Fig. 3 have been developed under test conditions 
identical to those for the data in Fig. 2. As with the results in Fig. 2, these 
data exhibit patterns seen in the other data as well as some unusual trends. In 
keeping with the other data, cracks are observed very soon after the most re
cent detailed visual check. Several initiate and again a dormant behavior is 
evident, with the exception of cracks 1 and 2 on the NE corner (Fig. 3a). In 
this case, the growth of two different cracks occurs in an apparently contin
uous fashion. Strangely, both cracks grew some 0.76 mm (0.03 in.) before 
one became dominant. Note in Fig. 3b that the multiple initiation and dor
mant period followed by the initiation of yet another crack which becomes 
dominant, reminiscent of the data of Fig. 2, is also evident. Also evident are 
results for two cracks which developed at the NW corner. Of these two, one 
initiated at the notch root, the other some distance from it in the bulk mate
rial. After initiation, both lie dormant before that which initiates in the bulk 
became dominant. 

Generally speaking, the trends evident in Figs. 2 and 3 are not that differ
ent from Fig. 1, with the possible exception of the dormant behavior and the 
fact that the first-to-initiate crack did not grow to become dominant. In all 
cases, "initiation" occurred very soon after the most recent detailed visual 
inspection, with the first observed crack being quite large, namely 25 to 
125 /xm (0.001 to 0.005 in.). Concern for the existence of a threshold of detec
tion at that level grew as a consequence of this trend. However, companion 
studies in which the sample is removed and examined at X250 in a metallur
gical microscope at periodic visual inspections indicated that the apparent 
burst of growth which appears to constitute the initiation event is not an arti
fact, at least for this material. Finally, it might be noted that fractographic 
examination suggests that the trend of increasing growth rates following the 
dormant period is associated with the transition from corner to near planar 
cracking. This transition appears to occur through corner crack link-up with 
cracks which initiate after the corner cracks at or near midthickness. 
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Growth Rate as a Function of Crack Length 

Before crack growth rates can be pursued as a function of crack length, 
scheme(s) to compute growth rates from discrete data must be selected. A 
simple slope (point-to-point) scheme could be used. Alternatively, a three-
point divided difference scheme or an incremental polynomial that is fit to 
some larger number of data points could also be used. But, if indeed there 
are significant changes in the growth rate as the crack extends, grouping a 
large number of points in the analysis may mask such a trend. In this study, 
only the three-point scheme has been considered. 

Crack growth rate data determined as noted above are plotted as a func
tion of the surface crack length in Figs. 8,9, and 10. Data presented in Fig. 8 
correspond to those of Fig. 1, whereas data in Figs. 9 and 10 correspond to 
those of Figs. 2 and 3, respectively. In contrast to Figs. 1 to 3, these figures 
plot fewer curves. This is a consequence of the fact that, with the exception 
of four corner cracks per notch, once initiated all other cracks went dor
mant. No useful da/dN data is generated by these basically dormant cracks. 
In view of this, each of Figs. 8 to 10 include at most four data trends. 

With respect to Fig. 8, note that data plotted, which reflect all three grow
ing cracks, follow the same trend. At short crack lengths, beyond the plastic 
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Ŝ  

1 

4 6 8 

1 1 1 

(9 
a 

10 
1 

a 

1 1 t t 
- — w — -

~1rt' 
An',-
i i 1 ( 

V 

NW NE 

y/A v// 
SW SE 

2 0 2 4 - T 3 5 I Aluminum, K,»2.56 

Crock growth rote bosed on surfoce 

crock growtti meosureinents 
Specimen A I295 I -N30 

Smox=37,000 psi 
R rotio=O.OI 

a NW corner of hole! Crocks on some 
D SW comer of hole/ s i * of hole 

0 NE corner of hotel Crocks on some 
0 SE corner of holej side of hole 

1 1 1 

12 
1 

~^ 

-
-

_ 
— 
— 

-
— 

~ 
-

~n 
— 
— 

~ 

-

0.2 0.3 

Surfoce Crock Length, o, in. 

FIG. 9—Crack growth rate as a function of crack length; Specimen N30. 

zone but shorter than the apparent transition to planar cracks, the growth 
rate appears to increase in a log-linear fashion with crack length. This appar
ent trend, however, is not borne out by tabulated data which consistently 
show that, amidst the scatter, there is an increase in rate, followed by a de
crease, followed again by an increase as the crack transitions to through 
crack. Beyond that, the rate of increase in growth rate decreases abruptly but 
retains a positive slope. This change in the rate of change of growth rate with 
crack length occurs well beyond the notch plastic field. Indeed, all data 
shown are beyond the notch field, so that interaction with the notch plastic 
zone must be ruled out in examining this trend. It remains then to explore 
the influence of free surface on this behavior. 

As shown in Fig. 8, the change in growth rate behavior is associated with 
at least the transition from surface to planar cracking. This is evident in the 
figure by comparing shaded points which denote corner cracks as opposed to 
open points which denote essentially planar or planar fronted cracks. In this 
context, one can argue that the free surface influence on growth rate is signif
icant, although as noted later it is not entirely responsible for this trend. Sim
ilar trends occur for the results presented in Figs. 9 and 10. 

Data plotted in Figs. 9 and 10 have been obtained under circumstances for 
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which the notch plastic zone encompasses the crack until it is about 0.33 cm 
(0.13 in.) long. As shown by the trends for each of the four cracks for each 
notch, the initial behavior parallels that of the lower stress data presented in 
Fig. 8. Indeed, a check shows that the transition in growth rate behavior 
does match the transition from corner to planar cracking as shown in the 
figures. Beyond the apparent plateau in growth rates evident in Figs. 8 to 10, 
Figs. 9 and 10 show a trend for growth rate to again increase, whereas Fig. 8 
does not. This may be due to yet another possibly significant factor which 
contributes to the behavior shown in Figs. 8 to 10, as elaborated next. 

Cracks in Fig. 8 grow in a load-controlled elastic domain perturbed only 
by the crack-tip plastic zone. In contrast, up to a length of about 0.33 cm 
(0.13 in.), those in Figs. 9 and 10 grow in the inelastic field of the notch. 
Beyond that, they grow in a domain such as that for the data of Fig. 8. Both 
Figs. 9 and 10 show that there is an abrupt change in the rate of crack growth 
once the cracks grow beyond this notch plastic field. The question to be 
answered in this regard is: Does the essentially displacement-controlled do
main of the notch plastic field alter the growth rate behavior? To answer this 
requires that the data of Figs. 8 to 10 be plotted on a common basis. The lin
ear elastic fracture mechanics (LEFM) stress intensity factor, K, is such a 
basis. 
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Stress Intensity Factor Analysis 

In simple functional form, K is defined for Mode I loading as 

K = p(a)S\fi^ (1) 

where S is the far field stress, a is the semicrack length, and P{a) is a function 
of the geometry and crack length. It has been postulated [23,24] that the fa
tigue crack growth rate is a unique function of Â  and other constant parame
ters that pertain to the loading, specifically the ratio of the minimum to max
imum stress, R: 

% = S(^K.R) (2) 

In this equation, A ^ is defined from the cyclic range of stress, AS, inserted 
into Eq 1. It should be emphasized that in LEFM the confined crack-tip 
plastic zone size, rp, is a unique function of K: 

rp oc K' (3) 

Consequently, care must be exercised in interpreting data from histories 
where rp is history-dependent and not uniquely related to the current value 
of A ^ (or ^max). Likewise, a significant limitation to the utility of LEFM in 
the present context is that it is valid only so long as the plastic zone is small 
compared with the crack length. Although it is recognized that this limita
tion can cause difficulties in using Eq 1 [25], the LEFM ^K will be used be
cause (7) crack tip and notch plasticity are reasonably confined, and (2) 
there is no rigorously developed alternative as yet. \ 

The use of Eqs 1 and 2 requires definition of )3(a) for the geometry of in
terest. Values for )3(a) can be obtained for the geometry at hand via detailed 
numerical analysis or by compounding available solutions. Both approaches 
have been pursued in the present, the results of which are shown in Fig. 11. 
Note that several avenues to compute )8(o) are included. With respect to Fig. 
11a, which presents results for through-thickness cracks, note that finite 
element results developed using the work energy method [25] for the geome
try of interest differ significantly from both the Bowie solution [27] and 
another numerical result [28], both of which are for an infinite sheet. This 
difference is particularly significant at the shorter crack lengths, obviously 
because of the notch field. In view of this, there is a need for AT-solutions for 
the specific geometry of concern if sense is to be made of the growth of phys
ically short cracks. As such, in dealing with through cracks in this study, the 
solution for the geometry of interest was used to estimate P{a). That curve is 
denoted "this study". 

Figure 116 presents results for part-through (corner) cracks with an aspect 
ratio, a/2c, of 0.5. Results are presented for a variety of geometries, all of 
which are reasonable approximations to that of interest in this paper. Notice 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



LEIS AND GALLIHER ON SHORT CORNER CRACKS 413 

(J3|9Ui) ' S / X '<4!SU3tU| SS3JtS pazl|OIUJON 

•5= 

(J349UJ) ' S / X '<t!SU94U| SSaJIS pSZIIDUiJON 

a (o — 

^ 

2 

..(M'ui) V X '«I!SU9)U| ssaJis paziloiujON 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



414 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

that a very large variation exists in A' at a given crack length, depending on 
which solution is chosen. A similar observation has been made by Crews et 
al [29], who studied longer corner cracks in a geometry comparable to that 
considered here. Note too that, for a given crack length, the stress intensity is 
much less than that for a through crack of the same length. Finally, note that 
all corner cracks observed in this study transitioned to planar cracks at 
lengths less than 0.76 mm (0.003 in.). In this regime, there is little apparent 
difference in the solutions, although stress intensity is still a very strong func
tion of crack length. 

For purposes of this study, a curve compounded from corner and through 
crack solutions has been developed to estimate )3(a). Corner crack trends are 
used up to crack lengths 0.76 mm (0.03 in.) long. Thereafter, a trend which 
increases more rapidly than the Newman [30] transition to through cracks, 
shown in Fig. lib, is used to smoothly shift to the through crack curve de
noted as "this study" in Fig. 11a. This compounded empirical ^-solution 
has been used for all corner cracks. It differs very little from the through 
crack solution for two reasons. Firstly, at small crack lengths, there is little 
difference between solutions for through and corner cracks. Secondly, the 
transition from corner to through cracks occurs at quite small sizes, which 
leaves only a very small interval over which there can be a difference. While 
empirical, it is believed that the K versus a curve adopted is reasonable. It 
should be emphasized, however, that there is a need for parametric numeri
cal studies to reduce the uncertainty in this regard. 

Crack Growth Rate as a Function of Stress Intensity 

Figures 12, 13, and 14 present the crack growth rate as a function of the 
maximum stress intensity factor, KMX- In keeping with this paper's emphasis 
on physically short cracks, these figures show data only during the initial 
growth stage, representing crack lengths from 25 jum to 1.02 cm (0.001 to 
0.40 in.) long, the emphasis being at the shorter lengths. 

With respect to the data presented in Fig. 12 that represent results devel
oped beyond the inelastic notch field, note that a trend of first decreasing 
then increasing growth rate exists at both notch roots. This trend reflects this 
consistent pattern in the tabulated data as a function of crack length. That is, 
even in the absence of inelastic action at a notch root, crack growth rate is 
not a unique function of stress intensity factor. With regard to these results, 
note that corner crack and through-thickness crack data compare well in the 
domain they overlap, suggesting the empirical K versus crack length behav
ior adopted is reasonable. Note too that the transition in growth rate from 
decreasing to increasing occurs at a crack size on the order of that for which 
corner cracks transition to through-thickness cracks. Transition crack 
lengths of 0.31 and 0.51 mm (0.012 and 0.02 in.) are indicated by the figure, 
whereas fractographic data indicated lengths of 0.25 and 0.51 mm (0.01 and 
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FIG. 12—Crack growth rate as a function of stress intensity factor; Specimen N29. 

0.02 in.), respectively. Aside from the initial decreasing rate, the results of 
Fig. 12 are not unusual in that the trend for the longer cracks matches that 
for other published data for this material [52]. 

Consider next the data presented in Figs. 13 and 14. Recall that, in con
trast to the test condition reflected by the data of Fig. 12, these data repre
sent cracks which grew in the displacement controlled inelastic field of the 
notch for about the first 0.33 cm (0.13 in.) of growth. Thereafter they grew in 
a load controlled domain (compare the results of Fig. 12). At lower stress in
tensities, the first decreasing then increasing growth rate pattern of Fig. 12 is 
also evident in these data. Transition values from decreasing to increasing 
rates occur at crack lengths of 0.51, 0.38, 0.51, and 0.31 mm (0.02, 0.015, 
0.02, and 0.012 in.). These compare well with values of 0.38, 0.25, 0.25, and 
0.31 mm (0.015, 0.01, 0.01 to 0.03, and 0.01 in.), respectively, determined in 
the fractographic study. Beyond this transition, growth rates increased in a 
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FIG. 13—Crack growth rate as a function of stress intensity factor; Specimen N30. 

regular pattern. However, in all cases for which data are available (3 of 4 
notch roots), once the crack becomes about 0.38 cm (0.15 in.) long, this pat
tern is broken. As evident in the figures, the rate of change in growth rate as 
a function of maximum stress intensity increases as compared to the appar
ent trend. This transition in the rate of change in growth rate as compared to 
the prior trend ends at crack lengths of 0.48, 0.43, and 0.30 cm (0.19, 0.17, 
and 0.12 in.). Thereafter, the growth rate trend blends into the trend pub
lished for this material [32]. It is significant that this transition in behavior 
corresponds closely to the notch plastic zone size of 0.33 cm (0.13 in.), an ob
servation the significance of which will be pursued in the following section. 

Discussion 

In examining the growth of corner cracks at notches, a number of interest
ing observations have been made. Each is considered in turn in the following 
paragraphs. 
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The initiation event occurs primarily as a consequence of corner crack in
itiation based on fractographic analysis. In most cases, fractography sug
gests this event is associated with a burst of growth which in this material, 
appears brittle-like, but perhaps is crystallographic Stage I growth. This ob
servation implies the existence of a critical volume, a concept popularized in 
the context of size effect theories for notches. But, given the variability in the 
size at a given notch root, it is likely that its dimensions relate more to micro-
structural features like grain size, orientation, etc., as compared, for exam
ple, to some measure based on mechanics. Associated with this burst of 
growth are periods of rapid crack growth. The process is not continuous, 
however, so that these bursts are mixed into otherwise dormant periods. As 
many as four cracks have been observed to exhibit this behavior at one 
corner of a given notch root. In several cases, the first crack to initiate did 
not grow into the dominant crack. Indeed in several cases, many cracks in
itiate at comparable cycle numbers and then lie dormant until much later 
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when yet another crack initiates and grows stably to failure. Such periods of 
dormancy might be associated with blunting of the microcrack tip due to the 
large growth burst. This hypothesis is supported, in part, by the observation 
that cracks which grew continuously after initiation are not associated with 
large early bursts of growth. 

With regard to da/dN versus a, a consistent pattern is exhibited by all 
cracks. At very short lengths, bursts of growth lead to locally quite high 
growth rates. After the growth burst, the growth rate decreases until the 
corner crack transitions into a through crack, a trend supported by fracto-
graphic observations. Beyond the transition to a through crack, there may be 
another transient in the growth rate behavior. This seems to occur when the 
crack grows out of the inelastic displacement controlled notch field into the 
load controlled "long-crack" field. 

Given the aforementioned trends, the growth of these cracks from 
notches is controlled by free surface and inelastic action, as suggested 
schematically in Fig. 15. These same trends are, as expected, also manifest 
when these growth rate data are plotted in terms of stress intensity factor, as 
shown schematically in Fig. 16. Note that as the stress intensity increases, the 
rate decreases then increases, then goes through a transition from that in
creasing trend to blend into the usual "long crack" data for the material. In 
all cases, the trend shift decreasing to increasing rate correlated with the 
corner to through crack transition. Likewise, the transition to the long crack 
trend correlated with the shift from displacement to load controlled growth 
(that is, notch plastic zone size). 

Summary 

In view of the above, both free surface and the size of the inelastic notch 
field significantly influence growth'rate. Now, the former depends heavily 
on microstructure and local constraints and the latter on notch acquity and 
nominal stress. Therefore it is very unlikely that the extent to which these 
factors cause growth rate to be a nonunique function of stress intensity can 
be accounted for by a simple empirical correction. As such, the success of the 
scheme of El Haddad et al [75], which hypothesizes that a pseudo crack 
length (suggested to be a material's constant) when added to the physical 
crack length will correlate nonunique growth rates, is open to question in 
more general applications. This is particularly so for large-scale plasticity 
[16,33'\. In this context, it should be emphasized that current attempts to ac
count for notch effects on the growth rate include an elastic correction to 
j8(a) in Eq 1. While inelastic stress (strain) fields could be used in place of 
their elastic counterpart, Eq 1 would still fail to reflect the difference in local 
(crack tip) control conditions; that is, the crack would still grow as a load 
controlled crack even though the results of this study suggest otherwise. It 
may be, however, that this difference in growth rate which depends on con
trol condition could be implemented through Eq 2. In any event, it is clear 
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FIG. 15—Schematic of factors controlling growth rate; da/dN versus a. (a) Elastic behavior at 
notch root, (b) Inelastic behavior at notch root. 
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FIG. 16—Schematic of factors controlling growth rate; da/dN versus KMX. 
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that as currently employed Eqs 1 and 2 do not reflect the growth rate process 
in the notch plastic Held. 

Finally, this paper has focused on a particular segment of the general 
problem of tracking initiation and propagation damage in structures. Its 
suggestion that free surface and inelastic action are signiflcant in this context 
should not be taken to infer that they are the only important factors. The key 
in tracking damage seems to be careful attention to detail, ensuring that all 
significant factors are accounted for and that the damage processes being 
compared are similar. 

Conclusions 

A number of significant conclusions follow from this study. Included are: 
1. Free surface and inelastic action at notch roots are major factors in ex

plaining observed differences in the growth rates of cracks when correlated 
in terms of stress intensity. Free surface influences physically short cracks, 
whereas inelastic action influences the growth rate within the notch field— 
that is, its influence is not limited to physically short cracks. 

2. Inelastic analysis that accurately portrays the driving force for crack 
growth in the plastic field of the notch, including the local control condition, 
is needed before useful predictions of growth rate and life can be made. 
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ABSTRACT: The fatigue crack initiation behavior of chromium-molybdenum-
vanadium steel in high-temperature air and steam was studied in respect with the cy
clic frequency and oxygen concentration in the surrounding atmosphere. Fatigue tests 
were conducted at 565°C in air and steam at frequencies of 10, 1, and 0.1 cpm. The 
number of cycles to crack initiation was determined by the potential drop technique. It 
was found that the fatigue life to crack initiation is significantly reduced by decreasing 
frequency. At a low cycling frequency, the oxygen concentration determines the reduc
tion of cycles to crack initiation. In the case of crack initiation related to inclusions, 
the reduction of number of cycles to crack initiation is remarkable. 

KEY WORDS: fatigue crack initiation, high-temperature environment, super heated 
steam, oxygen concentration, cyclic frequency, chromium-molybdenum-vanadium 
steel, inclusion, manganese sulfide 

Recent metallurgical investigation and fracture mechanics analysis have 
been concerned with the development of large cracks early in the service life 
of some steam turbine rotors. The prediction of the number of cycles to fa
tigue crack initiation is obviously important for the integrity assessment of 
such components. Fatigue cracking in turbo-machinery can arise from re
peated thermally induced strains, which occur while the temperature is 
changing. Under high-temperature environment, however, the fatigue behav
ior is influenced by mechanical factors (stress level, stress ratio, cyclic 
frequency, etc.) and environmental conditions. Significant influences of en
vironment on fatigue crack growth rate have been found in many metal/ 
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environment systems. It has been revealed, for example, that the crack 
growth rate in nuclear pressure vessel steel in high-temperature water is 
stongly influenced by oxygen content in water and that the crack growth is 
enhanced as cycling frequency decreases [1].* It has been shown, further
more, that the fatigue crack growth rate in alloy steel under steam and high-
temperature air depends strongly upon the cyclic shape [2]. The aforemen
tioned fatigue behavior relates the contribution of time-dependent phenom
ena, such as corrosion or oxidation damage, to crack advance. With respect 
to environmental effects on fatigue crack initiation, it has been found that a 
small amount of water reduces the time to initiation of a fatigue crack in a 
cast steel [3]. Taking into account the environmental influences upon the fa
tigue crack behavior described above, one may investigate the influence of 
cyclic frequency and environmental conditions on fatigue crack initiation. 

The experiments described in this paper attempt to examine the fatigue 
crack initiation of a steam turbine rotor steel under high-temperature air and 
steam. The tests were conducted isothermally at the maximum temperature 
of interest with linear elastic fracture mechanics analysis. Although the crack 
initiation is influenced remarkably by stress ratio and the degree of stress 
concentration, the crack initiation was examined mainly with respect to the 
environmental conditions and cycling frequency. From the evidence that 
some cracks were observed to be related to inclusions, the metallurgical 
states of the material were also taken into account in connection with crack 
initiation. 

Material and Experimental Conditions 

The material tested was lCr-lMo-0.25V steel used in a steam turbine rotor. 
Chemical composition and mechanical properties are given in Tables 1 and 2, 
respectively. IT compact tension specimens (CTS) (Fig. 1) were taken from a 
steam turbine rotor as shown in Fig. 2. The slit of the compact tension spec
imen (CTS) was made by a circular grinder cutter of 0.3 mm thick. The slit 

TABLE 1—Chemical composition of lCr-lMo-0.25V steel. 

Element Weight % 

Carbon 0.27 
Silicon 0.26 
Manganese 0.67 
Phosphorus 0.010 
Sulfur 0.008 
Nickel 0.34 
Chromium 1.11 
Molybdenum L23 
Vanadium 0.25 

*The italic numbers in brackets refer to the list of references appended to this paper. 
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TABLE 2—Mechanical properties of lCr-lMo-0.25V steel. 

Tensile 
Strength, MPa 

0.2% Yield 
Strength, MPa 

Reduction 
of Area, % 

20°C 820 
540 

670 
400 

62 
89 

plane orientation was C-R as given in ASTM Test for Plane-Strain Fracture 
Toughness of Metallic Materials (E 399). The slit tip configuration is shown 
in Fig. 3. The radius of the slit tip bottom is about 0.32 mm. 

Taking into account the environment in which the actual steam turbine 
rotor is exposed, we performed tests mainly in steam and air at 565°C. While 
the steam pressure in an actual steam turbine is high, the tests in this study 
were conducted under the steam pressure of 190 kN/m^, since a compilation 
of data obtained by Manning and Metcalfe [-/] showed that surface oxide 
growth is independent of steam pressure in the range of 0.1 to 16 MN/m^ [5]. 
As a reference, the tests were performed in air at room temperature and 
under argon gas at 565°C. In order to examine the influence of environmental 
conditions upon the crack initiation, the partial pressure of oxygen in sur
rounding atmosphere was used as a parameter that might control the crack 
initiation behavior. The oxygen concentration was determined by gas chro
matographic techniques. 

The fatigue tests were performed in an apparatus comprised of a reserve 
tank, boiler, super heater, condenser, and test section (Fig. 4). The electrical 
conductivity of the water in reserve tank was presented at 0.5 jumho/cm by 
means of the ion exchange prepared in a bypass loop parallel to the boiler-
condenser loop. Dissolved oxygen in the water in reserve tank was held below 
0.3 ppm by means of argon gas bubbling into the water. By using the water 
thus prepared, the super-heated steam was produced by boiler and super 
heater. Super-heated steam thus produced (pressure of 190 kN/m^ and 
temperature at 300°C) was allowed to enter the test section, which was com-

T j i r 

^ . 

o 
30 

SO 
62.5 

> ^ 

FIG. 1—Specimen geometry. 
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FIG. 2—Specimen preparation. 
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FIG. 3—Slit tip configuration. 
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FIG. 4—Testing apparatus. 

posed of a stainless steel chamber with a surrounding electrical heater. The 
steam temperature in the test section was maintained at 566 ± 6°C. In the 
case of argon gas environment, argon gas was flowed into the test section 
through A and flowed out from B (Fig. 4). The temperature in high-tempera
ture argon and air was controlled to 566 ± 1°C. 

Employing the foregoing apparatus, we conducted fatigue tests under a 
triangular waveform by using a servohydraulic machine with a loading ca
pacity of 10 tons under various environmental conditions. The partial pres
sure of oxygen in the test section under various environments is given below: 

Super-heated steam: 
Argon gas: 
Argon gas: 
Air: 

1.8 X 10"̂  torr at flow rate of 50 L/min 
9 X 10'' torr at flow rate of 10 L/min 
1.0 torr at flow rate of 1 L/min 
150 torr 

The effects of cycling frequency upon crack initiation were also examined. 
The frequency was 0.1, 1, and 10 cpm. The tests in air at room temperature, 
conducted as a reference, were carried out under a frequency of 600 cpm, 
since little influence of frequency upon fatigue crack behavior is observed in 
air at room temperature. The number of cycles to fatigue crack initiation was 
determined with respect to the apparent stress intensity factor range, because 
the radius of the slit root of the CTS used in this study is finite. The stress ratio 
was maintained to be 0.05 during test. Crack initiation from the notch root 
was monitored by the d-c potential drop technique, and was also subsequently 
checked metallographically. Figures 5a and 5b show the potential drop with 
respect to the number of loading cycles obtained in tests under high-temper
ature argon and steam, respectively. The potential decreases initially by in-
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FIG. 5—Direct-current potential drop during fatigue test. {si)Argon, 0.1 cpm, AK = 46MNm'^'^. 
(b) Steam. 0.1 cpm. AK = 46 MN m'^'^. 

creasing the number of cycles, but increases at a certain number of cycles. 
Metallographic observations performed after these potential changes oc
curred, revealed that micro-cracks were initiated at the bottom of the notch 
root (Figs. 6a and 6b). This shows that the crack initiation can be determined 
by the potential drop change. The number of cycles to crack initiation there
fore was determined by the d-c potential drop technique, although initiation 
of cracking is a difficult event to defme quantitatively. 

Results 

The relation between the number of cycles to fatigue crack initiation (Ni) 
under various environmental conditions and the apparent stress intensity 
factor range (AA") are shown in Fig. 7 together with the results obtained in 
air at room temperature. In the table in Fig. 7, Ar(Hp) and Ar indicate the 
environmental conditions in which the flow rate of argon gas is 10 and 1 
L/min, respectively. It can be seen distinctly that values oiNt in the elevated 
temperature environment are remarkably small compared with those ob
tained in air at room temperature. The relation between Ni and AAT under a 
constant frequency can be given by the following equation, except for those 
cases of Ni in high-temperature air at a cycling frequency of 0.1 cpm: 

Ni oc {^KT* 
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AK = 46 MN m'^'\ 
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FIG. 7—Relation between number of cycles to fatigue crack initiation and stress intensity factor 
range. 

Results shown in Fig. 7 reveal that Ni is strongly influenced by environmental 
condition and particularly by frequency. Under the same environmental 
condition, such as air at high temperature, it can be seen that N i decreases 
with decreasing frequency. Although the environmental data of JV, in steam 
are few, the same dependency of Ni upon frequency may be observed under 
steam environment, since the fatigue behavior associated with oxidation in 
high temperature is a time-dependent phenomenon. While the dependence of 
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Ni upon AK is given by Nt « (AA")"* at a frequency above 10 cpm, the relation 
between Ni and AK at 1 cpm is different. At a slow frequency of 1 cpm, Ni 
decreases promptly with increasing AK in the range of AK > 31 MN m""'. 
The above results show that remarkable influences upon crack initiation 
occur when the frequency is lower than 10 cpm. In order to know which sur
rounding atmosphere is the most severe, the results obtained in various en
vironments are compared by using data obtained under the same frequency, 
since the dependence of Ni upon AK varies with frequency. In the range of 
AK = 31 ~ 46 MN m"''^, it is seen that N in steam is midway between air and 
argon having the partial oxygen pressure of 9 X 10"' torr. The most severe 
environment for crack initiation investigated in this work is air at 565°C. 
Under this environment condition, N decreases with decreasing the frequency 
and with increasing AK. Particular reduction N is observed under low fre
quency, such as 0.1 cpm. 

Besides the environmental condition and frequency, the metallurgical state 
of the material relates to crack initiation behavior. )^ in Fig. 7 is the result 
obtained when a crack initiation is related to the manganese sulfide that ex
isted at the bottom of the notch root (Fig. 8). In such circumstances, the fa
tigue crack initiation is facilitated several times faster than where no such in
clusion exists at the bottom of the notch. 

In order to understand the dependence of N upon the environmental 
conditions and frequency, the data shown in Fig. 7 were replotted with the 
ratio of number of cycles to crack initiation in high-temperature environment 
(^ENv) to those in air at room temperature {NIKT). Figure 9 shows NiEnv/Nisr 

0.5 mm 
FIG. 8—Crack initiation associated with manganese sulfide. 
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FIG. 9—Dependence o/NiENv/Niirr upon stress intensity factor range. 

as a function of A.K̂ . The ratio NiEnv/Ni«T gives the reduction behavior of the 
number of cycles to crack initiation caused by environmental influence. It 
can be seen that the number of cycles to crack initiation at elevated tempera
ture MENV is reduced to nearly 1/50 to 1/1000 of the A'iRT, depending on the 
environmental condition. At a frequency above 10 cpm, the ratio NiEnv/NiKr 
obtained in argon and air does not depend upon AKin the range of 15 to 46 
MN m"''̂ . At a low frequency such as 1 cpm, on the other hand, the ratio de
creases at a certain value of AK with increasing AK. Although no experimen
tal data were obtained in super-heated steam at a frequency lower than 10 
cpm except the cases of AK = 46 MN m"''̂  and 31 MN m"''̂ , the aforemen
tioned tendency of reduction of the ratio may occur with increasing AATand 
with decreasing cyclic frequency. 

To investigate the influence of cyclic frequency and the environment upon 
crack initiation separately, the dependence of NiEirv/Ni«T upon frequency 
was examined by using the results shown in Fig. 9. The result is shown in 
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Fig. 10. This reveals that NiEsv/NiKr does not depend upon a frequency 
higher than 10 cpm, and NtEnv/NtKi begins to decrease at 10 cpm. Further
more, it can be seen that the dependence of MENV/^IRT is influenced by the 
magnitude of AK and the environmental condition. 

It seems probable that the number of cycles to crack initiation is reduced 
by oxidation of the material. Therefore NiEitv/NiKr was re-examined with re
spect to the oxygen concentration in the surrounding atmosphere. Figure 11 
shows the dependence of ^(ENV/^IRT on oxygen concentration. Oxygen con
centration is given by partial pressure of oxygen. These results show that the 
influence of oxygen is remarkably great when the frequency is 0.1 cpm. At a 
high frequency such as 10 cpm, on the other hand, ^(ENV/MRT does not de
pend on the oxygen concentration even at high AK such as 46 MN m"''^. It 
was found in addition that MENV is reduced remarkably when a crack initiates 
at the location where inclusion exists even under low oxygen concentration. 

Discussion 

In this work the number of cycles to fatigue crack initiation from a slit in a 
compact tension specimen was determined from tests conducted thermally at 
the maximum temperature of interest in steam and argon gas environment. 
The influence of the high-temperature environment upon the number of cycles 
to crack initiation was examined and compared with the results obtained in 
tests in air at room temperature. Although the tests conducted thermally at 
the maximum temperature of interest are the most damaging [5] compared 
with other cycles experienced in practice, it is clear that the number of cycles 
to fatigue crack initiation depends strongly on the frequency and the partial 
pressure of oxygen in the surrounding environment. 

Reduction of the ratio MENV/^IRT with reference to the partial pressure of 
oxygen shown in Fig. 11 illustrates the influence of high-temperature envi
ronment upon the fatigue crack initiation. It can be seen that environmental 
conditions have a great influence on crack initiation with increasing A ^ and 
decreasing frequency. It is particularly noted that the contribution of oxygen 
concentration to the reduction of the number of cycles of fatigue crack initia
tion appears remarkably at a low frequency such as 0.1 cpm. Despite the lack 
of experimentation in air at 566°C under higher A^than 31 MN m"''^, it can 
be estimated that the reduction of Ni in high-temperature air under high AK 
and low frequency becomes large compared with that in steam under the 
same AK and frequency. 

The results obtained in this work reveal that the effect of cyclic frequency 
is notable at high stress intensity factors (Fig. 10). This fact does not coincide 
with that in corrosion fatigue, where mechanical damage is more dominant 
than environmental damage at higher stress amplitudes. Nonetheless, it has 
been shown that the fatigue crack growth rate of lCr-lMo-0.25V at 550°C is 
large at high stress intensity factors at low cyclic frequencies such as 0.6 and 
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0.06 cpm [6]. Thus it appears that the creep effects at the crack tip appear to 
be significant only at a combination of high stress levels and very low fre
quencies. With regard to fatigue crack initiation from a slit bottom, the same 
creep effects can be considered as a cause of reduction of ^,. With regard to 
the influence of oxidation upon fatigue behavior in high temperature, it was 
found that the crack growth rate in Cr-Mo-V steel is strongly affected by 
oxide formation [2], which differs in various environments such as vacuum, 
air, and steam. It has been revealed in this work that the same influence of 
oxidation upon fatigue crack initiation is observed; namely, oxide formation 
at the notch root depends upon the partial pressure of oxygen in environment. 
In high-purity argon gas, in which oxygen concentration is 9 X 10"' torr, 
there is no oxide formation in the macroscopic sense. In low-purity argon 
gas (oxygen concentration of 1 torr) and steam (oxygen concentration of 
1.8 X 10"̂  torr), on the other hand, the oxide Fe304 is formed at the notch 
root. In the air environment at 566°C the oxide formed at the notch root is 
FejOs. These events indicate why the crack initiates easier in air than in 
steam: the interval of oxide detachment and metal loss in air contributes di
rectly to crack initiation, while the oxide formed in steam is very adherent. 

As discussed previously, the number of cycles to fatigue crack initiation is 
strongly influenced by oxide formation, which is a time-dependent phenom
enon and therefore influenced by the magnitude of the stress intensity factor 
range and cyclic frequency. When examining and predicting the crack initia
tion in steam turbine rotors, therefore, one must pay particular attention to 
both the oxygen concentration in the environment and to the frequency. 

It can be additionally noted that the existence of inclusions, such as man
ganese sulfide, in this alloy has remarkable influence upon crack initiation. 
When such inclusion exists at the region where strain concentrates, the crack 
initiates promptly (Fig. 7). The reduction of iV,ENv caused by crack initiation 
related to inclusion may occur in the steam environment. The lowest value of 
NiEtrv/NiRT in this work is about I/IOOO, which was obtained in steam under 
the conditions of AK = 46 MN m"''^ and at a frequency of 0.1 cpm. If one 
takes into account the existence of the inclusion, however, this value may be 
reduced. Furthermore, particular attention should be paid to the crack initi
ation at the center bore in the rotor, because the environmental condition at 
the center bore is high-temperature air, and the inclusion density at the cen
ter bore surface is higher than that at the outer surface of the rotor. 

Conclusions 

1. Low frequency heavily influences the fatigue crack initiation in a high-
temperature environment. 

2. At low frequency, the oxygen concentration in the surrounding atmos
phere has a large effect upon the reduction of the number of cycles to crack 
initiation. 
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3. While the environmental influence upon fatigue crack initiation is re
markable at low frequency, little reduction of iV, occurs at high frequency in 
the most severe environmental condition (for example, air at 566°C). 

4. In the case of crack initiation associated with inclusion, such as man
ganese sulfide, the reduction of A'̂ , is remarkably expedited. 
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ABSTRACT: This paper describes the results of a cotnbined experimental/analytical 
program on the fatigue initiation behavior of carbon steel components. Based on this 
study, several improvements in the fatigue analysis procedures are suggested: (7) a 
notch factor for local strains, (2) a mean stress factor, (3) improved fatigue strength 
reduction factor for butt welds, and (4) an environmental correction factor. It is 
shown that with the suggested fatigue analysis procedures, the fatigue design margins 
of the ASME Code will be maintained even with unusually severe local strain and 
mean stress. 

KEY WORDS: carbon steel, fatigue analysis, ASME Code, environmental effects, 
local strain, mean stress effect, piping design 

Pressure-retaining components are designed to meet the requirements of 
Section III of the ASME Boiler and Pressure Vessel Code (hereafter cited as 
"ASME Code" or "Code") [1].^ In addition to prescribing stress limits for 
various applied loads (for example, pressure, dead weight, thermal, and 
seismic), the Code also requires a fatigue evaluation for the transient stresses 
that occur during normal operation. Specifically, the Code provides proce
dures for fatigue usage calculation and requires that the cumulative fatigue 
usage based on a conservative fatigue design curve should be less than 1.0. 
The ASME Code fatigue design curve was obtained based on strain-controlled 
fatigue data for small specimens of austenitic and ferritic steels and by apply
ing a factor of 2 on stress or 20 on cyclic life to the mean data curve. This fac
tor was intended to account for data scatter, temperature, surface roughness, 
environment, and size effects. In this paper, the fatigue behavior of carbon 

' Manager, Stress and Fracture Analysis Unit; Manager, Plant Materials and Experimental 
Mechanics Unit; and Principal Engineer and Technical Leader, respectively. General Electric 
Company, Nuclear Energy Engineering Division, San Jose, Calif. 95125. 

^ The italic numbers in brackets refer to the list of references appended to this paper. 

436 

Copyright' 1982 by AS FM International www.astm.org Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



RANGANATH ET AL ON CARBON STEEL COMPONENTS 437 

Steel components is described and compared with the ASME Code fatigue 
curve. Some modifications are suggested for local strain, mean stress, and 
environmental effects, and it is shown that Code margins are further 
improved. 

This paper describes the results of a combined experimental/analytical 
program on the fatigue initiation behavior of carbon steel components. The 
results show that the conventional Code evaluation procedures do not always 
account adequately for localized surface effects. However, when the ef
fects of local notch strain, mean stress, and environment are evaluated as 
shown here, it is found that all the data can be accounted for by using the 
ASME Code approach. Based on this study, several improvements in the fa
tigue analysis procedures are suggested; (7) a notch factor for local strains, 
(2) a mean stress factor, (3) improved fatigue strength reduction factor for 
butt welds, and (4) an environmental correction factor. It is shown that with 
the suggested fatigue analysis procedures, the fatigue design margins of the 
Code will be maintained even with unusually severe local strain and mean 
stress. 

Experimental Program on Fatigue Initiation Behavior of Carbon Steel 

The purpose of carbon steel crack initiation testing was to evaluate the ef
fect of high-purity water environments on the resistance to fatigue crack in
itiation. Parameters that may affect fatigue crack initiation of carbon steel 
are operating temperature, water environment, and cyclic stress levels. The 
experimental program was designed to measure the effects of each of these 
parameters and to compare them with the ASME Code approach for fatigue 
life prediction. 

Fatigue tests in this program were conducted under (1) fully reversed 
strain control on smooth specimens, the method used to generate the data 
serving as the basis of the ASME Code fatigue design curve; (2) zero-tension 
load control on smooth and notched specimens; and (3) zero displacement 
to maximum displacement with small mean stress on notched samples, rep
resenting the type of loading typically found in service. 

Baseline Air Tests 

A total of 16 uniaxial specimens [0.0064 m (Vi in.) diameter'] were tested 
to establish baseline air data at both room temperature and 288°C (550°F). 
The specimens were machined from 12-in. Schedule 160 SA333-Gr6 carbon 
steel pipe and were oriented in the longitudinal direction in the pipe. All tests 
were conducted in fillly reversed, strain-controlled loading mode. Chemical 
and mechanical properties for this heat are shown in Table 1. These tests 
were designed to compare the behavior of SA333-Gr6 with the set of data 

' The original measurements were made in U.S. Customary units (in parentheses). 
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TABLE 1—Chemical and mechanical properties of carbon steel. 

Chemical Composition 

Alloy 

SA333-Gr 6 
SA333-Gr 6 
SA106-Gr B 

Heat No. 

64032 
234099 
HD7123 

C 

0.12 
0.26 
0.18 

M„ P 

1.05 0.010 
0.94 0.011 
0.92 0.013 

S 

0.030 
0.017 
0.011 

Si 

0.23 
0.24 
0.09 

Fe 

balance 
balance 
balance 

Mechanical Properties 

Alloy 

SA333-Gr 6 
SA333-Gr 6 
SA106-Gr B 

Heat No. 

64032 
234099 
HD7123 

Room Temperature 

(TYs, ksi° OUTS, ks 

44.8 62.0 
48.7 74.0 
49.2 72.2 

i 0 

288°C (550°F) 

rYS, ksi 

31.0 
22.7 
37.7 

(TUTS, ksi 

66.5 
68.7 
81.0 

°1 ksi = 6.895 MPa. 

used to establish the ASME Code fatigue design curve, and were also used to 
evaluate the effect of test temperature. 

A group of two notched specimens was tested to evaluate the effects of 
mean stress in air at room temperature. The test section was machined from 
SA333-Gr6 piping material. Chemical and mechanical properties for this 
heat are shown in Table 1. End adapters were welded to the test section to 
provide a connection to the 45400 kg (100 kip) test machine, and final ma
chining of the specimens was done after welding. Transverse notches 
(^t =1 .7) were machined at the center of each face of the specimen test sec
tion. These tests were conducted in the load control mode fully reversed or 
zero tension; the waveshape was sinusoidal, and the frequency was 2.0 Hz. 

Seven notched tubular specimens were tested to assess notch effects at 
288°C. The material used was SA106B in the form of 0.019-m (y4-in.) Sched
ule 160 pipe. Properties of this heat are also shown in Table 1. Adapters were 
welded to the test section to provide connection to the test machine. The tests 
were conducted at 0.13 to 0.20 Hz with sinusoidal zero-tension loading. 

Air test data from the open literature were also utilized. Results of several 
test series conducted by Krempl and by Hale on SA106B notched bars at 
room temperature and 288°C provided a substantial enlargement of the ex
isting test data base [2-(5]. 

Small Specimen Environmental Tests 

Several sets of tests were conducted in high-temperature, high-purity oxy
genated water at 288°C. The high pressure/temperature water environment 
used for these tests was provided by a high-flow [0.77 Ls/s (12 gal/min)] re
circulating test loop. Dissolved oxygen level, pH, and water conductivity were 
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TABLE 2—Environments. 

0.2 ppm O2 8 ppm O2 

Pressure 1120 ± 50 psig° 1120 ± 50 psig 
Temperature 282 ± 7°C 282 ± 7°C 
Dissolved oxygen 0.2 ± 0.1 ppm '6 ± 2 ppm 
Conductivity 0.5 ± 0.2 mho/cm at 24°C 0.5 ± 0.2 mho/cm at 24°C 
pH 6.5 ± 0.5 at 24°C 6.0 ± 0.5 at 24°C 
Additives none none 

"1.0 psig = 0.006895 MPa. 

monitored continuously. Most of the testing was conducted in nominally 0.2 
ppm oxygenated water, with some work at 8 ppm oxygen. The water chemis
try specification data are shown in Table 2. 

The first set of tests was conducted in an operating plant. Reference 7 pro
vides a detailed description of this work. The environment was consistent 
with the 0.2 ppm oxygenated water conditions of Table 2. The material used 
in this study is described in Table 1. Cantilever beam specimens were tested 
under fully reversed conditions. No notched specimens were included in the 
study. 

The notched tubular specimen was used to conduct 0.2 ppm oxygenated 
water environment tests, as well as the air tests described previously. The 
same material was studied as in the air tests. In the water environment tests, 
0.003-m ('/8-in.)-diameter pressure sensor tube was welded to the end of 
each specimen to provide a means to signal through-wall leaking. The spec
imens were connected in series and tested concurrently. Zero-tension loading 
with a sawtooth waveshape and 0.003 Hz frequency was employed. A few 
tests were conducted at slower frequencies or with mean stress. 

An additional set of 0.2 ppm oxygenated water environment tests was 
conducted using notched specimens. The tests were conducted from zero to 
maximum displacement, which resulted in displacement control tests having 
a small mean stress. The tests were conducted with a sawtooth waveshape 
and 0.003 Hz frequency. These tests simulated the type of loading expected 
for pipes in service. 

Pipe Tests 

The final set of water environment tests is unique. Instead of utilizing small 
laboratory specimens, the test involved 0.10-m (4-in.) Schedule 80 welded 
pipe. The test section is about 1.22 m (4 ft) long and contains 11 butt welds 
spaced about one diameter apart. The welding parameters are typical of 
those used in the field, and the welds are postweld ground to reproduce field 
conditions on the inside diameter. The pipes contain 8.3 MPa (1200 psig) 
water on the inside and are subjected to an externally applied axial stress. In 
addition to the external load, the pipe welds also experience the weld residual 
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Stress. The pipe tests were conducted in 288°C air and in 0.2 and 8 ppm oxy
genated water, under zero-tension load control with trapezoidal wave shapes 
at 183 juHz. A few of the test pipes had specially machined sharp notches in 
addition to the butt welds. Reference 8 provides a more detailed description 
of the pipe test method. 

Evaluation of Results 

All test data are listed in Table 3. It should be emphasized that, for most of 
the tests, stress ranges and loading modes used in the program were outside 
the allowable values permitted by the ASME Code. In addition, some of the 
tests were conducted in 8 ppm oxygenated water, which is a known [9,10,11] 
accelerant for crack initiation. Evidence that the 8 ppm oxygenated water is 
accelerated over that of the service environment is provided by three sources. 
The first is provided in Ref 9, which compares stainless steel pipe test data in 
8 ppm oxygenated water to the normal service 0.2 ppm water. Reference 10 
contains similar data for carbon steel. Reference 11 contains results of corro
sion potential measurements made during many stages of operation at reactor 
sites. It is clear that the 8 ppm oxygenated water data are accelerated when 
compared with service operations. This environment is not found under 
normal operating conditions. Hence these tests are not representative of 
service conditions and, as such, comparison with ASME Fatigue Design 
procedures requires corrections to account for local strains, mean stress, and 
environmental effects. To illustrate this, data are evaluated using conven
tional Code procedures and compared with the Code curves in Fig. 1. The 
appropriate corrections and the re-evaluation of the data are discussed later. 

Comparison of the uncorrected data with the ASME Code Curve leads to 
the following observations: (7) the smooth specimen strain control test data 
in air at 288°C lie below the room temperature air data by a factor of about 2 
on cycles; (2) cohiparison of the small specimen environmental data with the 
air data shows a clear environmental effect; and (5) the welded pipe tests, 
which were conducted under load control stresses exceeding the net section 
yield stress and in 8 ppm oxygenated water (all except one pipe in 0.2 ppm 
oxygenated water), further illustrate the effects of environment, mean 
stresses, and notches. 

Throughout the test program, it was noted that the fracture locations most 
often occurred at discontinuities such as section thickness changes and at the 
weld fusion line. Figure 2 is an example of this for the pipe tests. The fracture 
surface is transgranular. It is difficult to discern any more detailed features 
of the fracture surface because of the thick oxide on the surface. The fact that 
cracks occurred at discontinuities suggests that notch effects may be 
important. 

In the remainder of this section, analytic procedures are developed for 
further analysis of the notched specimen and pipe test data. 
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TABLE 3—Carbon steel test data. 

Speci
men 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Room Temperature Air, Load Control, 

Material 

SA106B 
SA106B 
SA106B 
SA106B 
SA106B 
SA106B 
SA106B 
SA106B 
SA3336 
SA3336 

Frequency, 
cpm" 

10 
10 
10 
10 
10 
10 
10 
10 

120 
120 

Wave 
Shape 

sine 
sine 
sine 
sine 
sine 
sine 
sine 
sine 
sine 
sine 

K, 

3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
1.7 
1.7 

Zero to Tension 

Net 
Section 
Stress 
Range, 

ksi^ 

33.0 
36.0 
39.00 
43.0 
46.0 
49.0 
51.0 
54.0 
45.3 
42.7 

N, 

64000 
38000 
26000 
17000 
12000 
10100 
3 800 
1600 

140000 
300000 

Reference 

6 
6 
6 
6 
6 
6 
6 
6 

this study 
this study 

288°C (550°F) Air, Load Control, Zero to Tension 

20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

79 

34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

70 

SA106B 
SA106B 
SA106B 
SA106B 
SA106B 
SA106B 
SA106B 
SA106B 
SA106-B 
SA106-B 
SA106-B 
SA106-B 
SA333-6 

6.0 
6.0 
6.0 
6.0 

12.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 

0.011 

288°C (550°F) 0.2 

SA106-B 
SA106-B 
SA106-B 
SA106-B 
SA106-B 
SA106-B 
SA106-B 
SA106-B 
SA106-B 
SA106-B 
SA106-B 
SA106-B 
SA106-B 
SA106-B 
SA106-B 
SA106-B 
SA333-6 

0.18 
0.18 
0.18 
0.18 
0.18 
0.18 
0.18 
0.18 
0.18 
0.18 
0.18 
5.0 
5.0 
0.18 
0.037 

0.011 

sine 
sine 
sine 
sine 
sine 
sine 
sine 
sine 
sine 
sine 
sine ̂ . 

sawtooth 

ppm O2 Water, 

sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 

sawtooth 

3.0 
3.0 
3.0 
3.0 
5.0 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
1.8 
2.16 

48.0 
42.0 
36.0 
33.0 
48.6 
32.4 
43.8 
50.3 
57.6 
64.1 
72.8 

46.7 

4 800 
,13000 
33000 
70000 
5000 

86800 
12700 
7200 
4 800 
3100 
1900 

4400 

Load Control, Zero to Tension 

1.0 
1.0 
1.0 
1.0 
1.0 
5.2 
2.9 
2.8 
2.7 
5.8 
2.9 
5.2 
2.9 
1.7 
1.7 
1.8 
2.16 

55.2 
51.0 
48.4 
43.7 
39.8 
49.1 
35.7 
31.6 
26.9 
29.0 
22.9 
49.1 
35.7 
54.3 
54.3 

45.1 

7810 
45500 
20000 
45 500 
45500 

300 
4000 

11000 
45500 
35900 
38000 

1350 
9000 
5700 
1300 

2600 

2 
2 
2 
2 

this study 
this study 
this study 
this study 
this study 
this study 
this study 

j this study 
I pipe test 

this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 

Ithis study 
Ipipe test 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



442 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

TABLE 3—(Continued). 

Speci
men 
No. 

49 
50 
51 
52 

71 

72 

73 

74 

75 

76 

77 

78 

Material 
Frequency, 

cpm° 

288°C {550°F) 0.2 ppm > 

SA106-B 
SA106-B 
SA106-B 
SA106-B 

0.12 
0.12 
0.012 
0.012 

288°C (550°F) 8.0 ppm 

SA106-B 
SA333-6 
SA106-B 
SA333-6 
SA106-B 
SA333-6 
SA106-B 
SA333-6 
SA106-B 
SA333-6 
SA106-B 
SA333-6 
SAI06-B 
SA333-6 
SA106-B 
SA333-6 

0.011 

0.011 

0.011 

0.011 

0.011 

0.011 

0.011 

0.011 

Wave 
Shape K, 

Net 
Section 
Stress 
Ranee, 

ksi* N, 

O2 Water, Load Control, Tension to Tension, R = 

sawtooth 
sawtooth 
sawtooth 
sawtooth 

5.2 
2.9 
5.2 
2.9 

17.5 
13.1 
17.5 
13.1 

454 
2100 
1500 
1500 

Reference 

= 0.6 

this study 
this study 
this study 
this study 

O2 Water, Load Control, Zero to Tension, Pipe Tests 

sawtooth 

sawtooth 

sawtooth 

sawtooth 

sawtooth 

sawtooth 

sawtooth 

sawtooth 

1.8 Code 
2.16 Rule 
1.8 Code 
2.16 Rule 
1.8 Code 
2.16 Rule 
1.8 Code 
2.16 Rule 

5.7 

8.1 

1.8 Code 
2.16 Rule 
1.8 Code 
2.16 Rule 

46.7 

46.7 

46.7 

43.2 

46.7 

34.6 

31.1 

38.1 

127 

514 

583 

920 

24 

30 

5850 

3900 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

288°C (550°F) 0.2 ppm O2 Water, Deflection Control, Zero to Maximum Deflection 

31 SA333-6 
32 SA333-6 
33 SA333-6 

0.18 
0.18 
0.037 

sme 
sine 
sine 

1.7 
1.7 
1.7 

54.3 
90.0 
54.3 

7500 
340 

2460 

this study 
this study 
this study 

288°C (550°F) 0.2 ppm O2 Water, Strain Controlled, Fully Reversed, Beading 

Speci
men 
No. Material 

Fre- Wave 
quency Shape K, 

Strain 
Range, 

«£• N, Reference 

137 
138 
139 
140 
141 
142 
143 
144 
145 

SA516 
SA516 
SA516 
SA516 
SA516 
SA516 
SA516 
SA516 
SA516 

0.06 
0.06 
0.06 
0.06 
0.06 
0.06 
0.06 
0.06 
0.06 

trapezoidal 
trapezoidal 
trapezoidal 
trapezoidal 
trapezoidal 
trapezoidal 
trapezoidal 
trapezoidal 
trapezoidal 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

0.67 
0.67 
0.67 
0.67 
0.50 
0.33 
0.33 
0.33 
0.33 

174 
174 
174 
174 
130 
85.9 
85.9 
85.9 
85.9 

1050 
1150 
1200 
1400 
2900 
4000 
5200 
7000 
9000 

3 
3 
3 
3 
3 
3 
3 
3 
3 
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Speci
men 
No. 

103 
104 
101 
102 
106 
105 
107 

125 
126 
128 
127 
130 
129 
131 

"l.O 

Material 
Fre

quency 

TABLE 

Wave 
Shape 

3—(Conlin, 

Kt 

ued). 

Strain 
Range, 

% e£ 

Room Temperature Air, Strain Controlled, Fully Reversed. 

A333Gr6 
A333Gr6 
A333Gr6 
A333Gr6 
A333Gr6 
A333Gr6 
A333Gr6 

16 
16 
12.5 
12.5 
24 
24 
35 

sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 

288°C (550°F) Air, Strain 

A333Gr6 
A333Gr6 
A333Gr6 
A333Gr6 
A333Gr6 
A333Gr6 
A333Gr6 

12.5 
12.5 
16.0 
16.0 
24.0 
24.0 
45 

icpm = 0.0167 Hz. 
' l .Oksi = 6.895 MPa. 

sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 
sawtooth 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

Controlled, 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

0.75 
0.75 
1.0 
1.0 
0.5 
0.5 
0.35 

231 
212 
306 
289 
147 
148 
108 

N, 

, Axial 

10600 
12489 
4 386 
6164 

41229 
36647 

120476 

Fully Reversed, Axial 

1.0 
1.0 
0.75 
0.75 
0.5 
0.5 
0.35 

268 
273 
209 
201 
139 
136 
93.8 

3614 
3440 
9 768 
5 546 

26174 
15627 
33187 

Reference 

this study 
this study 
this study 
this study 
this study 
this study 
this study 

this study 
this study 
this study 
this study 
this study 
this study 
this study 

Local Strain Analysis of Notches 

The principal focus in the evaluation of notched specimen data is on the 
development of the local strain analysis at notches using Neuber's Rule. In 
order to compare low-cycle fatigue data from notched specimens with the fa
tigue curve based on smooth specimen tests, it is necessary to determine the 
local strain range at the notch. The use of the cyclic stress-strain curve to de
termine the local strain range at the notch has been established [12]. Once 
the stress and strain ranges at the notch are determined, fatigue life predic
tions can be made based on strain-controlled smooth specimen data. Implied 
in this approach is the assumption that both the smooth and notched speci
mens will have the same fatigue initiation life, provided that the stress-strain 
history at the crack initiation site are the same. 

Detailed elastic-plastic analysis using the cyclic stress-strain curve can be 
used to predict the local strain. However, Neuber's Rule provides a more 
convenient means of determining the local strain at the notch. Neuber's rela
tionship is 

A:p qp = Kt' (1) 

where Kt is the elastic stress concentration factor, and kp and qp are the plastic 
stress and strain concentration factors defined by the expressions 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



444 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

•5 

I 

s J 

g 

o 

(BdW e-0Txg68*9 = Tsd O'T) 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



RANGANATH ET AL ON CARBON STEEL COMPONENTS 445 

;®i«at:: 

B) CK&cac AiONG mi,s Fosicaj him m: ROOT HOTCH 
{VIEWING r-R<m 10 SORFACE) 

FIG. 2—Cracks associated with weld root notch on the new weld prep design. 
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and 

and oa and ea are the local stress and strain amplitudes respectively at the 
notch, and 5a and ea are the nominal stress and strain amplitudes respectively. 
This can be rewritten as 

(aa • ea •£)" ' = Kt(S^ • e^-E)"^ (2) 

when the net section is still elastic, ea'E = 5a, and Eq 2 reduces to 

iaa-ea-Ef^ = KtSa (3) 

It is seen that Eq 2 applies to all values of nominal stress, whereas Eq 3 applies 
to nominal stresses in the elastic regime only. When the cyclic stress range is 
sufficiently small to assure elastic behavior even at the notch location, then 
OB = Eea, and Eq 3 reduces to the familiar form 

OB = Kt Set 

Thus the parameter (oa ea £')"^ describes notch stress-strain for both elastic 
and elastic-plastic loading. Equations 2 and 3 provide a simple means of es
timating the notch strain amplitude. 

This local stress-strain approach was used to compare the notched speci
men data with the ASME Code approach using the elastic stress concentra
tion factor. Table 4 lists the specimens and the strain calculations. Since the 
available data showed significant differences between different heats of 
material, the local strains were calculated for the two extreme curves. It is 
seen that the local strain approach predicts higher strains and stresses at the 
notch compared with the method based on the elastic stress concentration 
factor. 

Mean Stress Effects 

In the evaluation for notched specimens, no correction was applied for 
mean stresses even though the tests were controlled by load. Since the speci
mens were severely notched, reverse yielding occurs at the notches, and the 
local mean stress approaches zero. In such cases the mean stress correction is 
small. In the evaluation of the pipe test, however, the mean stress effects be
come more significant and should be included to properly interpret the data. 

There are several mean stress correction factors discussed in the literature, 
but the one most popular is the modified Goodman correction used in the 
ASME Code. However, the Goodman correction is usually applied for high-
cycle data and could lead to over-correction in the low-cycle regime. A cor
rection factor applicable for low-cycle fatigue and based on the Neuber notch 
analysis approach has been suggested by Smith et al [ i i] . In the Neuber 
analysis for alternate tension-compression cycling, the factor (aa ea JE')'''̂  is 
the appropriate fatigue parameter. For zero-tension loading, instead of plot
ting the parameter (oa ea E)^'^, Smith et al recommend the use of the function 
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TABLE 4—Notched specimen fatigue data evaluation. 

Speci-

No. 

1 
2 
3 
9 

10 
11 

Kt 

2.9 
2.8 
2.7 
5.2 
5.8 
6.0 

Elastic 
Stress 

{Ki 5.), ksi" 

51.8 
44.2 
36.3 

127.7 
84.1 
68.7 

Local Strain (e.)*, % 

A 

0.210 
0.190 
0.145 
0.900 
0.440 
0.320 

B 

0.280 
0.225 
0.160 
1.200 
0.630 
0.460 

Stress {Eit] 

A 

55.4 
50.2 
38.3 

237.0 
116.0 
85.0 

I', ksi 

B 

73.9 
59.4 
42.2 

316.8 
166.3 
121.4 

Cycles to 
Failure 

4022 
11007 
22571'' 

301 
12942* 
1051.8'' 

" 1.0 ksi = 6.895 MPa. 
'Stress strain curve A = Krempl 228°C (550°F); stress strain curve B = Jaske 204°C (400°F) 

(Ref 10). 
' £ = 26400 ksi. 
''No failure, test continuing. 

(amax ea E^^ whefc amax is the maximum local tensile stress at the notch. 
For reversed loading, amax = aa and the two parameters reduce to the same 
value, amax can be estimated from the cyclic stress-strain curve by determining 
the stress corresponding to the strain Cmax = 2ea. In applying the mean 
stress correction to the conventional S-N curve, the ratio (amax Ca Ef^/ 
(aa ea EY'^ = (amax/aa)''̂  can be used. Note that mean stress effects are not 
used in the Code curve, since they are developed from reversed loaded spec
imens. The ratio (amax/aa)"^ is therefore a reasonable measure of the mean 
stress correction. 

ASME Fatigue Evaluation Procedures for Piping Compared witli Test Data 

The fatigue evaluation procedure recommended in the ASME Code for 
piping components uses the stress index approach. Table NB-3683.2-1, Sec
tion III, ASME Code provides the appropriate stress indices to be used in 
piping analysis. 

Rodabaugh and Moore [14'\ have summarized available fatigue data on 
piping components and compared them with the cyclic life predicted by the 
ASME Code fatigue design curves. In comparing the experimental fatigue 
data to the Code, the ratio of the actual number of cycles to failure and the 
Code predictions, Nt/Nc, is determined. 

The Code "design curve" was obtained from the "failure" S-N curves by 
applying a factor of 2 on stress or a factor of 20 on life, whichever was more 
conservative at each point. Accordingly a ratio of Nt/Nc = ~20 in the test 
data indicates adequate conservatism of the Code indices method. 

Girth Butt Welds 

The ASME Code fatigue strength reduction factors are based on the ex
tensive data developed by Markl [75]. The ratio of the actual number of cy
cles to failure in Markl's tests and the cyclic life limit as taken from use of the 
ASME Code design curve ranged from 13 to 18 (Table 5). This is somewhat 
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448 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

lower than the "factor of 20" intended by the ASME Code. Newman's data 
[16] for O.Ol-m (y8-in.)-thick piping suggest that the margin of actual 
number of cycles to failure over the Code Design Curve Limit might be even 
lower than that found by Markl. This margin is further eroded if the piping 
weld has fabrication defects (for example, porosity, lack of penetration, etc.). 
The lack of adequate margin in girth butt welds is supported further by the 
results of Kiss et al [77] shown in Table 5. The evaluation of the data (mostly 
at room temperature and without environment) indicates that the margin on 
cyclic life for piping butt welds is well below the factor of 20 implied in the 
Code design curve. 

Elbows 

The fatigue strength reduction factors in the Code for elbows are much 
higher than those for butt welds. Also, the maximum stresses in the elbow 
occur in the body of the elbow and not in the weld where imperfections are 
likely to exist. This further increases the conservatism of the Code. The results 
of tests by Markl and by Kiss et al confirm the Code conservatism. Table 5 
shows that the Code margins on cyclic life are high, in some cases approach
ing 2600. Thus the Code design procedures have a large built-in safety margin 
for elbows. 

Tees and Other Fittings 

Like elbows, the fatigue strength reduction factors for tees and other fit
tings are high and in many cases require the use of the simplified elastic-plastic 
analysis. As in elbows, the high stresses occur in the body of the fitting where 
the likelihood of defects is smaller than in the welds. As seen from the fatigue 
data for tees in Table 5, the highest margin was up to 500. Clearly, for tees, 
the Code stress index method produces conservatism that is well in excess of 
the factor of 20 implied in the Code. 

The differences in the way the Code handles butt welds, elbows, and tees is 
best illustrated by selecting three tests from Table 5 (shown by an asterisk), 
representing the three piping components. The three tests were selected so 
that the nominal "pipe" bending stress, M/Z, is approximately the same in 
all three cases. From the calculation of the Ci,Ki, and ^e factors, it is seen 
that even though the nominal stress in the pipe itself is about the same, the 
calculated secondary and peak stresses are quite different. Because of the 
higher secondary stress Sn, the elbow and tee stresses are multiplied by the 
strain correction factor ^e, which can be very significant. Table 6 shows the 
comparison of the three cases. It is seen that for the same nominal pipe stress, 
the Code Design Curve cyclic life limit is 2500 cycles for the butt weld, 38 for 
the tee, and less than 10 for the elbow. The use of higher stress indices for fit
tings introduces significant conservatisms for fittings compared with butt 
welds. 

The comparison of the carbon steel piping fatigue data and the Code pre-
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450 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

TABLE 6—Comparison of code cyclic life predictions for components with approximately 
the same nominal (M/Z) pipe stresses. 

Type of 
Component 

Pipe butt weld, 
6 in., std. wt. 

Short radius 
elbow, 4 in.. 
std. wt. 

Forged welding 
tee, 12 in.. 
Schedule 80 

C2,Kt 

Ci = 1.0 
Ki = 1.8 
Ci = 5.54 
K2 = 1.0 

C2 = 2.84 
Ki = 1.0 

" LO ksi = 6.895 MPa. 

M/Z, 
ksi" 

58.2 

56.0 

54.5 

Sn = 
CiM/Z, 

ksi 

58.2 

310 

155 

>Jii/JOm 

1.08 

5.17 

2.57 

Sp = 
K2C2M/Z, 

ksi 

105.0 

310 

155 

K, 

1.16 

5.00 

4.14 

S . = 
A e t j p 

2 
ksi 

60.8 

775 

321 

Code 
Predicted 

Cyclic 
Life (Afc) 

2500 

<10 

38 

-

diction leads to the following conclusions: (/) piping components (for exam
ple, elbows, tees) except girth butt welds under moment loading showed cyclic 
margins well in excess of the "factor of 20"; (2) girth butt welds under cyclic 
moment loading show a lower margin on cyclic life even without considering 
environment, temperature effects, and weld imperfections; and (5) because 
of the differences in the cyclic margins for butt welds as opposed to other 
components, higher fatigue strength reduction factors for butt welds may be 
appropriate to provide greater fatigue margin. 

Proposed Design Rules 

The evaluation of the notched specimen and pipe test data as well as the 
extensive test data on piping components suggest four areas where im
provements to the present Code procedures are appropriate: (7) new fatigue 
strength reduction factors for butt welds, (2) notch factor to account for the 
effects of local yielding when KtSa exceeds the elastic range, (3) mean stress 
correction factor, and (4) environmental correction factor. 

With the inclusion of the four factors for piping analysis the peak stress 
amplitude Sp would be given by 

Sp ^ — K{ Kn Km Ke Kea Sn ( 4 ) 

where 

Sn = range of alternating primary and secondary stresses calculated using 
conventional Code procedures, 

Kf = fatigue strength reduction factors for which existing Code expres
sions apply, except for butt welds for which new factors will be de
veloped in the next section, 

Kn = correction factor for local notch yielding developed based on Neuber 
analysis, 

/Cm ^ mean stress correction factor, 
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Ke = plastic strain correction factor (based on simplified elastic-plastic 
analysis) specified in NB-3653.6, and 

^en = water environment factor. 

The new factors proposed are the notch factor Â n, the mean stress correction 
factor ^m, and the water environment factor Ken- The A t̂-factor is different 
only for pipe butt welds. 

Analytical Procedure for Determining Fatigue Strength Reduction Factors for 
Butt Welds in Piping 

Although an experimental fatigue testing program is necessary to determine 
fatigue strength reduction factors for piping welds, an analytical procedure 
based on Peterson's equation [18] for notch factor can be used to determine 
limiting values for fatigue strength reduction factors. The procedure, origi
nally proposed by Lawrence et al [19], assumes that a weld inherently pro
duces highly strained regions at notches (for example, fabrication defects, 
suckback, and weld toes). Since practically any value of notch radius can 
exist at these locations, it is necessary to use a bounding value which gives 
the highest fatigue strength reduction factor at these welds. Assuming an in
verse square root dependence on notch radius for the stress concentration 
factor and maximizing the fatigue strength reduction factor Kt, the following 
expression can be obtained: 

(KiUt^x =l+2y/7 (5) 

where / is the pipe thickness. 
Figure 3 shows the analytically predicted fatigue strength reduction factor 

as a function of pipe wall thickness. 
Equation 5 predicts J f̂-values higher than the 1.8 value suggested by the 

Code for moment loading. Also, the proposed approach implies a size effect 
(increasing Kf with thickness), whereas the Code values are constant. Al
though extensive data are not available for pipe butt welds of different 
thicknesses, the limited comparison between the results of Markl and New
man supports the thickness dependence. Lawrence's test data on flat butt 
welds also support the proposed approach. 

Fatigue strength reduction factors were also developed for notches using 
the approach suggested by Neuber [20]. This approach considers the effect 
of yielding at very sharp notches so that ^f does not become unbounded for 
notch radii approaching zero. The expression used was 

K't= 1 + (Kt - 1)/(1 + \/0.000048/root radius (metres) 

Analytical Procedure for the Notch Factor (Kn) 

When the local notch stress is in the elastic range, the local strain €a is 
given by Kte^, where e^ is the nominal strain. When there is local yielding at 
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FIG. 3—Proposed fatigue strength reduction factors for pipe butt welds. 

the notch tip, the local notch strain is given by 

Applying Neuber's Rule for the notch, we obtain 

(aa «a Ef^ = Kt (5a Ca £ ) " ' 

The procedure described earlier can be used to calculate ea for a given value 
of Ca. This is complicated, however. For use in a piping analysis, a simple 
procedure based on the Ramberg-Osgood [2/] assumption can be used. A 
stress-strain relationship of the type a = At" can be used as a fit to the cyclic 
stress-strain curve. When both the local stress and the nominal stress exceed 
the yield point, both stress states can be represented by the relationship 
a = At". Substituting this expression and assuming n = 0.2 for carbon steel, 
the notch factor .^n is given by 

.^n = K{ 
0.67 

(6) 
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The notch factor Kn is 1.0 when the local stress KtSn <2iSm (or S^/'iSm ^ 
\/Kt), where 5m is the Design Stress Intensity defined in Section III of the 
Code. It is given by Kf^^ when the nominal stress 5ii exceeds 35™ (or 
5n/3Sm ^ 1 ) and the net section experiences yielding. For values of l/Kt ^ 
Sn/'iSm ^ 1 linear interpolation is assumed. Figure 4 shows the actual notch 
factor calculated using two bounding cyclic stress-strain curves and by the 
simple relationship described above. It is seen that the simplified rules are 
conservative and describe the notch effect well. 

Mean Stress Correction Factor {Km) 

It is generally understood that the Code fatigue curves already contain a 
built-in correction for mean stress and that no additional factor is necessary. 
This is strictly valid under the assumptions of the Code elastic-perfectly plas
tic behavior, yielding occurring at the Code minimum yield strength and 
under purely strain-controlled cycling. These assumptions are not realistic 

-

-

K „ - l 

-

' / 
1 t: 

1/Kf 

1 1 

/ 

y CODE Kg 

/ FACTOR 

/ 
/ 

K „ . K , 0 . 6 7 

AND JASKE CYCLIC 
STRESS-STRAIN CURVES 

\ 

K( - 2.0 

3Sm - 50 k« = 414 MPa 

1 1 1 

-

-

-

1.5 

SnflSn-

FIG. 4—Comparison of notch factors determined from actual cyclic stress-strain curve and from 
assumed Ramberg-Osgood curve of the type a = Ae° (n = 0.2). 
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under service conditions in piping. For example, the assumption that gross 
yielding occurs for stress ranges exceeding 3Sm (374 MPa at 288°C) is not 
strictly true, since carbon steel shows cyclic-hardening behavior. In fact, the 
cyclic stress-strain curve for carbon steel shows virtually elastic behavior for 
stress ranges exceeding 690 MPa (100 ksi). This shows that mean stress ef
fects exist for stress ranges well in excess o(3Sm- The fact that Code minimum 
yield strength values are used is another reason why the Code mean stress 
correction factors are not always adequate. In addition to higher than Code 
minimum yield strength for the piping material, the yield strength near welds 
is likely to be still higher because of the cold work. 

As discussed earlier, the ratio (amaz/aa)'^^ can be used as a mean stress 
correction factor. Again using the Ramberg-Osgood relationship [21] and 
assuming emax/ea = 2 (zero-tension strain cycling) and « = 0.2 for carbon 
steel, the mean stress correction factor for fully plastic conditions is 
(amax/aa)"^ = 2° ' = 1.07 (to be rounded off to I.l). This shows that for 
large values of 5n the mean stress correction factor is small. Since the exper
imental data indicate that fully plastic conditions exist for S,i/3Sm values 
approaching 2.0, it will be assumed that the mean stress correction factor is 
1.1 when Sn/3Sm = 2.0. Linear interpolation is used for l/Kt< Sn/3Sm ^ 
2.0. 

Environmental Correction Factor (Ken) 

The environmental factor developed empirically is based on the 288°C 
(550°F) oxygenated water data. The zero to tension load control fatigue re
sults were selected as the data'base, since almost all the oxygenated water test 
data have been generated in this manner. 

Figure 5 shows the 288°C (550°F) air and water data plotted as a function 
of 5n/35m(l — R), where R is minimum stress/maximum stress. This stress 
ratio was used to correlate the environmental effect, since it measures the 
maximum net section stress during a fatigue cycle. 

As can be seen from Fig. 5, there is a well-defined upper bound for the air 
data and lower bound for the water data. The figure shows the difference be
tween the air and water data, and shows that the environmental effect in
creases as the maximum net section stress increases. The proposed environ
mental factor is the ratio of the bounding lines in Fig. 5 for air and water. 
Since the bounding lines intersect at a stress ratio of 0.35, no environmental 
correction below this value is needed. The analytical forms for the environ
mental factor are (5m-values taken from ASME Boiler and Pressure Vessel 
Code, Section III, Appendix A) 

For 5„/35m(l - /?) < 0.35: K^n = 1.0 (7) 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



RANGANATH ET AL ON CARBON STEEL COMPONENTS 455 

[(u - n "'SE/"sj ouva ssauxs aanddv 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



456 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

For 0.35 < Sn/3Sr^(l - R)< 1.0: 

^en =l.O + H (S„/3Sm(l - R) - 0.35) 

For 5„/3Sm(l -R)> l.O: ^en = 1 + 0.65 H (proposed truncation) 

where H is a material constant that depends on environmental conditions. 
The constant H will vary, depending on the given set of environmental con
ditions, specifically oxygen concentration, temperature, wave shape, and 
frequency. Based on present data at 288°C, H = 2.0 for 0.1 to 0.3 ppm oxy
genated water, and H = 3.5 for 4.0 to 8.0 ppm water. The environmental fac
tor ^en is shown in Fig. 6 as a function of Sn/3Sm(l — R)- The environmental 
factors may be much lower at temperatures below 200°C. 

Evaluation of Data Using the Proposed Design Rules 

The fatigue test data were re-evaluated using the tentative design rules de
veloped in this paper. The results are shown in Fig. 7 and compared with the 
ASME Code curve. It is seen that the data fall above the design curve, even 
for stress levels higher than permitted by the ASME Code. 

The analytical approach described in this report is focused on improved 
procedures for determining local strain, mean stress, and environmental ef
fect. The approach is to determine correction factors to be used with the cur
rent ASME approach. 

It is possible that in some cases the different factors may overlap and lead 
to overly conservative results. Consequently, the effect of these rules on piping 
design must be assessed by application to specific examples. It should be em
phasized that the proposed rules are tentative and are in a continuing process 
of development. Further changes may be proposed based on experience in 
piping evaluation and continued evaluation of the test data. One of the most 
promising areas for further development lies in more detailed assessment of 
effects of water temperature and cycle frequency. Initial results suggest that 
use of the ^en-factor is not needed when the water temperature is below 
about 200°C. Furthermore, at rapid cycle frequencies there is insufficient 
time for the environment to play a role in the cracking process. Initial studies 
have been completed to assess the effect of cycle frequencies ranging from 
about 10"' to 10"* Hz. It is clear that the more rapid frequencies result in no 
environmental effects; thus rapid loading events such as thermal or stress 
transients of durations less than a few minutes need not be considered for 
evaluation with the ATen-factor. 
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ABSTRACT: This paper presents an overview of the effect of light-water reactor en
vironments on the fatigue crack growth rate in reactor pressure vessel steels. The effect 
of different variables known to influence the environmental assistance—stress inten
sity range, load ratio, frequency, temperature, water chemistry, and irradiation—is 
described. The fractographic phenomena and mechanisms of fatigue crack propaga
tion associated with environmental influence is emphasized. An analytical approach 
for predicting the crack growth rates based on the hydrogen embrittlement model is 
described. Finally, a discussion of the effect of different transients occurring in the nu
clear reactors on the crack growth rate predictions is presented. 

KEY WORDS: fatigue (materials), corrosion fatigue, crack propagation, hydrogen 
embrittlement, pressure vessel steels 

An integral part of the safety assessment of nuclear pressure vessels is the 
quantitative estimation of defect growth during service. This estimation is 
essential for determining whether the defect, detected during inspection, 
should be repaired, or whether the size of the defect, even after its expected 
growth, is small enough to leave the integrity of the vessel unaffected. 

Numerous sources generate fatigue cycling in reactor pressure vessels. 
During the lifetime of a typical vessel, startup/shutdown procedures account 
for about 250 cycles, power loading/unloadings for about 50 000 cycles, step 
increases/decreases in output for about 10000 cycles, minor trips of reactor 
or turbine for about 1000 cycles, and deliberate hydroleak tests for about 20 
cycles. This cyclic loading may introduce defect growth, which is further en
hanced once reactor water comes into contact with the growing crack. 

' Technical Research Centre of Finland, Metals Laboratory, Espoo, Finland. 
^Materials Engineering Associates, Inc., Lanham, Md. 20706. 
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10° 10' , 10' 

10° 10' 10' 
APPLIED CYCLIC STRESS INTENSITY, MPoi/Fi 

FIG. 1—Current (1980) ASME Code Section XI reference curves, with supporting data [1-5]. 

Appendix A of Section XI of the ASME Code [7], Rules for In-Service In
spection of Nuclear Power Plant Components, presents suggested upper lim
its for fatigue crack growth in air and water environments.' These limits were 
derived on the basis of some early research that evaluated fatigue crack 
growth rates in A533B and A508-2 pressure vessel steels in air environments 
over a wide range of temperatures [2,i] and in high-temperature, pressurized 
reactor-grade water environments [4,5]. The current version of these curves 
(1980), with the data upon which they were based, is shown in Fig. 1. 

' The italic numbers in brackets refer to the list of references appended to this paper. 
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462 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

Since the original formulation of the ASME reference curves, additional 
research has defined some conditions, involving aqueous environments and 
high mean stresses, for which crack growth rates can exceed the default lines 
of the Section XI. Hence, in recent years there has been a concentrated effort 
in several laboratories to obtain additional fatigue crack growth rate data in 
the high-temperature, pressurized reactor-grade water environment typical 
of the light-water reactors [5]. 

The purpose of this paper is to summarize how different variables such as 
stress intensity range, load ratio, frequency, temperature, water chemistry, 
and irradiation affect the cyclic crack growth in reactor-grade water. The 
mechanism underlying the environmental influence and an analytical ap
proach for predicting crack growth rates based on this mechanistic model 
are described. Finally, a discussion of the effect of different transients occur
ring in the nuclear reactors on the crack growth rate predictions is presented. 

Summary of Observations of Fatigue Crack Growth 
in Light-Water Reactor Environments 

Crack growth rates observed for ferritic pressure vessel steels in light-water 
reactor environments have been found to be dependent on several variables 
that have little or no effect on crack growth in dry air. These variables may 
be divided into three groups, which are material-, stress-, and environment-
related. In addition to these, a temperature dependence has been observed. A 
review of the effects of these variables based on the published data up to the 
end of 1979 has been given elsewhere [6]; the findings may be summarized as 
follows. 

1. The effect of materials and environmental variables is minor compared 
with the stress-related effects. The pressure vessels in current light-water 
reactors are of ferritic medium-strength low-alloy steels of A508 Class 2 and 
A533B Class 1 or equivalent grades. The behavior of these steels is identical. 
Data are also available to demonstrate that other medium-strength carbon 
and low-alloy steels show very similar behavior in water environments [7]. 
The behavior of weld material and heat-affected zones (HAZ) follows the 
same pattern as the base metals; however, the observed crack growth rates of 
the weld and HAZ materials fall close to the upper bound of the scatter 
band. Retardations also occur in the data fairly regularly. These retardations 
are more pronounced at higher load ratios and may be related to the mate
rial inhomogeneity in weld and HAZ materials. 

Recent results [8,9] have introduced a new factor, which can strongly in
fluence the susceptibility of the reactor pressure vessel steels to a given water 
environments, namely material chemistry. It appears that the sulfur content 
of the steel has a strong impact on its environmental sensitivity, with the 
higher content resulting in more susceptibility. 
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2. The environmental variables of concern in light-water reactors are bas
ically those connected to the pressurized or boiling water reactor water 
chemistries. The basic difference is in the dissolved oxygen content: under 
PWR conditions deoxygenated water with only an insignificant amount of 
oxygen (< 1 ppb) is used, whereas a constant concentration of oxygen (about 
200 ppb) is maintained under BWR conditions. In addition to this, a certain 
amount of boric acid and lithium hydroxide is added to the PWR water 
whereas no additions are used in the BWR water. Although the basic differ
ence in dissolved oxygen content is thought to introduce some differences in 
the environmentally influenced crack growth mechanism, the observed crack 
growth rates in both environments show fairly good agreement under com
parable loading conditions. 

3. The loading history related variables have the most pronounced effect 
on the observed crack growth behavior. These variables include the cyclic 
stress intensity range ^K, load ratio R, and frequency or rise time of the 
cycle and waveform. Temperature and water chemistry add some complica
tions to the general trends. It should be kept in mind that in reality the loads, 
and the.rates and waveforms associated with the application of these loads, 
in an operating power reactor form a variable amplitude/variable frequency 
load sequence, while all the data generated so far are from constant-ampli
tude load or constant stress intensity range types of tests with simple 
waveforms. 

The general trends of the data can be divided into three distinct groups 
(Fig. 2). The trends shown are typical for steels containing fairly high 
amounts of the sulfur and represent the bulk of test materials used up to the 
beginning of 1980. 

The first group of data resides along the ASME Code Section XI air de
fault line. This data band, termed low, comprises all the air data and the data 
generated in simulated reactor-grade water using frequencies and/or wave
forms that do not allow any environmental effects. To produce an acceler
ated crack growth rate (above the air results), a sufficiently long rising part 
of the load cycle is needed; that is, the ramp time must be on the order of 1 s 
or slower or the frequency be on the order of 1 Hz or lower. The data gener
ated to date showing environmental acceleration can be divided further into 
two groups based on the applied load ratio R. This grouping may be artifi
cial, however, as tests with intermediate i?-values have not been performed. 
Lower load ratio value tests {R < 0.2) produce data with less acceleration 
than tests with higher values (R = 0.63. . .0.75), as shown in Fig. 2. No data 
are available at load ratios higher than 0.75. Limited data obtained in sea-
water at /? = 0.85 [10] indicate that the load ratio effect does not continue to 
increase for load ratio values exceeding 0.75 in room-temperature seawater. 
Without any experimental evidence in reactor-grade water, however, no gen
eralization can be made. 
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FIG. 2—General trends of the cyclic crack growth rate in high-temperature high-pressure reac
tor-grade water. Three distinct groups can be observed. See text for further details. 

Once the environmental acceleration starts only a small increase of ap
plied AK is needed for a large increase in crack growth rate. When a certain 
crack growth rate/frequency combination is attained, a bend-over occurs; 
that is, the environmental influence diminishes and the data band returns to 
the air default line. The highest bend-over—the maximum environmental 
acceleration—seems to occur with 17 mHz (1 cpm) sinewave loading, at least 
in PWR conditions. With higher frequencies the bend-over occurs earlier 
(Fig. 2). Lower frequencies have not been tested with high load ratio values, 
but with lower load ratios a difference between PWR and BWR conditions is 
seen. Frequencies lower than 17 mHz (1 cpm) in PWR conditions produce 
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less environmental acceleration; most of the data bands reside actually in the 
low category along the air default line. In BWR conditions, however, a satu
ration is seen and the data remain in the high regime shown in Fig. 2. 

Other waveforms than sinewave have produced data in a somewhat con
fusing way. In many cases the environmental influence is shown to be de
pendent on the rise time of the loading. However, rise times on the order of 
20 to 60 s, which is comparable to 17 mHz sinewave, have produced data 
both in the low and the high category. This discrepancy still remains to be re
solved. The hold time in trapezoidal waveforms has been proven to have no 
influence on the observed crack growth rates. 

The effect of temperature modifies somewhat the aforementioned behav
ior, which is relevant to the operating temperature of the nuclear reactors 
(roughly 290°C); for lower temperatures (data are available only below 
100°C) accelerated crack growth is always observed with frequencies higher 
or on the order of 1 Hz. The general trends are shown in Fig. 3. 

As indicated in Fig. 2, no data are available at or close to the threshold re
gion for operating temperatures. The data bands suggest that no environ
mental influence is seen below a certain A^-value that is dependent on the 
load ratio. Whether this is a true behavior or simply connected to the startup 
phenomena of tests remains to be solved. 

Post-irradiation fatigue crack growth rate tests, in a simulated PWR envi
ronment, have demonstrated that irradiation does not further increase the 
growth rates beyond those increases that are due to the environment itself 
[11.12]. These data are, however, limited to the low load ratio regime and 
base materials only. 

R i s e T i me 

,Tenpe r a t u re 

FIG. 3—A conceptualized three-dimensional surface of crack growth rates, for a fixed value of 
AK, as a function of ramp time and temperature. The edge closest to the viewer depicts the growth 
rate behavior at higher test temperature (~29ff'C), beginning with low growth rates for fast ramps, 
then high growth rates for 17 mHz sinewave equivalent ramps, and reverting to low growth rates for 
long ramp times. 
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This overview of the observed crack growth behavior suggests that further 
research is urgently needed. Specific areas requiring attention are tests with 
higher load ratios (>0.7), intermediate load ratios (0.3. . .0.5), intermediate 
temperatures, complex load spectra, and applied Ai^-values approaching 
threshold, as well as tests aiming to clarify the influence of material chemis
try, especially sulfur content. 

Mechanism of Environmentally Accelerated Crack Growth 

Two basic mechanisms, dissolution assistance and hydrogen assistance, 
have generally been proposed to explain environmentally enhanced crack 
growth in simulated PWR and BWR environments [13-18]. In the former 
process the advancement of the crack is assisted by removal (dissolution) of 
the metal at the crack tip, whereas in the latter process the mechanical sepa
ration at the crack tip is facilitated by hydrogen embrittlement. The authors 
favor the latter mechanism, and our opinion is based primarily on the copi
ous fractographic evidence [17-24], which certainly rules out the dissolution 
assistance mechanism. Thus, although further evidence may be lacking, the 
hydrogen-assisted mechanism, when adapted to the general trends of the en
vironmental enhancement in cyclic crack growth rate, does not fail to predict 
the observed behavior. 

In aqueous environments, the electrochemical conditions at the crack tip 
during both sustained and low-frequency cyclic loading have been shown to 
be different from the bulk electrochemistry. Under a free corrosion poten
tial, the pH is found to be in the acidic regime, regardless of the bulk dis
solved oxygen content [25-28]. Under these circumstances an anodic reac
tion involving metal-surface dissolution occurs at the crack tip. This must be 
balanced by a corresponding cathodic reaction, and this reaction takes place 
either at the crack-tip region or on the external surface. In the absence of dis
solved oxygen, the cathodic reaction involves the reduction of hydrogen ions 
to atomic hydrogen, which can then enter the metal. When dissolved oxygen 
is present in the bulk water, another cathodic reaction can occur on the ex
ternal surface, namely the reduction of dissolved oxygen to hydroxyl ions. 
This reaction cannot occur, or occurs to a lesser degree, near the crack tip, 
where the solution is nearly or totally deoxygenated. 

Hydrogen evolution occurs only during rise time of the fatigue cycles as 
the fresh metal surface at the advancing crack tip is exposed to the environ
ment. This is evident as introduction of any length of hold time at peak load 
does not increase the environmental acceleration of crack growth rate. On 
the contrary, a retardation is sometimes seen. Evolved hydrogen can subse
quently enter the metal provided certain requirements, concerning adequate 
surface reaction time, competing repassivation, and possibly adequate fresh 
surface area, are met. Once the hydrogen has entered the metal, it diffuses 
along the stress gradient towards the region of high triaxial stress just ahead 
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FIG. 4—Schematic illustration of hydrogen assistance during cyclic crack growth of reactor 
pressure vessel steels in high-temperature high-pressure reactor-grade water. 

of the crack tip. The bulk diffusion rate at the elevated temperatures in ques
tion is high enough to allow, within seconds, an excess concentration of hy
drogen in the plastic enclave [29]. The presence of hydrogen in the plastic 
enclave introduces a macroscopic embrittling effect and a subsequent in
crease in cyclic crack growth rate. At least nine different mechanisms have 
been proposed for hydrogen-assisted cracking at the atomistic or lattice level 
[30], At the present time no preference for a particular model can be ex
pressed. As stated in a recent review [30], it is possible that several of the 
proposed mechanisms may contribute to the overall cracking process. The 
presented model is outlined in Fig. 4. 
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The fractography and metallography performed strongly support the hy-
drogen-embrittlement model [17-24]. Typical features of specimens showing 
no environmental influence in water or air are a transgranular fracture path, 
coupled with ductile striations and dense microcracking or branching (Fig. 
5 a). When accelerated crack growth rates are observed, the fracture mode 
changes at lower temperatures (around 100°C) to cleavage-like planes with 
no striations (Fig. 5b). At the operating temperature of the reactor (288°C) 
several fracture modes are observed with increasing applied cyclic stress in
tensity range. In the lowest A^-range the fracture propagation remains duc
tile. Whether this is a true phenomenon or simply connected to the startup of 
the test before the specific water chemistry conditions within the crack have 
been established remains to be solved. When the environmentally assisted 
crack growth acceleration is seen, the striations become brittle as defined by 
Forsyth [31]. 

As the amount of microcracking decreases, fracture propagates along 
roughly cleavage-like planes, and fan-shaped patterns typical of hydrogen-
assisted cracking can be seen (Fig. 5c). A rather abrupt change in the frac
ture mode appears with still higher AAT-values. Essentially no striations or 
microcracks can be seen. Crack propagation along cleavage-like planes and 
features typical of hydrogen embrittlement are evident (Fig. 5d). In the final 
region, in which the growth rates are characterized by the bend-over towards 
the ASME Section XI air default line, brittle striations and microcracks, 
some fairly large and connected to inclusions, can be seen (Fig. 5e). A com
parison of the environmentally assisted fatigue crack features with the low-
temperature fast fracture area obtained after test termination is given in Fig. 
5/. This shows the close similarity between the environmentally assisted 
crack growth area and the quasi-cleavage type fast fracture. The four fracto-
graphically different crack growth areas are superposed on a typical 
da/dN-AK curve in Fig. 6. 

Reportedly, the fractographic features also depend on the material being 
tested. Contrary to the features reviewed above, the mechanism of fatigue 
crack growth in the weld specimens is void coalescence, both in the presence 
and the absence of the environmental influence [77]. The large number of 
coarse carbides in the weld specimens is suggested to be sufficient to influ
ence the void nucleation process and explain the occurrence of this mecha
nism of crack propagation. As discussed by Thompson [32], hydrogen may 
enhance the rate of microvoid formation and growth, and thus introduce the 
crack growth rate acceleration. 

Application of Hydrogen-Assisted Cyclic Crack Growth Model 
for Explaining Experimental Data 

The aforementioned hydrogen-assisted cyclic crack growth model can 
now be applied to explain the observed crack growth behavior. The overall 
trends of the observed behavior presented in Fig. 2 show several regimes to 
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FIG. 5—Typical fracture surface areas from different cyclic crack growth tests, (a) / Hz test at 
288°C showing no environmental influence; AK = 41 MPa \[m. (b) / min ramp, no-hold test at 
93°C showing environmental influence: AK = 41 MPa \fm. (c) 17 mHz test_at 288''C showing en
vironmental influence: AK = 36 MPa \/m. (d) Same: AK = 41 MPa \fm. (e) Same: AK = 50 
MPa -Jrn. (f) Same: fast fracture area obtained after test termination is also seen: AK = 60 MPa 
\[m. 
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FIG. 6—Location of the four fractographically different crack growth areas in environmentally 
assisted cyclic crack growth compared with a typical da/dN-AK curve. 

be considered. These regimes may be divided into five categories (see also 
Fig. 8): (i) threshold region, (2) intermediate crack growth region with no 
environmental assistance, (5) rapidly increasing crack growth rate region, 
{4) diminishing environmental assistance region (bend-over region), and (5) 
final crack growth region. 

Threshold Region 

No high-temperature data in this region are currently available. Room-
temperature tests performed with only low load ratio values [i] give Â ffth of 
roughly 8 MPa \fm. Higher load ratio values are known to produce lower 
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A^th-values in air [3]. Whether this is also the case in water environments 
remains to be seen. 

Intermediate Growth Region 

Again no vahd data are available. Experiments conducted in room-
temperature hydrogen [33,34] and seawater [18] indicate, however, that an 
intermediate region exists between the threshold and the onset of hydrogen-
assisted acceleration. Based on this observation, Ritchie [34] has developed a 
model using a critical stress criterion for crack growth. According to this 
model, the influence of a hydrogen-containing environment on the onset of 
the environmentally assisted acceleration is related to the stress-assisted ac
cumulation of hydrogen that occurs in the maximum triaxial stress state near 
the crack tip. Thus for a given yield strength, temperature, and environment 
the amount of hydrogen accumulated depends only o n A max- This predicts 
that the onset of the environmentally assisted crack growth acceleration is 
dependent on the load ratio. The observed trend bands shown in Fig. 2 sup
port this prediction, as do data generated in seawater [18]. Critical ^max-
values for SA542-3 steel tested in hydrogen were found to be 19 to 24 MPa 
\/m[33], and for BS4 360 Grade SOD steel tested in seawater 22 MPa \/m 
[18], independent of load ratio or frequency. The review of the published 
data on high-temperature water suggests a Ĵ max-value of roughly 24 MPa 
y/m for the reactor pressure vessel steels, which is in close agreement with 
Ritchie's result in hydrogen and seawater. This further indicates that the 
model developed for hydrogen environment is also applicable to the high-
temperature water environment. 

The foregoing discussion suggests, although without any actual data, that 
an intermediate crack growth rate regime exists for cyclic crack growth in 
high-temperature reactor water. The ASME Code Section XI air default line 
is obviously representative for this regime so long as growth rates remain in
dependent of frequency or loading rate and the load ratio. 

Environmentally Accelerated Crack Growth 

Once the apparent critical ^max is obtained, the cyclic crack growth rate 
increases with the applied cyclic stress intensity much faster in the high-
temperature water than in air (Fig. 2). This environmental acceleration is 
due to the accumulation of hydrogen in the crack-tip region and subsequent 
embrittlement, as discussed previously. The environmental influence does 
not continue indefinitely, but once a certain frequency-dependent crack 
growth rate is exceeded, a deceleration starts. 

Whether the environmental acceleration does or does not occur depends 
on the frequency or loading rate, as discussed earlier. At high frequencies the 
interaction of the exposed metal with the environment is of no consequence, 
because the rate at which the metal fails by ductile fracture exceeds the rate 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



472 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

at which the environment can affect fracture via hydrogen embrittlement. At 
lower frequencies the formation of passivating film can inhibit the entry of 
hydrogen at the crack tip. This film can be formed provided the rates of the 
anodic and cathodic reactions are sufficiently slow, as would be the case in 
completely deoxygenated water (PWR conditions), and provided that the 
crack-tip straining rate is rather monotonic, as in trapezoidal load waveform 
testing. On the other hand, in the sinewave load testing, the continuous 
changes in the crack-tip straining rate may prevent the passive film forma
tion and hence facilitate the hydrogen entry and subsequent crack growth 
enhancement. If the frequency is lowered sufficiently, however, the film for
mation may occur, thus preventing the hydrogen entry. In the presence of 
dissolved oxygen (BWR conditions) the reaction rates may again be higher. 
This may facilitate pronounced hydrogen evolution even with longer ramp 
times, which in turn will result in the accelerated crack growth rates seen in 
BWR results at these frequencies. At lower temperatures, where crack 
growth enhancement is observed even at very low frequencies, the oxide, 
which prevails, is of hematite type as opposed to the more adherent magne
tite, which forms at higher temperatures [55]. Thus it is possible that the 
oxide layer at lower temperatures, if formed, is porous enough to allow hy
drogen admission. 

It has been shown that in a water environment the crack growth rate is 
limited by the oxidation rate of freshly exposed surface at the crack tip [36]. 
Thus the resultant cyclic crack growth rate must be directly related to the 
area of the fresh surface generated during the crack advancement within one 
cycle. Furthermore, crack advancement is directly related to crack-tip open
ing displacement (CTOD) [37], which for plain strain conditions is of the 
form 

C T O D as 0.5 - ^ (^max' - ^mU,') (1) 
OyE 

Inserting A^ and load ratio R, we obtain 

where Oy is the yield strength and E is Young's modulus of elasticity. 
Equation 2 can be used to calculate AK for a certain cyclic crack growth 

rate and /?-ratio. Thus the modified Paris equation for the accelerating part 
of the environmentally assisted cyclic crack growth is 

i^)' ^=C(AKr[^^i-^] (3) 

The expressions fits well with the observed data. However, for load ratios 
higher than 0.7, where no data are available, it has been postulated, as stated 
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earlier, that no further enhancement of crack growth rates will occur with in
creasing load ratio. This is contrary to the trend given by Eq 3, but no expla
nation for this possible discrepancy can be given. 

Bend-Over Region 

A decrease in the environmental influence starts when a certain frequency-
dependent or loading rate dependent cyclic crack growth rate is exceeded. 
The higher the test frequency, the lower the value of the crack growth rate at 
which the data bends over, which indicates a crack velocity dependence. As 
the growth rate accelerates due to hydrogen embrittlement, it eventually 
reaches a velocity where the rate-limiting surface reaction doe;s not allow a 
sufficient amount of hydrogen to be generated at the triaxial stress state re
gion. The crack growth rate then slows down to a rate determined by the rate 
of hydrogen accumulation, becoming only weakly dependent on AK [17]. 
Testing at a slower frequency allows more hydrogen to accumulate per cycle, 
and thus a faster crack growth rate. A recent evaluation of some experimen
tal results in seawater and reactor-grade water, based on comparisons be
tween crack velocity in water environment and air, indicates that the bend-
over occurs around 5 X 10"' mm/min crack velocity [38]. This is in a good 
agreement with the trends shown in Fig. 2, where the bend-over for the 17-
mHz test occurs roughly around 5 X 10"' mm/min and for the 1-Hz test 
around 1 X 10"̂  mm/min. 

The data obtained to date in the bend-over region are very scattered. This 
is obviously connected to the appearance of crack branching, which is 
strongly materials dependent [17]. As macrobranches are often connected to 
slag inclusions [21,24], their size and distribution can certainly affect the 
crack growth behavior. 

In the bend-over region of the two groups describing the results of 17-mHz 
tests (R < 0.25; R > 0.50) the general trend of the data is directed at a focal 
point at about A^to = 90 MPa y/m, da/dN = 10"̂  mm/cycle, where A^f,o 
denotes the onsets of the final region of crack growth, as seen in Fig. 2. Thus, 
if the Paris equation is re-written as 

\AKt.ol 
^=C\-=^] (4) 
dN \ AKt.o ' 

then C becomes equal to the crack growth rates at the point of intersection, 
and m becomes the slope of the trend line that best represents the data in the 
bend-over region. In this fashion, the growth rate preference line for the 
bend-over region may be constructed. 

Final Crack Growth Region 

No data are available in this region due to the relatively small size of the 
test specimens, which limits the maximum A ^ obtainable. As no environ-
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mental influence is to be expected in this region, the ASME Code Section XI 
air default line is thought to be applicable up to the point when limiting ATic 
is obtained. 

Reference Curves 

A comparison of Figs. 1 and 2 shows clearly that the current ASME refer
ence curves need modification. Although a restriction for using the water de
fault line only with load ratio values equal to or less than 0.2 has been added 
recently, some of the obtained data bands reach to the unconservative side of 
the line. Several ways to modify the curves have been suggested [39-41], and 
the ASME subcommittee responsible for the reference curves has accepted 
new curves as shown in Fig. 7 [7]. A basic change of philosophy has oc
curred. The curves are no longer upper-bound curves; instead, they have 
been developed based on 95 percent global confidence limits of all available 
data. As such, the reference curves are approximately a factor of two higher 
than the mean of the data. 

The revised curves result in slightly higher calculated crack growth rates 
for high load ratio transients than the old curves. If the combination of high 
and low load ratio transients typical of design transient specifications is con
sidered, the calculated crack growth is slightly less severe than with the cur
rent reference curve. 

Initially, before general agreement on the mechanism of the environmen
tal influence had been achieved, it was obvious that the reference curves in
corporated into any code must be based only on the mean or upper bound of 
the experimental data. However, once the mechanism is understood and suf
ficiently proven, new reference curves should be based on that understand
ing. An attempt in that direction, based on the aforementioned hydrogen-
embrittlement model, is shown in Fig. 8. As discussed earlier, a lack of data 
is evident in the threshold and near-threshold regions; otherwise the pre
sented curves agree fairly well with the experimental data. 

Above the threshold, the curves consist of a series of lines for which Paris-
type equations can be determined. In the environmentally accelerated crack 
growth region the effect of load ratio can be accounted for by using Eq 3. 
The decelerating environmental influence region is shown as based on 17-
mHz data trends representing the upper-bound curve. No numerical expres
sions have been determined for the proposed reference curves, but two basic 
values of importance are the critical î maz for the onset of environmental in
fluence, which is about 24 MPa y/m, and the critical cyclic crack growth rate 
for the onset of bend-over, which is roughly 2.5 X 10"' mm/cycle. 

The proposed ASME Code Section XI reference curves and the reference 
curves based on the hydrogen-embrittlement model are compared with each 
other and with the experimental data bands from Fig. 2 in Fig. 9. The latter 
curves seem to fit the data bands much better; the lack of agreement between 
the proposed ASME reference curves and experimental data is considerable 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TORRONEN AND CULLEN ON REACTOR ENVIRONMENTS 4 7 5 

10" 10' 

10-

10 -3 

3 
o 

< 

i lo-' 

10" 

T 1 I I I l l | 

APPLIED CYCLIC STRESS INTENSITY, ksi \ /m. 

10̂  

/ y 
/ /f 

/' n 
I / / / 

/ / / / 

SURFACE FLAW ' / / 
(WATER) ' , / 

/ / 
/ / ' 

/ / / 
/ / / 

/ / / 

/ 
/ 

RsO.25-

0.25<R<0.55 

RiO.65 

lO'' 

/ SUBSURFACE FLAW 
/ (AIR) 

I I I I I I I 
10' 

APPLIED CYCLIC STRESS INTENSITY, MPQ\/m 

10"̂  

10-'' "5 

3 
o 

10-5 ^ 

- 10-' 

FIG. 7—Proposed ASME Code Section XI reference fatigue crack growth curves for carbon and 
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ence of water environment curves for 0.25 < R < 0.65. 

with crack growth rates below lO"* mm/cycle. The ASME reference curves 
are very conservative in this region compared with the hydrogen-embrittle-
ment model based curves. On the other hand, the ASME reference curves are 
less conservative in the bend-over region. 

Application of Reference Curves 

The ASME Code Section XI procedure for predicting the cyclic crack 
growth is based on the linear damage summation; that is, the crack growth 
increment is calculated one by one for each transient. The inaccuracy of this 
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FIG. 8—Proposed reference fatigue crack growth curves based on the hydrogen embrittlement 
model. The effect of load ratio between R = 0 and 0.7 is taken into account by using Eq 3. 

type of calculation is well known [40,42], even when there is no concern of 
environmental effects. Significantly, overloading has been shown to intro
duce subsequent cyclic crack growth retardation [43,44], which is not taken 
into account when using linear damage summation. On the other hand, 
experimentally measured crack growth rates, which are an order of magni
tude higher than those calculated, have been measured for variable-ampli
tude loading conditions [40]. To overcome this problem it is essential to gen
erate data using variable-amplitude loading waveforms that are representative 
of, and therefore applicable to, power reactors. 

The reversals and accelerations in the cyclic crack growth data are often 
connected to test interruptions, overload-type transients, or changes in test 
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FIG. 9—Comparison between the proposed ASME Code Section XI reference curves, the hydro
gen embrittlement model based reference curves, and actual experimental data. 

parameters such as frequency etc. [17,45]. It is obvious, based on the pre
sented hydrogen-embrittlement model, that if test parameters are used which 
do not allow hydrogen evolution, the fracture mode changes to ductile type 
and microbranching occurs. This microbranching can then develop into 
macrobranching and hence introduce reversal in the cyclic crack growth 
rate, as is experimentally observed during beachmarking [77]. However, a 
recent test [46], in which three specimens were tested in the same autoclave 
in a daisy chain under exactly the same conditions, shows that material-to-
material differences among the specimens introduce more reversals and ac
celerations in cyclic crack growth than external factors like test interruptions 
(Fig. 10). 
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Summary and Conclusions 

It is well established that light-water reactor environments accelerate fa
tigue crack growth rates above those obtained in air. The loading history re
lated variables have the most pronounced effect on the observed crack 
growth behavior. For higher load ratios most of the experimental data lie 
above the current ASME Code Section XI water default line; furthermore, as 
a category, the 17-mHz (1-cpm) sinewave loading produces the most acceler
ated crack growth compared with other frequencies and other waveforms, 
for both low and high load ratios. The materials-related variables may be 
more important than previously thought, although only a limited amount of 
analyzed data is available. Recently, a considerable influence of the sulfur 
content of the steel on the environmental enhancement has been found. En
vironment-related variables, including irradiation, have little influence on 
observed crack growth rates. 

The environmental influence is due to hydrogen embrittlement, which is 
shown by extensive fractographic work. Reference curves for crack growth 
predictions can be constructed based on the hydrogen-assisted cracking 
model. These curves are shown to fit the experimental data better than the 
proposed revision of the ASME Code Section XI reference curves. 

There are some important areas for future research. Cyclic crack growth 
rate for the threshold region, as a function of load ratio, needs to be deter
mined. Along with this, the effects of startup and thermal cycling transients 
need to be established, and testing with combined waveforms (that is, varia
ble amplitude, variable frequency tests) is definitely required to generate 
data under more realistic conditions. 
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Bending fatigue strength 
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Subscripts 

A,B 
alt 
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eq 
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T 
z 

e 
1,2,3 

Cases A and B 
Alternating 
Critical 
Elastic 
Equivalent 
Maximum shear 
Mean value 
Normal strain on shear plane 
Octahedral 
Plastic 
Total 
'Total strain' 
Axial 
Failure plane 
Principal planes 

The study of the influence of different multiaxial states of strain in low-cy
cle fatigue (LCF) testing has been limited to the past 20 years, although high-
cycle fatigue (HCF) and, in particular, strength at the fatigue limit have at
tracted considerable attention since the beginning of the century. Since 
design for finite endurance has become a widely used, if not common, proce
dure, the necessity of evaluating predictive techniques and simplified design 
methods for the high strain fatigue analysis of components and structures 
that are subject to complex loading systems would seem to be of great impor
tance. But this has not been borne out by the number of research projects to 
be found in the open literature, since this shows a lack of emphasis on the 
multiaxial problem compared with other areas of fatigue research. The rea
sons for this are legion, some of the more significant ones being (7) the com
plexity of biaxial fatigue machines and extensometry, (2) the large number of 
test results required to develop or disprove empirical criteria, (5) intricate 
specimen design and strain analysis, and (4) the expense. 
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In view of the importance of multiaxial LCF research and the comparative 
scarcity of data, we have included in this overview most if not all the work on 
this topic known to the authors, at the risk of giving insufficient considera
tion to some of the results. An initial introduction to aspects of multiaxiality 
in HCF reveals common areas of correlation with LCF. No attempt has been 
made, however, to give an exhaustive treatment of HCF theories or results, 
since many other reviews have appeared recently, concerning LCF [7], 
HCF [2], and both regimes [3]} Carden [4] has produced a bibliography of 
the subject, and Evans [5] has discussed at length different methods of multi-
axial testing, stress-strain analysis, and some particular problems of speci
men geometry. This paper will consider the various criteria for multiaxial fa
tigue life correlation and their ability to predict endurance satisfactorily. 

Yield and Strength Theories 

Of the many criteria for initial yield of isotropic materials, two have been 
shown to have wide validity, namely the Tresca criterion for a critical maxi
mum shear stress, 

Tmax = constant 

= (cri — Oi)/! 

and the Von Mises criterion of critical distortional strain energy, which is 
equivalent to octahedral shear stress, 

Toct = constant 
(2) 

= \/[(ai - aif + (02 - a^f + (a, - ai) ']/3 

where CTI, 02 and 03 are the principal stresses, and ai > 02 ^ 03. Both of these 
equations have been used to correlate fatigue strength in the HCF regime 
with a degree of success, particularly at the fatigue limit in ductile metals that 
do not form nonpropagating cracks. In this case, one might anticipate the 
suitability of yield criteria for crack initiation, since the nucleation of cracks 
has been associated with the onset of plasticity, albeit at a microscopic level, 
corresponding to the formation of persistant slip bands. 

However, for low ductility materials yield theories proved unsatisfactory, 
and attention was turned to other theories of strength; for example, Ran-
kine's theory of a critical tensile stress, 

a\ = constant (3) 

where a\ is the maximum principal stress. Equation 3 was found to be more 
suitable for cast metals which exhibited some porosity from where cracks 

The italic numbers in brackets refer to the list of references appended to this paper. 
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were initiated. Other strength theories applied to fatigue conditions have 
been listed previously [3]. 

High-Cycle Fatigue Criteria 

Although it was natural to consider previously used theories of strength as 
possible fatigue correlations, discrepancies between theory and experimental 
data originated a search for new criteria specifically designed for cyclic load
ing. A wide variety of results on various steels and cast irons led Gough et al 
[6,7] to propose two equations for describing the results of combined bend
ing and torsion tests, namely the ellipse quadrant for ductile materials, 

(St/tf + (Sb/bf = 1 (4) 

and the ellipse arc for brittle materials, 

(St/tf + (Sb/b)Hb/t - 1) + (5b/*)(2 - b/t) = 1 (5) 

where St and 5b are the torsional and bending stresses, and / and b the tor
sional and bending fatigue strengths respectively. Here t and b must be found 
experimentally, with any required mean stress conditions incorporated in 
those tests. With two material constants, as opposed to one in Eqs 1 to 3, 
more accurate correlation is possible over a wide range of materials. The el
lipse quadrant is equivalent to Eq 1 for t/b = 0.5, and Eq 2 for t/b = 0.577. 
Similarly the ellipse arc is the same as Eq 1 for t/b = 0.5, and Eq 3 for 
t/b = 1.0. Equation 5 was based on the suggestion of Stanfield [8] that for 
brittle materials a more suitable correlation might be obtained from Guest's 
Law [P], 

(ai - as) + kiai + a,) = C (6) 

which is in fact equivalent to Eq 5, the constants k and C being related to t 
and b. Notched specimens of either brittle or ductile material may also be 
analyzed with this equation [W]. 

A further important theory was developed by Sines [U], which may be 
written as 

(Toct)alt = C — ^:(aoct)mean ( 7 ) 

to relate the amplitude and mean values of octahedral shear and normal 
stresses respectively, where Ooct = (oi + 02 + ai)/7>. Although this reduces 
to Eq 2 for fully reversed cyclic loads, Sines's theory requires much less 
experimental data in order to predict mean stress effects. Another theory in
corporating mean stress, based on the concept of fatigue failure occurring on 
a critical plane, was proposed by Findley et al \_12\. 

Tee = C — kae (8) 
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where TCB and ae are the critical shear and normal stresses on the failure 
plane, respectively. 

A common feature of all these criteria developed specifically for HCF is 
that they contain two constants. Since the majority of biaxial fatigue tests 
have involved axial and torsional loading systems, it is probable that the 
need for two constants arises partly from variations in the ratio t/b. It has 
been established that in torsion life depends on specimen geometry, since it is 
a function not only of the ratio of internal to external diameters [7J] but also 
of size [7^]. The size effect may be correlated in terms of the ratio of grain 
size to specimen diameter [75], assuming that the endurance is related to av
erage strain across grains at the surface where cracks initiate. A similar size 
effect appears in bending tests, but not in push-pull. Therefore it is inevitable 
that the ratio t/b will vary between one test situation and another, b being 
the uniaxial fatigue strength, although such variations should be less pro
nounced when b is determined by reversed bending. This effect has been ob
served for both HCF [.75] and LCF [77], and is compounded by the fact that 
t/b changes not only with material and specimen geometry but also with the 
endurance at which strength is determined [75]. 

Early Work (the 1960s) 

In low-cycle fatigue, an early assessment of multiaxial strain effects was 
made by Kennedy [79] for the elevated temperature behavior of Inconel in 
the creep range. Endurance was correlated with a creep rupture criterion 
using octahedral shear stress (Eq 2), together with a frequency modified life. 
However, comparisons of torsional and uniaxial failures by a fatigue mecha
nism at lower temperatures led to the first LCF criteria. Halford and Mor
row [20] related life to the hysteresis energy accumulated, but this approach 
was not always successful when comparing the energies in uniaxial and tor
sional tests [21-23]. Yield theories, as used for HCF, may be extended to the 
high strain regime by using effective strains from plastic flow rules. The oc
tahedral shear strain 

7oct = 2V[(€i - ej)' + (e2 - £3)' + (€3 - 6:)']/3 (9) 

where ei, t2 and €3 are the principal strains, has been widely used as a corre
lating parameter when comparing tension and torsion data, successfully in 
some cases [77,27], but in others both overestimating [17.21,23] and under
estimating [17,22] torsional life. Similarly reversed bending tests [24] for 
wide cantilevers and round plates of pressure vessel steels were in agreement 
with Eq 9, whereas earlier work [25] on a similar steel and aluminum alloys 
comparing push-pull with bending tests found no such correlation. 

In view of this variation in reported results, machines were built to exam
ine fatigue under controlled multiaxial strain conditions. A combined ten
sion and torsion machine was developed by Taira et al [26-28], who exam-
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ined a carbon steel at 450°C and ambient temperature. For in-phase cyclic 
strains, the Von Mises and Tresca equivalent strains were compared as failure 
parameters (Eq 9 and maximum shear strain respectively), using both the 
Mises-Hencky and the Tresca flow rules for strain analysis. At 450°C, the 
former flow equations combined with the Mises equivalent strain [26]; that 
is, 

ee, = N/[6^ + vV3] (10) 

where e and y are the axial and torsional strain amplitudes, fitted the data, 
although at 20°C the Tresca-Tresca equivalent strain gave a slightly better 
correlation [28]. For out-of-phase loading, however, a more complex corre
lation was needed to account for rotation of the principal strain axes, giving 
an effective mean strain range of 

A6e, = 2 — r""" (e' + y'/Sy^'" dt (11) 
T Jo 

where o is the Coffin-Manson equation exponent and o) is the angular 
frequency. 

Zamrik et al [29,30] also found that the octahedral shear strain could be 
used for 7075-T651 aluminum under anticlastic bending for shear, cantilever 
bending for uniaxial and reversed bending of round plates for equibiaxial 
strains. However, rather than assuming that Poisson's ratio could be equated 
to 0.5 for the LCF regime (as in the case of Eq 10 above), they derived an ef
fective Poisson's ratio for determining the principal strains. This was inserted 
into Eq 9 together with an anisotropy correction factor to get an effective 
total octahedral shear strain which related biaxial fatigue life to the uniaxial 
strain versus endurance curve. Further data to support this approach were 
provided by Mattavi [31] using centrifugal stresses in notched rotors to ob
tain positive biaxial strain ratios, ej/ei. 

In deriving effective strain correlations as above, experimental results are 
usually presented on a graph of equivalent strain versus life, Ni, such as 
shown in Fig. 1. Selection of the most suitable criterion is made by the 
somewhat subjective comparison of the best data fit to a single line when 
plotted in terms of various effective strains. While there are advantages in 
the simplicity of the effective strain approach, genuine trends of the results 
may be disguised by being related to "experimental scatter" in these figures, 
particularly when logarithmic axes are used. 

Not all the results generated in the 1960s, however, supported the octahe
dral shear strain theory. Crosby et al [32] tested a low-ductility Al-4Cu alloy, 
and found that even for low life a linear elastic fracture mechanics analysis 
could be used. This points to Eq 3 as a suitable failure criterion for this mate
rial. Libertiny [33,34] argued that superposed hydrostatic pressure influences 
endurance, contrary to the implied prediction of the yield theories, which are 
insensitive to variations of the hydrostatic stress. He modified the Coffin-
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Manson equation 

AeiNt" = C (12) 

by making both constants, a and C, depend on stress state through the pa
rameter L = {ai + 02 + ai)/ai. Further evidence for the influence of pres
sure was later provided in uniaxial tests [35,36'], increased pressure extending 
the life. Although pressure does not influence the flow properties of a ductile 
metal—that is, the cyclic stress-strain curve—, it does increase fracture ductil
ity [36,37], which one would expect to cause a corresponding increase in 
LCF endurance. However, oil entering fatigue cracks under pressure may 
reduce life by the "hydrowedge effect", so that overall changes of crack 
growth rate may be more complex than this simple prediction technique 
[36]. The hydrowedge effect is particularly pronounced in tests of thick-
walled cylinders under repeated internal pressure [38], which have been re
viewed by Crossland [39]. 

Two new types of fatigue testing machine were developed in the 1960s to,. 
embrace the full range of biaxial stress states using a single specimen geome
try [40,41]. Pascoe and de Villiers [40] used a cruciform specimen, and de
veloped a modification of Eq 12 where a and C depended on the octahedral 
shear and normal strains as well as the maximum principal strain. Havard 
and Topper [41] subjected thin-walled steel tubes to internal/external pres
sure and axial load, deriving an empirical stress-based equation 

Tmax + i aoct = / ( i V f ) (13) 

Both of these correlations were able to allow for some influence of hydro
static pressure on life. While providing greater expense and complexity in bi
axial fatigue research, these two studies were precursors of the new LCF 
criteria to be developed in the 1970s, replacing the traditional strength 
theories. 

In view of the many different correlations for relating endurance under 
multiaxial strains, Pascoe [40,42] suggested that a graphical presentation of 
design data would be appropriate. Contours of fatigue strength for a given 
life were plotted in terms of the principal surface strains, as in Fig. 2. This 
method is an improvement on the effective strain approach in that it over
comes the aforementioned criticism of disguising genuine data trends, al
though very many more data are needed to draw the curves of Fig. 2 for any 
one material, temperature, and strain rate. 

Fatigue Failure Criteria (the 1970s) 

Extensive studies of both endurance [¥5],and modes of crack growth [44] 
in QT35 and AISI304 steels have been described by Parsons and Pascoe, with 
results presented graphically as in Fig. 2. LCF life was related, rather signifi
cantly, to a crack propagation rule [45], to give the correlation 
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FIG. 1—Correlation of biaxial data by octahedral shear equivalent strain: ICr-Mo-V steel at 
2CPC [49]. 

Aai V[l - 0.5\ + X ]̂ = C for \ > 0 

Affi = C for A. < 0 
(14) 

where A. = oi/ai, the ratio of the applied stresses on a cruciform specimen. 
However, in HCF they recommend the Von Mises equation, where life is 
probably dominated by crack initiation. 

Another approach to the biaxial problem was developed by Brown and 
Miller [5], who considered the directions of crack growth. They proposed 
that the maximum shear strain, 7max = (ei — t^), governed plastic deforma
tion and consequently fatigue crack development. However, growth may 
also be influenced by the normal strain on maximum shear planes, en = 
2(61 + €3), since this will assist propagation through the variation of fracture 
ductility. Thus for a given endurance 

(€, - £3)/2 = / [ ( £ , + e3)/2] (15) 

where ei > £2 > €3. Constant endurance contours were drawn on graphs 
called r-Planes relating these critical strains to life [46], as in Fig. 3. Analysis 
of a wide range of experimental data revealed two distinct cracking systems, 
sketched in Fig. 4. In tests such as combined tension and torsion, the strains 
£1 and £3 are parallel to the surface plane, giving shallow Stage I and Stage II 
cracks [47], which are labelled Case A. But for tests with positive biaxial 
stresses (X > 0), the strain £3 is normal to the free surface. Different slip 
planes are activated, giving deep cracks growing away from the surface, clas
sified as Case B. Because of the change of crack plane with respect to the sur
face, one finds different fatigue lives in Case A and B systems, as shown in 
Fig. 3. 
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490 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

FIG. 2—Fatigue endurance contours for QT35 ferritic steel at 2(fC [43] on plane of principal 
surface strains. 

Specific forms for Eq 15 were later developed by Brown and Miller 
\.48,49\ For Case A: 

(7max/2^y + (€„/Ay = 1 (16) 

g, h, and y being empirical life-dependent functions, although useful approx
imations for j are 2 for ductile and 1 for brittle materials. For Case B a 
Tresca correlation was proposed \,4S\: 

7max/2 = C (17) 

Examples are shown in Fig. 3 for a ductile steel and in Fig. 5 for RR58 alum
inum alloy as a brittle material, having a relatively low fracture ductility. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



BROWN AND MILLER ON ASSESSMENT OF FATIGUE LIFE 491 

SHEAR 

•0-2 

% 

1%Cr-Mo-V steel 2000 

o CASE A (49) 

X CASE B (68) 

I I 1 _ _!_ J _ 

FIG. 3—r-Planefor ICr-Mo-V steel at 2ff'C. 

Another experimental study on tubular specimens under internal/external 
pressure and axial load was published by Ellison and Andrews [50], who 
used Eq 9 with a formula for an effective Poisson's ratio to determine the 
third principal strain. Their results in Fig. 5, however, show that an im
proved representation may be given by Eqs 16 and 17. Lohr and Ellison [57] 
have recently proposed a modification to Eq 15 in which the strain es is re
placed by the strain normal to the surface. Therefore for Case A the terms of 
Eq 15 are effectively replaced by the second principal shear strain, 7* = 
(ei ~ €2)/2, and its corresponding normal strain, en* = (ei + ti)/!. They 
propose a linear relationship 

y* + ken* = C (18) 

PRINCIPAL STRAINS 

CASE A 

PLANES OF MAXIMUM SHEAR 
STRAIN AND DIRECTION OF 
STAGE I CRACK GROWTH 

SURFACE PLANE 

PLANE 4 DIRECTION 
OF STA6E n 

CRACK GROWTH 

CASE B 

SURFACE PLANE 

FIG. 4—Stage I and Stage II crack growth systems under general multiaxial cyclic strains [3]. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



492 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

SHEAR 

RR 58 

o CASE A 

X CASE B 

-0-2 
_1_ I 

FIG. 5—V-Plane for RR58 aluminum alloy at 2CPC [50]. 

Note that for Case B, 7* and en* are as defined in Eq 15. This presupposes, 
however, that €3(= —€1) in pure torsion has no effect on crack growth rate or 
crack shape. 

Konter et al [52] have developed a quadratic expression for an equivalent 
strain range using plastic strain components 

2 _ 
Aeeĝ  = (16 - 9̂ 8) Aen' + y3(A7„„/2)' (19) 

applicable to Case A, which may be extended to Case B by using a different 
)3-value. They suggest that the life contour on the graph of principal surface 
strains (Fig. 2) should be smooth on passing from Case A to B. The respec
tive )3-values are then interdependent such that 

)8B = 8/3 - )8A (20) 

Equation 19 is plotted in Fig. 6 for QT35 steel, being fitted to the Case A 
data. Equation 20 gives here a safe prediction of the Case B regime, which 
may be plotted on the T-Plane as a hyperbola when ŜB > 16/9. 

Zamrik initially supported the octahedral theory \29,30,53\ However, on 
turning to out-of-phase loads [5-/], a total strain was defined as 

CT = \ / ( e i ' + ti + €3') (21) 

which was evaluated at each instant throughout a loading cycle. The maxi
mum range of 6T was determined and related to endurance. For a Poisson's 
ratio of 0.5 with in-phase loads, ex is equivalent to the octahedral shear 
strain. Later work by Blass and Zamrik [55] showed that for AISI304 at ele
vated temperatures the octahedral approach of thcASME Boiler and Pres
sure Vessel Code, Case N-47-12, 1977 \^56\ was unsatisfactory. They fitted a 
set of 84 results to a bilinear correlation 

Aez = asiVf"' -I- a^Ni• (22) 
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FIG. 6—Equation 19 fitted to plastic strain/endurance data for QT35 steel [43] on plane of prin
cipal surface strains and the T-Plane for PA = 0.67 and fie = 2.00. 

where ai and 02 depend on temperature, 03 and OA on temperature and strain 
state. However, they also predicted that a straight-line correlation on the F-
Plane would be suitable, although later [57] they consider a quadratic equa
tion (such as Eq 19) to be preferable. 

A different approach to the out-of-phase problem by Kanazawa et al [58] 
related life to the F-Plane method. They demonstrated that Stage I cracks 
grew on the planes experiencing the greatest range of shear strain as antici
pated. Endurance was determined by ymax and en, high values of the latter 
term giving significant reductions in life. Further work on the graphical 
presentations of both Pascoe (Fig. 2) and Brown and Miller (Fig. 3) for ele
vated temperature data showed the versatility of such methods in represent
ing multiaxial fatigue effects [59]. 

Havard and Topper [60,61] reanalyzed their results for mild steel and 
conducted a survey of other data for this material. They defined a total strain 
range 

Aet = Aee + Aep(l + a\) (23) 

where Aee and Acp are the elastic and plastic components of the octahedral 
shear strain, respectively, and a is an empirical constant, found to be 0.1 for 
the best fit of endurance data for mild steel. 

Manson and Halford [62] also followed the octahedral approach in the 
strain range partitioning method. However, they modified their analysis at a 
later date [63] by introducing a triaxiality factor, TF = y/looct/roct, to cor
rect the octahedral equivalent strain 

eeq = yoct/(2 — TF) (24) 

There does not appear to be a great deal of experimental data presented in 
support of this equation, which predicts a fixed ratio of torsional to uniaxial 
fatigue strengths. 
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An important contribution has been made by Ohji et al [64,65] using an-
ticlastic bending of anisotropic steel plates. Although the laminated struc
ture in the ferritic/pearlitic steel affected crack growth rates in different di
rections, cracks still grew on the maximum shear plane. They concluded that 
"the maximum shear stress plays the most important role in the crack initia
tion and probably in an initial phase of crack growth, although the normal 
stress component on the crack surface seems essential in crack propagation". 
Thus even in strongly anisotropic metals Eq 15 is able to relate the relevant 
strains to fatigue life for both the initiation and propagation phases. 

The energy concepts of Halford and Morrow [20] have been extended by 
Garud [66], who related fatigue life to plastic work per cycle. Incremental 
plasticity theory is used to relate the plastic work to the constitutive equa
tions. However, the addition of an extra empirical factor to match both uni
axial and torsional results enabled a far better fit to the out-of-phase results 
of Kanazawa et al [58]. 

Further work on ICr-Mo-V steel has been published by Adams and Stan
ley [67] for Case B, Brown and Miller [49] for Case A, and Lohr and Ellison 
[68] for both regimes, all working on the same batch of material. Figure 3 is 
a composite figure derived from these data, showing good correlation to Eqs 
16 and 17. The Case B data have been normalized with respect to the uniax
ial test in order to compensate for the effects of mean strain, oil environ
ment, and different specimen geometry in the tests on pressurized tubes. 

Discussion 

It is apparent from this chronological review that the evolution of fatigue 
failure criteria in LCF has followed a progression similar to the earlier de
velopment of rules in the HCF regime. Initial attempts at correlation used 
yield theories for ductile metals and fracture criteria for brittle or notched 
material. Because of the unsatisfactory results obtained, new theories were 
suggested for fatigue failure, which gave improved correlation by (i) incor
porating two or more material constants, and (2) considering directly those 
quantities believed to govern the mechanism of failure. Until the size effect is 
specifically included in failure correlations, it is inevitable that two sets of 
data from differing strain states will be required in any general criterion. 

Further similarity may be found between HCF and LCF work by rephras
ing stress based equations in terms of applied strains. For example, the 
Gough ellipse quadrant (Eq 4) may be rewritten in terms of the strains on the 
maximum shear plane, 7max and en, to obtain a special case of Eq 15, 

where 7t and 7b are the shear strain amplitudes for fatigue strengths in tor
sion and bending respectively. This is the quadratic form used by Konter et 
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al [52], Blass and Zamrik [57], and Brown and Miller [^P] in Eq 16 foij = 2. 
For suitable values of the ratio yt/yt, it can also represent Eq 9 or 10, that is, 
the octahedral equivalent strain. A similar rearrangement of Gough's ellipse 
arc or Guest's rule shows that these are equivalent to Eq 16 also, but with 
7 = 1 . Therefore Eq 16 is seen to be particularly versatile, covering both duc
tile and brittle materials, HCF and LCF regities, for Case A loads. It should 
also be able to predict results for those metals falling between the ductile and 
brittle categories with intermediate values of J. 

The quadratic form of correlation has obviously proved to be a useful ex
pression, as has been suggested independently by various people. It has also 
been a controversial one for many years [9,63], so it is to be hoped that it will 
receive more attention in the 1980s in order to clarify its validity for ductile 
metals. Results on brittle or flawed materials are sparse, thus highlighting 
another area where more effort could be concentrated in assessing the use of 
a linear rule for Case A loading, such as Eqs 5, 6, 13, 18, and 16 fory = 1. 

In the Case B area of positive stress ratios, the complexities of testing meth
ods and specimen geometry have led to considerably less LCF data being 
produced than for Case A. The results available appear to support Eq 17, ex
cept in situations where the hydrowedge effect is important. The theories of 
Konter et al [52] and Lohr and Ellison [51] give differing predictions for this 
regime, although both are related to the assumption of continuity between 
the Case A and B systems. While there are no experimental data to verify this 
concept of a smooth transition from A to B, there are also insufficient data 
to disprove it. However, the present authors' opinion is that, of the results 
covered in this review, only a few are compatible with Eqs 18, 19, and 20. 

Miller [69] studied the Case B regime using uniaxial and equibiaxial spec
imens for a range of materials and concluded that octahedral equivalent 
strain was a suitable parameter for correlation, although a few plane strain 
tests were conducted on one material only. However, the use of these two 
particular strain states alone fails to differentiate between octahedral and 
maximum shear strain criteria (Eqs 9 and 17) and Konter's theory applied to 
Case B, Eq 19. In demonstrating the applicability of any one multiaxial fa
tigue failure correlation to a given material, it is suggested that a minimum 
of three strain states must be examined in each of the two loading regimes. 
Cases A and B, in order to reveal the relative merits of different strength 
criteria. 

Another area in which progress might be made is cumulative damage. Al
though there are a few studies of changes in strain amplitude in the list of 
references [31,53,55], the problem of changing the state of strain during the 
course of life has not been satisfactorily addressed to date. Tests run by the 
authors to examine this problem have shown that for Case A the Palmgren-
Miner rule is inapplicable, and that the importance of changes in crack 
growth direction needs to be accounted for in Ufe determination [70]. In this 
context, fracture modes should be examined in multiaxial fatigue tests and 
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crack growth directions should be reported in publications to aid the reader 
in his own analysis and assessment of endurance data. It is also important to 
include full tension test results, including reduction in area as the measure of 
ductility on which the choice of y in Eq 16 should depend. 

Work on crack growth under biaxial stresses can also lead to LCF correla
tions, as shown in a recent review [70] where similar behavior was observed 
both in smooth specimens and in crack propagation tests. It is to be hoped 
that multiaxial failure criteria will have some impact on design practice, 
since current design procedures are based on the octahedral shear theory 
[55,7/] in spite of the weight of evidence now available against such an ap
proach. It is of some significance that a number of those who initially advo
cated the octahedral shear strain criterion, as discussed above, later aban
doned it in favor of more sophisticated theories. Because of the wide range of 
applicability found for the more recent criteria, it is recommended that the 
use of octahedral equivalent strain in design codes should be replaced by the 
maximum shear strain criterion (Eq 17) for Case B, being a good approxima
tion to the other criteria used in this loading regime, and that either the 
quadratic form or the linear rule be used for Case A. This will mean that 
some torsional fatigue tests must be run in addition to the uniaxial data cur
rently collected to provide a design curve, so that the t/b ratio may be 
determined. 

Anisotropic materials appear to be amenable to representation by current 
failure theories [41,64], although the empirical constants to be determined 
will clearly depend on crack orientation with respect to the axes of aniso-
tropy. The influence of stress concentrating features has not been studied in 
LCF, but the concepts of Gough et al [10,72] for HCF, who advocated the 
ellipse arc for notched components, may be extrapolated to higher strains by 
using Eq 16 withy = 1 for Case A loading. 

In this review, little attention has been paid to the choice between total or 
plastic strain based criteria. Both components of strain have been used 
widely, individually and in combination [61]. Although no systematic com
parisons have been made of correlations in terms of both total and plastic ef
fective strains, Brown [48] showed that simpler expressions could be found 
by using total applied strain in the form of Eq 16. 

Conclusions 

This review of the evolution of criteria for multiaxial low-cycle fatigue 
failure shows that the simpler theories of yield and fracture are in many cases 
unsatisfactory. Expressions specifically developed to represent fatigue strength 
have a far wider range of applicability and are suitable for both ductile and 
brittle materials. The use of these improved correlations is recommended for 
design procedures in both high and low cycle regimes. Studies of crack 
growth planes have shown that two distinct regimes of biaxial loading exist, 
which should be considered separately in assessments of fatigue endurance. 
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ABSTRACT: A model employing a modified Mroz kinematic hardening rule with a 
Tresca yield surface is derived for a state of plane stress, combining together successful 
attributes of previous nonproportional incremental plasticity theories. Results from 
several nonproportional tests on oxygen-free high-conductivity copper are compared 
with computer predictions. Solution sensitivity to the particular cyclic stress-stain 
curve used, its piecewise linearization for the Mroz-type hardening rule, and the mag
nitude of the effective strain increment in the analysis is studied. A trade-off between 
the number of surfaces used in the Mroz-type rule and the effective strain increment 
size is observed for optimum solution with respect to convergence and speed. 

KEY WORDS: multiaxial, biaxial, nonproportional, cyclic hardening, cyclic plasticity, 
cyclic stress-strain curve, deformation 

Nomenclature 

Oeff Effective stress 
teff Effective total strain 
a\ Largest principal stress 
CT3 Smallest principal stress 

ie^ Effective plastic strain 
ei Largest principal plastic strain 
£3 Smallest principal plastic strain 
fi /th Tresca hardening surface 
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A'̂  Number of Tresca surfaces in hardening rule 
Si' Largest in-plane principal stress with respect to center of/th surface 
Si Smallest in-plane principal stress with respect to center of /th surface 
Ri Effective stress value at end of /th linear segment of piecewise lin

ear cycle stress-strain curve 
a, Vector with components Ux, ay, and Oxy denoting center of ith 

Tresca surface in plane stress space 
a Stress vector with components Ox, Oy, and Txy in plane stress space 

em', tm Elastic and plastic components of total engineering strain tm with 
components tx,ty, and yxy for m = 1,2,3, respectively 

d\ Positive scalar in flow rule 
Hi Plastic hardening modulus of /th Tresca surface 
C, Slope of linear segment between /?, and /?,+i 
E Young's modulus 
G Elastic shear modulus 
n Unit normal to yield surface at a with components rix, riy, and rixy 

M Scalar parameter in hardening riile 
D Translation vector in hardening rule 
K Scalar parameter in hardening rule 

/iv Tresca limit surface 
AtiNT Constant strain interval for piecewise linear cyclic stress-strain curve 
'î '̂ iNT Constant stress interval for piecewise linear cyclic stress-strain curve 

V Poisson's ratio 
(}) Normalized plastic work 

Most mechanical components that fail under cyclic loading are subjected 
to multiaxial nonproportional loading in the plastic range. Fatigue is the 
primary mode of failure in these cases, yet predictive fatigue theories remain 
relatively undeveloped for nonproportional multiaxial straining. Some ana
lysts involved with life prediction view nonproportional fatigue life only as a 
function of cyclic effective stress magnitudes on critical planes. Others con
sider the plastic work per load cycle as a viable predictive tool. 

Indeed, the development of a useful, accurate fatigue criterion for non
proportional loading is formidable. Regardless of the criterion chosen, it is 
essential to develop practical constitutive equations to describe material re
sponse under complex loading. Delay in the formulation of adequate con
stitutive plasticity relations is due in part to a lack of nonproportional exper
imental data. The use of advanced testing apparatus with electronic data 
acquisition has recently permitted the assessment of a number of proposed 
plasticity theories. 
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The object of the present paper is to develop a model combining the more 
successful characteristics of these plasticity theories for cyclically stable 
material response. Furthermore, the predictions of this model will be com
pared with several experimentally obtained biaxial stress histories. The de
tails of an optimal solution will be investigated for these histories. 

Overview of Plasticity Theory 

A mathematical description of plastic flow during nonproportional load
ing requires an incremental plasticity theory. The three basic components of 
an incremental plasticity theory are: (/) an initial yield surface, within which 
the stress-strain response is linear elastic; (2) a flow rule that relates plastic 
strain increments to stress increments; and (J) a hardening rule that specifies 
the movement of the initial yield surface and subsequent surfaces in stress 
space. A yield surface in stress space is the locus of points for which yielding 
is said to occur. The von Mises and Tresca yield conditions define two com
monly used yield surfaces in stress space. 

For analysis of multiaxial states of stress, it is conventional to use effective 
stresses and strains normalized to the axial case. Assuming that the material 
remains isotropic, the Tresca effective stress, Oea, may be expressed as 

aeff = ai — 03 (1) 

The Tresca effective plastic strain, erff", is defined as 

€e«"'=('^)(€i-«3) (2) 

The most commonly used flow rule requires the plastic strain increment to 
be in the direction of the exterior normal to the yield surface at the stress 
point. 

Many types of hardening rules have been proposed. Among them, kine
matic and isotropic hardening are the most commonly used. Kinematic hard
ening allows the yield surface to translate without changing shape. Isotropic 
hardening permits the yield surface to expand or contract without transla
tion. In some cases, the two have been combined [1.2].^ 

Of particular interest to this study is a Mroz-type hardening model in 
kinematic form [3]. Lamba [4], in studies of nonproportional deformation 
of oxygen-free high-conductivity (OFHC) copper, found a combination of a 
Mroz-type hardening rule with the Tresca yield condition to be more reliable 
than other prominent kinematic rules for a simple two-surface model. The 
Mroz-type model is used to simulate stable cyclic deformation by approxi
mating a stable cyclic stress-strain curve by a series of line segments whose 
endpoints define an integral number of hardening surfaces in stress space, 
including the initial yield surface. These hardening surfaces describe the non-

' The italic numbers in brackets refer to the list of references appended to this paper. 
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linear material hardening characteristics, since the change in effective stress 
with an increment of effective plastic strain is computed from the slope of 
each linear segment when the effective stress lies in that region. 

Transient deformation behavior is neglected in this study. Only path-de
pendent stable deformation behavior is considered. Instead of approximat
ing the original monotonic stress-strain curve by linear segments and predict
ing its transient hardening to the cyclically stable state, the actual steady-state 
cyclic stress-strain curve is used in this analysis to predict stable behavior. 
The stable cyclic stress-strain curve is found experimentally just after stable 
cycles of interest. This is a convenient method to circumvent the difficult 
problem of transient cyclic hardening. 

Any stable cyclic stress-strain curve in terms of effective stresses and 
strains will be referred to as a stable effective cyclic stress-strain curve. It 
may be determined from an incremental step test or by applying Masing's re
lation [3] to a stable hysteresis loop. An example of a stable effective cyclic 
stress-strain curve approximated by linear segments, as in the Mroz model, 
and the resulting Tresca hardening surfaces is shown in Fig. 1. The surfaces 
in Fig. 1 are defined for a previously undeformed, isotropic material in plane 
stress space with Txy = 0, a degenerate three-dimensional case. 

Each of the Â  Tresca hardening surfaces is defined by the expression 

fi(a - a,, Ri) = (ai - as), - /?, = 0 for / = 1,2, . . . ,N (3) 

where {a\ — as); denotes the difference of the largest and smallest principal 
stresses, respectively, of the stress point o with respect to a,. 

The components of a and a, in (three-dimensional) plane stress space are 
Ox, Oy, Txy, and Ux', ay, Uxy, respectively. For an initially undeformed state, as 
in Fig. 1, a, = 0 for each surface. 

In plane stress space, the Tresca yield criterion consists of three cases that 
represent discrete sections of the /th hardening surface. If S\' and Si repre
sent the largest and smallest in-plane principal stresses, respectively, of 0 
with respect to a,, these three cases are 

1. I f S , ' > 5 3 ' > 0 , 

Ox ~ ax' + Oy — ay 
(CTI — ai)i 

[̂  + : • + KTxy — axy) (4) 

2. I f 5 3 ' < 5 i ' < 0 , 

lox — ax + Oy — ay\ 
(01 - 03), = -y ^ -j 

1/2 

(5) 
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Effective Strain 

FIG. 1—Example of an approximated effective cyclic stress-strain curve and the resulting Tresca 
hardening surfaces in plane stress space with r.y = 0. 

3. If Si' > 0 > 53', 

-o.)>-2[ (a, + (rxy - Ctxy'f] 
1/2 

(6) 

An example of a Tresca hardening surface in three-dimensional plane stress 
space is shown in Fig. 2. 

The specific form of the kinematic hardening rule presented by Mroz was 
modified by Garud [5] to include hardening along nonproportional stress 
paths for finite stress increments and hardening surfaces which do not pos
sess a unique exterior normal at each point. The Mroz rule is valid strictly 
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FIG. 2—A Tresca hardening surface in three-dimensional plane stress space. 

only for infinitesimal stress increments which would be quite limiting for 
computer applications. Garud's Mroz-type hardening rule is illustrated in 
Fig. 3 for Tresca hexagonals in the Txy = 0 plane. Define the similar points 
for the hardening surfaces as the intersection of any Une emanating from the 
origin with each surface in the initially undeformed state. P\,Pi, and Pi are 
similar points in Fig. 1. By Garud's rule, for a stress increment PP" during 
plastic flow, the instantaneous motion of a surface/;, reached by the stress 
point P, is directed toward the position for which/ would be tangent to the 
next surface/>i at the stress point P" such that/ and/+i have a common ex
terior normal at P" and the similar points are coincident at P". For stress in
crements less than PP", such as PP', the amount of translation of the surface 
/ is then calculated by the constraint that the stress point lie on the shifted 
surface. 

Development of Model 

This model assumes small strain analysis, material isotropy, cyclic stabil
ity, rate insensitivity, and time independence. It is derived in three-dimen
sional plane stress space for generality so that thin plates as well as thin-
walled tubes can be modeled. This is less restrictive than deriving the model 
in two-dimensional stress space with regard to a cylindrical coordinate sys
tem which would accommodate only thin-walled tube analysis. 
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FIG. 3—Garutfs hardening rule for stress increments in the Txy = 0 plane. 

Plastic Flow Rule 

The flow rule, based on Drucker's postulate [5], for regular points of the 
yield surface is 

rfem" = d\ 
dOm 

where am = Ox, Oy, Txy, for m = 1,2,3, respectively. 
The argument offi{a_—ai,Ri) has been omitted for brevity. 
If Hi dtm^ is the projection of dom on the exterior normal to the yield sur

face at Om, then the resulting equation is 

dek" = [l/m[dfi/dak1{[idfi/dan,) da„]/[(dfi/daj)idfi/daj)]} ' (7) 

where k = 1,2,3, Hi = doeft/dus^, and the repeated subscripts m andy are 
summed from 1 to 3. H is the plastic hardening modulus for the surface/ 
reached by the stress point. H is determined from the piecewise linear ap
proximation of the stable effective cyclic stress-strain curve. If C,, for i = 
1,2,. . ., A'̂  — 1, is the slope of the linear segment between points represented 
by Ri and RM in Fig. 1, then H = [(1/C,) - (1/E)]' ' where E denotes 
Young's modulus. The partial derivatives in Eq 7 can be determined from the 
Tresca condition for the initial yield surface in Eq 3. The derivatives must be 
computed with respect to the Tresca case in Eqs 4, 5, and 6 which corre-
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spends to the current stress pointy. In Eq 7, the surface/: could equivalently 
be replaced by fi since the hardening rule stipulates that the surfaces/i,/2, 
. . . ,fi contact at points with a common exterior normal. 

The elastic relations for plane stress are 

dex" = — (dox — V day) 
h 

dty" — — (doy — V dox) (8) 
E 

e _ dTxy 
dyxy - — ^ 

Since the total strain is the sum of the elastic and plastic strains, Eqs 7 and 
8 may be combined to form a set of elastoplastic equations which are easily 
set in matrix form [7]. These equations may be inverted for strain control. 

For stresses within the initial yield surface, only the relations in Eqs 8 are 
used. Once the stress point reaches the plastic region, plastic strains will re
sult for a stress increment if and only if 

n - A a > 0 and / i (a - ai , /?i) = 0 (9) 

The components of/i in plane stress space are 

rix = idfi/daxy{[(dfi/daj)(dA/daj)y"} 

Hy = idfi/dayy{[idfi/daj)idfi/daj)y"} 

rixy = idfi/dTxyVmfi/dajXdA/daj)]'"} 

If neither of the conditions in Eqs 9 holds, elastic unloading occurs. For de
termination of elastic unloading from the limit surface during strain control, 
Aa in Eq 9 is calculated from the elastic relations in Eqs 8 applied to the total 
strain components Aem* + Acm", for m = 1,2,3. 

Hardening Rule 

Garud's kinematic hardening rule can be applied to surfaces described in 
Eq 3 along nonproportional stress paths. This rule can be applied to finite ef
fective stress increments in contrast to the infinitesimal increments in the 
Mroz rule. Assume that iV hardening surfaces exist from a piecewise lineariza
tion as in Fig. 1. To model limit plasticity, the stage at which the effective 
stress increases negligibly with additional plastic strain, the outermost sur
face,/jv, is assumed to be stationary and centered at the origin in stress space. 
Thus,/Ar(a — £, RN) = (ai — ai)N — RN = 0 defines the limit surface. Here, 
(ai — as V — (oi ~ <̂ 3) since OAT = 0. 
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If / < iVand the stress point is o n / , but not on/l+i, the following shifts are 
made for/1,/2, . . . ,fi after an increment of plastic strain: 

Aa, = MP 

where_D = (1 — Ri/Ri*\){a_ ~ «.'+i + ^ ^£) + («'+i ~ «'). and K = the posi
tive scalar parameter determined by solving 

Ai(a ^-K ^a_- a,+i, /?,>i) = 0 

where yi+i is defined according to the Tresca case corresponding to the rela
tive position of the stress point £ -I- A" Acr and its center, a,+i, and M = the 
positive root of 

Ma + Aa- a, - M D, /?,) = 0 

where/ is defined according to the Tresca case corresponding to the relative 
position of the stress pointy + Aorand its center, a, -I- M ^ . Â  and Af may be 
determined numerically by an incremental search technique followed by 
interval-halving. 

Following the shifting of the surface/ , the s u r f a c e s / , / , . . . , / - i are 
shifted so that they are all coincident at similar points with the same exterior 
normal at a_ -I- Aa. Thus 

Aa* = £ + Aa — (i?*//?,)(a + Aa — at — Aa,) — a* 

where k = 1,2,3, . . . , i — I. The surfaces/+i, . . . ,/Ar are not shifted. If 
K < 1, the stress point is advanced to the surface/+i, the shifting procedure 
enacted, and the new increment, (Aa)new = (I — K) Aa, is applied. 

Limit Surface 

Since the effective stresses cannot exceed the outermost surface, the limit 
surface defined by Eq 3 as fN(g_— £, RN) = (ai — as) — RN= 0, the incre
mental stress vector, Aa, must be tangential to the limit surface during plas
tic flow at the limit state. The limit surface is a mathematical means of limit
ing the magnitude of the total stress vector, £. This limit surface is stationary 
and fixed in size in this model for simplicity; in general it may be allowed to 
translate and expand. 

The flow rule for plane stress can be expressed as 

dtx = — (dax — V day) + dk -— 
t dax 

dty = 4 r (day - V dax) + dK^ (10) 
E day 

_ dtxy dfs 
dyxy — -—:,—r dK dTx 
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In addition, the vanishing of the total differential of/AT yields the condition 

(dfy/do:,) da. + (dfy/doy) doy + (dfN/dr.y) dr.y = 0 (11) 

Equation 11 can be used to eliminate d\ from Eqs 10 (see Ref 7). 

Flow at Edges and Vertices 

When the current state of stress is on an edge of the Tresca hardening sur
face in Fig. 2, the flow rule may be generalized by assuming that the plastic 
flow on an edge is a linear combination of the flows on either side of the 
edge. Thus, for stress states within the limit surface, 

loayiA laayj 

I OTxy JA I OTxy J dTxy iB 

where the subscripts A and B pertain to the Tresca cases on either side of the 
edge. This leads to an expression similar in form to Eq 7. Plastic flow at the 
two vertices is treated in a similar manner. Plastic flow at edges and vertices 
on the limit surface is discussed in Ref 7. 

Computer Results 

A computer program was developed which employs the present model. 
Studies were made to determine the solution sensitivity to: (7) varying the 
number of surfaces, (2) different types of approximations of the stable effec
tive cyclic stress-strain curve, and ( i ) varying the increment size of the con
trol variable. 

Cyclic Stress-Strain Curve 

Three different methods were used to approximate the stable effective cyclic 
stress-strain curve as piecewise linear. The curve was divided into equal 
strain intervals Aeiur, equal stress intervals ACTINT, and geometrically increas
ing strain intervals (Fig. 4). These are defined as constant strain, constant 
stress, and geometric piecewise linearizations, respectively. For the geometric 
piecewise linearization, the strain increments used in the analysis were also 
increased geometrically. The differences in computer application of these 
three piecewise linearizations are discussed later. 
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Effective Strain 

(a) 

Effective Strain 

(b) 

Effective Strain 

(c) 
FIG. A—Types of piecewise linearizations, (a) Constant strain, (b) Constant stress, (c) Geometric. 
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History 1: Random Nonproportional Path 

Lamba [4] subjected a thin-walled tubular specimen of OFHC copper to 
90-deg out-of-phase sinusoidal strains ty and yxy (ox = 0). When the stress 
response stabilized, the nonproportional strain path in Fig. 5 a was imposed. 
The stable effective cyclic stress-strain curve is shown in Fig. 5 b. The actual 
stress response appears in Fig. 6. 

Assuming that plane stress adequately approximates the actual gage sec-

>̂  

-2 
0 

(a) 

0.5 1,0 
Effective Strain, % 

(b) 
FIG. 5—History 1. (a) Imposed strain path, (b) Stable effective cyclic stress-strain curve used in 

analysis. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



512 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

-200 0 200 
a.HlPa 
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e,% 

Experimental Results 

-200 0 200 
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0 
y,% 

4 0 
b 

0 0.5 
€ , % 

Predicted Results 
FIG. 6—Stress-strain response to strain history 1. 

tion behavior, we introduced the same strain history into the computer pro
gram. For analysis, 13 surfaces were used with effective strain increments, 
Aeeff, ranging from 0.01 to 0.45 percent. The stable cyclic stress-strain curve 
received a constant strain piecewise linearization. £ = 1 1 5 GPa and v = 0.33 
in the analysis. The predicted stress history for Aeeff = 0.03 percent is shown 
in Fig. 6 for comparison with experimentally obtained results. 

In Fig. 6, paths 4-5 and 5-6 in stress space coincide in theory but not in 
experiment. This is due to the constraint of the stationary limit surface in the 
theory. Paths 4-5 and 5-6 are along the outermost limit surface in the com
puter solution. If the limit surface had been allowed to isotropically expand 
during continued accumulation of plastic strain, the increase in effective 
stress along path 5-6 could have been predicted. Along path 4-5, the pre
dicted axial stress is higher than the experimentally determined axial stress; 
again, the stationary limit surface determines the stress excursion and plastic 
flow. 

The measure of accuracy selected to compare predicted and measured re-
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suits is the normalized plastic work per cycle, $. 

$ = (predicted plastic work per cycle/actual plastic work per cycle) 

For nonproportional loading, it is extremely difficult to use single scalar 
parameters other than $ for quantitative comparison of predicted and actual 
results. Stress and strain discrepancies for each point in the cycle would have 
to be considered in some statistical manner, for example. 

The normalized effective strain increment is defined as 

(Aeeff)/(AeiNT) = 
effective strain increment 

strain interval in piecewise 
linearization of cyclic stress-strain curve 

Figure 7 indicates that the predicted plastic work per cycle converges to 
the actual value within one percent for small strain increments and 13 sur
faces. The actual value of plastic work per cycle is 9.05 MJ/m'. 

Small effective strain increments in conjunction with many surfaces (fine 
mesh) are wasteful of computer time. An optimum solution can be arbitrar
ily defined as one which converges to within one percent of the plastic work 
per cycle from the fine mesh solution but minimizes execution time. A trade
off between the number of surfaces and the normalized effective strain in
crement for an optimum solution was observed as shown in Fig. 8. The 
number of surfaces and the effective strain increment for the fine mesh solu
tion in this case were 13 and 0.01 percent, respectively. For this fine mesh so
lution, $ = 1.01; thus the curve in Fig. 8 is the locus of points for which $ is 
within one percent of 1.01. Exceeding the optimum strain increment may 
lead to calculated plastic work 10 to 20 percent higher than for the fine mesh 
solution. The plastic hardening modulus is overestimated when entire linear 
sections of the approximated cyclic stress-strain curve are skipped. 

1.2 

O 
1.1 

1.0 

0 
1.0 2,0 3.0 4.0 

FIG. 7—Solution sensitivity to normalized effective strain increment. 
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10 15 

Number of Surfaces 

25 

FIG. 8—Trade-off between normalized effective strain increment and number of surfaces for op
timum solution. 

By comparing the predicted and actual stress paths in Fig. 6, it is apparent 
that some transient isotropic hardening occurred within the loading cycle. 
The model is not capable of predicting this effect. The stresses and strains at 
each endpoint of the loading cycle are exhibited in Table 1 for History 1; 
note that this model predicts the biaxial response as accurately as Lamba's 
earlier model [4'\. Lamba's earlier model used two Tresca surfaces and the 
Mroz infinitesimal kinematic hardening rule. The average error in predicted 
axial and shear stresses at the designated points 0-8 of the loading cycle is 
only 10 percent for both this study and that of Lamba and Sibebottom. 
However, the increment size for strain in the current model is at least ten 
times larger than for Lamba's previous model, since the finite increment 

TABLE I—History 1.' 

Point 

0 
1 
2 
3 
4 
5 
6 
7 
8 

Strain Path 

t 

0.0 
0.0 
0.38 
0.0 

-0.38 
0.38 
0.0 
0.0 
0.0 

y 

0.0 
1.2 

-0.8 
-1.2 
-0.75 

0.75 
1.2 

-1 .2 
0.0 

Predicted 

This Study 

a 

0 
0 

65 
-163 
-172 

143 
-157 

0 
0 

T 

0 
99 

- 9 5 
-58 

51 
70 
60 

-100 
99 

Lamba Study [4] 

a 

0 
0 

66 
-160 
-193 

145 
-128 

0 
0 

T 

0 
95 

-93 
- 6 5 

39 
73 
74 

- 9 3 
88 

Exper 

a 

0 
0 

81 
-127 
-187 

110 
-153 

0 
0 

ment 

r 

0 
102 

- 9 1 
-85 

47 
83 
78 

-103 
95 

"Units: strain, %; stress, MPa. 
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6 

4 

0,8 

I 

2 

1 

iOO 

200 
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- f 

r- 90° out-of-phase hardening 

^ actual hardening 

^uniaxial hardening 

1 1 1 , 1 

0.5 1,0 

Effective Strain, % 

(b) 
FIG. 9—History 2. (a) Imposed strain path, (b) Stable effective cyclic stress-strain curves used 

in analysis. 

hardening rule is used. Thus the present model is considerably more efficient 
for computer applications and is justified. 

History 2: Square Path 

Lamba subjected another tubular OFHC copper specimen to the strain 
path shown in Fig. 9a until cyclically stable. The effective cyclic stress-strain 
curve was obtained by converting a subsequent pure torsion hysteresis loop 
to effective stresses and strains via Eqs 1 and 2 and Masing's relation. 
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Predicted Results 

FIG. 10—Stress-strain response to strain history 2: dashed, solid, and dotted curves represent 
solutions using the actual, 90-deg out-of-phase, and uniaxial stable effective cyclic stress-strain 
curves, respectively. 

A material cyclically hardens to a greater extent during nonproportional 
loading. The case of 90-deg out-of-phase loading represents the largest up
ward shift in the stable effective cyclic stress-strain curve. The degree of hard
ening seems to be associated with the variation in direction of the principal 
stress [5]. For the strain path in Fig. 9a, hardening is less than that of the 90-
deg out-of-phase case, but more than for the uniaxial case. The stable effec
tive cyclic stress-strain curve for each case is shown in Fig. 9b. 

In the analysis, each of the three effective cyclic stress-strain curves was 
divided into nine surfaces with a constant strain piecewise linearization. An 
effective strain increment of 0.03 percent was applied. The actual and pre
dicted stress-strain responses appear in Fig. 10 for comparison. The actual 
value of plastic work per cycle is 3.72 MJ/m'. 

In the stress space of Fig. 10, the predicted path is a closed ellipse, but the 
experimental path is partially open. Again, the stress path follows the limit 
surface in theory, contributing to more predicted relaxation of shear stress 
on path 2-3 than experimentally observed. Note also that the slope of the 
predicted axial stress-strain curve along path 6-7 decreases more quickly 
than that of its corresponding experimental path. This suggests that the limit 
surface used in the model may not entirely represent reality. Translation of 
the limit surface in this case may have resulted in a more accurate prediction. 
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For the actual, 90-deg out-of-phase and uniaxial stable cyclic stress-strain 
curves shown in Fig. 9b, the corresponding ^-values for the response in Fig. 
10 are 1.28, 1.34, and 1.08, respectively. Again, these high values reflect the 
excursion of the stress point along the limit surface only. The plastic work 
per cycle obtained by using the uniaxial cyclic stress-strain curve generally 
provides the lowest estimate of the damage to this material if damage is 
viewed in terms of plastic work per cycle. Hence, for design purposes, it is 
advisable to use the 90-deg out-of-phase curve in this case if the actual cyclic 
stress-strain curve is not available. 

The magnitude of stresses and strains at each endpoint of the loading cycle 
for History 2 is shown in Table 2. As expected, the actual effective stable cy
clic stress-strain curve best correlated prediction with experiment; the aver
age error of both predicted axial and shear stresses at points of maximum 
absolute value in the loading cycle is less than 7.5 percent. 

Further Results 

Other nonproportional loading paths obtained by Lamba, Kanazawa, 
Miller, and Brown [8] were analyzed to determine the effectiveness of the 
model. An account of this analysis may be found in Ref 7. The constant 
stress and constant strain piecewise linearizations described in Fig. 4 yield 
nearly identical results and Fig. 8 is applicable for each. The geometric 
piecewise linearization, however, resulted in solution instability and inaccu
racy in spite of fast execution time. 

Conclusions 

1. The developed constitutive equations are able to accurately model a bi
axial plane stress state along nonproportional stress-strain paths. 

TABLE 2—History 2° 

Point 

0 
1 
2 
3 
4 
5 
6 
7 
8 

Strain Path 

t 

0.0 
0.47 
0.47 
0.0 
0.0 

-0.47 
-0.47 
0.0 
0.0 

7 

-0.01 
0.0 
0.60 
0.62 
0.02 
0.0 

-0.60 
-0.62 
-0.01 

A 

20 
149 
24 

-149 
-20 

-149 
-25 
149 
20 

a 

B 

30 
187 
30 

-187 
-30 

-187 
-30 
187 
30 

Predicted' 

C 

30 
200 
30 

-200 
-30 

-200 
-30 
200 
30 

A 

75 
0 
75 
0 

-75 
0 

-75 
0 
75 

T 

B 

89 
0 
89 
0 

-89 
0 

-89 
0 
89 

C 

97 
0 
97 
0 

-97 
0 

-97 
0 
97 

Experi 

o 

51 
177 
85 

-175 
-70 

-180 
-75 
173 
51 

iment 

T 

85 
13 
89 
26 

-85 
-14 
-92 
-25 
85 

"Units: strain, %; stress, MPa. 
' A , uniaxial curve; B, actual curve; C, 90-deg out-of-phase curve. 
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2. A Mroz-type hardening rule is quantitatively accurate. The optimum 
number of surfaces is 10 to 15, but as few as four or five may be used with a 
slight compromise in accuracy for finite-element applications. 

3. There is a trade-off between the number of surfaces in a Mroz-type 
hardening rule and the effective strain increment for optimum solution with 
respect to accuracy and speed. The manner in which the cyclic stress-strain 
curve is linearized is not as crucial as effective strain increment size. 

4. Use of the 90-deg out-of-phase stable effective cyclic stress-strain curve 
in analysis may be conservative for strain-controlled nonproportional load 
histories applied to cyclically hardening materials if damage is viewed in 
terms of plastic work per cycle. If damage is viewed in terms of plastic strain 
range, the uniaxial curve may yield conservative results. 

5. The introduction of a translating limit surface would aid quantitative 
accuracy for the stable, kinematic response. 
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Low-Cycle Fatigue under 
Biaxial Strain 
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ABSTRACT: The present work aims to obtain some information about the crack initia
tion criterion under biaxial low-cycle fatigue strain in phase or 180 deg out of phase. 
The investigation was carried out on A 316 stainless steel. 

A servohydraulic experimental rig was developed for application of biaxial high-
strain reversed cycles. The strains were controlled and the axes of principal strain were 
fixed during these tests. The test specimens are thin-walled tube on which we apply 
axial tension-compression and internal-external pressure difference by using two hy
draulic servosystems. The results obtained for three different strain ratios are plotted 
as a function of half of the equivalent Tresca strain. 

The Tresca criterion has been shown to be nonconservative for cases where the axes 
of principal strain rotate continuously, but in our tests we observe that torsion is less 
damaging than plane strain, which is less severe than tension. In other words the 
Tresca criterion is conservative, which is in agreement with the ASME code. 

Finally, the fatigue crack growth is studied by a scanning electron microscope, and a 
propagation law is proposed. 

KEY WORDS: low-cycle fatigue, biaxial strain, equivalent strain, crack propagation 

The components of pressure installations, like nuclear vessels, are sub
jected to cyclic biaxial loads. While fatigue tests allow the forecasting of plas
tic strains and other tests have shown the possibility of calculating the 
number of cycles at rupture for uniaxial strains or stresses, there are far less 
results for predicting the number of cycles at rupture in the case of biaxial 
strains. 

For high-endurance fatigue, several useful testing programs have been 
carried out to investigate the influence of multiaxial fatigue stresses or strain. 
Cruciform and thin-walled tube specimens have been used. The most com
monly used specimen in multiaxial works has been the thin-walled tube on 
which the tests are performed by tension compression and by internal and 
external pressure and torsion. 

' Institut National des Sciences Appliquees de Lyon, Laboratoire de Mecanique des Solides, 
69621 Villeurbanne Cedex, France. 
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520 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

Among the variety of tests we can note those of Halford and Morrow [7], 
who used pure torsion on aluminum alloy, as did Taira [2].^ Zamrik [5] by 
means of an hydraulic actuator applied tension and compression as well as 
torsion loads in phase and out of phase. Crosby [4] used internal pressure 
and axial load on aluminum or copper tubes. Havard and Topper [5] pro
duced five distinct biaxial-stress states by simultaneous direct pressurization 
and axial loading of thin-walled cylindrical specimens; four variations of 
stress state are obtained by the use of two sizes of specimen and by reversal 
of the pressurizing connections and the fifth state is obtained by direct pres
surization without axial load. 

Andrews and Ellison [6,7] tested RR 58 aluminum alloy under low-cycle 
fatigue by applying cyclic internal pressure, external pressure, and axial load 
to thin-walled tubular specimens, both at room temperature and at 140°C. 

In this investigation, we developed a biaxial rig in order to realize a low-
cycle fatigue test under imposed longitudinal and transversal strains on a 
thin-walled tube. It consists of an hydraulic actuator which applies axial ten
sion/compression and another hydrauUc system which applies a difference 
of pressure between the internal and external part of the thin tube wall. 

It is then possible to apply biaxial high cyclic strains in phase and 180 deg 
out of phase on a small element of the tube. We note eL (the total longitudi
nal strain) and €T (the total transversal strain) (Fig. 1). The real-time mea
surement of eL and ex by strain transducers allows us to drive the test by 
means of biaxial imposed total strains. The imposed signals have the form 

eL = eLm + eLa sin lot 

ex = €Tm + exa sin (cut + $ ) 

FIG. 1—The small element of the tube. 
\ 

^ The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. 2—Loading system. 

where eLm and exm are the mean components of the imposed strain. eLa and 
exa are the alternative components, and $ controls the phase difference. We 
consider, however, that the loading cases for 0 = 180 deg are not really out 
of phase. The two signals would be out of phase if they did not reach their 
respective peaks simultaneously. 

Strain and load measurements were used in conjunction with two XY-
recorders to obtain hysteresis loops throughout the cyclic tests. 
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FIG. 3—Dimensions of the thin-walled tubular specimen. 
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Experimental Procedure 

Figure 2 shows the tubular specimen mounted inside the pressure chamber. 
The upper part of the specimen is attached to the load cell; the lower part is 
attached to the actuator. Axial load is obtained by means of an hydraulic ac
tuator of ±200 kN capacity, and the pressure difference between the external 
and the internal part of the thin-walled tube is generated from a 28-MPa oil 
pump. 

Specimen Development 

The final shape of the specimen is given in Fig. 3. A specimen has several 
different parts: 

1. At both ends there are two shoulders, one to be fastened to the load 
transducer, the other to the actuator. 

2. An adjustable massive part assures the tightness of the oil chamber. 
3. At both ends of the gage length there are two radii of 40 mm. This di

mension was chosen after some experimental tests in order to initiate cracks 
at the center of the gage length, and this certainly resulted in a nonuniform 
strain distribution. Because the strain gradient is along the gage length the 
strains are determined by a strain gage at the midsection. If a crack appears 
out of the midsection, the test is excluded. The thickness and the gage length 
of the wall have been determinated in order to obtain a compromise between 
a sufficient plastic strain and the buckling tendency. 
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FIG. 4—Longitudinal strain transducers. 

Longitudinal Transducers 

The longitudinal measuring device consists of two frames mounted at each 
end of the gage length (Fig. 4). The displacements are measured by two in
ductive transducers mounted diametrically opposite each other with an am
plitude up to ±1 mm. 

Transverse Transducers 

These are mounted diametrically opposite each other on either side of the 
midsection of the specimen (Fig. 5). The transducers are fixed inside the 
pressure chamber. The inductive movable parts are extended by a feeler con
sisting of pins in contact with the specimen and giving an amplitude up to 
±1 mm. 

Strain Measurement 

The transversal transducers measure the radial change in the cylinder, giv
ing directly €T = A/? measured//? initial. In order to calculate the real values 
of the longitudinal strains from the measured ones, we must cement strain 
gages on the midpart of the gage length. 
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FIG. 5—Transversal strain transducers. 

Servohydraulic Control 

The overall system used in the biaxial fatigue test is illustrated in Fig. 6. 
We have effectively two control loops with two servovalves, one controlling 
the axial strains (as axial loads) and one controlling the transversal strains 
(as the pressure difference). The schematic layout of the electronic system is 
given in Fig. 7. Those two control loops are not independent, but are con
nected by the test specimen and its four functions: 

1. The Fl-function relates the longitudinal strain CL to the force F devel
oped by the actuator. 

2. The F2-function relates the transversal strain ex to F. 
3. The F3-function relates er to the pressure difference A/>. 
4. The F4-function relates t\, to A/?. 

Thus the material characteristics are those which allow us to drive the test. 
The two servovalves deliver loads by means of the actuator on one side and 
the compression chamber on the other side, therefore subjecting the speci
men to a state of stresses and consequently to a state of strains. We can 
measure the longitudinal and transverse displacements and then compare 
them with the imposed values given by a minicomputer. 
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TABLE 1—Chemical composition of test steel. 

c 

0.029 

Mn 

1.8 

Si 

0.5 

S 

0.012 

P 

0.032 

Mi 

12.6 

Cr 

17.54 

Mo 

2.38 

N 

0.077 

Cu 

0.26 

Co 

0.18 

Material Data 

This work was carried out at room temperature on austenitic stainless 
steel Z3 CND 17-12 (steel grade ICL 167 F) quenched in water at 1070°C. 
The chemical composition is given in Table 1. Table 2 shows the mechanical 
properties. Figure 8 gives the cyclic and monotonic tension curves. Figure 9 
shows the uniaxial fatigue curves for this material on solid specimens. 

Biaxial Cyclic-Strain Data 

The different kinds of biaxial tests depend on the ratio between the longi
tudinal and transversal strains. The range of the biaxial strain we imposed to 
have a crack at a given number of cycles is calculated by using the uniaxial 
low-cycle fatigue curve, and the Tresca equivalent strain (ASME Code [5] 
for nuclear vessels). The Tresca equivalent strain is defined as 

_ 4 
6eq,lVe8ca — « .*̂  

where R is half the maximum engineering shear strain. The mean equivalent 
Tresca strain rate was fixed at 4- 10"Vs. Our different tests have been per
formed with €Lro = CTm = 0. 

Pure Plastic Tension Test: 

6La = ^^S^^^; ej^ = 0.5 eLa; $ = 180 deg 

Torsion Test: 

tLa = 7 :; ; CLa = eta, ^ = 180 deg 
4 2 

0.2% Yield 
Strength, 

MPa 

270 

TABLE 2-

Tensile 
Strength, 

MPa 

588 

-Mechanical properties of test steel. 

Elongation, Reduction of 
% Area, % 

61 77 

Young's 
Modulus, 

MPa 

200 100 
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Plane Strain Test: 

_ 3 Aeeq, 
€La = r -; eii = 0; ^ = 0 deg 

During the test we recorded longitudinal and transversal strains and also 
load and pressure on two Jfy-recorders. Thus we obtained hysteresis loops 
(Figs. 10, 11, and 12): 

f =/(longitudinal strain) =/(eL) 

P = PE — Pi = ^(transversal strain) = g(,€T) 

4L (lO'^mm) 

Tract ion loop hysteresis 
loop at 5S0 cycles 
2..2A Specimen pure 
traction 
Atequ Treca/2 = 0 .85* 

iD (10"3mm) 

FIG. 10—Traction hysteresis loops. 
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FIG. 11—Torsion hysteresis loops. 

The fatigue test concludes when the hysteresis loops show a distortion. We 
can see this distortion when the internal and external oil chambers are con
nected by a small crack. We also use a more sensitive method to see a small 
crack appearing. When the two oil chambers are connected there is an oil 
flow between them, and the servovalve current increases rapidly. Recording 
this current we can have the number of cycles for the emerging crack (Fig. 13). 

Test Results 

Fatigue Life Results 

Figure 14 shows the curves giving the Tresca equivalent strain amplitude 
plotted against the number of cycles to failure (emerging crack) for the three 
different types of tests. We can see that torsion is less damaging than plane 
strain, which is less severe than tension. In other words, the Tresca criterion 
is conservative, in agreement with the ASME code. 
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FIG. 12—Plane strain hysteresis loops. 

In the eL and €T plane the constant life contours have the same shape (Fig. 
15). 

In order to check the biaxiality effects we plot our points in the Miller [P] 
F-plane; this gives the maximum shear strain amplitude as a function of ten
sile strain amplitude normal to the plane of maximum shear (Fig. 16). For 
tests where the normal strain to the maximum shear plane is null (torsion 
tests and plane strain tests), we can see a large difference for the allowed 
maximum shear for a same number of cycles obtained for an emerging crack. 
The direction of the maximum shear plane in respect to the specimen surface 
has an influence on the material life. Numerous multiaxial fatigue criteria 
have been proposed. Assuming that we have a biaxial state of strain and that 
Poisson's ratio v = 0.5, we can plot these failure criteria on the F-plane (Fig. 
17). 
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ly or proportional tension to ly 

FIG. 13—Servovalve current. 

The Trescd, St Venant, and Von Mises's criteria do not show the influence 
of the maximum shear plane direction in respect to the specimen surface. For 
the null normal strain there is only one value of the allowed maximum shear, 
independent of the strain ratio. However, the Rankine and the generalized 
Von Mises criteria (see Appendix) show two distinct curves between traction 
and torsion, and traction and plane strain, respectively, as has been shown in 

10 

01 

-equ. Tresca 
•/.) 

A 316 Z3-CND 17-12 

plane strain 
deformation plane 

cisaillement 
torsion 
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FIG. 14—Correlation of biaxial data by Tresca equivalent strain. 
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FIG. 15—Constant life curves. 

this experimental work. With the Rankine criterion all the experimental 
points are not on the conservative side. The most promising method appears 
to be based on the generalized Von Mises criterion, and the correlation with 
our data is better (Fig. 17). 

Fractographic Aspect of the Fracture Surface 

The cracks are initiated at the internal side of the thin tube. They propagate 
along the thickness or parallel to the surface, and keep their initial direction 
as they emerge at the external side of the tube (Figs. 18c, 18Z>, and 18c). The 
crack initiated in the maximum shear plane propagates in the plane perpen
dicular to the direction of the maximum stress. The propagation mode is 
transgranular in the case of a polycrystalline material, as we can see in Figs. 
19a, \9b, 19c, and \9d. The fracture surfaces were observed by means of 
scanning electron microscopy. 

It has been recognized that each well-defined striation of the fracture sur
face corresponds approximately to each strain cycle shown by McMillan and 
Pelloux [10]. Therefore the crack propagation rate per cycle can be obtained 
from the striation spacings. The crack propagation rate, dl/dN, has been cal
culated in the case of pure traction and plane strain along the thickness of 
the tube. In this case of the torsion the fatigue striations do not appear 
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FIG. 17—Failure criteria. 

clearly. We have only secondary striations. If we assume a propagation law 
of the form 

we obtain in the plane strain case with four fractographic specimens 

uJy (mm/cycle) 
( AeiVegca \ 

2 )o, 
/ ' • (mm) 

In the case of pure traction, n has been found equal to 1.2. This value 
compares very well with other values [11-15]. The authors obtain for uniax
ial low-fatigue tests an exponent as 1 < n < 1.4. 

Fatigue Life at the Initiation of a Crack of a Given Length 

We define the initiation as the nucleation and growth of a fatigue crack at 
Stage I. This initiation corresponds to microcracks of 50 to 100 nm. (It is 
nearly the grain size.) It is then possible to calculate the number of cycles at 
the initiation, A'i, which is the difference between the fatigue life A'r (emerg
ing crack) and Nu (number of the cycles corresponding to Stage II crack 
growth. 
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FIG. ISa—Traclion cracks. 

By integrating the proposed crack propagation law, from / = 0.1 mm to 
the thickness (/"of the specimen wall, we obtain the value of iVii. These results 
are then plotted in the plane M/A^R percent against NB. (Fig. 20). We can see 
that the initiation part is about 60 to 75 percent of the fatigue Hfe. These 
values are also obtained by Manson [16] and Maya [17], 

Conclusion 

The purpose of this experimental work was to obtain same information on 
the effect of biaxiality on the low-cycle fatigue of 316 stainless steel at room 
temperature. An original material testing rig has been developed. High-
strain fatigue data have been obtained under biaxial conditions for three dif-
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FIG. 184—Plane strain cracks. 

ferent strain ratios in phase and at 180 deg out of phase. These data show 
that the Tresca criterion is conservative. We propose a generalized Von Mises 
criterion which seems more realistic. Finally the fatigue crack growth has 
been studied and a rate propagation low is given for the pure traction and 
plane strain. 

We shall next investigate out-of-phase, biaxial low-cycle fatigue. 
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FIG. 18c—Torsion cracks. 
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APPENDIX 

Generalized Von Mises Criterion 

Abandoning the assumption of incompressible plastic flow and expressing the fact 
that yielding in a compressible medium depends on the first invariant of the stress 
tensor. Von Mises gave a generalized yield condition in 1925 [18]. It has the form 

Ji-<l>(h) = 0 (1) 
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FIG. 19a—Propagation mode; plane strain; Specimen 16-14. 
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FIG. 196—Propagation mode; traction test 2 2A. 
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FIG. \9c—Propagation mode: torsion; Specimen 27. 
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FIG. \9d—Propagation mode; torsion; Specimen 21. 
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FIG. 20—Variation in Ni/Nr ratio to N,. 

where 

/ i — ai + a2 + Oi 

J2 = - [(ai - aif + (02 - Oif + (CT3 - o^f] 
6 

(2) 

and various assumptions can be made with the respect to the function <i>{J\) either to 
fit experimental results or for reasons of mathematical expediency. 

Considerations of the first kind suggested to Torre [/P] a function of the form 

1 
<t> = ~ ot[pae - (p - 1) I\] (3) 

where ae is the yield stress in tension and p = 'i(je/aef, re being the yield stress in 
shear. 

Equation 1 combines with Eq 3 to take the form 

3 /2 + ae(p - 1) / , - pae^ = 0 (4) 

Experimental results obtained by D'Alia [20] confirm Eq 4 at the fracture. On the 
other hand, experimental evidence about the plastic compressibility [21 ] and the con
sideration of mathematical expediency [22] justify following a Bahuaud and Boivin 
function of the form 

2(1 + 

leading to the yield condition 

ae I 
pae - (p - 1) / i - (1 - Ivid) 

3ae/ 
(5) 

2(1 + ??ct) /2 + (1 - 2i7Sct) — + ae(p - 1) / , - pae^ = 0 (6) 

where c^ct is the actual plastic Poisson's ratio. Generally it is slightly below 0.5 and 
remains constant during the work hardening. 
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FIG. 21—Generalized Von Mises criterion in ai, ai plane. 

Using Eq 6 in conjunction with the method of the characteristic lines, various as
pects of plastic behavior have been explained [25]. For our purpose we obtain a good 
approximation putting Fact = 0.5 into the yield condition (6). Then the yield condi
tion (4) appears as a simplified form of the yield condition (6). 

For plane stress as = 0, the condition equation is written as 

2 _L 2 
CTi -r ai aiCT2 + ae{p — \){a\ + ai) — pae^ = 0 (7) 

In the (aioi) plane this is the equation of an ellipse, a plot of which is shown in Fig. 
21. By means of Hooke's law the yield condition (Eq 7) can be written as a function 
of the principal strains ei, ei, or, as suggested by Brown and Miller [P], as a function 
of half the maximum engineering shear strain/{and of the tensile strain on the plane 
of maximum shear d. 

We have been carrying out four kind of tests: equibiaxial tests (ai = ai or ei = ea), 
plane strain tests (ai = 2CT2 or ti = 0), pure tension tests (a: = 0 or ei = —Iti), and 
pure shear or torsion tests (ai = —ai or ei = —ea). The corresponding points A, B, C, 
D, respectively, are in the first and fourth quadrant on the (ai,a2) plane (Fig. 17). 

For the first quadrant we have after computations the relations 

ai = 

ai = 

1 + V 

E 

{\ + v) 

ER 

(8) 

[-(1 -I- v)d+{\ -v)R] 
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and for the fourth quadrant 

01 

0 2 

(1 — 

(1 

v)ER + (1 + 

- v)ER + (1 

1 - ^ ^ 

v)Ed 

+ v)Ed 
(9) 

where £• and v are Young's modulus and the elastic conventional Poisson's ratio, 
respectively. 

Substitute Eqs 8 and 9 for principal stresses in terms of the shear strain R and the 
tensile strain d The yield condition becomes for the first quadrant 

V y. I — V (1 -r V) J 

+ ae{p - l ) - ^ — 2/J + - [ - (1 + i>)d+{l ~p)R]\ = 
Ipae 

(10) 

and for the fourth quadrant 

r d-
(1 - vf 

3 ,1 2ae (1 + v) / ae \ 
+ T^ + (p-1)-^ rd=2p\ 1 (11) 

(1 + .;)' J E \ - v^ \ E I 
If one plots R and d as rectangular coordinates (F-plane [P]), then the expressions 

above give two curves (Fig. 17) (the curves are drawn assuming v = 0.5 and p = 4/3). 
Finally, using the fact that to predict the fatigue limit at zero mean stress the used 

criteria are usually the accepted criteria for predicting the onset of plastic deforma
tion under static combined stress loading [24], we propose to predict the strength as
sociated with a given life from the criteria (Eqs 10 and 11), taking v — 0.5. 

Thus from the experimental results from torsion and tension tests it is possible to 
find the expei-imental results in plane strain with a very good approximation (Fig. 16). 
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The Concept of Uniform Scatter 
Bands for Analyzing S-N Curves of 
Unnotched and Notched Specimens in 
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for Analyzing S-N Curves of Unnotclied and Notclied Specimens in Structural Steel," 
Low-Cycle Fatigue and Life Prediction, ASTM STP 770, C. Amzallag, B. N. Leis, and P. 
Rabbe, Eds., American Society for Testing and Materials, 1982, pp. 549-571. 

ABSTRACT: From an extensive test program, 53 5-Af curves, established for alternat
ing, zero-tension, or fluctuating tension constant amplitude loading conditions, are 
obtained for unnotched and three types of centrally notched flat specimens of struc
tural steel Ck 45 (SAE 1045) and 42 CrMo 4 (SAE 4140). These S-N curves are in
tended to improve existing fatigue design data for application of the two steels tested 
in cases of fmite life design. 

The comparative evaluation of the test series reveals the possibility of describing the 
test results in log 5-logA^ diagrams in terms of uniform scatter bands when distinguish
ing between the unnotched specimens, the notched specimens in the annealed condi
tion, and the notched specimens in the quenched and tempered condition. These 
experimental flndings are compared with an analytical analysis based on the local 
stress-strain approach using Neuber's rule. This analysis explains that the derived con
cept of uniform scatter bands is in accordance with our present understanding of the 
fatigue behavior of notched elements. Moreover, it allows the agreement of the analyt
ical model and the actual material behavior to be critically examined. In conclusion 
the paper outlines the link between the nominal stress concept and the local stress-
strain approach for deriving engineering fatigue design data. 

KEY WORDS: 5-Af curve, steel Ck 45 (SAE 1045), steel 42 CrMo 4 (SAE 4140), stress 
ratio, stress concentration factor, uniform scatter bands, slope, cut-off point, local 
stress-strain approach, Neuber's rule, design data 

In order to improve the available design data for components in heavy 
machinery an extensive test program was carried out to investigate the fa
tigue properties of steel Ck 45 (SAE 1045) and steel 42 CrMo 4 (SAE 4140) 
(Table 1). The particular interest in these two types of steel arose from a 
study of service failures in components of machinery in steel works, which 
showed these steels to be widely used for components subject to fatigue load-

' Fraunhofer-Institut fiir Betriebsfestigkeit, Darmstadt, Fed. Rep. of Germany. 
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TABLE 1—Chemical composition of the steels tested. 

Steel 

Ck45 
(SAE 1045) 

42 CrMo 4 
(SAE 4140) 

Product 

plate 
spindle 
rod 

plate 
rod 

C 

0.52 
0.46 
0.45 

0.43 
0.43 

Si 

0.24 
0.27 
0.17 

0.31 
0.23 

Mn 

0.61 
0.62 
0.80 

0.75 
0.68 

P 

0.010 
0.023 
0.018 

0.021 
0.010 

S 

0.029 
0.018 
0.024 

0.034 
0.020 

Cr 

0.01 
0.066 

1.15 
1.10 

Mo 

0.02 

0.22 
0.23 

Ni 

0.04 
0.053 

V 

0.02 

ing [7],^ and that existing design data were lacking when considering finite 
life design techniques. 

Unnotched and notched specimens, as shown in Fig. 1 and having stress 
concentration factors ^ t = 1.0, 2.5, 3.6, and 5.2, were taken from plate 
material, round bars, or a heavy spindle (500 to 800 mm diameter), and were 
tested under axial loading. The various heat treatments and the resulting me
chanical properties are given in Table 2. The table also provides a survey of 
the test program and of the fatigue strength values derived from the statisti
cally established S-N curves under alternating, zero-tension, and (in some 
cases) fluctuating tension loading. 

Of particular interest was steel Ck 45 in the annealed condition (5u = 650 
N/mm^) and steel 42 CrMo 4 in the quenched and tempered condition (5u = 
910 N/mm^). The corresponding 5-iV curves were estabUshed by 4 to 6 tests 
on each of three or four pre-selected stress levels and by 12 staircase tests at 
2 ' 1 0 ' cycles. The complementary test series were restricted to unnotched 
and notched specimens ofKt = 3.6 with the staircase tests omitted. The test 
results have been reported elsewhere in detail [2,5]. 
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FIG. 1—Specimens tested under axial loading. 

^ The italic numbers in brackets refer to the list of references appended to this paper. 
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The present paper is aimed at presenting a summary evaluation of the 
available S-N data in terms of uniform scatter bands, a concept that already 
has been successfully applied in analyzing the S-^ curves of welded joints in 
structural steel and in aluminum alloys [4-7'i. The procedure of graphically 
and statistically defining the shape and parameters of the uniform scatter 
bands is described, their use in analyzing S-N data and in deriving the fatigue 
strength values given in Table 2 is explained, and limitations of their appli
cability are outlined. Thereafter it is intended to give further support to the 
concept of uniform scatter bands by an analytical analysis based on the local 
stress-strain approach with reference to the strain-life diagram and Neuber's 
rule. Finally, the agreement between the analytical model and the actual 
material behavior is critically examined. 

Summary Evaluation of Test Results 

Graphical Definition of Uniform Scatter Bands 

The first step in the analyzing procedure was a graphical evaluation of the 
available test data in terms of log 5-logiV diagrams. By inspection of these di
agrams it became obvious that the series for unnotched and notched speci
mens had to be treated separately. Later a further distinction between the 
series for notched specimens in the annealed and those in the quenched and 
tempered condition was found necessary. Hence three groups of test series 
resulted. 

Referring to one of those groups and having the test results from the cor
responding test series plotted separately on transparent paper it was found 
possible by superposing and vertically shifting these plots to fit all data 
points into a narrow scatter band (Figs. 2 to 4). To this scatter band an aver
aging sloped line was fitted and two parallel lines qualitatively indicating the 
width of the scatter band. In the case of unnotched specimens the lines have 
an (inverse) slope of A: = 15 down to a cut-off point at JVA = 1 • 10"' cycles. 
For the notched specimen the (inverse) slope is a value of A: = 5 in combina
tion with a cut-off point at A'̂ A = 1 • lO' or V̂A = 3 • lO' cycles for the an
nealed and the quenched and tempered specimens, respectively. For either 
condition the same type of scatter band applies to specimens from both steel 
Ck 45 and steel 42 CrMo 4. 

Because of the logarithmic scale the vertical shift of the diagrams may be 
understood as a conversion of the nominal stress amplitudes Sa plotted on 
the ordinates to a relative scale, for which the particular reference value is 
the stress amplitude 5 A at the cut-off point of the averaging line. The derived 
values of 5 A are listed in Table 2. Analytically the S-N relationship repre
sented by the averaging line may be written 

iV = iVA-(5a/5A)"* 

5a = 5A-(iV/iVA)"* 

for 5a > 5 A 

for N<NA 

(1) 

(Ifl) 
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FIG. 5—Probability plot of the vertical distances the data points in Fig. 3 observe from theaver-
aging line of the scatter band. 

Statistical Substantiation of Uniform Scatter Bands 

The slopes, the cut-off points, and the widths of the so-derived scatter 
bands may be statistically verified through a maximum likelihood analysis. 
For the data and scatter band in Fig. 4 this kind of analysis has been re
ported elsewhere [8]. A simplified way of performing the statistical analysis 
(by neglecting the run-outs at 2 • 10* cycles) is illustrated in Fig. 5. Plotted in 
this probabilistic diagram are the vertical distances the individual data 
points (5a4; Ni) observe from the averaging line of the scatter band 
(S'AL = .̂ a as defined by Eq la); on the logarithmic scale in Fig. 5 these dis
tances are represented by a ratio expression 

S^i/Spo. = [5a,i]/[5A (iVi/iVA)"''*] (2) 
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Provided the averaging line be drawn in the exact position a probability 
P = 0.5 is to be expected for a ratio Sa.i/S'AL = 1; the actual value 1.006 is 
only slightly different. Further, a measure Ts= 1:1.26 of the scatter within 
the range P = 0.9 and P — 0.1 may be derived from Fig. 5, and has been 
used to adjust the outside lines of the scatter band in Fig. 3. Owing to the 
log-normal distribution provided, the so-defined range of scatter compares 
to ±1.28 standard deviations of log 5a (= ± 1.28 X 0.039). For the notched 
specimens in the quenched and tempered condition the analysis would indi
cate a somewhat smaller range of scatter (Js = 1:1.19) (Fig. 4); nevertheless, 
Ts= 1:1.26 was adopted, as the smaller values were felt to need justification 
from additional tests. If we keep in mind both values, the most likely com
mon value of Ts for notched specimens irrespective of their heat treatment 
may be a value between 1:1.19 and 1:1.26. For the unnotched specimens a 
value of Js = 1:1.12 was found. 

Applicability of Uniform Scatter Bands 

Figure 6 illustrates the use of the uniform scatter bands in evaluating indi
vidual test series. The proper vertical position of the appropriate type of 
scatter band may be easily found by inspection and, thereafter, it may simply 
be checked by a statistical analysis of the vertical distances. As a result the 
fatigue strength value 5 A may be read from the diagram at the cut-off level; 
in Fig. 6, 5A = 115 N/mm^. In combination with Eq 1 and with the parame
ters k = 5,NA— 1 • 10*, and Ts = 1:1.26 of the present type of scatter band 
the value of 5 A provides a comprehensive description of the test series under 
consideration. 

10* 2 5 105 2 

number of cycles N 

FIG. 6—Illustration of the use of uniform scatter bands in evaluating individual test series and 
the limits of their applicability. 
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Moreover, Fig. 6 points out an upper limit to be observed in extrapolating 
the uniform scatter bands. At stress levels close to the yield stress Sy of the 
material the data points fall below the extrapolated scatter band, thus indi
cating a bend of the actual S-N curve to the left. Therefore the applicability 
of uniform scatter bands is strictly limited to stress levels well below the yield 
stress: 

=(T^) 5 . < S y (3) 

In the summary evaluation (Figs. 2 to 4) stress levels close to Sy were 
omitted. 

Regarding the situation around the cut-off point a continuous transition 
from the sloped to the horizontal part of the S-JV curve would appear to be in 
better agreement with the data points than the sharp edge chosen. However, 
for reasons of simplicity both in evaluating test results [8] and in design ap
plication, a sharp edge of the uniform scatter band was felt an acceptable 
approximation on the safe side. In this context it also has to be mentioned 
that from fracture mechanics considerations the position of the cut-off point 
may change due to size effects, an increased surface roughness at the notch, 
cold-working the notch, or corrosive effects, and in design applications it 
may become necessary to allow for these influences. 

Finally, the applicability of the uniform scatter bands is restricted to test 
series established for a constant stress ratio rather than a constant mean 
stress Sm^O, because under the latter test condition considerably different 
slopes may be obtained. 

Separating Crack Initiation and Crack Propagation 

Figures 2 to 4 give the fatigue life in terms of the number of cycles to fail
ure. For notched specimens in the quenched and tempered condition the 
number of cycles for initiating a first (semi-elliptical) crack of about 1 mm^ at 
the notch is shown in Fig. 7 (top). Figure 7 (bottom) gives the complemen
tary number of cycles to failure—that is, the number of cycles in crack prop
agation. The reference stresses SA are from Table 2. At first glance the major 
portion of the fatigue life appears to be governed by crack initiation as de
fined by the above criterion. In a more detailed analysis the partition be
tween crack initiation life and crack propagation life is found to depend on 
the stress level, the stress ratio, and the stress concentration factor, as known 
from the literature. 

Conflicting Arguments 

The authors are aware that the presented analysis in terms of uniform 
scatter bands conflicts with the specialists' opinion documented in the litera
ture, according to which the slope of 5-iV curves should be considered a func-
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800 

10^ 2 5 10^ 2 

number of cycles N 

FIG. 8—Present test results described by S-N curves the slopes of which depend on the stress 
concentration factor (hitherto adopted concept). 

tion of the stress concentration factor. The present test results also allow that 
kind of evaluation (Fig. 8). It appears a convincing way of analysis as there 
may be stated a continuous transition from the shallow slope of the S-N 
curve of unnotched specimens to the steeper slopes typical of the S-N curves 
of notched specimens. 

In contrast, the evaluation in terms of uniform scatter bands assumes a 
uniform slope of A: = 5 applying to S-N curves of notched specimens up to 
some maximum stress well below the yield stress (Eq 3), but a different, more 
shallow slope of k = 15 fitting to the S-N curve of unnotched specimens 
(Fig. 9). Hence the authors' proposal provokes the question: For what value 
of the stress concentration factor 1 < .̂ Tt < 2.5 should one expect the slope 
of the S-N curve to change from k = \5tok = SI The following considera
tions are aimed at clarifying the conflicting situation. 

Analytical Analysis 

Basic Relations 

The following analysis is based on low-cycle fatigue data in terms of the 
strain-life diagram, as they are conveniently used to present the strain cycling 
resistance of materials by describing the endurance as a function of both an 
elastic and plastic strain amplitude. The analysis is performed under the as
sumption of a material behaving cyclically stable and observing Masing's 
hypothesis. Thus there is a unique relation between the shape of the cyclic 
stress-strain curve and the form and size of the hysteresis loop under cyclic 
load applications. These cyclic loads may be assumed here to be alternating 
and of constant amplitude. 
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FIG. 9—Test results as in Fig. 8, described by means of uniform scatter bands. 

For an unnotched specimen the applied nominal stress amplitude 5a is 
equal to the local stress amplitude oa at the point of crack initiation: 

SBL = Wa for Kt = 1 (4) 

The cyclic stress-strain curve (Fig. 10) defines the corresponding (total) 
strain amplitude 6a, which is the sum of the elastic and the plastic strain 
amplitude: 

fa = ea,el + ea,pl (5) 

Following the local stress-strain approach the size of the hysteresis loop is 
further correlated with the number of cycles obtained in a constant ampli
tude test. Hence the number of constant amplitude cycles iV that one obtains 
as a function of oa and ea may be indicated along the cyclic stress-strain 
curve: 

N=f(aa,ea) (6) 

With that addition, Fig. 10 contains exactly the same information as usu
ally presented in terms of the strain-life diagram (Fig. 11): 

ea = {aVE)-i2Ny + e'r(2Ny (7) 

A marked point in Fig. 11 is the so-called transition life A'̂ * for which the 
plastic strain amplitude is equal to the elastic strain amplitude: 

€a,ei = a»/E = e.,pi = £* = a*/E for N = N* (8) 

e* and JV* may serve as reference values that describe the existing relations 
between stress, strain, and life in a simple and universal manner (see Appen
dix). One of these relations is that the strain-life diagram (Fig. 11 and Eq 7) 
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FIG. 10—Cyclic stress-strain curve indicating the elastic and plastic strain amplitude, 6,,ei and 
ea,pi, respectively, and the number of cycles, N, obtained under alternating application of a stress 
amplitude S, = CT« to an unnotched specimen. 
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FIG. 11—Strain-life diagram and definition of the transition life N* 
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implies a cyclic stress-strain curve of the type 

ca = (qJE) + 0.002 • (aa/a'y)""' (9) 

where a'y is the cyclic yield stress defined by a plastic strain amplitude of 0.2 
percent, and where the cyclic strain hardening exponent ri is 

ri = b/c (10) 

S-N Curve of Unnotched Specimens 

For unnotched specimens the slope of the elastic line in Fig. 11 should 
agree with that of the -̂A'̂  curve presented in Fig. 2. Referring to the elastic 
term of Eq 7 one obtains 

5 a = aa = £'-6a.el = a ' f (2 iV)* (11) 

and from comparison with Eq la it follows that 

b = -l/k foTKt=l (12) 

a'f=aA'(2-iVA)'^* f o r ^ , = l (13) 

Taking A: = 15 (Fig. 2), a value of Z> = —0.067 results; this seems quite 
reasonable when compared with values of b = —0.075 to —0.080 for SAE 
1045 and SAE 4142 steel according to data compiled by Landgraf et al [9]. 
Numerically a less good agreement, however, exists with the "universal 
slope" of Z» = —0.12 of the elastic line as derived in a summary analysis of 29 
materials by Manson [10]. Further with reference to Manson we may expect 
a universal slope of the plastic line of c = —0.5 ore = —0.6, if A îs defined as 
the life to crack initiation or to final failure of the specimen, respectively. 
According to Eq 10 the slope b = —0.12 would result in rather high values of 
the strain-hardening exponent of n' = 0.24 to 0.20. For the two types of steel 
in question Landgraf et al quoted values of c = —0.6 to —0.76 in combina
tion with values of «' = 0.12 to 0.17, but the particular values ofb, c, and n' 
are not always consistent with Eq 10. 

An investigation of the reasons behind these numerical discrepancies 
would be beyond the scope of the present paper. It may be concluded, how
ever, that the uniform scatter band in Fig. 2 is in substantial agreement with 
Manson's concept of universal slopes, and that it is further supported by the 
small variance among the values of b reported by Landgraf et al. 

S-N Curves of Notched Specimens 

For notched specimens the local stress-strain concept implies the endur
ance to be controlled by the local stress and strain at the notch. As nominal 
stresses are plotted in Figs. 3 and 4, the analysis of those curves requires a 
conversion between the nominal stress applied and the local stress and strain 
occurring at the notch. 
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CC = const. 

C£=c2/E=(K,SH)2/E = K,2s^e„ 

0 strain 
FIG. 12—Illustration of Neuter's rule and notations used. 

Adopting Neuber's rule [77] the conversion is illustrated in Fig. 12 for the 
more general situation, where the nominal stress St is applied at such a high 
level as to cause a considerable overall plasticity of the notched section in 
question (nominal strain amplitude e,>S,./£). Allowing for that effect 
leads to an increased, fictitious value of the nominal stress SH on the Hook-
ian line. The multiplication of SH with the stress concentration factor TiTt re
sults in the Hookian stress OH. The local stress and strain and the corre
sponding endurance N is obtained by following the hyperbola a • e = const 
from the point an on the Hookian line downward to the point where it inter
sects the cyclic stress-strain curve. For a stress concentration factor ap
proaching Ki = 1 not only will Sa and Oa become equal (Fig. 10), but also 
the fictitious nominal stress SH and the Hookian stress an will coincide. This 
simply explains that the locus defining 5 H is a hyperbola, too. Further, it be
comes clear that the Hookian stress of an unnotched specimen is different 
from the nominal stress applied, and that the well-known difference between 
the stress concentration factor Kt and the fatigue strength factor Kt as de
pendent on the endurance TV is implied in Neuber's rule as well. Analytically 
the general form of Neuber's rule reads 

oa-ea-E = OH' = {KfSH)=Kt'-Sa-ea-E (14) 

From the following it will be recognized, however, that the simpler situa
tion is practically more important, where lower levels of nominal stress are 
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applied (levels below point B in Fig. 12 at which the curve branches from the 
Hookian line). As a consequence the nominal strain of the notch section is 
elastic, the applied and the fictitious nominal stress are equal, and the Hook
ian stress becomes proportional to the nominal stress applied: 

Oa'ea'E = an = (Kt'S,) if Ca is elastic (14a) 

A family of computed S-AT curves is shown in Fig. 13. The S-iV curve for 
Kt = I simply followed from the elastic line of the strain-life diagram (Eq 7). 
The S-iVcurves for notched specimens of ̂ t = 2.5 and 5.2 resulted from the 
strain-life diagram by using Neuber's rule (Eq 14) in addition. Further, the 
transition life N* and the corresponding stress level a*, which may be taken 
as having some equivalence to the yield stress, were indicated. 

Compared with the S-N curve for Kt = 1 the curves for Kt = 2.5 and 5.2 
come out markedly steeper at stress levels below a*, while they become shal
low and asymptotic to the curve for ^ t = 1 at stress levels above a*. The 
dashed curves are those obtained under the provision of the Hookian stress 
being proportional to the nominal stress throughout (Eq 14fl), that is, neg
lecting any overall notch section plasticity. The dashed curves are of equal 
shape and parallel, just shifted vertically in proportion to the stress concen
tration factor Ki. At nominal stress levels well below a* the dashed curves 
are identical with the original curves according to the "simpler situation" 
mentioned above. For stress levels approaching a* the original curves 
branch to the left in equivalence to the branching criterion discussed with 
Fig. 12, and this phenomenon agrees to the upper limit of stress specified 
with reference to Fig. 6 by Eq 3. 

aoi 0.1 1.0 10 
relative number of cycles N/N** 

FIG. 13—Family of S-N curves for unnotched and notched specimens as computed from the 
strain-life diagram by use of Neuber's rule (qualitatively correct only). 
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Discussion of Computed S-N Curves 

Because a primary object in the designing and dimensioning of most struc
tural components is the avoidance of plastic deformation under maximum 
load, the allowable maximum stress has to observe an appropriate safety fac
tor against the yield stress (or the stress a*) (Eq 3). In practical terms that 
means a nominal maximum stress 5 max not exceeding the level of the branch
ing points B in Fig. 12. (If, in special situations, higher levels of stress shall be 
applied, the nominal stress concept is no longer appropriate, since the result
ing plastic strain has to be taken into account as well.) Hence in the stress re
gime of particular interest the "simpler situation" does apply, and the S-N 
curves of differently notched members can be assumed to be of the same 
shape and just being shifted vertically according to the stress concentration 
factor in question (extremely sharp notches and notches having a very small 
notch root radius may be disregarded here for reasons of clarity). In other 
words, the analytical analysis conclusively justifies the concept of uniform 
scatter bands as presented in Figs. 3 and 4. 

Figure 12 also provides the explanation of how the slope of the S-^ curves 
comes to change from A: = 5 for notched specimens to A: = 15 for unnotched 
specimens. Above the branching points B any S-N curve changes slope 
asymptotically to k = 15. The position of the branching point, however, 
moves to the higher endurances, the lower the stress concentration factor. In 
consequence the steep part of the S-N curve will degenerate. For unnotched 
specimens the branching point may even be beyond the cut-off point; hence 
all the sloped part of the S-N curve is above the branching point and ob
serves a slope of A: = 15. In other words, and provided Eq 3 to be a basic 
condition in dimensioning components, the transition from the uniform 
scatter band of slope A: = 5 as derived for notched specimens to the uniform 
scatter band for unnotched specimens having a slope of A: = 15 is not a tran
sition in terms of continuously changing slope (Fig. 8), but a transition in 
terms of the position of the branching point in function of the stress concen
tration factor (Fig. 13). 

Comparison with Experimental Results 

In order to emphasize the characteristics of interest a somewhat unrealistic 
value of c = —0.84 was chosen in computing the 5-iV curves in Fig. 13; thus 
these curves are only qualitatively correct. The curves in Figs. 14 and 15 were 
computed with the more realistic values of b = —0.067 and c = —0.50 for 
comparison with the experimental results. The position of the curves as de
fined by Â * and a*, however, resulted from a fitting procedure. Having in 
mind that strain-life data refer to the crack initiation life and considering the 
respective evaluation in Fig. 7 (top), a positioning of the computed curves 
that would provide an average curve to the data points for Kt = 2.5 was felt 
the most reasonable solution. 
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FIG. 14—Computed S-N curves fitted to test results/or steel Ck 45 in the annealed condition. 

At first glance the agreement of the curves and the experimental results is 
not very convincing, but a closer look reveals that there is at least an excel
lent fit to the data points for ATt = 2.5, except at the uppermost level for steel 
Ck 45. Further, for quenched and tempered steel 42 CrMo 4 (Fig. 15), the 
curve for A"* = 1.0 provides an average line to the particular data points. For 
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FIG. \5—Computed SS curves fitted to test results for steel 42 CrMo 4 in the quenchedand 
tempered condition. 
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annealed steel Ck 45 the data points for Kt= 1.0 are much lower than ex
pected from the computed curve; nevertheless, the computed and the exper
imental lines are parallel. The data points for ^ t = 5.2 are reasonably above 
the curve in both diagrams, and they are found exceptionally high in the 
range of 10* to 10' cycles, when compared with the results for Kt = 2.5 (or 
Kt = 3.6) or to the results for Kt = 5.2 and R = 0 [2,3]. Most likely a frac
ture mechanics concept for small cracks at sharp notches may explain the 
nonconforming test results obtained from the Aft = 5.2 type of specimens. If 
the slope A; = 5.0 of the uniform scatter band is compared with the com
puted curve for endurances Â  < 10' the agreement is rather satisfactory in 
this point as well (Fig. 15). Above N = 10' the computed curves follow the 
trend of the results discussed with Fig. 6, but lack the information on the cut
off point from the strain-life diagram. 

Hence, qualitatively, quite a good agreement of the computed and the 
experimental 5-JV curves may be stated, while quantitatively the agreement is 
less satisfactory in some instances. In order to explain these discrepancies an 
actual material behavior different than that of the simple analytical model 
may be anticipated because of the following reasons: 

1. The pronounced cyclic softening of both steels and in particular of the 
annealed steel Ck 45. 

2. The considerable portion of the fatigue life spent in crack propagation 
of the sharply notched specimens of Kt = 5.2. 

3. A likely difference of the grain structure in the perpendicular planes of 
crack origin at the unnotched specimens (plate surface, ground) and at the 
notched specimens (plane in thickness direction along the notch root). 

4. A statistical size effect due to the large or small volume of material 
being subject to the considered level of local stress and strain at the un
notched or notched specimen, respectively. 

Obviously the softening effect is most pronounced in the unnotched spec
imens because of all the material being strained at the same high level. In the 
sharply notched specimens, however, only a small volume of material at the 
notch is highly strained and is passed through by the initiating crack rather 
quickly; 

A practical aspect that becomes apparent from these considerations is the 
problem of making use of "small specimen data" in the dimensioning of 
large structural components if the material is undergoing a considerable cy
clic softening. In large components a large volume of material is always 
highly strained even at notches. Hence a solution on the safe side would be to 
adjust the computed curves to the data of the unnotched specimens in the 
case of steel Ck 45, for example. On the other hand, it may be considered in
teresting to make use of the actual material behavior for structural optimiza
tion of small components in a series production by means of experimentally 
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evaluating how much the actual material behavior is superior to the behavior 
predicted from a simplified material model in the early design stage. 

Summary and Conclusions 

Experimental fatigue data for steel Ck 45 and steel 42 CrMo 4 have been 
presented in terms of uniform scatter bands of S-N curves. The concept of 
uniform scatter bands has been shown to be in accordance with our present 
understanding of the fatigue behavior of notched and unnotched structural 
elements, and the Umits of its applicability have been outlined. The analyti
cal considerations presented to support the concept of uniform scatter bands 
provide a link between the nominal stress concept and the local stress-strain 
approach in assessing the structural fatigue behavior. 

The shape of the uniform scatter bands has been simply specified by a 
sloped straight line becoming horizontal at some cut-off point; any differ
ences the actual S-^ curves may observe from the simplified shape have been 
accounted for in determining the width of the scatter band. The uniform 
scatter bands derived from the present test data have been found to fit test 
data for other types of steel as well. 

Uniform scatter bands have been demonstrated to be particularly useful in 
analyzing S-N test results with the aim of deriving statistically well-defined 
fatigue strength values suitable for design application and for input to a data 
bank. In combination with the appropriate type of scatter band the derived 
fatigue strength value provides a comprehensive description of the S-A'̂  curve 
in question—that is, in the stress range of practical interest up to a nominal 
maximum stress close to the yield stress of the material. Even from small 
samples, being limited to a few results at the sloped part of the S-A'̂  curve, the 
analysis by means of uniform scatter bands allows an estimate of the com
plete S-N curve to be obtained and a fatigue strength value to be derived. 
Confidence limits of the derived fatigue strength values may be specified and 
appropriate safety factors may be deduced by considering the width of the 
uniform scatter band to define the population variance. The derived fatigue 
strength values may serve to perform a summary evaluation of comparable 
data obtained from different investigations, as well as to assess the fatigue 
properties of different types of material in a systematical manner [5-7]. 

The simplified shape of the uniform scatter bands proves to be particularly 
convenient in performing a cumulative damage calculation by Miner's rule 
as modified by fracture mechanics considerations [12]. Some aspects related 
to fatigue life predictions based on S-N data in terms of uniform scatter 
bands have been published elsewhere in greater detail [13,14]. When making 
use of "small specimen data" in design it is important to make conservative 
allowance for possible differences of the actual material behavior compared 
with predictions obtained from a simplified material model. 
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APPENDIX 
Stress-Strain and Strain-Life Relations Related to Transition Life N* and Correspond
ing Strain E* or Stress o* 

The strain-life relation (Eq 7) is 

ea = {&t/E)-{2Nf + i'rilNY 

where (Eq 5) 

e« = e«,ei + ea,pi 

The transition life N* is defined by a plastic strain amplitude ea,pi equal to the elastic 
strain amplitude ea,ei (Eq 8): 

ea,ei = aa/E = e,.pi = «• = a*/E for N = N* 

Hence it follows from Eqs 5 and 8 that 

t* = {a'{/E)-{2N*)'' (15) 

(* = f'f(2N*r (16) 

Dividing Eq 7 by e* and using Eqs IS and 16 yields the related form of the strain-life 
relation 

8 there is 

(7?)=(^)'=te) 
we obtain the corresponc 

In equivalence to Eqs 5 and 8 there is 

(18) 

By inserting aa/aa* in Eq 17 we obtain the corresponding cyclic stress-strain relation 
\clb 

(19) 

From Eq 9 

it follows that 

ea = (a^/E) + 0.002-(a./ff'y)'^"' 
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(20) m^y-^w'w 
where 

«' = b/c (21) 

and 

/0.002£'\'' 
"'^ = " ' • [ - ^ 1 (22) 

Accordingly the related form of Neuber 's rule (Eq 14) reads 
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Fatigue Life Evaluation of tine A-7E 
Arresting Gear Hook Shank 
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ABSTRACT: This paper describes a program conducted to develop criteria, based on 
test results, to safely extend the service life of the A-7E arresting gear hook shank. 
Fracture mechanics techniques provided a method for assessing the significance of 
proof testing and correlating proof loads with remaining life under operating loads. 
Additional tests were performed to validate the proof-test criteria. 

The proof load developed in this program defined the maximum possible flaw size 
that could exist in the structure and provided data for establishing remaining life 
under operating loads. In addition, local yielding resulted in residual stresses that max
imized crack growth retardation. As a result, an increase in fatigue life was produced 
by periodically inserting the proof load into the operating load spectrum. The primary 
impact of this program was to demonstrate that the proof test interval for the hook 
shank could be extended from 100 to 550 arrested landing cycles, and that the total 
service life could be extended from 500 to an indeterminate number of arrestments. 

KEY WORDS: fatigue, fracture mechanics, proof test, stress spectra, retardation 

This paper describes the results of a test and evaluation program con
ducted for the Naval Air Systems Command.^ The object was to develop 
criteria through testing that would safely extend the proof-test interval and 
overall service life of the A-7E arresting gear hook shank and return retired 
hook shanks to service. The original Navy overhaul/retirement criteria for 
the A-7E arresting gear required the hook shank to be removed from the air
craft for inspection and proof test after every 100 carrier arrestments. The 
hook shank was retired from service after 500 arrestments. The test program 
consisted of fatigue and damage tolerance testing of 30 retired A-7 hook 
shanks. The test data evaluation included considerations of scatter and salt 
water environment. Fracture mechanics techniques provided a method for 

' Manager, Engineering Specialist, and Technical Managers, respectively. Structural Life 
Management, Vought Corporation, Dallas, Tex. 75265. 

^ Ellis, J. R., "Fatigue and Fracture Evaluation of A-7E Arresting Gear Hook Shank," 
Vought Report No. 2-30400/9R-52133, May 1979. 
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assessing the significance of proof tests and correlating proof loads with re
maining operating life. 

The results of this program showed that a proof load of 0.778 MN (175 
kips) ensured structural integrity for a minimum remaining life of 550 ar
restments at the maximum operating load of 0.503 MN (113 kips). In addi
tion, retired shanks could be returned to service and remain in service so 
long as they continued to successfully pass the proof test. These are signifi
cant improvements over the original 100-arrestment proof test intervals and 
500-arrestment total life. 

Technical Approach 

The conventional proof-test technique for qualifying a structural compo
nent takes on added significance when fracture mechanics theory is applied. 
To assess the condition of a component in terms of existing flaws, nonde
structive inspection (NDI) procedures are generally relied upon. The proof 
test, however, can be considered one of the most positive inspection proce
dures available. A successful proof test actually defines the maximum possi
ble flaw size that exists in the structure. This results from the functional rela
tionship between applied stress and flaw size as defined by the crack-tip 
stress intensity factor, K, 

where a is the stress level and a represents the crack size. Fracture occurs 
when the stress and crack size are such that K = Kic, which is the critical 
stress intensity factor or the material fracture toughness. Therefore fracture 
data generated from test can relate stress or load at failure to flaw size. This 
is presented schematically in Fig. 1. If a proof load, which is a times greater 
than the operating load, is successfully applied the maximum existing flaw 
size is Oi. If the critical flaw size for the operating condition is a a, there exists 
a minimum flaw growth potential from a, to a a. To associate remaining life 
with the flaw growth potential, it is necessary to determine how long it takes 
a crack to grow from a, to act under operating conditions. The method for 
predicting fatigue crack growth is based upon fatigue testing and the stress 
intensity concept. 

It has been shown by Tiffany and Masters' that the number of cycles to 
failure at a given stress level depends on the initial stress intensity, Ki, com
pared with the critical stress intensity, Kic. Therefore 

N M^) 
' Tiffany, C. F. and Masters, J. N. in Fracture Toughness Testing and Its Applications, ASTM 

STP 381, American Society for Testing and Materials, 1965, p. 249-278. 
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FIG. 1—Stress versus flaw size relationship. 

where N is the number of cycles to failure. The stress intensity ratio is related 
to the ratio of initial flaw size to critical flaw size as 

\KJ Vflcr/ 

Thus test data can be used to develop the relationship between the flaw size 
ratio and the number of cycles to failure. These data are presented graphi
cally in Fig. 2. With this type of data, the cycles required for any given flaw 
to grow to critical size can be predicted. Conversely, for a given life require
ment, the maximum allowable initial flaw size can be determined. Knowing 
the maximum allowable initial flaw size for a required remaining life, data 
represented by Fig. 1 can be used to establish the necessary proof load. 

Component Description 

The A-7E arresting gear hook shank, hook point, and drag link are shown 
in Fig. 3. The hook shank is a 4340 machined steel forging heat-treated to an 
ultimate strength of 1240 MPa (180 ksi). The shank has a tubular section, the 
forward end is pinned to a drag link through a set of lugs, and the aft end 
contains an integral boss which attaches to the hook point. The hook point is 
secured to the shank by a 1.905-cm (y4-in,)-diameter steel tension bolt that 
passes through the hook point and the center of the cylindrical boss. 
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FIG. 2—Flaw size ratio versus cycles to failure. 

On carrier arrestment, the carrier deck cable is engaged by the hook point. 
During run-out of the cable, arresting loads are transmitted through the 
shank and drag link to the fuselage arresting gear keel structure. 

The static ultimate design load for the hook shank is a 0.794 MN (178.5 
kips) axial load applied at the hook. Off-angle and off-center arrestments re
sult in side loads which are reacted at the drag link, but because the hook 

4.45 cm 

SECONDARY FAILURE 
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(INSIDE DIA) • 
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AT BOSS RADIUS 
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F 

FIG. 3—Hook shank assembly and failure locations. 
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shank is pivoted from the drag Hnk, only axial loading was used in this pro
gram. Bending is induced into the shank since the hook load is eccentrically 
applied at the boss approximately 4.32 cm (1.70 in.) below the neutral axis of 
the shank section. 

The operating (fatigue) loads were derived from data contained in AR-58 
"U.S. Navy Catapulting and Arresting Gear Forcing Functions for Aircraft 
Structural Design," using a 0.122 MN (27500 lb) gross landing weight and 
133.5-knot engagement speed. The shank was originally designed for the 
Mk 7 Mod 1 arresting gear loads. However, the A-7E now operates from 
carriers having Mod 2 or Mod 3 arresting gear systems, which produce sub
stantially lower load spectra, as shown below: 

Mk 7, Mod 1 Gear 90% of loads at P, = 0.574 MN (129 kips) 
(Design) 10% of loads at P, = 0.632 MN (142 kips) 

Mk 7, Mod 2 & 3 Gear 90% of loads at P. = 0.445 MN (100 kips) 
(Operational) 10% of loads at P, = 0.503 MN (113 kips) 

Experimental Procedure 

The test assembly included not only the hook shank, but also the drag link 
and hook point (Fig. 3). The hook shank assembly was tested in a vertical 
test frame where loads were applied at the hook point and reacted at the base 
of the drag link fitting. The hook point load was applied by using a steel 
plate which contained a cutout that was machined with a radius equivalent 
to the arresting cable. The test assembly was free to pivot from the base of 
the drag link to insure a realistic deflected shape. All cyclic fatigue loading 
was performed by a single hydraulic load actuator using a load ratio/i = O.IO 
(i'mi,./i>m«x = 0.10). 

There were a total of 30 hook shank specimens tested. The first 22 speci
mens were tested to obtain basic fatigue and fracture data and to determine a 
meaningful proof load and proof-test interval. These 22 tests are summarized 
in Table 1. The last eight tests were verification tests using the related proof 
load and proof-test interval and are summarized in Table 2. 

Fatigue failures occurred at two locations in the shank: the radius at the 
base of the integral boss (the expected falilure location), and the section 
change in the tube inside diameter at station 52.1 (Fig. 3). It is also noted 
that two of the tests (shakedown and residual strength) produced failures in 
the attachment lugs of the shank and three validation test specimens were re
tired with no failures. The attachment lug failures occurred during residual 
strength tests at loads above design ultimate. 

Analysis of Test Data 

The test program focused on the primary failure location at the hook point 
attachment boss. The tube cracks were considered secondary failure locations 
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TABLE \—Tests for basic data.' 

Test 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Cyclic 
P™. ~ MN 

0.445 to 0.623 
0.445 
0.534 
0.578 
0.503 
0.578 
0.445 
0.534 
0.623 
0.534 
0.623 
0.503 
0.534 
0.534 
0.623 
0.503 
0.503 
0.503 
0.534 
0.534 
0.578 
0.503 

Environment 

laboratory air 
laboratory air 
laboratory air 
laboratory air 
laboratory air 
laboratory air 
laboratory air 
laboratory air 
laboratory air 
laboratory air 
laboratory air 
salt water 
salt water 
salt water 
salt water 
salt water 
salt water 
laboratory air 
laboratory air 
laboratory air 
laboratory air 
laboratory air 

Type of Data 

shakedown 
OCT and Nt 
da and ^f 
Qcr and Nt 
dcr and Nt 
Oct and Nt 
da/dN 
da/dN 
da/dN 
da/dN 
da/dN 
da/dN 
da/dN 
da/dN 
da/dN 
da/dN 
da/dN 
residual strength 
residual strength 
residual strength 
residual strength 
residual strength 

Total 
Cyclic 

Life 

6500 
11000 
7774 
8409 
8228 
6018 

11404 
9370 
1087 
4371 
1989 
8018 
6476 
5 322 
2321 
7874 
8650 

13000 
8500 
8580 
6445 
8228 

Failure Information 

upper lugs at 1.010 MN 
tube failure 
boss failure 
boss failure 
boss failure 
boss failure 
tube failure 
boss failure 
boss failure 
boss failure 
boss failure 
boss failure 
boss failure 
boss failure 
boss failure 
boss failure 
boss failure 
boss at 0.765 MN 
no failure at 0.832 MN 
upper lugs at 0.832 MN 
boss at 0.832 MN 
tube failure 

during cycle 

"flcp = critical crack size; N; = cycles to failure; da/dN = crack growth rate; all tests cycled 
at/J = +0.1. 

TABLE 2—Verification tests for proof loads = 0.778 MN at 550-arrestment intervals.' 

Test 

23 
24 
25 
26 
27 
28 
29 
30 

Precrack 
Cycles 

0 
0 
0 

5000 
7000 
5000 

0 
3000 

Environment' 

laboratory air 
salt water 
salt water 
salt water 
salt water 
salt water 
salt water 
salt water 

No. of 
Proof Load 
Intervals' 

42 
28 
28 
10 
13 
6 

24 
6 

Total 
Cyclic 
Life 

23142 
15423 
15434 
10513 
14164 
8307 

15429 
6307 

Failure'' 

no failure 
no failure 
at boss 
in tube 
in tube 
in tube 
no failure 
in tube 

"Each 550-arrestment block contains 495 cycles at 0.445 MN and 55 cycles at 0.503 MN. 
'3.0 percent salt solution inside tube and externally applied to boss area. 
'Proof load held for 3 min after each block. 
''All failures occurred at the 0.778-MN proof load. 
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with a criticality that did not exceed that of the primary failure location dur
ing the expected useful life of the shank. 

The effect of cyclic load level on the basic fatigue life of the shank can be 
seen in Fig. 4, where the applied load, Pmax, was plotted versus cycles to fail
ure. The test points showed the effect of reducing the maximum operating 
loads. In general, as the maximum cycling load was reduced from 0.623 to 
0.503 MN (140 to 113 kips), the average fatigue life increased from approxi
mately 1000 cycles to 9000 cycles. 

The 0.503 MN (113 kips) tests were important because they represented 
the maximum operating loads for the MK 7 Mod 2 and Mod 3 gear systems, 
which were the basis for projected future usage. The minimum fatigue life of 
a shank cycled at 0.503 MN (113 kips) was 7874 cycles. This was Test 16, 
which was tested in salt water and failed at the boss radius. The minimum 
life of the three specimens that failed in the tube section was 8228 cycles. 

The fatigue crack at the radius of the boss is shown in detail in Fig. 5. The 
visible crack length was designated as 2c and the crack depth was designated 
as a. The inspection data taken during tests involved recording the 2c dimen
sion of the crack at periodic intervals. The shape of the flaw, described by the 
parameter a/2c, was assessed by fractographic examination of the crack sur
face after failure. The cracks were found to be relatively shallow, a/2c = 0.25, 
in the early stages of growth. The aspect ratio tended to increase to 
a/2c = 0.40 or 0.50 as the crack became larger. 
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FIG. 4—Fatigue data from shanks cycled to failure at various load levels. 
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FIG. 5—Local crack geometry at base of boss. 

The crack growth behavior was presented as crack length, 2c, versus re
maining life in cycles. Figure 6 shows data from specimens tested at 0.503 
MN (113 kips), 0.534 MN (120 kips) and 0.623 MN (140 kips). The curves rep
resenting mean lives were generated using regression methods. There was 
little difference between the 0.503 MN (113 kips) and 0.534 MN (120 kips) 
data, but there was a dramatic reduction in life for the 0.623 MN (140 kips) 
data, which represented the original operating loads. Data for Pmax = 0.445 
MN (100 kips) was not plotted since it virtually coincided with the 0.503 MN 
(113 kips) data. 

Figure 7 presents data from tests at 0.503 MN (113 kips) conducted in 
both lab air and 3 percent salt solution. The data scatter was large enough to 
warrant the use of a scatter factor on the mean life curve to ensure that the 
worst case was covered. A factor of 2.0 was therefore applied to the mean 
salt water data, and this curve became the basis for relating initial crack size 
to remaining life for the shank operating under the reduced loads. 

In order to establish the significance of the proof test, data were generated 
that described residual static strength as a function of crack size. The residual 
strength versus flaw size data is shown in Fig. 8. The critical surface crack 
length for the operating load of 0.503 MN (113 kips) was about 4.11 cm (1.62 
in.). As the crack size decreased, the residual strength increased until at 
2c < 2.54 cm (1.0 in.) at i* = 0.832 MN (187 kips) the hook shank began to 
undergo yielding. Based on these data, the maximum potential proof load 
was chosen to be 0.778 MN (175 kips). A higher proof load could result in 
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FIG. 6—Initial flaw size versus remaining life for three load levels. 
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FIG. 7—Data for 0.503-MN load level in laboratory air and 3 percent salt solution. 
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FIG. 8—Residual strength as a function of flaw size. 

local yielding either at the hook point boss area or at the forward attachment 
lugs. If a shank successfully sustained this proof load, the maximum size of 
an undetected crack was 2c = 2.79 cm (1.10 in.). 

Figure 7 shows that a 2.79-cm (1.10-in.) crack will not grow to failure in 
less than 550-arrestment cycles for an operating load of 0.503 MN (113 kips). 
This life was based on the data which included a scatter factor of 2.0. There
fore the verification tests were conducted using a proof load of 0.778 MN 
(175 kips) applied with a proof-load interval of 550-arrestment load cycles. 

The tube failures resulted from fatigue cracks which initiated inside the 
tube at station 52.1 where the inside diameter begins to change from 2.54 to 
1.905 cm (1.00 to 0.75 in.). These cracks progressed as part-through-cracks 
on the tension side of the tube, and became critical before they progressed 
through the thickness of the tube wall. The inside radius of the tube is 1.27 
cm (0.50 in.) and the outside radius is 2.223 cm (0.875 in.); therefore under 
normal bending the outer fiber stress would be 1.75 times higher than at the 
inside surface. Combining the axial and bending stresses aXP = 0.503 MN 
(113 kips), the outer fiber stress is only 1.33 times higher than at the inside 
diameter. The change in section on the inside surface produced a stress 
concentration, Ki, high enough to make the inside surface more fatigue 
critical than the smooth outer surface. 
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FIG. 9—Bending moment along shank. 

The bending moment along the shank was significantly affected by the 
deflected shape. Figure 9 shows the moment distribution for three applied 
loads. As the applied load was reduced, the deflected shape relaxed, changing 
the resulting bending distribution and actually increasing the moment at 
station 52.1. The peak moment at this section was 3730 N-m (33000 in "lb) 
at i ' = 0.445 MN (100 kips) and 1470 N • m (13 000 in • lb) at P = 0.792 MN 
(178 kips). Although reducing the axial cyclic load significantly improved 
the local stress at the hook point boss, there was essentially no net reduction 
in the stress at station 52.1. This resulted in increased cyclic life due to 
reduced stresses at the boss, but cracks tended to form in the tube and 
become critical. The test results supported this general observation, since 
tube failures occurred only when the maximum cyclic load was 0.503 MN 
(113 kips) or lower and the total life of the specimens was above 8000 cycles. 

Verification Testing 

The last eight hook shank tests were designed to verify the proof-test 
interval. For a given proof load and proof-test interval, acceptable results 
were based on two conditions: (7) fatigue failures did not occur between 
proof tests, and (2) the magnitude of the proof load was not detrimental to 
the subsequent service life interval for surviving components. 

The use of this proof test criteria in service does not imply that hook 
shanks with detectable cracks would be allowed to remain in service. The 
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proof test was designed as a safety measure to accompany standard inspec
tion techniques which may overlook existing cracks. Any shank found to be 
cracked would, of course, be removed and replaced. 

The verification tests were conducted to determine the end result assuming 
that the cracks went undetected. A summary of results for the eight verifica
tion tests is presented in Table 2. 

Each specimen was tested to block spectrum loading where each block 
contained 495 cycles at 0.445 MN (100 kips) and 55 cycles at 0.503 MN (113 
kips), with/? = 0.10 in all cases. Each 550-cycle block of loads were followed 
by a static proof test to 0.778 MN (175 kips) where the proof load was held 
for 3 min. 

The first three verification specimens showed an exceptionally long life. 
This was apparently due to the retardation effect on crack growth brought 
about by the proof load. In order to produce failures in a reasonable amount 
of time, four of the five remaining specimens were cycled at P = 0.503 MN 
(113 kips) for varying numbers of cycles (from 3000 to 7000) to generate 
cracks prior to the block loading and proof test sequence. 

The results showed that all failures occurred during the proof test, which 
indicated that the 550-cycle interval was compatible with the 0.778 MN (175 
kips) proof load. Therefore a shank that passed the proof test could be 
expected to last for 550 more arrestment cycles. The data indicated that even 
though failure may be expected in the tube as well as at the boss, the proof 
load is sufficient to isolate tube cracks that might become critical during the 
subsequent 550 arrestments. 

Strain gage data indicated that local yielding occurred at both critical 
locations during proof loading to 0.778 MN (175 kips). The local yielding 
did not have a detrimental effect on the shank, since verification tests 
included as many as 42 successful proof-load applications on a single shank. 
The local overload, in fact, had a beneficial effect by retarding the subsequent 
growth of cracks that might exist at the base of the boss and in the tube. 
Work by Gray and Gallagher'' indicated that overload factors of 1.5 in 4340 
steel can cause a significant number of delay cycles before normal crack 
growth rates return. The local yielding of the material in the tube caused 
residual stresses that maximized retardation effects. 

The test data, summarized in Tables 1 and 2, were analyzed using sequence 
accountable crack initiation and crack propagation analysis models to esti
mate the increase in fatigue life produced by the proof loads. The results of 
this analysis gave the life without the proof loads to be 13200 arrestments 
and the life with proof loads to be 18 150 arrestments. This represents a 
37.5A increase in fatigue life due to the effects of the overload proof tests. 

* Gray, T. D. and Gallagher, J. P. in Mechanics of Crack Growth, ASTM STP 590, American 
Society for Testing and Materials, 1976, p. 331-334. 
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Conclusions 

The primary location for crack initiation in the hook shank is at the radius 
of the hook point boss. The inside of the tube at station 52.1 becomes a Hkely 
spot for crack initiation under extended service Hfe at reduced operating 
loads. 

The 0.778 MN (175 kip) proof load used in the verification testing is 
sufficient to qualify the hook shank for 550 subsequent arrestments under 
MK 7 Mod 2 and 3 operating loads. Based on the verification tests, the proof 
load effectively tests for tube cracks as well as cracks at the boss radius. All 
failures occurred during proof testing. 

The results of this program indicate the potential for significant cost 
savings in spare parts and especially in logistics costs associated with com
ponent tracking and proof testing during the fleet life of the aircraft system. 

A cknowledgments 

This investigation was conducted at Vought Corporation, Dallas, Texas, 
by the Structural Life Management Group of the Structures Technologies 
Section for the Naval Air Systems Command, Washington, D.C., under 
CMES TASK LTV 78-5. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



C. W. Lawton^ 

Use of Low-Cycle Fatigue Data for 
Pressure Vessel Design 

REFERENCE: Lawton, C. W., "Use of Low-Cycle Fatigue Data for Pressure Vessel 
Design," Low-Cycle Fatigue and Life Prediction, ASTM STP 770, C. Amzallag, B. N. 
Leis, and P. Rabbe, Eds., American Society for Testing and Materials, 1982, pp. 
585-599. 

ABSTRACT: Pressure vessels are usually designed for only a few thousand stress cycles 
and seldom for more than 10' cycles. For fatigue analysis to be practical for most of 
the ASME Code applications, a concept has been developed different from the prac
tice used in machine design for high-cycle fatigue in rotating machinery. The concept 
uses fatigue design curves developed for the different materials. The curves account for 
most of the factors that reduce fatigue life as shown by a comparison with fatigue data 
generated with laboratory specimens. Because most pressure vessels are of welded fab
rication, the fatigue design curves have full corrections for tensile mean stress in the 
applicable region to account for tensile residual stresses. For corrosive conditions, the 
fatigue design curves may require further corrections. A modified concept of strain 
range partitioning has been developed for the analysis of the creep and fatigue interac
tion for high-temperature design. The concept uses the strain difference range to calcu
late creep and fatigue damage, which is similar to the shear stress failure used in lower 
temperature design. 

The use of the fatigue design curves is demonstrated with the evaluation for fatigue 
life of two fossil-fuel boiler components. One of these components illustrates the dif
ference in use of the fatigue design curves when creep is a further consideration. 

KEY \^ORDS: fatigue, low cycle fatigue, elevated temperature fatigue, strain range 
partitioning, pressure vessel design, ASME Boiler and Pressure Vessel Code 

In the United States the electric utility companies are using fossil-fueled 
steam generators to supply the variable electrical demand. The nuclear steam 
supply systems are based loaded, a requirement of United States government 
regulations. Thus many of the fossil steam generator units must be two-
shifted; that is, the unit is operated for 14 to 16 h and shut down for the re
mainder of the 24-h period. In order to use fuel more efficiently, some of the 
units are built with sliding pressure capability. Under this type of operation, 
the ability to withstand fatigue damage is a major consideration. The con
cepts used in developing fatigue design curves for pressure vessels from fa
tigue data will be illustrated with steam boiler components. 

' Staff Engineer, Engineering Development Fossil Power Systems, Combustion Engineering, 
Inc., Windsor, Conn. 06095. 
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586 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

Power boilers in the United States are fabricated to the requirements of 
Section I of the ASME Power Boiler and Pressure Vessel Code [7],^ which is 
a fabrication code that establishes the minimum requirements to satisfy pub
lic safety. Only those factors concerning materials, general design, fabrica
tion, and inspection that can be controlled during fabrication are a part of 
the Code. Specific designs are not considered by the Code committee, but are 
approved by insurance companies, various state boiler inspectors, or both. 
Under the ASME Code rules, the manufacturer is held responsible for meet
ing Code requirements and furnishing additional engineering design analysis 
to meet additional requirements as may be required. The Code as written is 
not a "handbook" and requires an experienced designer to use it. The sub
ject of fatigue is not addressed in Section I of the ASME Code, and the fa
tigue analysis is left to the designer. 

Although fatigue is a basic type of failure and influences the safety of the 
vessel, any cracks that do form take a considerable length of time to progress 
to a critical length or to a point at which leakage occurs. Although a fatigue 
crack could lead to leakage in a high-temperature vessel during operation, the 
most dangerous period exists during a routine hydrostatic test after mainte
nance work when there is a chance of brittle fracture. Fatigue damage is 
closely associated with operational procedures and corrosion. In part, the 
probability of fatigue damage in service may be reduced during fabrication 
by focusing attention on cyclic operating conditions, establishing suitable 
stress levels, limiting some objectionable design details, and establishing cer
tain fabrication rules and inspection requirements. In steam boiler compo
nents, the high-temperature water may be fairly corrosive; therefore control 
of boiler water chemistry is an important aspect in limiting fatigue damage. 

Fatigue Analysis 

When the temperature of the component is below the creep range for the 
material, the fatigue design procedures of the ASME Boiler and Pressure 
Vessel Code Section VIII Division 2 are used [2]. The number of stress cycles 
usually encountered in pressure vessel design are only a few thousand and 
seldom exceeds lO' cycles. In the two-shifting operation a design life of 7000 
cycles will cover most cases. To make the fatigue analysis practical for most 
of the ASME Code applications, a different concept of fatigue design has 
been developed from that used in most machine design practice for high-
cycle fatigue. In the low-cycle fatigue region, the strains to cause failure are 
in excess of yield strains. Fatigue damage in the plastic region has been 
found to be a function of plastic strains, and therefore the fatigue curves for 
this region are based on tests made under strain control. For convenience in 
use, the strains have been multiplied by the elastic modulus to obtain ficti-

^ The italic numbers in brackets refer to the list of references appended to this paper. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



LAWTON ON PRESSURE VESSEL DESIGN 587 

tious stresses which may be compared to the stresses obtained by the as
sumption of elastic behavior. 

In order to make the fatigue analysis valid using elastic analysis, it is 
necessary to use all the stress limits in ASME Code Section VIII Division 2 
[2]. The use of the two times yield strength limit in itself is not sufficient to 
assure shakedown to elastic action. If nonlinear plastic analysis methods are 
used, the strains may be multiplied by the elastic modulus to obtain fictitious 
stresses, or the more common practice is to construct a new set of curves 
based on strain range. The maximum shear stress criterion for failure is used 
for pressure vessel design, and the stress intensities are obtained from the dif
ferences of the principal stresses, which are the values used to compare with 
allowable design values. In use, a particular plane is selected and the stress 
intensities determined for each variation in stress history. In the case of ro
tating directions for the principal stresses more than one plane may need to 
be investigated. The advantage of the use of principal stress differences is 
that an algebraic sign is obtained to determine strain ranges if a consistent 
set of axis are used. Since most of the pressure vessels are of welded construc
tion, a tensile mean stress correction is built into the fatigue design curves to 
account for tensile residual stresses. 

The data from strain-controlled fatigue tests of small, smooth specimens 
are used to construct a fatigue failure curve as shown in Fig. 1 [5]. Because 
there was little difference in the fatigue curves for carbon steel (top) and low-
alloy steels (bottom) all were combined into a single curve. The fatigue fail
ure curve is used to construct a fatigue design curve by applying a reducing 
factor of 20 on cycles or 2 on stress, whichever is the larger correction. These 
factors cover such effects as environment, size effect, surface finish, and data 
scatter. In general, though corrosion has a major influence on fatigue life, it 
is not built into the design curve, and thus the designer must evaluate this ef
fect on fatigue life. Figure 2 shows a number of pressure vessel tests which 
have been made to verify the fatigue design curve [4]. Test number 25 was a 
welded longitudinal long seam which had an unidentified defect in the weld 
that caused early failure for this vessel. Thus a pressure vessel is not expected 
to last 20 times the design life, and these factors should not be considered as 
safety factors but factors which correct fatigue data from small specimens to 
actual components. 

When the temperature of the component will be in the creep range of the 
material for some of the operating time the concepts of strain range parti
tioning are used to evaluate the creep and fatigue damage [5]. Since there is 
little difference whether the failure theory of maximum shear stress or the 
Mises-Hencky relationship is used to evaluate strain ranges, it has been our 
practice to use the maximum shear stress theory for complex loadings where 
it is necessary to consider algebraic signs. Manson and Halford have devel
oped a set of rules for dominant and secondary direction to determine ap
propriate algebraic sign for use with the Mises-Hencky relationships, but it is 
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FIG. 1—Fatigue failure data from fatigue specimens in a strain range control [3]. 

difficult to apply to computer processing in complex loading conditions [6]. 
The use of the maximum shear stress theory for high temperatures is a contin
uation of the procedures used for lower temperatures, except that the 
curves have been developed in terms of strain range. As background, the 
ASME Code procedure below the creep range is now given. Assume 
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590 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

CTl < 02 < 03 

Oi — O} = Eeuml test 

(1) 

(2) 

maximum stress intensity = ai — as = 
1 + M 

(61 - ej) 

fatigue curve taxui = ei — t3 

1+M 

(3) 

(4) 

In the case of boiler components which are two shifted, the load history for 
analysis is readily developed since it is repeated each day. Thus there is the 
startup, load variations, and the shutdown. In the stress analysis a hysteresis 
loop is established which is broken down into the various parts for strain 
range partitioning [6]. In most cases the hysteresis loop is unbalanced and 
some permanent creep strain is accumulated. For most materials the strains 
calculated on the first loading cycle are quite different from subsequent cy
cles; thus it is usually necessary to carry the calculations through several load 
cycles to reach a stabilized behavior. 

In order to evaluate the various types of strains, a strain range versus life 
relationship must be developed as shown in Fig. 3. To construct these rela
tionships requires four different types of tests with different variations on 
either load or strain control to provide results as shown in Fig 4. Linear ex
haustion of ductility is used to evaluate the plastic and creep ratchetting 
strains in an unbalanced cycle. Ductility values jnay be obtained from ten
sion tests at appropriate temperatures and from creep rupture tests. Since 
boiler components are expected to last for many years, it will be necessary to 
use extrapolation procedures to develop suitable ductility values. 

The damage from the interaction of creep and fatigue is determined for 
each cycle and is expressed by [5] 

10^ l o ' 

CYCLES TO FAILURE 

FIG. 3—Typical partitioning strain range—life relationships used to characterize material be
havior [5]. 
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STRESS 

PLASTIC 

* . STRAIN 

'PLASTIC 

(al PP type of cycle 

• STRAIN 

PLASTIC 

(b) CP type of cycle 

CREEP 

(c) PC type of cycle 

^ STRAIN 

CREEP 

(d) CC type of cycle 

» STRAIN 

FIG. 4—Idealized hysteresis loop used to define and generate individual partitioning strain 
range—life relationships [5]. 

. , _ /"pp . Fee . Fcp , ^pc , fip , fie _ 1 

damage cycle = —— + —— + -— + •—- + —- + - r - = — 
iVpp Nee Ncf Npc Dp Dc Nt 

^ + ^ = 7 7 (5) 

where 

F = strain range fraction, 
Fff = Acpp/Acin, 

Fee — Aecc/Aefa, 
Fcp = Aecp/Aein, 
Fpe = Acpc/Aein, 

Aein = total inelastic strain range = Acpp + Aecc + Accp or Aepc, 
6p = plastic ratchet strain per cycle, 
6c = creep ratchet strain per cycle. 

Dp = plastic ductility = In [1 - (RA)p], 
(RA)p = reduction in area in tension test, 

Dc = creep ductility = In [1 — (RA)c], 
(RA)c = reduction in area in creep rupture test, 

iVpp = PP life obtained from Fig. 3 for inelastic strain range, 
A'̂cc = CC life obtained from Fig. 3 for inelastic strain range, 
Ncp — CP life obtained from Fig. 3 for inelastic strain range, 
JVpc = PC life obtained from Fig. 3 for inelastic strain range, and 
Hi = expected cycle life if cycle repeated to failure. 

Since the size of the hysteresis loop changes with the first few cycles, it is 
necessary to repeat the damage calculations for each cycle until the deforma-
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592 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

tion behavior stabilizes. Total damage is the sum of the damages of each in
dividual cycle. 

The only ASME design procedure for fatigue at high temperatures is Nu
clear Code Case N47 [7], which sets minimum thickness for components and 
limits the mechanical load stresses for average cross-sectional stresses and 
bending stresses. In the Code Case there are numerous checks to make to de
termine if inelastic analysis is necessary. The procedure for damage evalua
tion is a linear summation of creep and fatigue damage which is nonmanda-
tory; however, the procedure may be used without further justification. Only 
a single damage diagram is given for each material, and the published dia
grams are based on behavior with very little creep strain. To date, no one has 
developed a procedure to use several damage diagrams which are tempera
ture dependent. Thus our high-temperature design procedures are based on 
the concept of strain range partitioning, and we have developed special test 
machines to generate the basic fatigue data and to study typical hysteresis 
loops encountered in boiler components. 

Fatigue Evaluation of Boiler Components 

Steam Separator 

A boiler component which operates below the creep range for the material 
and has high thermal transients is the steam-water separator in a sliding 
pressure steam boiler. This component is a dynamic steam-water separator 
which works on the cyclone principle. On startup the unit has an entering 

3 . 2 5 " - . ^ 

FIG. 5—A steam separator cross section at critical region. 
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TABLE \—Principal stresses. 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

ai 

-20300 
38500 
44300 
34400 
28200 
40400 
37 500 
42400 
45100 
30400 
44200 

0 

CT2 

-15 200 
8550 
39200 
7650 
23100 
9000 

32400 
9400 
40000 
6750 
39100 

0 

03 

-2250 
-3800 
-3400 
-3400 
-4000 
-4000 
-4200 
-4200 
-3000 
-3000 
-1800 

0 

fluid which goes from water to a water-steam mixture and finally to dry 
steam; meanwhile, the pressure is increasing from subcritical pressure level 
to a final pressure of 28 958 kPa (4200 psi) for the unit at full load. As the 
load on the boiler is decreased, the pressure is allowed to slide or decrease to 
meet the thermodynamic requirement of the unit and to keep the superheater 
outlet temperature at a constant value over a large proportion of the load 
range. 

One of the critical regions for fatigue is the intersection of the tangent inlet 
nozzle with the shell of the separator. The shell and nozzle have the basic 
dimensions shown in Fig. 5. The separator is made from a C-l/2Mo material 
[ASME Specification SA204C, which has negligible creep deformation up to 
427°C (800°F)]. An elastic stress analysis of this region shows that during a 
typical operating cycle the principal stresses vary as shown in Table 1. 

The stress intensities are calculated by obtaining the stress differences of 
the principal stress as shown in Table 2. 

TABLE 2—Principal stress differences. 

Si-2 — ai ~ 02 Si-i = 02 ~ O} S3-1 = 03 — 01 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

-5100 
30000 
5100 
26800 
5100 
31400 
5100 
33000 
5100 
23700 
5100 

0 

•13000 
12400 
42600 
11100 
27100 
13000 
36600 
13600 
43000 
9 750 
40900 

0 

18100 
-42300 
-47 700 
-37 800 
-32200 
-44400 
-41700 
-46600 
-48100 
-33400 
-46000 

0 
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594 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

The stress intensity amplitudes are one half the stress intensity range. In 
this example each condition is repeated 7000 times except for item D which is 
repeated 21 000 times in the required life of the unit. The stress intensity 
range is the difference between the minimum and maximum stress intensity 
values. As an example, for S1-2, the largest range is [33000 psi — (—5100 
psi)] = 38 100 psi.' Items A and H each occur 7000 times and thus there will 
be 7000 cycles. The next largest stress intensity range is between items F and 
L and is 31 400 psi — 0 = 31400 psi. This calculation procedure is repeated 
for each of the stress intensities, 5i-2, 52-3, and S}-i, and results are presented 
in Tables 3 and 4. The allowable design cycles for each of these stress inten
sity amplitudes is determined from the ASME fatigue design curve [2]. 

Since the design temperature for this component is 427°C (800°F), the use 
of this curve is justified because at 427°C there is negligible creep in this C-
'/2M0 material. A fatigue analysis is made at the discretion of the boiler de
signer for Section I of the ASME Code and thus does not influence the code 
stamping of the unit. The 371°C (700°F) limit for the fatigue analysis in the 
ASME Code is based on the behavior of carbon steel. If there were a manda
tory Code requirement, relief could be obtained by a Code Case or by pre
senting data to change the Code. An examination of the calculated stress in
tensity amplitudes shows that only two of the values are sufficient to show 
appreciable fatigue damage. Table 5 shows the determination of fatigue 
damage. 

The ASME Code uses a linear cumulative damage procedure with a sum
mation equation equal to or less than one: 

XNR/NA = 0.64 + 0.26 = 0.9 < 1 

TABLE 3—Sange of principal stress differences. 

Si-2 Ranges 

psi° Cycles 

38100 7000 
31400 7000 
24900 7000 
21 700 21000 
18600 7000 

" 1 psi = 6.9 kPa. 

M psi = 6.9 kPa. 

52-

psi 

56000 
42600 
31200 
25 500 
16600 
2500 
600 

1 Ranges 

Cycles 

7000 
7000 
7000 
7000 
7000 
7000 
7000 

53-

psi 

66200 
47 700 
14400 
12600 
6600 
4500 
3900 

1 Ranges 

Cycles 

7000 
7000 
7000 
7000 
7000 
7000 
7000 
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TABLE 4—Stress intensity amplitudes. 

s, 

psi" 

19100 
15 700 
12500 
15900 
9 300 

-2 Ranges 

" 1 psi = 6.9 kPa. 

Cycles 

7000 
7000 
7 000 

21000 
7000 

Si-

psi 

28000 
21300 
15600 
12800 
8 300 
1250 

300 

3 Ranges 

Cycles 

7000 
7000 
7000 
7000 
7000 
7000 
7000 

S,-

psi 

33100 
23900 

7200 
6300 
3300 
2250 
1950 

1 Ranges 

Cycles 

7000 
7000 
7000 
7000 
7000 
7000 
7000 

Superheater Outlet Header 

A boiler component in the high-temperature region for the material where 
there is an interaction between fatigue and creep damage is the superheater 
outlet header. The material for this header is Z'ACr-lMo, which has good 
creep properties at 583°C (1000°F). In this unit the outlet steam temperature 
is held constant over most of the load range while the outlet pressure varies. 
The large thermal stresses occur at heatup and cooldown and occur once 
each day. To meet ASME Code requirements the thickness is determined by 
Code formulas in Section I of the ASME Code [7]. A small amount of extra 
thickness may be added for nozzle and nipple reinforcement for a better bal
ance in stiffness between nozzle and shell. Strain range partitioning life 
curves at the present time require plastic and creep inelastic strains; this re
quires an inelastic analysis. 

At a critical region in the header the plastic strains in Table 6 were deter
mined at heatup, cooldown, and shutdown. Since the stresses and strains 
vary with time, it is necessary to plot the variation of the strain differences 
with time to determine the maximum strain difference ranges at critical 
times. 

The strains at shutdown show that after the first cycle there are residual 
strains which will enter into the calculations on the next cycle; thus it is nee-

psi° 

33100 
23900 

° 1 psi = 

TABLE 5—Fatigue damage. 

Temperature Modulus 
Correction(S3-i), 

psi 

38600 
27900 

6.9 kPa. 

Allowable 
Design Cycles 

(NA) 

11000 
28000 

Required 
Design Cycles 

7000 
7000 

Damage 
(NR/NA) 

0.64 
0.26 
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596 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

TABLE 6—Principal strains. 

Plastic Strains X 10"' in./in. 

Heatup-A 
Cooldown-B 
Shutdown-C 

ei (2 

-357 -135 
+ 178 + 54 
+ 9 5 + 3 1 

«3 

+492 
-232 
-126 

Creep Strains X 10'' in./in. 

Heatup-A 
Cooldown-B 
Shutdown-C 

-195 - 67 
+405 +143 
+284 + 60 

+262 
-548 
-344 

essary to analyze more than one cycle. A table of the strain differences may 
be determined from the strains in Tables 7 and 8. 
There is no direct relationship between the plastic strain differences and the 

stress differences, since the plastic strains do not enter into the calculation of 
stresses. In the elastic region it can be shown that the relationship between 
the axial strain in a fatigue test and the strain difference is, for the maximum 
shear theory of failure. 

£axial — 
ei — e2 

1+M 
(6) 

By analogy the concept is assumed to apply to plastic strain differences. 
However, the cyclic strain range partitioning life curves are failure curves for 
small laboratory specimens. The concept of strain range partitioning is rela
tively new to pressure vessel design, and a set of design curves have not been 
developed which contain factors to relate the fatigue test to actual full-size 
components. The mechanisms controlling the damage in the interaction be
tween creep and fatigue are not the same as the damage in lower temperature 

TABLE 1—Strain difference. 

Heatup-A 
Cooldown-B 
Shutdown-C 

Heatup-A 
Cooldown-B 
Shutdown-C 

Plastic Strain Difference X IC 

Creep 

ei — ii 

-222 
+ 124 
+ 64 

Strain Difference X 10 

ei — £2 

-128 
+262 
+224 

r ' in./in. 

ti — (} 

-627 
+286 
+ 157 

"' in./in. 

62 — £3 

-329 
+691 
+404 

«3 - ei 

+849 
-410 
-221 

«3 — ei 

+457 
-953 
-626 
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TABLE 8—Strain difference range. 

Plastic Strain Difference Range X 10"' in./in. 

A - B 
B - C 

i\ — ti 62 — «3 

346 913 
60 129 

£3 — ei 

1259 
189 

Creep Strain Difference Range X 10"' in./in. 

A - B 
B - C 

«! — t2 «2 — «3 

390 1020 
38 287 

63 — ei 

1410 
327 

fatigue, and thus a different approach has been developed. In the high-
temperature area the influence of temperature is a major consideration, and 
it is probable that the degradation from temperature is a larger factor for the 
small test specimens than for full-size components because of surface area 
differences. As a conservative approach, the plastic strain difference range 
has been used in design evaluations. Thus it is assumed that 

€iudal = t\ — ei (7) 

and the largest set of strain range differences are used. 
From the results in Table 8, the following values may be developed. 

cpp = 189 X 10'' in./in. 
€cc = 327 X 10"' in./in. 
epc = 1070 X 10'' in./in. 
6c = 13 X 10'' in./in. 

Aein = 1586 X 10'' in./in. 

_ _ Aepp _ 189 X 10'' 
^ " ~ Aeta" 1586X10"""-^^ 

„ _ Accc _ 327 X 10-' 
^ " " A e i . " 1586X10" ~ ° - ^ ^ 

_ Aep,_ 1070X10" _ 

^"""Aein" 1586 X 10" ""-^^ 

From cyclic curves for strain-range [5,9] partitioning for Aein = 1586 X 10"' 
in./in., we obtain 

JVpp = 101000 cycles 
iVcc= 70000 cycles 
iVpc= 25 000 cycles 
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For 2'/4Cr-lMo the same curve is used for Npc and Â cp-
The damage per cycle is 

Fpp Fee , Fpc , _8 , , , 
——h —— + ——h —— = damage/cycle 
Nfp Nee Npc Dc ^ ' 

012 , 0.21 , 0.67 , 13 X 10"' , , , , , ,^.^ 
+ , „ „ „ , + . •„„ + — = 373 X 10 ' 

101000 70000 25000 0.2 

If this cycle were repeated, the design life would be 

1 
Nii = 

damage/cycle 

^ ° = 1 ^ 3 W = 26 800 cycles 

Since only 7000 cycles are required for the design condition, an increase in 
heatup and cooldown rates would be possible for this header unless some 
other component is limiting the thermal rates. In most cases the first cycle 
contains the most damage as the component tends to shake down, although 
there may be creep ratchet strain for each cycle. 

Comparison Between Effective Strain and Strain Differences 

From the results in Tables 7 and 8 the effective strains may be calculated 
from the equation 

ee = § V(«i - «2)' + (€2 - iif + (ej - exf 

For comparative values to use for strain differences, the following equation 
is used with Poisson's ratio of 0.5 for plastic strains: 

^ ' / e i — €2 €2 — £3 63 — e i \ 

eA = greater of ^ - ^ - p ^ , ^ - p ^ , - p p ^ j 

A comparison of the results from these concepts yields Table 9. 

TABLE 9—Plastic strain range. 

Strain Differences Effective Strain 

Aepp = 126 X 10"' in./in. Aspp = 111 X 10'' in./in. 
Aecc = 218 X 10"' in./in. Acoc = 206 X 10'' in./in. 
A6pc = 715 X 10"' in./in. Atpc = 640 X 10'' in./in. 

do = 9 X 10"' in./in. 5c = 5 X 10"' in./in. 
Acin = 1059 X 10"' in./in. Atin = 957 X 10"' in./in. 
ATpp = 185 000 cycles Â pp = 210000 cycles 
Ncc = 120000 cycles Â cc = 140000 cycles 
iVo,= 60000 cycles JVpo = 70000 cycles 
Ni= 74100 cycles Nt= 83400 cycles 
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The more conservative approach of using the concepts of maximum shear 
theory for design results in an approximately 10 percent life difference. The 
big advantage of this approach is that an algebraic sign is available for de
termining ranges where complex loadings must be analyzed. 

Summary 

The fatigue data generated on small specimens require certain design fac
tors to adopt the fatigue curves to the design of pressure vessels. At high 
temperatures there is an interaction between creep and fatigue. A modified 
concept of strain range partitioning may be used to design high-temperature 
pressure vessels for complex loading. The use of strain difference range re
sults in algebraic signs which aid in determining strain ranges. 
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ABSTRACT: Materials data are essential to the proper formulation of fatigue-design 
guidelines for pressure-vessel systems. These data are needed for two main reasons: (7) 
to develop and evaluate prediction methods used in fatigue-damage analysis and (2) to 
quantify the fatigue behavior of various alloys from which pressure vessels are fabri
cated. The former reason involves verification of models of the fatigue-damage proc
ess and must include both deformation and life prediction as well as demonstrating 
that the reference damage basis and damage rules are relevant to actual hardware. The 
latter reason relates to the establishment of an adequate data base and must incorpo
rate material variability, environmental effects, and temperature effects. 

In the above context, this paper addresses the data needs within the framework of 
the American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel 
Code. Low-temperature (negligible creep) and high-temperature (significant creep) re
gimes and crack-initiation and crack-propagation damage criteria are addressed. The 
ba<;kground for existing fatigue-design guidelines of the ASME Code is briefly re
viewed. Areas where fatigue-damage criteria need to be improved are creep/fatigue/ 
environmental interaction at low strain ranges and long times, thermal-mechanical fa
tigue, multiaxial fatigue, and long-life fatigue. Existing guidelines for crack initiation 
are based mainly on strain cycling of uniaxially loaded specimens. There are some 
crack-initiation data on notch effects at low temperature, but more information is 
needed for high temperatures and welded components. Additionally, crack-initiation 
data are needed for multiaxial conditions, especially nonproportional loading, for 
thermal-mechanical cycling, and for high-cycle fatigue. To apply fatigue crack growth 
methodology, data on the size, shape, and distribution of initial flaws, methods of deal
ing with small cracks, and techniques for treating cracks in inelastic strain fields are 
required. With these requirements in mind, guidelines for the development of fatigue 
data are discussed, and recommended guidelines for data development are outlined. 

KEY WORDS: materials, fatigue data, fatigue design, tests, pressure vessels, piping 

Materials data play a key and essential role in the formulation of fatigue-
design rules for pressure vessels and piping systems. There are two main rea
sons why such data are needed: (/) to use in developing and evaluating the 

' Research Scientist, Physical Metallurgy Section, Materials Department, Battelle Columbus 
Laboratories, Columbus, Ohio 43201. 
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life-prediction methods that are employed in fatigue-damage analysis, and 
(2) to fully quantify the fatigue behavior of alloys that are used in the con
struction of pressure vessels and piping systems. 

The first item includes development of information on the material's fa
tigue resistance by means of a set of well-defined experiments to establish a 
reference damage basis for fatigue-life prediction. For example, a strain 
range (or stress range) versus cyclic life curve for fully reversed, constant-am
plitude, uniaxial loading of smooth specimens is commonly used to define 
this reference state of fatigue damage. In addition, cyclic-deformation re
sponse should be well characterized so that constitutive equations employed 
in mechanics analyses can be properly formulated. Cyclic stress-strain curves 
are an example of this type of datum. Finally, information on fatigue behav
ior under variable-amplitude loading histories needs to be developed so that 
damage rules, such as Miner's Rule, can be developed and evaluated. 

In the second item, one is concerned with the intrinsic variability in mate
rial behavior, such as heat-to-heat differences, product form differences, and 
microstructural variations. The characterization of the influence of envi
ronment on fatigue behavior is another important aspect of the second item. 
Aggressive gaseous and liquid environments often have extremely delete
rious effects on fatigue behavior. Proper quantification of these effects is es
sential to assuring adequate service performance of materials under cyclic-
loading conditions. Also, temperature can significantly alter the fatigue 
resistance of materials. Embrittlement at cryogenic temperatures and creep/ 
fatigue interaction and thermal-mechanical fatigue at elevated temperatures 
are examples of temperature-related phenomena that can markedly degrade 
fatigue resistance. 

For purposes of this discussion, the scope of this paper is limited to ad
dressing fatigue data needs within the framework of the American Society of 
Mechanical Engineers (ASME) Boiler and Pressure Vessel Code. Low 
temperatures where creep effects are negligible and high temperatures where 
creep effects are important are covered. Also, initiation of fatigue cracking 
and fatigue crack propagation concepts are relevant. 

Background 

As background information to the ensuing sections of this paper, it is use
ful to briefly review the existing fatigue-design approach of the ASME Code. 
The present approach is based upon the use of design fatigue curves, which 
are log-log plots of allowable stress amplitude, 5a, versus the allowable 
number of cycles, N. Such curves are presently included in Section III and 
Section VIII, Division 2 of the ASME Code for carbon, low-alloy, and high-
tensile steels and high-strength steel bolting at temperatures not exceeding 
371°C (700°F), and for austenitic steels, Ni-Cr-Fe alloy, Ni-Fe-Cr alloy, Ni-
Cu alloy, and 70 Cu-30Ni alloy at temperatures not exceeding 427°C 
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602 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

(800°F). ASME Code Case N-47 provides design-fatigue curves for Types 
304 and 316 stainless steel and for Ni-Fe-Cr Alloy 800H at temperatures 
above 427°C (800°F). These high-temperature curves are expressed in terms 
of total design-fatigue strain range, et, rather than Sa. All these curves are 
limited to the cyclic range of N = 10 to 10* cycles. 

Figure 1 shows a typical example of one of these design-fatigue curves that 
is presently used for austenitic stainless steels at temperatures not exceeding 
427°C (800°F) [1].^ The plotted symbols represent results of strain-controlled 
low-cycle fatigue tests of axially loaded smooth specimens of wrought mate
rial. Cyclic-loading amplitude was constant and fully reversed during each 
test, and fatigue life was the number of cycles to fracture for a small speci
men (about 6 to 7 mm in diameter). Only specimens taken from wrought 
material were used. Thus none of these data were for cast or welded material. 
The stress amplitude was actually a pseudo stress amplitude, S, 

S=V2E Act (1) 

where E is the elastic modulus and Act is the total strain range. The value of S 
differs from the value of S^ in that 5 does not include a reduction factor. 
Using the Langer equation [2], a best-fit curve to the actual mean trend of 
the data was obtained [1,3]. The best-fit curve was then adjusted to account 
for the "worst-case" effects of tensile mean stress [/]. The design curve was 
developed from this adjusted curve by applying a reduction factor of 20 on 
cyclic life or 2 on S, whichever gave the lowest value [7]. 

lOTpr 

i03 \0* 
CYCLES TO FAILURE 

FIG. 1—Fatigue data and design fatigue curve for austenitic stainless steels currently used in 
ASME Code [1]. 

^ The italic numbers in brackets refer to the Hst of references appended to this paper. 
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These reduction factors are intended to account for data scatter, size ef
fects, effects of mildly aggressive environments, and errors in assessment of 
loading histories [7]. For variable-amplitude loading, usage factors are 
computed as the ratio of applied to allowable cycles for each distinct stress 
amplitude. In other words, this is a Miner's Rule type of computation based 
on values of 5a and allowable cychc life. For acceptable design, the usage 
factor must not exceed 1.0. The validity of this type of approach has been 
partially verified by means of low-cycle fatigue tests of prototypical welded 
pressure vessels [1,4]. Figure 2 shows the results of such fatigue tests re
ported by Lawton [4]. The upper heavy solid line shows the fatigue curve 
based on actual failure of laboratory test specimens, such as the upper curve 
in Fig. 1. The lower heavy solid line is the current ASME design fatigue 
curve applicable to carbon and low-alloy steels. The plotted points show the 
results of tests on pressure vessels. As expected, these data points typically 
fall somewhere between the mean-life, best-fit curve for smooth, polished 
specimens and the design fatigue curve. These results indicate that the 
ASME Code curves are conservative, but they do not assess important fac
tors, such as elevated temperature, variable-amplitude loading, and aggres
sive environments. It is the designer's responsibiUty to account for these fac
tors in his analysis. 

Current Status 

Many years of satisfactory service experience indicate that the ASME 
Code's fatigue-design approach is a sound, viable one. There is, however, 
room for improvement in several aspects of the Code. The ensuing discus
sion emphasizes these areas where improvement is desirable. These are not 
areas of marked deficiency, but rather areas where an already sound ap
proach to fatigue design can be improved further. There are four major 
problem areas associated with the current ASME fatigue design approach. 
Firstly, there is a limited knowledge of the types of load histories to which 
pressure and piping systems are typically subjected during their operational 
lifetimes. Secondly, there has been only limited experimental verfication of 
the cumulative-damage procedures used in ASME Code fatigue-design anal
ysis. Thirdly, there has been no explicit incorporation of environmental ef
fects into the fatigue-design procedures. Fourth, although Section XI of the 
ASME Code requires consideration of fatigue crack propagation for in-
service inspection, there are no design rules for explicitly including fatigue 
crack propagation methodology in the ASME Code. Of these four items, 
load histories and environmental effects are especially important. Lack of 
knowledge in these two areas has been identified as a critical issue in nuclear 
applications [5]. 

Information from field experience and component testing is needed to 
help develop needed methodology in these four areas. Information from 
service failures and failure analyses can help in assessing the validity of 
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available methods of fatigue-life prediction. Field data on load histories, en
vironmental conditions, and operating temperatures need to be obtained and 
cataloged on a systematic basis to provide a data base of reference informa
tion for design of future structural components and equipment. Also, field 
experience can provide detailed documentation of actual configuration and 
fabrication variables in real hardware. Although the importance of field ex
perience and component testing is widely recognized, there has been little 
progress in factoring them into the development of fatigue-life prediction 
methods. Instead, most of the work on predicting fatigue life in pressure ves
sel and piping system application has concentrated on using data from sim
ple laboratory tests on smooth specimens. For example, at a recent ASME 
symposium on prediction of fatigue life [5], only one of the 17 papers pre
sented attempted fatigue life predictions of structural components. All the 
other papers dealt with only simple smooth and/or notched laboratory test 
specimens. 

To quantify the fatigue behavior of materials, information is needed on 
both crack initiation and crack propagation behavior. The current status of 
each of these two items will be reviewed separately in the following 
paragraphs. 

Most of the data used to develop fatigue-design concepts for the ASME 
Code are from tests of smooth specimens subjected to uniaxial loading. 
Notch effects on fatigue have been examined extensively for room-temperature 
conditions using the local stress-strain approach. Both Leis [7] and Dowling 
et al [8] have reviewed the work in this area. Little has been done, however, 
to extend these concepts for dealing with notched members to elevated-
temperature applications where creep is significant [9]. Also, more fatigue-
crack initiation data are needed for welded components. Recognizing this 
need, the Subgroup on Fatigue Strength of the ASME Boiler and Pressure 
Vessel Committee recently formed a task group on fatigue properties of 
weldments. 

Dealing with multiaxial stress/strain states is essential in the fatigue design 
of complex structural components by means of mechanics analysis. Most of 
the currently advanced procedures for dealing with multiaxial fatigue dam
age (for example, Refs 10 to 12) are limited to dealing with proportional load
ing conditions. As pointed up by Leis and Laflen [13], these concepts cannot 
adequately treat nonproportional cycling, which includes most thermal fa
tigue and creep/fatigue problems. Additional research in the area of fatigue 
damage accumulation under nonproportional cycling is desperately needed. 

The design fatigue curves in the ASME Code are for isothermal, low-cycle 
(<10* cycles to failure) fatigue conditions. Realistically, however, both thermal-
mechanical and high-cycle fatigue (>10* cycles to failure) problems are im
portant. Consider, for example, Jaske's [14] data on thermal-mechanical fa
tigue of AISI 1010 steel shown in Fig. 3. Using the ASME Code's reference 
damage basis of total strain range shows that thermal-mechanical strain cy-
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cling is much more deleterious to fatigue resistance than isothermal strain 
cycling. Similar information should be developed for other materials com
monly used in pressure vessels and piping in order to see if isothermal fatigue 
curves are appropriate for dealing with thermal-mechanical fatigue prob
lems. There has been concern also with extending the existing design fatigue 
curves to the high-cycle regime [5]. However, as shown by the example for 
Type 316 stainless steel in Fig. 4, for the strain-controlled cycling conditions 
of interest to the ASME Code there are little long-life fatigue data currently 
available [75]. Thus more experimental work on strain-controlled, high-cycle 
fatigue is desirable. 

Application of fatigue crack propagation methods to design of pressure 
vessels and piping systems is an important area where development is 
needed. A task group on fatigue crack propagation has been working on this 
problem as part of the activities of the Subgroup on Fatigue Strength of the 
ASME Boiler and Pressure Vessel Committee, but design rules for Code use 
have not yet been developed. In order to apply the crack growth concepts of 
fracture mechanics, the size, shape, and distribution of initial cracks and 
flaws needs to be known. It is usually necessary to assume a certain crack 
size, shape, and location. Information from field studies, examinations, and 
inspections is needed to assure that these assumptions are realistic. Fracture 
mechanics typically deal with a single large dominant crack. For fatigue ap
plications, it is also necessary to develop methods of dealing with small, 
short cracks [16-18]. Finally, where significant cyclic plasticity can occur and 
low-cycle fatigue crack propagation is of concern, methods for dealing with 
cracks in inelastic strain fields need to be developed [79,20]. 

Guidelines for Data Development 

Two documents [21,22] describe the currently recommended guidelines 
for developing fatigue data for ASME Code use. Both are concerned with 
uniaxial fatigue testing of smooth specimens to develop crack initiation fa
tigue life data. No document is available for fatigue crack propagation data 
development for the ASME Code. 

For low-temperature applications—that is, those temperatures where for a 
given metal or alloy creep effects are considered to be insignificant—the 
guidelines are given in Ref 21. The chemical composition, microstructure, 
hardness, and heat treatment should be characterized, documented, and 
shown to satisfy the applicable specification(s). Tensile properties should be 
measured at room temperature (20 to 25°C) and at temperatures up to (or 
down to) the maximum (or the minimum) use temperature. Duplicate ten
sion tests should be performed at each test temperature, and the intervals be
tween test temperatures should not exceed 56°C (100°F). Strain-controlled 
fatigue tests of smooth, polished, uniaxially loaded specimens about 6.35 mm 
(0.25 in.) in diameter should be performed under fully-reversed constant-
amplitude cycling. Uniform-gage specimens are preferred, but hourglass-
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shaped specimens may be used if anisotropy is not a significant factor. Fa
tigue tests should be conducted at room temperature and at the maximum 
(or minimum) use temperature. Strain ranges should be selected so that at 
least three data points are developed for each logio cycle of cyclic fatigue life. 
Finally, all the above work should be carried out on at least three heats or 
lots of the material. 

The guidelines for high-temperature applications, those where creep is 
considered to be a significant factor, are presented in Ref 22. The material 
should again be well characterized. Tensile properties and fatigue behavior 
under continuous strain cycling at a strain rate of 10"' s"' should be deter
mined. Moreover, data on creep/fatigue interaction effects should be ob
tained. Here the type of testing to be carried out depends on the type of 
creep/fatigue damage approach that is to be used. Strain-controlled cycling 
with hold periods of constant peak strain (stress relaxation) have been em
ployed in much of the experimental work used to develop information cur
rently included in ASME Code Case N-47 [25]. However, load hold periods, 
varying loading rates, and/or types of combined creep/fatigue loading can 
be used. Tensile, compressive, and combined tensile and compressive load
ings should be evaluated to determine which type is most deleterious. Exper
iments should be conducted at the maximum use temperature and at other 
temperatures in the creep range below this level selected so that adjacent 
temperatures differ by no more than 111°C (200°F). A total of at least 12 
data points on creep/fatigue interaction behavior should be developed at 
each temperature of interest. 

In summary, guidelines for developing low-cycle strain range versus fa
tigue life curves are well defined. Similar guidelines need to be developed for 
high-cycle fatigue data development. The guidelines for developing creep/ 
fatigue data are tentative and somewhat vague because there is no general 
agreement as to what type of data and associated creep/fatigue damage 
analysis method are most appropriate. For fatigue-crack growth data, no 
guidelines are available at present. 

Future Needs 

In concluding this paper, it is appropriate to outline the important areas in 
which materials data for fatigue design of pressure vessels and piping sys
tems are needed in future experimental studies. The six most important areas 
are listed below: 

• low strain ranges and long hold times 
• multiaxial stresses and strains—components 
• variable-amplitude loading 
• crack growth as well as initiation 
• thermal-mechanical loading 
• environmental effects 
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Most work on creep/fatigue interaction has been at relatively high strain 
ranges (>0.5 percent) and short hold times (<2h). In actual applications, 
strain ranges below 0.5 percent and hold times of lOO's or lOOO's of hours are 
most relevant. Fatigue analysis of complex components requires understand
ing multiaxial stress/strain effects. It is especially important that methodol
ogy for dealing with fatigue damage accumulation under nonproportional 
cycling be developed. Effects of variable-amplitude loading spectra that are 
representative of typical pressure vessel and piping service need to be evalu
ated. Experience in the aircraft and automotive industry should be factored 
into this evaluation. Methods and background experimental data for incor
porating fatigue-crack growth methodology into design procedures should 
be developed, with emphasis on inelastic effects. Thermal-mechanical fatigue 
is often important in pressure vessels and piping, but most data are for iso
thermal conditions. Since thermal-mechanical cycling may be more delete
rious than cycling under isothermal conditions, it should be evaluated more 
extensively. Most fatigue experiments are carried out in air. Since compo
nents are often exposed to aggressive environments, the influence of such en
vironments on fatigue crack initiation and growth should be assessed. 

The major problem encountered in carrying out much of this needed 
experimental work is the time and money constraint placed on such projects. 
The experiments are complicated, costly ones. Long-term studies of time-
dependent creep and environmental effects require a great deal of resources, 
patience, and long-term planning. These studies cannot be conducted on a 
piece-meal approach. A cooperative government/industrial program needs 
to be developed to achieve the desired goals. This program must have a long-
term (at least 10 years) plan and commitment of resources. 
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ABSTRACT: An optimum design of thick-walled components such as high-pressure 
vessels and reactor vessels requires knowledge of the local strain distribution, the 
strain/stress state, and the material's behavior under elastic-plastic deformations. The 
multiaxial strain-state is transformed into a uniaxial strain-state according to Von 
Mises's yield criterion. Fatigue experiments on planar and cylindrical specimens with 
high strain concentrations and biaxial strain-states prove that low-cycle material 
properties as determined from unnotched specimens can be applied for design based 
on a defined initial crack length. A design including the stage of crack-propagation can 
be practiced only in special cases; in general it can not be recommended because of 
very high strain intensities and the resulting small critical crack depths, as service ex
perience shows. For the functional reliability of the component it is also important 
that the local structural yield point, which can be a multiple of the material's yield 
point, is not exceeded by maximum loading. When designing such structures prestrains 
resulting from manufacturing or overloading must also be considered. Tests carried 
out with prestrained specimens show that fatigue life is decreased with increased pre-
strain due to cyclic softening. 

KEY WORDS: low-cycle fatigue, thick-walled structures, stress-strain curves, fracture 
mechanical data, fatigue-life curves, geometry and strain distribution, multiaxial 
strain/stress state, structural yield point, structural size, probability of failure, manu
facturing influence, life prediction 

Nomenclature 

Strains 

etot, ceu fpi Total, elastic, and plastic strains 
ei, ft, cr Principal strains in longitudinal, tangential, and radial direction 

e«i Equivalent strain 

' Head of Department of Stress Analysis and Strength Evaluation, and Research Engineer, 
respectively, Fraunhofer-Institut fiir Betriebsfestigkeit (LBF), Darmstadt, Federal Republic of 
Germany. 
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em Mean strain 
«R True strain at fracture 
6a Strain amplitude 

Stresses 

ao.2 0.2 percent yield strength, monotonic or cyclic 
as Ultimate tensile strength 
aR True tensile strength 
aeq Equivalent stress 

Fracture Mechanics 

K Stress intensity 
^ic Fracture toughness 

da/dN Crack propagation rate 
a, flc Crack depth, critical crack depth 

Fatigue Life 

Net Life to crack initiation 
Nfiop Crack propagation life 

A'f Total life 

Other Symbols 

.(/f Area reduction 
8 Elongation 

flk Impact strength 
T, t, S, s Constants of the strain-life relationship 

ju, Pel Poisson's ratio, elastic Poisson's ratio 
E, E, Young's and secant modulus 

Rt, Ra, RF Strain, stress, or load ratio, emin/«max etc. 
F Load 

A„ Nominal cross section 
FF, €eq,F Load and strain for material yield point 

Fo.2, eeq,o.2 Load and strain for structural yield point 
np, «e Load and strain-support factors 

/ Strain-gage length 
r Radius 
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Kt 
P. 
TN 

<P 
f 
A 

Stress concentration factor 
Probability of survival 
Scatter 
Prestrain 
Frequency 
Range 

During the service life of various structural thick-walled components, such 
as high-pressure vessels for isostatic pressure technology, reactor vessels, 
containers, and piping as used in the chemical industry (Fig. 1), a relatively 
low number of load cycles will occur. In these cases an optimum design, in
cluding an economic use of material, can be achieved if cyclic straining ex-

interrupted closures 

a. Vessel with buttress 
thread closures 

b. Vessel with upper claw 
and lower thread closure 

d. Pressure vessel of a chemical 
autoclave 

c. Vessel with frame closure 

FIG. 1—Different types of high-pressure vessels. 
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ceeding the respective material's 0.2 percent yield point in highly strained 
areas can be allowed. Therefore for the determination of the fatigue life, it is 
necessary to know the local strain distribution, the stress-strain state, and the 
material's behavior under elastic-plastic deformation. The most important 
feature of thick-walled structures is the strain-controlled behavior of highly 
strained areas. Present techniques of strain analysis and simulation in the la
boratory enable one to determine the fatigue behavior and to derive design 
criteria, respectively. 

Referring to recent work on the fatigue behavior of high-pressure vessels 
and to experience as obtained from thick-walled structures [7], we will discuss 
the criteria for designing against fatigue in the low-cycle range and describe 
the procedures which allow them to be taken into account.^ 

Material Behavior 

The low-cycle fatigue behavior under high strain concentration is deter
mined by the elastic-plastic deformation, which can be described with the 
strain-life relation [2] 

A«tot/2 = A€pl/2 + A£el /2 = T- Nd' + S • Ncr'' (1) 

The constants T, t, S, and s can be derived for each material from strain-
controlled tests. If test results are not available, the fatigue-life curve can be 
estimated by using s = 0A2, t = 0.6, S = 1.75 as/E, and T = 0.5 {In [1/ 
(1 - i/f)]f', which are mean values found in fatigue tests for several structural 
steels [2]. The knowledge of conventional properties like the monotonic 0.2 
percent yield point CTO.2, ultimate tensile strength as, true tensile strength CTR, 
and reduction tj/, elongation 8, impact strength av, allow only a qualitative 
evaluation of the material. In connection with the constants T, t, S, and s, 
these allow only an approximate estimate of the relation between the defor
mation Ae and the number of cycles to crack initiation Nn. For a reliable 
quantitative determination of the fatigue behavior, strain-controlled fatigue 
life curves, so-called fatigue-dependent cyclic stress-strain curves,' and frac
ture mechanical data of the material (Fig. 2) under service conditions must 
be known. For example, low frequencies and increasing hold-times intensify 
the corrosive influence of the environment. They lead, like irradiation effects, 
to a shorter fatigue life of crack initiation as well as to an acceleration of 
crack growth. 

Generally preference should be given to a material that allows greater 
total strain amplitudes Aetot/2, has a superior ratio of plastic to elastic de
formation Aepi/A£ei, shows a lower crack-propagation rate da/dN, and has a 
better fracture toughness K\c. This is, for instance, the case for low-annealed 

^ The italic numbers in brackets refer to the list of references appended to this paper. 
'The fatigue-dependent cyclic stress-strain curve is derived from strain-controlled fatigue 

tests for the hysteresis loops at n = JVcr/2 cycles. 
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10''1A1/210° 10' 10" 10' 
c. Strain controlled S-N-curve 

FIG. 2—Material properties. 

Structural steel 30Cr-Ni-Mo8 compared with its high-annealed form. Al
though low-annealed 30Cr-Ni-Mo8 has inferior values of ultimate tensile 
strength, monotonic 0.2 percent yield point, and endurance limit, it has better 
low-cycle fatigue properties in the range up to 10000 cycles and better frac
ture mechanical data than high-annealed 30Cr-Ni-Mo8 [1]; the lower crack 
propagation rate and the superior fracture toughness are advantageous for 
not developing a crack or better detecting a crack within a given period of 
time. 
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Multiaxial Strain Evaluation 

Due to complex loading or structural discontinuities local strains are 
mainly of the multiaxial nature. For the strain evaluation this multiaxial 
strain-state has to be converted into an equivalent uniaxial strain-state using 
a valid failure criterion. The equivalent strain ceq can be compared with al
lowable strains as found on uniaxially stressed unnotched specimens [1,3-5]. 

For the frequently occurring case of an in-phase strain-state at a free surface 
with constant principal strain directions and determined principal strains £i, 
et and e, = —M(«I + «t)/(l — M) the equivalent strain is [7] 

ee, = J^[(l - M + M̂ )[ 1 + ( - | ) ] - -JJ- (1 - 4M + M )̂]"' (2) 

Poisson's ratio n has to be obtained in the elastic-plastic range from the 
fatigue-dependent cyclic stress-strain curve by using the elastic Poisson's ratio 
|iei, Young's modulus E, and secant modulus £, [4]: 

M = 0.5 - (0.5 - M.i) J (3) 

The equivalent stress aeq is determined by relating the equivalent strain to 
the fatigue-dependent cyclic stress-strain curve. 

Influence of Structural Geometry 

The geometry of a structural component (cross-section discontinuities, 
notches, etc.) causes local strains that exceed the material's 0.2 percent yield 
point in the low-cycle fatigue range. Due to the inhomogeneous multiaxial 
strain distribution along the surface and through the thickness an uncon
trolled flowing of the material is restricted by the support of the less strained 
areas. By unloading the structure the less—that is, elastically—strained areas 
constrain the highly strained, plastically deformed areas. The amount of 
constraint depends on the load, strain distribution, strain concentration, and 
the local structural yield point. The relation between these design data will 
be discussed next on planar and cylindrical specimens having dimensions of 
small autoclaves (Fig. 3). 

Figure 4 shows the longitudinal and tangential strain distribution along 
the inside and outside surfaces of cylindrical specimens, illustrating the effect 
of notch geometry. For the same load, the longitudinal strain at the notch 
root with the radius of 2 mm is higher and the strain gradient along the sur
face is steeper compared with the specimen with the 5-mm radius. Steeper 
gradients result in smaller volumes of highly strained material [5] and higher 
constraint. The influence of the size of highly strained volume on fatigue life 
will be considered and evaluated in the next section. 

The relation between load and maximum longitudinal strain is shown in 
Fig. 5. Although the material's 0.2 percent yield point is exceeded on the first 
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a. Cylindrical specimen 

y. 

-0100 

b."planar" specimen, 
finished from 
cylindrical 
specimen 

r,.2mm__^P I IT" 
r2=5mm \ C i J 

-«100 

Shape of specimen and 
notch radius r[mm] 

Load - support factor • np 

Strain - support factor n^ 

Cyllnc 
2 

1.56 

2.08 

rical 
5 

1.41 

1.83 

planar (edge) 
2 5 

1.93 

2.18 

1.88 

2.18 

FIG. 3—Shape of the component-like specimens. 

loading, an uncontrolled yielding of the material does not occur. The follow
ing unloading and subsequent reloadings and unloadings obey a linear load-
strain behavior due to the high constraint provided, if the maximum load 
and the structural yield point are not exceeded. 

To determine the local stress-strain behavior the biaxial strain-state must 
first be transformed into a uniaxial strain-state characterized by the equiva
lent strain and stress from Eq 2. By using the derived equivalent strains and 
relating them to the material's fatigue-dependent cyclic stress-strain curve, 
we obtain the local stress-strain history. The mean value and the amplitude 
of the equivalent strain determine the fatigue life. 

Like Fig. 5, Fig. 6 also shows that depending on the degree of constraint, 
the local strain can be significantly higher than the material's 0.2 percent 
yield point. The position of the structural 0.2 percent yield point is described 
by the factors of load- and strain-support 

nv = 

«« = 

Fo.i 

FT 

eeq,0.2 

(4) 

(5) 

where £eq,F characterizes the material yield point reached at the loadi^F, and 
eeq.0.2 characterizes the structural yield point reached at the load F0.2 (Fig. 6). 
Both strains are local equivalent strains calculated by Eq 2. 

These factors /IF and itt can be derived by load- and strain-measurements 
or by calculation. The structural yield point is a limit that should not be ex-
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0.2V, e^^p Equivalent strain e,, 

a. Monotonic stress-strain-curve (Kt = 1) 

structural yield-point 

02V. Eeq̂ F eeq,0.2 Locol equivalent strain egq 

b. Monotonic load-strain-curve (Kt*1) 

Load-support factor: Strain-support factor: 

n , = ^ - , ^ 

n n 0002 
ne= nc - -= 

F ^ eeq,F 

„ Eeq.0.2 , 

FIG. 6—Support factors in relation material and structural yield point. 

ceeded, because the structural function and the material's fatigue behavior 
can be affected so that its service performance and life can not be guaranteed. 
For many structures a stress concentration factor Kt can not be defined. By 
performing finite-element calculations or local strain-measurements for 
critical areas it can be determined if the structural yield point is exceeded or 
not. The approximation explained in Fig. 7 may also be used. The first step 
(1) is to obtain the local elastic behavior of the component by loading to the 
point where the equivalent strain is at the elastic limit of the cyclic stress-strain 
curve. The second step (2) is the linear extrapolation to the required proof 
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E 
E 
£ 2000-' °- Fatigue dependent cyclic stress - strain 

i 
0) 

•£ 1000-

s 

curve (n=Nj.j./2) 

(D 

'eq,ASME*^eq.Neuber 

I \ 
1.0 1.5 2.0 

Local equivalent strain Ceq C'/oJ 

b. Load -local strain-curve 
FIG. 7—Estimation of the load-local strain-curve. 

load or service load, resulting in the equivalent strain €eq,ASME obtained from 
the ASME Code. This corresponds to the linear extrapolation of the cyclic 
stress-strain curve to the same equivalent strain, shown by step 3. By using 
the stress and strain values of point 3 and the Neuber rule [7], 

a • e — aooint 3' tpoint 3 — Constant (6) 
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the equivalent strain ee<i,Neuber is obtained, see steps 4 and 5. Experiments on 
several notched structures having high strain concentrations and on the 
component-Uke specimen (Fig. 3) show an underestimation of the local 
strain using the linear rule obtained from the ASME Code and an overesti-
mation using the Neuber rule. A satisfactory approximation for the strain is 
obtained by the mean value of the two estimates, as at step 6. 

tmax,ASME "i teq,Neuber ,_ , 
Ceq,max — - \') 

Between this value and the strain corresponding to the material's cyclic yield 
point ao.2,cycUc a curve can be drawn and the structural yield point estimated. 
It can be then decided whether the initially required proof or service load can 
be accepted or should be reduced. After that, the first loading cycle can be 
completed and the local load-strain curve measured. 

Fatigue Life to Cracl( Initiation and Crack Propagation 

The results of the fatigue tests carried out with unnotched specimens and 
notched planar as well as cylindrical specimens are shown in Fig. 8. A com
parison of the S-N curves for the unnotched and component-like notched 
specimens (Fig. 3) shows that by using the equivalent strain amplitude the fa
tigue life can be estimated with fatigue data from unnotched specimens. The 
larger scatter in the fatigue data of the notched specimens compared with the 
unnotched specimens, quantified by 

— 1 : (iVcr,i'g=10percent.-A'cr,Ps=90percent) ( 8 ) 

(the ratio of fatigue lives Na for 10 and 90 percent probability of survival Ps) 
can be explained by the fact that different heats of material were used for the 
planar and cylindrical specimens. For the component-like specimens the fa
tigue life with the probability of survival Pa = 50 percent is higher than for 
the unnotched specimens, because of the smaller volume of highly strained 
material. For structures with a large highly strained material volume, the fa
tigue life will be shorter, because the statistical probability of material inho-
mogeneities (weak points) responsible for failure initiation is greater. This 
statistical size effect can be considered for large structures by relating their 
median life to the fatigue curve obtained with small unnotched specimens 
having a high probability of survival (PB > 90 percent). The ratio between 
the life according to the design curve and the curve with PB = 50 percent is a 
function of the scatter, which is cycle-dependent [i]. Considering these, we 
can derive statistical data fatigue design curves. It is assumed that the mate
rials for specimen and component have identical technological properties 
and the same chemical composition, heat treatment, manufacturing, and 
finishing. 
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Having the same equivalent strains on specimen and structure, the fatigue 
life to crack initiation Âcr will be the same, but the crack propagation life 
iVprop will be different. This part of the total life Nt is determined by the load
ing, the structural geometry, and the strain distribution along the crack 
propagation direction. By knowledge of fracture mechanical data and geo
metrical correction functions, derived from consideration of the geometrical 
size effect, the crack propagation life can be estimated. The decision of 
whether a crack propagation can be allowed depends on the functional relia
bility and security requirements. 

From the fatigue tests (Fig. 8) it was observed that the unnotched speci
mens had a crack propagation life of about 20 percent of the total life to fail
ure Nu and the component-like specimen about 30 to 80 percent, depending 
on the notch radius and loading. Figure 9 shows that similar fatigue lives to 
crack initiation are expected for cylindrical specimens with r = 2 and 5 mm if 
the local equivalent strain is the same. However, for equal local strains, a 
higher load is applied to the r = 5 mm specimen than to the r = 2 mm spec
imen; the crack propagates faster for the specimen under higher loading be
cause of the higher strain intensity at the crack tip. These results show that in 
some structures significant crack propagation lives can be expected. Service 
experience with thick-walled components shows that catastrophic failure oc
curs because of very small fatigue cracks, which are normally very difficult to 
detect and especially to evaluate [/]. For such cases only a fatigue life to 
crack initiation can be allowed. 

Manufacturing Influences 

In forming thick material sheets to vessel bodies or frames, cold-working 
up to €pi = 10 percent may be induced. Such amounts of plastic deformations 
can also occur because of a proof load or an overload. If the subsequent cyclic 
strainings in service remain elastic, a higher fatigue life than for unprestrained 
material can be expected, because of the advantageous influence of the 
strength increase as well as the residual stress-strain state. If large cyclic plas
tic strain occurs, as is the case in the low-cycle fatigue range, the residual 
stress-strain states lose their importance. The fatigue life can also be affected 
by the value of prestrain. Tests carried out in the low-cycle fatigue range 
(500 < Net < 20 000) show that a mean strain equal to the strain amplitude 
has no effect or a negligible detrimental effect; the brittler the material the 
greater is this influence [1,5]. The maximum amount of these mean strains 
resulting from prestrains was 6m *»* 1 percent for the structural steels 30Cr-
Ni-Mo8, 28Ni-Cr-Mo74, and FeE47. In further investigations on the fine
grained structural steel FeE47 [9] it was found that prestrains of cpi = 1 and 5 
percent had a marked influence on the fatigue life in the low-cycle range 
(Fig. 10). The load-controlled tests were carried out on notched specimens, 
prestrained prior to notching, with a frequency of/ = 1 Hz. The increasing 
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628 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

reduction of fatigue life to crack initiation with increasing prestrain is owing 
to the cyclic softening (Bauschinger effect), which is favored by the low cyclic 
frequency and the strain distribution in the notch root. The cyclic softening 
observed by continuously increasing notch-ovality decreases the structural 
yield point. The fatigue life reduction for 5 percent prestrain was about two. 
It can be expected that for lower loading frequencies, which is the case for 
many pressure vessels, the fatigue-life reduction will be greater. These obser
vations show the importance of cold-working induced by manufacturing or 
overloading on fatigue life and structural yield point. An optimum design 
must consider these effects. 

Summary 

An optimum design of thick-walled structures for a relatively low number 
of cycles requires knowledge of the local strain-state, its relation to the load
ing, and the knowledge of material properties—in particular, fatigue-life 
curves, fatigue-dependent cyclic stress-strain curves, and fracture mechanical 
data—all under service conditions. Using a valid failure criteria, the multi-
axial strain-state can be transformed into a uniaxial strain-state by calculating 
an equivalent strain. From the relation between the load and the local equi
valent strain, the component's yield point may be derived; depending on the 
strain concentration and the constraint it can be significantly higher than the 
material's yield point. In service the maximum operational load should not 
exceed the component's yield point in order to preserve its functional relia
bility. The fatigue life to a crack initiation (first detectable crack with defined 
length) can be estimated by comparing the equivalent strain with fatigue 
data from uniaxially stressed unnotched specimens. The size of the highly 
stressed material volume is considered by relating a high probabiUty of sur
vival to the fatigue-life curve obtained with strain-controlled tests on a small 
specimen having the same technological features as the structure..A crack 
propagation life can only be allowed in very special cases because of the ne
cessity for security precautions. Experience proves that in thick-walled struc
tures the critical crack length can be very small in comparison to structural 
dimensions, because of very high strain intensities on the crack tip. Investi
gations with prestrained specimens show that a plastic deformation between 
1 and 5 percent can lead to a significant fatigue-life reduction due to softening 
effects which decrease the structural yield point. Such prestrains can result 
from manufacturing or loading beyond the structural yield point. The con
sideration of these details can enable one to derive fatigue curves that allow 
reliable fatigue-life predictions. 
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Summary 

The purpose of the conference organized by the Centre de Recherches 
Unieux of Creusot-Loire, in collaboration with ASTM, at Firminy, France, 
on 23-25 September 1980, was to discuss the state of the art of low-cycle fa
tigue problems and to provide a forum for an exchange of views between 
people working both in research and in design areas of low-cycle fatigue and 
life prediction. 

The main industries directly concerned are those of mechanical engineer
ing and particularly aeronautics and nuclear energy, with an increasing in
terest in the latter industry for obvious safety reasons. A substantial part of 
the conference was devoted to energy production problems. 

Six themes were treated: 

1. High-temperature fatigue—Thermal fatigue—Environment 
2. Application of plastic fatigue to crack initiation 
3. Constitutive laws of fatigue plasticity—Damage prediction 
4. Related problems 
5. Complex loadings (multiaxial and variable amplitude testing) 
6. Use of low-cycle fatigue data in the design of components 

Some of these themes were introduced by review papers, which presented 
the main findings of the literature and proposed areas where further research 
is necessary. Most of the papers presented are discussed below. 

A review of creep-fatigue interaction problems by Chaboche described 
the possibilities of phenomenological lifetime relations based on strain vari
ables, and also presented alternative approaches based on continuous damage 
mechanics. This review emphasized the need to relate the continuous damage 
approach to microscopic theories in order to improve the modeling of physi
cal processes, and also to avoid the simplifying hypothesis of creep and fa
tigue damage additivity. 

Concerning the first aspect—that is, phenomenological creep-fatigue 
models—Bernstein evaluated the ability of four current creep-fatigue models 
to predict the high-temperature low-cycle fatigue behavior of nickel-base 
super alloys: (7) strainrange-partitioning model, (2) frequency-separation 
model, (5) frequency-modified damage function, and {4) damage-rate 
model. The author presented an empirical lifetime expression that appears 

633 
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634  LOW-CYCLE FATIGUE AND LIFE PREDICTION 

to correlate better with his results. Mottot et al also applied different methods 
for extrapolating results on a 316L stainless steel to the very long hold times 
encountered in fast breeder reactor components (--1000 h). These methods 
were based on a t ime-temperature  equivalence comparable to those used for 
extrapolating creep-rupture data. A correlation between the reduction of fa- 
tigue life with the amount of stress relaxation during hold times was also 
found. 

Concerning the second aspec t - - tha t  is, microscopic theories--Levaillant 
andPineau showed that quantitative measurements of intergranular damage 
made on creep-fatigue specimens could be used to model creep-fatigue inter- 
action in two austenitic stainless steels. The results of  this and previously 
published studies were used to extrapolate short-term data. 

Plastic fatigue has been applied to crack initiation using both the physical 
mechanisms and mechanics approaches. Magnin and Driver investigated the 
mechanisms of low-cycle fatigue damage of very high purity ferritic alloys, 
using both single and polycrystalline specimens. The cyclic stress-strain be- 
havior and the fatigue crack initiation mechanisms in polycrystals are sensi- 
tive to the applied strain rate and the crystal orientation; crack initiation in 
these steels tends to be transgranular at low and medium strain rates and in- 
tergranular at high strain rates. 

A mechanical approach to crack initiation was presented by Truehon, which 
correlated classical low-cycle fatigue test results to notched specimen behav- 
ior in high-strength steels by using Neuber 's  rule. An elasto-plastic fatigue 
strength reduction factor was used to account for local plasticity effects in fa- 
tigue crack initiation. 

The particularly interesting field of short crack growth during high strain 
fatigue and thermal cycling was reviewed by Skelton. Growth rates in high 
strain fatigue can be related to those in stress intensity controlled tests by 
using either a strain-based intensity parameter  or a J-integral, in order to 
predict component  failure. Experimental and theoretical high strain fatigue 
growth rates were shown to be consistent with smooth specimen endurances. 
The effects of  temperature, environment, tension dwells, and microstructural 
damage in several alloys were also discussed. The accelerating effect of creep 
during dwell appears to require the greatest corrections to the experimental 
and theoretical growth relations. 

The initiation and growth of short cracks at circular notches in a 2024 
aluminum alloy was experimentally examined by Leis and Galliher. The 
free surface was shown to influence short crack behavior, whereas inelastic 
action influences the growth rate within the entire notch field. The authors 
conclude that an inelastic analysis which allows for the driving force for 
crack growth in the plastic notch field is required. 

A study of thermal fatigue by Reuehet et al examined the accumulation of 
low-cycle fatigue damage in a Mar M 509 superalloy under sequential testing 
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at two temperature levels. A large deviation from the linear cumulative dam
age rule was observed. This behavior was qualitatively explained on the basis 
of the temperature-dependent initiation mechanisms and the microcracking 
processes. It would be useful if further experimental and analytical studies 
were conducted in the field of thermal fatigue. 

High-temperature environmental effects are described in detail on different 
materials: a carbon pressure vessel steel (Ranganath et al), a Cr-Mo-V steel 
(Wada et al), and a titanium-based alloy (Hoffmann et al). 

Air environment plays an important role in determining the fatigue life
time and fatigue crack initiation process during high-temperature low-cycle 
fatigue of titanium alloys: (7) in air, crack initiation occurs at the specimen 
surface predominantly along a-p interfaces as a result of preferential oxida
tion; and (2) in vacuum, crack initiation occurs beneath the surface, and the 
role of surface cracking in vacuum is minimal. 

The aforementioned study of Wada et al of a Cr-Mo-V steel in high-
temperature air and steam confirmed the detrimental effect of decreasing 
frequencies and increasing levels of oxygen content. 

Cyclic plasticity and its relation to low-temperature creep and fatigue 
damage was examined by several authors. 

Two studies examined the cyclic stress-strain response of a 316 stainless 
steel (Pellissier-Tanon et al and Nomine et al) under strain and load control. 
In both studies progressive deformation occurred, by creep, at room temper
ature under repeated loading at maximum stresses greater than a critical 
value. Pellissier-Tanon et al showed that progressive deformation is possible 
between 20 and 300°C for stress amplitudes greater than some critical range. 
These results show that the ASME Code rule which limits the range of pri
mary plus secondary stress intensity gives an effective guarantee against pro
gressive deformation for operating conditions in the range of 20 to 300°C. 
The study of Nomine et al also examined room-temperature creep behavior 
for constant loads after cycling. 

An experimental study of fatigue damage accumulation during low-cycle 
fatigue of notched aluminum alloy specimens by Bathias et al demonstrated 
that an energy modified Miner's law could be used to predict lifetimes under 
sequential loadings. 

The room-temperature low-cycle fatigue of cast iron and structural steels 
for different applications is treated in several papers. In particular, Starkey 
and Irving demonstrate the possibility of combining microstructural and 
fracture mechanics approaches to predict fatigue lifetimes in smooth speci
mens of SG irons. A/-values and integrated crack growth rates were calcu
lated as a function of pore size, and the predicted fatigue life-times were 
compared with the experimental values. Fatigue lifetimes were found to be 
sensitive to pore size rather than to nodule size, in agreement with the 
predictions. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:08:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



636 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

D'Haeyer and Simon describe a statistical analysis of the low-cycle fatigue 
behavior of several high-strength steel plates, candidate materials for pres
sure vessels. The fatigue properties of such steels are relatively insensitive to 
variations of mechanical properties or chemical composition, and their use 
could be considered for the fabrication of pressure vessels. 

Lieurade and Maillard-Salin have carried out low-cycle fatigue tests on dif
ferent types of welded joints in structural steels. In the case of butt joints, the 
results show differences in behavior, depending on the welding process; 
submerged arc welding gave better results than manual arc welding. These 
differences are explained by the bead profile and the microgeometry at the 
bead toe. 

The evolution, during the past twenty years, of criteria for multiaxial low-
cycle fatigue failure is reviewed by Brown and Miller. It appears that the oc
tahedral equivalent strain approach currently used for yield and fracture is 
unsatisfactory. Improved correlations containing two strain parameters are 
proposed to cover both ductile and brittle materials in the high and low cycle 
fatigue regimes. The form of these correlations may be related to the mecha
nisms of crack nucleation and growth, so that certain criteria may be selected 
which are linked to the strain conditions found on the observed planes of 
crack growth. 

An experimental study of biaxial low-cycle fatigue of 316 stainless steel is 
reported by Moguerou et al. The cyclic behavior of thin-walled tubes in axial 
tension-compression and internal-external pressure was determined using 
both in-phase and 180-deg out-of-phase cycles. The Tresca criterion was 
found to be conservative and a generalized von Mises criteria was proposed. 

Finally, several papers are concerned with the use of low-cycle fatigue data 
for the design of structures. 

Jaske indicates that materials data are essential to the proper formulation 
of fatigue design guidelines for pressure vessel systems: (/) to substantiate 
and verify prediction methods used in fatigue damage analysis, and (2) to 
quantify the fatigue behavior of various alloys from which pressure vessels 
are fabricated. In this context, Jaske addresses the data needs within the 
framework of the ASME Boiler and Pressure Vessel Code. Both low-temper
ature (negligible creep) and high-temperature (significant creep) regimes to
gether with crack-initiation and crack-propagation damage criteria are ad
dressed. Areas where fatigue damage criteria need to be improved are 
creep-fatigue environmental interaction at low strain ranges and long times, 
thermal-mechanical fatigue, multiaxial fatigue, and long-life fatigue. 

Lawton illustrates the use of fatigue design curves by demonstrating the 
evaluation of fatigue life for two fossil fuel boiler components. 

The aforementioned paper by Ranganath et al describes the results of a 
combined experimental-analytical program on the fatigue initiation behav-
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ior of carbon steel components in high-temperature environments. The ana
lytical approach is focused on improved procedures for determining local 
strain, mean stress, and environmental effects. The approach is to determine 
correction factors to be used with current ASME Code practice. 
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Index 

A-c potential drop technique, 259 
Aeronautical structures, use of alu

minum in, 23, 25, 29, 39 
Aging effects, 184, 370 

Dynamic, 197 
Alloys (see also specific classes; Su-

peralloys) 
Fatigue behavior of, 601 
Turbine disk, 146 

Aluminum, 400 
Chemical composition of, 24 
Damage accumulation in, 23-44 
High-strength, 270, 285 
Tensile properties, 25 

Argon gas environment, 424, 426-
431, 434 

ASME Codes 
Boiler and Pressure Vessel Code, 

69,135,492,588,608,622,623 
Section I, 586, 594, 595 
Section III, 79, 436-438, 440, 

444, 446-448, 454, 601 
Section VIII, 79, 586, 587, 601 
Section XI, 603 
Subcommittee on Fatigue 

Strength, 605, 608 
Nuclear Code Case N47, 592, 602, 

609 
Nuclear vessels for, 527, 530 
Rules for In-Service Inspection of 

Nuclear Power Plant Compo

nents, Section XI, 461-463, 
468,471,474,475,477,479 

ASME design curves, 305, 306, 589 
ASME fatigue design, 440, 594, 603 
ASME N47 TI420-2, 165, 166, 168 
ASME Specification SA204C, 593 
ASTM Test for Plane-Strain Frac

ture Toughness of Metallic 
Materials (E 399), 424 

B 

Body-centered-cubic materials, low-
cycle fatigue damage in, 212-
225 

Buckling, 522 

Carbides, 195, 201, 208 
Oxidation of, 206, 207, 209 
Size of, 207 

Cavities {see also Cracks; Flaws) 
Damage, 128 
Grain boundary, 82 
Growth, 125, 128, 130, 190 
Size, 125, 127 

Chemical plants, 81 
Cold-working ,625, 628 
Corrosion, 143,147,148,423 (see also 

Environmental-corrosion sen
sitive materials; Environmen
tal effects) 
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Effects, 558, 586, 587 
Potential measurements, 440 

Crack 
Advance {see Growth) 
Closure, 148, 293, 395 
Critical size, 127 
Density, 210 
Depth, 390, 392 
Detection, 242, 243 
Engineering, 285 
Growth, 140, 391 

Accelerated, 12, 42, 142, 170, 
247, 468, 615 

At circular notches, 399-420 
Cycles for, 176, 189, 190 
Damage accumulation at, 42, 

135 
Dependence on microstructure, 

6 
Environmentally accelerated, 

464, 465, 471-473 
Equation, 130 
Hydrogen-assisted, 468-474,479 
Measurement techniques, 401 
Mechanisms of, 466-468 
Model, 138-141 
Path, 198 
Process, 125 
Reduction of, 182, 184 
Resistance to, 6, 20, 21 
Retardation, 476 

Growth law, modification, 375-
378, 396 

Growth rate, 138, 140, 148, 174, 
181, 191, 234, 384, 387, 390, 
392, 412, 423, 464, 465, 478, 
492 

As function of crack length, 
409-411 

As function of stress intensity, 
414-416, 417 

Factors controlling, 418, 419 
Frequency-dependent, 471 
HSF, 340-349,365-367,374,376 

Light-water reactor effect on, 
460-479 

Predicting, 402 
Growth region 

Final, 473, 474 
Intermediate, 471 

Initiation 
Actual versus predicted, 271, 

282-284, 294 
Analysis of, 36, 37 
At notches, 254-267, 289-295 
At notch roots, 29-35, 39-42 
Criterion, 31, 207 
Cycles to, 204, 209, 243, 246, 

250, 251, 260, 320, 321 
Detection of, 231,257-259,265, 

275 
Deterioration, following, 86 
Environment, high-temperature, 

422-435 
Experimental behavior, 289-291 
Fatigue life, 12,23,231,623-625 
In unnotched specimens, 289-

295 
Life behavior, 281, 566 
Location, 8, 12, 14-17, 19, 113, 

198, 208, 320, 322-326, 395 
Macroscopic, 81, 82, 83, 84 
Mechanisms of, 195, 221-223, 

271, 272 
Microstructure, dependence on, 

6 
Period, definition of, 206-211 
Predictions, 254, 265, 279-281, 

285-289 
Premature, 6, 228 
Process, 12, 13, 21 
Resistance to, 6 
Separating, 558 
Temperature, 200, 201, 212 
Transgranular, 203 

Initiation life curves, 277, 278 
Intergranular, 177, 178, 181, 182, 

188, 221, 225 
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Length, 139, 141, 174, 175, 177, 
231, 242, 341, 360, 412, 418 

As function of cycles, 402-404 
Effect of, 31 
Growth rate, 409-411 
Measurement of, 233 
Variations in, 204, 205 
Versus cycles, 234 

Nucleation of, 138, 225 
Propagation (see also Growth) 

Analysis, 399 
Fatigue life to, 623-625 
Law, 535-537 
Low-cycle fatigue, 608 
Mode, 539-542 
Periods, 195, 206, 209 
Reduction of, 207, 209 
Separating crack initiation, 558 
Stage I, 174, 181, 200, 204, 206, 

270, 271, 342, 489, 491, 493, 
535 

Stage II, 201, 204,206, 342, 348, 
489, 491, 535 

Retardation, 289, 293, 583 
Short 

Corner, 399-420 
Effects, 395 
Growth of, 337-378 

Size, 265, 289 
Small, 289 

Analysis of behavior, 291-293 
Initiation of, 294 

Subsurface, 19-21 
Thermal fatigue, 373 

Crack tip 
Advance, 395, 466, 467 
Opening displacement (CTOD), 

341, 349, 361, 369, 370, 372, 
472 

Radius, 139 
Strain concentration, 347 
Stress-strain near, 138 

Cracking, stages of, 289,290,294,295 
Creep, 5 ,46,49,61, 113 

Behavior, 76, 77, 107 
Compressive, 83 
Crack initiation under, 81 
Cyclic, 46 
Cyclic tension deformed material, 

56 
Cumulative, 194 
Damage, 83, 84, 90, 91, 132, 143, 

148, 165-167, 170, 181, 183, 
194, 195, 354, 377, 587, 595 

Deformation, 108, 109, 131, 136, 
154, 165 

Deformed material, 56, 68 
Ductility, 591 
Effect, 141, 147, 148 
Elongation, 54-56, 60-63, 76 
Endurance, 91 
Failure, 92 
Mechanical, 183 
Prediction of, 92 
Primary, 156, 161, 162 
Process, 98 
Properties, 154, 156, 171, 595 
Pure, 98, 100 
Rate, 49, 119 
Remaining-life studies under, 89 
Resistance, 106, 152-168, 183 
Rupture, 49, 91, 98, 99, 154, 156, 

165, 590, 591 
Secondary, 156, 161 
Strain, 63, 82, 84, 161, 590 
Stress, 63, 68 
Tests, 47-49, 52,56,76,78,88,108, 

117, 154, 188 
Creep-fatigue, 177, 178 

Austenitic steels, 153 
Cycle, 182 
Damage, 99, 100, 359 
Initiation behavior, 338 
Interactions, 81,. 86, 89, 96-99, 

101, 109, 135, 138, 139, 162, 
167, 181, 189, 211, 363, 609, 
610 

Loading, 190, 191 
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Mechanisms, 170 
Models, 105-133 
Properties, 169, 184 
Resistance, 180 
Tests, 157-159, 165, 171 

Crystallographic Stage I growth, 405, 
417 

Cycles to failure, 10, 83, 85, 93, 114, 
115, 117, 119, 143, 156, 189, 
198, 199, 429, 433, 447, 530, 
574, 575, 578 

Function of strain amplitude, 260 
Versus total strain range, 13 

D 

Damage 
Accumulation, 42, 135, 202, 610 

Effects of, 25 
In HTLCF, 135-150 
In smooth specimens, 35-38 
Linear, 25, 162, 163 
Low-cycle fatigue, 23-44 

Bulk, 171, 178-180, 182, 183 
Creep, 90, 91, 141, 339 
Creep and fatigue interaction, 590, 

592, 599 
Cumulative, 81-101 
Definition of, 85-89, 277 
Equations, 89, 90, 93 
Evaluation concepts, 289 

Haibach/Lehrke, 277, 280, 281, 
284 

New, 283-289, 294 
Rainfiow counting, 277 
Smith et al, 278, 279, 281, 284, 

285, 294 
Fatigue, 84, 91-95, 101, 162, 194, 

586, 594, 595 
From continuous cycling, 127 
Function, 182, 191, 192 {see also 

Frequency-modified damage 
function) 

Function of, 35, 37 
Grain boundary, assessment, 178-

180 
Intergranular, 169-191 
Load sequence effects, influence 

of, 281-285, 289, 293 
Low-cycle fatigue, 73, 123, 125 

In body-centered-cubic mate
rials, 212-225 

Measure of, 85-87 
Mechanics, continuous, 82,84, 101 
Mechanisms, 159 

Low-cycle fatigue, 212-225 
Nonlinear, 270 
Process, 271,400,420 

Analysis of, 281-289 
Rubbing, 177 
Rule 

Interaction, 116 
Linear, 165, 166, 208-210, 283 

Stress-dependent, 93 
Time-dependent, 113,119,123,131 

Damage-rate model (DRM), 106, 
120, 125-132 

D-c potential drop technique, 339, 
426, 427 

Defects, 6, 395, 396 (see also Cracks; 
Flaws) 

Effects of, 31 
Micro, 82 
Sizes of, 387, 394, 396 

Deformations, 61, 62, 68 
Behavior, 56 
Due to creep, 56, 68, 593 
Cyclic, 212, 220, 221, 401 

Plastic, 219, 224 
Elastic-plastic, 275, 615 
From cyclic tension, 63 
High-temperature fatigue, 339 
Multiaxial nonproportional cyclic, 

501-518 
Plastic, 48, 56, 78, 190, 220, 225, 

278, 489, 625, 628 
Prediction of, 45 
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Progressive, 46 
Resistance to, 69-80 

Time-dependent, 76 
Zone, 340, 361, 377 

Design 
Application, 569 
"Fail safe", 6 

Assessment, 339 
Of heavy machinery, 549, 550 
Pressure vessel, 585-599, 600-610 
Requirements, 81 
Rules, 450-456 

Deterioration process, time-con
trolled, 90 

Discontinuities 
Effect of, 227-252 
Environment interaction, 237,242, 

252 
Dislocation 

Density, 62, 63, 224 
Pile-up, 82 
Substructures, 62, 63 

Ductility, 6, 13, 28,91, 106, 265, 590 
Creep-rupture, 116, 117 

Dwell, effect of, 353-355, 357-359, 
362, 363, 366 

Elastic field, 140 
Elastoplastic fatigue strength reduc

tion factor, 260, 265 
Elastoplastic incompatibilities, 223 
Elastoplastic structure analysis, 78 
Elongation, 47, 49, 56 

Creep, 49, 54-56, 60-63 
During cyclic tension, 57-61 
Of crystals, 218 

Embrittling effect, 466-468,472-477, 
479 

Cryogenic temperatures, 601 
Endurance, 340-349 

Crack growth, 348, 349 
Fatigue, 174 

Integrated, 359-362 
Phases of, 23 
Reduction in, 364 

Energy, 29,82,139,141-143,148,150 
Engineering applications, 45 
Engines, jet, 81 
Environmental attack 

By oxidation, 119 (see also Oxida
tion) 

Cause of damage, 113, 123, 131, 
132 

Interaction with creep, 106, 109 
Environmental correction factor, 

454-457 
Environmental-corrosion sensitive 

materials, 142 
Environmental effects, 357, 367-369, 

603, 605, 609, 610 
Accelerated crack growth, 464, 

465, 471-473 
Aggressive, 603, 610 
Corrosive, 615 
On crack initiation and propaga

tion, 242 
Discontinuities interaction, 237, 

242, 252 
Fatigue, 13, 101, 109, 132, 236 
High-temperature, 422-435 
High-temperature water, 436-457 
Interaction with creep, 109 
Interaction with creep and fatigue, 

109, 132 
Light-water reactor, 460-479 

Failure, 6, 20, 90, 290 
Criterion, 321, 322, 535 
Life, 143, 148 
Location, primary, 576, 578 
Mechanism of, 494 
Mode, for disks, 105 
Pore initiated, 392, 393 
Shear theory, 596 
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Fatigue 
Analysis, 594 
Behavior, 5, 110-113, 131 

Isothermal, 198-201 
Of carbon steel components, 

436-457 
Of forging steels, 227-252 
Temperature-dependent, 195, 

198 
Criteria, 488-494 

High-cycle, 485, 486 
Damage, 84, 91-95, 101, 194, 594, 

595 
High-endurance, testing for, 519 
High-strain (HSF), and growth of 

short cracks, 337-378 
High-temperature, 139 
High-temperature low-cycle 

(HTLCF),6,8, 10, 12,20,21, 
105, 106, 108, 109 

Assessment of, 169-191 
Damage accumulation, 135-150, 

194-211 
Fracture life in, 135-150 

Isothermal, 605, 606, 608 
Life, 12, 21, 113, 132, 145, 157, 

160, 161, 165-168 
At crack initiation, 535-536 
Continuous cycling, 173 
Decrease in, 13 
From biaxial strain, 530-533 
Hydrogen, effects on, 229 
Multiaxial low-cycle, assessment 

of, 483-496 
Prediction of, 110,116,117,165-

167, 183, 188-191, 383-397, 
437, 443 

Range, 323-332 
Reductions in, 159, 165-168, 

181-184 
Relationships, 315 

Low-cycle (LCF), 6, 23, 27-29, 35, 
260-265 

Plastic, 23 

Process, 29, 106 
Properties, 157 
Pure, 100, 181, 188, 191 
Resistance, 5-21, 28, 29, 42, 148, 

157-159, 163, 210, 211, 213, 
223, 601 

Strength, 12, 20, 551, 569 
Thermal-mechanical, 605, 606, 

608, 610 
Time-independent, 123 

Fatigue notch factor, 34,36,250-252, 
323-325 

Fatigue performance, low-cycle 
Effect of chemical composition on, 

309 
Effect of tensile properties on, 308, 

309 
Influence of yield stress/tensile 

strength ratio on, 309 
Fatigue-relaxation, 152-168 
Fatigue strength reduction factor, 

264, 437, 447, 448, 450-452 
Fatigue stress concentration factors, 

250 
Fatigue testing {see also Testing 

methods, fatigue) 
High-cycle (HCF), 483 
Low-cycle (LCF), 483, 520 

Flaw size, 573,575, 579, 580 (see also 
Cavities^ Defects) 

Critical, 247, 574 
Residual strength, 581 

Fracture 
Appearance of, 159 
Elongation, 308, 309 
Fatigue, 21 
Formation, 125 
Intergranular, 167, 178, 180 
Life, 135-150 
Mechanics 

Analysis of, 422, 487 
Considerations, 568, 569 
Elastic-plastic, 293 
In predicting fatigue life of SG 
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iron, 383-397 
Linear elastic (LEFM), 338,339, 

341, 349-353, 354-359, 362-
365, 367, 369, 371-373, 375, 
377,399,411,412,423 

Techniques, 572, 573 
Utilization of, 34, 82 

Morphology, 12 
Surface, 12,19,159,175,177,178, 

200, 201, 244-246, 406, 407 
Fractographic aspect of, 533-535 

Toughness, 5, 6, 615, 616 
Transgranular, 173 

Frequency 
Compression-going, 141 
Cycle, 10, 12, 13, 121, 123, 423, 

426, 429-435 
Effect of, 353, 354, 358, 378 
Influence of, 148 
Tension-going, 119, 121, 14̂ 1 
Test, 56 

Frequency-modified damage func
tion (FMDF), 106, 120, 123-
125, 130-132 

Frequency-modified life relation, 82, 
84 

Frequency-separation (FS) Model, 
106,119-122,130-132 

Generator 
Fossil-fueled steam, 585 
Rotor forgings, 228-252, 337 

Guests' law, 485, 494, 495 

H 

Hardening, 6, 27, 29, 100 
Curves, 198 
Cyclic, 98, 99, 158, 161, 163, 219, 

220, 223, 224 
Influences of, 96 
Isotropic, 514 
Monotonic strain, 79 

Of crystals, 215-217 
Plastic, 513 
Rapid, 214 
Rule, 507, 508 

Garud's, 505-507 
Mroz-type, 502-505, 507, 514, 

518 
Tresca, 503-505, 508, 509 

Healing, crack, 140 {see also Crack, 
closure) 

Heat-affected zone (HAZ), 313-315, 
322, 327, 335, 371, 462 

Heat-treatment, 5, 7, 25, 313, 322, 
334, 550, 608 

Hold time, effects of, 157-161 
Hook shank, A-7E arresting gear, 

fatigue life evaluation, 572-
584 

HTLCF {see Fatigue, high-tempera
ture low-cycle) 

Hydrogen 
Accumulation, 473 
Assisted cracking, 467-474, 479 
Effects of on fatigue life, 229,231, 

233, 234, 236, 237, 247 
Embrittlement, 466,468,472-477, 

479 
Hysteresis loop, 108, 113, 119, 138, 

139, 141, 143, 147, 148, 218, 
219, 277, 278, 298, 302, 338, 
340, 341, 350, 503, 515, 521, 
529-531, 560, 561, 591, 592 

I 

IN 100, 136 
IN 939, 140 
Inconel 718, 138, 140, 145, 146 
Intensity factor, strain-based, 352, 

353 {see also Stress intensity 
factor) 

Iron, prediction of fatigue life in, 383-
397 

Iron-based alloy, 212-225 
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646 LOW-CYCLE FATIGUE AND LIFE PREDICTION 

Joints, welded, low-cycle fatigue be
havior in, 311-326 

Landgraf s law, 38, 39, 42 
Life duration, 27, 29, 30, 35 
Life reductions, component, 153 
Lifetime, predictions, 116-118, 120-

124, 128, 129, 131, 132, 138, 
164 

According to Miner's rule, 204 
Application of crack initiation pe

riod to, 206-211 
High-temperature conditions, 81-

101 
Techniques, 141 

Load sequence effects, analysis of, 
281-285, 289, 293, 294 

M 

Macrocracks, formation of, 125,127, 
291,293,299,400 

Manson-Coffin curve, 255, 266 
Manson-Coffin law, 116, 119, 121, 

123, 131, 132, 195, 487, 488 
Manufacturing influence on struc

tural steels, 625-628 
Microcrack, 82, 468 

Density, 206 
Fatigue, 405, 406 
Formation of, 206, 208 
Forming macrocracks, 125, 127 
Growth, 139, 275, 400 
Initiation, 427, 428 
Mechanisms, 204 
Origin of, 201, 204 
Process, 198, 210 
Propagation, 89, 91, 101, 125 

Microstructure 
Effects of, 369-372 
Influence on titanium alloy fatigue 

resistance, 5-21 
Microvoid formation, 468 
Miner's damage, 204, 205 
Miner's law (rule), 35, 38, 39,42,44, 

. 203, 204, 206, 208-210, 569, 
601, 603 

Linear, 84, 85 

N 

Neuber control method, 270 
Neuber control tests, 275, 285-288 
Neuber equation, 275 
Neuber relation, 376 
Neuber rule, 35, 247, 255, 257, 260, 

262, 263, 266, 267, 331, 332, 
443,452, 552, 564, 565, 571, 
622, 623 

Neuber simulation, 262, 265, 267 
Nickel-base alloys, 89, 95-97, 100, 

143, 144 
Notch analysis 

Computerized, 275-278 
Evaluation program, 271-281 
Numerical prediction capability of, 

270-294 
Of damage accumulation process, 

281-289 
Prediction versus actual behavior, 

278-281 
Notch 

Circular, crack growth at, 399-420 
Compact tension specimen, 234, 

238-241 
Effect, 332, 333 
Factor, analytical procedure for, 

451-453 
Field, 414, 415 

Influence on cracking, 291,293, 
410,411 

Root, 23, 404, 405, 426, 427 
Crack initiation at, 29-35, 38-

42, 287 
Plasticity, 402 
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Stress-Strain behavior, 276 
Stress-strain history of, 260,285, 

289 
Weld, cracks in, 445 

Severity, influence of, 260, 261 
Nuclear plants, 81 

Applications, 100, 154, 603 
Vessels, 519 

ASME Code for, 527 

O 

Oxidation, 119,377,423 
At elevated temperature, 12, 106, 

195 
Carbides, 201, 206-208, 210, 211 
Cause of crack initiation, 20, 349, 

367, 434 
Damage, 194, 195 
Effects of on fatigue behavior, 7, 

181, 191 
Environments, 368, 369 
Increased, 13 
Of titanium, 6 

Oxygen 
Concentration, 432-434, 456 
Diffusion of, 12, 13, 21, 367 
Dissolved, 424, 438, 463 

Bulk, 466 
Penetration, 13, 367 
Water environment, 438-440, 454 

Oxygen-free high-conductivity 
(OFHC) copper, 502,511, 515 

Plastic accommodation, 46, 70, 71, 
75-80 

Plastic flow, 69, 70, 99, 508, 509 
Compressive, 83 
Criteria, 79 
Rule, 506-507 
Tensile, 83 

Plasticity, cyclic, 213, 401, 608 
Theories, 501-505 

Plastic shakedown, 70, 78-80 
Potential drop techniques {see A-c 

potential drop technique; D-c 
potential drop technique) 

Pressure, 519, 520 
Differences, 524 
Levels, 593 

Pressure vessels 
Construction of, 45, 69, 303 
Design, 585-599 

Materials data, need for, 600-610 
Fatigue of high-strength steel 

plates in, 297-311 
Ferritic, 462 
Nuclear, 423 

Prestrain, influence of, 625, 627, 628 

Rankine criteria, 532, 533, 535, 537 
Reactors 

Environments, 460-479 
Liquid-metal fast breeder (LMFBR), 

153 
Use of stainless steel in, 154 

Nuclear, 337 
Pressure vessel steels, 460-479 
Pressurized water, 70,464-466,472 
Sodium-cooled fast, 169 

Reduction of area, 309, 310 
Regulations, U.S. government, 585 
Rene 95, 138, 145, 146, 148, 149 
Rupture, 23, 29 

Cycles to, 35, 168 
Ductile, 190 
Due to secondary creep, 49 
Intergranular, 159, 177, 178, 181, 

191 
Life, 177 
Time to, 117 
Transgranular, 159 
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Scatter bands, uniform and analyzing 
S-N curves, 549-571 

Applicability of, 557, 558 
Service life 

Of engine turbine disks, 105 
Of structural steels, 614, 621 

Shear decohesion model, 340, 341 
Sines's theory, 485 
Slip, 218-221, 223-225 
5-A^ curves, analyzing, 549-571 
Softening 

Cyclic, 628 
Effects, 568 
Of crystals, 214-217, 224 

Steel 
Annealed, 47, 63, 171 

Cyclic tension tests on, 49-56,63 
Austenitic, 45, 63, 101, 153, 365, 

369, 527, 602 
HTLCF assessment of, 169-191 

Carbon, fatigue behavior of, 436-
457, 587, 695 

Fatigue crack initiation in, 422-435 
Ferritic, 366-369, 375 
Forging, low-cycle fatigue behav

ior of, 227-252 
High-strength, 256, 265 

Fatigue behavior of welded 
joints in, 311-336 

Low-cycle fatigue behavior in, 
297-310 

Structural, 549-571, 615, 616 
Structures, thick-walled 

Effect of local strain distribution 
on, 614-628 

Influence of structural geometry, 
617-623 

Type 304,46,56,135,169,186,187, 
338, 348, 349, 352, 361, 370, 
602 

Type 316, 89, 137, 138, 169-171, 
173, 174, 176-180, 183-189, 

338, 341, 348, 349, 352, 353, 
356, 361, 367-372, 602, 607, 
608 

And creep and cyclic tension, 
45-68 

Deformation, resistance to, 69-
80 

In fatigue relaxation, 152-168 
Strain, 23, 27 

Amplitude, 38, 197, 213-221,223-
225, 334, 335, 384, 385, 562, 
563 

Amplitude life curve, 330-332 
Analysis of notches, 443-446 
Biaxial, low-cycle fatigue under, 

519-545 
Concentration factor, 31, 35, 325 
Controlled, 28, 29, 71, 100, 219-

221,314 
Creep, 82, 84, 596-598 
Cycle, 77, 78, 84, 218 
Distribution, influence of, 614-628 
Effective versus differences, 598 
Elastic, 27,136,137,161,272, 317-

320, 507 
Energy, 23, 29, 38, 139 
Evolution, maximum plastic, 87 
Hardening effect, 332 
Histories, 281,287, 511-517 
Increment, 513, 514 
Inelastic, 84,125,127,131,136-138 
Measurement, 523 
Multiaxial, evaluation of, 617 
Path, nonproportional, 511-515 
Plastic, 27, 29, 35, 69, 82, 84, 112, 

173, 214, 215, 217, 221, 224, 
308, 309, 492, 493, 496, 507, 
508, 596-598 

Range, 10, 83, 108, 109, 156, 163, 
166-168, 175, 184, 189, 201, 
345, 588 

Elastic, 81, 323-325, 352 
Inelastic, 81, 100, 113, 115-117, 

119, 123 
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Partitioning (SRP), 83, 84, 106, 
116-119, 120, 130-132, 135, 
136, 170, 195, 590-592, 595-
597 

Plastic, 10,13,21,174,188,198, 
199, 202, 325-332, 342, 343, 
348, 349, 358, 368, 372, 373, 
595 

Total, 111, 114, 115, 150,602 
Versus stress range, 11 
Rate, 108, 109, 144, 156, 213, 217, 

219-221, 223-225 
Recovery, 119 

Strain-age-hardening influence, 108 
Strain correction factor, 448, 451 
Strain-hardening, cyclic, 140-142, 

145, 162 
Strain-life, 566, 568, 570, 571 
Strength 

Fatigue, 28 
Loss of, 86 
Tensile, 106 
Theories, 484, 485 

Stress, 23, 30,46, 70, 76, 79, 99, 100, 
109, 224, 247, 274, 276, 291, 
587 

Amplitude, 70,75,76,78,262, 385, 
560, 561, 602, 603 

Life curves, 335 
Variations in, 320-326 

Applied, 49, 56, 63, 87 
Bending, 576, 581, 582 
Bore, 247 
Compressive, 110, 117, 121, 125, 

127, 130, 148, 215, 216 
Concentration, 23, 87, 276, 446 
Concentration factor, 35,230,252, 

298, 323, 325, 331, 443, 550, 
558, 560, 564-566, 621 

Correction factor, mean, 447,450, 
451, 453, 454 

Corrosion effect, 140, 143, 148 
Cyclic, 56,68,78,165,214,215,219 
Effective, cause of damage, 86-89 

Hookian, 564, 565 
In tension, ultimate, 24 
Intensity, 355-357, 362-364, 373, 

375, 383, 463 
Amplitude, 594, 595 
And crack growth rate, 414-417 
Factor, 31,34,148,400,411-414, 

418, 426, 427, 429, 573 
Maximum, 48, 49, 61, 63, 68, 108 
Mean, 25, 42, 44, 75, 76, 78, 94, 

111, 117, 132, 147, 150, 262, 
265, 437, 439, 440, 446, 447, 
454, 455, 558 

Mechanical load, 592 
Nominal, 28, 231, 260, 317, 320 
Predicted, 514, 516, 517 
Prediction of, 162, 512 
Principal, 593, 594 
Range, 10, 11,35,91, 177 
Relaxation, 119,161-163,165-167, 

184-186, 188-191 
Shear, 587, 588 
Tensile, 107,108,110,123,125,127, 

130, 143, 159, 183, 189, 215, 
216, 587 

Yield, 46,69,70,140,231,275,440, 
543, 558, 565, 566, 569 

Tensile strength rates, 309 
Stress-strain behavior, 89, 113, 119, 

138 
At notch root, 276 
Cyclic, 110, 198,224 
Of Rene 95, 107-109 

Stress-strain curves, 49, 53, 313, 314 
Cyclic, 25-27, 70, 71, 77, 78, 132, 

157, 188, 189, 217, 219, 255, 
260, 313, 314, 443, 447, 503, 
504, 506, 509-518, 560-564, 
621, 622 

Fatigue-dependent, 615, 617, 618 
Stress-strain field, 294, 339 
Stress-strain history, 254, 260, 265, 

443 
Stress-strain hysteresis loop, 197,262 
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Stress-Strain law, 69, 266 
Stress-strain relation, cyclic, 74, 570 
Stress-strain response, 23, 512, 516 

Cyclic, 213-221 
Simulation of, 275 

Striation spacing measurements, 176, 
177 

Superalloys 
Cobalt-base, 195, 352, 365 
Creep-fatigue models for, 105-133 
Nickel-base, 352 

Temperature effects (see also Defor
mation; Fatigue) 

Cryogenic, 601 
Degradation from, 597 
High, 81-101, 609 
Low, 608 
On fatigue life, 13, 101, 187, 364-

367 
On fatigue resistance, 601, 603, 605 

Tensile properties, effect on fatigue 
performance, 307-309 

Tensile strength/yield stress ratio, 
309 

Tension 
Behavior, cyclic, 45-68 
Compression, 519, 520 
Repeated, 61, 70 

Tension-going frequency model 
(TGFM), 121 

Testing environments (see also En
vironmental effects; Oxygen) 

Air, 10-15, 20, 237-241 
Hydrogen (see also Hydrogen), 

233, 234, 236, 237, 239, 241, 
242 

Vacuum, 10-13, 16, 17, 19-21 
Testing methods (see also Fatigue 

testing) 
Baseline air, 437, 438 
Bending, 485, 486 

Carbon steel data, 441-443 
Continuous cycling, 106, 108, 110, 

112, 143, 144 
Creep, 47-49, 52, 56, 76, 78, 99, 

154, 188 
Creep-creep (CC), 142 
Creep-plasticity (CP), 142,144-145 
Cyclic, 98, 100 

Loading, 47 
Plastic deformation, 213 
Stress-strain, 108 
Tension, 48-56, 70 

Dual-rate, 113, 119 
Elastic-plastic, 350 
Fast-fast, 142-145, 147, 148, 150 
Fast-slow, 112, 128, 143, 146-147, 

150 
Fatigue, 23, 95, 110, 112, 123, 233, 

234, 255-257, 265, 604 
High-load, 236, 237 
High-temperature low-cycle fa

tigue, 7, 12, 20 
HSF dwell, 364 
Low-cycle fatigue (LCF), 110, 154, 

156, 157, 171, 172, 190, 230, 
254-267, 297 

Low-frequency, 79 
Low-load, 235-236 
Nondestructive techniques, 228, 

271, 573 
Pipe, 439, 440 
Plane-strain, 529, 531 
Plasticity-creep (PC), 142 
Plasticity-plasticity (PP), 142 
Pure plastic tension, 527, 544, 545 
Push-pull, 361 
Sequential fatigue, 202-207 
Slow-fast, 112, 121, 125, 130, 143-

145, 147 
Slow-slow, 143, 148 
Small specimen environmental, 

438, 439 
Staircase, 550 
Strain-controlled, 98, 278, 281, 
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285, 303, 310, 608, 615 
Strain-hold, tensile, 110, 113, 116, 

121, 123, 125, 128, 130 
Stress-controlled fatigue, 86, 96, 

310 
Tension, 108, 544 
Thermal shock, 340, 352 
Thermomechanical, 339, 352 
Torsion, 527, 531, 544, 545 
Two-temperature, 194-211 
Ultrasonic, 228 
Verification, 110, 119-121, 123, 

128, 130, 138, 577, 581-583 
Thermal cycling and growth of short 

cracks, 337-378 
Thermal fatigue damage (see also 

Fatigue, high-temperature), 
194 

Thermal ratchet criteria, 79 
Thermomechanical processing (TMP) 

treatment, 106 
Time-dependent influence, 13 
Time-temperature equivalence, 164-

167, 170 
Titanium alloy, 5-21 
Tresca equivalent strain, 527, 530, 

532, 537 
Turbines 

Disks, 105, 106 

Alloy, 136, 137 
Gas, 81, 195, 337 
Steam, 422, 424 

Viscoplastic behavior, 81, 93 
Void formation {see also Microvoid 

formation), 135, 139 
Von Mises criterion, 502, 532, 533, 

535, 537-545 

W 

Wohler method, 28 

Yield 
Conditions 

Surface, 506, 507 
Tresca, 502, 503 
Von Mises, 502 

Point, 615, 617, 618, 621, 623, 628 
Strength, 13, 336, 587 
Stress (see Stress, yield) 
Theories, 484, 485, 487 
Zone, 344 
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