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OBSERVATIONS OF TENSION AND TORSION FATIGUE CRACKING
BEHAVIOR AND THE EFFECT ON MU{ TTAXTAL DAMAGE CORRELATIONS

ABSTRACT

A series of tension and torsion strain-controlled fatigue tests
were conducted on several engineering materials. Detailed observations
of nucleation and early crack growth were made. Cracking behavior is
shown to depend upon loading mode (tension or torsjon), strain amplitude
and material type.

Three regions of cracking behavior were observed in torsion in AISI
304 and 316. In tests conducted at high shear strains, Region I, cracks
initiated and rcmained on maximum shear strain (Stage I) planes. At
intermediate strains, Region II, cracks initiated on shear planes but
linked up to form growth on planes perpendicular to the maximum
principal strain (Stage II). In Region III, at Tow strains, a few
cracks initiated on shear planes but quickly branched and propagated on
Stage II planes. Other malerials exhibited characteristics of one or
more of these regions when tested in torsion. Cracks in Inconel 718
remained on shear planes, Region I behavior, for a wide range of strain
amplitudes while SAE 1045 exhibited Region II behavior only at very low
strains. In gray cast iron, only tensile cracks, Region III behavior,
were found.

Multiaxial models which were developed for shear strain dominated
materials did not correlate multiaxial test results of a principal
strain dominated material. Differences in cracking behavior for dif-
ferent materials and loading conditions need to be considered in suc-

cessful life predictions for components subjected to multiaxial fatigue.

o



ACKNOWLEDGMENTS

This study was conducted in the Materials Engineering Research
Laboratory at the University of I1linois at Urbana-Champaiyn and was
supported by the Department of Energy Grant DE-AC02-76ER01198.

Professor Darrell f. Socie is acknowledged for the freedom to
pursue and develop independent study as well as his insight and
technical advice. Dr. Peter Kurath is acknowledged for his willing
assistance and advice during the course of the work. Dr. Altstetter is
acknowledged for his helpful advice and comments.

The author's family and friends are gratefully acknowledged for
their constant encouragement. Finally, the author's husband, Sandy, is
sincerely thanked for his patience, understanding, and unselfish support

which have helped allow this work to be completed.



vii

TABLE OF CONTENTS

Page
LIST OF TABLES...vicvruinnss teeaaen tevesericctastarnaansunn Lo dX
LIST OF FIGURES. et iieaoeeresnsansvanasesoasansnasasanans eesaaXi
LIST OF SYMBOLS .ttt iirtieneraronscnsssnsnananssnnas eenea i
1. INTRODUCTION....vvvuvrenanreanas Peberessribesaeanes R |
2. BACKGROUND.....cvvevserenncncnsaaa ceresasessniaanana Ceeraseas 3
3. EXPERIMENTAL PROCEDURE.....cvvevennns eeerrsssscsnnans .-
3.1 Testing Procedure.......... esenes teseseanssna seerse ..9
3.2 Description of Materials.eeeisieerevrsoranrsrsnrenesnane 9
3.3 Replication Procedure........... cererreannas teseiennan 11
4, TEST RESULTS AND OBSERVATIONS......... Pesenes cesreveerenaa .13
4,1 Stainless Steel AISI 304 and 316...cvivueciinnnens PR
4.2 Inconel 718, .civnrennnns crereae PN Cersiteceeasean 16
4.3 SAE 1045 Steel..ivieievnnns certecrrarrasees thereisesens 17
4.4 Gray Cast Iron...eeeeeecnernanan et iarrettttennaaenn ~18
B DISCUSSION. . cevssseariecannsececanassosssnassnssssssannsnns 19
6. LIFE PREDICTIONS ...t e innecnrrnarsresssansansosssanasass 25
7. CONCLUSIONS. cvivtiiiieiniieivenssssasssasovsasssssssnansss 29
TABLES i eiiennenen terrssanen sesrresssrsrsstnssasaan treresaaaeas 31
FIGURES . eeievenenneannn Chettsennsena Ceesstssanaenen ceessns eenadl
APPENDIX A: APPLICATION OF SMITH WATSON TOPPER
PARAMETER IN MULTIAXIAL FATIGUE......... ceresen ...69
APPENDIX B: SURFACE CRACK OBSERVATIONS........... cersea reeas .79
APPENDIX C: CRACK GROWTH DATA. L.t i i ettt e it ie e e e eeaann 97
APPENDIX D: CRACK GROWTH PLOTS....... feestirnevaes crsenane cesoll?
REFERENCES. sieeiinuicnrassossnancanss teessssicenaanan PR X

Rt



Table

Table

Table
Table
Table

Table

tabte ;

ix

LIST OF TABLES

Page
Mechanical Properties of AISI 304 and 316,
SAE 1045, and Inconel 718....... Ceenees ceenaan ceerene ..33
Chemical Composition of Stainless
Steel AISI 304 and 316....... crreeres eeees chrean reeee3d
Stainless Steel 304 Material Properties.......... eeess35
Stainless Steel 316 Material Properties....ieeee.. ves.36
Stainless Steel 304 and 316 Tubular
Specimen Fatigue Data...... eeenenn cettesensesen . 37
Portion of Life Spent in Shear Crack
Growth and Length of Shear Crack at
Bifurcation in AISI 304 and 316..cvveunennnnn. cereeee .38

Stainless Steel 304 Solid Specimen Fatigue Data.......39



Figure

Figure

Figure

Figure

Figqure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

1A

18

ZA

2B

2C

xi

LIST OF FIGURES

Page
Results of Auger Analysis Performed on
Manganese Sulfide Stringer Inclusions
in AISI 304............ Crerereeaaa ceesans cersaes X
Results of Auger Analysis Performed on
Spherical Oxide Inclusions in AISI 304.............. 44
Microstructure of AISI S$5304(A)
~20um Grain STze...iiiiiiiiiienennnnns Cereesserereea 45
Microstructure of AISI SS304(B)
~25um Grain Size.. oottt ceraaes .45
Microstructure of AISI 316 ~25um Grain Size......... 46
Three Regions of Cracking
Behavior Observed in Torsion.......e..... tesessennsns 47
Stainless Steel AISI 304 (SS08) Specimen
Surface at Failure. Microcracks and Stringer
Inclusions Visible.iseeiininoinennnnnencannns teennas 48
Stainless Steel AISI 304 (SS05)
Bifurcation Occurred at Grain Boundaries......eeee.. 19
Stainless Steel AISI 304 (SS05)
Specimen Surface at Failure..eiievesnennnneesnns veeeadl
Stainless Steel AISI 304 (SS05) Region II Behavior,
Growth on Tensile Planes Occurs by Linking.
(Arrows Indicate Same Location of Specimen)........ .51
Stainless Steel AISI 304 (S$S07)
Specimen Surface at Failure............ P ¥4
Stainless Steel AISI 304 (S$S509)
Specimen Surface at Fatlure... ... ................... 53
Stainless Steel AISI 304 (SS09) Region III
Behavior. Growth on Tensile Planes Occurs
by Propagation Rather than Linking...... Cenenas eesaad

Fraction of Life Spent in Stage I Growth
as a function of Shear Strain Amplitude.....vveuee..55

Stainless Steel AISI 316 (SJ07)-Severe
Stringer Visible. Initial Shear Cracking
Observed After 1000 CyCleS.evueierosecccasesnsesessdBB



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

13A

138

14

15

16

17

18

19

20

21

22

xii

Tension and Torsion Behavior of AISI 304 at

9—% - 0.35%, and Inconel 718 at % = 0.5%.ueenenn. 57

Tension and Torsion Behavior of SAE 1045
Steel at 25 = 0.22%, and Gray Cast Iron
at 25 = 0.35%........ veenaeann s evneraas ..58

Type R Crack System. Failure Occurs by
Linking of Microcracks Late in Life...... ceversieen 59

Type S Crack System. One Dominant
Crack Grows Until Failure..... e eeeianananaaes ..60

In SAE 1045, Region II Behavior
Ohserved at Long lives.. ... . i, 61

In Gray Cast Iron, Crack Growth Occurs by
Linking of Graphite Flakes on Tensile Planes....... 62

Tension and Torsion Strain StateS.e.ieieeeceennnnn. 63
Cracking Behavior in Torsion of Four

Materials at Ratio of Plastic/Total Strain
Equal to B0%. e iiicrnnnnnnn therraserisattanras 64

Corretation of Inconel 718 Test
Results with Shear Strain Parameter................ 65

Correlation of AISI 304 Test Results
with Shear Strain Parameter............ feaveeaens . .66

Correlation of AISI 304 Test Results
with Principal Stress Parameter............. RN Y



xiii

LIST OF SYMBOLS

ay Length of one of the two dominant tensile branch cracks
as Shear crack length

a3 Length of one of the two dominant tensile branch cracks
dgy Shear crack length

b Fatigue strength exponent

C Fatique ductility exponent

E Modulus of elasticity

G Shear modulus

K,K!' Monotonic, cyclic strength coefficient

L "As the crow flies" crack length

N Number of cycles

ENF’NF Number of reversals, cycles Lo failure

Noy Number of cycles spent in shear crack growth before bifurcation
n,n' Monotonic, cyclic strain hardening exponent

Re Ratio of maximum axial strain to minimum axial strain

RY Ratio of maximum shear strain to minimum shear strain

a Angle between the maximum principal strain and the plane

normal to the specimen axis

Maximum shear strain amplitude

y% Shear fatigue ductility coefficient

Ymax Maximum shear strain experienced during a complete load cycle
%l Mid-surface shear strain amplitude

g Applied axial strain

€ Von Mises effective strain

;n Strain amplitude normal to the plane of maximum shear strain

amplitude



(o]
=% r\:ib —h -
m m

'—l

Q

max

Ir:»
roja

> =h -
-

~l

Xiv

Fatigue ductility coefficient
Axial strain amplitude
Max imum principa1 strain alternation

Plastic axial strain amplitude
Fatigue strength coefficient

Mean stress normal to the plane of maximum shear
strain amplitude

Maximum normal stress on the plane experiencing the Jargest
alternation of principal strain

Axial stress amplitude

Shear fatigue strength coefficient

Shear stress amplitude



1. INTRODUCTION

The majority of fatigue research has been conducted under uniaxial
loading conditions. To a lesser extent, work has been done in the area
of torsional fatigue. In many applications, engineering components are
subjected to complicated states of stress and strain. Successful multi-
axial fatigue 1ife predictions which are based upon physical observa-
tions require an understanding of the cracking behavior of materials.
This research seeks to aid in the development of that understanding.

Cracking observations reported in the literature are reviewed.
Results of tension and torsion strain controlled Tow cycle fatigue tests
conducted on thin wall tubular specimens at room temperature are pre-
sented. Observations of nucleation and early crack growth are made for
several engineering materials. Cracking behavior is observed to depend
on loading mode (tension or torsion), strain amplitude, and material

type. The impact on multiaxial theories is discussed.



2. BACKGROUND

Extensive research in uniaxial smooth specimen fatigue has shown
that fatigue crack nucleation usually occurs at stress concentrations on
or immediately below the surface of the material. These stress
concentrations can result from surface vroughness (due either to
manufacturing or to intrusions and extrusions caused by cyclic slip),
grain boundaries, or dinclusions. Nucleation mechanisms vary for
different materials.

Typically, ductile materials form slip bands. In 1902, Ewing and
Humfrey {1] reported observations of slip bands in fatigue tests of
Swedish iron. They initially observed formation of a few slip bands.
As the test progressed, they observed an increased number with the
earlier cited bands becoming broader and more distinct until cracks
formed in the bands. These slip bhands or planes, commonly referred to
as persistent sltip bands (PSBs), vary from the sufround%ng matrix by
their dislocation structure [2-5]. Intrusions and extrusions associated
with the P5Bs are produced on the surface of the specimen. These tend
to produce a notch effect and it is believed that this stress concen-
tration causes cracking to occur in the PSBs.

Although this mechanism is the most general and widely observed,
other modes of crack initiation exist. By varying alloying constituents
or test conditions (i.e. very high strains [6]), fatigue cracks may be
initiated at grain boundaries rather than from PSBs. In addition, PSBs
are not observed in such materials as pure body-centered cubic (bcc)
metals at low temperatures [4]. Inclusions may also influence fatigue

crack initiation [7-8]. Fine and Ritchie [2] reported that in aluminum



alloys and high strength low alloy (HSLA) steels, inclusions aid in s1ip
band fatigue crack initiation while cracked inclusions or debonding
between inclusions and matrix were not observed.

Microstructure has a significant effect on crack initiation. Cold
work, stacking fault energy, grain size, and alloying have all been
shown to exhibit an influence. Crack initiation mechanisms have been
widely discussed and reviewed [2-5,7,9].

The formation of PSBs first occurs, for most materials, in those
grains whose slip planes are most closely aligned with the plane of
maximum shear stress. S1ip on these planes occurs as the result of_the
shear stress applied to the component. Gough [10] reported that crack
nucleation is dependent upon the shear stress acting on the s1ip plane
rather than the normal stress,

Forsyth désignated crack initiation and growth on these planes as
Stage I growth [11]. He reported that Stage I crack growth, which may
dominate a significant portion of the fatigue 1ife, continues until
reversal of dislocation movement is prevented. The crack may then turn
and propagate in a Stage II growth direction, on a plane normal to the
maximum principal stress. This transition often occurs at grain
boundaries [12,13]. Forsyth further reports that the criterion for
Stage Il growth is the value of the maximum principal tensile stress
acting on the specimen in the region near the crack tip. When the ratio
of shear stress to tensile stress reaches a critical value, the
transition from Stage I to Stage II occurs.

As early as the 1920's, Gough {13] reported that shafts subjected

to torsional fatigue fail in two general modes. In one mode, the crack



propagates axially or circumferentially. This corresponds to growth on
the planes of maximum shear strecss. In the second mode, the crack
propagates on the planes of maximum principal stress which are 45
degrees to the axis of the shaft.

Materials that form slip bands in uniaxial fatigue also produce
s1ip bands when tested in torsion. They occur on the planes of maximum
shear (axial or circumferential directions for a tube or shaft}.
Peterson [14] observed that microcracks develop from these PSBs then
grow in an axial, transverse (circumferential), or stepwise 45 degree
direction. He reported, as did others, that harder materials tend to
fail in the 45 degree or diagonal direction (plane normal to maximum
principal stress) while ductile materials branch only al stress values
not far above the endurance limit. Alternatively, Gough [20] believed
it to be erroneous to make any such general statement. He beljeved 45
degree or spiral fractures were probably due to material inclusions ar
defects. Frost, March and Pook [7] also noted the tendency for harder
materials to crack on tensile planes. They stated that obstacles to
crack propagation such as intermetallics, flaws, and inclusions are much
more likely to dominate in harder, more complex alloys. Cast iron is an
example of a material with inherent flaws in the form of graphite
flakes. Torsion tests of cast iron show 45 degree or tensile cracking
at all strain leveis.

One explanation [15,16] for the observed propensity of high hard-
ness or brittle materials to fail in the tensile mode or 45 degree mode
is related to the increase of shear strength and decrease in tensile

strength with increasing hardness. The 45 degree failure occurs when



the tensile stress rises to the cohesive strength before the shear
stress reaches the shear strength. This explanation is analogous to
that used to account for differences in the monotonic torsion fracture
modes of ductile and brittle materials.

Recently, increased research has been conducted in the area of
torsional fatigue [17-21]. Hurd and Irving [17] observed a general
dependency of cracking behavior on microstructure and strain amplitude
for EN16 steel tempered to three strength levels. They noted that Mode
ITT or shear cracks were most stable in the lowest strength steel, while
the initiation of a 45 degree crack depended on the fatigue life. At
high stress intensities, or shorter Tives, the shear mode was favored.
They also reported that induction hardening may improve fatigue lives of
components subjected to torsional Tloading., The Mode I or 45 degree
cracking is suppressed due to the compressive residual stresses
developed during hardening.

Tschegg, Ritchie, and McClintock [19] observed that cracking
behavior was dependent on microstructure and applied stress. Circular
notched shafts made of AISI 4340 steel were subjected to torsional
fatigue. Cracks were reported to initiate in a "macroscopically flat"
manner in all specimens tested. At lower stress intensities and larger
crack Tlengths, fracture surfaces developed into a lacal hill-and-valiey
morphology which they termed a "factory roof" fracture. This fracture
mode was associated with Mode I, 45 degree branch cracks. Tschegg [20]
postulated several reasons for this transition from Mode III, “macro-
scopically flat" fracture, to Mode I, "factory roof." These inciude

mutual support of dinclined surfaces, fretting fatigue, and mutual



support of debris. In AISI 4340 steel, Tschegg believed that the change
of fracture mode was influenced by inclusions which act as initiation
sites for the branch cracks in the plastic zone of the main crack.

These same authors observed a decrease in crack growth rate at
constant values of stress intensity which was explained by an increase
in roughness-induced crack closure. This is in agreement with the work
of Hult [22], in 1958, who stated that the rate of growth will decrease
due to the friction between crack surfaces. This friction is belijeved
to reduce the stresses at the crack tip and consequently reduce growth
rate.

In 1976, Parscns and Pascoe [12] reported observations of crack
initiation and growth under biaxial stress for AISI 304 and Q735 steels
using cruciform specimens. They observed two stages of cracking. In
the primary stage, the more prominent surface cracks developed until
displacements of the crack faces could be ohserved. The secondary stage
then occurred with the linking of primary cracks.

In the pure shear condition, which is the strain state for torsion,
Parsons and Pascoe reported that the primary and secondary cracks in
QT35 were of a shear type. At high strains and later stages of propa-
gation, they noted a transition to the tensile mode by 1linking of
primary shear cracks. The AISI 304, at very high strains (above 2.5
percent), developed a large number of shear cracks which linked to form
a tensile secondary crack. At strains between 1.13 and 2.5 percent,
shear type primary and secondary cracks developed. Below strains of
1.13 percent, a transition from shear to tensile mode was observed.

After this transition, four crack legs, which branched off the main



shear crack, continued to grow until failure. No secondary stage
cracking was observed. Parsons and Pascoe helieved shear cracking was
favored at high strains due to a greater effect of crack tip plasticity
and the targe number of s1ip band cracks in neighboring grains.

Recently, several multiaxial theories have been developed [23-
27]. Brown and Miller [23] proposed a theory which they reported was
based upon physical crack observations. The primary damage parameter in
this model for both Stage I and Stage Il crack growth was the maximum
shear strain. The tensile strain across the maximum shear strain plane
was believed to have a secondary but important effect. Lohr and Ellison
[24] later modified the theory based upon the premise that the shear
strain on the plane growing into the thickness of the component was the
most damaging. Jacquelin, Hourlier and Pineau [25] developed a multi-
axial fatigue theory for Stage I crack initiation life based on results
of stainless steel tests. They stated the belief that Stage I and Stage
[ behavior corresponds to two different physical processes and that it
is jmportant to distinguish between the two.

Although the 1importance of cracking behavior has been recognized,
none of the muitiaxial theories reviewed account for differences in this
behavior. Instead, all material types and loading modes have been
merged. Successful theories must correlate parameters with physically
observed damage. Differences in c¢rack behavior obviously will affect
the importance of various parameters.

The purpose of this research was to study the effect of loading
mode, strain amplitude, and material type on crack behavior and to
evaluate the impact of the differences on multiaxial fatigue 1life

predictions.



3. EXPERIMENTAL PROCEDURE
3.1 Testing Procedure
Strain controlled tension and torsion tests were conducted on thin-
walled tubular specimens using internal extensometry and an automated
servo-hydraulic, axial-torsional test system. The gauge section and
internal diameter of all specimens was 25 mm. The wall thickness varied
from 2 mm to 3.8 mm belween materials. The monotonic tensile properties

for four of the materials studied are given in Table 1.

3.2 Description of Materials

Stainless steel AISI 304 and AISI 316 tubular specimens were
machined from hot rolled bar stock to & wall thickness of 3.8 mm. The
chemical composition of the stainless steel materials are listed in
Table 2. Baseline materials properties are listed in Tables 3 and 4.

The AISI 304 specimens were machined from two bars taken from the
same heat of material. Chemistry and inclusion size remained
essentially constant between the bars. Manganese sulfide stringers and
spherical oxide inclusions were present in the AISI 304, the size and
distribution of which were similar between bars. Figure 1 presents the
results of an Auger analysis performed to identify the inclusions. The
AISI 316 contained fewer inclusions, although the size was approximately
the same as those in the AISI 304. The first bar of AISI 304,
designated 304(A), had roughly a 20 um grain size while the second bar
of the'304, designated 304(B), and the AISI 316 both had a grain size of
roughly 25 um (Fig. 2). The smaller grain AISI 304 material, 304(A),

achieved cyclically stable stresses up to 20 percent higher than the
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AISI 304(B) material as shown in Table 5. Small tensile specimens were
cut from the grip sections of tested AISI 304(A) and 304(B) tubular
specimens. Monotonic tensile tests were conducted to verify baseline
properties. Virtually no difference between the monotonic tensile
properties of the two AISI 304 materials was abserved.

Both the AISI 304 and 316 underwent a stress-—induced phase trans-
formation to martensite, although the amount of transformation was
greater in the AISI 304. Two specimens were tested for martensite using
a ferritescope. An AISI 304 specimen tested at 0.35 percent strain con-
tained up to 6 percent martensite in the gauge section while the AISI
316 tested at 0.8 percent strain contained only up to 2 percent
martensite.

The surfaces of fafled AISI 304 specimens tested in torsion were
1ightly polished and etched to reveal crack interaction with micro-
structure. Several solid, 6.4 mm outside diameter, stainless steel 304
specimens were tested under axial strain controlled conditions. The
fracture surface of these specimens was examined using scanning electron
microscopy.

Comparisons of AISI 304 and 316 results were made to other
materials recently tested with similar specimen geometries and loading
conditions. These materials, Inconel 718 [27], SAF 1045 [28], and gray
cast iron [29], are briefly described below. A detailed description of
each may be found in the respective references.

Inconel 718 specimens were cut from a forged ring purchased to
Aerospace Material Specification AMS 5663. The wall thickness was 2 mm

and the grain size ranged from 20 to 100 ym. The SAE 1045, with a
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specimen wall thickness of 2.5 mm, had a grain size of 35 to 40 um and
contained stringers of manganese sulfide inclusions. The gray cast
iron, which was cast using a lost foam process, had a wall thickness of

3 mm.

3.3 Replication Procedure

A1l specimen surfaces were poliched to a 0.5 micron finish in order
to reduce surface roughness and enable cracks to be detected clearly.
Crack nucleation and growth was monitored using acetate replicas taken
at 10 percent intervals of expected life. Final failure was defined as
a 10 percent drop in the stable load. Replicas were examined under an

optical microscope using transmitted light.
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4. TEST RESULTS AND OBSERVATIONS

Three modes of cracking behavior were observed in torsion. These
are shown schematically in Fig. 3. In Region I, cracks initiated and
remained on planes of maximum shear. Cracks in Region II initiated on
shear planes, but branched to grow on tensile planes or Stage II planes
by the 1inking of previously initiated shear cracks. Region III crack
behavior was characterized by an initial shear crack growth followed
quickly by branching and crack propagation on Stage II planes. No major
linking of Stage II cracks occurred in Region III.

In tension, final failure occurred on planes normal to the maximum
principal stress. In terms of the three regions described above, only
Regions II and IIT behavior were observed in the tensile loading case.

Observations of the four material types are presented separately

below. General discussion and comparison of cracking behavior follows.

4.1 Stainless Steel AISI 304 and 316

Detailed observations of crack growth in torsion were made at four
fully reversed shear strain amplitudes, 1.7, 0.8, 0.6, and 0.35 percent,
in the AISI 304 and 316 stainless steels. Cracking at the largest
strain amplitude was characterized by Region I behavior. Cracks
initiated in slip bands and at grain boundaries. Once initiated, the
cracks become more distinct but showed no significant increase in
length. At failure, a large density of small, coarse cracks dominated
the surface of the specimen as shown in Fig. 4. A small amount of
branching onto tensile pianes (Stage II planes) was observed. However,
the failure crack grew on the Stage I plane by a slow linking of

previously initiated shear cracks.
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Cracking behavior at 0.8 percent strain was characteristic of
Region II. Cracks again initiated in s1ip bands and at grain boun-
daries. Bifurcation of Stage I cracks generally occurred at obstruc-
tions such as grain boundaries or triple points (Fig. 5). Again there
was a large density of small cracks al failure as shown in Fig. 6.
These cracks were longer and less coarse than the cracks developed in
the specimens tested at 1.7 percent strain. Bifurcation or branching
onto Stage II planes was observed for the vast majority of the micro-
cracks.  Growth of the main crack occurred on Stage II planes by a
Tinking of previcusly 1nitiated Stage I cracks such that the macroscopic
growth occurred approximately 45 deqrees to the axis of the specimen
(Fig. 7).

Crack density was much smaller at 0.6 percent strain than that at
1.7 or 0.8 percent. Fine cracks, with a majority of Stage II growth,
were observed on the specimen surface at failure as shown in Fig. 8.
Cracks again branched at obstructions. Final failure occurred in a
similar manner to the 0.8 percent test, i.e. Region II behavior.

Region III behavior was observed at the ‘lowest strains. In
general, the fraction of Tife spent growing the crack on shear planes
was reduced as was the crack density. As shown in Fig. 9, the surface
at failufe was relatively free of microcracks. Rather, a small number
of cracks initiated on shear planes but quickly branched to Stage I
ptanes. Growth on these planes occurred by the propagation of the main
crack rather than by a linking process (Fig. 10).

General cracking behavior and final failure was the same for both

AISI 304 and 316. The difference in the cyclic stresses between the two
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bars of AISI 304 affected the initiation and early growth of the Stage I
cracks rather than overall crack characteristics. The material with the
lower strength, AISI 304(B), exhibited shear or Stage I cracks which
were longer and often initiated at inclusion sites. The shear cracks in
the higher strength, AISI 304(A) were less than 0.1 mm for Regions II
and III (Table 6). In the AISI 304(B) material, the shear cracks
develeped up to 2 mm for these same regions. In general, the fraction
of life spent in shear growth increased with increasing strain amplitude
(Fig. 11).

Some scatter in this trend of increased portions of life spent in
shear growth with increased strain amplitude was due to the variation in
inclusion size, Arrows in Tig. 11 1dindicate specimens which were
particularly susceptible to inclusions. For example, a severe stringer,
present in the AISI 316 specimen tested at 0.6 percent, caused a 4 mm
shear crack to develop before it propagated in the Stage Il direction
(Fig. 12). This defect reduced the fraction of 1ife spent developing
the shear crack.

Surface replicas and scanning electron examination of fracture
surfaces of the AISI 304 solid, 6.4 mm diameter, specimens tested in
tension showed no perceptible evidence of Stage I growth. The fracture
surface appeared to be almost entirely dominated by Stage II growth. It
has been reported that at low strain amplitudes up to 90 percent of Tife
may be taken up in initiation and Stage I growth, while at high strain
amplitudes a similar fraction may be spent in Stage II crack growth

[30].
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4.2 Inconel 718

Unlike the stainless steel which displayed mixed behavior, results
of the Inconel 718 tests showed that cracks initiate and remain on
maximum shear planes, Region I behavior, at all values of shear
strain, Torsion tests were conducted on the Inconel 718 at shear strain
tevels of 1.7, 0.8, 0.43, and 0.38 percent [31]. Even at the lowest
strain amplitude, in which the strain was essentially all elastic,
cracks initiated and remained on shear planes throughout the 1ife.
Figure 13A shows the failure crack developed in an Inconel specimen
tested at 0.8 percent shear strain., As seen at failure, the crack never
deviated from the plane of maximum shear.

Even under tensile loading, cracks remained on shear planes for the
majority of fatigue life. Axial tests were conducted at two strain
amplitudes, 1.0 and 0.5 percent. Final failure in all tension tests was
in a macroscopic tensile direction comprised of large portions of micro-
scopic shear growth. This is evident in Fig. 13A which shows the
failure crack in a specimen tested in tension at 0.5 percent strain.
Large amounts of shear growth are observed at failure. Growth on Stage
Il planes occurred only late in life.

_ Damage accumulation in Inconel appears to be shear dominated. This
is attributed to the Tocalized shear deformation bands developed during
cyclic loading. The reversed movement of dislocations progressively.
shears the precipitates in these bands. Crack propagation then occurs
along the bands with extensive shear crack growth exhibited throughout

the fatigue life [32,33].
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4.3 SAE 1045 Steel

Two types of cracking systems have been observed in SAE 1045
[28]. A large density of microcracks occurred at high amplitudes, with
the final failure occurring by a very rapid linking of these cracks
(Fig. 14). This type of damage has been termed the R system [34].
Alternatively, the S system [34], which dominated crack behavior at low
strain amplitudes, exhibited one dominant crack which grew until failure
(Fig. 15).

In torsion, at high amplitudes, the R system crack behavior was
characteristic of Region I. The failure was similar to that observed in
the stainless steels at high amplitudes except that the linking of
microcracks and final failure in 1045 occurred over a very few cycles,
while the growth of the Region I failure crack in stainless steels
occurred progressively throughout the 1ife. At ‘lower amplitudes,
progressive growth of a single crack (S system) occurred by a Tinking
process on the shear plane. Both R and S type crack systems resulted ih
Region I behavior,

Region II behavior was only observed at long lives. At the lowest
strain amplitude, 0.26 percent, the crack branched and growth occcurred
on the tensile plane by a 1linking of previously initiated shear
cracks. After a period of tensile growth, the branch crack linked with
a large shear crack which had been developing simuitaneously. Final
failure occurred by a mixture of Regions I and II behavior as shown in
Fig. 16.

In tension, failure occurred in both the R and $ systems on Stage -

IT planes. Microcracks initiated on shear planes at high amplitudes,
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1.0 percent strain, in a manner representative of the R crack system. A
very rapid 1linking of these microcracks occurred immediately prior to
failure such that the failure crack was on tensile (Stage II) planes.
At Tlow amplitudes, 0.2 percent, cracks initiated on shear planes bhut

progressive growth occurred on Stage II planes as shown in Fig. 13,

4.4 Gray Cast Iron

In gray cast iron, cracks in tension and torsion propagated on
Stage II planes at all strain levels [29]. Graphite flakes acted as
small microcracks and Tlinked to form growth on tensile planes. In
torsion, after very few cycles at high shear strain amplitudes (0.6
percent), graphite flakes became very distinct. These continued to
coarsen similar to the behavior of the Region I microcracks in stainless
steel, However, unlike Region I behavior in stainless steel where
microcracks linked on shear planes, in gray cast iron tensile (Stage 11)
cracks developed from the ends of the graphite flakes. These then
Tinked up with cracks growing from other graphite flakes on tensife
planes (Fig. 17). At Tow amplitudes, 0.2 percent shear strain, failure
occurred by the same crack mechanism, although the number of cycles
spent in the development and Tinking of cracks from the graphite flakes
increased. Both tension and torsion at all amplitudes exhibited crack
initiation from graphite flakes and subsequent growth on tensile planes

with no significant shear growth.



19

5. DISCUSSION

Two types of cracking are generally observed in components sub-
jected to fatigue--shear cracking associated with Stage I behavior and
tensile cracking associated with Stage II behavior. Tension and torsion
loading represent extreme cases for development of the‘ two crack
types. Crack observations made in tests conducted in tension and
torsion show that cracking behavior is dependent upon loadingy mode,
strain amplitude, and material type.

A major effect of loading mode on cracking direction is attributed
to the normal strain on the plane of maximum shear (Fig. 18). As
discussed previously, in tension, cracks generally initiate on shear
planes but turn and propagate on planes perpendicular to the maximum
principal stress or strain. The transition from shear growth to growth
on tensile (Stage II) planes occurs primarily as a result of this normal
strain across the maximum shear plane. In torsion, no normal strain
exists on the maximum shear plane. This enables the shear (Stage I)
crack to grow to e much yreater Jength than the shear crack in tension.

Final failure in tension for all materials was characterized by
macroscopic growth on Stage II planes. The fraction of fatigue 1life
spent on Stage I planes varied with material and strain amplitude.
Cracks in gray cast iron grew on tensile (Stage II) planes for virtually
the entire 1ife. Shear growth was eliminated as cracks originated at
graphite flakes, which acted as microcracks, and grew on tensile
planes. Stainless steels, tested in tension also exhibited little or no
Stage I growth. Cracks in SAE 1045, tested at high tensile strain

amplitudes (R crack system), initiated on shear planes. These cracks
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coarsened until linking on Stage II planes occurred immediately prior to
fallure. At Jower amplitudes (S crack system), cracks initiated on
shear planes but quickly turned to Stage II pEénes. Lastly, Inconel
crack behavior was characterized by a dominance of shear growth even in
pure tension loading cases. Stage Il growth occurred only late in
life. Differences in crack behavior for each of the material types are
summarized in Fig. 13. (In this figure, tension and torsion results for
each material were compared individually at the same von Mises effective
strain.}

Forsyth [11] suggested that the transition from Stage I to Stage II
behavior occurs when the ratio of shear to tensile stress reaches a
critical value. Although globally no normal or tensile strain occurs on
the plane of maximum shear strain in torsion, tensile cracks developed
in the stainless steels. Shear cracks often were observed to branch at
grain boundaries or other obstructions. These obstructions may have
caused a tensile strain to develop locally around the crack tip in
torsion such that the crack branched to a tensile plane. In one
stainless steel 304 specimen with a particularly large spherical
inclusion, tested at an intermediate strain of 0.8 percent, a tensile
crack initiated at a large spherical inclusion. It is probable that the
tensile stress which developed locally around the inclusion caused
growth to shift to the Stage II plane after a very short fraction of the
life. An alternate source of local tensile stresses was presented by
Tschegg [20]. He reported that the mutual support of inclined faces, or
the rubbing between crack faces, may cause local tensile stresses to

occur and therefore may explain the shift to tensile growth in materials

tested in torsion.
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The dependency of cracking behavior on strain amplitude is clearly
evident from surface replicas of specimens tested in tarsion. The
planes of maximum shear, which are free of any normal strain, occur on
the surtace of the specimen rather than into the thickness. Surface
observations allowed the strain amplitude dependency of Stage I and
Stage II behavior to be closely monitored. From observations of
stainless steel, a correlation between strain amplitude and cracking
behavior was seen. In general, the fraction of 1ife spent in shear
growth decreased with a corresponding decrease in plastic strain.

Similar observations of the effect of plasticity were made by
Tschegg, Ritchie and McClintock [19]. The "macroscopically flat"
fracture which they observed at higher stress intensities corresponds to
Region I behavior defined here. The "macroscopically flat" fracture
followed by "factory roof" behavior corresponds to Region II behavior.
In a later paper, they speculated that extensive plasticity was needed
to sustain Mode III growth based upon the observation that Mode I or
tensile growth occurs onily at low stress intensities,

Parsons and Pascoe [12], who also observed crack branching in
stainless steel AISI 304 at strains below 1.3 percent, postulated that
shear cracking was favored at high strains due to a greater influence of
crack tip plasticity and the Earge.number of slip bands in neighboring
grains. This explanalion seems reasonable for materials which fail in
shear modes at high values of plastic strain but branch to tensile
planes at reduced strain amplitudes. Other factors must account for
shear crack growth in materials, such as Inconel 718, in which crack

growth remains on shear planes even at very low macroscopic plastic
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strains. As discussed previously, In 718 develops Tocalized shear
deformation bands which cause extensive shear crack growth throughout
the fatigue Tife, even at Tow values of plastic strain [33,34].

In addition to the effects of strain amplitude and loading mode,
cracking behavior is Tlargely influenced by material type. This is
evident from the torsion tests results in which the materials were
compared at similar ratios of plastic strain to total strain. At
approximately equal values of elastic and plastic strain (50 percent
ratio of plastic to total strain), AISI 304 and gray cast iron exhibited
Region III behavior while crack behavior in SAE 1045 and Inconel 718 was
characteristic of Region I (Fig. 19).

Observations further indicate that the ratio of plastic to total
strain is not an appropriate parameter with which to characterize crack
behavior. In Inconel 718, cracks remained on shear planes, Region I
behavior, even at negligible macroscopic plastic strains. Conversely,
even at very short lives, the cast iron failed on tensile planes. (This
behavior in gray cast iron is explained by the presence of the graphite
flakes which act as microscopic cracks.) In SAE 1045, Region II
behavior was observed only at the lowest shear strain torresponding to a
plastic to total strain ratio of 30 percent. Region II behavior was
observed in AISI 304 at an 80 percent ratio of plastic to total
strain. It is possible that materials which do not display Region II or
I11 behavior in low cycle fatigue may exhibit behavior of these regions
if tested at reduced plastic strains or very long lives. However,
plastic strain values cannot be used for demarcation between the thfee

regions.
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It has been previously suggested that in torsion, ductile materials
would fail on shear planes while brittle materials or those with
inclusions, defects or other obstacles to crack propagation would fail
on tensile planes. In contrast to this, the stainless steels and SAE
1045, which were both ductiie and contained inclusions, did not fail in
the same manner when tested in torsion at similar ratios of plastic to
total strain,

Material type has a dominate influence on cracking behavior,
Further research is required to explain variations of cracking behavior

at constant values of plastic strain.
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6. LIFE PREDICTIONS
Multiaxial fatigue theories should be based upon physically
observed damage. None of the recently proposed strain based theories
account for the differences in material cracking behavior observed in
this study.
A modification to the theory of Brown and Miller has recently been
proposed {27]. The parameter

no
+ + -
Yy +oe

in which ; is the maximum shear strain amplitude, ;n is the strain
amplitude normal to the plane of maximum shear strain amplitude, and ana
is the mean stress normal to this same plane, accurately correlates the
multiaxial fatigue test results of Inconel 718 (Fig. 20). As discussed
previcusly and shown in Fig. 13A, damage accumulation in Inconel 718 was
shear dominated. Even in tension, large portions of the fatigue Tlife
are spent in shear. It is to be expected that a shear based parameter
would correlate results of a shear dominated material. For torsion
tests, the parameter reduces to the shear strain amplitude. The solid
line in Fig. 20 is the torsional strain 1life curve developed from
torsion tests. The test results and model are described in detail in
Ref. [31].

The same parameter was used to correlate results of multiaxial
fatigue tests conducted using AISI 304 [35], a material which fails in a

tensile mode. The predictions made using this parameter vary

significantly from test results and are often nonconservative by an
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order of magnitude (Fig. 21). It is not surprising that the shear based
parameter did not correlate test results for a material dominated by
tensile cracking.

Another model must be used to correlate the AISI 304 results. Life
predictions for the tensile crack dominated material displayed improved
correlation when analyzed with a combined principal stress-strain

parameter
! Jnax
2 1

developed by Smith, Watson, and Topper [36] for uniaxial tests. Imple-
mentation of this parameter for multiaxial fatigue is described in
APPENDIX A. Failure occurred on tensile plares for all axial and
multiaxial tests except for torsion tests at high shear strain
amplitudes. In [ig. 22, the solid Tine was developed from axial test
results. In the torsion tests conducted at high strain amplitudes,
failure occurred on shear planes. It is not unexpected that these tests
displayed the poorest correlation. The torsion tests at low strain
amplitudes, where the fajlure crack developed on tensile planes,
exhibited good correlation with the predictions.

Recognition of cracking characteristics is equally important when
employing fracture mechanics analyses to predict fatigue 1ife. Growth
rates in Mode I have been shawn to differ from Mode II and III rates
{171. Accurate Tife predictions will require an understanding of
cracking behavior before correct stress intensity factors can be chosen

for use in growth rate models.
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Thus, it appears that successful fatigue 1ife predictions, using
either fracture mechanics concepts or strain-based multiaxial theories,
will require careful considerations of cracking behavior of the material

in question.
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7. CONCLUSIONS

Fatigue cracking behavior is dependent upon loading mode, strain
amplitude, and material type.

Three regions of crack behavior were observed in stainless steel
AISI 304 and 316 tested in torsion. At decreasing plastic strains,
there was a larger propensity for tensile growth. Many materials may
exhibit these three regions if tested at sufficiently long lives in
torsion.

Cracking behavior of different material types varies at a constant
ratio of plastic to total strain. Plastic strain alone cannct be
used to predict crack behavior for different material types.

A multiaxial fatigue model developed from test results of a material
that fails in shear mode does not correlate multiaxial test results
of a tensile crack dominated material. A maximum principal stress-
strain parameter was successfully used to correlate results of the
material which faiis in a tensile mode.

Differences in cracking behavior for different materials and loading
conditions will need to be considered in successful 1ife predictions

for components subjected to multiaxial fatigue.
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Tabie 1

Mechanical Properties of AISI 304 and 316,
SAE 1045, and Inconel 718

0.2% Offset Fracture Fracture Reduction
Yield Strength Strength Strain in Area (%)
325 MPa 650 MPa 1.61 80%
555 MPa 725 MPa 1.73 82%
380 MPa 985 MPa 0.71 50%

1,160 MPa 1,850 MPa 0.33 28%
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Table 2

Chemical Composition of Stainless Steel AISI 304 and 316

Element AISI 304 (A) AISI 304 (B) AISI 316
Chromium 18.3 19.2 16.7
Nickel 9.3 10.8 12.1
Manganese 1.7 1.6 1.8
Silicon 0.52 0.40 0.55
Phosphorus 0.02 <0.01 0.01
Carbon 0.057 0.057 C.040
Sulfur 0.023 0.023 0.014

Results are reported in percent by weight.
< = less than
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Table 3

Stainless Steel 304
Material Properties

MONOTONIC TENSILE PROPERTIES

E, Elastic Modulus 183 GPa
ayZ%, 0.2% Offset Yield Strength 325 MPa
o, Ultimate Strength 650 MPa
G True Fracture Strength 1400 MPa
€ True Fracture Strain 1,731
% RA, % Reduction in Area 80%
K, Strength Coefficient 1210 MPa
n, Strain Hardening Exponent 0.193

AXIAL CYCLIC PROPERTIES (RE = -1)*

E, Elastic Modulus 185 GPa
of’ Fatigue Strength Coefficient 1000 MPa
b Fatigue Strength Exponent -0.114
af' Fatigue Ductility Coefficient 0.171
o Fatigue Ductility Expcnent -0.402
K' Cyclic Strength Coefficient 1660 MPa
n' Cyclic Strain Hardening Exponent 0.287

TORSIONAL CYCLIC PROPERTIES (RY = -1)**

G, Torsional Modulus 82.8 GPa
T%, Fatigue Strength Coefficient 709 MPa
b Fatigue Strength Exponent -0.121
Y%, Fatigue Ductility Coefficient 0.413
c, Fatigue Ductility Exponent -0.353
K', Cyclic Strength Coefficient 785 MPa
n', Cyclic Strain Hardening Exponent G.296

* Axjal properties obtained from tests using 304(B) material
** Torsional properties obtained from combined test results of 304(A) and
304(B) materials
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Table 4
Stainless Steel 316
Material Properties

MONCTONIC TENSILE PROPERTIES

E,
2%,
%y

Gu,

O'f:,
Ef,
%RA,

Elastic Modulus

.2% Offset Yield Strength
Ultimate Strength

True Fracture Strength
True Fracture Strain

% Reduction in Area
Strength Coefficient
Strength Exponent

TORSIONAL CYCLIC PROPERTIES (RY = -1)

G,
Tf_-,

Torsicnal Modulus

Shear Fatigue Strength Coefficient
Fatigue Strength Exponent

Shear Fatigue Ductitity Coefficient
Fatigue Ductility Exponent

Cyclic Strength Coefficient

Cyclic Strain Hardening Exponent

188 GPa

555 MPa

725 MPa
2060 MPa
1.73

82%
1310 MPa
0.14

76 GPa

385 MPa
-0.05
1.11
-0.49

345 MPa
0.09
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Table 5

Stainless Steel 304 and 316 Tubular Specimen Fatigue Data

Stainless Steel 304

(R =-1)

Specimen Material Loading Ay/2 Ae/2 At/2 Aa/2 Ne
1.D. Type Mode (MPa) (MPa) (Cycles)
SSo8 SS304(A) Torsion 0.0173 0 248.2 0 40380
SS05 SS304(A) . ¢.0080 0 191.0 0 48,500
ssz2i $S304(B) " 0.0080 0 155.1 0 32,100
§522 $$304(B) u 0.0080 O 157.2 0 33,900
Sso7 SS304(A) " 0.0060 0 156.5 0 133,000
SS16 $$304(B) " 0.0060 0 139.3 0 83,400
$509 $S304(A) n 0.0035 0 139.3 0 1.1 x 106
§520 $5304(B) " 0.0035 0 124.1 0 824,200
SS15 SS304(B) Axial 0 0.0046 0 279.2 10,300
SS06 $S304(B) Axial 0 0.0035 0 235.8 38,500

Stainless Steel 316
(R = -1)

Specimen  Material Loading by /2 aef2 AT/2 Agf2 Nf
I.0. Type Mode (MPa) {MPa) (Cycles)
5303 S§316 Torsion 0.0173 0 259.9 0 2,300
Sa01 S8316 " 0.0080 0 199.0 0 38,000
Sa02 $8316 . 0.0060 0 193.1 0 99,800
SJo7 S§8316 ! 0.0060 0 191.0 0 114,700
SJo4 SS316 . 0.0035 0 184.1 0 585,200
SJos SS316 " 0.0035 0 184.1 0 1,024,000
$J06 $S316 " 0.0030 0 182.7 0 939,500
$J05 §S316 Axial 0 0.0035 0 339.9 27,100

(A11 Stresses and Strains are Mid-Section Values)
(Tabulated Stresses are Cyclically Stable Values)
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Table 6
Portion of Life Spent in Shear Crack Growth
and Length of Shear at Bifurcation
in AISI 304 and 316

TORSIONAL STRAIN LEVELS

1.17% 0.8%
Nsh NSy
Material Spec. N T agy Spec. N N agy
I.0. (Cycﬁes) f (mm) I.D. (Cycﬁes) f (mm)
AISI 304(A) S$S08 4090 1.0 >10 5505 48,000 0.19 0.1
AISI 304(B) 5521 32,070 0.13 0.19
5522 33,900 ~0* 2.2
AISI 316 $J03 2320 1.0 >10 S$Jol 38,000 0.66 1.7
0.6% 0.35%
Material Spec. Ne E§ﬂ agy Spec. Ne Ny agy
[.D. (Cycles) Ne (mm) I.D. ({Cycles) ﬁ;_ (mm)
AISI 304(A) SS07 133,150 0.08 0.1 $S09  1.17 x 108 .0 -0
AISI 304(B) 5516 83,410 0.36 2.0 $520 B24,170 0.24 0.2
AISI 316 5402 99,810 0.40 1.0 SJ04 585,240 0.27 1.6
$307 114,730 0.17 4.0 s308  1.02 x 10° 0.25 0.12

* Particularly Severe Inclusion



Specimen
1.0.

S-03
S-09
S-06
S-01
S-10
S-11
S-12
5-02

Ae/?

o O o o O O O O

.0100
.0100
.006
.0035
.0035
.0035
.002
.002

Stainless Steel 304
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Table 7

Smooth Specimen Fatigque Data

AEP/Z
{Cycles)

.0080
.0078
.0038
.0021
.0021
.0021
.0oos
.0008

O O O o o o o o

(R

-1)

Ao/
(MPa)

383
426
379
261
258
266
230
206

(MPa)

(8]
- » » * L[] - . [ ]
W &5 H» = 0w o

N
(Cycles)

1,070
1,170
6,080
30,700
33,600
28,990
286,390
333,110
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Figure 1A Results of Auger Analysis Performed on Manganese
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Figure 2A Micro

structure of AISI SS304{A) ~ 20um Grain Size

-————— Specimen Axis b

Figure 2B Micro

structure of AISI SS304(B) -~25um Grain Size
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-t Specimen Axis i I

Figure 2C Microstructure of AISI 316 -25um Grain Size
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NY/2

Region I RegionII Region Il

Three Regions of Cracking Behavior Observed
in Torsion

Figure 3
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0.lmm ﬂ:l_';% N = Nr=4090
—

STAINLESS STEEL AlS1 304 (SS08)
SPECIMEN SURFACE AT FAILURE
MICROCRACKS & STRINGER INCLUSIONS
VISIBLE.

Figure 4
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A
SPECIMEN AXIS 0.imm —;i =0.8% N =Nr=48.500
—]

STAINLESS STEEL A1S1 304 (SS05)
BIFURCATION OCCURS AT GRAIN BOUNDARIES

Figure 5
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Ay
i 2

SPECIMEN AXIS 0.lmm =0.8% N =Ny =48,500

STAINLESS STEEL A1S1 304 (SS05)
SPECIMEN SURFACE AT FAILURE

Figure 6
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46,000

N =

N =40,000

Nr=48,50{

SS05

Stainless Steel AISI 304 {(SS05) Region II Behavior,

Growth on Tensile Planes Occurs by Linking.
(Arrows Indicate Same Location of Specimen)

STAINLESS STEEL A1S1 304

Fiqure 7
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SPECIMEN AXIS

E

STAINLESS STEEL A1S! 304 (S507)
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A
SPECIMEN AXIS 0.lmm ZY =035 N=N/=1.1X10°
,omm 2

STAINLESS STEEL AlS] 304 (SS09)
SPECIMEN SURFACE AT FAILURE

Figure 9
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0.1 mm N = 700,000
—_——

- =.35% , Nr=1.1X 10°
STAINLESS STEEL A1S! 304 (SS09)

Figure 10 Stainless Steel AISI 304 (SS09) Region III

Behavior. Growth on Tensile Planes Occurs
by Propagation Rather than Linking

SPECIMEN
AXIS
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Y

A
SPECIMEN AXIS  0.1mm —21 =0.69% N=1000
Ny= 114,700

STAINLESS STEEL A1S1 316 (SJ07)

SEVERE STRINGER INCLUSION VISIBLE. INITIAL SHEAR
~ CRACKING OBSERVED AFTER 1000 CYCLES.

Figure 12
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. TENSION TORSION

SPECIMEN
AXIS
| mm
i : e ST Fet R O
STAINLESS STEEL A1S1 304 (5500} STAINLESS STEEL A1S1 304 (8507
Bt soasm. NN - 2R500 S =035 (5 =.6%). N=125000

Nr = 133.000

INCONEL 718, (I1NO6&) = =050, N=N=14,200

S om0t (AY —ga,

Ny = 12,900

Figure 13A Tension and Torsion Behavior of AISI 304 at

. —Q—% = 0.35%, and Inconel 718 at A—; = 0.5%
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TENSION TORSION

SAE 1045, (4511} :‘f:o.zz%. N =140,000
Ny = 142,500 cyeles
) SAE 1045, (4531) N =90,000,
:‘2‘_ =0.226. l:‘giuastm
SPECIMEN o .
AKIS N =93.000 cyeles
Imm
—_
GRAY CAST IRON,  (NCO4) GRAY CAST IRON. (NCOI} N=400,
Ae y A .
=035 03t (=060

N =Ny = 100 cycles Ni =440 cycles

Figure 138 Tension and Torsion Behavior of SAE 1045

Steel a 9—5— = 0.22%, and Gray Cast Iron
at ££ = 0.35%
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0.5mm 0.5 mm

N =80,000 N=111,000

N =140, 000 1 mm

SAE 1045 (4511), TENSION, %ﬁ =0.229 Nr = 142,500

TYPE S CRACK SYSTEM - ONE DOMINANT CRACK GROWS UNTIL FAILURE

Figure 15
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SAE 1045
(4518)

S‘-} =0.26%

1.01X10°

I mm

IN SAE 1045 REGION Il BEHAVIOR OBSERVED AT LONG LIVES.

Figure 16
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Y/ 2 Y/ 2
Vmox YI’T\GX
€ —» €n |j=—
Torsion Tension

Torsion and Tension Strain Siates

Figure 18
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STAINLESS STEEL A1S1 304 (SS09) INCONEL 718 (IN13) N= | 500
N=1.0x10° Ay
& =L7 =
._2‘3_’. =0.35% Nf‘-*"].ixlﬂﬁ 3 L% Nr = 1670

SPECIMEN
AXIS

SAE 1045 (4531) N =90,000 GRAY CAST IRON(NCOI) N=400 1 mm
_

? A
3Y 038 Ny =93052 Y =006 N =440
T =

CRACKING BEHAVIOR OF FOUR MATERIALS AT RATIO OF PLASTIC/TOTAL
STRAIN EQUAL TO 50%

Figure 19
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APPENDIX A:
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APPENDIX A

In this analysis, the Smith Watson Topper (SWT) parameter

5. max
1

Nlr:»
m

is interpreted such that the critical damage plane of the specimen is
the plane experiencing the largest alternation of principal

max

strain, A%l. The stress, 91 , is the maximum value of normal stress

acting on this plare.

It is important to note that aithough, slmax, the maximum value of

principal strain on the critical plane and Ulmax

, the maximum normal
stress on this plane, occur at the same point on the loading path in the
case of proportional loading, this is not always the case for a non-
proportional history. An example of this is illustrated in Fig. Al,
which is the axial stress-strain response on a horizontal plane for a 90
degree out-of-phase Toading path. Although this is not the plane of
maximum principal strain alternation for this load path, this hysteresis
Toop illusirates the fact that the maximum stress and maximum strain on
a given plane do not necessarily occur at the same location in the
loading path.

To determine the plane of maximum principal strain alternation,
strain states are analyzed at discrete points in the path, analogous to
the method described by Koch in Ref. [31]. Figure A.2 presents a non-
proportional loading history and Mohr's circle representation of strain

for 8 points during a cycle of loading., The "box path" represents one

cycle. Point y in each of the figures represents the strain state on
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the horizontal plane. As seen, the principal strain plane rotates
continuously throughout the cycle. At Point A, the strain state is
identical to that for a uniaxial load. At Point B, a combination of
axial and torsional strains are applied. Consequently, the maximum
principal strain for this loading condition is larger than that at Point
A. Inspection of the strain-states of the loading path shows that this
is the maximum principal strain for the total path. This principal
strain occurs on a plane which is rotated counterclockwise by an
angle o from the y-plane as shown in Fig. A.2ii. (The y-plane is the
horizontal plane or a plane perpendicular to the specimen axis). The
same value of principal strain also occcurs at Point H (Fig. A.2viii) on
& plane rotated clockwise by an angle o from the y-plane.

Considering the « plane associated with Toéding point 8, the
minimum value of principal strain on this plane occurs at Point F, which
is also the point of minimum principal strain for the total loading
path. An identical strain is again achieved at Point D and occurs on
the o plane associated with Point H. Thus, for the box loading path
shown, there are two planes of maximum principal strain alternation
(This is due to the symmetry of the loading path.) The first plane
associated with Points B and F, is oriented at an angle a counter-
clockwise from the y plane, while the second, associated with Points D
and H, is at an angle o clockwise from the y plane.

Plotted results of an analysis of the above loading case are shown
in Figs. A.3 through A.5. Figure A.3a shows the input parameters or
loading path for a strain-controlled "box path" test. Figure A3.b

presents the corresponding axial and shear stress response acting on the
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horizontal or y plane. Figures A.4a and A.4b show the axial and
torsional stress-strain response on this same plane. As presented in
Fig. A.2, the plane of maximum principal strain rotates with respect to
the horizontal plane. The critical damage plane is the o plane rotated
clockwise from the y plans. This corresponds to points D and H in
Fig. A.2. As seen in Fig. A.3b, the normal stress at point H is greater
than that at point B. Thus, due to the larger value of almdx, the
maximum value of the SWT parameter occurs on the o plane rotated clock-
wise from the horizontal. Figure A5 presents the stress-strain response

on this critical plane.

max max

Although the maximum stress, oy s and maximum strain, €1 on
the critical plane occur at the same point in the "box path" (Fig. A.5),
this is not always the case for other non-proportional loading cases.
As previously discussed (Fig. A.l), the maximum stress on the plane of
maximum strain alternation, G]max, does not always occur at the point of
maximum strain for out of phase loading. Consequently, the stress on
the critical plane must be continually monitored and the maximum value
identified. The value of the SWT parameter is then simply the product
of the principal strain alterpation and the maximum stress on the

critical plane.

Calculation methods and further discussion are found in Ref. [35].
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Figure A.1 Axial Stress-Strain Response on Horizontal
Plane for 90° Out-of-Phase Loading
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APPENDIX B: SURFACE CRACK OBSERVATIONS
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APPENDIX C: CRACK GROWTH DATA

Page
DESCRIPTION OF CRACK MEASUREMENTS...uuuuuneerersrenannnn. eeerel99
LIST OF TABLES

Stainless Steel 304

Table C.1 S$S08, 2 = 0.0173 . uiuinininininiiiiiiniiineennes 101
Table .2 SS05, & = 0.0080...vuvuvuininnininiininiienenees ...102
Table €.3 5521, & = 0.0080...uvuiuiniuinininninininnennn, ...103
Table C.4 $522, L = 0.0080...0uvuenirerneneninninenn, veerre..104
Table C.5 S$S07. 2% = 0.0060. . .ueuenesvneneinenienenennenen 105
Table C.6 SS16, L = 0.0060..vuvuruerrnnnenerniennnen. veee. 106
Table C.7 5509, £5 = 0.0035..0ueueiiiienvnrnnnnnennnnn, eevsea107
Table C.8 8520, 2% = 0.0035..u.vivnrnininininiininainnnenes 108
Stainless Steel 316

Table C.9 $J03, & = 0.0173......... PR [
Table C.10 SJ01, 25 = 0.0080.10ueueurnrsnenrnrsrnsnnesensenenes 110
Table C.11 $J02, 2% = 0.0060..uvveruereneneannrnnns erriineaes 111
Table C.12 SJ07, 2 = 0.0060.. s vvvenrnrnenrunnnsnnes cerreenes 112
Table C.13 SJ04, 9% = 00,0035, i0eerernnanranas seenas sesserssvas 113
Table C.14 SJ08, 2§ = 0.0035...ueuueniuerninnrnnnennnnninnnn. 114
Table C.15 SJ06, “% = 0.0030..euvueninrrruararanneronnnenananss 115



99

APPENDIX C

Acetate replicas were taken of the specimen surface features at
intervais of approximately 10 percent of predicted fatigue 1ife. Crack
measurements were made from microscopic inspection of these replicas.

In general, four crack measurements were made from each repliica of
the AISI 304 and 316 specimens tested in torsion. These are represented
graphically in Fig. C.1. Four bhranch cracks or legs usually grew from
the main shear crack, ap, as seen in Fig. C.la. These branch or tensile
(Stage II} cracks were oriented approximately 45 degrees to the axis of
the specimen. Cracks a; and a3 represent the lengths of the dominant
branch cracks. These were usually the Tongest tensile cracks and the
first to branch off the main shear crack. The total crack length, L,
was measured "as the crow flies" as shown in Fig. C.1b.

No crack measurements were obtained for AISI 304 and 316 specimens
tested in tension as the crack initiated from the inside surface of the
specimen. Cracks were observed on outside surface replicas only very

late in 1ife when the crack had grown through the wall thickness.



100

Figure C.1 Crack Length Measurements
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Table C.1

Stainless Steel 304
Crack Growth Data

Specimen I.D. SS08

RE =0 RY = -1
5 =0 5L = 0.0173

N L
(Cycles) (mm) Comments
4,000 16.9 Crack grows generally in shear.
3,500 4.89 (No a; or a3 cracks.) Some
3,000 3.23 branching from main crack occurs,
2,800 2.65 but main shear crack continues to
2,600 2.20 develop simultanecusly.
2,400 1.94
2,200 1.80
2,000 1.74
1,600 1.25
1,400 1.03
1,200 0.77
1,000 0.55

900 0.48

800 0.47

700 0.46

600 0.45

500 0.42

400 0.40

300 0.28

200 0.28

100 0.009

50 0.008
0 0



N

(Cycles)

48,000
46,000
45,000
40,000
35,000
32,000
30,000
28,000
26,000
24,000
22,000
20,000
18,000
13,000

9,000

6,000

4,000

3,500

L

(mm)

O O O 0O 0O O Q0 O O OO O O rmw =t

2
o

.16
.78
.68
7
.43
.32
.28
.24
.19
.17
.17
.15
.15
.09
.08
.03

(mm)

1.42
0.66
0.64
0.34
0.17
0.10
0.07
.06
0.05
0.04
0.03
0.03
~0.01
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Table C.2
Stainless Steel 304
Crack Growth Data
Specimen 1.D. S$S505

R€ =0 RY = -1

5£=0 £t = 0.008

ay ap a3
(mm) {mm) Comments
0.07 1.67
0.07 1.05 High crack density
0.07  0.94 '
0.07 0.38
0.07 0.21
0.07 0.19
0.07 ———— Bubble on replica
0.07 0.11
0.07 0.10
0.07 0.09
0.07 0.09
0.067 0.08
0.07 0.08
0.07 0.03
0.07 0.01
0.03 0
0 0 Crack visible but too

fuzzy to measure length
0 0 No crack visible



N
(Cycles)

32,000

30,000
28,000
26,000
24,000
22,000
20,000
18,000
16,000
14,000
12,000
10,000

8,000

6,000

4,000

2,000

(mrm)

10

Vv

.58
.02
.89
.22
.02
.64
.47
.31
.20
.13
.08
.06
.97
.94
.89

o O O — = = = NN s
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Table C.3

Stainless Steel 304
Crack Growth Data

Specimen I.D. SS21

RE =0 RY = -1

55 =0 5% = 0.008

ag ay aq

{mm) {mm) (mm) Comments
8.4 1.0 8.34 Crack length a, is

an estimate

2.70 0.95 1.48

1.86 0.93 1.45

1.14 0.92 0.92
0.92 0.91 0.70
G.66 0.90 0.51
G.47 0.90 0.37
0.36 0.89 0.28
0.30 0.89 0.22
0.20 0.89 0.18
0.16 0.89 0.12
0.15 0.89 0.09
0.12 0.89 0.08
0.06 0.89 0.04
0.04 0.89 0.03
0 0.89 0 Crack grows out of

stringer or group of
inclusions



Cycles

32,000
30,000
27,500
25,000
22,500
20,000
17,500
15,000
12,500
10,000

7,500

5,000

2,500

1,000

(mm})

4
N N W W s o

N NN NN D™

.01
.44
.01
.40
.03
72
.54
.44
.39
.34
.34
.25
.25
.25
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Table £.4
Stainless Steel 304
Crack Growth Data
Specimen I.D. SS22

Re =0 RY = -1

55=0 5% = 0.008

al az :33
(mm) {mm) (mm) Comments
3.34 2.25 2.71
1.88 2.25 1.54
1.11 2.25 0.89
0.97 2.25 0.48
0.61 2.25 0.42
0.43 2.25 0.20
0.33 2.25 -
0.23 2.25 0.10
0.16 2.25 0.06
0.11 2.25 0.03 a3 branching occurs
0.08 2.25 0
0.07 2.25 0
0.04 2.25 0
0.02 2.25 0 Immediate branching

at inclusion



N
{Cycles)

130,000
125,000
120,000
115,000
110,000
105,000
100,000
95,000
85,000
75,000
65,000
55,000
45,000
35,000
25,000
20,000
15,000
10,000
5,000

L
{mm)

.51
J1
.55
.29
.31
.20
.95
.48
.42
.36
.31
.19
.18
.15
.12
.08
07
.06

O OO0 O 0 o O O O O 0O CC O = = N R W

™o &=
m

ot
J—t

]

(mm)

o O O O O O DD O 0O 0O C O =W

[ |
o o O

.50
.63
.23
.98
.6l
.37
37
.21
.12
.10
.08
.07
.06
.05
04
.04
.01

e
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Table C.5
Stainless Steel 304
Crack Growth Data

Specimen I.D. SS07

a
(mm}

.04
.04
.04
.04
.04
.04
.04
.04
.04
.04
.04
.04
.04
.04
.04
.04
.04
.04

OO0 0 0O 0O O o 0o 0o 0o o o oo o Cc o o oo

R = -1
Y

Mz

= 0.006

a3
(mm)

3.67
2.05
1.28
0.96
0.60
0.60
0.56
0.40
n.32
0.24
0.18
0.15
0.11
0.10
0.06
0.05
0.04

~0.03
0

Comments

No crack detectable



{Cycles)

80,000
70,000

60,000
50,000
40,000
30,000
20,000
10,000

5,000
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Table C.6
Stainless Steel 304
Crack Growth Data
Specimen I.D., SS16

RE =0 RY = -1
52 =0 5t = 0.006

L a3 a, a3

(mm) (mm) {mm) (mm) Comments

6.57 2.1 1.94 3.04

— 0.53 1,88 ——-- Lrack not completely

on replica

2.87 0.45 1.88 0.67

2.18 0 2.05 0.34

2.06 0 2.02 0.18

2.06 0 2.01 0.18 Crack branching occurs
~1.96 0 ~1.96 0

~1.,96 Q ~1.96 0

~1.96 0 ~1.96 0
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Table C.7
Stainiess Steel 304
Crack Growth Data
Specimen I.D. SS09

RE =0 RY = -1
55 =0 5% = 0.0035

N L ay ay ag
(Cycles) {mm) {(mm) {mm) (mm) Comments
1,000,000 2.25 1.09 ~0 1.12

900,000 1.08 ~0.52 -0 ~0.58

800,000 0.65 0.28 ~0 0.38

700,000 Q.36 0.14 ~0 0.21

600,000 0.18 0.04 ~0 0.14

500,000 0.14 ~0.01 ~0 0.14

400,000 0.1l 0 ~0 0.11

300,000 O.10 0 ~0 0.10

200,000 0.05 0 ~0 0.05 No perceptible

shear crack.
Growth accurs
at 45 degrees.

150,000 O 0 ~0 No crack
detectable.



N
(Cycles)

800,000
750,000
700,000
650,000
600,000
550,000
500,000
450,000
400,000
350,000
300,000
250,000
200,000
150,000
100,000
50,000
10,000

{mm)

.91
.34
.37
.99
.76
.59
.44
.32
.27
.22
.19
.17
.17
.16
.16
.16
.16

O O 0C O O 0O 0O C O OO0 O O kMmN ;M
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Table C.8

StainTess Steel 304
Crack Growth Data
Specimen I.D. S520

RE =0 RY = -1

L0 £¥ = 0.0035

a; s as

{mm) (mm) {mm) Comments
2.95 0.17 2.86

1.07 0.17 1.19
0.59 0.17 0.65
0.41 0.17 0.43
0.28 0.16 0.31
0.20 0.16 0.25
0.12 0.16 0.21
0.09 0.16 0.15 d; appears
0 0.16 0.12
0 0.16 0.11
0 0.16 0.10
0 - 0.16 0.07
0 0.16 0.06 Crack branching occurs
0 C.16 0
0 0.16 0
0 0.16 0
0 0.16 0 Crack grows from a

stringer inclusion
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Table C.9

Stainless Steel 316
Crack Growth Data

Specimen 1.0. SJO3

RE =0 RY = -1
5 -0 3—1 -~ 0.0173
N L
(Cycles) (mm) Comments
2100 10.29 Specimen fails in shear
{No a1 or az cracks)
1800 7.35
1500 .48 Crack branches, but immediately
returns to shear cracking
1200 5.05
900 3.92
600 3.59
350 3.09 Cracks 1ink up

50 0.89



N
{cycles)

38,000
35,000
30,000
25,000
20,000
15,000

10,000
5,000
1,000
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Table C.10
Stainless Steel 316
Crack Growth Data
Specimen I.0. SJ01

Re =0 RY = -1
£=0 3t = 0.008

L a4 : ) a3
(mm) (mm) {mm) (mm) Comments
18.3 7.4 1.3 6.5

3.04 1.11 1.24 0.92

1.52 0.26 1.22 0.52

1.32 0.09 1.22  0.22 Crack branching occurs
1.22 0 1.22 0

1.02 0 1.02 0 Cracks Tink up

(between 10 & 15 k)

0.39 0 0.39 0

0.08 0 0.08

0 0 0 No crack detectabie
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Table C.11
Stainiess Steel 316
Crack Growth Data
Specimen I.D. SJOZ

R =0 RY = -1
=0 2% = 0.006
N L aj as a3
(cycles) {mm) (mm) {mm) (mm) Comments
89,810 h.9 1.02 1.01 5.19
50,000 1.76 0.69 0.98 0.36
80,000 1.24 0.42 0.98 0.18
70,000 1.14 0.19 0.97 0.08
60,000 1.05 0.09 0.97 0.04
50,000 1.02 0.05 0.97 0.03
40,000 0.99 0.04 0.97 0 Cracks T1ink up
Crack branching occurs
30,000 0.71 0 0.71 0
20,000 0.47 0 0.47 ¢
10,000 0.35 0 0.35 0
5,000 0.35 0 0.35 o
0 0 o 0 0



N
(Cycles)

114,730
110,000

100,000
80,000
80,000
70,000
60,000

50,000
40,000
30,000
20,000
10,000

5,000

(mm)

11.13
6.02

L O - T T - « S N S Y

.77
.56
.20
.14
.13
.07
.02
.02
.94
.94
.10

Ae
4
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Table C,12

Stainless Steel 316

R =0

E

a1
(mm)

3.69

.17
.17
.17
.11
A1

.05

.03
.02

O O O C 0O 0 0O oo 0

.10 .

a2
(mm)

9.20
9.03

.06
.05
.05
.05
.05
.03
.02
.02
.94
.94
.10

W W w b b b b o B

Crack Growth Data
Specimen 1.D0. SJ07

R = -1
Y
Ay _
5 0.006
a3
(mm) Comments

- a3 branch grows into
another crack

.15
.64
.35
.25
.21
.10
.08
.03
.03 Crack branching occurs

0O QOO O 0 OO0 O 0O -



N
(Cycles

585,000
560,000
480,000
400,000
320,000
240,000
160,000
80,000
48,000
40,000
32,000
24,000
16,000
8,000

(mm)

—
™o

O O O O O = e e i e = N I

.10
.81
.35
.86
.67
.57
.54
.48
A5
.64
.61
.59
.53
.15

QO O O O O o o Cc O 0O Q= &
L N 2 . Y . )
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Table C.13

Stainless Steel 316
Crack Growth Data

Specimen 1.D. SJ04

(mm)

1.59
1.53
1.53
.50
.50
.50
.50
.48
.45
.64
.61
.59
.53
.15

—

O O O O O = = s

o O O 0O O O O o0 oo o O O N
T

O — N W
O W~ O W

Comments

Crack branching occurs

Cracks Tink up

Cracks link up



N
(Cycles)

1,024,000
1,000,000
950,000
900,000
850,000
800,000
750,000

- 700,000
650,000
600,000
550,000
500,000
463,140
450,000
400,000
350,000
250,000
200,000
150,000
100,000
50,000
10,000

(mm)

27.43
.06
.43
.73
.13
.91
.73
.52
.49

.12
.12
.09
0.908
0.08

O 0O 0 O 000000 000 O C = M ;
- ] L) » L] - * *
-
LF

(o]

[—
[#%

S 0O O O O 00 00 0000 — ™

o

o o o O o
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Table C.14
Stainless Steel 316
Crack Growth Data
Specimen I.D. SJ08

=D R =-1
£ Y
=0 %1 = 0.0035
a1 dp a3
mm) {mm) (mm) Comments
.30 0.12 14,70

.35 0.12 2.57
.19 0.12 1.16
.84 0.12 0.76
.57 0.12 0.44
.45 0.12 0.34
.34 0.12 0.27
.25 0.12 0.24
.21 0.12 0.22
.19 0.12 0.15
.12 0.12 0.11
.11 0.12 0.09
.10 0.12 0.07
.09 0.12 0.05
.07 0.12 0.05
.06 0.12 0.05
.01 0.12 0

0 0

0 0

0 0

0 0

0 0

Crack branching occurs



N

{Cycles)

900,000
850,000
783,000
750,000
700,000
650,000
600,000
550,000
500,000
450,000
400,000
350,000
300,000
250,000
200,000
150,000

50,000

25,000

(mm)

—
w
.

(o R T e T e T s T SN S S SR S SR o B LI SR %)

.79
.64
.28
.31
.86
.70
.47
.55
.43
.37
.30
.28
.24
.21
.20
.10
.53
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Table C.15
Stainless Steel 316
Crack Growth Data

Specimen I.D. SJ06

R =0 R,

al 62 a3
(mm) (mm) (mm)
6.09 1.29  6.34
1.27 1.24  1.49
0.72 1.28  0.82
0.60 1.25  0.65
0.h9 1.25 0.64
0.37 1.25  0.41
0.26 1.25  0.30
0.22 1.25  0.24
0.19 1.25  0.14
0.18 1.25  0.09
0.10 1.25  0.07
0.04 1.25  0.04
0.04 1.25 0

0 l.2a 0

0 1.21 0

0 1.20 0

0 1.10 0

0 0.53 0

It
i
Y

0.003

Comments

Crack branching occurs
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APPENDIX D: CRACK GROWTH PLOTS

Page
Figure D.1 9% = 0.0173 i iiiiiiir ettt e i Ceesnsesaaeaa 119
Figure D.2 % = 00008 e e eeeeria et e aaaraena, 120
Figure D.3 % - T 121
Figure D.4 &5 = 0.0035.0uuueiiiniiiiiiiiiiae, 122
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