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Cyclic hardening and fatigue behavior of stainless steel 304L
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Abstract This article discusses cyclic hardening and
fatigue behaviors of stainless steel 304L, the behavior of
which is greatly influenced by prior loading. Effects of
loading sequence, mean strain and mean stress, and
pre-straining (PS) were investigated using constant ampli-
tude as well as step and random loading tests. Contrary to
common expectations, fatigue lives in strain-controlled
mean strain tests were significantly affected by the mean
strain, in spite of mean stress relaxation. PS induced con-
siderable hardening and led to different results on fatigue
life, depending on the test control mode. Secondary hard-
ening was observed in some tests, characterized by a
continuous increase in the stress response. Possible mech-
anisms for this behavior are also discussed. To correlate
fatigue life data of a material such as stainless steel with
strong deformation history effect, it is shown that a damage
parameter with both stress and strain is required. The
Fatemi—Socie (FS) parameter as such a parameter is shown
to correlate the data under different control modes and
loading conditions.
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Monotonic, cyclic modulus of elasticity
Monotonic, cyclic strength coefficient
Monotonic, cyclic strain hardening exponent
Number of cycles applied at a given level
Number of cycles

Number of cycles, reversals to failure
Strain, stress ratio

Percent reduction in area

Ultimate tensile strength

Monotonic, cyclic yield strength

True fracture ductility, fatigue ductility
coefficient

Strain amplitude, mean strain

Maximum, minimum strain

Damage sum (using LDR)

True fracture strength, fatigue strength
coefficient

Stress amplitude, mean stress

Maximum, minimum stress

AYmax Maximum shear strain range
Ves Vp Elastic, plastic Poisson’s ratio
Abbreviations

CA Constant amplitude

fcc Face-centered cubic

FR Fully reversed

FS Fatemi—Socie

HCF High cycle fatigue

H-L  High-low

LC Load-controlled

LDR Linear damage rule

L-H Low-high

PS Pre-straining

RL Random loading

SFE  Stacking fault energy
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SWT  Smith—Watson—Topper

eC Strain-controlled
A% Virgin material
Introduction

Deformation or load history effect of a material on sub-
sequent cyclic loading depends on the degree of cyclic
hardening, which in turn depends on how easy the dislo-
cations can cross slip. For face-centered cubic (fcc) metals,
the ease of cross slip depends on the stacking fault energy
(SFE) of the material. In metals with low SFE, such as
austenitic stainless steels, cross slip is difficult, while pla-
nar slip occurs readily. The deformation behavior is,
therefore, greatly dependent on the loading history.

Stainless steel 304 is used in many applications where
corrosion resistance and high toughness are important. As
an austenitic steel, the deformation behavior greatly
depends on the loading history. Among others, Lieurade
and co-workers have reported strong deformation history
effects on fatigue behavior of austenitic stainless steels 304
and 316 [1].

Stainless steel 304L also presents the characteristic of
undergoing stress- or strain-induced phase transformation.
Under cyclic loading, this is exhibited by significant
hardening related to martensitic transformation, the extent
of which has been associated with the amplitude of plastic
deformation, as well as with the amount of cumulative
plastic strain [2]. Such transformation can, therefore, occur
in both low cycle as well as high cycle fatigue (HCF).

An important microstructural modification in austenitic
stainless steels has been identified with a phenomenon
known as secondary hardening in HCF. This is characterized
by a significant cyclic hardening with continued cycling, as
well as extension of fatigue life. It has been suggested that
this might be associated with the formation of a specific
microstructure referred to as a corduroy structure [3].

Micro- and/or macro-crack growth, which can constitute
a significant portion of fatigue life in stainless steel, can
also be affected by microstructural alterations. Khan and
Ahmed [4] studied crack growth of single-edge notched
stainless steel specimens under variable amplitude loading
and concluded that two mechanisms may occur. The first
mechanism is beneficial, where martensitic transformation
which induces an increase in the specific volume creates
compressive residual stresses at the crack tip, hence lim-
iting crack growth. The other phenomenon is a reduced
ductility due to the hardening from martensitic transfor-
mation and is detrimental since it allows faster crack
growth. The relative contribution of the two phenomena
depends on the applied strain amplitude [4].
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This article discusses deformation history effects on
stainless steel 304L due to pre-hardening, as well as mean
stress and mean strain effects, and load sequence effects on
fatigue life. Pre-hardening and loading sequence can have a
substantial influence on deformation and fatigue behaviors
of materials with strong deformation history effect, where
the amplitude of preloading and overload cycles determine
to what extent the material behavior will be affected [5].
Mean stress can also have significant effects on both
deformation and fatigue behaviors. A compressive mean
stress is generally beneficial to fatigue life, whereas a
tensile mean stress is detrimental to fatigue life [6].

The stainless steel 304L used in this study had low
carbon and a chemical composition of 0.023% C, 1.13%
Mn, 0.49% Si, 0.004% S, 0.024% P, 10.1% Ni, 18.5% Cer,
0.09% Mo, 0.1% Cu, and 0.028% N,. Tensile properties
are listed in Table 1. In addition to fully reversed constant
amplitude strain-controlled fatigue tests, some fully
reversed tests were also conducted in load control in order
to investigate the influence of the test control mode. The
load levels used in load-controlled tests were obtained from
the midlife stress values in strain-controlled tests.

The experimental program also included high—low
(H-L) step tests and random loading (RL) tests. To eval-
uate fatigue life under variable amplitude or RL, the
Palmgren—Miner linear damage rule (LDR) was used due
to its universality of use and ease of application [7]. This
rule considers damage, quantified as damage fraction or
cycle ratio, to accumulate in a linear fashion.

Table 1 Mechanical and strain-controlled fatigue properties of
stainless steel 304L

Monotonic properties

Modulus of elasticity, £ (GPa) 193
Yield strength (0.2% offset), S, (MPa) 202
Ultimate tensile strength, S, (MPa) 608
Percent reduction in area, %RA 83
Strength coefficient, K (MPa) 804
Strain hardening exponent, n 0.255
True fracture strength, o; (MPa) 1763
True fracture ductility, & (%) 178
Cyclic properties
Cyclic modulus of elasticity, E' (GPa) 193
Fatigue strength coefficient, bilinear fit, 2,558/819
o, /oy, (MPa)
Fatigue strength exponent, bilinear fit, b,/b, —0.239/-0.104
Fatigue ductility coefficient, & /¢, 0.522/0.0242
Fatigue ductility exponent, c;/c;, —0.557/-0.203
Cyclic strength coefficient, bilinear fit, K’ (MPa) 2,224
Cyclic strain hardening exponent, bilinear fit, n’  0.341
Cyclic yield strength, S’ (MPa) 238
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Identical cylindrical smooth solid specimens were used in
all experiments. Specimens were machined from 3-cm thick
plates in the rolling direction. Triangular waveform was used
and cyclic frequencies ranged between 0.35 and 7 Hz,
depending on the total strain amplitude, in order to have
similar strain rates. Details of the specimen geometry, test
equipment, and experimental procedures used are reported in
[8, 9]. It should be mentioned that the results for the stainless
steel 304L reported in this article are for the THYSSEN
grade, while the results reported in [8, 9] are for the Creusot
Loire Industrie (CLI) grade of stainless steel 304L.

Cyclic deformation behavior

An incremental step test was conducted, where a single
specimen was subjected to increasing and then decreasing
strain amplitudes. Each strain amplitude level was main-
tained for a number of cycles large enough to obtain
a fairly constant response (i.e., saturated response). As
expected, the stress response, as shown in Fig. 1, is
strongly affected by the prior higher strain amplitude
cycles in the straining sequence. This is explained in terms
of the low SFE of stainless steel, as discussed earlier,
where cross slip is difficult, resulting in deformation
behavior dependent on the prior loading.

Figure 2a shows superimposed midlife hysteresis loops
at different strain amplitudes, where considerable plastic
deformation is observed, even at low strain amplitude of
0.25%, which was the runout fatigue test level for the
material. Superimposed stable cyclic (obtained from mid-
life data) and tensile stress—strain curves are shown in
Fig. 2b, where strong cyclic hardening is observed. This
hardening becomes more significant at higher strain
amplitudes (about 100% hardening at 2% strain amplitude).
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Fig. 1 Superimposed stress response in incremental step test in strain
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Fig. 2 Superimposed midlife hysteresis loops from constant ampli-
tude fatigue tests (a) and superimposed monotonic and cyclic stress—
strain curves and data

Constant amplitude fatigue behavior

All constant amplitude fatigue test results are shown in
Table 2, where true stress and true strain values reported
were obtained from midlife cycles. Figure 3 represents the
strain-life curve obtained from fully-reversed constant
amplitude strain-controlled (¢C) fatigue tests. The few
load-controlled (LC) test data are on the strain—life curve.
Therefore, the test control mode (i.e., strain or load) has no
effect on the behavior of the material under constant
amplitude fully reversed loading. Fatigue properties
obtained from the midlife data are listed in Table 1. Due to
the bilinearity of the elastic and plastic curve data fits, two
sets of values are listed for strain-life properties. The first
set (with subscript 1) applies to fatigue lives <5,000
reversals to failure, while the second set (with subscript 2)
applies to longer fatigue lives.

Mean strain effects

Mean strain tests in strain control were conducted with R,
ratios of oo, 0, and 0.75, all at strain amplitude of about
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Table 2 Fatigue tests results including fully reversed constant
amplitude, mean stress, and pre-strained tests

Control R €a Em Oa Om 2N¢

mode (%) (%) (MPa)  (MPa)

Strain -1 2.00 —-0.02 571 1.0 442
Strain —1 2.00 -0.02 603 0.3 468
Strain —1 1.00 0.00 417 1.3 1,950
Strain -1 1.00 -0.01 417 04 2,308
Strain —1 0.600 0.00 339 0.7 5,478
Strain —1 0.600 0.00 317 0.8 5,140
Strain —1 0500 0.00 304 0.9 21,886
Strain —1 0400 0.00 271 0.9 43,414
Strain —1 0400 0.00 271 5.6 34,590
Strain —1 0300 0.00 287 23 1,057,360
Strain —1 0300 0.00 261 —-04 625,746
Strain —1 0250 0.00 316 —4.6 >4,043,156
Load —1 0455 0.09 300 1.5 26,250
Load —1 0431 021 301 1.3 37,252
Load —1 0407 0.11 274 1.2 46,882
Load —1 0410 0.10 275 0.9 40,400
Mean strain tests

Strain oo 0301 —-0.30 475 —14.8 >8,354,260
Strain 0 0.299 0.30 234 2.0 177,882
Strain 0 0.299  0.30 239 1.5 256,188
Strain 0.75 0.294 2.08 257 6.4 107,410
Strain 0.75 0.294 2.08 255 7.6 113,610
Pre-strained tests®

Strain —1 0.300 —0.06 301 0.3 157,792
Strain —1 0.300 —0.06 299 0.4 139,132
Strain —1 0.250 —-0.04 285 14.7 289,914
Strain —1 0.250 —-0.04 286 —2.6 416,224
Load —1 0.186 —-0.04 276 0.4 >6,323,860

 Pre-straining was conducted at 2% strain amplitude for 10 cycles

0.3%. The ratio of oo indicates straining between —0.6%
and 0O, the ratio of 0 indicates straining between 0 and
0.6%, and the ratio of 0.75 indicates straining between 1.8
and 2.4%. Results from these tests are included in Table 2.
Due to considerable amount of cyclic plasticity, the mean
stress relaxed to very low values (<15 MPa) during the first
few percent of the fatigue life in all mean strain tests.
Fatigue data from mean strain tests are also shown in
Fig. 3. The R, ratios of 0 and 0.75 (i.e., tensile mean strain)
resulted in factors of 4 and 8 shorter fatigue lives, com-
pared to the fully reversed (R, = —1) straining, respec-
tively. In contrast, the R, ratio of oo (i.e., compressive
mean strain) resulted in more than an order of magnitude
longer life than the fully reversed test, and the specimen
did not fail after more than 4 million cycles. These results
are in spite of the fact that the mean stress in all mean strain
tests nearly fully relaxed. Therefore, the large differences
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Fig. 3 Strain-life behavior including all constant amplitude tests data

in fatigue lives observed between the different mean strain
tests are merely due to the differences in mean strain. This
is contrary to the common expectation that mean strain has
an effect on fatigue life only if it induces a non-relaxing
mean stress [6]. Possible microstructure alterations, such as
phase transformation and/or changes in dislocation struc-
ture, may explain this surprising behavior under mean
strain (but no mean stress) conditions.

Pre-straining effects

The influence of pre-straining (PS) was investigated by PS
specimens in strain control and then fatigue testing under
either load control or strain control. These tests were
conducted with 10 pre-strain cycles at 2% total strain
amplitude. Results for pre-strained tests are also included
in Table 2 and are from midlife constant amplitude cycles
following PS.

Midlife stress amplitudes from fully reversed strain-
controlled tests on pre-strained specimens presented in
Fig. 2b indicate hardening from PS cycles at higher strain
amplitude, as pre-strained test data are above the cyclic
stress—strain curve. For the load-controlled test, the pre-
strained specimen had a smaller strain amplitude (0.186%)
than that of the virgin specimens at identical stress level
(0.41%, see Table 2). The strain amplitude was found to be
a more significant factor than the maximum strain with
respect to the resulting hardening.

The effect of PS on fatigue life was dependent on the test
control mode. PS led to significantly shorter life in strain-
controlled tests (by a factor of more than 5), but significantly
longer life in load-controlled test (by more than two orders
of magnitude), as compared with the virgin material
(i.e., without pre-cycling), see Fig. 3 and Table 1. There-
fore, using a damage parameter that considers both stress
and strain is a more appropriate approach, than using either
strain or stress individually, for fatigue life prediction and
correlating load- and strain-controlled fatigue data.
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Fatigue life correlations

Two common fatigue damage parameters which include
both stress and strain terms are the Smith—Watson—-Topper
(SWT) [10] and the Fatemi—Socie (FS) [11] parameters.
Although the FS parameter is a multiaxial fatigue param-
eter, this parameter can also be used for uniaxial data
correlations. The FS parameter is given by:

AV a O, max
max l k 9
2 ( + Sy

= [(1 + ve)%f,(ZNf)b+(1 + vp)gf/(sz)"}

og! b
X [1 +kE(2Nf) ], (1)
where 6, max = Ona + Onm, With o, ,, being the mean stress
and being the o, , alternating stress. This parameter can,
therefore, also take into account mean stress effects. In this
equation, the first set of fatigue properties in Table 1 are
used for lives shorter than 5,000 reversals to failure, and
the second set of properties are used for longer lives, as
previously discussed. The yield strength, Sy, is also listed in
Table 1. A typical value of kK = 1 was used, as applied to
this material.

Figure 4 shows all the constant amplitude fatigue data
superimposed on FS-life plot. Although good data corre-
lations are obtained, data from tests exhibiting secondary
hardening, particularly the runout test data, are not near the
curve. This, however, is not due to a shortcoming of this or
other similar damage parameters. Instead, this is due to the
fact that such data are not included in data fits used to
obtain the material fatigue properties listed in Table 1.
These properties are subsequently used to construct the
FS-life curve shown in Fig. 4. Data correlations obtained
with the SWT parameter were similar to those shown in
Fig. 5.
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Fig. 4 FS parameter versus reversals to failure including all constant
amplitude tests data

Secondary hardening

The material exhibited secondary hardening in several tests
with strain amplitudes at or below 0.3%. In such cases,
after a period of initial softening, a second period of
hardening was observed that continued throughout the
tests. Stress amplitude response of tests with secondary
hardening is shown in Fig. 5, including fully reversed tests
at 0.25 and 0.3% strain amplitudes as well as the mean
strain test with R, = oo. In addition to the considerable
continued hardening, significant increases in fatigue lives
were also observed in such tests.

Some researchers have postulated the importance of
cumulative plastic strain in martensitic transformation.
A cumulative plastic strain amplitude threshold can be
defined that depends on different factors, including the
composition of the austenitic stainless steel [2]. Nickel,
chromium, and most particularly carbon are known to
stabilize the austenite phase [12, 13]. In the present study,
cumulative plastic strain amplitude (N Aeg,/2) was com-
puted for all tests and plotted versus number of cycles to
failure as shown in Fig. 6. From this plot a threshold was
identified (at 60), above which secondary hardening was
most likely to occur. While this threshold value can be used
to predict when secondary hardening may start, it does not
predict if, or explain why, it does occur.

During martensitic transformation, two types of mar-
tensite can form, the o’ phase (bcc) and the ¢ phase (hc) [13—
15]. The o' phase is ferro-magnetic [15] and can be easily
detected. In this investigation, qualitative magnetic mea-
surements were made on different tested specimens using a
commercial magnetometer. Strong magnetization was
observed for specimens cycled at high strain amplitudes,
and for specimens which exhibited secondary hardening.

In an attempt to further characterized secondary hard-
ening, micro-hardness (Vickers hardness) was measured
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gage section and the grip section of a specimen tested at fully reversed
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across the grip section and across the gage section of a
runout specimen exhibiting secondary hardening. This
specimen was tested in strain control at 0.25% strain
amplitude under constant amplitude fully reversed condi-
tions. The distributions for micro-hardness measurements
are shown in Fig. 7. The differences in mean hardness
between gage section and grip section can be explained by
the differences in stresses observed in the two parts of the

Table 3 Summary of high-low (H-L) step tests results

hardness values most probably correspond to regions
where phase transformation occurred.

The effect of secondary hardening on the stiffness of
SS304L was also studied by evaluating changes in elastic
modulus, measured from experimental hysteresis loops.
However, due to the absence of a clear trend in stiffness
behavior, no conclusion could be made based on changes in
stiffness.

As discussed earlier, martensitic transformation might
not entirely explain secondary hardening and other micro-
structure alterations could also co-occur in the material [3].
PS can induce sufficient initial hardening to prevent or
hinder additional alterations of the microstructure by
cycling at lower strain amplitude. This occurred in strain
control at strain amplitude of 0.25%, where PS prevented
the occurrence of secondary hardening which was observed
for the virgin material at this strain amplitude (see Table 2).

Variable amplitude fatigue behavior
High-low (H-L) sequence step tests

High-low step tests at different levels and with different
damage ratios were conducted in either strain control or
load control. In strain control, a gradual decrease of the
higher strain amplitude to zero before starting to apply the
lower strain amplitude cycles avoided a mean stress at
the lower strain amplitude level [16].

Experimental test conditions and results for the step tests
are gathered in Table 3, where tests are grouped by test

Control mode &, /¢a, (%)  &m, [em, (%) miiny

04, /00y, MP) Gy, /0y, (MPa) Dy/D; (e-N or S-N) XD (¢-N or S-N) XD (ES)

Strain 1.00/0.300 —0.01/0.00  107/57,306 389/265
Strain 1.00/0.300 —0.01/0.00  107/66,606 388/262
Strain 1.00/0.300 —0.01/0.00  530/34,597 415/290
Strain 1.00/0.300 0.00/0.00  530/31,332 416/289
Load 1.03/0.229 1.78/1.28  212/215,932 424/278
Load 1.08/0.228 2.59/2.05 212/227,745 428/280

0.5/0.5 0.10/0.14 0.24 0.70
0.9/1.2 0.10/0.16 0.26 0.79
0.8/2.0 0.50/0.08 0.58 1.00
0.4/1.1 0.50/0.07 0.57 0.96
4.3/0.6 0.20/9.90 10.10 0.82
4.7/0.6 0.20/10.44 10.64 0.87
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Fig. 8 Stress responses from strain-controlled high-low (H-L) step
tests (a), and strain responses from load-controlled H-L step tests (b),
as a function of number of cycles. Fully reversed (FR) constant
amplitude (CA) response is also shown as reference for comparison
with the second step

control mode. Stress or strain values listed represent the
stabilized response, and damage ratios were calculated

strain-life, or FS-life), as specified. LDR for the two-level
step tests is represented by:

ny

n

+—== (2)
Ny Ny

Significant hardening was observed at the lower level as
shown in Fig. 8. This figure represents the stress response
in strain control (Fig. 8a) and strain response in load con-
trol (Fig. 8b) for high—low step tests. For comparison
purposes, constant amplitude fully reversed responses are
also presented. The amount of hardening increased with
increasing the number of cycles applied at the higher level.
In load control, hardening led to a reduction in strain
amplitude of the second level.

With regards to fatigue life, load sequence effect was
observed. Cycle ratios calculated with the LDR based on
strain—life curve for strain-controlled tests and stress—life
curve for load-controlled tests can be seen in Fig. 9 and
Table 3. As can be seen, shorter lives were obtained in
strain-controlled tests, as compared to load-controlled tests.

Microcracks initiated during the first higher level and
grow during the lower second step. Microcracks mentioned
here are small cracks and do not affect the overall
mechanical behavior of the material. Most cracks were
perpendicular to the loading direction, and were about one
hundred to several hundred micrometers long. Numerous
cracks were observed.

Although similar trends in hardening behavior were
observed in strain control and load control, the control
mode had a strong influence on the outcome of the step
tests (similar to pre-strain tests previously discussed).
In strain control, hardening induced by the first strain level
led to smaller cycle ratios (i.e., shorter lives) due to higher

using the LDR, with different approaches (i.e., stress-life,  stress amplitudes at the second strain level. In
Fig. 9 Cycle ratios in high-low (a)Ls (b) 15
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Fig. 10 Loading history used for random loading tests

load-controlled tests, however, the hardening induced by the
first load level resulted in smaller strain amplitude at the
second load level, leading to larger cycle ratios, as shown in
Fig. 9a. Cycle ratios referred to here were calculated using
the common approach of utilizing LDR with a strain-life
curve in strain control, or with a stress—life curve in load
control. This type of damage accumulation calculation can
lead to erroneous conclusions, however, as high—-low (H-L)
sequence fatigue life is over-predicted in strain control and
under-predicted in load control. To circumvent this short-
coming, parameters including both stress and strain, such as
FS or SWT parameters can be used for damage accumula-
tion calculations. The LDR was used with the FS parameter
with results presented in Fig. 9b. Significant improvement is
observed using the FS parameter. As seen in Table 3 and
Fig. 9b, damage ratios for these tests are closer to unity
using the FS parameter. Neither the strain—life nor the
stress—life approach account for the hardening due to the
higher load level in H-L step tests.

Table 4 Summary of random loading tests results

Random loading tests

For RL tests, the loading history used is shown in Fig. 10,
which was Rainflow cycle counted. The history was
amplified to reach the desired maximum and minimum
strain or stress values in the block as presented in Table 4.
RL tests were conducted on virgin, as well as on pre-
strained specimens, and in both strain control and load
control.

For pre-strained tests, higher stress amplitudes (by about
10%) were observed in strain control and fatigue lives were
shorter (by more than a factor of 4) than the virgin material
test at the same strain level. However, in load control, pre-
hardening led to a reduction in strain amplitude (by 50%)
compared to the virgin specimen test and a significant
increase in fatigue life (by more than a factor of 7).

Damage accumulation was computed using LDR com-
bined with strain-life, stress—life, and FS curves. Life
predictions are presented in Table 4 and also in Fig. 11,
where predicted versus experimental lives are plotted.
Scatter bands of £2 and £5 are also shown in Fig. 11.
As can be seen, the FS parameter improves the predictions
as compared to the more common strain-life or stress—life
approach. This is due to strong deformation history effect
in stainless steel 304L, where including both stress and
strain in damage calculations leads to more accurate
results.

Conclusions
(1) Significant cyclic hardening is observed for stainless

steel 304L, leading to cyclic deformation response of
this material to be strongly affected by prior higher

Test control Emax Emin Omax Omin
mode (%) (%) (MPa)  (MPa)

Experimental number
of blocks to failure

Predicted number
of blocks to failure (FS-N)

Predicted number of blocks
to failure (¢e-~N or S—-N)

Virgin specimens

Strain 0995 —1.00 410 —403 230
Strain 1.00 —1.00 406 —398 243
Strain 0497 —0494 315 —313 2,998
Strain 0498 —0.496 302 —296 2,688
Strain 0.290 —0.289 273 —273 >103,242
Load 0.635 —0.194 284 —278 13,870
Load 0409 —0.393 278 —273 14,892
Pre-strained® specimens
Strain 0287 —0.286 307 —297 26,550
Strain 0288 —0.287 308 —296 21,144
Load —0.084 —0.487 281 —-279  >100,000

233 198
235 202
4,181 3,101
4,110 3,248
145,254 77,100
8,348 14,258
10,264 17,707
155,233 61,864
152,711 61,279
8,126 767,000

? For pre-strained tests, 10 cycles at 2% strain amplitude were applied
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Fig. 11 Predicted versus experimental lives using LDR (a) strain-life
or stress—life curve and (b) FS curve

2)

3)

“4)

amplitude cycles (i.e., strong deformation history
effect).

Load-controlled test fatigue lives were similar to
strain-controlled test fatigue lives, showing no effect
of the load control mode on fully reversed fatigue
behavior.

In strain-controlled mean strain tests, due to the
considerable amount of plasticity the mean stress
relaxed to very small values during the first few
percent of the fatigue life. In spite of mean stress
relaxation and contrary to expectations, fatigue lives
of tensile mean strain tests were much shorter and
fatigue lives of compressive mean strain tests were
much longer than those in fully reversed tests.

The effect of PS on fatigue life was dependent on the
test control mode. PS led to significantly shorter life

&)

(6)

(7

in strain-controlled tests, but significantly longer life
in load-controlled test, as compared with the virgin
material. These observations were made in both
constant amplitude as well as in RL tests.

Strong ferro-magnetic properties, typically associated
with martensitic transformation and believed to result
from accumulation of plastic strain, were observed for
specimens with or without secondary hardening.
Micro-hardness measurements revealed strong heter-
ogeneity of the gage section, attributed to such
transformation. However, secondary hardening may
be due to the formation of an alternate structure,
rather than or in addition to the martensitic transfor-
mation. PS can induce sufficient initial hardening to
prevent or hinder additional alterations of the
microstructure.

In H-L step tests, significant hardening was observed
at the lower step level. The level of hardening
increased with increasing the number of cycles
applied at the higher level. Due to significant
hardening resulting from the high level, test control
mode had a strong influence on fatigue life. Load-
controlled tests presented much longer lives than
strain-controlled tests.

Due to significant hardening and strong deformation
history effects, a fatigue life parameter with both
stress and strain terms is necessary to correlate the
stainless steel data with deformation history effects.
While the conventional strain—life or stress—life
curves can result in inaccurate life predictions, the
FS parameter as such a parameter was shown to lead
to significantly better fatigue life correlations.

References

10.
11.

12.

. Lieurade HP, Ribes A, Bollinger E (1986) Mém Etudes Sci Rev

Meétall 83:547

. Baudry G, Pineau A (1977) Mater Sci Eng 28:229
. Gerland M, Alain R, Ait Saadi B, Mendez J (1997) Mater Sci Eng

A229:68

. Khan Z, Ahmed M (1996) J Mater Eng Perform 5:201
. Lehéricy Y, Mendez J (2006) In: 9th International fatigue con-

gress, Atlanta, GA

. Stephens RI, Fatemi A, Stephens RR, Fuchs HO (2000) Metal

fatigue in engineering. Wiley Inter-Science, New York

. Fatemi A, Yang L (1998) Int J Fatigue 20:9
. Colin J, Fatemi A, Taheri S (2010) J Eng Mater Technol Trans

ASME 132(2):021008

. Colin J, Fatemi A (2010) J Fatigue Fract Eng Mater Struct

33(4):205

Smith KN, Watson P, Topper TH (1970) J Mater 5:767

Fatemi A, Socie DF (1988) Fatigue Fract Eng Mater Struct
11:149

Lebedev AA, Kosarchuk VV (2000) Int J Plast 16:749

@ Springer



154 J Mater Sci (2011) 46:145-154

13. Kaleta J, Zietek G (1998) Fatigue Fract Eng Mater Struct 21:955 15. Nagy E, Mertinger V, Tranta F, Solyom J (2004) Mater Sci Eng
14. Krauss G (2005) Steels: processing, structure, and performance, A 378:308
3rd edn. ASM International, Materials Park, p 508 16. Qian J, Fatemi A (1995) Int J Fatigue 17:15

@ Springer



	Cyclic hardening and fatigue behavior of stainless steel 304L
	Abstract
	Introduction
	Cyclic deformation behavior
	Constant amplitude fatigue behavior
	Mean strain effects
	Pre-straining effects
	Fatigue life correlations

	Secondary hardening
	Variable amplitude fatigue behavior
	High--low (H--L) sequence step tests
	Random loading tests

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


