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ABSTRACT 

In this study, the cyclic deformation behavior and fatigue 
life of AISI 304 stainless steel with or without mean strains 
were studied experimentally.  In the case of fully reversal 
cyclic straining, it is found that there is no virtually difference 
between the cyclic stress response curves in tension and in 
compression at strain amplitude of higher than 0.30%.  At the 
controlled strain amplitude of 0.25% and 0.30%, the two cy-
clic stress response curves are separated quite widely.  The 
degree of asymmetry can be attributed to the anisotropic be-
havior of AISI 304 stainless steel.  Further, the experimental 
results indicate that AISI 304 stainless steel has a cyclic sof-
tening characteristic and exhibits Massing behavior at con-
trolled strains amplitudes of higher than 0.35%.  Meanwhile, 
in investigating the influences of mean strain on the cyclic 
deformation behavior and fatigue life, a cyclic-dependent 
relaxation of the mean stress occurs and the stable mean stress 
exerts a relatively greater effect on the fatigue life.  In this 
study, both damage parameters are applied to the predictions 
of fatigue life in term of life prediction.  From a comparison 
between the experimental and the predicted fatigue life, the 
both damage parameters provide reasonable life predictions 
and found that the (σmaxεa)p parameter possess a better ability 
than the SWT damage parameter. 

I. INTRODUCTION 

The material properties obtained from fully-reversed fa-
tigue testing under total strain-controlled conditions are of 
fundamental importance when designing components which 

are expected to experience repeated loading during their ser-
vice lives many studies [3-5, 9, 12, 14, 17-18, 21, 23-24] have 
been performed to investigate the cyclic response of materials 
subjected to cyclic inelastic loading.  However, most service 
applications involve non-zero mean cyclic straining or stresses.  
Consequently, the effects of non-zero mean strain or stress on 
the fatigue resistance of a material must be taken into account 
when modeling the response of machine components under 
normal operating conditions or in the event of an accident.  
However, most service applications involve non-zero mean 
cyclic straining or stresses.  Consequently, the effects of 
non-zero mean strain or stress on the fatigue resistance of a 
material must be taken into account.  In the case of an applied 
tensile mean stress, the fatigue life is found to reduce and the 
degree of the mean stress effect on the fatigue life is governed 
by the magnitude of the mean stress.  Furthermore, in the 
strain-controlled case, a cyclic-dependent relaxation of the 
mean stress is observed when the specimen is subjected to 
asymmetric cyclic straining.  It has been reported that the 
degree of relaxation of the mean stress depends on the com-
bined effects of the mean strain component and the alternating 
strain component [2].  Several studies [6, 11-12, 15, 25] have 
shown that the effect of mean strain on the fatigue life is de-
termined primarily by the presence (or absence) of a stable 
non-zero mean stress.  In term of fatigue life prediction, sev-
eral empirical expressions have been proposed when a mean 
stress effect is present [7-8, 19, 22, 26].  In those proposed 
expressions, the Smith, Watson and Topper model (commonly 
referred to as the SWT model) is most widely applied since it 
is generally successful in predicting the effects of mean 
stress/strain on the low and high cycle fatigue response of a 
variety of materials [1, 13, 15-16, 20, 25].  The SWT model 
assumes that the fatigue life under any mean stress condition 
depends on the product of stable maximum stress and strain 
amplitude, σmax εa, (defined as the SWT parameter) and is same 
as for fully reversed loading when the product has the same 
value.  In this paper, the fatigue response of AISI 304 stainless 
steel is observed under various combinations of alternating 
and mean strain.  Simultaneously, the SWT parameter and 
plastic strain energy in the SWT parameter, (σmaxεa)p, are ap 
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Table 1. Chemical composition of AISI 304 stainless steel 
(weight %). 

C Si Mn P C 
0.05 0.33 1.73 0.032 0.05 
Si Mn P Fe  

0.33 1.73 0.032 bal.  
 
 

Table 2. Summary of mean value of the experimental data 
obtained from fully-reversed fatigue tests for 
AISI 304 stainless steel. 

εa σmean 100(σmax εa) 100(σmax εa)p Nf 

% MPa Mj/m3 Mj/m3 Cycles 
0.35 -0.91 125.45 60.96 40177 
0.40 0.74 144.27 79.18 22363 
0.45 -1.52 166.19 96.68 12601 
0.50 0.47 187.47 119.17 8862 
0.60 0.77 229.73 159.02 4803 
0.70 -0.62 278.78 204.59 2631 
 
 

plied to develop fatigue life predictions for AISI 304 stainless 
steel.  The predicted fatigue life results are then compared with 
the experimental results. 

II. EXPREIMENTAL PROCEDUE 

This study analyzes the deformation behavior of AISI 304 
stainless steel cyclic straining with or without mean strains.  
Table 1 presents the chemical composition of the as-received 
AISI 304 stainless steel.  To investigate the effects of mean 
strain on the cyclic deformation behavior and fatigue resis-
tance of AISI 304 stainless steel, strain-controlled low cycle 
fatigue tests were conducted at mean strain levels of εm = 0.5%, 
0.2%, 0%, and –0.1%, respectively, with strain amplitudes 
ranging from 0.35% to 0.70%.  All fatigue tests are performed 
at a constant strain rate of 10-2 s-1 and a triangular waveform.  
Each fatigue test was continued until the specimen failed.  The 
fatigue life, Nf , of each specimen was defined as the number 
of applied cycles corresponding to a 10% reduction in the 
maximum load on the recorded cyclic-load-response curve.  
The longitudinal strain was measured continuously throughout 
each test using a longitudinal extensometer with a 25 mm edge 
separation clamped to the specimen.  Table 2 summarizes the 
experimental results obtained from the fully reversal fatigue 
tests at each of the specified strain levels.  The experimental 
results with a non-zero mean strain are summarized in Table 3.  

III. RESULTS 

1. Cyclic Deformation Behavior Under Symmetric Cyclic 
Straining 
Figures 1(a)-1(h) present the cyclic stress response curves 

for AISI 304 stainless steel under fully-reversed cyclic strain- 

Table 3. Summary of mean value of the experimental data 
obtained from fully-reversed fatigue tests for AISI 
304 stainless steel with imposed mean strain. 

εm σmean 100(σmax εa) 100(σmax εa) p Nf 
% MPa Mj/m3 Mj/m3 Cycles 

εa = 0.35 ( %) 
0.50 17.86 131.03 64.42 27708 
0.20 6.09 127.00 62.61 35528 
-0.20 -8.37 127.15 59.52 48622 

εa = 0.40 ( %) 
0.50 9.93 149.04 82.15 17581 
0.20 3.80 147.37 81.46 19773 
-0.20 -4.62 149.22 79.66 22031 

εa = 0.45 ( %) 
0.50 7.87 170.34 101.23 11734 
0.20 2.12 167.36 99.99 11290 

εa = 0.50 ( %) 
0.50 3.22 191.35 120.42 8171 
0.20 0.36 187.80 120.35 9406 
-0.20 -1.61 195.32 120.95 8734 

εa = 0.60 ( %) 
0.50 0.25 234.28 163.90 4694 
0.20 -0.06 233.47 161.82 4854 
-0.20 -1.54 239.76 163.85 5042 

εa = 0.70 ( %) 
-0.20 -2.08 286.70 208.00 2282 
 
 

ing at eight different total strain amplitudes.  These figures 
indicate that the peak stress increases rapidly in the first few 
cycles and then reduces gradually as an increasing number of 
cycles are applied.  Meanwhile, during the early stages of 
cycling, a cyclic softening behavior is evident and more sig-
nificant at higher total strain amplitudes.  To further analyze 
the symmetry between the cyclic stress response curves in 
tension and in compression, as shown in Figs. 1(a)-1(h), the 
relevant peak stress data in absolute value form is plotted 
against the corresponding number of fatigue cycles at various 
total strain amplitudes.  In Figs. 1(a) and 1(b), it can be seen 
that the two cyclic stress response curves are separated quite 
widely and it is evident that the cyclic stress response curve in 
compression is higher than that in tension.  The separation be-
tween the two curves is smaller at a strain amplitude of 0.30% 
compared to a strain amplitude of 0.25%.  Hence, it can be 
inferred that the anisotropic mechanical response of AISI 304 
stainless steel can be not neglected during cyclic deformation 
performed at controlled total strain amplitudes of 0.25% and 
0.30%.  Simultaneously, it can be seen that the degree of 
asymmetry depends on the magnitude of the total strain ampli-
tude.  Furthermore, Figs. 1(c)-1(h) show that there is virtually 
no difference between the cyclic stress response curves in ten-
sion and those in compression.  The observations above indicate 
that the stable hysteresis loops for AISI 304 stainless steel are 
almost symmetrical with respect to their tension and com- 
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Fig. 1. *Stress response curves showing variations of tensile and compressive stress with number of cycles for AISI 304 stainless steel at strain ampli-

tudes of: (a) 0.25%, (b) 0.30%, (c) 0.35%, (d) 0.40%, (e) 0.45%, (f) 0.50%, (g) 0.60%, and (h) 0.70%. 
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Fig. 2. Stable hysteresis loops for AISI 304 stainless steel plotted with 

shifted axes such that compressive tips coincide. 

 
pression branches in most of the current fatigue tests.  Figure 2 
presents the superimposed stable hysteresis loops with coin-
cident compressive tips.  It can be seen that the loading curves 
for all of the hysteresis loops other than that relating to a strain 
amplitude of 0.35% fall on approximately the same locus.  
Therefore, it can be concluded that AISI 304 stainless steel 
exhibits Massing behavior at all of the considered strain am-
plitudes other than that of 0.35%.  

Generally, the strain-life curve can be used in a strain-based 
approach to generate fatigue life predictions and constructed 
by relating the strain amplitude, εa , to the number of cycles to 
failure, Nf.  A simple power function is generally used to repre- 
sent the strain-fatigue life curve.  From an analysis of the 
present results, it is found that the relationship between the 
fatigue life and the total strain amplitude for AISI stainless 
steel is given by: 

 0.25685.1896( )a fNε −=  (1) 

Figure 3 show the simulated curve utilized (1) for the 
strain-life curve and experimental data pertaining to the cur-
rent fully-reversed cyclic fatigue tests.  It is apparent that a 
good agreement exists between the simulated curve and ex-
perimental data.  Noted that the plotted data values in Fig. 5 
are obtained by performing a mean value calculation on the 
results under same experimental conditions.  

2. Effects of Mean Strain on Cyclic Deformation and  
Fatigue Life  

Table 3 summarizes the strain amplitude, the mean strain 
level, the stable mean stress and the number of cycles to fail-
ure for each of the current fatigue tests performed with a 
non-zero mean strain.  Figure 4 shows the variation of the 
recorded peak stresses in tension and compression, and the 
variation of the calculated mean stress, with the number of 
cycles performed at a mean strain level of 0.50% and a total 
strain amplitude of 0.35%.  It is observed that the imposed  
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Fig. 3. Effects of non-zero mean strain on strain-life curve of AISI 304 

stainless steel. 
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mean strain causes a mean stress relaxation effect.  In this case, 
the stable mean stress does not fully relax.  Figure 5 illustrates 
the fatigue life of AISI 304 stainless steel at various values of 
stable mean stress under the action of an imposed mean strain.  
It is apparent that the imposed mean strain has almost no effect 
on the fatigue life when the relaxed stable mean stress ap-
proaches to the range from 5 MPa to –5 MPa.  However, if a 
stable non-zero mean stress exists other than the aforemen-
tioned stress range, the mean strain affects the fatigue life to an 
extent which is determined by the magnitude of the stable 
mean stress.  

IV. DISCUSSION 

1. Cyclic Stress-strain Curve and Stable Hysteresis Curve 
Determination 

Conventionally, the stable behavior of a material is repre-
sented by the hysteresis loops obtained at half fatigue life.  In  
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Fig. 5. Influence of stable mean stress on fatigue life of AISI 304 stainless 
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constructing the cyclic stress-strain curve, the hysteresis loops 
obtained from fatigue tests performed at various strain am-
plitudes are plotted on a single set of axes with their origins 
shifted to zero strain such that they are superimposed.  The 
locus of the tips of the individual stable hysteresis loops 
represents the cyclic stress-strain curve.  In other words, this 
linked curve indicates the correlation between the stress am-
plitude and the strain amplitude for cyclic loading.  If the 
tension and compression branches of the applied hysteresis 
loops are symmetrical, then the cyclic stress strain curves in 
tension and compression are symmetric about the origin of the 
axes.  The cyclic stress-strain curve is generally expressed as: 

 

*1/ n

a a
a E K

σ σε  = +  
 

 (2) 

The values of K and n* can be obtained from the simulated 
results for the cyclic stress-strain curve.  In this study, the 
value for K is 707.52 and for n* is 0.1108.  It is known that 
when Massing behavior is evident in a material, the 
stress-strain path for the stable hysteresis loops should have 
the same shape as the path obtained by expanding the cyclic 
stress-strain curve using a scaling factor of two.  Hence, the 
tension branch of the stable hysteresis loop is described by:  

 

*1/

2
2

n

E K

σ σε ∆ ∆ ∆ = +  
 

 (3) 

where the variables ∆ε and ∆σ represent the changes relative 
to the coordinate axes at either loop tip.  As shown in Fig. 2, a 
reasonably good agreement exists between the experimental 
and simulated results for the stable hysteresis loop in tension 
at all of the current strain amplitudes other than 0.35%.  The 
experimental and simulated results obtained for the monotonic  
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Fig. 6. Comparison of experimental and simulation results for mono-

tonic and Massing cyclic stress-strain curves for AISI 304 
stainless steel. 

 

 
tensile stress-strain curve and the Massing cyclic stress-strain 
curve are presented in Fig. 6.  It is apparent that a good agree- 
ment exists between the simulated and experimental curves.  It 
can also be seen that the monotonic tensile stress strain curve 
lies above the cyclic stress strain curve, which indicates a 
cyclic softening effect in AISI 304 stainless steel. 

2. Effects of Non-zero Mean Strain on Strain-life Curve 

Figure 3 plots the strain-life curves for zero and non-zero 
mean strains obtained from a log-log linear regression analysis 
of the strain amplitude with respect to the corresponding 
number of cycles to failure.  It can be seen that the degree of 
separation of the strain-life curves at different mean strain 
levels increases as the controlled strain amplitude reduces.  
This indicates that the degree of the imposed mean strain 
effect on the fatigue life becomes more significant at lower 
strain amplitudes, whereas the imposed mean strain has no 
obvious effect on the fatigue life at higher strain amplitudes. 

On the basis of the experimental results presented in Tables 
2 and 3, it is found that the mean stress relaxes to approxi-
mately zero at higher strain amplitudes.  This indicates that the 
fatigue life is not obviously affected by the applied mean strain 
when a stable nearly zero mean stress exists.  However, in 
some cases, the stable mean stress is not fully relaxed and 
hence the effect of the mean strain on the fatigue life becomes 
more pronounced.  Therefore, the stable mean stress induced 
by cyclic straining with an applied mean strain dominates the 
applied mean strain in terms of its effect on the fatigue life of 
AISI 304 stainless steel. 

3. Comparison of Experimental and Predicted Results 
Based on SWT Model 

This study uses the conventional SWT parameter, σmax εa, to 
predict the life of AISI 304 stainless steel subjected to cyclic 
deformation with mean strain.  The corresponding calculated  
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predicted fatigue life from (4). 

 
results of σmax εa for each fatigue test are presented in Tables 2 
and 3.  In applying the SWT model to fatigue life predictions, a 
fatigue life curve based on the SWT parameter for fully-re-
versed cyclic loading is necessary constructed.  From the 
experimental data presented in Table 2, the least-square fitted 
line for AISI 304 stainless steel based on the SWT parameter 
is found to be:  

 0.2938
max 27.30( )a fNσ ε −=  (4) 

As shown in Fig. 7(a), it can be seen that there is a rea-
sonable fit of the experimental data points.  Subsequently, Eq. 
(4) can also be used to predict the effect of the mean strain on 
the fatigue life, Nf , of AISI 304 stainless steel for the σmax εa 
values presented in Table 3.  Figure 7(b) compares the pre-
dicted life results with the corresponding experimental results.  
It can be seen that most of the data points fall within a factor of 
two scatter bands.  It is observed that the predicted data re-
lating to the compressive mean strain effect have a rela- 
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tively larger scatter than those relating to the tensile mean 
strain effect.  Consequently, it can be inferred that the SWT 
model provides satisfactory life predictions for AISI 304 
stainless steel under cyclic loading with a mean strain effect. 

3. Effect of Plastic Strain Energy on SWT Model 

Figure 8 plots two stable hysteresis loops obtained from 
fatigue tests performed with non-zero mean strain and zero 
mean strain, respectively, at the same strain amplitude.  The 
two loops are deliberately plotted with shifted axes such that 
their strain amplitude ranges coincide.  The area within a 
rectangle whose origin lies at point O, e.g.  OABC, represents 
the strain energy and can be regarded as the magnitude of the 
SWT parameter.  Meanwhile, the area enclosed within the 
curve OPBRO in Fig. 8 the plastic strain energy density, 
(σmaxεa)p, in the SWT parameter.  In the low cycle fatigue 
regime, it is observed that the plastic term (σmax εa)p is more 
pronounced and plays a key role in determining the fatigue life.  
From the SWT model perspective, the area within the rectan-
gle AA’BB’ in Fig. 9 represents the difference in strain energy 
density caused by the presence of stable tensile mean stresses 
induced by low cycle fatigue testing with a non-zero mean 
strain level.  Hence, this study also generates fatigue life pre-
dictions for AISI 304 stainless steel using the conventional 
SWT damage parameter when a mean strain or stress effect is 
present.  Furthermore, the results are then compared to those 
obtained using the fatigue parameter (σmaxεa)p in order to in-
vestigate the role of the fatigue parameter (σmaxεa)p in low 
cycle life estimations. 

As in (4), a fatigue life curve relating the parameter 
(σmaxεa)p to the corresponding fatigue life, Nf , via a coefficient 
and an exponent can be derived.  As before, the values of the 
coefficient and the exponent are established using the 
least-squares technique.  From the experimental data pre-
sented in Table 2, the fatigue life curve based on (σmaxεa)p for 
AISI 304 stainless steel is found to be: 
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Fig. 9 (a) Data and least-squares fitted line for damage parameter, 

(σmaxεa)p, versus cycles to failure, Nf.  (b) Comparison of experi-
mental and predicted fatigue life from (5). 

 

 0.4462
max( ) 68.38( )a p fNσ ε −=  (5) 

Figure 9(a) shows that a good agreement exists between the 
solid line obtained using (5) and the measured data acquired 
from the current fully-reversed fatigue tests.  Equation (5) can 
be used to predict the fatigue life data corresponding to the 
values of (σmax εa)p  presented in Table 3.  Figure 9(b) plots the 
calculated fatigue life results against the measured fatigue life 
data.  It is clear that (5) provides reasonable fatigue life pre-
dictions for AISI 304 stainless steel.  

In order to establish which of the two damage parameters 
provides the better prediction performance, this study applied 
a simple statistical procedure to calculate the standard devia-
tion of the fatigue life prediction errors of the two damage 
parameters.  The standard deviation of the prediction errors 
was calculated as: 

 
2

1

( )

1

n
i

i n=

∆ − ∆
Π =

−∑  (6) 

where ∆ represents the difference between the predicted result 
and the experimental value, and ∆  is the average value of all 
calculated ∆ for each presented in Table 3.  The calculated 
value of Π for the SWT damage parameter is 4472 and for the 
fatigue parameter (σmax εa)p is 3301.  Based on the calculated 
results for Π, it can be inferred that the (σmax εa)p parameter 
provides better life estimates than the σmax εa parameter.  

V. CONCLUSIONS 

This paper has presented an experimental investigation into 
cyclic deformation behavior of AISI 304 stainless steel.  Based 
on observations of the experimental results and simple statis-
tical analysis, the following conclusions can be drawn: 

 
1. At the strain amplitudes considered in this study, the cyclic 

stress response curves obtained for AISI 304 stainless steel 
exhibit either an initial cyclic hardening followed by sof-
tening, or continuous cyclic softening to fracture. 

2. At strain amplitudes of 0.25% and 0.30%, the cyclic stress 
response curves in compression are higher than those in 
tension.  The existence of asymmetry in both curves indi-
cates that the anisotropic mechanical response of AISI 304 
stainless steel must be taken into consideration during cy-
clic deformation at low strain amplitudes.  Moreover, both 
cyclic stress response curves in compression and in tension 
are found to be in good agreement other than the two strain 
amplitudes above. 

3. The experimental results show that AISI 304 stainless steel 
exhibits Massing behavior at controlled strains amplitudes 
of higher than 0.35%.  The monotonic tensile stress strain 
curve lies above the Massing cyclic stress strain curve.  
This provides an indication of the cyclic softening charac-
teristics of AISI 304 stainless steel.  

4. The stress relaxation is determined by the combined effect 
of the strain amplitude component and the mean strain 
component.  Additionally, the stable mean stress dominates 
the applied mean strain effect in determining the fatigue 
life. 

5. Statistical analysis reveals that the fatigue life results ob-
tained from the (σmax εa) p damage parameter are more ac-
curate than those obtained from the conventional SWT 
damage parameter, σmaxεa. 
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