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ABSTRACT
In this paper, low cycle fatigue life of CK45 steel and SS316 stainless steel under strain-
controlled loading are experimentally investigated. In addition, the impact of mean strain
and strain amplitude on the fatigue life and cyclic behavior of the materials are studied.
Furthermore, it is attempted to predict fatigue life using energy and SWT damage
parameters. The experimental results demonstrate that increase in strain amplitude
decreases fatigue life for both materials, strain amplitude has a remarkable effect on
fatigue life, and the impact of mean strain is approximately negligible. Furthermore, the
energy damage parameter provides more accurate prediction of fatigue life for both
materials.

© 2014 IAU, Arak Branch.All rights reserved.

Keywords: Low cycle fatigue; Damage parameter; CK45 steel; SS316 stainless steel;
Cyclic behavior

1 INTRODUCTION

NGINEERING structures are mostly under cyclic loadings. By the time loadings enter plastic regime low

cyclic fatigue phenomena take on added importance in designing the structures. Several studies have been
conducted to investigate and predict low cycle fatigue life of different materials. Yang [1] studied low cycle fatigue
life of CK45 steel in both strain-control and stress-control states and investigated the impact of strain amplitude and
mean strain. Date et al. [2] surveyed low cycle fatigue life of SS316FR steel under strain-control loading along with
variable mean strain, and the impact of ratcheting on the fatigue life. Moreover, several studies have been executed
for predicting low cycle fatigue life based on different models. In general, these models can be divided into two
categories [3,4] : equivalent strain/stress models and energy and work models.

The most applicable strain/stress based model is Coffin-Manson’s. Several researchers have used this method or
its optimized versions [5-7]. Energy-based models have also been employed by a number of researchers to predict
the fatigue life and to determine fatigue damage parameter for different types of steel and other materials. Halford
[8], based on plastic energy, attempted to analyze low cycle fatigue life of steels. Ellyin and Kujawski [9] offered an
energy criterion for predicting the fatigue life of different types of steel. Golos and Ellyin [10] developed a theory
for fatigue parameter, based on the total strain energy. Sugiura et al. [11] provided a model for estimating low
fatigue strength cycle of structural steel under multi-axial and non-proportional loading. In addition, a number of
studies have been performed to determine the low cycle fatigue life based on energy model for some types of
materials, such as 316 stainless steel [12], 2.25 Cr-IMo steel [13], extruded magnesium alloy [14], BS 460B and Bs
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500B steel bars [15], TiAl alloys [16] and high-strength structural steel [17]. In these studies, fatigue life prediction
has been done carefully based on energy method. Energy-method has not been used yet to predict the fatigue life of
CK45 steel and SS316 stainless steel. Additionally, the SWT damage parameter is compared with the energy
damage parameter, in this study.

The purpose of this survey is to investigate the fatigue life of two applicable steels in industry, CK45 steel and
SS316 stainless steel, under uniaxial cyclic loading in strain-control mode. In addition, the impact of strain
amplitude and mean strain parameters on the fatigue life and cyclic behavior of the material is studied. At the end,
the energy and SWT damage parameters were analyzed and compared to experimental results.

2 GEOMETRY AND MECHANICAL PROPERTIES OF THE MATERIAL

The specimens of fatigue experiments are considered in form of bars with gauge length of 30mm and diameter of
10mm (Fig. 1). The simple tensile test was conducted on these specimens using a servo-hydraulic fatigue testing
system (INSTRON 8802) at 0.01 mm/s displacement rate to determine tensile properties in room temperature. The
result is shown in Figs. 2 and 3. From Fig. 2 and 3 some basic mechanical properties could be measured such as
yield strength, tensile strength, Young's modulus and elongation. The measured values for both CK45 steel and
SS316 stainless steel are listed in Table 1. It is worth mentioning that in order to improve the measurement accuracy,
an extensometer was used at the middle of the specimens during experiments.
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Table 1
Mechanical properties of CK45 steel and SS316 stainless steel
Material Yield strength (MPa) Tensile strength (MPa) ~ Young's modulus (GPa) ~ Uniform elongation (%)
CK45 384 690 204 15
SS316 372 658 193 35

3 EXPERIMENTAL RESULTS AND DISCUSSION

The purpose of strain-control tests is to investigate the cyclic behavior and predict the fatigue life of present
materials based on energy and SWT parameters. All fatigue tests were performed using servo hydraulic fatigue
testing system (INSTRON 8802) under uniaxial cyclic loadings. In addition, the tests have been conducted at 10Hz
frequency. The servo hydraulic machine and the way they are placed in the machine are presented in Fig. 4.

Fig. 4

(a) Servo-hydraulic fatigue testing system (INSTRON
8802); (b) Close view of how the specimen is placed
between the jaws and connected to the extensometer.

3.1 Investigating the cyclic behavior of the materials

Figs. 5 and 6 demonstrates the cyclic hardening/softening behavior of Ck45 steel and SS316 stainless steel,
respectively. Form Fig. 5, it can be seen that for CK45 steel the cyclic behavior of the material at the strain
amplitude of 0.83% presents a high softening feature in initial cycles. The material then shows a stable cyclic
behavior. The cyclic behavior of the material varies by increasing the strain amplitude. In that, for strain amplitude
of 1.25%, for a little number of cycles (about 15 cycles) a high cyclic hardening occurs. Then, a cyclic softening
behavior occurs for approximately 200 cycles and a the material presents a slight hardening behavior up to the
failure. From Fig. 6, it can be seen that for SS316 stainless steel the stress amplitude increases with a rapid rate at
initial cycles and after that the material presents apparent cyclic softening behavior. It can be concluded from Fig. 6
that the cyclic softening/hardening behavior of SS316 stainless steel depends on strain amplitudes. When the strain
amplitude is relatively larger (1.25%) the material shows a relatively higher softening behavior. Therefore, it can be
concluded that for both materials, the cyclic softening/hardening features of materials are related to the strain
amplitudes. Therefore, for CK45 steel the cyclic behavior of material in the larger strain amplitude tend to change
from softening to hardening after several cycles. However, for SS316 stainless steel the cyclic behavior remains
softening for two different strain amplitudes after the peak values and the cyclic behavior of the material tend to
presents a relatively higher softening behavior for the larger strain amplitude. This difference between the cyclic
behaviors of the two materials is caused by the different material features such as structural and metallurgical
changes created in the material, which per se is a distinctive topic.
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3.2 Fatigue life

To study the effect of strain amplitude on the fatigue lives of the specimens, a number of experiments with constant
mean strain and different stress amplitudes have been carried out. The mean strain and strain amplitude as well as
the number of cycles to failure are listed in Table 2. It should be noted that the test numbers from C1 to C13 are
related to CK45 steel specimens and the test numbers from S1 to S13 are related to SS316 stainless steel specimens.
It is worth mentioning that the test numbers from C10 to C13 and S10 to S13 were performed in fully reversed
condition, which means, the values of mean strains were considered to be zero. These tests were used to study the
cyclic behavior of materials in order to avoid from the effects of relaxation, which usually occur under non-zero
mean strain condition, and also to correlate the fatigue lives by using the energy damage parameter and SWT
damage parameter. The energy damage parameter is based on the strain energy generated in cyclic loading and the
SWT damage parameter is based on the Smith R.N., Watson P., and Topper, T.H. relationship [5] that includes both
the cyclic strain range and the maximum stress, Omax€a. This model, commonly referred to as the SWT parameter,
was originally developed and continues to be used as a correction for mean stresses in uniaxial loading situations.
The two damage parameters and their equations are given in Section 3.2.1 in order to predict the fatigue life.

Figs. 7 and 8 depict the fatigue lives of the specimens versus the strain amplitude at constant mean strain for both
materials. As can be seen, for both materials the lives of the specimens decrease by increasing strain amplitude. This
decreasing trend is almost equal for different mean strains and the mean strain has a slight impact on this trend.
Hence, it can be concluded that the strain amplitude has a significant influence on fatigue life of specimens. Figs. 9
and 10 show the lives of the specimens to the mean strain at constant strain amplitude. As can be seen, the fatigue
life is approximately remained constant by increasing mean strain and the effect of the mean strain on the lives of
the specimens is almost ignorable for both materials. This behavior could be the result of quick relaxation and
consequently, not remaining tensile mean stress during cyclic loading in order to decrease the fatigue life. From Fig.
9 it can be seen that the lives of the CK45 steel specimens are slightly increased by increasing the mean strain.
However, from Fig. 10 it can be seen that the lives of the SS316 stainless steel specimens are slightly increased by
increasing the mean strain till mean strain of 1.25% and for larger mean strains the fatigue lives are slightly
decreased by increasing the mean strain.
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Table 2
The results of strain-control fatigue test and strain and fatigue damage parameter values obtained for Ck45 steel and SS316
stainless steel

Test No. €m (%) €a(%) AW, (Mj/m?) Omax€a(Mj/m?) N¢( Cycles)
C1 1.66 1.66 10.63 7.02 330
C2 1.66 1.25 5.52 443 780
C3 1.66 0.83 1.90 2.44 4729
C4 1.25 1.66 10.42 6.94 332
C5 1.25 1.25 7.41 4.21 479
C6 1.25 0.83 1.99 2.50 4678
C7 0.83 1.66 11.53 6.81 300
C8 0.83 1.25 5.96 4.01 398
C9 0.83 0.83 2.04 2.36 4014
C10 0 1.66 11.89 6.65 220
Cl1 0 1.25 5.90 391 625
Cl12 0 0.83 3.02 221 1748
C13 0 0.62 2.16 1.53 6264
S1 1.66 1.66 11.78 6.68 203
S2 1.66 1.25 5.25 4.16 560
S3 1.66 0.83 2.12 221 5255
S4 1.25 1.66 10.32 5.42 240
S5 1.25 1.25 5.58 4.16 846
S6 1.25 0.83 1.65 2.20 5551
S7 0.83 1.66 12.12 6.29 187
S8 0.83 1.25 6.78 4.01 398
S9 0.83 0.83 2.04 2.09 3709
S10 0 1.66 11.92 7.12 220
S11 0 1.25 6.19 4.21 489
S12 0 0.83 2.37 2.37 2903
S13 0 0.62 1.86 1.65 6264
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3.2.1 Predicting the fatigue life based on damage parameters

Different varieties of models can be used to predict the fatigue life. These models can be based on energy or
strain/stress criteria. The most common strain/stress based is SWT model. This model employs a series of material
specific constants to connect the fatigue life to the strain or stress in cyclic loading with mean stress or mean strain.
The SWT parameter [5] is given in Eq (1).

1-R 2
Our = \lo-maxo-a :O-max\/ 2 = o-a\/l_R (1)

where, oar is the equivalent fully reversed stress amplitude, omax iS the maximum stress, ca is the stress amplitude
and R is the stress ratio (R=0min/Omax). Based on Basquin’s equation [18], stress-life curve is assumed to follow
power relationship (Eq. (2)).

o, = 0'} (2N, )P 2

where Ny is cycles to failure and b, o5 are fitting constants which are determined from tests under zero mean stress,
also called fully reversed tests. In short fatigue life analysis, the strain amplitude &, is used to develop fatigue-life
curves by relating strain amplitude to the number of cycles to failure which is called Coffin-Manson equation
[19,20].

et =%(2Nf ) v (an,) 3
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where, AeP and Ae® are plastic and elastic strain range, & is the strain amplitude, E is the elastic modulus, b and ¢ are
empirical constants and ¢'r and €'r are the fatigue strength and the fatigue ductility, respectively. An extension of the
SWT parameter is defined by replacing 6. in Eq. (1) with &, .

r\2
O = = Lo, g (2 ) @

max~a max 2 E

where gma= Om+ Ga is the stable maximum stress, 4e¢ is the strain range, 2Nt is the number of reversals to failure. In
addition, the term omax &q is referred to SWT parameter.

In the energy method, the fatigue life of the material is associated with the strain energy generated over the
course of loading cycles until the failure. In a cyclic loading with a constant amplitude, the strain energy in each
cycle is equal to the sum of elastic strain energy and plastic strain energy, shown with Eq. (5) and Eq. (6) [8,10,21].

AW = AW, +AW, (5)

AW = Cf) ods, + (j) ods
‘ g (6)
cycle cycle
where, AW, AW., AW, e., and ¢, are, in turn, the total strain energy, elastic strain energy, plastic strain energy,
elastic strain, and plastic strain. The elastic and plastic strains can be written as following, assuming that strain
cyclic curves are in form of Ramberg-Osgood [22] :

b= )
E
gp — (%)l/n' (8)

where, n'and k' are constants of the material. Moreover, Eq. (9), given by Halford [8] , and Golos and Ellyin [10] ,
indicates the relationship between hysteresis strain energy and the number of reversals up to the failure.

AW =A(2N, )“ ©

In this Equation, A and « are the constants of the material denote, in turn, energy absorption capacity of the
material and fatigue exponent.

According to Eq. (6), the hysteresis strain energy generated in each cycle equates the enclosed area of the
hysteresis loop obtained from experimental strain-control tests. In this study, the energy damage parameter AW,
and the SWT damage parameter were used to predict fatigue life under strain control loading with mean strain. In
addition, the two model were compared with experimental results. Fig. 11 shows a graphical illumination of the two
damage parameter. As can be seen, the magnitude of the SWT and energy damage parameters are equal to the
enclosed areas within the curve OABCO and DBEFGHD, respectively. The calculated results for AW, and SWT
damage parameters are listed in Table 2. It should be noted that the hysteresis loop at half fatigue life was
considered to obtain the damage parameters for each test in a steady state.

Finally, by plotting the damage parameters versus fatigue life for fully reversed cyclic fatigue tests and by fitting
a curve the two following equations for predicting fatigue life curve based on SWT and energy damage parameter
AW, for CK45 steel were found.

-0.446
O =95.25(2N ) (10)
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-0.516
AW, = 246.42(2Nf)

(11

Similar procedure was carried out for SS316 stainless steel and two following equations for predicting fatigue
life curve based on SWT and energy damage parameter AW, were found.
)—0.411

O =80.12(2N 12)

-0.55
AW, =306.23(2N, ) 13)

To investigate the accuracy of the obtained equations, the number of experimental and predicted reversals to
failure by two equations for CK45 steel specimens are plotted in Figs. 12 and 13. From Fig. 12 it can be seen that
the energy damage parameter AW, appears to be accurate and all points fall inside the life factor 2 scatter bands.
From Fig. 13, it can be seen that for SWT damage parameter a few points lie outside the bands and the points have a
relatively larger scatter in comparison to the energy damage parameter. Hence, it can be concluded that the energy
damage parameter provides more accurate prediction of fatigue life for CK45 steel under strain-control cyclic
loading. Figs. 14 and 15 show comparison of experimental and predicted fatigue life by using energy and SWT
damage parameters for SS316 stainless steel. As can be seen, for both damage parameters, all data points fall within
the life factor 2 scatter bands. Although for a few experiments the data points for SWT damage parameter (Fig. 15)
fall near the scatter bands, both damage parameters present a relatively good correlation between the predicted and
the experimental fatigue lives.

O max€a=OABCO
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Fig. 11
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3.2.2 Prediction errors

Fig. 13

Comparison of experimental and predicted fatigue lives
based on SWT fatigue damage parameter, omar €« for
CK45 steel.

Fig. 14

Comparison of experimental and predicted fatigue lives
based on energy fatigue damage parameter, AW, for
SS316 stainless steel.

Fig. 15

Comparison of experimental and predicted fatigue lives
based on SWT fatigue damage parameter, Omax €« for
SS316 stainless steel.

In order to clarify the accuracy of the parameters more precisely, the standard deviation of the prediction errors is
calculated for both materials by using Eq. (14)
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Table 3
Calculated results of the standard deviation of the prediction errors for two damage parameters
Material 11 for AW, 1] for SWT
CK45 598 1174
SS316 510 876

where A is the difference between the predicted and experimental fatigue life, A is the average value of A and n
is the number of experiments. The calculated results for J] are listed in Table 3. for both damage parameters and
materials. From Table 3. it can be seen that the value of the standard deviation of the prediction errors for energy

damage parameter, AW, is less than the value of that for SWT damage parameter for both materials. Therefore,
this indicates that the energy damage parameter, AW, provides more accurate life prediction than the SWT
damage parameter for both CK45 steel and SS316 stainless steel.

4 CONCLUSIONS

Based on the experimental results presented in this work, it could be concluded that:

1.

The cyclic softening/hardening behavior of the both materials is related to the strain amplitudes. For CK45
steel specimens, full softening behavior is seen for small strain amplitudes. This behavior is in hardening
form for large strains in initial cycles (about 15 cycles), which then turns into softening behavior again.
After about 200 cycles, this behavior once more becomes softening till failure. For SS316 stainless steel the
stress amplitude increases with a rapid rate at initial cycles and after that the material presents apparent
cyclic softening behavior. The material shows a relatively higher softening behavior when the strain
amplitude is relatively larger.

The fatigue life decreased significantly as the strain amplitude was increased in constant mean strain for
both materials. In addition, for CK45 steel, increased mean strain slightly increase fatigue life and for
SS316 stainless steel, the fatigue lives are slightly increased by increasing the mean strain till mean strain
of 1.25% and after that the fatigue lives are slightly begun to decrease. In general, it can be concluded that
for the loading range which is presented in this study, the fatigue life is highly affected by the strain
amplitude and the effect of mean strain on it is almost ignorable.

The energy damage parameter provides more accurate prediction of fatigue life for CK45 steel and SS316
stainless steel under strain-control cyclic loading in comparison to SWT damage parameter.
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