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Abstract: Accurate fatigue life prediction is essential for ensuring the reliability of engineering designs,
particularly under thermo-mechanical fatigue conditions. This study focuses on investigating the
isothermal and thermo-mechanical low-cycle fatigue of 316 FR stainless steel using finite element
analysis in ABAQUS. The research evaluates the accuracy of fatigue life prediction using the total
strain energy density-based approach, including Masing and non-Masing methods. The predicted
results, when compared with experimental data, highlight the high accuracy of FEA in replicating
cyclic behavior under both loading conditions. Additionally, the non-Masing method exhibits the
highest accuracy for fatigue life prediction, particularly under isothermal loading conditions.

Keywords: thermo-mechanical fatigue; isothermal fatigue; finite element analysis; Masing and
non-Masing methods; 316 FR stainless steel

1. Introduction

In the nuclear power industry, many components are built to operate at extreme
temperatures such as those found in advanced reactor systems. Basically, repetitive heating
and cooling cycles during start-up and shut down operations cause these components
to be subjected to complex combined thermal and mechanical stresses. These thermo-
mechanical fatigue (TMF) cycles induce microscopic damage in the material, ultimately
leading to crack initiation and propagation and, finally, structural failure, which underlines
the importance of understanding TMF behavior in nuclear power systems to ensure their
long-term reliability and safety.

Researchers have devoted considerable effort to developing fatigue life equations to
accurately estimate the life of components subjected to low cycle fatigue (LCF) and TMF
conditions. Among the most widely recognized models for estimating fatigue life are the
damage summation model [1], the ductility exhaustion model [2], the frequency separation
model [3], the strain range distribution model [4], and the strain energy distribution
model [5]. Another commonly used fatigue life model is the total strain energy density-
based model developed by Golos and Ellyin [6], which is applicable to both low- and
high-cycle fatigue regimes, as well as to materials exhibiting both Masing and non-Masing
behavior. A detailed explanation of these models can be found in reference [7,8]. To ensure
accurate fatigue life estimation, the accurate prediction of stress—strain data is required,
and finite elements analysis (FEA) is one of the widely used techniques for this purpose
owing to its accuracy and effectiveness [8,9].

Generally, robust materials with excellent mechanical and thermal properties are essential
to withstand repetitive loads in these components. 316 FR stainless steel stands out as an
ideal choice for such applications, due to its exceptional mechanical, thermal, and low-cycle
fatigue properties at elevated temperatures. In recent years, numerous research studies
have been conducted to evaluate the sustainability of 316 SS at room temperature [8-11].
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However, relatively few research efforts have been dedicated to investigating the fatigue
behavior of this material at higher cyclic temperatures. For instance, Hormozi [7] recently
conducted comprehensive experimental and numerical investigations on isothermal and
in-phase thermo-mechanical low-cycle fatigue of 316 FR SS, both with and without hold
time. Through a combination of LCF and TMF tests, the author generated substantial results
related to stress—strain data, cyclic plasticity behavior, and creep-fatigue damage evolution.
Abarkan et al. [12] recently performed a numerical study on the cycle behavior of 316 FR
SS and tested the accuracy of several fatigue life prediction models under LCF, contributing
valuable insights to the understanding of this material performance.

In the literature, numerous articles have focused on evaluating the accuracy of fatigue life
prediction models for 316 SS, with particular emphasis on some noteworthy contributions [8].
However, only a limited number of studies have been dedicated to investigating the accuracy
of fatigue life prediction models for this material under thermo-mechanical fatigue (TMF)
conditions. Consequently, this research paper aims to investigate the cyclic behavior of 316 FR
SS. The numerical cyclic stress—strain response is compared with the test data from [7] to
assess the accuracy of FEA. Furthermore, fatigue life predictions are made for several strain
amplitudes under both LCF and TMF conditions, using the total strain energy density with
both Masing and non-Masing approaches. The estimated fatigue lives are then compared
with the test data provided by Hormozi [7] to assess the accuracy of these predictive models.

2. Experimental Setup

Hormozi [7] performed fully reversed uniaxial low-cycle tests, without a dwell period,
on seven polished cylindrical specimens. These specimens had a gauge length of 8 mm and
a gauge diameter of 12.5 mm, as shown in Figure 1. The TMF tests were carried out under
three different applied mechanical strain amplitudes: £0.4%, £0.8%, and +1.0%, within a
temperature range of 500-650 °C, whereas the isothermal LCF experiments were performed
under four different mechanical strain amplitudes, namely +0.4%, £0.8%, £1.0%, and
£1.2%, at a constant temperature of 650 °C. All tests were conducted in an air environment
at a consistent frequency of 0.01 Hz. Figure 2 illustrates the loading wave shape for both the
TMF and isothermal LCF tests when the mechanical strain amplitude is 4= 0.4%. Figure 3
illustrates the experimental configuration used for both LCF and TMF loading conditions.
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Figure 1. Geometry of the TMF and LCF specimens (all dimensions in millimeters).
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Figure 2. Illustrative representation of the applied loading wave shape for (a) isothermal and (b) TMF
loading.
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Figure 3. Experimental setup for the TMF and LCF tests, with (a) representing the testing unit and
(b) depicting the extensometer setup [7].

3. Finite Element Analysis

Finite element analysis (FEA) was performed on eight cylindrical specimens using
ABAQUS/Standard software [13]. To reduce the computational effort and time required for
FEA, A 2D-axisymmetric model with a 4 mm radius and 6.25 mm height was developed
to replicate the gauge section of the samples under investigation, where the extensometer
ceramic arms were positioned for the LCF and TMF experiments [7]. Symmetry boundary
conditions were applied along the gauge length and gauge diameter, with prescribed cyclic
displacement at the higher extremity of the 2D part, as shown in Figure 4.

Applied displacement——t ¢

Figure 4. Representation of boundary conditions and prescribed displacement in ABAQUS.

CAX4R elements were selected for meshing, and a mesh sensitivity analysis was
conducted to ensure that the mesh size was sufficiently small and that the results were
convergent; it was found that 0.5 mm is a suitable mesh size. In addition, a fixed tem-
perature was set at 650 °C for isothermal LCF, while it ranged from 500 to 650 °C for the
TMF analysis. Kinematic and isotropic plasticity data, as presented in Figure 5, along with
the material parameters detailed in Table 1, were implemented in the property section of
ABAQUS to demonstrate the translation of the yield surface throughout the stress space
(i.e., the Bauschinger effect) as well as its change in size.
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Figure 5. Plasticity characterization for (a) non-linear kinematic and (b) isotropic hardening data of
316 FR SS, at 500 and 650 °C, for a mechanical strain amplitude of +1.0% [7].

Table 1. Material parameters of 316 FR SS at 500 and 650 °C [7].

Temperature Young's Modulus Yield Strength Thermal Conductivity Thermal Expansion
(@) (GPa) (MPa) (Wm-1°C-1) (10— °C-1)
500 165 145 20.8 20.21
650 160 100 20 21

4. Results & Discussion
4.1. Cyclic Stress—Strain Behavior

The numerical hysteresis loops obtained at a £0.4% mechanical strain amplitude
for LCF and TMF were compared to the experimental ones provided by Hormozi [7]. As
depicted in Figure 6, the numerically determined hysteresis loops are in excellent agreement
with the experimental results for both LCF and TME. Consequently, the generated finite
element data is accurate and can be effectively employed for predicting the isothermal and
thermochemical low cycle fatigue life of 316 FR SS.
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Figure 6. A comparison between the numerically obtained first hysteresis loop and the experimental
one provided by Hormozi [7] for (a) LCF and (b) TME.
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4.2. Total Strain Energy Density-Based Fatigue Life Prediction

The fatigue life can be estimated in terms of cyclic strain energy density. The total
strain energy density criteria AW' [6] incorporates both the plastic strain energy density
AWP and the elastic strain energy density AW®, which is related to the tensile mode that
promotes fatigue crack growth. This is expressed as follows:

AW! = AWP + AW (1)
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The total strain energy density AW!, as well as the plastic AWP and elastic AW¢ strain
energy densities, are calculated for different applied mechanical strain amplitudes using
the stabilized hysteresis loops obtained numerically. The results for the total strain energy
density obtained from LCF and TMF analyses are presented in Table 2. As indicated in
the table, the calculated total strain energy density falls within an error range of 6.08 and
22.29% for the LCF analysis with respect to the test data, while the total strain energy
density error under TMF conditions ranges from 0.27 to 31.80%.

Table 2. The obtained total strain energy density for LCF and TMF analyses.

Strain Amplitude (%) LCF TMF
AWy AWy %Error AWy AWy, %Error
0.4 2.14 1.75 22.29 3.64 3.63 0.27
0.8 6.29 5.78 8.82 8.21 7.39 11.10
1 8.90 8.39 6.08 11.44 8.68 31.80
1.2 11.31 10.21 10.77 - - -

Strain energy in MPa per unit volume.

Fatigue life can be determined using the total strain energy density parameter [6]
through both Masing and non-Masing analyses. The characterization of each of these
two material behaviors, Masing and non-Masing, is extensively discussed in the article by
Abarkan et al. [8]. In the case of Masing behavior, the expressions for the plastic and elastic
strain energy density are, respectively as follows [6]:

p_ 1—n'
AWP = T AcAep )
1 (Ao 2

Here, Ao represents the stress range, 0y, is the mean stress at saturation, and n' is the
cyclic strain hardening exponent. By substituting Equations (2) and (3) into Equation (1),
one can derive the following expression:

1—n 1 /Ao 2
t __ | ==
AW! = (1+n,>A0Asp+2E( 5 +am) @)

Additionally, Coffin and Manson [14,15] and Basquin [16] introduced linear equations
on the log-log scale in the low and high cycle regimes, respectively, as follows:

tep =265 (Nf)° 5)

Ao =20'; (Nf)b )

where ¢’ ¢ and b represent the fatigue strength coefficient and the fatigue strength exponent,
respectively. &' and c are the fatigue ductility coefficient and fatigue ductility exponent,
respectively. Ao is the stress range, Ae) is the plastic strain range, and Ny is the fatigue life.
Moreover, the fatigue strength and ductility exponent can be approximated to the cyclic
strain hardening exponent by the following equations [17]:

!/

~ —n
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By substituting Equations (5)—(8) into (4), one can obtain the following expression form.
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The calculation of the fatigue life Ny using the total strain energy density AW'! based
on Masing behavior analysis can be performed using Equation (9). The values of each of
the empirical parameters ¢’ fr 4 fr b, and c, were determined through the least square fitting
technique applied to the experimental data at 650 °C. These values are presented in Table 3.
It should be noted that the LCF simulations resulted in negligible mean stress values, while
TMF simulations yielded small compressive mean stresses of —12.5 MPa, —17.5 MPa, and
—18 MPa for +0.4%, £0.8%, and +1.0% mechanical strain amplitudes, respectively.

1 2
4+ —

5F )

b4 c—b
AW —4(Tf£f(c+b

Table 3. Cyclic properties of 316FR SS at 650 °C.

Cyclic Cyclic Strain Fatigue Fatigue Fatigue Fatigue
Strength Hardening Strength Strength Ductility Ductility
Coefficient Exponent Coefficient Exponent Coefficient Exponent
K'(MPa) n o's (MPa) b s c
1171.2 0.3006 791.05 —0.178 0.5361 —0.767

As demonstrated in Figure 7a, 316 FR SS does not exhibit Masing behavior at 650 °C
because the tensile portions of the experimental saturated hysteresis loops do not align
on a common curve. Therefore, a master curve was constructed by adjusting the position
of the saturated hysteresis loops for each applied mechanical strain amplitude in such a
way that the tensile segments of the hysteresis loops overlap and all conform to a common
curve, as illustrated in Figure 7b. For non-Masing analysis, the plastic strain energy density
AWP is expressed as follows:

1—n

1+n (10)

AWP = ( ) (Ao — 609)Aey + dopAey
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Figure 7. (a) Experimental saturated hysteresis loops provided by Hormozi [7] after aligning com-
pressive tips at the origin, (b) generation of the master curve for non-Masing behavior for 316 FR SS
at 650 °C.

The obtained values of the strain hardening coefficient K and cyclic hardening exponent n
for the master curve at 650 °C, determined through least square regression, are 687.39 MPa and
0.0877, respectively. Additionally, the values of the change in the proportional limit of stable
hysteresis loops, dop, for £0.4%, £0.8%, and +1.0% mechanical strain amplitudes are 0.92,
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and 122 MPa, respectively. By substituting Equations (3), (5), (6) and (10) into Equation (1),
the following expression can be derived [6]:

AW! — 40'/f5/f<1_7_2) (Nf)HC + (1Tn>5aos'f(Nf)c + % [U’f(Nf)h —i—tTmr (11)

Therefore, Equation (11) is utilized to predict the number of cycles to failure using
non-Masing analysis, both under isothermal and in-phase thermo-mechanical fatigue
loading conditions.

The estimated isothermal and thermo-mechanical fatigue life under +0.4%, £0.8%,
£1.0%, and £1.2% applied mechanical strain amplitudes, using Masing and non-Masing
methods (i.e., Equations (9) and (11), respectively), were compared against the experimental
results. As depicted in Figure 8, the obtained predictions for low-cycle fatigue and thermo-
mechanical fatigue life from both equations are conservative. In other words, the predicted
LCF and TMF life using Masing analysis are within a factor of 1.5 and 3.5, respectively,
while in the case of non-Masing analysis, they are close to a factor of 1 and 2.5, respectively.
Even with the use of these two analyses, conservative life predictions were observed for
both LCF and TMF conditions. The present results demonstrate that both Masing and
non-Masing analyses provide better estimates of cyclic life under LCF compared to TMF
conditions, with the non-Masing model yielding a more realistic estimation. The same
pattern was identified in the study conducted by Abarkan et al. [8] regarding the low-cycle
fatigue (LCF) of 316LN stainless steel at room temperature. Their findings indicated that
fatigue life predictions derived from non-Masing models exhibited better agreement with
experimental results than those produced by the Masing model, for both high and low
strain amplitudes, and that the Masing model yields conservative fatigue life estimates,
whereas the non-Masing model offers a more accurate prediction of fatigue life.
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Figure 8. Comparison between the predicted fatigue life through Masing and non-Masing analyses
and the experimental data (a) under LCF and (b) under TMF.

5. Conclusions

In this study, the low cycle fatigue life has been predicted under isothermal and in-phase
thermo-mechanical fatigue at various strain amplitude levels using the total strain energy
density approach with both Masing and non-Masing methods. These predictions have been
compared to experimental data to assess their accuracy, and the following conclusions and
remarks have been made: (1) the cyclic stress—strain response was accurately replicated by
finite element analysis (FEA), providing satisfactory results for the total strain energy density
for both loading conditions; (2) the fatigue life equation parameters, determined through
least square regression analysis, have been provided; (3) the non-Masing method was found
to achieve the most accurate fatigue life predictions when compared to the Masing method,
demonstrating higher accuracy for isothermal loading compared to TME
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