
ORIGINAL RESEARCH ARTICLE

Tensile and Low Cycle Fatigue Response of SS321
at Room Temperature

Aakash, S.C.S.P. Kumar Krovvidi, G.V. Prasad Reddy, R. Kannan, S. Arun Kumar, S. Mahadevan, A. Nagesha, and A.K. Dureja

Submitted: 19 December 2023 / Revised: 5 April 2024 / Accepted: 13 May 2024

SS321 is a titanium-stabilized steel of the SS304 class of steels and is a candidate material for bellows. The
present study deals with the tensile and low cycle fatigue (LCF) behavior of the steel at room temperature.
The curve fitting of the true stress and true plastic strain data was found to follow the Ludwigson equation.
From the cyclic stress response, the material was found to exhibit secondary hardening due to the formation
of strain-induced martensite, which was quantified through x-ray diffraction. The LCF properties gener-
ated were used for establishing the isotropic and kinematic hardening parameters of the material, and the
same were validated based on the satisfactory prediction of the cyclic stress–strain hysteresis loops using
nonlinear finite element analysis.
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1. Introduction

Steels belonging to SS304 family of austenitic stainless
steels (ASSs) are widely used for the manufacture of pressure
vessels and piping system components operating below the
creep range of the material (475 �C). ASS is prone to
sensitization with an attendant problem of intergranular stress
corrosion cracking during welding or in service above 550 �C.
The problem is generally addressed by lowering the carbon
content or through the addition of stabilizers such as Nb or Ti to
the steel (Ref 1). SS321 is a titanium-stabilized form of SS304
steel, which possesses a higher strength compared to that of the
low carbon version (i.e., SS304L). SS321 steel is one of the
candidate materials for the bellows in the bellow-sealed valves
in light water nuclear power reactors (Fig. 1).

As bellows are manufactured by forming operation, material
properties such as uniform elongation, yield strength (YS),
ultimate tensile strength (UTS) and the plastic flow response of
the material are important (Ref 2). Bellows in critical systems
such as those in nuclear power plants need to be designed in
compliance with the design codes such as ASME boiler and
pressure vessel code/section-III or RCC-MR. The design as per
the codes follows ‘‘design by analysis’’, which requires the data
such as the design fatigue curve, cyclic stress–strain curve and

the constitutive parameters predicting the isotropic/kinematic
hardening of the material (Ref 3).

The family of SS304 steels is known to yield strain-induced
martensite (SIM) under tensile and low cycle fatigue (LCF)
loading at room temperature (Ref 4). The occurrence of
dynamic strain aging (DSA) under tensile loading of SS304L in
the temperature range of 400-700 �C was also reported (Ref 5).
Further, the tensile flow curve of SS304 has been found to
follow the Ludwigson fit (Ref 6) at room temperature. Under
strain-controlled cyclic loading, the SS321 is reported to exhibit
an initial hardening followed by cyclic saturation and sec-
ondary hardening, before the sudden drop in stress due to crack
propagation (Ref 7). Studies on SS321 exposed to cyclic
loading have also reported the formation of SIM using in situ
neutron diffraction stress analysis (Ref 8). Formation of SIM in
LCF loading at various temperatures in the range of 30 to
260 �C was also reported (Ref 9). It was observed that SIM
formation reduces exponentially with increase in temperature
and there was no significant effect of the strain rate on the SIM
formed during LCF testing (Ref 10).

The present investigation deals with the tensile and LCF
response of SS321 steel at room temperature. The motive of
this work is to generate the constitutive parameters defining the
isotropic and kinematic hardening of the material and thereby
predict the cyclic stress–strain behavior under LCF loading
through nonlinear inelastic finite element (FE) analysis of the
SS321 bellows.

2. Experimental

The specimens for this investigation were extracted from a
25-mm thick plate conforming to ASTM A240 (Ref 11). The
chemical composition of the material established using wet
chemical analysis is given in Table 1. Initially, the material was
solution-annealed at 1050 �C for 1 h followed by water
quenching. Specimen for optical microscopy was extracted,
polished and etched electrolytically using 10% oxalic acid at
2 V.
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The tensile tests were conducted on a Hung-Ta tensile
testing system (Fig. 2a) using specimens of 25-mm gauge
length and 5-mm gauge diameter (Fig. 2b) and conforming to
ASTM E8/8 M (Ref 12). The Ferrite number (FN) for the
tensile tested specimen was measured using Fischer feritscope
before and after testing. Fully reversed axial strain-controlled
LCF tests were carried out at different total strain amplitudes
ranging from ± 0.25, ± 0.4, ± 0.5, ± 0.6 and ± 0.8% on
specimens with 10-mm gauge diameter and 25-mm gauge
length conforming to ASTM E606/606 M-21 (Fig. 3) (Ref 13)
on a BISS servo-electric fatigue testing system. Both the tensile

Fig. 2 Tensile testing of SS321: (a) HungTa tensile testing machine and (b) schematic of the tensile specimen (dimensions in mm)

Fig. 1 Schematic of the bellows in bellow-sealed valves

Table 1 Chemical composition of SS321 (wt.%)

Element C Cr Ni Ti Mn S P Si N

Measured 0.055 17.5 10 0.57 1.8 0.012 0.01 0.55 0.03
As per ASTM A240 UNS32100 < 0.08 17-19 9-12 5(C + N) / 0.7% (Max) < 2 < 0.03 < 0.04 < 0.75 < 0.1

Fig. 3 The specimen geometry used for LCF testing (dimensions in
mm)
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and LCF tests were carried out at room temperature at a strain
rate of 3 9 10�3 s�1. The number of cycles to failure in LCF
tests (Nf) are given by the cycle in which the peak tensile stress
drops by 40% of that of saturated / half-life cycle. Further, the
specimens were separated into two parts by application of
tensile (pull) loading.

Measurement of martensite volume fractions was carried out
using Proto iXRD residual stress analyzer instrument using x-
ray diffraction (XRD) technique as per the ASTM-E975-22
(Ref 14). The two diffraction peaks, (220) & (200) correspond-
ing to the fcc (c) phase, and two diffraction peaks, (211) &
(200) for the bcc (a) phase, were recorded using Cr-Ka

radiation. The volume fraction of austenite was estimated at
discrete locations on the fractured LCF specimens in the
shoulder and gauge regions. On each of the strain amplitude
specimens (ranging from ± 0.25 to ± 0.8%), the XRD mea-

surements were carried out along two diametrically opposite
locations identified as 0� and 180� along the gauge length. A 2-
mm circular aperture with 5� beta oscillation was used for the
collection of the XRD patterns in the angular range of 70� to
170�. The volume fraction of austenite was estimated after
necessary background correction, using suitable peak fitting
algorithms available in the XRDWIN 2.0 software. The volume
fraction of martensite is subsequently evaluated. The procedure

Fig. 5 (a) Engineering stress–strain curve and (b) true stress–strain curve of SS321 at room temperature

Fig. 4 Microstructure of SS321
Fig. 6 Plastic flow response of the SS 321 under tensile loading

Table 2 Tensile properties of SS321 at room temperature

Parameter
0.2% YS,

MPa
UTS,
MPa

%Elongation at
fracture

Value 243 601 62
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was validated and calibrated using known standard with RA
10.4%.

3. Results

3.1 Chemical Composition and Microstructure

The chemical composition of SS321 (Table 1) shows that
the material conforms to ASTM A240, UNS321000 (Ref 11).
The microstructure of the material showed a polycrystalline
structure with an average grain size of 50 lm as presented in
Fig. 4.

3.2 Tensile Response

The engineering and true stress–strain curves of SS321 are
shown in Fig. 5(a) and (b), respectively. The YS, UTS and %
elongation (% El) of the material at the testing conditions are
listed in Table 2. The FN of the material is found to be in the
range 0.27-1.0 in the untested condition, but the same is found
to increase upon loading. An average value of 40 ± 1 FN was
noted along the gauge length of the tensile tested sample with a
peak observed at 60 ± 5 FN in the vicinity of the fracture
surface.

The tensile response of the material in the plastic range is
presented in Fig. 6. The experimentally obtained plastic flow
response under tensile loading is analyzed using Hollomon,
Ludwik, Ludwigson, Swift and Voce equations (Ref 15) as
given below:

Fig. 7 Cyclic stress response of SS321 at various strain amplitudes

Fig. 9 Variation of cyclic life with strain amplitude

Fig. 10 Design fatigue curve of SS321 at room temperature

Fig. 8 Cyclic stress–strain curve in plastic range

Table 3 The values of v2 for different constitutive
equations

Flow
curve
Fit Hollomon Ludwik Swift Ludwigson Voce Voce++

v2 3001 24.2 24.6 10.1 36 16
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(i) Hollomon equation:

r ¼ KHe
nH
p ðEq 1Þ

where r is true stress and ep is true plastic strain. KH is the
strength coefficient and nH is the strain-hardening exponent.

(ii) Ludwik equation:

r ¼ ro þ KLe
nL
p ðEq 2Þ

where KL is the strength coefficient, nL is the strain-hardening
exponent and ro is the yield strength of the material.

(iii) Ludwigson equation:

r ¼ K1e
n1 þ expðK2 þ n2eÞ ðEq 3Þ

where K1 is the strength coefficient and n1 is the strain-
hardening exponent. The second term accounts for the devi-
ation of the flow curve from the exponential fit (predicted by
the Holloman relationship). K2 and n2 are curve-fitting
constants.

(iv) Swift equation:

r ¼ Ks eo þ ep
� �nS ðEq 4Þ

where KS is the strength coefficient, eo is the pre-strain in the
material and nS is the strain-hardening exponent.

(v) Voce equation:

r ¼ rS � ðrS � rIÞ expðnVepÞ ðEq 5Þ

where rS is the saturation stress. r1 initial stress and nv defines
the rate at which flow stress varies from initial stress to
saturation stress.

Voce equation is further modified to (Voce++ equation) by
adding a quadratic root term and a linear term for better
prediction of the the rising rate of flow stress as given in Eq 6.

r ¼ rS � ðrS � rIÞ expðnVepÞ þ n1
ffiffiffiffi
ep

p þn2ep ðEq 6Þ

It can be seen from Table 3 that by addition of the two terms,
quadratic root and the linear terms to voce model improved the
prediction (v2 value reduced to 16 from 30). However, the
Ludwigson fit is found to predict the experimental results more
closely with a v2 value of 10.1 as shown in Table 3.

3.3 LCF Response

The cyclic stress response (CSR) of the material is given in
Fig. 7. The cyclic stress response of the material shows initial
hardening, followed by hardening at a lesser rate and a
secondary hardening at a higher rate. The secondary hardening
is attributed to strain-induced martensite as discussed in the
subsequent section. At strain amplitude of ± 0.25%, after
initial hardening, the material showed almost saturation till the
start of the secondary hardening beyond 104 cycles.

The cyclic stress–strain curve (CSSC) of the material was
generated from the stable hysteresis loops at various strain
amplitudes, and the same is shown in Fig. 8. The stress–strain
relationship corresponding to the CSSC is generally repre-
sented in the form of following equation (Eq 7) given in RCC-
MR (Ref 16). The first part in the equation represents the elastic
strain range and the second part, the plastic strain range. In the
plastic range, the cyclic stress strain curve is generated by

Fig. 11 (a) Circumferential orientations and (b) position along the gauge length for a typical LCF-tested specimens

Journal of Materials Engineering and Performance



plotting the stress range in the stable hysteresis loops with
plastic strain range (%) as shown in Fig. 8.

Detð%Þ ¼ 100 � 2ð1þ tÞ
3E

Dr
� �

þ Dr
K

� �1=m1
ðEq 7Þ

The strain-life relationships in terms of elastic, plastic and
total strains are given in Fig. 9. The design fatigue curves are
constructed from the experimental best-fit strain-life plots by
applying a factor of safety (FOS) of 2 on the strain range or a
factor of 20 on the number of cycles to failure, considering the
more conservative value at each point (Ref 17). The design
fatigue curve generated for SS321 at room temperature by
incorporating the abovementioned FOS is presented in Fig. 10.

The LCF testing of the specimens was terminated when the
load drops by 40% in the cyclic stress response curve. Further,
the specimen was separated into two parts by tensile pull.
Azimuthally, the orientation of the specimens was marked such
that 0� corresponds to the region failed by LCF loading and
180� corresponds to the region failed by tensile loading as
shown in Fig. 11(a). In all the specimens, the gauge length
starts at 40 mm and the fracture surface located between 60-
65 mm and for reference, points A, B, C and D were defined on

the surface of the longest part of the specimen as shown in
Fig. 11(b).

3.4 Estimation of Volume Fractions by XRD

Typical XRD patterns (as per the ASTM-E975-03) obtained
after LCF testing at strain amplitudes of ± 0.25, ± 0.4, ± 0.5
and ± 0.8%, obtained at 0� and 180� orientations are presented
in Fig. 12(a) and (b), respectively. To study the effect of the
tensile deformation on SIM, XRD investigation was carried out
on the LCF-tested specimen before tensile pull. The specimen
was tested upto initiation of the load fall (beginning of crack
propagation). The XRD patterns on the specimen subjected to
pure LCF loading (without the tensile pull) is given in
Fig. 12(c). The volume fraction of austenite phase Vc

� �
was

determined by direct comparison of integrated intensities of
XRD peaks of the austenite phase ðIcÞ to that of ferritic/marten-
sitic phase Iað Þ with theoretical intensities. For brevity, the
austenite volume fraction can be determined by (Ref 18):

% of Austenite ¼ Vc
� �

100 ¼
Ic
Rc

Ic
Rc
þ Ia

Ra

0

@

1

A100 ðEq 8Þ

Fig. 12 XRD patterns of the LCF tested specimens: (a) at 0� orientation (failure by LCF loading), (b) 180� orientation (subjected to tensile
pull) and (c) Unbroken specimen tested at ± 0.4% strain amplitude upto initiation of the load fall (beginning of crack propagation).
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where Rc and Ra are the scaling factors corresponding to the
austenite and ferritic/martensitic phases, respectively. The
above factors include the terms corresponding to structure,
temperature, volume of unit cell, multiplicity of the lines and
the polarization correction. The martensite fraction is evaluated
from

% of Martensite ¼ 100�% of Austenite ðEq 9Þ

The variation of the SIM fraction measured along the gauge
length of the specimens (from one end till fracture surface)
tested at ± 0.25, ± 0.4, ± 0.5, ± 0.8% and unbroken speci-
men tested at ± 0.4% (specimen with fatigue crack but not
separated to two parts by tensile pull) in 0� and 180�
orientations is given in Fig. 13(a) and (b), respectively.

Formation of strain-induced martensite (SIM) along the
gauge length portions of the tested specimens is evident from
Fig. 13(a) and (b). For the surface at the 0� orientation, it is
observed that the fraction of SIM increases in the gauge region

Fig. 13 SIM along the gauge length at (a) 0� and (b) 180� orientations

Journal of Materials Engineering and Performance



toward the fracture surface. Concentration of deformation in the
vicinity of the primary fatigue crack is reflected in the form of
peaks in the amount of SIM formed at the above locations.
Further, it was also observed that the % of SIM is increasing
with increase in the strain amplitude employed during LCF

testing. The average value of the SIM along the gauge length
specimen is given in Fig. 14. It can be seen from the averaged
SIM plot that the SIM in the gauge length region is almost
constant.

Fig. 14 Average values of SIM along the gauge length

Fig. 16 Variation of range of isotropic hardening with cumulative
plastic stain for SS321 at RT in the region of hardening

Fig. 15 Variation of back stress with plastic strain for SS321 at RT
in the region of hardening
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4. Parameters for Nonlinear Isotropic–Kinematic
Hardening Model

4.1 Estimation of Parameters

The von-Mises yield function (f) of the nonlinear combined
isotropic–kinematic hardening model employed for the FE
analysis performed using ABAQUS is represented by:

f ¼ 3

2
ðr0 � x0Þ : ðr0 � x0Þ

� �1=2
�r � ry ¼ 0 ðEq 10Þ

where r0, x0, r and ry are the deviatoric stress tensor, deviatoric
back stress tensor, isotropic hardening function and yield stress
of the material, respectively (Ref 19).

In the case of nonlinear kinematic hardening, the back stress
is defined by the following expression:

_x ¼ 2

3
c_ep � cx _p ðEq 11Þ

where x is the back stress, _ep and _p are the plastic strain rate and
effective plastic strain rate; c and c are the kinematic hardening
material constants. The constant c determines the rate of
saturation of stress and c

c determines the magnitude of
saturation.

In the case of isotropic hardening, the isotropic function (r)
is defined by the following equation,

_r ¼ b Q� rð Þ _p ðEq 12Þ

Here, b and Q are material constants, which give an
exponential shape to the stress–strain response which saturates
with increasing plastic strain (Ref 20, 21). (The constitutive
model deals with time-independent plasticity and the rate terms
in the equations given in 11 & 12 consist of pseudo-time step.)
The variation of the back stress with the plastic strain is
presented in Fig. 15. The parameters c and c were estimated to
be 180000 and 840, respectively. The isotropic hardening
parameters b and Q are estimated by curve fitting of the plot
between the isotropic hardening range with the equivalent
plastic range. The values of Q and b are found to be 170 and 11,
respectively (Fig. 16). The values of the constitutive parameters
of the model are given in Table 4.

4.2 Validation of the Constitutive Parameters

The constitutive parameters estimated in section 4.1 were
validated by predicting the hysteresis loops at the strain
amplitudes of ± 0.6 and ± 0.8% using finite element (FE)
analysis. The geometry of the LCF specimen was modeled in
ABAQUS with a single 4-noded axisymmetric shell element
(CAX4R). As the loading applied is pure axial displacement, a
gauge length of 5 mm was modeled with the applied displace-
ments also corrected proportionately. The specimen is modeled
with a single axisymmetric element. Hence, the size of the
element is 5 9 5 mm. For a 5-mm gauge length, the displace-
ment corresponding to the strain amplitude of ± 0.6% is ±
0.03 mm and the same for ± 0.8% is ± 0.04 mm. Corre-
sponding displacements were applied so that the strain in the
element is ± 0.6 and ± 0.4%. The kinematic and isotropic
hardening parameters as defined in Table 4 were used for the
model. The boundary conditions and applied loading are
presented in Fig. 17.

Axisymmetry boundary condition was applied at the axis.
The bottom face of the specimen was constrained for y-
movement, and the top face was subjected to a displacement
along the y-direction to simulate the axial strain applied during
the fatigue testing. The numerically predicted and experimen-
tally observed hysteresis loops of the material during first cycle
for the two strain amplitudes are presented in Fig. 18(a) and (b)
for the strain amplitudes of ± 0.6 and ± 0.8%, respectively.

5. Discussion

The tensile response of the material in the plastic regime
exhibited serrated flow as shown in Fig. 19. Serrated or jerky
flow in the plastic portions of the stress–strain plots at specific
strain rate/temperature combinations in austenitic stainless
steels is often associated with the occurrence of DSA. In the
case of type 304 SS, the phenomenon of DSA is known to
occur in the temperature domain of 250-550 �C (Ref 22). The
observed jerky stress–strain response in the present case
(Fig. 19) could be associated with the occurrence of strain-
induced martensite transformation in the material. The same
was confirmed by increase in the FN measured before and after
tensile testing. The formation of strain-induced martensite in
SS304 has also been reported by other investigators (Ref 23,
24).

The CSR of the material shows initial hardening, followed
by hardening at a lesser rate and a secondary hardening at a
higher rate (Fig. 7). Initial hardening of the material under LCF

loading is attributed to proliferation of the dislocations. The

Table 4 Constitutive parameters defining isotropic and
kinematic hardening of the material

Young�s
Modulus, GPa

Poisson
ratio, m

ro,
MPa

Kinematic
hardening
parameters

Isotropic
hardening
parameters

c, MPa c
Q,

MPa b

200 0.3 74 180000 840 170 11

Fig. 17 Geometry and boundary conditions of the FE model
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reason for the secondary hardening in the stress response was
found to be strain-induced martensite transformation in the
steel. The secondary hardening takes place after some incuba-
tion period which could be associated with the accumulation of
plastic strain required for the SIM transformation. At lower
strain amplitudes (±0.25%) between the initial hardening and
the secondary hardening, the material exhibited marginal cyclic
softening response. Similar CSR was also reported when the
steel was subjected to LCF testing at different strain rates at
room temperature (Ref 7). At lower strain amplitudes, after
initial hardening, cyclic softening response is commonly shown
in most of the austenitic stainless steels such as SS316 family of
steels (Ref 25, 26). At higher strain amplitudes, the steels show
saturation with a marginal cyclic hardening response. The
difference in the responses of the CSR at different strain
amplitudes was explained by (Ref 27), and it was indicated that
the increase in strain amplitude results the transition from
planar slip bands to dislocation cell or dislocation wall
structure. However, secondary hardening of the SS304 family
of the steels is due to SIM during cyclic loading (Ref 8–10).
The presence of SIM is also observed in the LCF tested samples
as shown in Figs. 13 and 14.

The SIM was found to be the maximum near fracture
surface (point A at 60-65 mm position) in 0� orientation. In
180� orientation, it was found that the SIM is the maximum at
the beginning of the gauge length (Point C at 40 mm position)
and reduced along the gauge length. The peak in the SIM at the
extremities of the gauge portion can be attributed to crack
nucleation sites and strain accumulation. It should be noted that
the micro-cracks which were initiated at point A (Fig. 11)
propagated faster than the micro-cracks at point C. During
crack propagation, the strain accumulation is maximum at the
tip of the crack and minimum at the surface at the other end.
The applied strain is partially absorbed by the opening/closing
of the fracture surfaces, and hence, the strain experienced at
point B is the minimum. Thus, strains are accumulated ahead
on the crack tip rather than on the surface at point B. Hence, the
contrasting trend of the SIM along the gauge length in 0� and
180� is justified. It is worth investigating the effect of the
additional tensile pull on the specimens at 180� orientation at
point B. However, in presence of the pre-existed fatigue crack,
the specimen fractures with less plastic deformation and hence,
the accumulation of the plastic deformation due to the tensile

Fig. 18 Numerically predicted and experimentally observed hysteresis loops at (a) ± 0.6% and (b) ± 0.8%

Fig. 19 Serrated plastic flow in the tensile response of the steel due
to SIM

Fig. 20 Non-Masing behavior of SS321 material at room
temperature (strain rate: 3 9 10�3 s�1)
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pull is less. The change in the length of the specimen at 0� to
180� is also found to be insignificant. It is also interesting to
note that the SIM measured in the 0� orientation in the LCF
tested specimen at ± 0.4% strain amplitude without tensile pull
showed similar trend of SIM to that of the specimen subjected
to LCF and tensile pull at the corresponding strain amplitude
and orientation. However, the local increase in the SIM in the
vicinity of the tensile pull at point B (180�, near fracture
surface) marked in Fig. 13 is attributed to the tensile pull. It can
be seen that the average value of the SIM along the gauge
length is almost constant (Fig. 14).

Ludwik, Ludwigson and Swift’s equation is found to predict
the plastic flow response of the material under tensile loading
with more accurate prediction results from the Ludwigson
equation (Fig. 6). A similar tensile response for SS304 steels
was observed by Andersson (2005) (Ref 15). A close
agreement is seen between the numerically predicted and
experimentally obtained hysteresis loops, as shown in
Fig. 18(a) and (b). The material is found to exhibit non-Masing
response (Ref 28) at a strain rate of 3 9 10�3 s�1 as shown in
Fig. 20(a). It may be noted that the microstructural stability is
essential for Masing behavior. With the changes in the strain
amplitude, stacking fault energy (SFE), temperature and type of
loading, microstructural instability takes place in materials
leading to non-Masing behavior. Yadav et.al., (2023) (Ref 29)
reported that the strong nonlinear variation of the cyclic plastic
strain energy density (CPSD—which is the area within the
hysteresis loop) with the strain amplitude. Under cyclic
loading, various phenomena such as phase transformation,
dislocations generation, creation of stacking faults and defor-
mation twins are responsible for the nonlinear variation of the
CPSD with the strain amplitude. The minor difference between
the numerically predicted and experimentally obtained hystere-
sis loops could be attributed to the non-Masing response of the
material.

6. Conclusions

The following are major conclusions drawn from the present
investigation.

1. The material was found to be exhibiting serrated plastic
flow under tensile response which is attributed to the for-
mation of strain-induced martensite.

2. Lugwigson fit was found to closely model the plastic
flow behavior of the alloy under tensile loading.

3. The LCF response of the material at various strain ampli-
tudes was studied. The strain-life relationships were plot-
ted. Other data required for fatigue design such as cyclic
stress–strain curve, design fatigue curve and constitutive
parameters defining the material’s cyclic hardening were
estimated.

4. The material displays pronounced secondary hardening in
the cyclic stress response particularly at the higher strain
amplitudes of testing, which is attributed to the formation
of strain-induced martensite, as confirmed by the changes
in ferrite number and XRD measurements.

5. A close agreement was achieved between the numerically
predicted and the experimentally obtained hysteresis
loops, validating the constitutive parameters used for the
analysis.
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