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Abstract

Background The mechanical characterization of the cyclic elastoplastic response of structural materials at elevated tempera-
tures is crucial for understanding and predicting the fatigue life of components in nuclear reactors.

Objective In this study, a comprehensive mechanical characterization of 304L stainless steel has been performed including
metallography, tensile tests, fatigue tests, fatigue crack growth tests and cyclic stress-strain tests.

Methods Isothermal tests were conducted at both room temperature and 300 °C for both the rolling direction and the trans-
verse direction of the hot rolled steel. Mechanical properties were extracted from the uniaxial experiments by fitting relevant
material models to the data. The cyclic plasticity behavior has been modelled with a radial return-mapping algorithm that
utilizes the Voce nonlinear isotropic hardening model in combination with the Armstrong-Frederick nonlinear kinematic
hardening model. The plasticity models are available in commercial FE software and accurately capture the stabilized hys-
teresis loops, including a substantial Bauschinger effect.

Results The material exhibits near isotropic properties, but its mechanical performance is generally reduced at high tem-
peratures. Specifically, in the rolling direction, the Young’s modulus is reduced by 16 % at 300 °C, the yield strength at 0.2
% plastic strain is lower by 23 %, and the ultimate tensile strength is lower by 30 % compared to room temperature. Fatigue
life is also decreased, leading to an accelerated fatigue crack growth rate compared to room temperature. A von Mises radial
return mapping algorithm proves to be effective in accurately modelling the cyclic plasticity of the material. The algorithm
has also been used to establish a clear correlation between energy dissipation per cycle and cycles to failure, leading to the
proposal of an energy-based fatigue life prediction model.

Conclusions The material exhibits reduced mechanical performance at elevated temperatures, with decreased mono-
tonic strength, compared to room temperature. Fatigue life is also compromised, resulting in accelerated fatigue crack
growth. The material’s hardening behavior differs at room temperature and elevated temperature, with lower peak stress
values observed at higher temperatures. The radial return mapping algorithm can be used to determine the dissipated
energy per cycle which together with fatigue testing has been used to propose a low cycle fatigue life prediction model
at both temperatures.
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D failure probability on level i

q back stress

q back stress increment

R load ratio

r radius of curvature of the neck

r; number of runouts on level i

t specimen thickness

w dissipated energy density per cycle
W, energy density parameter

w, energy density parameter

w specimen characteristic length

X; normally distributed stochastic variable
a accumulated plastic strain

& accumulated plastic strain increment
p isotropic saturation exponent

Y kinematic hardening parameter
AK; mode I stress intensity range

Age strain increment

AA Lagrange (plastic) multiplier

o imperfection

€ uniaxial true strain

£, strain amplitude

£, fatigue limit

£° elastic strain

£ f’ fatigue ductility coefficient

éi strain amplitude on level i

eP plastic strain

er plastic strain increment

50 strain amplitude level with p = 0.5

A consistency parameter

I3 auxiliary variable (relative stress)
p density

o uniaxial true stress

o stress amplitude

o fatigue strength coefficient

aiat isotropic saturation flow stress

Oyo monotonic yield stress

oy cyclic yield stress

o, standard deviation for fatigue limit
Acronyms

ASTM  American society for testing and materials
CT compact tension

EDM electrical discharge machining

FE finite element

FEM finite element method
LOM light optical microscope

LTO long term operation

RD rolling direction

RT room temperature

STD short transverse direction
TD transverse direction

Introduction

Fatigue due to large amplitude cyclic loading is impor-
tant in many engineering applications, such as the nuclear
power industry, where low cycle fatigue can occur due
to thermal fluctuations or mechanically induced vibra-
tions. This is a problem in many components, such as at
mixing points in the main piping systems where hot and
cool water is mixed. The temperature fluctuations at the
mixing points give rise to varying temperature loads. The
mechanical properties of a material can differ significantly
at elevated temperatures, which emphasizes the need for
mechanical characterizations of fatigue and cyclic plastic-
ity properties at different temperatures. There is an ongo-
ing global long-term operation (LTO) program for nuclear
power plants that aims to ensure the safe and efficient
operation of nuclear reactors beyond their original design
lifetimes. This program involves comprehensive assess-
ments and maintenance to extend the operational lifes-
pan of existing nuclear power plants from 40 years to 60
years or even up to 80 years. Hence, fatigue assessments of
nuclear materials at different temperatures are a vital part
of the LTO program in order to maintain the generation of
clean and reliable electricity while prioritizing safety and
sustainability [1].

Coffin and Manson [2, 3] were the first researchers to
model the Wohler or S-N curves by relating the number of
cycles to failure to the plastic strain amplitude. Basquin [4]
provided a similar model in which the number of cycles
to failure is instead related to the elastic strain amplitude.
The Basquin and Coffin-Manson models together form
the well-known strain-life equation, which describes the
fatigue performance of a material. In this equation, the
elastic and plastic strain amplitudes combine to form
the total strain amplitude. Ramberg and Osgood [5] also
implemented an additive decomposition of the total strain
amplitude into an elastic and plastic part to describe its
relation to the stress amplitude. This model describes the
shape of the cyclic stress-strain curve, which is obtained
from the stabilized hysteresis loops of fully reversed
strain-controlled loading. Paris et al. [6] suggested a rule
known as the Paris law, which describes the fatigue crack
growth rate as a function of the stress intensity factor.
This equation holds in the “mid-growth” range, known as
Region II, of the crack growth curve and can be used to
model the fatigue crack growth rates.

Cyclic plastic deformation is a complicated process and
several constitutive models have been developed to capture
the phenomena of interest, such as the Bauschinger effect,
ratcheting and saturation of hysteresis loops. Prager [7]
provided a phenomenological model for kinematic hardening
used to represent the hardening behavior in metals under
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cyclic loading. The model predicts the translation of the
center of the yield surface, which is experimentally observed
to occur in the direction of the plastic flow. Ziegler [8] further
improved the model and constructed an evolution law that
captures the aforementioned effect by introducing an internal
variable called back stress, which defines the location of the
center of the yield surface. The Prager-Ziegler rule assumes
a constant kinematic hardening modulus. However, metals
subjected to cyclic loading usually exhibit nonlinear strain
hardening behavior. Additionally, the yield surface not only
translates but also changes in size, a phenomenon known as
isotropic hardening. Thus, a kinematic hardening model is
generally used in conjunction with an isotropic hardening
model to obtain a mixed formulation that correctly captures
the real response of the material. Voce [9] proposed a
nonlinear isotropic hardening law in which a saturation
hardening term of the exponential type is appended to the
yield strength, defining the initial size of the yield surface.
Mroz [10] generalized the Prager rule to develop a nonlinear
kinematic hardening model based on a multilinear response.
In this model, a linear kinematic hardening law is adopted
for each linear part of the response, successfully expressing
phenomena such as cyclic relaxation and cyclic creep,
also known as ratcheting. Another multilinear kinematic
hardening rule is the one developed by Ohno and Wang
[11]. Frederick and Armstrong [12] also proposed a nonlinear
kinematic hardening model in which a strain-memory term,
also known as the dynamic recovery term, is added to
Melan-Prager’s linear hardening rule. This term introduces
nonlinearity to the model and provides a more accurate
prediction of the Bauschinger effect. The model has been
enhanced in various ways by many researchers to predict
more complex material behavior [13]. The most well-known
development and improvement of the Armstrong-Frederick
model is the generalization introduced by Chaboche [14].
This generalization is based on the superposition of several
nonlinear kinematic hardening rules. The purpose of
this development was to improve a large overestimate of
ratcheting effects and to allow for greater flexibility in the
model [13].

The aim of this study is to provide a comprehensive
mechanical characterization of the fatigue properties and
cyclic elastoplastic response of 304L. Fatigue and cyclic
plasticity have been widely investigated at different tem-
peratures before [2, 14-32], but the availability of the hard-
ening parameters at elevated temperatures is limited due to
the notorious problem of buckling at high strain amplitudes.

A return mapping algorithm is introduced for the model-
ling of cyclic plasticity in 304L stainless steel at elevated
temperature. By considering the cyclic plasticity behavior
and conducting fatigue testing, the algorithm allows for
the prediction of the material’s low cycle fatigue life using
an energy dissipation approach. Hence, this paper offers
insights that are particularly relevant to the nuclear power
industry, given the ongoing global long-term operation pro-
grams for nuclear reactors operating under cyclic loading
conditions at elevated temperatures. The findings presented
in this paper will be valuable for assessing the durability and
performance of such reactors to ensure the maintenance of
fossil-free electricity production.

Material and methods

The material used is a 304L stainless steel plate that
originated from the manufacturing of the now decommis-
sioned nuclear power plant Barsebick in Sweden. Grade
304L is an austenitic chromium-nickel stainless and heat
resistant steel with high toughness even at cryogenic
temperatures due to its austenitic structure. It is widely
used in automotive, machinery and nuclear engineer-
ing fields due to its excellent combination of strength,
ductility and corrosion resistance. Type 304L is the low
carbon version of type 304, which makes it less prone to
sensitization and reduces susceptibility to intergranular
stress corrosion cracking. The chemical composition of
the material is presented in Table 1.

Experimental procedure

The experimental testing is performed under isothermal
conditions at both room temperature and 300 °C by use of
a servo-hydraulic testing machine. A furnace was installed
in the testing machine for the elevated temperature tests
and a thermocouple was placed on a dummy specimen in
the furnace to control the temperature. The choice of the
elevated temperature is based on the average operating tem-
perature in the piping system of nuclear reactors. The isot-
ropy of the material has been investigated by manufacturing
specimens in both the rolling direction and the transverse
direction of the hot rolled steel. Round bar specimens with
a uniform gauge length are used for the tensile tests, fatigue
tests and cyclic stress-strain tests. The fatigue crack growth
tests are conducted with CT specimens. All test specimens

Table 1 Chemical composition (% by mass) of the 304L stainless steel plate

C Si Mn P S

Cr Ni Nb Co N

0.04 0.52 1.09 0.019 0.014

17.5 9.3 0.57 0.028 0.033

SEM
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are manufactured using EDM and the geometries are illus-
trated in Fig. 1.

Metallography

The cross-thickness homogeneity of the plate was inves-
tigated to ensure that all test specimens are homogene-
ous. Density measurements, using Archimedes’ principle,
were performed on three small cubes along the thickness
direction. The densities of the cubes along the thickness
are shown in Fig. 2 and all measurements correspond
well with the density of 7 900 kg/m? for 304L stainless
steel [33]. The homogeneity and isotropy of the material
were investigated through metallography on polished and

Fig.2 The microstructure and
densities of the 304L stainless
steel along the thickness of the
plate in the rolling direction
(RD), transverse direction (TD)
and short transverse direction
(STD)

STD

p =7911kg/m?

etched samples taken along the thickness of the plate.
The specimens were etched in a mixture of hydrochloric
and nitric acid diluted with water and heated to 50 °C.
The samples were immersed in the fluid for a few sec-
onds and the surfaces were studied using light optical
microscopy (LOM) to analyze the grains. This analysis
was performed in the rolling direction, transverse direc-
tion and short transverse direction of the material at three
different positions along the thickness of the plate. The
grains are approximately 30 pm in size, and the grain
boundaries, shown in Fig. 2, are similar in all directions
and positions of the plate. Hence, the material exhibits
high isotropy and homogeneity in the plate with respect
to microstructure.

A STD

p = 7898 kg/m3 p =7921kg/m3
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Tensile tests

The tensile tests were conducted according to ASTM
ES8 [34] by gradually elongating the specimens with dis-
placement control at a rate of 0.015 mm/s. The resulting
load was captured as a function of the strain, which was
measured by use of extensometers. Two extensometers
were diametrically mounted onto the gauge section of the
specimen to account for any misalignments. Inhomogene-
ous deformation occurred in the material prior to failure
in the form of necking. A camera setup was installed in
front of the servo-hydraulic testing machine to capture pic-
tures of the neck. The pictures were then analyzed using
Image] to extract the radius of curvature in the necking
region and Bridgman correction for the multiaxial stress
was employed. For the tests at elevated temperature, a
FEM inverse modelling procedure [35] was employed to
compute the true axial stress and strain records in the post
peak load regime instead of the Bridgman correction since
the camera setup could not be used in the furnace. This
involved iteratively aligning finite element solutions with
the experimental test data. The initiation of necking was
regulated by reducing the linear dimensions of the speci-
men’s central cross-section by a factor of 1-6, where 6 can
be considered as an imperfection. All tensile test specimens
were intentionally introduced with a manufactured imper-
fection matching 6 ~ 0.004, which was also incorporated
into the finite element models.

Fatigue tests

The fatigue tests were performed according to ASTM
E-606 [36] with fully reversed cyclic loads (R = —1) at
constant strain amplitudes. The tests were strain controlled
by use of two extensometers diametrically mounted onto
the section of the specimen where the diameter is 10 mm,
see Fig. 3(b). The extensometers were not directly attached
to the gauge section to avoid scratching the polished sur-
face with their sharp edges, as this could serve as a crack
initiation site and influence the fatigue life. The majority
of the strain is localized in the gauge section of the speci-
men. Thus, the extensometer distance of 25 mm, which

Fig.3 (a) Extensometer com-
parison for strain amplitude
and (b) experimental setup for
fatigue testing

(a)

is longer than the length of the gauge section, cannot be
used to calculate the strain accurately. Using this distance
would underestimate the actual strain in the specimen.
Hence, extensometer comparison testing has been per-
formed to determine the correct strain in the gauge sec-
tion, see Fig. 3(a). The tests were conducted at various
strain amplitudes using two pairs of extensometers: one
pair on the thicker section and another pair attached to
the gauge section. The tests were strain-controlled with
the extensometer pair attached to the thicker section
while the other extensometer pair measured the strain in
the gauge section. As a result, a relationship between the
strain amplitudes from the two pairs of extensometers was
established for all intended strain amplitudes to be used in
the fatigue testing. The strain amplitude conversion was
then adopted for the fatigue tests at both room temperature
and 300 °C. The surface of the fatigue test specimens,
shown in Fig. 1, was polished in the gauge section to a
surface finish of 0.15 pm (Ra), as measured with a white
light interferometry (WLI) microscope. The fatigue tests
were conducted at a frequency of 10 Hz. Typically, force
controlled testing is used for high cycle fatigue to deter-
mine the fatigue limit, as it allows for higher frequencies.
However, force controlled testing in this case resulted in
ratchetting and unreasonably low fatigue life due to high
accumulated plastic strains. This was caused by a fatigue
limit close to the yield strength of the material, leading to
strain hardening and significant plastic dissipation. Con-
sequently, force controlled testing could not be used and
displacement control was employed for both the high cycle
and low cycle fatigue regions.

Two-point testing [37, 38] was used to determine
the fatigue limit. Fatigue tests were performed at two
strain levels, one slightly above and one slightly below
the fatigue limit. The chosen strain levels were designed
to encompass the fatigue limit while still being close
enough to induce both failure and runouts. A specimen
was considered to have reached a run-out when it reached
two million cycles and the test was then terminated. A
total of 16 specimens were used for the two-point test-
ing, with four specimens at each strain level for both
temperature conditions.

—

SEM
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Fatigue crack growth tests

The fatigue crack growth tests were conducted according
to the ASTM E-647 standard [39] with CT specimens,
see Fig. 1. The load cycles were pulsating with an R-ratio
slightly above but close to zero. A zero minimum stress was
avoided due to practical reasons. The tests were controlled
by the stress intensity range which started at 15 MPa \/E
and gradually increased to 40 MPa \/E . The crack growth
rate was then calculated from the crack mouth opening dis-
placement which was measured with clip gauges mounted
to the CT specimens.

Cyclic stress-strain tests

The cyclic stress-strain tests were conducted using the cyclic
test specimens, as shown in Fig. 1. Two extensometers were
diametrically mounted onto the gauge section. The specimen
was loaded with an alternating strain amplitude (R = —1)
until a stabilized hysteresis loop was obtained. The maxi-
mum number of cycles required for the hysteresis loop to
stabilize was below 20 cycles. The strain amplitude was con-
trolled through the extensometers and gradually increased
for the same specimen until failure. Since buckling is a prob-
lem when performing large amplitude cyclic tests at high
temperatures, the diameter was increased to 7 mm for the
tests at 300 °C. In addition, the furnace could not be used
at elevated temperatures because the setup in the testing
machine, with the long and small shafts passing through the
furnace, was too weak to resist buckling in the specimen.
Instead, heat lamps were used around the specimen along
with a more rigid setup in the testing machine.

Material modelling

The mechanical tests are modelled to determine the mechanical
properties of the homogeneous and isotropic material. An asso-
ciative flow rule suffices since we have plastic incompressibility
and purely deviatoric plastic strain rates for metals and steel. The
modelling of the mechanical tests will therefore be limited to the
classical elastoplastic von Mises material model.

Monotonic stress-strain curve

A monotonic stress-strain curve is obtained from the uniaxial
tensile tests in which the Young’s modulus, yield strength and
ultimate tensile strength can be determined. The monotonic
yield stress, oy, was determined at 0.2 % plastic strain. A
neck is formed in the specimen at the end of the test, result-
ing in a multiaxial stress state. Bridgman [40] developed a

correction formula for the axial stress that considers the 3D
stress state in the neck. The equation is given by
P

o= ,
sz(l + %)ln(l + 2%)

where P is the force, a is the radius of the smallest cross-
section in the neck and r is the radius of curvature of the
neck. The effective strain is computed as

ey

2In 2

£=2In—", )
where q,) is the initial radius of the cross-section. The geom-
etry parameters were determined using digital analyses of
close-up pictures with the software ImageJ. The assumptions
made in the analysis by Bridgman, considering the condi-
tions in the neck, include axisymmetry, incompressibility
and the assumption that the longitudinal strain component
is constant over the smallest cross-section of the neck.
These assumptions were based on experimental observa-
tions. Davidenkov and Spiridonova [41] presented a simi-
lar investigation on the necking problem, but the Bridgman
correction is the most common one. Voce law can be used
to model the relationship between the monotonic stress and
strain according to

0 = Oyg + Oy [1 - exp(—ﬂe)] s 3)

where oy, is the monotonic yield strength and o, and f are
fitting parameters.

Fatigue crack growth rate

The fatigue crack growth rate is modelled with the Paris law

da

N C(AK;)". @)

Here, C and n are material parameters which were deter-
mined by the least squares fit to the stress intensity range,
AK;, and the crack growth rate, da/dN, data. The stress
intensity range is given by

AP
AKI = M_I/ZF N (5)
where AP is the force range, ¢ is the thickness, w is the 50 mm
length shown in Fig. 1 for the CT specimen and F is a geometry
function commonly found in solid mechanics handbooks.

S-N curves

The fatigue life is modelled with the Coffin-Manson-Basquin
strain-life equation given by
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(2N,)" +¢€/(2N;)", 6)

where g, is the strain amplitude, 6}; is the fatigue strength

coefficient, b is the fatigue strenAgth exponent, 5; is the
fatigue ductility coefficient and c is the fatigue ductility
exponent. All fatigue data points above the fatigue limit were
fitted to Eq. (6) with the least squares method.

The test outcome from the two-point testing is used to
determine the strain amplitude level at a 50 % failure prob-
ability, which is then utilized to estimate the fatigue limit. All
test results for the selected lower and upper strain levels, £, and
€, respectively, are included for computing the fatigue limit,
while the test results for other strain amplitudes are discarded.
The failure probability on each level is given by

n—r;

== )

where n; is the total number of tests and r; is the number
of runouts on each level i € (1,2). If only runouts were
achieved for €, then a fictive value for p, is used where
Py = 1/(2n1). Similarly, if only failures were achieved
for €,, then p, =1 — 1/(2n2). The failure probability p; is
approximately normally distributed with the sampled fail-
ures at €;. Thus, a normally distributed stochastic variable
X; can be used for determining the fatigue limit. The median
strain €5 is determined by linear interpolation of strains ¢,
on the variable X,

(e2—€1)

=g - X, —.
€50 = € ](Xz—x1)

®)

The mean value of the normal distribution is assumed to be
equivalent to the material fatigue limit, €,, which is expected
to agree with €5,,. The standard deviation for the fatigue limit,

€ — €
o, = s
£, X2 — Xl (9)

follows from the two points on the normal distribution.
Cyclic plasticity

A cyclic stress-strain curve can be modelled with the Ramberg-
Osgood model

c, o, N\
&=+ (o) (10)
to obtain the relationship between strain amplitude and stress
amplitude. Here, n’ is the cyclic strain hardening exponent
and H’ is the cyclic strength coefficient.

A numerical implementation of one-dimensional plastic-
ity has been utilized to model the cyclic plasticity behavior

of the material. Classical rate-independent plasticity is
adopted with the phenomenological strain hardening mod-
els known as isotropic and kinematic hardening. The elastic
response is modelled with Hooke’s law

o =E(e—&"), (11)

where an additive decomposition of the total strain, €, into an
elastic and plastic part, £° and €7, respectively, is here assumed,

e=¢"+¢€. 12)

The evolution equation for the plastic strain is given by
the flow rule

&P = ] sign(o), (13)
where

. +1if 6 >0
sign(c) = lifo<0’ (14)

and A is the magnitude of the plastic strain increment, also
known as the consistency parameter. The nonlinear isotropic
hardening model by Voce is adopted to describe the expan-
sion of the yield surface according to

H(a) = oy + 0, [1 — exp(—fa)], (15)

where oy is the cyclic yield strength of the material and thus
the initial size of the yield surface. Here, o, is the satura-
tion flow stress describing the final size of the yield surface
while B is the hardening rate which determines how fast the
yield surface saturates. The variable a is a nonnegative inter-
nal hardening variable and a function of the amount of plas-
tic flow (slip). It is commonly referred to as the accumulated
plastic strain with the evolution equation

a=|ér|. (16)

By recalling Eq. (13), we realize that @ = A. The nonlin-
ear kinematic hardening model proposed by Armstrong and
Frederick is implemented in conjunction with the isotropic
hardening law by introducing an additional internal variable,
denoted by ¢ and called back stress, with the evolution law

L2 . .
q= §Ck£p = 7aq. 17

In Eq. (17), C, characterizes the kinematic hardening
modulus while y, is a nondimensional material parameter
characterizing nonlinear kinematic hardening behavior.
Considering the introduced internal hardening variable g,
which defines the location of the center of the yield surface,
the flow rule in Eq. (13) can now be modified to the form

. 3
2 — 2
é A mgn(a zq). (18)

SEM
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The governing equations of a J, material model is con-
sidered and a von Mises yield criterion is consequently
adopted in the form

f(U’ q, a) =

3
c— Eq‘ - (GY + o-sal[l - exp(—ﬁa)]). (19)

The irreversible nature of plastic flow is captured by
means of the Karush-Kuhn-Tucker complementarity con-
ditions which in the present context read

420, f(o,q,a) £0, i(0,q,2) =0, (20)

Table2 Return mapping algorithm for 1D nonlinear isotropic and
kinematic hardening

Initial conditions:

=0
a, =
4n =0

Elastic predictor:

En+1 = &n + A‘gn

0335 = E(ens1 — &)

trial _ trial _ =
n+1 — Yn+1 an

— exp(—=Ban)])

A = |G| = (oy + osarl

IF frial < 0 THEN
trial

On+1 = Ont1

ELSE
Solve f,;1 = 0 for AA

WHILE abs(f) > TOLERANCE

Newton-Raphson iteration

See Appendix C
END WHILE
1 3
&g + ( m) 7 qn
Sign(£,y1) = Y

1 3
trial =
Sn1 T ( T+ ykA)l) 2 n
On+1 = artll:i}?l AAE Sign(€n+1)

Enpy = En + AL sign(§ner)

1 2

1
—_— —— (A si
1+YkA)an+31+YkA/1 k Slgn(€n+1)

An+1 =

A = 0, + A

END IF

and represent the loading-unloading conditions for plastic-
ity. The consistency parameter, 4, is determined from the
consistency condition

M(o,q,a)=0. (21)

The energy dissipation increment for each strain step
can be computed as

W, = |0,41]4, (22)

where o,  is the updated stress. The total energy dissipation
per cycle is then given by

W= W, (23)
i=1

where m is the number of solution steps in one cycle. A
discrete formulation of the constitutive models may be
expressed by applying an implicit backward Euler inte-
gration scheme, see Appendix A. This leads to the clas-
sical return-mapping algorithm originally proposed by
Wilkins [42] and further developed by Simo and Hughes
[43] among others. It is worth emphasizing that the algo-
rithmic procedure is more complicated in the present
context of plasticity with nonlinear kinematic hardening.
This is attributed to the fact that the sign of the auxiliary
variable is a function of the consistency parameter and
needs to be determined, see Appendix B, in contrast to
the standard case of plasticity with linear kinematic hard-
ening which is more straight forward [44]. The return-
mapping algorithm is then completed with an iterative
Newton-Raphson method, see Appendix C, and can be
implemented in Matlab. The numerical algorithm is for
convenience summarized in Table 2.

1400
1200 -
g 1000
=
w800 [
(2]
o
®» 600
)
2
— 400 —RD
=—TD
200 == =\/oce fit| -
= =\/oce fit
0 L L L Il Il
0 0.2 0.4 0.6 0.8 1 1.2

Logarithmic strain

Fig.4 Monotonic stress-strain curves
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Table 3 Mechanical‘properties E ovo Suts O P)
and Voce parameters GPa MPa MPa MPa
RT RD 194 272 627 1150 2.08
TD 166 262 625 1140 2.06
300 °C RD 163 209 439 421 7.51
TD 151 199 434 467 6.20

Results
Tensile tests

The monotonic stress-strain curves obtained from the uni-
axial tensile tests are shown in Fig. 4. The material demon-
strates substantial ductility with a logarithmic strain of up
to 1.2 at room temperature. The material exhibits less hard-
ening and ductility at elevated temperature. The mechani-
cal properties obtained by the tensile tests and the Voce fit
parameters are listed in Table 3.

Fatigue tests

The fatigue test results are illustrated in Fig. 5 with cor-
responding Basquin-Coffin-Manson parameters in Table 4.
The fatigue life is slightly shorter at elevated temperature
compared to room temperature.

The fatigue limits are illustrated in Fig. 6 at room tem-
perature and 300 °C. A fatigue limit of 1.540 x 107 in
strain amplitude was obtained at room temperature and
1.485 x 107 at 300 °C. The standard deviation of the
fatigue limit is 4.9 x 10 and 4.3 x 107 at room tempera-
ture and 300 °C, respectively.

Strain amplitude

102 , ,
RT 300 °C
® Failure ® Failure
& Run-out @& Run-out

10-3 L

2R

ases,

10°

104

10°
Cycles to failure

10° 107

Fig. 5 Fatigue test results at room temperature and 300 °C

Fatigue crack growth tests

The crack growth test results are shown in Fig. 7. The mate-
rial displays high isotropy in terms of crack growth as well.
Once again, the 304L stainless steel exhibit slightly weaker
properties at elevated temperature with faster crack growth
rates. The Paris law parameters are presented in Table 5.

Cyclic stress-strain tests

The hysteresis loops at room temperature are illustrated
in Fig. 8. High isotropy is displayed by the material
for the cyclic stress-strain curves as well. The hyster-
esis loop stabilized quickly for lower strain amplitudes
while at higher amplitudes, more cycles were required to
achieve a stabilized loop. However, the hysteresis loop
stabilized before reaching 20 cycles for all strain ampli-
tudes. Isotropy is also evident for the hysteresis loops at
300 °C, see Fig. 9. The curves flatten down and do not
harden as much at higher strain amplitudes. On the con-
trary, the specimens survived up to an impressive strain
range of 4 % before failure. The results show higher iso-
tropic hardening at elevated temperature. Otherwise, the
hardening is similar to room temperature with a clear
Bauschinger effect.

The cyclic stress-strain curve is formed by a line from
the origin that passes through the tips of the stabilized
hysteresis loops. This is illustrated in Fig. 10. The curves
can be fitted to the Ramberg-Osgood model in Eq. (10) to
obtain the relationship between stress and strain ampli-
tude, see Table 6. The Young’s modulus is taken from the
tensile test results in Table 3. The monotonic stress-strain
curves from the tensile tests can also be used to compare
with the cyclic stress-strain curves. The material displays
substantial cyclic hardening at both room temperature and
300 °C since the cyclic curves are clearly above the mono-
tonic tension curves.

Table 4 Basquin-Coffin-Manson parameters

o/ b g! c
! f
MPa
RD RT 1500 -0.109 0.727 -0.598
300 °C 300 -0.062 0.253 -0.438

SEM
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Fig.6 Fatigue limit at (a) room temperature and (b) 300 °C determined by two-point testing

The cyclic hardening exhibited by the material can be
modelled by implementing the Armstrong-Frederick non-
linear kinematic hardening model shown in Eq. (17) in
conjunction with the Voce nonlinear isotropic hardening
model in Eq. (15). The results are illustrated in Fig. 11 at
room temperature and in Fig. 12 at 300 °C. The kinematic
and isotropic hardening parameters for both conditions are
presented in Table 7 and Table 8, respectively.

The dissipated energy per cycle was determined by ana-
lysing the stabilized hysteresis loop for each fatigue test
conducted in the low cycle fatigue region. The energy dis-
sipation was computed utilizing the return mapping algo-
rithm, considering the hardening parameters derived from
the cyclic tests. The obtained results exhibited a notice-
able correlation between the energy dissipation per cycle,
denoted as W, and the corresponding fatigue life, N, as

109

Crack growth rate, ym/cycle

shown in Fig. 13. Consequently, an energy-based fatigue
life prediction model can be developed by employing a
power law fit given by
W =W,(N,)" +W,, (24)
where W, and W, are energy density parameters while p is
a power law exponent. The three parameters at both room
temperature and 300 °C are listed in Table 9.

Discussion

In the tensile tests, an elastic anisotropy at room tem-
perature is evident where the Young’s modulus in the
transverse direction is 14 % lower compared to the rolling
direction. This indicates the possibility of some texture in
the material toward the rolling direction, despite the pres-
ence of equiaxed grains shown in Fig. 2. At 300 °C, the
elastic anisotropy is lowered to a 7 % difference between
the rolling and transverse directions. Regarding plastic
deformation, the material exhibits high isotropy in both
the rolling and transverse directions at both temperatures.

Table 5 Paris law parameters

107 - -
m/cycle “
e RD (mPay/m)
— TD 10-12
15 20 25 30 35 40 45 50 RI RD 2.253 3344
Stress intensity range, MPa+/m TD 1.572 3.434
300 °C RD 0.702 3.915
TD 0.859 3.793

Fig.7 Crack growth rates at room temperature and 300 °C
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Fig.8 Hysteresis loops at room temperature for different strain amplitudes in (a) the rolling direction (RD) and (b) the transverse direction (TD)

The Basquin-Coffin-Manson model fit shows an approxi-
mately linear curve fit for the fatigue tests at 300 °C while
the fitted curve for the tests at room temperature is clearly
nonlinear, see Fig. 5. This indicates that plastic flow is pre-
sent in the material even in the high cycle fatigue region at
300 °C. In contrast, the nonlinear S-N curve at room temper-
ature indicates that the loads primarily exhibit elasticity in
the high cycle fatigue region, close to the fatigue limit. This
is attributed to the fact that the yield strength is higher at
room temperature. Thus, it can be concluded that the mate-
rial demonstrates impressive fatigue limits for both condi-
tions since they are very close to the yield strengths. This is
also the reason behind performing strain-controlled fatigue
testing for the entire S-N curve since force-controlled testing
resulted in ratcheting, which quickly broke the specimens
due to the high accumulation of plastic strain. Considering

(a) RD
400 -

200

Stress, MPa
o

-200 |

-400 -

-0.01 0 0.01 0.02

Strain

-0.02

the fatigue limits in Fig. 6, a fictive value had to be used for
three out of four strain levels to estimate the failure prob-
ability since only failures or runouts were observed at these
levels. A better approximation of the fatigue limit would be
obtained if more specimens were used or if the two strain
amplitude levels were closer to each other.

The cyclic elastoplastic response was mainly dominated
by kinematic hardening initially for the lower strain ampli-
tudes with subsequent isotropic hardening at high strain
amplitudes for both temperatures. The material exhibits a
clear Bauschinger effect where compressive yielding in the
reverse direction commences already in tension, see Figs. 8
and 9. This is attributed to the high kinematic hardening and
the fact that metals and steel consist of polycrystals made up
of different constituents, as shown in Fig. 2 and described
in Table 1. The differences in stiffness and yield properties

(b) D
400 r

200

Stress, MPa
o

-200 1

-400

L

-0.01 0 0.01
Strain

-0.02 0.02

Fig.9 Hysteresis loops at 300 °C for different strain amplitudes in (a) the rolling direction (RD) and (b) the transverse direction (TD)
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Fig. 10 Cyclic and monotonic stress-strain curves in the rolling direction at (a) room temperature and (b) 300 °C

among the constituents imply that each constituent under-
goes different plastic straining when the material is loaded
into the plastic regime. When the loading is reversed, this
mismatch of the constituents means that some constituents
again enter the plastic regime before others and this mani-
fests itself in the macrolevel as the Bauschinger effect and
thereby kinematic hardening [13].

The transition from elastic to plastic behavior is very
smooth for 304L and therefore difficult to pinpoint. The
monotonic yield strength, 6y, in Table 3 would significantly
overestimate the elastic range in the hysteresis loops. Hence,
a lower cyclic yield strength, oy, was fitted to the cyclic
curves in Figs. 11 and 12 and this parameter is the only one
that is independent of the strain amplitude. All parameters
are based on optimized values by the least squares method
performed in a previous study [45] for 316L at room tem-
perature, which is similar to 304L. Manual fine-tuning of
the parameters was then adopted to match the experimen-
tal results as accurately as possible. Apart from the yield
strength, all parameters are dependent on the strain ampli-
tude. Interpolation can be utilized to obtain the parameters
for a specific strain amplitude. The initial value of the
accumulated plastic strain, «, is only zero for the first strain
amplitude of 0.2 %. For all other amplitudes, the initial
accumulated plastic strain is non-zero due to the memory
effects from previous strain cycles. Thus, there is a history

Table 6 Ramberg-Osgood H o
para}meters for the cyclic stress- MPa
strain curves
RT RD 2190 0.349
TD 2190 0.340
300°C  RD 1174 0.278
TD 1203  0.268

dependence on the hardening parameters since all hysteresis
loops are obtained from a single specimen. However, the
parameters for e, < 0.4% can be used independently in a low
cycle fatigue analysis since the initial accumulated plastic
strain is zero for e, = 0.2% and negligible for e, = 0.4%. In
addition, the initial condition values do not influence the
stabilized hysteresis loops regardless of the strain ampli-
tude. Thus, the stabilized curves are history-independent
and this is attributed to the fact that they are determined
from the kinematic hardening model, which is independent
of the accumulated plastic strain, a. Hence, the parameters
can still be used with high accuracy to perform low cycle
fatigue analyses and predict damage without considering
the history effects. For higher strain amplitudes, the hard-
ening parameters can be extrapolated since a clear pattern
is evident between the strain amplitudes and the harden-
ing parameters. For variable amplitude loading, the larg-
est occurring strain amplitude dictates the cyclic hardening
behavior of the material when saturation is achieved at lower
levels. The hardening parameter set for the maximum strain
amplitude should always be used until a greater strain ampli-
tude is reached. Hence, the parameters throughout an analy-
sis should be dependent on the maximum strain amplitude
occurring up to that point. The above-mentioned material
model is unable to capture softening effects resulting in satu-
ration at lower stress levels. It is also unable to describe non-
uniform deformation of the yield surface. Experiments with
316L have shown that the surface depends heavily on the
direction of loading [45]. In addition, the material model is
solely dependent on the accumulated plastic strain although
there is a clear dependency of the hardening parameters on
the strain amplitude.

The proposed fatigue life prediction model in the form of a
power law, see Eq. (24), successfully captures the correlation
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Table 7 Kinematic and RT RD

isotropic hardening parameters »
for different strain amplitudes £, oy Ot p o Yi £, oy Ot p C, Ti
at room temperature (RT) in the % MPa MPa GPa % MPa MPa GPa
rolling direction (RD) and the 0.2 100 15 30 240 1400 02 100 15 30 350 2500
transverse direction (TD) 04 100 30 20 107 600 04 100 50 20 95 600
0.8 100 100 8 43 250 0.8 100 100 8 40 250
12 100 140 3 34 180 12 100 150 3 30 180
Table 8 Kinematic and 300 °C RD D
isotropic hardening parameters
for different strain amplitudes at £, oy Cat i o Yi £, oy Cut i o Yi
300 °C in the rolling direction % MPa MPa GPa % MPa MPa GPa
(RD) and the transverse 02 100 15 30 125 1200 02 100 15 30 125 1200
direction (TD) 04 100 40 15 65 700 04 100 40 15 65 700
0.8 100 105 5 27 250 0.8 100 105 5 27 250
12 100 130 3 27 250 12 100 130 3 27 250
1.6 100 165 2 27 250 1.6 100 165 2 27 250
20 100 180 2 27 250 20 100 200 2 27 250
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Table 9 Parameters for the energy based fatigue life prediction model

Wu Wh P
MIm? MIm?
RT 33.540 -7.077 -0.1293
300 °C 39.360 -4.179 -0.1917

between energy dissipation and fatigue life, as shown in
Fig. 13. The model is based on the energy density computed
from the hysteresis area using the return mapping algorithm.
The accumulated plastic strain could also be used to obtain a
similar model. However, energy dissipation is favourable since
it accounts for both accumulated plastic strain and strain hard-
ening. The model could be used for estimating the fatigue life
of variable amplitude loading as well by computing the dis-
sipated energy for a specific block loading but further testing
should be conducted for verification of the model. It is impor-
tant to note that the model only considers loading cycles within
the plastic deformation range and does not take into account
damage caused by purely elastic loading cycles. As a result,
there is a specific strain amplitude threshold that defines the
validity of the model. However, due to the material’s impres-
sive fatigue limit near its yield strength, elastic cyclic loads
have a lesser impact on the material’s fatigue life. Conse-
quently, the threshold closely aligns with the fatigue limit.

Conclusions

The hot rolled 304L stainless steel exhibits high isotropy in
its mechanical properties, including tensile strength, fatigue
performance, crack growth rates and cyclic plasticity, at both
room and elevated temperature. The mechanical performance is

generally weaker at 300 °C. The nonlinear kinematic hardening
model proposed by Armstrong-Frederick can be used in con-
junction with the nonlinear isotropic hardening law proposed by
Voce to successfully model the cyclic plasticity of the material
using a von Mises radial return-mapping algorithm. However,
the material model has some drawbacks, including the incapa-
bility of capturing softening effects, nonuniform deformation
of the yield surface and dependence on strain amplitude. The
radial return mapping algorithm can be used to determine the
dissipated energy per cycle which together with fatigue testing
has been used to propose a low cycle fatigue life prediction
model at both temperatures.

Appendix A. Implicit backward Euler
integration scheme

It proves convenient to introduce the auxiliary variable

3
§=O-__q’

> (A1)

known as the relative stress, to address the numerical imple-
mentation of the constitutive models described above. The
flow rule in Eq. (13), the evolution law in Eq. (16) and the
kinematic hardening law in Eq. (17) can now be written in
the discrete form

6Z+l = eﬁ + A Sign(§n+l)
S| 2= al; + A4 s (AZ)
qn+1 = 1+}’kA/1qn g l+}’kAA (jkAX SIgn(élH'l)
where
§n+l =Opy1 — zqn+1’ (A3)

and A4 is a Lagrange multiplier which is the algorithmic
counterpart of the consistency parameter, A. The return-
mapping algorithm initiates by first considering an auxiliary
state, in the form of a purely elastic trial step, which may not,
and in general will not, correspond to any actual, physically
admissible state unless the incremental process is elastic.
Hence, this step is called the elastic predictor and is defined
by the formulas

Utrial — E(6n+1 _ éj,;)

n+1
trial _ _trial _

n+l = Tn+l %q” )
- (o-Y + Oy [1 - exp(—ﬁan)])

(A4)
trial _

trial
n+1 5

n+1

where the integration technique is based on a strain-driven
approach where

Epa1 = €, + Ag,,. (A.5)
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Eq. (A.4) together with the initial conditions {sf:, G, an}
solely determines the trial state. The trial state is admis-
sible and thus a solution to the problem only if it satisfies
the stress-strain relationship, the flow rule and the harden-
ing laws and especially the Karush-Kuhn-Tucker conditions
which leads us to the following criterion

trial{ < 0 — elasticstep A =0, A6)

n+l | > 0 — plasticstep A4 > 0.

The process is incrementally plastic for the case in
which "4 > 0 and the trial state cannot be a solution
to the incremental problem since (o ”_ﬁl,an,qn) violates
the constraint condition f(o, @, g) < 0. Thus, the consist-
ency parameter A4 > 0, which enforces f,,; =0, has to
be determined in order to obtain o, # o-t“&Il This results
in the so called plastic corrector step Wthh completes
the return-mapping algorithm. The stress value o, can
be expressed as

o ol _ AAE 51gn(é‘n+l ) (A.7)

ntl = n+l

where both A4 and sign(é‘n +l ) need to be determined by use
of the condition f,,; = 0 where

—exp(=pa, )]).

Here, the unknown relative stress &, can be expressed as

Fos1 = & = (oy + 0|1 (A.8)

3 1

trlal — AAE _ 2
S]gn(én-}-l) 2 1 + }/kA),

§n+1 -

5 (A9)
(qn + ngA/l sign(énﬂ) ),

by use of Egs. (A.1), (A.2) and (A.7).

Appendix B. Determination of the sign

of the auxiliary variable

Rearranging Eq. (A.9) gives

l’ldl 1 3
=2+ (1= 1 )30
: (B.1)
- <E+ Ckm>A/1 sign(§n+1).

Utilizing factorization and that sign(fjn +1 ) =
we have

§n+l/|§n+l|’

Al .
[|§n+1| +EAA+ Ckm] 51gn(§n+1)

| 5 (B.2)
trial

— —— )2
w1 ¥ < T+ ykA,1> 2

Here, the terms in the brackets on the left hand side are all
positive values which leads to the conclusion that sign(¢&, ;)
must agree with the sign of the right hand side according to

ftr]al _ 1 éC]
n+1 l4y,A4 ) 2711
trial _ 1 3

€n+l + ( 1+y, A ) 29n

which now leaves A4 as the only unknown parameter. The
absolute value of the relative stress, |&,, |, is now given by

1 3 1
lna] 1= —— )2 —|E+C,— |AA.
nl < 1+ykAﬁ>2q" < HEEY

(B.4)

sign () = (B.3)

|§n+1| =

Appendix C. Newton’s method to determine
consistency parameter

The yield condition in Eq. (A.8) can be rewritten to
trla] 1 3 1
— )2q, |- (E+c,——)aa
Son T < 1+ykA/l>2q" T+ 7ML

—exp(—p(a, + A4))]) =0.

fn+1 -

—(oy + o [1 (C.1)

Eq. (C.1) is effectively solved for A4 by a Newton itera-
tive procedure. The derivative of the yield function with
respect to A4 is given by

; 1 3
d trial 1 =
f;1+l ( n+1 1 Y AL )2 qn

3 duvk

2 (1+ykA/1)2 C, [
: 1 + 7, A7
trial 1 3 k
n+1 (1 1+ykA),>§q"

-0, exp(—ﬂ(an + Ai)),

VAL
T+7AL

(C2)

and the iterative Newton-Raphson solution is given by

Just

AN = AQ" — )
dfn+l

(C.3)
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