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This article presents an evaluation of the performance of conventional constitutive models in mod-
elling the structural ratcheting of an austenitic stainless steel structure subjected to a thermomechanical
loading. This work highlights the influence of monotonic and cyclic behaviour in ratcheting responses.
Propositions on how to determine constitutive models and which ones are able to reproduce ratcheting
responses are also presented. Models employing only kinematic hardening are found to be inadequate
in predicting structural ratcheting. Results predicted by a simplified version of Chaboche model

proposed here are found in good agreement as compared to experimental measurements.

1. Introduction

When a structure is subjected to a cyclic loading with
non-zero mean stress, the accumulation of plastic strain may
not cease after a significant number of cycles and it will
lead the structure to failure. This phenomenon is known as
ratcheting (Fig. 1). For nuclear power plant components,
ratcheting occurs mainly as a result of the combination of an
internal pressure and a cyclic thermal loading. In that case,
one is talking about the thermal ratcheting phenomenon.
According to nuclear design codes (RCC-M, RCC-MRx,
ASME, KTA, ...), the structures of a nuclear power plant
which are subjected to that kind of loadings require the
performance of a ratcheting check. This check can be in-
vestigated by means of simplified methods or a complete
inelastic analysis [1, 2]. On the one hand, the latter is less
conservative, but on the other hand, it is more computation-
ally expensive than the former.

Depending on the loadings conditions and structure’s
geometry, this complex cyclic phenomenon can be classi-
fied as a material or a structural ratcheting [3]. The for-
mer and the latter may also be referenced as local and
global, respectively, in the literature [4]. Material ratcheting
is characterized by a homogeneous stress state while the
structural ratcheting is related to the structural effects (i.e., an
inhomogeneous stress state). In the last decades, ratcheting
experiments, for austenitic stainless steel materials, have
been carried out to better understand these two ratcheting
mechanisms.

Material ratcheting is observed in laboratory experi-
ments such as an asymmetrical. Hassan el al. [5] carried out
uniaxial stress-controlled experiments in order to investigate
ratcheting in 304 stainless steel specimens. They observed
that cyclic hardening reduce the ratcheting rate over cycle.
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Portier et al. [6] conducted a series of uniaxial and biax-
ial ratcheting experiments in 316 austenitic stainless steel
specimens. These experiments have evidenced the effects
of uniaxial and biaxial ratcheting. Facheris el al. [7] per-
formed uniaxial and biaxial experiments to study the effect
of ratcheting on fatigue life. The ratcheting behaviour of a
straight pipe under both an uniaxial loading and an internal
pressure was investigated by [8, 9, 10]. The axial and hoop
ratcheting of straight pipe under cyclic bending [11] and
under both cyclic bending and an internal pressure [12, 13]
have also been analysed. More recently, uniaxial ratcheting
tests have been carried out to observe the the influence of
the dynamic strain aging (DSA) in ratcheting phenomenon
[14, 15, 16]. Also, elbow pipe has been tested in order to
study the influence of ratcheting on the ovalization of cross-
section [17].

Despite these ratcheting experiments have contributed
to understand the material ratcheting, they were not repre-
sentative of the ratcheting phenomenon observed on nuclear
structures (i.e., they did not highlight neither the thermal
ratcheting nor the structural ratcheting). To investigate the
thermal ratcheting effects that are mainly induced by ther-
momechanical loadings, Uga [18] and Taleb [19] devel-
oped thermal ratcheting facilities. Bars or concentric tubes
were submitted to homogenous thermomechanical loading.
Their experiments had confirmed that the combination of a
constant mechanical loading and a cyclic thermal loading
creates an incremental plastic strain cycle after cycle. Never-
theless, structural effects were not emphasized on these tests.

To analyse both the thermal ratcheting and structural
effects, it is necessary to conduct a structural ratcheting
test. Even though its complexity, a few structural ratch-
eting experiments were developed. Couterot [20] carried
out a complex experiment on a representative mock-up to
analyse structural ratcheting. Because of the low plastic
strain accumulation, the ratcheting was not evidenced in his
test. Another structural ratcheting test was proposed by the
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Figure 1: lllustration of ratcheting phenomenon.

French Alternative Energies and Atomic Energy Commis-
sion (CEA): the COTHAA test. Submitting a cylindrical
structure to a cyclic thermal gradient under a constant in-
ternal pressure, an accumulation of hoop plastic strain is
observed through the cycles. Due to the thermomechanical
loading and the specimen’s geometry, the latter has been
used in nuclear industry to understand the structural ratchet-
ing and to evaluate the conservatism of simplified methods
to assess it [21, 22].

Concerning the cyclic inelastic analyses, efforts have
been made in order to improve constitutive models in pre-
dicting ratcheting. In general, kinematic hardening rule is
used to simulate ratcheting. Prager [23] was the first which
came up with a linear hardening rule to considerer the
bauschinger effect. The plastic modulus calculation in this
model is coupled with its kinematic hardening rule through
the consistency condition. To better simulate cyclic plastic-
ity, Armstrong-Frederick [24] proposed a non-linear hard-
ening rule. Despite that improvement, these models are well
known for either underpredicting or overpredicting ratch-
eting, respectively. Thus, Armstrong-Frederick model has
been modified [25, 26], in particular the non-linear part,
in order to avoid the overprediction of both material and
structural ratcheting. On the other hand, Mroz [27, 28] and
Guard [29] proposed a multi-surface model that the plastic
modulus calculation is indirectly coupled with its kinematic
hardening rule. The latter is not analysed in this work.

The aim of this paper is to propose a robust constitu-
tive model capable of simulating ratcheting with accuracy
and a strategy to determine their parameters from material
data. The paper is composed of 6 sections. The section 2
presents the structural ratcheting experiment known also as
COTHAA test. The section 3 is addressed to the constitutive
models which are often used to simulate ratcheting and the
methodology used to identify their parameters. The section
4 describes the FE model. The section 5 is dedicated to the
FEA. The evaluation of constitutive models are presented
and discussed. Finally, section 6 concludes with suggestions
for future work.

2. COTHAA device

An experimental ratcheting device, called COTHAA,
was developed to analyse the structural ratcheting phe-
nomenon [21]. A representative cylindrical structure is
heated by Joule effect and subjected to a constant internal
pressure in order to get closer from a representative case of a
nuclear power plant. The aim of this experimental campaign
was to investigate the commonly-used ratcheting design
rules. As the latter are based on simplified assumptions, it
was observed that they are too conservatives [22]. Here,
COTHAA device is presented as well as the specimen’s
material and geometry.

2.1. Material and specification

The specimens used for the experimental investigations
were made of a 316L austenitic stainless steel. This material
is a representative of nuclear grades. Its chemical composi-
tion is listed in Table 1.

As thermomechanical calculations are performed, both
thermal and mechanical properties are required. Further-
more, the heating is created by Joule effect thus, an elec-
trical property is essential: the electrical conductivity. Also,
because of the 316L material is considered temperature-
dependent, their properties vary according to the tempera-
ture.

Electrical and thermal properties are reported in Table 2,
in which T denotes the temperature, ¢ the electrical conduc-
tivity, p the density, ¢, the specific heat and A the thermal
conductivity. Mechanical properties are listed in Table 3,
where E is the Young’s modulus, R, is the yield stress
defined at 0.2% plastic strain and « is the thermal expansion
coefficient. Due to the lack of experimental data, thermal and
mechanical properties are taken from the RCC-MRx code
[30] and the electrical conductivity from [31].

Two kinds of geometry were used and those geometries
are mainly distinguished by their thickness transition zone:
with an abrupt change of cross-section and with similar tran-
sitions of the nuclear components. Only the experimental
tests with abrupt changes of thickness are here treated. That
geometry is presented in Fig. 2.
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Table 1
316L chemical composition (wt%) .

C Mn S P Si Cr Ni Mo Co
0.0181.620 0.002 0.024 0.350 16.700 11.080 2.130 0.200

Table 2
Electrical and thermal properties [30, 31].

T(°Q) o (S/m) p(kg/m’) 4 (W/mK) ¢, (J/ke.K)

20 1303968 7930 14.28 472
100 1199863 7899 15.48 501
200 1112176 7858 16.98 522
300 1043599 7815 18.49 538
400 989992 7770 19.99 556
500 952375 7724 21.49 590
Table 3

Thermomechanical properties [30].

T (°C) E (GPa) R, (MPa) a (107%/°C)
20 200 235 15.3
100 193 196 15.9
200 185 159 16.6
300 176 135 17.2
400 168 120 17.8
500 159 110 18.3
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The COTHAA experiment was divided into three phases.
First all, the COTHAA structure was pressurized using a
gas system. Then, a high-intensity current was applied to
the structure, causing the structure’s heating by means of
the Joule effect. The heating goes on for twenty seconds,
when a predefined temperature is reached on the geometry’s
thinnest part. For the numerical model, an electric potential
difference is applied between the bottom and the top of the
specimen to achieve this prescribed temperature (see section
4.1). Finally, the heating was stopped and cooling by natural
convection was started until the temperature of 50°C was
reached in around 1500 seconds. After that, a new cycle
could be initiated.

Analyzing the thermomechanical effects, one can ob-
serve that the thinnest part of the structure heats faster than
the thickest one during the heating phase. Because of that,
a thermal gradient is created around the zone of cross-
section change. Hence, this phenomenon over the cycles
creates an asymmetrical reversed bending stress that induces
an increase of the structure’s diameter at the end of each
cycle. In other words, it produces an accumulation of the
hoop plastic strain or a hoop ratcheting. The four COTHAA
experiments investigated on this work are summarized in
the Table 4, where set T denotes the set temperature and p;
the internal pressure. The COTHAA experiments will then
be referenced according to their test reference (Table 4 first
column).

The temperature was readout from nine thermocouples
(Fig. 2). Those were placed in/on the structure along its axial
direction to quantify and characterized the temperature field.
The thermocouple’s name are also referenced as TCx, in
which x represents its number according to the Fig. 2. The
time-measured temperature curves of the test 8 experiment
is given in Fig. 3. Moreover, the set temperature, presented
in Table 4, was readout from the TC12.

The hoop ratcheting was measured using a profilometer
equipment. The measurements were made on the cylinder’s
external generatrix at the end of the cycle 1, 2, 5, 10,
20, 30 until the hoop ratcheting stabilization (Fig 4). Note
that all these measurements were made without applying
the internal pressure and at room temperature. Fig. 5 gives
the evolution of the maximal hoop strain, on the cylinder’s
external generatrix, over the cycles.

Table 4
COTHAA experiments [22].

| °
2 4 i — Test reference set T (°C) p; (MPa)
Figure 2: COTHAA geometry and thermocouple positions ;a jég ji
f 21]. '
extracted from [21] 11a 360 A5
12a 270 4.5

2.2. Experimental setup

The specimens were machined from a 316L nuclear pipe
and heat treated in order to ensure the initial properties of the
material. After that, the tests were performed.
J. Macedo et al.: Preprint submitted to Elsevier Page 3 of 12
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Figure 3: Time-temperature evolution throughout the heating
and the beginning of the cooling by natural convection of the
test 8.

I
|
\

Figure 4: Profilometer measurements of test 8 extracted from
[22].

3. Constitutive models and their
determination

3.1. Cyclic plasticity

The cyclic plasticity constitutive models used for ratch-
eting analyses with the assumption of rate-independent plas-
ticity consist of the following conditions:

£= &% +iP (1)

6=C:¢° @

. _.%_ §
sp—/lao_—\/;/ln 3)

f(G—X)=\/%(§—X) :(S$=-X)=(o,+R) 4)

0.5 I T T
—e— Test 7a Test 8
Test 11a —o— Test 12
04 B
__ 03} N
X
02 .
0.1 1
0e ! ! ! !
0 20 40 60 80 100

Number of cycles

Figure 5: Maximal hoop ratcheting over the cycles.

where Eq. (1) represents the strain-rate decomposition &
into a elastic part £€° and an plastic part £éP. The elastic strain
obeys the Hooke’s law (2) while the plastic one is based
on the flow law (3). Also, C, 4 and n indicate the fourth-
order elasticity tensor, the plastic multiplier and the outward
unit normal vector to the yield surface, respectively. Finally,
Eq. (4) corresponds to the von Mises yield criterion, where
S is the deviatoric stress tensor, X is the back-stress tensor
(or kinematic hardening tensor), which describes the yield
surface translation, oy is the initial yield stress and R the
isotropic hardening, which describes the increase/decrease
of the yield surface’s size.

Concerning the kinematic hardening, it is considered
to be the primary reason for ratcheting. As a result, a lot
of kinematic hardening rule have been suggested to model
ratcheting. Prager [23], in the authors’ knowledge, was the
first author to proposed that kind of a model: the linear
kinematic hardening rule in the form:

X = %CEP (5)

where C is a material dependent parameter.

Due to its linear form, this model is well known to
be unable to reproduce neither the experimental hysteresis
curves nor the material ratcheting. Hassan [32] demonstrated
that this model leads to a plastic shakedown after the first
cycle, for an uniaxial ratcheting test, or after a few cycles,
for a biaxial ratcheting test.

To improve cyclic plasticity modelling, Armstrong-
Frederick [24] introduced a non-linear part in the Prager
model (5), called dynamic recovery:

X = %Cé" —yXp ©)

where the new parameter y is a material dependent
coefficient and p is the equivalent cumulative plastic strain

J. Macedo et al.: Preprint submitted to Elsevier
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rate that is defined in Eq. (7). From the consistency condition
f = 0, one deduces that p is here identical to the plastic
multiplier A.

p= ze‘P EP @)
3

The Armstrong-Frederick model, also termed as non-
linear kinematic hardening rule or AF, predicts the strain-
controlled curves better than the former. Due to the recall
term, the shape of the kinematic hardening rule changes
between tension and compression. As a result, when impos-
ing asymmetric uniaxial stress cycles, the hysteresis loops
never close and a constant ratcheting-rate is produced. The
constant ratcheting-rate, for uniaxial stress-controlled tests,
is given in Eq. (8), where X ,,;, represents the back-stress in
compression and X, the back-stress in tensile. All these

effects were demonstrated in [32].

2 2

p _ ll Xm[n_(C/Y)

€ atcheting — o1 2 2 ®)
&y \X2.,—-(C/y)

max

To better simulate ratcheting, Chaboche [33, 34] pro-
posed the combination of two or more hardening kinematic
rules. Its generalize formulation is given as follows:

n
x=Y (%Ciép ~ 75 ©)
i=1

The incorporation of several kinematic rules allows the
Chaboche model to simulate uniaxial ratcheting responses
better than the previous models. However, for multiaxial
loading, ratcheting simulation is still overpredicted. Hassen
[32] observed that the Chaboche model with n = 3 or
n = 4, predicts reasonably the uniaxial ratcheting, but still
overestimates the biaxial one.

For a long time, the isotropic hardening, attributed to
be the secondary reason for racheting, was not considered
on ratcheting evaluations. Recently, authors have mentioned
that its incorporation in constitutive models seems to be an
improvement in ratcheting simulations [32, 12]. Hence, the
isotropic hardening effect in ratcheting simulation is tested
in this paper.

The commonly-used isotropic hardening rule, proposed
by Chaboche [25, 35], is here presented. As stated before, the
isotropic hardening corresponds to an increase (hardening)
or a decrease (softening) of the material’s yield surface size.
its evolution is defined as follows:

R =b0Q - R)p (10)

where b and Q are material dependent coefficients. b
controls the stabilization-rate and is determined from a re-
gression analysis of the uniaxial hysteresis loops. Q is the
asymptotic value of R. For exemple, when the material

stabilization is achieved, for a symmetrical uniaxial loading,
the yield stress is equal to o), + Q. In addition, the material
hardens if Q > 0 or softens if Q < 0.

Experimental observations demonstrated that the asymp-
totic value QO depends on the plastic strain range. However,
since Q saturates for the first plastic strain applied, Eq. (10)
cannot reproduce the behaviour observed in Fig. 6.

To mitigate that, Chaboche [33] proposes the introduc-
tion of a plastic strain range memorisation, which relates
QO with the plastic strain range applied. This formulation is
depicted as follows:

F=\/§<ep—c>:(ep—¢)—q (11)
Gg=nHF)(n:n*)p (12)
¢ = \@(1 —WH(F){n : n*)n*p (13)

e -¢

(14)

n*=\/g

Vie-o e -0

Analogous to Eq. (4), Eq. (11) describes the memory
surface and the parameters g and { represent the size and
the center of this surface. The material dependent coefficient
n is used to describe the kinetic of the strain memorisation.
For instance, with # = 0.5, one obtains an instantaneous
memory and the stabilization is reached once the first cycle
is performed.

Similar to n (Eq. (3)), n* is the the outward unit normal
vector to the memory surface. Furthermore, (.) indicates the
Macaulay bracket and H the Heavside function.

o (MPa)

€ (%)

Figure 6: Uniaxial strain-controlled test of a 316L material at
room temperature, extracted from [33].
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The relation between Q and ¢ is defined as:

Q0 =240y -0 15)
where Q,, corresponds to the asymptotic value of Q for
a maximum strain range applied during an uniaxial test.

3.2. Constitutive models evaluated

Constitutive models, that have had their performance in
predicting ratcheting under mechanical loadings explored in
the literature, do not account for loadings observed on a nu-
clear component. Therefore, one of the contributions of this
work is to extend the robustness evaluation of constitutive
models in predicting ratcheting under a thermomechanical
loading. For this purpose, three models are selected to be
confronted with COTHAA test.

Double Armstrong-Frederick model, also referenced as
2AF model in this study, is a superposition of two
Armstrong-Frederick hardening rules, n = 2 in

Eq. (9).

Armstrong-Frederick-Prager model, also mentioned here
as AFP model, is also a superposition of two kinematic
hardening rules with a value of y, sets to 0. The
combination of a linear and non-linear kinematic
hardening reduces the ratcheting-rate.

Simplified Chaboche model, is called SC model in this
work, is proposed as a combination of the AFP model
and the isotropic hardening rule with a plastic strain
range memorisation (Egs. (10)-(14)).

3.3. Model parameters determination

The model parameters are calibrated from data sets
of monotonic tensile tests or uniaxial tests. From uniaxial
strain-controlled tests, a cyclic curve may be defined as the
relation between the applied strain range and the stabilized
stress. Fig. 7 illustrates the difference between monotonic,
cyclic and stabilized curves.

The experimental data is fitted to the model parameters
to a mathematical model according to the least-squares
method. The mathematical models of the three models are
treated by Chaboche [35] and can be deduced from (3)-(15).

For the 2AF model and AFP model, two set of param-
eters were determined: one from cyclic curves data and
another from monotonic curves data. Models identified from
cyclic curves are referenced here with a index 1. On the other
hand, those with a index 2 were identified from monotonic
curves. These determinations are made using Egs. (16) and
7).

For the SC model only one set of parameters was de-
termined. The SC model determination is divided into two
phases. First, the kinematic hardening parameters are deter-
mined using the same method as AFP-2 model. Secondly,
isotropic hardening parameters are calibrated from cyclic
curves, this time using (18). Finally, the kinetic parameters
b, n and p are calibrated from the test 8.

Table 5 summarizes the models evaluated as well as the
material curves used to determine them. The first column
represents the model and the first row the material data.

Comparisons between experimental curves and the mod-
els are presented in figures 8-9. Except for the SC model,
for which the consideration of cyclic hardening led to a
monotonic curve that overestimates high plastic strains, all
the models are consistent with the experimental curves. Note
that all these models are determined according to the temper-
atures listed on the first column of the Table 3, however, for
clarity reasons only the results at room temperature and at
300°C are presented in this section.

c=o0,+ j—ll (1 —exp (-7,€”)) +
(16)

S p———)
V2

C
0'=cry+—1(1—exp (=71€")) + Cye” 17
71
C p p
Ao _ o, + Q0+ — tanh (ylA—€> NN
2 71 2 2
Aer 18)
€
(Qn - o) (1 -exp (-20%7) )
Table 5
Models determination.
Model monotonic curve cyclic curve
2AF-1 \/
2AF-2 Vv
AFP-1 Vv
AFP-2 vV

sC v v

Stabilized curves
— — — Monotonic curve
M| Cyclic curve

/]

—-600 |

Figure 7: lllustration of material curves.
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Figure 9: Comparison with monotonic curves.

4. Finite element model

Due to the axisymmetry problem, a 2D finite element
model (Fig. 10) is meshed with Visual Mesh software®.
Quadratic elements with four Gauss integration points, are
used in both electrothermal and thermomechanical simula-
tions. These elements are recommended when plasticity with
von Mises criterion (4) is used.

The simulation of thermomechanical effects is divided
into two parts. First, the heating by Joule effect is simulated
to obtain the temperature distributions over time. The eletric
potential difference parameter AV is calibrated in order to
obtain the measured temperature over one cycle. Mechanical
effects are neglected in the electrothermal simulation.

Once the temperature map calibrated, thermomechanical
simulations are performed. Thermal effects are here consid-
ered taking temperature-dependent mechanical parameters
and using thermal simulation results to calculate the thermal

Figure 10: COTHAA mesh.

stresses. Fig. 11 schematizes the interaction between physics
phenomena during the simulations.

Constitutive models proposed in section 3.2 and deter-
mined in section 3.3 are used to perform thermomechanical
simulations. The maximal hoop ratcheting, on the cylinder’s
external generatrix, is then extracted from the simulations to
compare with experimental results. Note that all the simu-
lations described below are performed using the computer
code SYSTUS®.

4.1. Electrothermal model

The Joule effect heating appears when the electrical en-
ergy produced by high intensity electrical current that flows
through a conductive material is converted into thermal en-
ergy. This principle that is used to assembly thin metal sheets
by welding processes was used to create the thermal stresses
of the COTHAA experiment. The Joule effect numerical

Electrokinetics

T Power losses
emperatures (Joule effect)

Temperatures
—

Heat transfer Mechanics

Figure 11: lllustration of COTHAA test simulation.
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simulation presented hereafter is exhaustively detailed in
[36, 37].

Electrothermal proprieties of 316L austenitic stainless
steel such as the thermal conductivity, the volumetric mass,
and specific heat capacity are temperature-dependent and
listed in Table 2.

Concerning the boundary conditions, the natural con-
vection is modelled by means of an exchange coefficient
h,, = 20W /°C.m? and an external environment temper-
ature T,,, = 20°C applied to the cylinder inner and outer
walls. The heating by Joule effect is simulated applying an
electric potential difference AV between the bottom and top
surface of the COTHAA geometry. The boundary conditions
and the electrokinetic loading are showed in Fig. 12.

Unfortunately, we do not have temperature results from
test 7, 11 and 12. Thus, their thermal modelling are made by
reducing the test 8 heating time to obtain the set temperature
observed at the experimental campaign.

4.2. Thermomechanical model

As plasticity is considered and model parameters are
temperature-dependent, a transient step-by-step calculation
is performed. Indeed, the solution of equilibrium equations
is time-dependent. The thermomechancial properties, listed
in Table 3, and the constitutive models parameters depend
on the temperature.

The boundary condition is imposed blocking the axial
displacement of the mock-up top surface. The mechanical
loading is set by applying a constant internal pressure to the
mock-up inner wall and a constant axial stress to the bottom
surface. These conditions are illustrated in Fig. 13. The
thermal loading is imposed using the temperature cards of
the thermal model. Constitutive models, proposed in section
3.2, are used in order to simulate the hoop ratcheting.

17
—_ —
—_ —
—_ —
—_ —
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—_ —
—_ —
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Figure 12: Electrothermal model.
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Figure 13: Thermomechanical model.

5. Results and discussions

5.1. Electrothermal validation

A sensitivity analysis was performed on the electric
potential difference parameter AV in order to reproduce the
TC12 experimental information (Fig. 3). In other words,
various calculations were carried out to calibrate AV and to
validate the thermal loading. The comparison between cal-
culation and experimental results is presented in the Fig. 14.
One can see that the simulation is in good agreement with
the experimental results.

The temperature field of test 8 is showed in Fig. 15. One
observes that the simulation reproduces the phenomenon
mentioned in section 2.2. Furthermore, as mentioned in
section 4.1, the test 8 modelling makes it possible to sim-
ulate others COTHAA experiments by changing the heating
time. Those time-temperature evolutions are then used to
performed thermomechanical calculations.

5.2. Evaluation of the constitutive models

In the following section, the experimental hoop ratchet-
ing results and numerical ones are presented and compared.

Before proceeding to the results of the simulations, the
test 8 configuration at 100th cycle is presented in Fig. 16.
Comparing with Fig. 4, one can note that the simulation is
able to reproduce the experimental observations.

Fig. 17 shows the ratcheting simulations by 2AF-1 and
AFP-1 models along with the test 8 result. The two models
underestimate experimental response. Fig. 18 presents the
simulations of 2AF-2 and AFP-2 model. During the first
ten cycles, it is observed a good correlation between sim-
ulation and experimental results, but then the simulations
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Figure 14: Comparisons of the time-temperature evolution over
a cycle.
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Figure 15: Test 8 temperature field at maximum temperature
over one cycle.

overpredict experimental ratcheting. Furthermore, the 2AF-
2 model produces a constant ratcheting rate, contrary to the
experimental observations.

The simulation with the SC model is showed in Fig. 19.
Using the kinetic parameters setto b = 15,7 = 0.3 and f =

30, it is observed that the simulation is in good agreement
with the ratcheting response of the test 8.

The reason that the kinematic hardening models failed
to simulate ratcheting is mainly attributed to model deter-
mination. Experimentally speaking, monotonic behaviour is
predominant during the first cycles. Then, as the number
of cycles increases, the material hardens up and the cyclic
behaviour gets predominant. Thus, the plastic modulus is
taken very high, for models determined from cyclic curves,
or low, for models determined from monotonic curves.

Hence, it is important to consider the cyclic harden-
ing. As SC model considers this phenomenon by using
the isotropic hardening rule, the ratcheting simulation is
improved. To confirm that SC model is adapted to reproduce
ratcheting responses, the simulations of the test 7, 11 and
12 test are performed. The results of all COTHAA test
simulations are showed in Fig. 19.

Considering that the thermal loading is deduced from the
test 8 and the material properties are taken from a similar
material, one can say that SC model is able to reproduce the
structural ratcheting of structures under thermomechanical
loadings, even though test 7 and 12 are slightly under-
predicted. An error of less than 5% is observed between
calculations and experimental results (Fig 20).

Test 8 - Radial displacement Ux (mm) - 10x amplified geometry

0.22854
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0.19533
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_ 011230
__ 0.09570 '
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. 004588
0.02927
0.01267
-0.00394

-0.02054

L.

Figure 16: Test 8 radial displacement at 100th cycle.
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Figure 17: Comparisons of the maximal hoop ratcheting over
the cycles - 2AF and AFP models determined from isothermal
cyclic curves.
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Figure 18: Comparisons of the maximal hoop ratcheting over
the cycles - 2AF and AFP models determined from isothermal
monotonic curves.

6. Conclusions

This paper is devoted to the structural ratcheting study of
a 316L austenitic stainless steel. Numerical analyses of the
COTHAA test are performed using the double Armstrong-
Frederick model, the Armstrong-Frederick-Prager model
and the simplified version of Chaboche model. Furthermore,
models determinations are proposed and discussed.

On the one hand, kinematic hardening models underpre-
dict ratcheting when they are determined from cyclic curves.
On the other hand, these models overestimate the ratcheting
when model’s parameters are identified from monotonic
tensile curves. These observations indicate that it is neces-
sary to consider the austenitic stainless steel hardening in
calculations.
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Figure 19: Comparisons of the maximal hoop ratcheting over
the cycles - SC model determined from both isothermal
monotonic and isothermal cyclic curves.
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Figure 20: Error between simulations and experimental results
with SC model.

Therefore, the current study proposes a constitutive
model that is able to reproduce both the cyclic curves and
the monotonic ones. This model is formed of an isotropic
hardening rule and two kinematic ones and is determined
from both monotonic and cyclic curves. A strategy to
determine the model’s parameters from material curves is
also proposed.

Concerning that model, the results indicate that simula-
tions are found in good agreements as compared to experi-
mental results. Based on these observations, the combination
of an isotropic and kinematic hardening is recommended for
ratcheting simulation of structures submitted to thermome-
chanical loadings.

Future work will be focused on a development of a
numerical method of speeding up the convergence of non-
linear cyclic calculations of structures. The latter will then be
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compared with those coming from the direct cycle-by-cycle
and the cycle jump technique. Furthermore, an alternative
method to assess the thermal structural ratcheting will be
proposed and tested on experimental and simulation data.
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