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Abstract. This paper presents the identification of dislocation-density-based crystal plasticity parameters for a
A508 CI3 bainite steel in non-irradiated and irradiated states and at different temperatures. The representative
volume element for the identification process is a cube containing 1000 steel grains represented by a Voronoi
mosaic discretized by finite elements. The grains are assigned crystallographic orientations corresponding to an
isotropic texture. The crystal constitutive model is based on a plastic flow law, a hardening law, and a law of
evolution of dislocation densities. Modeling parameters are determined by a two-step calculation with two
different crystal structures: (1) using a simple structure with 343 identical grains to identify 7 parameters,
(2) using a Voronoi tessellation of 1000 grains to refine the parameters. Thereafter, the calculated stress-strain
curves are compared with experimental stress-strain curves. The results show that the simulated stress-strain
curves are in good agreement with those of experiments, highlighting the reliability of the proposed procedure to
account for the significant effects of irradiation and temperature.
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1 Introduction

The A508 C13 steel is a low alloy steel used to manufacture
heavy components of the primary circuit of nuclear
Pressurized Water Reactor (PWR). This steel has a
bainitic microstructure [1] and is used in particular for the
vessel, which contains the fuel elements of many nuclear
power plants worldwide. For nuclear power plants, safety is
always the most important issue, so the integrity of the
vessel is paramount. The key to understanding this
problem is the evaluation of the risk of brittle fracture
under hypothetical accidental conditions. So, to evaluate
this risk, it is essential to understand formation, distribu-
tion, development of micro-cracks, which can be at the
origin of the brittle fracture of the component. Moreover,
the detailed information about the modifications of stress
and strain distributions in each steel grain when exposed to
radiation is very important and the microstructure is the
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key of these evolutions [2,3]. In this study, we derive this

information by means of a physics-based model which

includes the following elements:

— explicit description of the evolution of the dislocations
population;

— microstructures with a sufficient size in terms of
number of grains to be a representative volume at the
macroscale and a description of the characteristic
shape of the steel grains at two degrees of accuracy with
respect to real microstructures: either a simplified
microstructure with monodisperse grains, or a complex
microstructure as given by a Voronoi tessellation and
hence with random morphologies and size distribution
of grains;

— a discretization of the microstructure at two degrees of
refinement: a single element for each grain in the
simplified microstructure or, for the complex microstruc-
ture, an intragranular discretization of the grains with
grain boundaries conforming to elements boundaries,
which enables to account for the local intragranular
interactions taking place between grains;

— a model written in a large deformation framework [4-7].
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In the present paper, the aim is to describe the stress-
strain behavior of the A508 CI3 steel before and after a
significant neutron irradiation dose. To this purpose, a set of
15 required parameters need to be identified. The numerical
simulation results are compared with those of experimental
tests at different temperatures and irradiation states.

2 Constitutive model

The model is built on the basis of the dislocation-density-
based model presented in Libert et al. [8]. This model is
based on three evolution laws: (1) a temperature dependent
plastic flow law developed by Louchet [9] and generalized
by Kocks [10], (2) a hardening law developed by Rauch [11],
and (3) dislocation density evolution developed by
Tabourot [12]. The choice of this model is motivated by
the need to describe the constitutive behavior at temper-
atures above and below the transition temperature,
characterized by a transition in the involved deformation
mechanisms, viz. athermal or thermally activated mecha-
nisms, double kink formation, preferential activation of the
slip system families <110> {111} or <112>{111}. This
model enables to account both for short-range barriers due
to obstacles or lattice friction and long-range effects such as
the elastic stresses induced by forest dislocations. The
equations of the model and the physical meaning of each
parameter are presented in the following.

2.1 Plastic flow law

The plastic flow law, as expressed in equation (1), provides
the evolution of the slip rate y* on a system s according to
the temperature T and to the reference slip rate y, in the
temperature-independent regime.

s AG(t. .
Y = voexp [—% sign(ts)

= Joexp [—% <1 - (Tt—;f)p) q] sign(z,) (1)

where kp is the Boltmann constant, AG(t.y) is the
activation energy for double kink: it is the energetic
barrier to be overcome for a dislocation to transfer from a
Peierls valley to another. As proposed by Kocks et al. [10],
it depends on the effective stress t.g, which is the applied
shear stress subtracted by the athermal shear stress due to
forest dislocations and precipitates. t.is mostly related to
lattice friction, which corresponds to short-range inter-
actions, whereas forest dislocations are at the origin of long-
range interactions. Ty is the shear stress required to
generate a double kink at T=0K. AGy is the nucleation
energy of a double kink without the contribution of the
thermal activation. p, ¢ are the parameters enabling to
shape the energy of the Peierls barriers.

2.2 Hardening law

The shear stress t° necessary to activate slip on the system s
is the sum of three contributions accounting for short and

long range interactions related to lattice friction (via 7.z,
forest dislocations (via ty,), precipitates and boundaries
(via 79):

(2)

where 1, is defined, after Rauch [11], by equation (3). It
represents long-range interactions due to forest disloca-
tions which density is given by p.

T = teff + 10 + Tint

(apd)’p

Tint = S
T°— T

3)
u is the elastic shear modulus and b is the Burgers vector
norm. Tabourot [12] has proposed to replace the overall
effect of dislocation interactions, handled by «, by an
explicit representation of the slip system interactions by
means of the interaction matrix o’ introduced by
Franciosi [13]. This has led to equation to define tj,;.

(ub)* e p"

5 — 1

(4)

Tint =

where p" is the dislocation density on the slip system u. 7 is
the hardening contribution, which has been introduced by
Rauch [11] in order to account for the presence of
precipitates and obstacles, which are specific to steels as
compared to pure iron, because of the alloying elements. As
expressed in equation (5), 7y depends on the considered slip
system family, after Libert [14] and Libert et al. [8], it is
proposed to distinguish the sensitivity of the slip systems
families {110} and {112} to temperature by means of the
function f{T) which has been determined from experimen-
tal analyses.

110 _

=1 ; 1 =t+fT) ()

2.3 Dislocation density evolution

The dislocation density rate p°, as expressed in
equation (6), is taken from the model of Tabourot [12],
which was developed for bece metals at temperatures above
the transition temperature. The extension of this law to low
temperatures is discussed hereafter.

Zs;r':upu
K(T)

(1
Dgrain

- 9.(T)p (6)

The rate of production of dislocations on a system s is
proportional to (i) the slip rate y° and (ii) three terms
describing the state of the microstructure. The first two
terms define the capacity of dislocation multiplication
according to the mean free path of dislocations which itself
depends on microstructure characteristic size, namely the
size of a bainite lath D, and on the total number of
dislocations being present the second positive term.
The third term corresponds to the rate of dislocation
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Fig. 1. The reference stress-strain curves of simple tensile
tests of non-irradiated and irradiated material at different
temperatures [15].

annihilation and is thus assigned a negative sign. The
temperature dependence is first introduced with the
parameter K(T), which acts on dislocation multiplication:
the larger K(T) the smaller the capacity to have dislocation
nucleation. K(7) is directly given temperature dependent
values from the identification process. The second
temperature dependence is introduced in the competitive
mechanism of dislocation annihilation, which is controlled
by the parameter g.(7T): the larger T the larger g¢.(7).
As for K(T), g/T) is directly identified at different

temperatures.

3 Context of the identification
3.1 Reference experimental data

The identification is based on reference stress-strain
experimental responses as presented in Figure 1. They
correspond to an irradiated and a non-irradiated state and
for each state of irradiation, different temperatures are
considered. The experiments were performed with cylin-
drical samples of 5 mm diameter, 30 mm length, imposed
strain rate of 0.5 x 10~%s ™! until reaching a deformation of
14%. These data were provided by CEA [15].

3.2 Predefined parameters

In his work, Libert [14] has identified different parameters
from the stress-strain behavior of the considered steel.
Table 1 provides the values of these parameters. A first
class corresponds to parameters which are representative of
the considered steel: the three components of elastic
stiffness (C11, C12, and C44), the norm of the Burgers
vector (b), the slip rate at the thermally independent
regime (y,), and the coefficients of the slip systems
interaction matrix («”). A second class is deduced from
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direct observations of the microstructure: the average size

of bainite laths (Dg,4;,) and the initial dislocation density

(p,). The function f(T) describing the dependence of the

reference resolved shear stress () to temperature (Eq. (5))

was also provided.

These parameters, as given in Table 1, are fixed in the
identification procedure since they are representative of the
considered steel whatever its state of irradiation. There
then remain 7 parameters have to identify:

— The activation energy for double kink (AGy);

— The absolute shear stress to move dislocation at T=0K
(Tr);

— The reference resolved shear stress taking into account
the role of carbon compounds, precipitates and obstacles
at grain boundaries and other crystal defects (7¢);

— Parameters defining the shape of the activation energy
caused by obstacles (p, q);

— The temperature dependent coefficient characterizing
the mean free path dependence of dislocation multiplica-
tion to the dislocation density (K(T));

— The temperature dependent coefficient characterizing
the term of dislocation annihilation rate (g.(7T)).

3.3 Preliminary analysis

As detailed in [16], considering the different equations of
the constitutive model, several preliminary conclusions on
the respective roles of parameters can be drawn. First,
considering equation (1), for a given slip rate ° and a given
temperature T, the effective shear stress 7.4 depends on 4
undetermined parameters:AGy, T, p, ¢. Hence, these
parameters may affect not only the yield stress but also the
rate of hardening (the shape of the stress-strain curve
in the hardening regime). Considering equation (4), 7 can
be considered to affect the yield stress. Considering
equation (6), it is deduced that the two remaining
undetermined parameters K(T), g.(7T) may only affect
the relation of dislocation density rate to slip rate, i.e. the
shape of the curve in the hardening regime.

The dependence of the stress-strain curves on temper-
ature will be handled by 7y on one side (as described in
Eq. (5)), which will act on the yield stress, and on K(T),
ge(T) on the other side, which will act on the hardening
rate. Finally, in order to respect the physical meanings of
the parameters, considering how irradiation affect the
tensile properties and the respective aforementioned roles
of parameters, the dependence of the constitutive behavior
to the state of irradiation will be accounted for through the
parameters AGy and 7.

3.4 Bounds of parameters

The analyses presented in the work of Groh and Conte [17]
enable to fix bounds for the parameters p, ¢, AG and 13 as
presented in Table 2. This directly defines the domain
within which these parameters will be varied during the
identification procedure.
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Table 1. Value of the initial parameters for A508 CI3 steel after [14].

C11 C12 C44 (GPa)  jo(s™) Dyrgin (pm)  b(m) ™ py(m?)
(GPa) (GPa)
275,2 1124 81.4 10° 2.5 251x107"° 025 10
24 slip systems, two families {110} and {112}
1.110 =1
o —to
2 =19 if 7> 206 K

w2 = 79+ 73.6 — 0.357T

if T<206K

Table 2. Bounds of parameters after [17].

P q AG(eV) 7r(MPa)
0.25 0.75 0.70 350
0.75 1.5 1.25 500

4 Procedure for identifying material
parameters

The bainite steel has a complex hierarchical microstruc-
ture: primary austenite grains have transformed into
bainite packets during cooling-controlled phase trans-
formation and themselves are divided into laths.
Whereas the crystallographic misorientation between
laths of a same bainite packet remains small (below 5°),
bainite packets have crystallographic orientations which
differ strongly from a packet to the other and which are
all related to the crystallographic orientation of the
primary austenite grain they belong to [5]. The orienta-
tion relationships can be described according to the
Kurdjumov—Sachs (KS) or Nishiyama-Wassermann
(NW) rules [18].

Due to the complexity of the microstructure and the
large number of parameters to manipulate, the identifica-
tion process of material parameters is divided into two
steps: (1) The first step is a rough identification of the
parameters from a simplified representation of the
microstructure which enables rapid simulations; (2) The
second step is a refinement of the pre-identified parameters
from a microstructure accounting for the main microstruc-
tural characteristics of the bainitic steel.

The microstructures are generated from the Neper
software [19,20]. Simulations have been performed with the
parallel solver of the Z-set finite element software [21]. The
full and detailed procedure of microstructure generation,
meshing, assignation of material properties and crystallo-
graphic orientations, post-processing, and examples of
application of this procedure on a wide range of micro-
structures can be found in [22-27].

Material model:

- 343 (7x7x7) C3D20 elements

- 1856 nodes

- each grain is assigned a crystal orientation
Loading conditions:

-Ori: Ux=Uy=Uz=0

- Coin: Uy=Uz=0

z

Y,
Ori

Time Uz Plane (z=0) UzPlane (z=1)
3 0. 0. 0.
’ 280. 0. 0.14

Coin

Fig. 2. Simplified RVE for the first step of the identification.
Each finite element represents a crystal.

4.1 First step: simplified microstructure

For the first step of parameters identification, a simple
polycrystalline Representative Volume Element (RVE) is
used. It corresponds to a cube regularly meshed into
identical 20-node-brick elements with quadratic integra-
tion. Each element represents a grain (or a crystal).
Numerous studies [22—-24] pointed out that, for an isotropic
polycrystal of a bee or fecc material, the number of grains in
the RVE should be of the order of 200 to provide effective
elastoplastic properties of the polycrystal. It was further
shown that assigning each single crystal to a single element
of the mapped mesh enables to obtain efficiently a first-
degree estimation of these effective properties. The RVE
selected for this preliminary determination is constituted of
TXTxT crystals (i.e. 343 elements). It is subjected to a
simple tension with displacements imposed at the rate of
the experiments, as shown in Figure 2.

4.2 Second step: high resolution microstructure

The second step of the identification procedure consists in
refining the parameters obtained on the first step by
considering a more realistic RVE in terms of (i) the
considered number of crystals, (ii) the morphologies of the
crystals and (iii) the finite element discretization of each
crystal. The RVE now contains 1000 crystals which are
defined by the polyhedra of a Voronoi tessellation.
Modeling the microstructure of a polycrystal by a Voronoi
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Material model:

- 74 442 C3D10 elements

- 104 092 nodes

- each grain is assigned a crystal orientation
Load conditions:

-0Ori U1 0.; U20.;U30.

-Coin U2 0.; U3 0.

Times
0

U3 plane (z=0) U3 plane (z=1)
. 0. 0.
280. 0.

0.14

Coin

Fig. 3. High resolution RVE for the second step of the
identification. Each color represents a crystal, which itself is
discretized into several tetrahedral elements.

mosaic is a widely accepted solution when considering the
random nature of grain morphologies in a polycrystal
[25,28,29]. As seen on Figure 3, each crystal is discretized
into tens of tetrahedral elements (10-node-tetrahedra with
quadratic integration) and grain boundaries conform to
finite element boundaries. This corresponds to the adopted
strategy for the prediction of micro-fractures arising at the
local scale of the grains [27].

4.3 Crystallographic orientations in the high-resolution
microstructure

As detailed in [5,6], whereas the crystallographic misorien-
tation between bainite packets of a given primary austenite
grain can be large, it is less than 5° between laths of a given
packet. This justifies, as in [5], to distinguish bainite
packets in the polycrystalline representation and to
consider laths of a given packet as having the same
crystallographic orientation. Hence, each polyhedron of the
high resolution RVE represents a bainite packet.

Yet, the study [5] also indicates that in order to
correctly describe the intra- and intergranular elastoplastic
interactions, the crystallographic orientations of the
bainite packets should respect the orientation relationships
with the primary austenite grain they belong to. Two types
of relationships can be adopted to this purpose: (1)
Kurdjumov-Sachs (KS), which lead to 24 variants, or (2)
Nishiyama-Wassermann (NW), which leads to 12
variants [18].

The analyses presented in [5-7] further indicate that a
primary austenite grain contains of the order of 20-50
bainite packets. Different solutions for the assignment of
the 1000 bainite packets to primary austenite grains are
then possible. In order to analyze the effect of the number of
packets per primary austenite grain on the effective tensile
properties of the polycrystal, a preliminary analysis has
been made, by considering two configurations: either 20 or
50 primary austenite grains, which respectively corre-
sponds to 50 and 20 bainite packets per primary austenite
grains. Each configuration has been tested by using the KS
and the NW relationships. This analysis is completed with
the case where bainite packets are assigned random
crystallographic orientations.

The macroscopic stress-strain curves in these five
configurations are shown in Figure 4. The results show that
there is no effect of the crystal orientation assignment

1000 T T
900
/
T 800 /
o
=
(723
§ 700
7
600 . . . . .
simu T -120 n1000.Aus orientations aleatoires
simu T -120 n1000-20gr.Aus-KS x
500 H simu T -120 n1000-20gr.Aus-NW x .
simu T -120 n1000-50gr.Aus-KS °
simu T -120 n1000-50gr.Aus-NW +
400 . . A ) . A .
0 0.02 004 0.06 0.08 0.1 0.12 0.14 0.16
Strain

Fig. 4. Macroscopic stress-strain tensile curves obtained from
the high resolution RVE with different crystal orientation
assignments: 20 or 50 primary austenite grains (and thus 50 or
20 bainite packets par primary grain); KS or NW relationships, or
random orientations.

procedure on the effective properties of the polycrystal.
This further confirms that the number of crystals is large
enough for providing the effective isotropic properties of
the bainite steel. Following these analyses, the configura-
tion of randomly set crystallographic orientations has been
selected for conducting the identification at the second
step.

Since the reference tensile strain-stress curves are
established for strains up to 14% and since the final use of
the polycrystalline model deals with that range of strains,
the constitutive model has been implemented in the large
deformation framework [16], and all simulations for the
identification have been performed within this framework.
Each simulation with the simplified RVE takes about 4 h.
By means of several iterations, a first estimation of the 7
considered parameters could be obtained within few days.
Each simulation with the high resolution RVE has been
parallelized onto a cluster of 8 computers and took about
110h. In order to reduce the number of identification
iterations for these long run and computationally consuming
tensile test simulations of the second step, only the
parameters K and gc were to be adjusted with the High
resolution RVE.

5 Results and discussion

The stress-strain curves obtained with the identified set of
parameters are shown in Figures 5 and 6. The values of the
parameters are presented in Tables 3 and 4. Figures 5 and 6
show the very good agreement which could be obtained for
both states of irradiation and for all the temperatures.
Conforming to the analyses of the role of the parameters
presented in Section 3.3, the differentiation between the
irradiated and non-irradiated states is set from the
parameters AG and 7(, whereas the effect of temperature
is produced by setting temperature-dependent values of the
parameters K and g¢.. AG is the activation energy and t,



6 C-N Nguyen et al.: Metall. Res. Technol. 118, 204 (2021)

1200 T T T T T

1100 |~

1000

©
o
o

X
XX .
> o PR

Stress (MPa)

R
re X ).:,:)s'fi-' 3
A
XX
S Sl

66660009
00000099 RLT 196 —+—

exp T-90 x

exp T-60 -~ |
exp T 25 -0
Py simu T -196

< simu T -90 1

SIMU T B0 -+eeveeee
SIMU T 25 oo

0000
3 0000
e ae@eee

i
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Strain

Fig. 5. Simulation and experimental tensile stress-strain curves
for the non-irradiated state.

Table 3. Parameters for non-irradiated material.
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Fig. 6. Simulation and experimental tensile stress-strain curves
for the irradiated state.

Common parameters

Parameters for each temperature

AG 0.749 eV —196°C
Tr 498 MPa K 120
70 40.82 MPa geb 11,5
P 0.35
q 1.21 K 75
9eb 10

—-90°C —60°C 25°C

40 23 12

26.5 41 ]7 343 Cubes
30 20 11 .
25 36.5 77 1000 Voronoi

takes into account the role of carbon compounds,
precipitates and grain boundaries which hinder disloca-
tions glides. The variation of these values according to the
state of irradiation can be related to the physical
mechanism occurring at the atomic scale: when exposed
to neutron radiation, a chain reaction occurs in the crystal
lattice creating a cascade of displacements of the iron
atoms. This mechanism leads to void defects in the crystal
lattice which promote the segregation of compounds and
the weakening of grain boundaries. Crystalline defects also
promote precipitation at the origin of clusters of defects
which hinder the glides of dislocations [30-33]. These
physical mechanisms result prominently in an increase on
the effective yield stress from the non-irradiated to the
irradiated states, which is to be related to the increases of
both AG and 1, as seen in Tables 3 and 4.

As explained in Section 3.3, K and g, are two
parameters affecting the shape of the tensile curve in the
tensile regime, and temperature can be observed to affect
the hardening response under tension in the experiments,
with levels of influence which are only slightly dependent
on the irradiation state. This justifies setting the same
values for non-irradiated and irradiated states and to have
these parameters only depending on temperature.
Conforming to the definitions of these parameters in the

dislocation-density evolution law (see Sect. 2.3), the
identified values of K decrease as T increases whereas
Jep INCTEASES.

6 Conclusions

This article deals with the elastoplastic constitutive
behavior of a bainitic steel used in nuclear reactors. Its
conditions of service impose to control the evolution of its
properties according to both its irradiation state and the
temperature it is exposed to on a range of 200°C which
includes the ductile-fragile transition temperature.
Considering the safety-related challenges of nuclear
industry on a very long run, many efforts have been made
to predict the constitutive elastoplastic behavior of this
steel and by extension its fracture probabilities, focusing
especially on the rare events. This has motivated the
development of constitutive models accounting for the
hierarchized microstructure of the steel, from the presence
of precipitates at the origin of micro-fractures, to the
effective macroscopic scale of the volume element in
continuum mechanics. This article constitutes a
contribution to these developments. It focuses on the
strategy employed for the identification of the complex
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Table 4. Parameters for irradiated material.

Common parameters

Parameters for each temperature

AG 0.955 eV —120°C
TR 498 MPa K 105
79 54.68 MPa 9eb 14
) 0.35
q 1.21 K 65
Geb 14

—-90°C 25°C

40 12

30 11

95 77 1000 Voronoi

dislocation-density based and temperature-dependent
crystal plasticity model which is assigned to the bainite
packets of the steel. This strategy accounts for the
polycrystalline nature of the steel: two levels of accuracy
in the microstructural representation of the representative
volume element are used, as well as different distributions
of the orientation relationships between packets. The
comparisons of the reference experimental and simulated
tensile curves show that the employed model is able to
reproduce the effective macroscopic—elastoplastic behavior
of the steel at two irradiation states and at different
temperatures ranging from —196 °C to the ambient.

Data availability

All the data supporting the key findings of this paper are
presented in the figures and tables of the article. Request
for other data will be considered by the authors.
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