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Abstract

A new microstructure-informed three-scale homogenization scheme for elasto-viscoplastic heterogeneous
materials is developed. It is applied to predict the mechanical behavior cast duplex austenitic-ferritic (AF)
steels, which are widely used in primary loop of pressurized water reactors (PWR). At the first scale
(microscale), the elasto-viscoplastic behavior of single crystals for both phases is modeled using linear
elasticity and a viscoplastic crystal plasticity model. An “affine” type formulation based on the first moments
of stresses is applied to the inelastic non-linear part of the deformation. Then, at the second scale
(mesoscale), an EBSD-informed two-phase austenite/ferrite laminate structure (LS) model is developed with
{110}-type habit planes (HP) in ferrite and a Kurdjumov-Sachs orientation relationship (KS-OR) between both
phases. At the third scale (macroscale), the model considers a single ferritic primary grain as an aggregate
of spherical two-phase laminate structure domains corresponding to the 24 KS-OR variants. The elasto-
viscoplastic self-consistent scheme (EVPSC) is used through the Translated Fields (TF) method to obtain
the effective behavior at this scale. The TF-EVPSC scheme is also used for an ensemble of primary ferritic
grains to identify materials parameters from experimental tensile curves corresponding to as received and
aged specimen. From EBSD measurements, the crystallographic data are thoroughly analyzed to physically
feed the three-scale model. The results are discussed in terms of stress/strain responses in ferrite and
austenite, which are correlated to the different KS-OR variants and HP orientations. The effect of primary
ferritic grain crystallographic orientation and aging is also studied regarding monotonic and cyclic tests to

study the possible origins of backstress in this material.

Keywords: A. Microstructures; EBSD; Homogenization; Crystal plasticity; Duplex steels; Elasto-viscoplastic
material
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1. Introduction

To understand and predict the mechanical behaviors of multiphase and polycrystalline materials
with complex microstructures, advanced micromechanical models need to be developed not only
considering macroscopic fields (stresses and strains) but also fields in the different phases. Among
these materials, cast duplex stainless steels are widely used in nuclear power plants in the primary
loop of the cooling system of pressurized reactors (PWR) due to their good corrosion resistance and
their superior mechanical properties (yield stress, ductility) (Solomon and Devine, 1982; Bonnet et
al., 1990; Bethmont et al., 1996; Charles, 2009). These two-phase polycrystalline steels are
constituted of a a-phase (ferrite) with volume fractions generally varying from 5% to 25% and a y-
phase (austenite). They exhibit a large yield stress due to the presence of body-centered cubic
ferrite (b.c.c. crystal structure, the “hard phase”), while ductility is ensured thanks to the presence of
face-centered cubic austenite (f.c.c. crystal structure, the “soft phase”). However, during in service
behavior at about 300°C and aging during long periods of time (e.g. 10000h), while the mechanical
behavior of austenite is not affected, ferrite may exhibit embrittlement and material’s fracture
toughness decreases (Bonnet et al., 1990; Devillers-Guerville, 1998; Magnin and Moret, 1982;
Trautwein and Gysel, 1982; Le Delliou and Saillet, 2015). Indeed, a spinodal decomposition of the
ferrite a-phase (Fe-Cr solid solution) into a’-phase (Cr-rich phase) and a-phase (Fe-rich phase)
occurs during aging besides a G-phase precipitation (Auger et al., 1990; Pareige et al., 2015;
Badyka et al., 2019). Therefore, the damage mode of ferrite is modified and changes from ductile
to brittle fracture due to cleavage cracking. The cleavage mode was observed to be controlled by
tensile stresses (Bugat, 2000, Bugat et al. 2001; M’Cirdi, 2000; M'Cirdi et al. 2001). Therefore, good
estimates of these stresses in both phases and especially in the ferritic phase are needed for as
received and aged materials. Furthermore, the stress/strain responses of cast duplex stainless
steels are strain rate sensitive as shown by the experimental cyclic responses (Bugat, 2000), which

needs the development of a multiscale elasto-viscoplastic model.

Internal stresses in these materials were studied by Verhaeghe et al. (1996) identifying their sources
directly from Bauschinger tests for aged and non-aged materials. Damage and fracture mechanisms
were studied using TEM by Verhaeghe et al. (1997), X-Ray diffraction methods by M'Cirdi et al.
(2001) and SEM with field measurements by Bugat et al. (2001). In a cast aged duplex stainless
steel, a crystallographic cleavage criterion, based on a stress normal to a {100} plane in ferrite was
reported by M'Cirdi et al. (2001). More recently, in situ synchrotron and neutron diffractions were



used to study the evolution of lattice strains in duplex steels during a tensile test and the occurrence
of damage in the ferrite (Baczmanski et al. 2016).

New experimental in-situ DIC (Digital Image Correlation) and EBSD (Electron Back Scattered
Diffraction) based methods developed by Mollens (2022a) and Mollens et al. (2022b,c) reveal the
heterogeneous deformation and micro-texture complexities, which motivates the development of
new EBSD-informed microstructure-based multiscale homogenization model for predicting the
elasto-viscoplastic behavior of duplex stainless steels. The microstructure heterogeneities are
related to microstructure genesis and local correlations arise due to orientation relationships (OR).
For duplex stainless steels, different orientation relationships were reported in the literature
(Haghdadi et al., 2018; Mollens et al., 2022b). Most important observed ones are the Kurdjumov-
Sachs (KS), Pitsch (P) and Nishiwama-Wassermann (NW). This microstructure genesis can also be
simulated by advanced phase field models (PFM), considering the KS-OR from ferrite to austenite
(Song et al., 2016). From the mechanical ground, full field crystal plasticity models based on Finite
Element modeling (CPFEM) are good candidates to predict internal stress and strain fields at the
microstructure level of complex microstructures (see e.g. Roters et al., 2010; Dodla et al., 2015; Li
etal., 2019; Flipon et al., 2020; Kasemer and Dawson, 2020). However, they are still time consuming
for the industrial applications. Analytical homogenization-based models remain relevant because
they are less time consuming but need to be adapted to more complex microstructures than single

phase polycrystalline structures using multiple scale transition methods.

Regarding micromechanical mean-field homogenization models for duplex steels, simple
approximations using the simple Taylor (1938)’s model were reported by Verhaeghe (1996) and
M’Cirdi (2000). The first self-consistent model for two-phase austenite/ferrite steels was due to
Weng (1990), who used the Berveiller-Zaoui’'s (1979) self-consistent model. In this model, ferritic
and austenitic grains were supposed to be spherical, which appears to be too simplistic for the
present microstructure and isotropic secant moduli were only used for proportional loadings. A
second numerical model was developed by Sigmund et al. (1995), who also considered a simple
modeling assuming an aggregate of both phases with similar shapes. The Cailletaud-Pilvin’s “Beta
model” (Cailletaud, 1992; Cailletaud and Pilvin, 1994; Coudon et al., 2019) was used to describe
the elastic-plastic responses of duplex stainless steels under non-proportional and cyclic loadings
(Evrard et al., 2008, 2010). The Berveiller-Zaoui’s self-consistent model was also used in
combination with a physical intra-granular backstress formulation by Fournier et al. (2011) for
predicting the high temperature cyclic behavior of martensitic steels. Baczmanski et al. (2016) used
synchrotron and neutron diffraction measurements to calibrate materials parameters in an elasto-

plastic self-consistent scheme (EPSC) considering damage in duplex steels.



However, in all these above models, only two scales were considered in the scale transition of the
micromechanical model between the phases and the aggregates. Later, Bugat et al. (1999) and
Bugat (2000) developed for the first time a three-scale model based on the mean field “Beta model”,
with two stress interaction laws for these duplex steels. An intermediate mesoscale was introduced,
which was called “bi-crystal” by these authors. However, this model was only developed for isotropic
elasticity, and, needed to be calibrated with full field FE unit cell calculations. The model was based
on the EBSD data acquired in the 2000’s, and three different physical scales were essentially
identified (Bugat et al. 1999; Bugat, 2000). Another interesting approach corresponding to multiple
scale modeling of the local correlation between phases for purely anisotropic viscoplastic complex
microstructures can be found in Lebensohn and Canova (1997), Lebensohn (1999), where the
viscoplastic self-consistent scheme (VPSC) was extended to consider two-site interactions and
lamellar structures in titanium aluminides (TiAl). For the same material, but considering a different
modeling approach, Roos et al. (2004) developed a modeling approach based on a three-scale
model using the Transformation Field Analysis (TFA) for plasticity together with the elastic self-
consistent solution and lamellar phases. Kowalczyk-Gajewska (2011) developed a micromechanical
model of polycrystalline materials with lamellar substructure in the framework of the Hill's EPSC
model (Hill, 1965) to study the elastic anisotropies and the initial yield surfaces for polycrystalline
microstructures of Ti-Al. Franciosi and Berbenni (2007, 2008) also developed a multi-scale
sequential multi-laminate model based on a non-uniform TFA approach with “affine” type
approximation to describe the evolution of heterogeneous plastic domains in metallic polycrystals.
Stress/strain estimates were improved at the macroscopic and at the grain levels, as compared to
classic EPSC scheme, which assumes piece-wise uniform plastic strains in grains. The lamellar-
based approach of Lebensohn et al. (1997,1999) was recently applied to a Ti-6Al-4V alloy to
accurately model the local crystallographic correlations in such complex multiscale microstructures
(Riyad et al., 2021). A finite strain lamellar-based model elasto-viscoplastic model was developed
by Uchida and Tada (2013) and was applied to semi-crystalline polymers. Another lamellar-based
approach was used in a multi-scale model (Maresca et al., 2014) to describe the micromechanical
behavior of martensitic steels. In their approach, martensitic blocks were seen as a two-phase
layered composite material with martensitic laths and retained austenite interlayer.

Therefore, we propose here to extend the EVPSC (Elasto-Visco-Plastic Self-Consistent) scheme
based on the “Translated Field” (TF) method with “affine” type linearization of the viscoplastic flow
rule as developed by Mareau and Berbenni (2015), for such duplex steels with complex
microstructure. This advanced EVPSC scheme was successfully applied to near-$ titanium alloys

in Lahdi et al. (2018, 2020). While the original approach based on the TF method of Paquin et al.
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(1999, 2001) was derived from a classical “secant” approximation, this work adopts the first order
“affine” linearization (see e.g. Masson et al., 2000; Doghri et al., 2010) of the viscoplastic flow rule,
i.e. a first order Taylor expansion of the viscoplastic strain rate at the microscale. It has been
observed in Mareau and Berbenni (2015) that the first order “affine” formulation yields softer
responses than the secant formulation for different elasto-viscoplastic polycrystals during monotonic
and cyclic loadings. Other EVPSC approaches using the “additive interaction law” (Molinari et al.,
1997; Mercier and Molinari, 2009) were adapted for polycrystals with “affine” type approximation at
large strains (Wang et al., 2010; Zecevic et al. 2020). Another numerically efficient “affine” type
EVPSC scheme was also recently derived by Jeong and Tomé (2020) and applied to steels
subjected to loading path changes. According to Mercier et al. (2012), Berbenni and Capolungo
(2015) and Mareau and Berbenni (2015), the use of the first order “affine” formulation improves the
estimate of the effective behavior, in comparisons with full-field calculations (FEM, FFT), even when
the viscoplastic flow rule is highly nonlinear. Homogenization methods for elasto-viscoplastic
composite materials considering field statistics, i.e. second moments of stresses, were derived (see
e.g. Lahellec and Suquet, 2007, 2013; Brassart et al., 2012; Wu et al., 2017; Masson et al., 2020;
Berbenni, 2021). A recent modeling approach for elasto-viscoplastic polycrystals based on a
differential variational procedure (Das and Ponte Castafieda, 2020) further improves the numerical
results compared to FFT full field results. However, it needs a more complex numerical treatment of
cyclic and non-proportional loadings, which has not been solved yet.

Following the recent findings and EBSD analyses of Mollens et al. (2022b,c), a multiscale modeling
strategy accounting for the relevant scales must be considered when dealing with the complex
microstructure of austenito-ferritic (duplex) steels. In the present paper, a new microstructure-based
three-scale homogenization model including two scale transitions will be developed and discussed.
The paper is organized as follows. In section 2, the duplex stainless steel is presented. The chemical
composition, the microstructure and the tensile mechanical properties are reported. In addition, an
EBSD analysis is proposed to identify the different crystallographic orientations and the
heterogeneities in the microstructure. In section 3, the micromechanical model based on a three-
scale analytical homogenization-based method for elasto-viscoplastic heterogeneous materials is
developed and specifically applied to duplex stainless steels. In section 4, the results of the model
are presented at different scales denominated micro-, meso-, and macro-scales. The strain/stress
fields in both phases are predicted for the different KS-OR variants, which are present in the primary
ferritic grains. The effects of ferrite grain orientations and aging are numerically studied. The different
internal stresses present in the microstructure are analyzed in the light of this new approach through

cyclic loading responses and a backstress analysis.



2. Material
2.1. Microstructure and mechanical properties

The material of interest is a CF8M alloy (AFNOR Z3CND1910), which is representative of cast
duplex stainless steels used in the primary loop components of Pressurized Water Reactors (PWR)
in France. Its chemical composition is given in Table 1. Its microstructure has been characterized
by EBSD in the previous study of Mollens (2022a), see Figure 1. It is made of primary polygonal
ferritic grains of 200 to 1000 micrometers partially transformed with respect of an orientation
relationship into Widmanstatten austenite laths of 10 to 50 micrometers width. The retained ferrite
phase accounts for about 25% of the total volume fraction. It is located between the austenite laths.
Here, only the cast microstructure will be thoroughly modeled, but we will discuss the prospective

effect of aging by considering a higher flow stress for ferrite, which may be due to precipitation during

aging.
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Figure 1. Inverse Pole Figure map//Y of the as-cast duplex steel respectively for retained ferrite
(upper map) and austenite (bottom map) using EBSD data from Mollens (2022a).

Table 1. Chemical composition of the studied CF8M material from Mollens et al. (2022c).

Element | C Mn Si Ni Cr Mo S P

Content
(Yowt)

0.032 |0.80 1.04 10.4 20.9 2.68 0.0007 | 0.025




The mechanical behavior of the material at the as-received state and after thermal aging at 350°C
during 1000h has been characterized by Mollens (2022a) with tensile tests using normalized TC6
specimens. The resulting tensile curves are shown in Figure 2. Thermal aging induces a small
increase of the yield stress, an increase of the ultimate tensile stress and a decrease of the

elongation at fracture, consistent with previous studies (Bugat, 2000; Michaud et al., 1994).

600
©
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b

0
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Figure 2. Tensile behavior (true stresses/ true strains) measured at ambient temperature on the
studied material at the as-received state and aged 1000h at 350°C (Mollens, 2022a).

2.2. Crystallographic and morphological features of the microstructure

EBSD data shown in Figure 1 were first analyzed to characterize the local orientation correlations
between both ferrite/austenite phases. Figure 3 displays the local deviation from KS-OR at the
ferrite/austenite interfaces. The duplex microstructure was found to display a significantly higher
content of close KS-OR interfaces, which are represented with white and yellow interfaces in Figure
3. However, no unique and strict orientation relationship exist between both phases, as already
mentioned in a previous work (Mollens et al., 2022b). Moreover, close to some primary ferrite
boundaries, the austenite phase exhibit no longer a lath-like morphology and no OR is observed.

This happens mainly for austenite phase that have grown at each side of a primary ferrite grain with

close orientation.
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Figure 3. (a) EBSD map plotting the KS-OR deviation at the ferrite/austenite interfaces for as

received cast material, and (b) the corresponding distribution with the angular deviation color code

(in °).

The EBSD data were further investigated to analyze the trace of ferrite/austenite interfaces
respecting KS-OR. The result shows that most of the traces are consistent with a {110}« plane of
the primary ferrite grain, which acts as a habit plane (denoted HP in the following) in the reverse KS
-OR (see an example in Figure 4).
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Figure 4. (a) Geometric definition of the habit plane (HP) with habit plane normal n, (b) {110} pole
figure for ferrite, (c) {111} pole figure for austenite.

Assuming close KS-OR for the ferrite to austenite transformation, Table 2 gives the 24 potential
variants obtained from a primary ferrite grain (defined by the orientation (0,0,0) for ferrite). For each
variant, the corresponding HP is indicated as well as the Bain group it belongs to. Packets of 4
variants sharing the same HP are identified by a similar color. Inside such a packet, the 4 variants

belong 2 by 2 to two Bain domains.

Table 2. 24 KS variant definition for b.c.c. to f.c.c transformation according to the KS-OR. Color
code means the HP’s type (6 different habit planes). The variants are divided into 3 Bain groups,
denoted B1 to B3. The list of the 24 group symmetry matrices to generate these variants is given

in Table A.1, see Appendix A.

Variants 01 ¢ 0, HP HP HP Bain
®) ®) ®) plane direction name group
(hkl) [uvw]

V1 5.77 48.19 | 5.77 (110 [111] H1 B1:x
V2 95.77 48.19 | 577 (110 [111] H2 B2:y
V3: 185.77 | 48.19 | 5.77 (110) [111] H1 B1:x
V4: 275.77 | 48.19 | 577 (110) [111] H2 B2:y
V-S: 6.41 137.87 | 14.39 il 01) |1 11] ﬁ B1:x
V7: 353.59 | 42.13 | 194.39 (101) 1_ 1 1_{ H3 B1l:x
VO: 96.41 | 137.87 | 14.39 011 [111] H5 B2:y
V11: 83.59 42.13 | 194.39 (011) [111] H5 B2:y
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V16: | 131.95 | 94.30 | 279.62 | (101) [111] H3 B3:z
_ V17: 27641 13787 1439  (011) | [111] | By |
V18: | 318.05 | 85.70 | 99.62 011 111] H5 B3:z

q..

:

26359 4213

V20: | 22195 | 9430 |279.62| (011) | [111] H5 B3:z
V21: | 17423 | 1318118577 (110) [111] H2 B1l:x
V22: | 26423 | 1318118577 | (110) [111] H1 B2:y
V23: | 354.23 | 131.81|18577 | (110) [111] H2 Bl:x
V24: | 84.23 |131.81|18577| (110) [1171] H1 B2:y

2.3. Resulting physical scales and modeling assumptions: towards a three-scale

homogenization model

Finally, from the analysis of the experimental EBSD data (Mollens et al., 2022b), four physical scales
can be identified to describe the complex microstructure of the as received cast duplex steel. Figure
5 reports the microstructure with four identified physical scales from EBSD analysis, and the
schematic principle of the three-scale homogenization model based on two scale transitions
assuming that macro-homogeneity conditions are satisfied. The first physical scale is defined by the
single crystalline austenite lath or ferrite interlayer, where classic crystal plasticity will be used in the
model to describe the small strain viscoplastic behavior of both phases at the microscale. The
austenite lath is characterized by a smooth orientation spread. This lath results from a displacive
transformation according to a close {110}« HP (i.e., a {110}-type plane in ferrite, see Table 2) and
respecting closely the KS-OR with the surrounding ferrite grain. The second physical scale is
dictated by a cluster of adjacent austenite laths, characterized by constrained morphological and
crystallographic parameters. In a cluster, the austenite laths often share the same orientation with
an increased orientation spread. They are separated by layers of primary ferrite. In this contribution,
this cluster is modeled at the mesoscale with a two-phase laminate structure (LS) homogenization
model. The LS model will be used as scale transition rule from microscale to mesoscale, see Figure
5. The normal vector to the interface between both phases in the cluster is of [110]q4 type (i.e., a
[110]-type direction in the crystal ferrite frame). The third physical scale is defined by the primary
ferritic grain that contains all the austenite lath clusters. We can notice that adjacent lath clusters
often include two austenite variants belonging to the same Bain group. We will consider all the
possible 24 KS-OR variants in the modeling. Finally, the fourth physical scale is defined as an
ensemble of primary ferritic grains. Here, the EVPSC scheme based on the Translated Field (TF)
method will be used as scale transition rule from mesoscale to macroscale with different

representative volume elements (RVE) defined as a single primary ferritic grain (third physical scale)
10



or as an ensemble of primary ferritic grains (fourth physical scale), see Figure 5. The crystal plasticity
parameters of the three-scale model will be calibrated from experimental tensile curves considering

an ensemble of 15 primary ferritic grains (see Table A.2 in Appendix A).

Physical scales Three-scale homogenization model
{
Scale 1 Single crystalline
(=10 pm) behavior
Single lath microscale
Ferrite Austenite
tscale transition )
Scale 2
(=100 pm) n €2 Two-phase
Lath cluster J_Fe_rriie_“ :A / e; [Laminate
1 ) Structure (LS)
1 e3
1 mesoscale
1 Y Misorientation
Scale 3 ”Zustenite (24 KS variants)
(=1 mm) II

Primary ferritic grain

Self-consistent scheme (SC)

Translated Field (TF) method
macroscale

| / '.'.: / ’ i ey Y v.? =
Y r"l' 3 “‘j ‘:‘. R i y,|r
i/ ATEIRIEL TS0 NS
T S ‘/%ﬂ
¥ 1AL RN 22! DN\ 2k ”
Scale 4 = 200pm 24 to 360 spherical grains with LS structures
(~10-100 mm)
Ensemble of [ : : .
primary ferritic {17 "/ & ‘ ‘ + +
. M PO B
grains e, ]

Figure 5. Description of the microstructure with four identified physical scales inferred from the

2nd gcale transition

present EBSD analysis with the presence of lath clusters inside primary ferritic grains (left);

Schematic principle of the three-scale homogenization model based on two scale transitions

(right): from microscale to mesoscale with the two-phase LS model, and, from mesoscale to
macroscale with the SC scheme based on the TF method.

3. Three-scale model

The modeling of the elasto-viscoplastic behavior of duplex stainless steels is derived following the
different scales and modeling assumptions reported in Figure 5. The TF-based EVPSC model is
reconsidered with two homogenization steps in a three-scale model. The first step is a
homogenization procedure for the two-phase (ferrite/austenite) LS considering an elasto-
viscoplastic behavior at the microscale with “affine” type formulation for both phases. Stress and
strain concentration equations allow to give an estimate of mean fields in both phases at the

11



microscale accounting for the stress/strain incompatibilities due to the presence of the HP. The
homogenized properties of the LS obtained at this first step, i.e., at the mesoscale, will be
incorporated in the TF-EVPSC scheme for the second homogenization procedure. This one
considers at the macroscale an ensemble of two-phase LS constrained by spherical domains
corresponding to the different KS-OR variants. The 24 variants (see Table 2) will be considered with
equal volume fraction for each primary ferritic grain. Then, the macroscale model is built up with the
homogenized elasto-viscoplastic behavior for one or 15 primary ferritic grains as reported in Table
A.2 in Appendix A.

The computational flowchart of the three-scale homogenization model highlighting both scale
transitions (TF-EVPSC scheme and LS-model) is reported in Figure 6, using the same notations as
in the text (see next sections). For this homogenization model, the elasto-viscoplastic behavior with
an “affine” type formulation is chosen and first reported in section 3.1. The meso- to macro- scale
model using the TF-EVPSC scheme (see Figure 6) is detailed in section 3.2. Then, the micro- to
meso- scale model based on the two-phase LS (see Figure 6) is detailed in section 3.3. Finally, the
constitutive laws at the microscale for ferrite (denoted “a”) and austenite (denoted “y”) (see Figure
6) are obtained from single crystal plasticity, as described in section 3.4. Boundary conditions at the
different scales are derived from those at the macroscopic scale using the macro-homogeneity
condition. We assume that the average fields in two-phase LS grains, obtained from stress and
strain concentration equations derived from the TF-EVPSC serve as boundary conditions at the

mesoscale assuming the homogeneity condition at this scale.

Throughout the development of the micromechanical model, scalar variables are represented in
italic font, vectors in italic and bold font, rank 2 and 4 tensors in bold font. Annotations are
represented in regular font. The symbol “:” denotes the contracted product between two tensors.
The symbols () and (-)' denote the ensemble volume averages at the macroscale and the
mesoscale, respectively. Indicial notations for tensor and vector components are used in Cartesian
coordinates and are written in regular fonts to make a difference with other scalars. The Einstein’s

summation convention is used.
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Read input information

Macroscopic loading: boundary conditions, applied strain rate, time step,...
Microstructure: crystal orientations (KS-OR variants), LS grain shapes, phase and
grain volume fractions, habit plane (HP), crystallographic slip systems (b.c.c., f.c.c.
Material: elasticity parameters, hardening and viscosity parameters for phases a., y

Initialize variables (at all scales)

TF-EVPSC scheme (meso/macro)
Compute macro elastic and viscoplastic properties (SC loops)
Compute macro viscoplastic strain rate EYP
Compute macro strain/stress rates E , £
Compute meso strain/stress rates gL, 6L > for each laminate L

LS model (micro/meso)
Compute micro slip and hardening rates (crystal plasticity) in a., y
Update meso strains, stresses sL, O'L, viscoplastic strains
Compute micro strains, stresses €*Y, 6*Y ina, y
Update micro slip and hardening (crystal plasticity) in a., y
Compute micro viscoplastic properties and rates in a., y
Compute meso homogenized properties, viscoplastic strain rates

Update

time: t, macroscopic fields E, Z, EYP

Write output results
» Stress vs. strain responses at 3 scales
* Internal variables (plastic strains, slips, ...)

Figure 6. Flowchart of the developed three-scale elasto-viscoplastic homogenization model (see

notations as in the text).

3.1. “Affine” type formulation

Within the infinitesimal strain framework, the total local strain rate tensor relative to an elasto-

viscoplastic behavior of Maxwell type is decomposed into:
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£ = £+ &P (1)

with £€° = s: 6 the elastic strain rate tensor obtained from the generalized Hooke’s law, where s (=
¢ 1) is the local elastic compliance tensor, o is the Cauchy stress tensor, and £'P = g(o) is the
nonlinear stress dependent constitutive law (plastic flow rule) to derive the viscoplastic strain rate
tensor. It will be determined from the constitutive laws of single crystalline austenite laths and ferrite
interlayer (see subsection 3.4). As performed in Mareau and Berbenni (2015), its first order “affine”

linearization can be written as follows at a given reference stress:

£P =g(o) * mg: o +1) (2)

where m, is the tangent viscoplastic compliance tensor (with subscript “t” as “tangent”) defined by:

_0g(o)
M= "56 )

and 1) corresponds to the back-extrapolated viscoplastic strain rate tensor. The Cauchy stress tensor
can also be expressed as a nonlinear tensorial function h of €P and then could be written in its

linearized form at a given reference viscoplastic strain rate as:

6 =h(£"P) = b:£"P +( (4)
where b, = m,™! is the tangent viscoplastic modulus tensor, T is the back-extrapolated stress

tensor related to the back-extrapolated viscoplastic strain rate: ¢ = —b.:n. Therefore, the final

linearized form of the elasto-viscoplastic constitutive law is:

€=s:6+m:0+1) (5)

3.2. Meso-to macroscale transition: TF-based EVPSC
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In this paper, the scale transition from a single two-phase LS at the mesoscale to the macroscale
(one primary ferritic grain or an ensemble of ferritic primary grains) is assessed through the
Translated Field (TF) based EVPSC method with affine-type extension. This TF-EVPSC scheme
was first developed in Mareau and Berbenni (2015) and more recently applied to polycrystalline 8-
Ti alloys by Lahdi et al. (2018, 2020).

At the macroscale, the average strain and stress rate tensors are defined by: (¢) = E and (6) = £,
while at the mesoscale, the average strain and stress rate tensors for each laminate structure (LS)
denoted “L” are defined by: £ = (&)' and 6 = (6)L. Then, the average elastic strain rate tensor in
each “L” is given by the linear elastic Hooke’s law: €¢1 = s’: 6L, and, the viscoplastic strain rate
tensor is formulated using an affine type approximation: €'PL ~ m{: o + #", or, 6 ~ bl: &Pl + Tt

see equations (2-5).

In the TF-EVPSC (Mareau and Berbenni, 2015; Lhadi et al. 2018), the strain rate concentration law

gives the strain rate tensor - in each LS for an applied macroscopic strain rate tensor E:

¢l = AC:E + A I'lBt: (b»];:f]L + B;: N) + AC: ¢ (SCL: Pl 4 ¢l AC: ((é"p) — E"p)) —
AC: FlBt: (Sb{‘: £PL — pl: ABt: (Mt: T+N-— (é"p))) + AC: (I'IC: C— I'lBt: Bt): (€VPL — ABt: (gVP)) —

AC: (rf:c -1t By): (ABt: r°t (bl — By: N)) (6)

where E'P is the macroscopic viscoplastic strain rate defined later in equation (11) (it is noteworthy
that is different from (£€'P)). In equation (6), the effective elastic and viscoplastic moduli, C and B,

are given by one site Self-Consistent (SC) scheme iteration loops with a fixed-point algorithm:
C = (c": AC): (AC)1 (7a)

B, = (bl: ABt): (ABt)~1 (7b)

In equation (6), I}°:C, I‘lBt: B; denote the Eshelby tensors (Eshelby, 1957) associated to C and B,
with l"lC "Bt the local parts of the modified Green tensors (Kréner, 1990). The 4" rank elastic and
viscoplastic strain concentrations tensors denoted AC, APt are given by A® = (I + I¢:8c¥) ™, ABt =
(1+ 1 8th)_1 respectively, with I the fourth order unit tensor, bl = bl — B, 8ct = ¢! — C.
The effective back-extrapolated strain rate N in equation (6) is obtained from:

B.:N = (bl:f)* — b}: ABt: FlBt: (b,];:f]L — B N)) (8)

Then, from equation (8):
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N =M. ((b.];: ABt: I'lBt) — I)_lz (bL: ABt: I'lBt: bl:nl — bl:0b) (9)

with M, = B; L.

Substituting the strain rate equation (6) in the local constitutive law gives the stress rate in each

laminate “L“:
ot =cl:(gk —gvrl) (10)

The macroscopic effective behavior is given by: E = S: X + EYP with § = C™1, where the effective
viscoplastic strain rate E'P calculated at the macroscale is obtained from the stress rate

macrohomogeneity condition (6) = . It yields:
EVP = Z: (ck: &P L) — Z: (cL: AC: I'lBt: (b{“:f]L — B¢ N))
— Z:{c": AC: I'IC: (8cl: P L + cl: AC: (£VP)))
+ Z: (c: AC: I'lBt: (Sb{“: g§PL — pl: ABt: (Mt: T+N-— (é"p))))
— Z:{c": AC: (I‘lc: C- I'lBt: Bt): (VPL — ABt: (gVP))))

+ Z:(c: AC: (I‘lc: (o I'lBt: Bt): (ABt: I'lBt: (b{“:f]L — B N)))

with Z = (l —S:(ck:AC: TS cL:AC))_l: S

At the level of LS (mesoscale), we have & = st: 6% + £PL with £PL = m{: o + ©|". The rank 4
tensors s’ (resp. c¢), mf (resp.bl), and the rank 2 tensor " are homogenized elastic compliances
(resp. moduli), viscoplastic tangent compliances (resp. moduli) and viscoplastic back-extrapolated
term for each LS. These tensors are now determined from the homogenization procedure at the
mesoscale (see further equations (18), (20), (26), (30), (31)).

3.3. Micro- to mesoscale transition: two-phase LS model

At the mesoscale, we consider an infinite two-phase LS model (see Figure 5). Both phases are
ferrite (denoted “a”) and austenite (denoted “y”) with volume fractions f* and fY. For the present
application, f* = 0.25, therefore fY =1 — f* = 0.75. The volume averages of strain and stress

tensors over each LS are given by the homogeneity conditions at the mesoscale:

gl = (g)b =Ygy + fre (12a)
ol = (o)l = fYeY + f*6® (12b)
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where €' = €81 + gP1 = sl: ¢! 4+ £P! withi = a,y. The tensors s!, €/, ' and £'P ! represent the elastic
compliances, the strains, the Cauchy stresses and the viscoplastic strains of both phases at the
microscale. Under the assumption of mean viscoplastic strain field in each phase, following strain
compatibility and balance of linear momentum in the absence of body force, the strains and stresses
are therefore piecewise uniform in the two-phase LS model (see e.g. El Omri et al., 2000;
Stupkiewicz and Petryk 2002; Franciosi and Berbenni, 2007, 2008; Berbenni et al. 2013; Richeton
and Berbenni, 2013; Tiba et al., 2015; Franciosi, 2020; Richeton 2022).

The relationships between the strains and the stresses in each phase a and y (microscale):
£*Y, 6% and the strains and stresses at the level of the LS (mesoscale): €&, 6" are first calculated
in the frame associated with the planar interface, i.e., the HP. Its unit outward normal nis supposed
to be parallel to the e direction of a Cartesian frame (e, e2, e3) and is directed from y to « (see the
mesoscale model in Figure 5).

For the 24 KS-OR, the crystallographic planes and directions of the HP are defined in the ferrite
frame. Then, the stress and strain tensors calculated in the HP frame are successively rotated in
the ferrite frame and in the global frame. The rotation matrix used for the transformation from the
HP frame to the ferrite frame is given by the transformations of the HP plane normal vector [h k []
and in-plane direction vector [u v w] (see Table 2) into the unit vectors e> and es, respectively (see
Figure 5). The rotation matrix from the ferrite frame to global frame is defined by the three Euler-

Bunge angles of the primary ferritic grain (see Table A.2).

In the HP frame, we adopt the following tensor to matrix convention (Nye, 1957) also known as the
Voigt's notation, in which pairs of subscripts (ij) and (kl) are converted to single subscripts: (11)=1,
(22)=2, (33)=3, (23) and (32)=4, (13) and (31)=5, (12) and (21)=6. In this notation, we will use indices
i ranging from 1 to 6. The conventions for strains are the following: €, = 2¢,5, &5 = 2&34, 8¢ = 2€12
and the components of the compliance matrix s;; contain a multiplying factor of 2 if either i or j is
equal to 4,5 or 6 and the other index is equal to 1, 2, 3, and, a multiplying factor of 4 if both i and j
are equal to 4,5 or 6. Thus, each of the tensor components is associated with a matrix or a vector

component.

To determine the strain and stress concentration equations for the mesoscale model, the continuity
conditions for stress and strain at the interface are invoked due to traction vector continuity and
tangential strain continuity for perfectly bonded interface:

ey =€) = ¢p (13a)

o = ol = ok (13b)
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where the in-plane components of strain and stress tensors are denoted P = 1, 3, 5, and the anti-

plane ones are denoted A = 2,4,6, with the following constitutive laws using index notations:
g =sg"g" +e7 (1, =16) (14a)
ofY = iV (g — &P V) = Ve — o]P“Y with o} Y = VP (i,j = 1,6) (14b)

i ij i ij %

Starting from equations (14) and using equation (12a) together with equations (13), the strain

concentration laws for both phases are obtained:
et =gl — fVka([[ckj]]e}“ —[o’]) (., k = 1,6; sumonjk) (15a)
ef =&l + fFi([egllel — [ox"]) Gk = 1,6; sum onj,k) (15b)

where [-] = (1)“ — (*)¥ denotes the jump of fields or property, and, where the non-zero components

of the symmetric matrix Fj; associated with c;; are given in Appendix B, see equation (B.1).

Conversely, starting from equations (14) and using equation (12b) together with equations (13), the
stress concentration laws for both phases are given by (see e.g., Richeton and Berbenni, 2013; Tiba
et al., 2015):

o = ot = FGi([slo} + []) Gik=16 sumonji9 (16a)
of = ot + G5 ([sy]or + [&7]) (i k = 1,6; sumonj,k) (16b)

where the non-zero components of the symmetric matrix Gj; associated with s;; are given in

Appendix B, see equation (B.2).

Equations (15) and (16) represent the strain and stress transfers between meso- and micro- scales.

Now, let us determine the effective elastic compliance s* (resp. modulus c') of each LS such that

LsL

5oy or o = cgef. Using equation (12a) together with the linear elastic Hooke’s law, we obtain:

L _
& =S ij €

L _ Y. Y _ L.L
g = sti].cr]. + f9sjjof = siio; (17)

Then using both equations (16) with st = 0, together with equation (17), the homogenized elastic

compliance for “L” reads (see e.g., Franciosi, 2020; Richeton, 2022):
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= (sip" — Ff Y [suc G s3] (18)
with (sy)" = f¥s) + f*sf.
Using equation (12b) together with the linear elastic Hooke’s law, we obtain:
or —fYcU]+f°‘cs = clel (19)

7] 7]

Then, using both equations (15) with oKp = 0, together with equation (19), the homogenized elastic

stiffness for “L” reads:
cii = (ci)" — fOf Y [eal Fiy [ci] (20)

with {ci)" = f¥cif + fcff

For purely affine viscoplastic two-phase LS, we consider the following thermo-elastic like linear
comparison material for both phases a and y:

gV =" =mia” +0" (1,j=16) (21a)
o = by (&7 —1"") = biyy & — b 0, Gij = 16) (21b)

tij

with the following continuity conditions for the purely viscoplastic problem:

£y =& = &p (22a)

0% = o} = oj (22b)

and the volume averages on the laminate:
= (&) = fYE] + foEf (23a)
= (o) = fYo] + %} (23b)

For this purely viscoplastic problem, similar strain concentration equations are found by substituting

in equation (15) &f* s s F1k= btk] btk,ﬂ] for sf‘,s s , Fio ck],ok , respectively:

e = & — FYFR ([bug| & — [bugns]) ik =16 sumonjk) (24a)

& = &b+ fOFR ([bug| & — [begn]) ik =16 sumonjk) (24b)
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where the non-zero components of the symmetric matrix Fit;t associated with bti]. are given by
substituting btij for ¢;; in equation (B.1). Using equation (21b) together with equation (23b) yields:
G{“ = fY (qu él - b)c/ll . ) + fa(btu .1 b(txll n]a) = b'ltdll él + Z{J (25)

with the back-extrapolated stress gi* = —by;; 1j". Introducing both equations (24) in equation (25)

yields:
bl = (beipt — £ ¥ [beadFyr [bey] (26)
= (@t + Ff bead P[4 ] (27)
with (by )" = fYb{;; + f¥bf; and (G)" = fYg + g

Conversely, similar stress concentration equations are found by substituting in equation (16): Gy,

My, Mk for G, sig, €, respectively:

ol =of — fYGy" ([[mtk].]] o + [[ﬁk]]) (i,j, k = 1,6; sum on j, k) (28a)

o =op + feGy ([[mtk].]] o + [[ﬁk]]) (i,j, k = 1,6; sum on j, k) (28b)
where the non-zero components of the symmetric matrix Gglt associated with my;; are given by
substituting My, for s;; in equation (B.2). Using equation (21a) together with equation (23a) yields
eb = v (mfyof +0)) + F4(m&of + 1) = my oF + 7! (29)
Then, using equations (28) in equation (29) yields:
m%ij = (m ij)L — ffY[m, ik]]GEt [[mt lj]] (30)

= ()" = £f Y ImeJ Gt Tl (31)
with (m )" = fYmf;; + f*m{y; and ()" = 4, + Foqf

It is noteworthy that equations (18) and (20) and equations (26) and (30) are consistent from the

homogenization theory since s* = ¢ ™', mt = th_l (see e.g. Qu and Cherkaoui, 2006). Furthermore,
it can be seen from these expressions that the method is not restricted to iso-stress (Reuss) or iso-
strain (Voigt) assumptions. These ones are used to model duplex steels in the literature. For
instance, Verhaeghe et al. (1996) and M’'Cirdi (2000) used a Taylor (1938)'s model, which is
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equivalent to iso-strain assumption. In section 4, we will show that some HP configurations do not

lead to iso-strain states.

3.4. Microscale: single crystal’s behavior

The elasto-viscoplastic behavior is described in each phase o and y at the microscale within a crystal
plasticity framework. The constitutive equations developed by Méric and Cailletaud (1991a,b) are
used to model the behavior of crystalline laths in both the f.c.c. structure for austenitic laths and in
the b.c.c. structure for ferritic laths. This model depends on a limited number of materials

parameters. The viscoplastic strain rate is given by crystal plasticity in both phases:
e =y, ROy (32)

Equation (32) describes the sum of the contributions of all active slip systems (i.e. y* # 0) in each
single crystalline phase. The driving force for slip is given by the resolved shear stress 7%, defined

as:
5 =R%:0o (33)

with R’ the symmetric Schmid orientation tensor:

1
RS =L (nflf + nilf) (34)
where n{ and I are unit vectors normal to slip plane and parallel to slip directions.

The behavior of the single crystal (cubic crystals for both phases) is supposed to be elastic-
viscoplastic for both phases at small strains, where plastic distortion results from crystallographic
slips on specific systems s defined by a plane normal n® and a slip direction I5. Here, the effect of
lattice rotation evolution is neglected as in previous studies on the same material (see Bugat et
al.,1999; Bugat, 2000). For f.c.c. crystals (austenite), 12 octahedral slip systems of type (111) <110>.
Following previous studies in duplex steels (Bugat et al., 1999; Bugat 2000; Verhaeghe et al. 1996,
1997), we assume that only the dense systems (110) <111> are activated in the ferrite (b.c.c). This
assumption is made due to the KS-OR, which favors such family of slip systems in the b.c.c.

structure.

The phenomenological model with hardening variables developed by Méric and Cailletaud (1991a,b)

is used to describe the viscoplastic slip rate y*:

ps = <¢> sign(z* — x%) (35)

K

21



where the Macaulay brackets (. ) describe the ramp function in equation (35). In this equation, x5 and

r® are the kinematic and the isotropic hardening shear stresses, respectively, given by their rates:

xS = cyS —dxS|yS| (36)
and:
S = YiLy bqHgrexp (—bv") |y (37)

where v" = [|y"| dt.

In the above equations, K and n are two material coefficients characterizing the viscous effect, c, b,
d and q are hardening parameters, H, is an N x N matrix describing the interactions between the
different slip systems, where N is the total number of the slip systems in both austenite and ferrite
single crystals (here N = 12 for both the f.c.c. and b.c.c. slip systems, see Appendix C). Therefore,

at the grain level, the viscoplastic strain rate tensor is given by:

N
VP — z RS

s=1

ITS _xSI _.r.S

e > sign(t® — x5) (38)

According to the “affine” formulation used in this study (equation (2)), the tangent viscoplastic
compliance tensor m, = d€'?/do and the back-extrapolated viscoplastic strain rate tensor 1} write in

index notation, as:

a n(|ts —xS| —1rs nl
My jj = ZE T> RijR¥ (39)
s=1
and:
N n N n-1
) |T5 — x5| — 7S _ n(|ts —xS| —1rs
My = Z R}, <T sign(t® — x°%) — ZE —x Rjz® (40)
S= S=

using equation (33). Then, equations (39) and (40) are used in equations (30) and (31).

4. Simulation results

4.1. Model parameters
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To determine materials parameters, the tensile response of the CF8M material is predicted with the
three-scale homogenization model, where 15 reconstructed primary ferritic grains are considered
with volume fractions extracted from EBSD data, and crystallographic orientations given in Table
A.2 (Appendix A). These orientations are defined with respect to the global Cartesian frame (X, Y,
Z). Each primary ferritic grain is made of 24 laminate structures (LS) (lath clusters) included in
spherical domains with equal volume fractions f1 = 1/24. It is then assumed that the occurrence
probability of each variant is equal with no specific variant selection. This assumption follows the
EBSD analysis, which does not display the predominance of specific variants. Therefore, the
Representative Volume Element (RVE) used for the three-scale model to identify materials

parameters contains 360 spherical grains (15 x 24) with LS structures (see Figure 5).

First, the elastic properties of the material are supposed to be isotropic with E = 200 GPa (Young’s
modulus) and v = 0.3 (Poisson ratio). The crystal plasticity hardening parameters (ry, b, q) were
identified on two tensile curves obtained for the non-aged material (Figure 7(a)) and the aged one
(Figure 7(b)), and for an applied strain rate of E = 2 x 10~*s~* in the X-direction (tensile direction).
Following the parameter identification performed by Bugat (2000) for similar duplex steels, we
considered the same viscosity parameters: n =10, K =20, and we also assumed that
Hg. = 1. Therefore, the identified crystal plasticity parameters are gathered in Table 3 for the non-
aged and aged material.

600 600
] e
g g
2 300 —Model (poly-bicrystal) 2 300 —Model (poly-bicrystal)
a _ i (73
g As-received § 1000h 350°C
&a
0 0
0.00 0.05 0.10 0.00 0.05
Strain Strain

(a) (b)
Figure 7. Identification of crystal plasticity parameters for both phases using the tensile curves of
the as-received specimen (a); and the aged specimen (b).
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Table 3. Viscoplastic flow rule and hardening parameters (Méric-Cailletaud’s law) for both phases
identified on the non-aged and aged experimental tensile curves.

n K (MPa.s'/™) | 1,(MPa) b q (MPa) | ¢ (MPa) | d

Austenite
FCC {111} <110> 10 20 95 13 36 0 0 1

12 slip systems

Non-aged Ferrite
BCC {110} <111> 10 20 260 20 95 0 0 1

12 slip systems

Aged Ferrite:
BCC {110} <111> 10 20 400 25 105 0 0| 1

12 slip systems

4.2. Numerical assessment for one KS-OR variant at mesoscale

Ferrite: 25 %

Austenite: 75 %

i \Y//[l-lO] Ferrite

> X
//[111]Ferrite
Figure 8. Two-phase laminate configuration for the first KS-OR in the list of Table 2. The

calculations are made with the mean field mesoscale model for one laminate structure (LS).
Numerical comparisons with unit cell calculations using the EVPFFT model.

In a first part, it is important to discuss and validate the micromechanical model chosen at the
mesoscale in Figure 5. One KS-OR variant is chosen, i.e. the first variant among the list of the 24
variants denoted V1 in Table 2. For these simulations, the Cartesian coordinate system (X, Y, Z) is
fixed with the HP (i.e., the interface between both phases) as shown in Figure 8, with unit normal n
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parallel to the Y-axis (/ [1 10] in ferrite frame), while the X-axis and the Z-axis (/ [1 1 1] in ferrite

frame) are parallel to the HP (see Figure 8).

The volume fraction of ferrite (blue colored phase in Figure 8) is set to 25% to be consistent with the
experimental data, and the Euler-Bunge angles for ferrite in this configuration is given by: ¢, =
90°, ¢ = 54.74° ¢, = 45°. The volume fraction of austenite (red colored phase on Figure 10) is set
to 75% with Euler-Bunge angles: ¢p; = 125.27°,¢ = 90°, ¢p, = 45°.

The monotonic tensile responses simulated with the mean field model along the X- and Y-directions
with applied strain rate E = 10~3s~1 are first compared to full-field calculations performed with the
elasto-viscoplastic fast Fourier transform (EVPFFT) method. Numerical details about this method
can be found in Lebensohn et al. (2012), Djaka et al. (2020) and Berbenni et al. (2020). In Figure 9,
the average stresses vs. average strains over the LS (black colored curves), ferrite (blue colored
curve) and austenite (red colored curve) are reported. Here, the EVPFFT formulation was adapted
from the earlier version of Lebensohn et al. (2012) with the numerical implementation of the Méric
and Cailletaud (1990a,b)’s crystal plasticity laws reported in section 3.4 (see dotted curves). It is
then checked that a very good match is obtained between both methods. However, the present
analytical model is more relevant for multiscale computations (see flowchart in Figure 6), because

it does not need full field calculations.

In Figure 10, it is shown that the largest stress differences between both phases and between the
overall behavior of the laminate composite are obtained for the the X- and Z- tensile loading
directions, i.e., parallel to the HP. Then, large incompatibility stresses are observed for these
directions, while uniform strain is present. In contrast, due to traction continuity at the HP, the same
stress is obtained in both phases for the case where the tensile direction is parallel to the Y-direction,
but the strains are not uniform anymore. Therefore, the classic iso-strain assumption frequently used

in the literature is not valid anymore in this configuration.

1500 | : .
e 1000
// e
= 800
E 1000 - =
~ e & 600+ —model: overall
= = —model: ferrite
2 /J—»‘“—‘”"’ - A —model: austenite
2 . 2 L --EVPFFT: overall
2 5000 :mOge:; ?Ve.rta” = 400 --EVPFFT: ferrite
@ mode: ferrite 0 -~EVPFFT: austenite
—model: austenite
- EVPFFT: overall 200
- EVPFFT: ferrite
- EVPFFT: austenite
0 : ‘ 0 s s ‘
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.02 0.04 0.06 0.08 0.1 0.12
Strain Strain
(a) (b)
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Figure 9. Monotonic tensile responses (true stresses/true strains) simulated with the mean field
model at mesoscale (solid lines) along the: (a) X-, (b) Y-, with applied stain rate £ = 1073571
compared to full-field EVPFFT calculations with periodic boundary conditions and same applied
strain rate (dotted lines). The reported stresses are the average stresses in ferrite, austenite and in
the LS (overall).

The responses of the LS model are now compared with the individual single crystalline responses,
which are simulated separately for same boundary conditions (see the curves with dotted lines in
Figure 10). The objective is to study the influence of the strain-hardening behavior of each phase
compared to the role of incompatibility stresses on the stress/strain responses and on slip activity.
Regarding the X-direction, a larger hardening rate is observed in the case of the LS in both phases
(solid lines) compared to single crystalline responses (dotted lines) due to internal stresses in both
phases, see Figure 10(a). The active slip systems are B4, C1 for single austenite, and 2A, 4D for
single ferrite (see Tables C.1 and C.2 in Appendix C for the conventions used for slip systems),
which correspond to a double slip configuration in both crystals and follows the classic Schmid factor
analysis. When the LS is considered with the KS OR (V1), slip activity changes from double to
multiple slip and additional slip systems are activated: B5, A3, C5, A2, for austenite, and 6A, 6D,
1C, 3C, for ferrite. In the Y-direction, the single crystal hardening curves exhibit a difference of about
500 MPa at 10% of strain, where ferrite (b.c.c.) is harder than austenite (f.c.c.), see Figure 10(b). In
contrast, the LS leads to equal stress in both phases, which corresponds to the volume average of
the individual single crystalline stresses (composite effect). For single crystals, slip activity is
governed by 4 slip systems for ferrite (2A, 3A, 1D, 4D) and 6 ones for austenite (B2, C3, B5, C5,
A2, A3). It is noteworthy that the same active slip systems are present in the LS, due to the iso-
stress condition in this case. The uniaxial tension in the Z-direction (i.e. // [11 1] in ferrite frame)
displays similar behavior between single crystal responses and phase responses in the LS, see
Figure 10(c). In this case, there is a negligible composite effect, so that the hardening behavior in
both phases of the laminate is mainly dictated by the single crystalline behaviors. The slip analysis
shows similar trends between single crystalline and bi-crystalline responses with the activations of
B2, B4, C1, C3 for austenite and 3C, 1C, 6D, 6A, 1D, 3A for ferrite.
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Figure 10. Monotonic tensile responses (true stresses/true strains) simulated with the mean field
model at meso-scale (solid lines) along the: (a) X-, (b) Y-, (c) Z-directions with applied stain rate
E = 1073s~! compared to single crystalline responses with same boundary conditions (dotted
lines). The reported stresses are the average stresses in ferrite, austenite and in the laminate

(overall).

4.3. Mechanical behavior of one primary ferritic grain containing 24 KS-OR variants:

tensile loading along the [100] direction in ferrite frame

Let us consider a first case where the calculations are performed in the Cartesian frame related to
ferrite. Hence, the crystallographic orientation of ferrite is supposed to be given by the Euler-Bunge
angles: ¢, = 0°, ¢ = 0° ¢, = 0°. In this case, the Euler-Bunge angles for the 24 KS-OR variants are
given in Table 2. The RVE used for the three-scale model contains 24 spherical grains with LS

structures (see Figure 5) for one primary ferritic grain. It is subjected to a tensile loading along the

X-axis with applied strain rate £ = 1073571,

Figure 11 shows the distribution of stresses along the tensile direction in ferrite (o,,) corresponding

to the stresses parallel to the [100] direction in ferrite frame, as a function of applied tensile strain
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(E11)- These calculations are useful to determine the stresses normal to a cleavage plane, which is
of {100}-type in ferrite frame (Bugat et al. 1999, 2001; Bugat, 2000, M’Cirdi, 2000; M’Cirdi et al.,
2001). Three groups of variants with different mechanical behaviors can be clearly identified: two
groups exhibit stresses reaching a range between 500-600 MPa at 10% of tensile strain, and one

group reflects higher stresses exceeding 1000 MPa at 10% of tensile strain.

1200 ‘ ;
—ferrite

1000

0 0.02 0.04 0.06 0.08 0.1 0.12
Strain

Figure 11. True stresses in ferrite as a function of macroscopic tensile true strain (in the X-
direction, i.e., the [100] crystallographic direction in ferrite frame) for the 24 KS-OR variants.

The analysis of these three groups in terms of local strains and stresses in both phases is reported.
The first group corresponds to variants V1, V3, V5, V7, V13, V15, V21, V23 with only Bain group B1
(see Figure 12). The second one corresponds to variants V2, V4, V6, V8, V14, V16, V22, V24 (see
Figure 13), and the third one corresponds to variants V9, V10, V11, V12, V17, V18, V19, V20 (see
Figure 14). We notice that each of the three groups contains specific HP. According to Table 2, it is
seen that the first two groups with lower stresses (Figures 12 and 13) contain HP: H1, H2, H3, H4,
whereas the third group, which give higher stresses (Figure 14) is only constituted of HP: H5 and
H6. Therefore, it is shown that the HP parallel to the loading direction (X-axis) like H5 and H6 give
to highest strains and stresses in ferrite associated with these variants. The stresses in ferrite and
austenite for these variants are much different from the averaged stress at the mesoscale for each
variant (green colored solid lines) and the macroscopic average stress at the scale of the primary
ferritic grain (black colored solid lines). The strains in both phases are uniform. This mechanical
behavior looks like the single LS responses in Figures 10(a) and 10(c). In the case of HP: H1 to H4,
they are oriented at 45° with respect to the X-tensile loading axis. For each variant with H1 to H4,
stress difference is not observed but a large strain discrepancy is present between both phases and
the mesoscale and macroscopic average responses (see Figures 12 and 13).
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Figure 12. True stress/true strain responses according to the X-direction for the first group of
variants: (a) 1, 3 (H1, B1); (b) 5, 7 (H3, B1); (c) 13, 15 (H4, B1); (d) 21, 23 (H2,B1)
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Figure 13. True stress/true strain responses according to the X-direction for the second group of
variants: (a) 2, 4 (H2, B2); (b) 6, 8 (H4, B3); (c) 14, 16 (H3, B3); (d) 22, 24 (H1, B2)
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Figure 14. True stress/true strain responses according to x-direction for the third group of variants:
(@) 9, 11 (H5, B2); (b) 10, 12 (H6, B3); (c) 17, 19 (H6, B2); (d) 18, 20 (H5, B6).

44. Effect of the primary ferritic grain crystallographic orientation on the mechanical

responses

In this section, the role of primary ferritic grain orientation is investigated. Then, we consider here
the crystallographic orientation of the first ferritic grain in the list: ¢; = 18.11°,¢ = 40.12° ¢, =
7.52° (see Table A.2 in Appendix A). It corresponds to the largest grain of the specimen (green
colored on the left part of Figure 1). Figure 15 shows the stress heterogeneities in ferrite among
variants for this orientation (here the stress component along the X-direction). Overall, these stress
heterogeneities are more important than for the initial orientation ¢; = 0° ¢ = 0°¢, = 0°, see
Figure 11. The clear separation into three well defined groups of variants as in Figure 11 vanishes.
For each previous group, there is now a large scatter of stress responses in ferrite due to primary
ferritic grain orientation which breaks the symmetries of the HP in the KS-OR variants with respect

to the loading axis. Figure 16 shows the axial stresses for austenite, ferrite and the averaged
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responses at the mesoscale and at the macroscale for the first group (V1, V3, V5, V7, V13, V15,
V21, V23). It is shown that the highest stresses in ferrite are found for variants V5, V7, V21, V23.
Figure 17 shows the axial stresses for austenite, ferrite and the averaged responses at the
mesoscale and at the macroscale for the second group (V2, V4, V6, V8, V14, V16, V22, V24). It is
shown that the stresses in ferrite are lower than the ones in the first group: the highest stresses are
found with V2, V14, V16. In these groups, the variants V6, V8, V13, V15 still exhibit very low strains
in ferrite compared to austenite as in the case of the initial orientation (see Figures 12(b) and 13(b)).
In the third group of variants (V9, V10, V11, V12, V17, V18, V19, V20), the stresses in ferrite remain
high (around 1000 MPa at 10% of strain) and the strains are more uniform, see Figure 18, which
corroborates the results found in Figure 14. However, there are now small discrepancies between

the different variants of this group due to the crystallographic orientation of the ferritic grain.
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Strain

Figure 15. True stresses in ferrite for the 24 different KS-OR variants as a function of
macroscopic true strain according to the X-direction for the ferrite orientation: ¢, = 18.11°,¢ =
40.12°, ¢, = 7.52°.
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Figure 16. True stress/true strain responses according to the X-direction for the first group of
variants: (a) 1, 3 (H1, B1); (b) 5, 7 (H3, B1); (c) 13, 15 (H4, B1); (d) 21, 23 (H2,B1)
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Figure 17. True stress/true strain responses according to X-direction for the second group of
variants: (a) 2, 4 (H2, B2); (b) 6, 8 (H4, B3); (c) 14, 16 (H3, B3); (d) 22, 24 (H1,B2)
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Figure 18. True stress/true strain responses according to X-direction for the third group of variants:
(@) 9, 11 (H5, B2); (b) 10, 12 (H6, B3); (c) 17, 19 (H6, B2); (d) 18, 20 (H5,B6)

4.5. Simulation of aging effects

Since the microstructure of ferrite evolves during aging, it becomes harder and more brittle, these
effects can be simulated by considering different hardening parameters for ferrite only (r, and q),
while assuming the same materials parameters for austenite. The materials parameters were

identified using the tensile curve of the aged specimen until 6% of strain (see Table 3 and Figure

7(b)).

Figure 19 displays the comparisons between stress/strain responses according to the X-direction
obtained for the three groups of variants with materials parameters identified for the as-received and
the aged specimen. The first group is represented by variants 1, 3 (H1, B1), see Figures 19(a,b).
The second group of variants is represented by variants 2, 4 (H2, B2), see Figures 19(c,d). The third
group of variants is represented by variants 9, 11 (H5, B2), see Figures 19(e,f). It is seen that aging
is at the origin of an increase of the stress in ferrite. Therefore, incompatibility stresses and strains
between both phases are more important in the case of the aged specimen. This trend has a
consequence in the internal stresses (i.e., backstress) at the different scales (see section 4.7).
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Figure 19. Comparisons between the true stress/true strain responses according to the X-
direction obtained for the first group with variants 1, 3 (H1, B1): (a) no aging, (b) aging; for the
second group with variants 2, 4 (H2, B2): (c) no aging, (d) aging; for the third group with
variants 9, 11 (H5, B2): (e) no aging, (f) aging.
4.6. Multiscale stress and strain heterogeneities

An interesting application of the present three-scale homogenization model is to study multi-scale

stress and strain heterogeneities, which is not possible with a simple two-scale homogenization
model.

34



In Figure 20, we report stress/strain states at both micro- and meso-scales recorded at 5% of
macroscopic strain, with their component along the tensile direction (X-direction). Two
orientations are considered for the single primary ferritic grain: ¢, = 0°,¢ = 0°, ¢, = 0° (tensile
loading along the [100] direction in ferrite frame), see Figures 20(a,b), and: ¢, = 18.11°,¢ =
40.12° ¢, = 7.52° in Figures 20(c,d). Figures 20(a,c) correspond to non-aged cases while
Figures 20(a,c) correspond to aged ones. For all cases, it is clearly observed that the highest
stress and strain heterogeneities are present at the microscale in ferrite (see blue circles). Stress
and strain heterogeneities in austenite (see red circles) are always lower than for ferrite. In
Figures 20(a,b), three groups of variants are clearly visible to give three different internal
mechanical states: one is close to the iso-strain state, while the two others are close to the iso-
stress state. As seen in section 4.3, these groups depend on the HP orientation with respect to
the loading direction. Stress and strain heterogeneities at the mesoscale (average stresses and
strains in lath clusters, see black circles) are much lower in magnitude but are far from specific
internal states like iso-strain or iso-stress. This result proves again that a simple Voigt model (iso-
strain assumption) is not applicable to derive the mechanical state at the mesoscale. When the
orientation of the single primary ferritic grain is changed, Figures 20(c,d) display more
stress/strain heterogeneities at micro- and macro-scales due to a larger crystal orientation
spread. Such trend looks like polycrystalline non-uniform deformation and stress distributions
(see e.g., Nicaise et al., 2011). However, here, two different scales are considered for strain and
stress heterogeneities and those in ferrite (at the microscale) remain the largest. Figure 20 shows
that for all studied cases, the multiscale modelling and simulations have been truly accomplished

and the averaging strain and stress relationships between scales are satisfied.
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Figure 20. Macroscopic tensile true stress/true strain response (solid line), and, corresponding
stress/strain states recorded at the mesoscale (black circles), and, at the microscale for ferrite
(blue circles) and for austenite (red circles) at 5% of macroscopic strain. Single primary ferritic
grain orientation: ¢, = 0°,¢ = 0°,¢, = 0° (a) no aging, (b) aging; Single primary ferritic grain
orientation: ¢, = 18.11°,¢ = 40.12° ¢, = 7.52° (c) no aging (d) aging.

4.7. Discussion on the Bauschinger effect in the light the three-scale model

Finally, let us study the respective influences of ferritic grain orientations and aging on internal
stress developments during tension-compression, i.e. reverse loading. Polycrystal plasticity
models are good candidates to study load reversals and cyclic hardening/softening behaviors
(see e.g., Evrard et al., 2010; Wang et al., 2020). In this duplex steel, the development of internal
stresses at the different scales is analyzed in the light of the present model to study the
Bauschinger effect, which is defined as the difference in plastic flow stress after reversed
deformation (Atkinson et al., 1974; Corbin et al., 1996). Such study was investigated in as
received and aged duplex stainless steels by Verhaeghe et al. (1996). Even though the Méric-
Cailletaud’s crystal plasticity model can be used with intra-crystalline kinematical hardening
(through calibrating parameters ¢ and d in equation (36)), we have not considered it here, since
no experimental cyclic tests were performed to calibrate these parameters on this specific

material.

At the mesoscale, the incompatibility stresses are dependent on the HP orientation with respect
to the loading direction (see Figure 10), which lead to a backstress originating from inter-phase
stress accommodation. Figure 21 reports simulated cyclic responses (2 cycles) performed in
tension (forward loading) and compression (reverse loading) for the case of one primary ferritic
grain with 24 KS variants (i.e., 24 grains with two-phase LS), and for the case of 15 primary ferritic
grains with 24 KS variants in each grain (i.e., 360 grains with two-phase LS). Figures 21(a) and

21(b) compare the cyclic responses with no aging and with aging, respectively, for ¢, = 0°,¢ =

36



0°, ¢, = 0°. Figures 21(c) and 21(d) compare the cyclic responses with no aging and with aging,
respectively, for ¢, = 18.11°,¢ = 40.12° ¢, = 7.52°. Figures 21(e) and 21(f) compare the cyclic
responses of the case of an ensemble of 15 primary ferritic grains with no aging and with aging,
respectively. Following Atkinson et al. (1974), Corbin et al. (1996) and Verhaeghe et al. (1996),
the overall backstress at the macroscale (2},) reflecting the Bauschinger effect is defined as 2, =
(Zf—2,)/2, where X; is the forward flow stress at 2% of strain and X, is the reverse stress at the
onset of plasticity in compression during the first cycle. The results for the simulations are
gathered in Table 4. It is shown that the increase in backstress due to aging is important. This
increase varies from 51 to 65 MPa, see Figures 21(b)(d)(f). The role of the ferritic grain orientation
is highlighted. The cyclic curves in the elastic-plastic transitions are more rounded (see Figure
21(c) compared to Figure 21(a)) due to the larger scatter of internal stresses (see Figures 20(c,d)
compared to Figures 20(a,b)), and, the backstress increase is 37 MPa. This phenomenon is even
more pronounced for the case of 15 primary ferritic grains, where the backstress increase is equal
to 73 MPa between Figure 21(a) and Figure 21(e). It is found that the largest backstress is given
for the aged case with 15 primary ferritic grains. These gradual increase of backstress X}, for each
configuration is due to an increase of stress heterogeneities in both phases when upscaling from

the mesoscale to macroscale.
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Figure 21. Tension-compression cyclic responses (2 cycles, true stress/true strain curves) for one
single primary ferritic grain with orientation: ¢; = 0°,¢ = 0°,¢, = 0° (a) no aging, (b) aging; one
single primary ferritic grain with orientation given by ¢; = 18.11°,¢ = 40.12°, ¢, = 7.52° (c) no
aging, (d) aging; ensemble of 15 primary ferritic grains: (e) no aging, (f) aging.

Table 4. Values of forward flow stress X; at 2% of strain, X, reverse stress at the onset of plasticity

in compression, and backstress X, for the simulations of different microstructures with non-aged or

aged condition.

Microstructures and RVEs ¢ (MPa) 2. (MPa) 2y (MPa)

One primary ferritic grain 397 153 122
RVE: 24 grains with LS
1 =0%¢ =0°¢, =0°
Non-aged
One primary ferritic grain 464 90 187
RVE: 24 grains with LS
¢1=0%¢ =0°¢, =0
Aged
One primary ferritic grain 418 100 159
RVE: 24 grains with LS
¢, = 18.11°,¢p = 40.12° ¢, = 7.52°
Non-aged
One primary ferritic grain 465 45 210
RVE: 24 grains with LS
¢, = 18.11°,¢p = 40.12° ¢, = 7.52°
Aged
Ensemble of 15 primary ferritic grains 439 49 195
RVE: 360 grains with LS
Non-aged
Ensemble of 15 primary ferritic grains 503 9 247
RVE: 360 grains with LS
Aged
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5. Conclusions

In this paper, a three-scale microstructure-based elasto-viscoplastic homogenization model is

presented for the first time to predict the local and the overall behavior of a CF8M alloy, which is a

cast duplex stainless steel used primary loop components of Pressurized Water Reactors (PWR).

Mechanical tensile tests have been performed on as received (cast) and aged (1000h, 350°C) alloy

to identify the crystal plasticity parameters based on the Méric-Cailletaud (1991a,b)’s model at the

level of single austenite laths and ferrite interlayers. The main conclusions of the paper are the

following:

The model is able to describe the average mechanical fields (stress and strain fields) at the
different scales of the duplex steel microstructure: (i) in the austenite laths and in the ferrite
interlayer related with a KS-OR, (ii) at the level of a cluster of austenite laths in the two-phase
LS structure, (iii) at the level of primary ferritic grains, (iv) at the level of an ensemble of
primary ferritic grains.

The morphology due to the cluster of austenite laths is responsible for a strong anisotropic
behavior observed from the mechanical responses of LS structure satisfying a pure KS-OR.
This trend was confirmed with comparisons with EVPFFT simulations with same crystal
plasticity laws. The slip analysis confirms the important effects of incompatibility stresses
dependent on the local configuration defined by the HP and the tensile directions. Generally,
the individual responses of both phases are not sufficient to represent the stress/strain
responses of the LS structure, except for the case where the loading direction is parallel the
[11 1] crystallographic direction in ferrite.

In the case where the tensile loading is performed according to the [1 0 0] crystallographic
direction in ferrite, it is found that the tensile stresses in ferrite strongly depend on the HP
orientation with respect to the loading direction, where we have identified three groups of KS
variants with similar mechanical behavior. The effect of primary ferritic grain crystallographic
orientation is important and changes the internal mechanical state in ferrite for the different
variants belonging to the three above identified groups. It was also observed that stress
heterogeneities are more pronounced inside the primary ferritic grain.

The effect of aging was discussed assuming that the microstructure of ferrite has changed,
affecting only the intra-granular isotropic hardening parameters of ferrite. These parameters

were identified using the tensile stress/strain curve for the aged specimen. Then, aging was
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found to enhance the mechanical contrast between both phases and increase the
incompatibility stresses.

e Finally, the Bauschinger effect was studied in the light of the model with and without aging
for cyclic tension-compression loading for different microstructures. It was shown that the
backstress depends on ferritic grain orientation and aging. The largest backstress was found
for the aged material constituted of 15 primary ferritic grains constituted of 24 spherical
domains with two-phase LS, representing lath clusters in each ferritic grain.

Some interesting research directions remain to do with the present developed three-scale model.
First, we will aim to perform some predictions in comparison with in situ mechanical tests extracting
kinematical strain fields like in situ digital image correlation (see e.g. Guéry et al., 2016), high-
resolution digital image correlation (HR-DIC) (Harte et al., 2020; Maresca et al., 2020), or, lattice
strain evolution in the elastoplastic transition (in situ X-Ray diffraction, see e.g. Wang et al., 2016;
Gadalinska et al., 2020). Bauschinger tests on cast and aged specimen can be performed to identify
kinematical hardening parameters at the single crystalline level. The hydrostatic pressure fields, as
predicted by the present three-scale model, as well as slip activities can be used to predict damage
initiation during aging. The present model can be applied to other two-phase complex
microstructures involving laminate structures like pearlitic steels (Delannay, 2018) or two-phase
titanium alloys with Burgers-OR (Fan et al. 2018). Lastly, the present three-scale micromechanical
model can be incorporated in structural FE-based calculations using the MFront code generator
(Helfer et al. 2015), as performed in Tsekpuia (2022).
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Appendix

Appendix A. Crystallographic orientation data

Table A.1. List of the 24 cubic symmetry group matrices used to generate the crystallographic
orientations of the 24 KS-OR variants in Table 2.

Variant Number Cubic symmetry group matrices
V1 1 00
[0 10
0 0 1
V2 0 -1 0
[1 0 0]
0 0 1
V3 -1 0 0
[ 0 -1 0]
00 1
V4 0 1 0]
-1 0 0
0 0 1
V5 1 0 0]
0 0 -1
0 1 0]
V6 0 -1 0
[0 0 —1]
1 0 0
V7 -1 0 O
[ 0 0 —1]
0 -1 Q0
V8 0 1 0
[ 0 0 —1]
-1 0 0
V9 0 0 1
[1 0 0]
01 0
V10 0 0 1
[0 -1 0]
1 0 0
V11 0 0 1
[—1 0 0]
0 -1 0
V12 0 0 1
[ 0 1 0]
-1 0 0
V13 -1 0 0
[ 0 0 1]
0 -1 0
V14 0 10
[0 0 1]
1.0 0
V15 1 0 0
[0 0 1]
0 -1 0
V16 0 -1 0
[ 0 0 1]
-1 0 0




V17 0O 0 -1
[—1 0 O ]
0O 1 o0
V18 0 0 -1
[0 1 O ]
1 0 0
V19 0o 0 -1
[1 0 0 ]
0 -1 o0
V20 0 0 -1
[ 0O -1 0 ]
-1 0 0
V21 1 0 0
[0 -1 0 ]
0O 0 -1
V22 01 O
[1 0 O ]
0 0 -1
V23 -1 0 O
[ 0O 1 o0 ]
0 0 -1
V24 0 -1 0
[—1 0 0 ]
0 0 -1

Table A.2. Averaged crystallographic orientations (Euler-Bunge angles) of reconstructed ferritic

grains from EBSD maps.

Primary ferritic grains o1 (®) () $,(°)
1* 18.11 40.12 7.52
2 25.86 35.40 46.27
3 150.47 9.73 0.61
4 106.38 20.88 75.83
5 140.37 32.08 66.45
6 190.89 44.42 51.02
7 178.52 42.59 28.43
8 195.83 40.65 43.53
9 109.88 36.43 19.41
10 195.21 15.2 40.48
11 353.19 8.85 356.26
12 229.57 41.94 40.62
13 89.43 33.77 60.68
14 177.31 24.8 8.22
15 319.43 39.12 58.27

*: largest grain used for simulation of the single primary ferritic grain.
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Appendix B. Detailed components of the 6 x 6 matrices Fj; and G;; used in the
two-phase laminate structure (LS) model

The non-zero components of the 6 x 6 symmetric matrix Fj; associated with c;; (6 x 6 elastic

stiffness matrix) is obtained analytically and is given by:
—_ * * *2 — * * * * _ * * * *
F32 = (Ci4Ce6 — C2)/D F34 = (C36Ca6 — €34C66)/D F3¢ = (C34Ci6 — C36C24)/D
_ * * *2 _ * * * * _ * * *2
Fis = (c32¢66 — €15)/D Fie = (C34C36 — C32C46)/D Fée = (c32C34 — €33)/D (B.1)
H _ * * * * * * *2 % *2 Lk *2 Lk * Y
The non-zero components of the 6 x 6 symmetric matrix Gij associated with s; (6 x 6 elastic
compliance matrix) is obtained analytically and is given by:
— * ok *2 _ * ok * Lk _ * ok * Lk
G3; = (s33Ss55 —s38)/D Gi3 = (si5S35 — S13555)/D Gis = (s13S35 — S15533)/D

G3s = (511555 — 518)/D G35 = (s13Sis —s11535)/D G5 = (s1y533 — 513)/D (B.2)

H _ * * * * * * *2 Lk *2 % *2 Lk * o a.Y
with D = s71533555 + 2513535515 — S15533 — S35511 — S13S55 @nd sj; = fYsjj + f%s;;.
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Appendix C. Crystallographic slip systems for f.c.c. austenite and b.c.c. ferrite

Table C.1. The 12 slip systems in the f.c.c. structure with Schmid and Boas’s notation (1968).

Notation Crystallographic plane Crystallographic direction
A2 (111) [011]
A3 (111) [101]
A6 (111) [110]
B2 (111 [011]
B4 (111 [101]
B5 (111 [110]
C1 (111) [011]
C3 (111) [101]
C5 (111) [110]
D1 (111) [011]
D4 (111) [101]
D6 (111) [110]

Table C.2. The 12 slip systems in the b.c.c. structure with their notations according to Le et al.
(2020).

Notation Crystallographic plane Crystallographic direction
2A (011) [111]
3A (101) [111]
6A (110) [111]
2B (011) [111]
4B (101) [111]
5B (110) [111]
1C 011 [111]
3C (101) [111]
5C (110) [111]
1D 011 [111]
4D (101) [111]
6D (110) [111]
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