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ABSTRACT

The ductility of polycrystalline aggregates is usually limited by two main phenomena: plastic
strain localization and void coalescence. The goal of this contribution is to develop a new mul-
tiscale framework, based on the crystal plasticity finite element method (CPFEM), for the pre-
diction of ductility limits set by these two phenomena for porous and non-porous polycrystalline
aggregates. This numerical framework is based on the combination of crystal plasticity consti-
tutive modeling with the periodic homogenization scheme. Within this strategy, the single crystal
constitutive modeling follows a finite strain rate-independent approach, where the plastic flow is
governed by the classical Schmid law. Thereby, the competition between the two aforementioned
phenomena, which limit ductility, is thoroughly analyzed using the bifurcation theory and a
strain-based coalescence criterion. To cover a wide range of mechanical states in this analysis,
two types of loadings are applied to the studied aggregates: proportional triaxial stress paths and
proportional in-plane strain paths. The developed CPFEM-based framework is well suited to ac-
count for essential microstructural features: pre-existence of spherical voids, crystallographic and
morphological anisotropy, matrix polycrystallinity and interactions between grains and their
surrounding medium. Extensive sensitivity studies are performed to analyze the impact of these
microstructural features on the ductility limit predictions. The main trends obtained by classical
phenomenological frameworks are extended here within the framework of crystal plasticity
constitutive modeling.

1. Introduction

Deep understanding of physical phenomena limiting the ductility of thin metal sheets has attracted attention from both compu-
tational mechanics and metallurgist communities for several decades. In fact, the insightful knowledge of these phenomena and their
accurate modeling play a key role in the safe design of industrial devices and components. Two main phenomena may limit the
ductility of thin metal sheets during severe plastic deformations: void coalescence caused by the development of ductile damage, and
plastic instability characterized by the onset of localized necking. Ultimate failure is usually the result of the competition between
these two phenomena (Tekoglu et al., 2015). Due to the limited access to fine experimental tools and techniques at the relevant scales
and the high cost of experimental testing, extensive investigations have been conducted to develop theoretical and numerical models
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able to accurately predict the incipience of plastic instability and damage-induced failure.

Damage evolution inside metal materials has often been modeled by classical phenomenological micromechanics models. These
constitutive frameworks, initiated in the seminal work of Gurson (1977), enable to model the growth of a spherical void inside a dense
metal matrix. Despite the substantial progress made in the framework of micromechanics-based constitutive descriptions, like the GTN
extension performed by Tvergaard and Needleman (Tvergaard and Needleman, 1984), the resulting models remain inaccurate when
considering some specific configurations, such as complex loadings or more elaborate constitutive frameworks to characterize the
mechanical behavior of the dense matrix. To overcome these drawbacks, several numerical strategies, commonly based on unit cell
finite element (FE) computations, have recently been developed. In these approaches, the ductile material is represented by a spatially
periodic arrangement of identical unit cells. Consequently, for the constitutive description of such materials, it is sufficient to consider
a unique unit cell subjected to relevant boundary conditions that allow effectively reproducing the overall mechanical behavior
(classically kinematic or periodic boundary conditions or combination of them). In the current contribution, unit cell computations
under periodic boundary conditions (PBCs) are conducted to accurately account for the interactions between the studied unit cell and
the neighboring ones. These unit cell computations, based on the periodic homogenization multiscale scheme, are performed within
the ABAQUS/Standard FE code. To analyze the impact of initial void and mechanical behavior of the dense matrix on damage-related
void coalescence, the unit cell computations are coupled with the strain-based coalescence criterion initiated by Koplik and Nee-
dleman (1988).

The ductility of thin metal sheets may also be limited by the initiation of localized necking. To predict this kind of plastic instability,
several localized necking criteria have been developed in the literature. In this field, one can quote the bifurcation criterion initially
developed by Hill (1952) and rigorously formulated, on the basis of sound theoretical considerations, by Rudnicki and Rice (1975).
This criterion detects bifurcation when the acoustic tensor becomes singular, which corresponds to the loss of ellipticity of the partial
differential equations governing the associated boundary value problem. Besides its rigorous mathematical foundation, the bifurcation
theory does not involve any fitting parameters, such as the initial imperfection size required in the M-K analysis (Marciniak and
Kuczynski, 1967). For these reasons, the unit cell approach developed in the present contribution is combined with the bifurcation
criterion to predict the occurrence of plastic strain localization in porous and non-porous materials. Because this criterion is founded,
in the current study, on the loss of ellipticity of the governing equations at the homogenized level of the unit cell (called hereafter the
macroscopic level), the relevant macroscopic tangent modulus needs to be numerically evaluated (Zhu et al., 2020a, 2020b).

Evidently, the predictions performed through unit cell computations are strongly dependent on the constitutive framework used to
model the mechanical behavior of the dense matrix and the corresponding material parameters. In the vast majority of previous works,
the behavior of the metal matrix has been modeled by phenomenological constitutive descriptions, as in Liu et al. (2016); Reboul et al.
(2020); Hosseini et al. (2022); Zhu et al. (2020b). Despite their reliability and their wide application in unit cell computations,
phenomenological constitutive frameworks present some conceptual limitations. In fact, classical phenomenological models cannot
accurately take into account some key physical features and phenomena, such as crystallographic texture and its evolution, grain
morphology, and crystallographic structure. These drawbacks have motivated the use of crystal plasticity models. Unlike phenome-
nological descriptions, the use of crystal plasticity approaches allows an accurate description of some physical mechanisms and
phenomena at the appropriate scale (slip on crystallographic planes, lattice rotation, dislocation motion, grain morphology evolu-
tion...). Consequently, several crystal plasticity frameworks have been adopted in unit cell computations to predict void growth and
coalescence in porous single crystals or polycrystalline materials (Shang et al., 2020; Christodoulou et al., 2021; Rousselier, 2021). For
instance, Yerra et al. (2010) have performed unit cell computations to predict void growth and coalescence in BCC single crystals.
According to this study, the authors revealed that the void growth rate is strongly correlated with the initial crystal orientation. It
should be noted that several coalescence criteria, based on the Thomason criterion (Thomason, 1990), have been developed and used
in Yerra et al. (2010). Numerical predictions based on porous unit cells with an elastoviscoplastic single crystal plasticity model
incorporating effects of strain hardening and softening associated with irradiation-induced defects have been performed by Ling et al.
(2017). More recently, the void growth in a polycrystalline matrix (made of a large number of single crystals) has been investigated on
the basis of unit cell computations by Liu et al. (2021). In the present investigation, the mechanical behavior of porous and non-porous
polycrystalline aggregates is studied using the proposed CPFEM approach (CPFE-based unit cell strategy). Unlike all former studies, the
mechanical behavior of the constituent single crystals in the proposed approach is modeled by a rate-independent framework. In this
formulation, the plastic deformation (at the single crystal scale) is due to the activation of crystallographic slip systems, and the plastic
flow obeys the classical Schmid law, which is characterized by the development of vertices on the corresponding yield surface. It is
worth noting that the development of such vertices induces destabilizing effects that allow predicting the occurrence of plastic
instability in non-porous polycrystalline aggregates at realistic strain levels. In other words, plastic strain localization may be captured
by bifurcation analysis in non-porous unit cells when the behavior of the dense matrix is modeled by a rate-independent crystal
plasticity theory. This is not the case when the behavior of the matrix material is modeled within a rate-dependent crystal plasticity
framework. Thus, the rate-dependent crystal plasticity framework is always coupled with the M-K approach to predict the onset of
strain localization (Neil and Agnew, 2009; Signorelli et al., 2009; Serenelli et al., 2010; Serenelli et al., 2011; Schwindt et al., 2015). To
the authors’ knowledge, rate-independent crystal plasticity framework has not been sufficiently explored in modeling the mechanical
behavior of the metal matrix within unit cell computational strategy. Hence, the coupling of the proposed rate-independent CPFEM
framework with the bifurcation criterion to study the onset of plastic strain localization represents the most important novelty of the
present contribution as compared to previous studies performed by the authors (Zhu et al., 2020a; 2020b).



The competition between plastic strain localization and void coalescence has been studied using phenomenological
micromechanics-based frameworks (Nasir et al., 2021). However, the use of unit cell computations to analyze such a competition has
seldom been attempted in previous investigations. In this field, readers are referred to Zhu et al. (2020b) who have used the
energy-based criterion and the bifurcation approach in conjunction with unit cell computations to elucidate which of the two phe-
nomena occurs first. The latter contribution has demonstrated that strain localization plays a precursor role in the development of void
coalescence. In addition, they revealed that the difference in the critical strains at the incipience of localized necking and void coa-
lescence decreases with decreasing the stress triaxiality ratio T, which would imply that the two phenomena could occur simulta-
neously for sufficiently low triaxiality T. In the present contribution, the competition between these two phenomena is investigated
using the developed CPFEM-based approach, and the influence of the initial crystallographic texture on this competition is particularly
analyzed. For a wide investigation of the loading state effect on the occurrence of void coalescence and plastic strain localization, two
loading configurations are considered in the current unit cell computations: macroscopic proportional triaxial stress paths, where the
stress triaxiality ratio T and Lode parameter L are kept constant throughout the loading history, and macroscopic proportional in-plane
strain paths, where the in-plane strain-path ratio p is kept constant. Only the former loading configuration has been analyzed in the
large majority of previous contributions devoted to unit cell computations. The second configuration has not been sufficiently studied
using unit cell computations, despite its importance for the ‘sheet metal forming’ community. The prediction of FLDs by our unit cell
strategy (unit-cell-based periodic homogenization) represents a second novelty of the current contribution, when compared to pre-
vious computational methods, such as the FE? approach (Klawonn et al., 2020). In the FE2 approach, numerical simulations of
Nakajima or Marciniak tests are conducted using various specimens with different central parallel shafts to achieve the desired strain
paths. Each specimen geometry is discretized by finite elements and constrained by boundary conditions similar to those used in FLD
experimental determination. A polycrystalline unit cell is assigned to each integration point of the specimen mesh, which is itself
discretized by finite elements. The ductility limit is reached when plastic strain localization is observed for the first time in the
specimen. This FE2 approach requires two FE computation levels for each simulation, making it computationally expensive in terms of
CPU time. In contrast, the unit-cell strategy proposed in the current contribution involves only one FE computation level, making it
more computationally efficient than the FE2 approach. Additionally, the FLD predictions obtained using the unit-cell strategy depend
solely on the mechanical behavior of the considered material, while the FLDs determined by the FE2 strategy may be influenced by
structural effects that can arise due to the specific geometric configuration and external boundary conditions. Hence, the unit-cell
strategy seems to be suitable for an accurate prediction of the FLDs.

Another additional novelty of the present contribution concerns the analysis of matrix polycrystallinity effect (due to the use of
crystal plasticity theory instead of phenomenological modeling) on plastic strain localization and void coalescence. Despite its
importance, this effect has not been investigated in the past, and only few investigations focused on the effect of such matrix poly-
crystallinity on the void growth rate. In this area, Lebensohn et al. (2013) have revealed that when an isotropic phenomenological
model is used for the matrix material, the void growth is only affected by the distance and relative position of the interacting voids.
Though, the void behavior is also affected by microstructural effects, which are accounted for within a crystal plasticity modeling
framework, such as the influence of the Taylor factor of the crystalline ligaments linking interacting voids. More recently, Liu et al.
(2021) have demonstrated that the local heterogeneity of the matrix microstructure, which can only be considered by using a poly-
crystalline model, retards the void growth. Conversely, the use of traditional phenomenological isotropic constitutive frameworks to
model the mechanical behavior of the matrix material leads to overestimation of the void growth rate.

In the present investigation, several numerical simulations are performed to predict the occurrence of failure in non-porous and
porous unit cells.

e Non-porous unit cell computations: in these simulations, only plastic strain localization can be predicted (void coalescence is not
possible, as the unit cells are non-porous and void nucleation is not considered within the constitutive modeling). The effects of the
mechanical state (defined by the triaxiality ratio T and the Lode parameter L, or the strain-path ratio p) and the initial crystallo-
graphic texture on strain localization occurrence are analyzed.

e Porous unit cell computations: in this case, the predictions are focused on the analysis of the competition between the onset of
plastic strain localization predicted by the bifurcation theory and void coalescence determined by the strain-based criterion. The
role of the initial crystallographic texture in this competition is specifically highlighted.

The rest of the paper is organized as follows:

v In Section 2, the main lines of the periodic homogenization technique, used to determine the overall response of the polycrystalline
aggregate, are exposed. Then, the numerical implementation of this technique within ABAQUS/Standard FE code is briefly
recalled.

v The single crystal constitutive framework is briefly outlined in Section 3. The theoretical framework as well as the numerical
implementation of the bifurcation theory are exposed in Section 4.

v Section 5 is devoted to the presentation and discussion of the ductility limit predictions obtained by the proposed CPFEM-based
strategy.
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Fig. 1. Porous polycrystalline aggregate: (a) selection of a unit cell from the bulk polycrystalline material; (b) unit cell subjected to a general triaxial
macroscopic stress state; (c) unit cell subjected to a biaxial macroscopic plane-stress state; (d) generation of the unit cell by the Voronoi tessellation
technique and the corresponding FE mesh.

Conventions, notations and abbreviations
The following notations and conventions are adopted herein:

eq
eq
Cop.
Cub.
Ran.

time derivative of e.

11 12
21 22
the transport of e in the intermediate configuration defined by the crystal lattice frame (equal to ¥’ - e ifeisavector,and ¥’ - e - Fife
is a second-order tensor, with T being the rotation of the crystal lattice frame with respect to the current coordinate system).
exponential of field e.

second-rank identity tensor.

small perturbation used for the differentiation of field e.

triaxiality factor equal to the ratio of the hydrostatic stress 2 to the von Mises equivalent stress Zoq (T = Zp /Zeq)-

Lode parameter, equal to the ratio (2235 — 11 — Z33)/(Z11 — Z33).

von Mises equvalent limit strain, predicted by the Rice bifurcation criterion (marked by full symbols in the curves).

in-plane part of tensor e equal to (:1 ) if e is a vector, and ( ) if o is a second-order tensor, etc.
2

von Mises equivalent limit strain, predicted by the void coalescence criterion (marked by open symbols in the curves).
initial copper crystallographic texture.

initial cube crystallographic texture.

initial random crystallographic texture.
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Fig. 2. Initial crystallographic textures in the form of (111) pole figures: (a) random texture (Ran.); (b) cube texture (Cub.); (c) copper
texture (Cop.).

2. Periodic homogenization problem
2.1. Unit cell formulation

The main objective of the current investigation is to develop a numerical strategy, based on the CPFEM, to predict the ductility
limits for porous and non-porous polycrystalline metal sheets. Considering the spatial quasi-periodicity of the crystallographic
structure in polycrystalline aggregates, and hence of the various mechanical fields, the periodic homogenization scheme turns out to be
a good candidate to build this strategy. The first step in the development of this multiscale procedure concerns the definition of a unit
cell, which should be sufficiently representative of bulk polycrystalline sheets, as depicted in Fig. 1a. For the computational analysis of
the ductility limit of porous aggregates, it is assumed that the void distribution is homogeneous. Thus, a cubic unit cell having a
spherical void at its center is considered (Fig. 1a). The studied unit cells are undergoing finite strains, where a total Lagrangian
approach is adopted to formulate the periodic homogenization equations and the associated macroscopic boundary conditions.
Accordingly, the first Piola—Kirchhoff stress tensor P and the deformation gradient F (see Fig. 1b) are adopted as suitable work-
conjugate stress and strain measures. In this investigation, the unit cell, occupying an initial volume 77 = [— I, /2, I /2] x [—
lo/2,1p/2] x [— 1y /2, Iy /2], is subjected to either proportional triaxial stressing (triaxial stretching along the three spatial directions
with constant macroscopic Cauchy stress ratios) as demonstrated in Fig. 1b, or proportional in-plane strain loading (biaxial stretching
along the first and second space directions with constant macroscopic strain-path ratio, while leaving free the third direction) as
depicted in Fig. 1c. The unit cell is taken to be composed of 200 FCC grains, on the basis of the grain number sensitivity study provided
in Appendix A. The spatial distribution and morphology of these grains are explicitly accounted for using the Voronoi tessellation
technique, as shown in Fig. 1d. As clearly shown in Fig. 1d, each grain is discretized by several finite elements, thus allowing the in-
grain heterogeneous deformation to be accounted for in the polycrystalline response. This feature cannot be considered if a mean field
multiscale scheme (such as the Taylor or self-consistent model) is adopted to derive the unit cell overall behavior. Furthermore, it is
assumed that grains are perfectly bound together, with displacement and traction continuity across the grain-boundary interfaces
between adjacent grains. The unit cell is discretized, within ABAQUS version 6.14 environment (ABAQUS, 2014), by 5336 C3D20
tri-quadratic isoparametric hexahedral finite elements (Fig. 1d, see Appendix A for the related mesh density sensitivity study). Unless
otherwise stated, porous unit cells will be used in Section 5, where the initial void is taken to be spherical and its initial volume fraction
fo is set to 0.04. This value is in the same order of magnitude as that measured in casting materials (see, e.g., the experimental ob-
servations made in Lee, 2020; Lee et al., 2017; Xu et al., 2021). This is a relatively large value chosen so that to perform fast and robust
numerical predictions leading to clear trends. Note that, on the one hand, small values of f; lead to high computational cost, since the
corresponding simulations involve void coalescence. Our objective is to numerically reach the void coalescence stage at a reasonable
computational cost, meanwhile to avoid possible numerical problems induced by severe mesh distortion around the void. On the other
hand, the selected value of f, ensures a distinct separation between strain localization and void calescence, which is the main focus of
the present work.

To thoroughly investigate the orientation effect on the ductility limit predictions, three crystallographic textures are systematically
used: random, cube component (Euler angles of its ideal texture: ¢; = ¢, = ® = 0°) and copper component (Euler angles of its ideal
texture: ¢; = 90°, ® = 35°, ¢, = 45°) textures as defined in Raabe and Rooters (2004). The parameterization of the crystallographic
orientation by the Euler angles ¢;, ¢, and @ is described by Eq. (26). These initial crystallographic textures will be briefly designated in
what follows as ‘Ran.’, ‘Cub.’, and ‘Cop.’, whose spreading angle from their ideal orientation is 15°. The (111) pole figures corre-
sponding to these textures are plotted in Fig. 2 using ATEX software (Beausir and Fundenberger, 2017). For all of the simulations in the
present study, the x direction of the unit cell coincides with the x direction marked on the pole figures of textures.

To clearly explain the formulation of the periodic homogenization problem, the two loading configurations will be separately
treated: proportional triaxial stress paths in Section 2.2 and proportional in-plane strain paths in Section 2.3.



2.2. Proportional triaxial stress paths

2.2.1. Multiscale equations
The main equations of the periodic homogenization technique, used to determine the overall mechanical behavior of the unit cell
undergoing proportional triaxial stress state, are outlined in the following lines:

m The kinematic relation assuming the additive decomposition of the microscopic deformation gradient f into its macroscopic
counterpart F and a superimposed periodic fluctuation gradient f,.,, which reflects the heterogeneity of the mechanical
behavior induced by the difference in the crystallographic orientation between the constituent grains (crystallographic
texture):

f=F+f,. (€Y
The current coordinates x of a material point are thereby determined by spatial integration of Eq. (1):

X =F - Xy + u,,, (2)

where xq is the initial coordinate vector of the material point, and . is a periodic displacement field.
The time derivative of Eq. (2) enables to obtain the expression of the velocity v:

V:F~xo+1'1,,” ::F~xo+v,,€,.. 3)

m The averaging relations linking the microscopic deformation gradient f to its macroscopic counterpart F, and the microscopic
first Piola—Kirchhoff stress tensor p to its macroscopic counterpart P by volume integration over the initial domain 77:

! 1
F=rr| 847, ; P=1=m /| pd7%. @
| 7701 74 0 70l 0
Eq. (4) can be equivalently rewritten in its rate form:
Fpf, 270 By g7 ®)
‘70‘ - 0 ‘ ,7/0 7‘0P 0-

= The microscopic static equilibrium equation expressed as a function of p (when body forces are neglected):

divy, (p) = 0. (6)

m The constitutive equations governing the single crystal mechanical behavior will be presented and adequately solved in
Section 3.

2.2.2. Macroscopic loading

In this loading configuration, the unit cell is undergoing a diagonal triaxial macroscopic stress state (see Fig. 1b), i.e., only the
diagonal components P;;, Pyy, and P33 of the macroscopic stress tensor P are different from zero (macroscopic shear stresses are
neglected). Proportional triaxial stressing requires that the Cauchy stress ratios f; = £11/233 and f, = 233/33 are kept constant
during the loading, where %47, 22 and X33 refer to the diagonal components of the macroscopic Cauchy stress tensor X.

The hydrostatic stress X, and von Mises equivalent stress X, are thereby represented as functions of stress ratios ; and f,:

:ﬁ1+ﬁ2+1
3

1
% SR ZEW‘ —B (B~ P+ (B — D[, @

Following the formulations of Liu et al. (2016) and Zhu et al. (2020b), the macroscopic stress triaxiality ratio T and Lode parameter
L can be written as functions of the stress ratios ; and f, by assuming X;; > oy > X33t

= ZE:; = \/i(l thth) sen(Zs3);

3=+ (=) + (B~ )

L:M,—ISLgl.
pr—1

T

(8)

Constant stress ratios f; and f, during the deformation history result in constant T and L.



2.2.3. Numerical aspects

Periodic homogenization relations (1)-(6) are solved by the FE method. Compared to classical FE problems, the periodic ho-
mogenization framework presents two key particularities: the kind of loading to which the unit cell is subjected (as traditionally
prescribed, displacement or force components are applied on the structure boundary, and not the components of macroscopic stress or
strain tensors), and the periodic boundary conditions applied on the faces 57’3,7 7 (1;, 97"37, <7%+, 5% 87 , ,7(3{ defined by the following
coordinate components:

(7(1)7 CXo1r = —l[]/2;=,7(])+ L Xo1 :10/2
T ixm = )2 xp =12 ©)
(737 L X3 = —lU/Z; 78+ L X3 = 10/2

To simultaneously handle these two particularities in the FE process, the rate form of the virtual power principle is firstly expressed
in the absence of body forces:

/ [@ ']d%'o :/ ov - td-Y, )
7 6x0 Zo

where .7, (=.75 U.7Y U2 U2 U3 U.#3") denotes the boundary surface in the initial configuration, and , the nominal
traction rate prescribed on .7y. Vector t; = p - T, with T being the outer normal to the boundary .7.

To solve Eq. (10), the Hill-Mandel condition is usually used. This condition, proven in a finite strain Lagrangian formulation by De
Souza Neto and Feijoo (2010) and Nemat-Nasser (1999), states the incremental internal power equivalence between the micro and
macro scales as:

/ @:p d7y=|7|6F:Po @;p d7 o —|70|6F:P=0. an
7% 6x0 70 6X0

To numerically enforce this equation and hence to apply the macroscopic loading as well as the PBCs, the macroscopic reference
point technique is used (Temizer and Wriggers, 2008). This technique suggests to practically consider F as a set of macroscopic degrees
of freedom associated with the nodal forces | 75| P. With this general triaxial stress state, three macroscopic reference points are
needed to completely apply the components of the macroscopic loading. Further details about the implementation of this technique
can be found in Zhu et al. (2020b).

The periodic homogenization problem is solved within ABAQUS/Standard. Constant T and L are applied via the user subroutine
multi-point constraints (MPC), which controls the non-linear relations between the macroscopic strains in the three corresponding
loading directions. Numerical and technical details corresponding to this implementation can be found in Liu et al. (2016) and Zhu
et al. (2020b).

2.3. Proportional in-plane strain paths

2.3.1. Multiscale equations
Under biaxial stretching in the e’; — e plane, the kinematic relation, equivalent to Eq. (1), allows us to relate the in-plane
macroscopic deformation gradient 'VF to its microscopic counterpart IVt as follows:

INg = INF + NE,,,, (12)
where ™f,, is an in-plane fluctuation gradient that is periodic over the boundaries .73 U Sy ustu ,7/?.
Spatial integration of Eq. (12) leads to the in-plane counterpart of Eq. (2):
Ny _ INR . INg lNupw‘ 13)
The expression of the in-plane velocity Vv can be obtained by taking the time derivative of Eq. (13):
Wy — INfo Ny 4 Ny a9

The other equations exposed in Section 2.2.1 (namely, Eqs. (4)-(6)) remain valid for in-plane biaxial stretching.

2.3.2. Macroscopic loading
The macroscopic fields characterizing this in-plane biaxial stretching are defined as:

Fyo 0 O o oo
F=10 F O ; P=(0O 0O 0], (15)
o o o 0 0 0

where components ‘[]" are unknown and should be obtained by FE computations. Then, the macroscopic loading is imposed on the
faces normal to the 1 (xp; = +1p/2) and 2 (xo2 = +1p/2) directions. On the other hand, faces normal to the 3 direction are free (see



Fig. 1c).
As traditionally followed in the FLD predictions, the components F;; and Fa, are defined as functions of the strain-path ratio p
(varying between —1/2 and 1) and the major strain component Ej;:

Fiy=¢" ; Fp=e€ with Ep=pE,. (16)

2.3.3. Numerical aspects

The periodic homogenization problem defined by Egs. (4)-(6), (15)-(16) will be solved by the FE method. As in the triaxial
stressing case (see, Section 2.2.3), the solution method of this homogenization problem is based on the Hill-Mandel condition given by
Eq. (11). The validity of this condition under macroscopic plane-stress assumption is proven in the subsequent developments.
Following the decomposition of the whole boundary of the unit cell .7 into six faces, the right-hand side of Eq. (10) could be expanded
as:

/ (sV'todtyo:/ 5V'i0d170+/ (SV'f()LL’)'/'/(). (17)
) I ur ust ustt 7 urdt

Taking into account the macroscopic boundary conditions given by Eq. (15), one can easily deduce that the traction vector t, is
equal to 0 over faces ,787 and .7(3;. Hence, [ o gt OV - to d.¥ is equal to 0. Moreover, the third component of t, is equal to 0 over
0 0
faces.7) .71 ,.7% and 2. Then, 6v - t, reduces to Msv - Nig over .7y U2 U.72 U.72". Consequently, Eq. (17) is reduced to
the following form:
/ ov - tdSy = / Nov - Nty d.S. (18)
70 Zo
Hence, Eq. (10) can be transformed as:
0oV . . . oNgv . .
/ [— : }d 70 = / &V - tyd.Sy = / Ney . Ntyd S :/ { : INp} d7%. (19)
7 0% Zo 70 7 0%

Using Eq. (14), the right-hand side of Eq. (19) can be recast as:

IN IN
/ I wplazy = / w4 L) vl g7,
7o L 0%o 70 0Xo

w
0" 6V per
X

(20)

A 7 =

= | Zo|NSF : NP + /

70

7//)0‘IN5F : INP + / ,N(svpe,-.tho dyU
sy uritustusd
The periodicity of vector Mév,, and the anti-periodicity of vector ™, over the set of faces.73 U.78 U.72 U.7% lead to the
following boundary integral constraint:

/ N5V, Nty d. Sy = 0. (21
7y uritustust
Considering Egs. (19), (20) and (21), the Hill-Mandel condition is validated for the macroscopic plane-stress state:

o6v . . . .
/ {—v : }d Vo= | 70Nk : VP, (22)
7% 0%
To apply the macroscopic biaxial stretching in combination with the periodic boundary conditions, two macroscopic reference
points are required (see Lejeunes and Bourgeois, 2011). Hence, the in-plane components of F, which define the proportional in-plane
strain path (see Eq. (16)), can be easily applied through the displacements of the two reference points.

3. Single crystal constitutive equations

At the microscopic scale, each integration point of the mesh of the unit cell represents a single crystal (see Fig. 1d). Besides, each
grain is constituted by a number of single crystals that initially have the same crystallographic orientation. To completely solve the
periodic homogenization problem presented in Section 2, the single crystal constitutive framework should be completely formulated
and solved. This is the major goal of the current section. These constitutive equations are formulated in a 3D general framework
regardless of the studied loading state (i.e., triaxial stress or biaxial strain states).

As a starting point, the microscopic velocity gradient g is linked to the microscopic deformation gradient f as follows:

g=f-f", (23)

where f is determined at each integration point by the FE computation.
As stated earlier, the single crystal behavior is assumed to be elasto-plastic. Hence, f can be multiplicatively decomposed into elastic
and plastic parts, denoted respectively f¢ and f*:



(24)

f=1.f.
The elastic part f* may in turn be partitioned into a symmetric stretching tensor v* and a rotation F:
f*=v-r. (25)

The rotation tensor r defines the orientation of the crystallographic lattice with respect to the current microscopic coordinate
system. This rotation is parameterized by the Euler angles ¢, ¢, and ® (based on the Bunge convention), as shown by the following
matrix formulation:

cos ¢, cos ¢, — sing, sing, cos®  sing, cosp, + cosg, sing, cos®  sing, sin®
I = [ —cosg, sing, — sing, cosp, cos®  —sing, sing, + cosp, cosp, cos®  cosp, sin®@ | . (26)
sing, sin® —cosg; sin® cos®
The combination of Egs. (23), (24), and (25) yields:
g = f-fi=f !
) - o ot 27)
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As for the majority of metallic materials, the elastic deformation is assumed to be very small compared to unity (i.e., v¢ =~ L,).
Accordingly, Eq. (27) can be simplified as:

g=vV+1-F +7-f - . F. (28)
The velocity gradient g can be additively decomposed into its symmetric part d and skew-symmetric part w:

g=d+w where d==(g+¢g’) and w:%(gfgr), (29)

1
2

which are themselves decomposed into elastic and plastic parts d°, d”, w®, and w?’:

d=d+d" ; w=w+w;

e e 1 ¢ — £ -7\ = = p 1 £ - ¢ - =

=¥ @ (P () ) W=t (i - () ) (30)
W =T

By assuming that plastic deformation is exclusively induced by slip on the crystallographic slip systems, tensor r - .1 . 7" can be
expressed as:

12
LR AN G N ¥ (31)
a=1
where:

m 77 refers to the algebraic value of the slip rate of the a slip system.
m M designates the Schmid tensor of slip system a, equal to the tensor product of the slip direction vector m" and the vector
normal to the slip plane n™*:

M=m ®@mu" . (32)

For evident practical reasons, and in order to handle only positive values of slip rates in the numerical implementation, it is more

convenient to break each slip system into two opposite pseudo-slip systems (Em., Hm) and (— m’, i’a), numbered as @ and a + 12,

respectively. With this decomposition, Eq. (31) is recast as:

24
AT =) M with > 0. (33)

a=1

Using Eq. (33), the plastic strain rate d” and plastic spin w?, introduced in Eq. (30), can be expressed as functions of the symmetric
and skew-symmetric parts R* and S$* of the Schmid tensor M*:

24 24
& = Z PR W= Z 7°S°. (34)
a=1 a=1

The list of vectors ﬁg and E’g for FCC single crystals can be found in Akpama et al. (2017).



Fig. 3. Illustration of the jump of mechanical fields of interest across the band plane.

To fulfill the objectivity principle, we introduce the lattice co-rotational derivative ¢ of the Cauchy stress tensor related to the time
derivative ¢ by the following relation:

6" =6—-W-6+6-w. (35)
Elasticity is assumed to be linear and isotropic and is given by the Hooke law:
6=1I:d, (36)

where I° is the fourth-order elastic stiffness tensor.
For rate-independent behavior, the plastic flow is defined by the Schmid law, which states that slip system a is activated (i.e. 7* > 0)
when the resolved shear stress 7% reaches a critical value 7¢:

<> =0;
Va=1,..24: e (37)
=17 >0,
where 7% is computed in terms of ¢ and R* according to:
Va=1,..24: 1°=06:R" (38)
Eq. (36) can be equivalently expressed as non-linear complementarity problem (NLCP):
Va=1,..,24: y'=1-1">0 ; >0 ; % =0. (39)

The critical shear stress 7¢ has as initial value 7y, and evolves with slip accumulation on the crystallographic systems according to
the following generic hardening law:

12

Va=1,.,12: =" =3 "H7({ +77), (40)
p=1

where H% is the aff component of the hardening matrix H, which is dependent on the accumulated slips of the different slip systems y*
and some hardening parameters. The explicit expression of the hardening matrix used in the present investigation will be given in
Section 5. The single crystal constitutive equations presented here are solved by an explicit integration scheme, whose numerical
details are not provided in the present work for the sake of brevity. Readers interested in these numerical details are referred to
Akpama et al. (2016).

4. Prediction of ductile failure initiation

In the current study, the strain-based void coalescence criterion developed in Koplik and Needleman (1988) and the Rice bifur-
cation approach (Rudnicki and Rice, 1975) are respectively adopted to predict the onset of void coalescence and plastic strain
localization. As stated by Koplik and Needleman (1988), void coalescence arises at the moment when the strain state shifts from a
general triaxial state to a uniaxial strain mode. Within the convention adopted here, this condition is met when the strain rate
components in the second and third directions become equal to zero:

Ey =Ey =0, (41)

Interested readers are referred to Koplik and Needleman (1988) who provide sufficient details about the physical foundation of this
criterion.
The present section focuses on the application of the Rice bifurcation theory to predict the onset of plastic strain localization. The



formulation of the corresponding bifurcation criterion depends on the loading state to which the unit cell is subjected. For the sake of
clarity, the two loading cases will be separately treated: proportional triaxial stress paths in Section 4.1 and proportional in-plane
strain paths in Section 4.2.

4.1. Bifurcation analysis under proportional triaxial stress paths

Following the Rice approach, the onset of strain localization is marked by a bifurcation associated with admissible jumps for strain
and stress rates through a discontinuity band (Fig. 3). In a Lagrangian framework, the kinematic condition for the strain rate jump
reads:

[E) =F —¥ = 7,07, (42)
where:

m [[F]] is the jump of F across the localization band, which is equal to the difference between the velocity gradient outside the
band ¥’ and its counterpart inside the band Fl,
n ?0 is the jump vector,

n 70 is the unit vector normal to the localization band in the initial configuration, equal to (sinf3 cosfy, sind sind;, cosds),
where 0 < 6; <2zand 0 <6, < 7.

The condition of force equilibrium through the band writes:
. —_— —
[P]- #o=0. (43)
The macroscopic tensors F and P are related by the macroscopic tangent modulus B:
P=B:F. (44)

By combining Eqgs. (41), (42), and (43), one can determine the following expression of jump kinematic condition:
— — — —
<B: ( o N U)) N o=0, (45)

which can be equivalently expressed in index form:
() o =0. (46)

By introducing the fourth-order tensor L, which is obtained from tensor B by permutating the first two indices (Vi j k,l: 1,2,3 : L
= Bji), Eq. (45) can be transformed into:

(A oL o) Co =0, 47)
which is expressed in its vector form as:
— — — —
</1""U -L- ./%'”0) S 60=0. (48)
Hence, the bifurcation criterion is associated with the singularity of tensor 70 L 7)0
— —
det<ﬁ/¢”o -L- g/ﬁl""o) =0. (49)

The numerical detection of plastic strain localization with the bifurcation criterion given by Eq. (48) can be viewed as a mini-
mization problem:

— —
minimize det<,/l""0 L ,/VO) for0<60, <2rand 0< 0, < x. (50)

In the case where the minimum of the determinant of ./ o - L - .#" over all the band orientations (6;, 6,) is strictly positive, there is
—
VA 0

no localization. Otherwise, plastic strain localization occurs when the minimum of det(./ ¢ - L- ) vanishes for the first time.

To check the criterion given by Eq. (48), the macroscopic tangent modulus B must be computed. This computation is based on the
condensation technique originally proposed by Miehe (2003). The practical details about the implementation of this technique in
connection with the FE computations performed within ABAQUS are given in Zhu et al. (2022).



Table 1
Elasticity and hardening parameters.

Elasticity Hardening

E (GPa) v 7 o (MPa) hy (MPa/s) n
65 0.3 40 390 0.184

S, Mises

(Avg: 75%)
+2.093e+03
+1.800e+03
+1.402e+03
+1.093e+03
+8.512e+02
+6.631e+02
+5.166e+02
+4.025e+02
+3.136e+02
+2.443e+02
+1.903e+02
+1.483e+02
+1.155e+02
+9.000e+01
+7.850e+01

S, Mises

(Avg: 75%)
+1.239e+03
+1.150e+03
+8.463e+02
+6.228e+02
+4.583e+02
+3.372e+02
+2.482e+02

+1.344e+02
+9.889e+01
+7.277e+01

+2.900e+01
+1.265e+01

(d) (e) ®

Fig. 4. Effect of triaxiality ratio on the distribution of microscopic von Mises equivalent stress (predicted at the onset of bifurcation): (a) T = 0.7,
Ran.; (b) T = 0.7, Cub.; (¢) T = 0.7, Cop.; (d) T = 3, Ran.; (e) T = 3, Cub.; (f) T = 3, Cop.

4.2. Bifurcation analysis under proportional in-plane strain paths

Similar to the developments carried out in Section 4.1, in-plane bifurcation occurs when the following condition is satisfied:

det(INW)O_lNlL_INWO) —0, (51)

where V[ is an in-plane tensor related to the in-plane macroscopic tangent modulus VB by the index relation:

Viyj’ k7l : 172 : lNLijkl = [NBjikla (52)

and N 70 is the in-plane unit normal vector (the in-plane form of 70), equal to (cosd, sind), where 0 < 6 < z/2.

To apply the bifurcation criterion defined by Eq. (50), the macroscopic in-plane tangent modulus VB must be evaluated. For this
evaluation, the perturbation technique developed in Temizer and Wriggers (2008) is used. The condensation technique presented in
Zhu et al. (2022) and used to evaluate the macroscopic tangent modulus for the case of proportional triaxial stressing (see the end of
Section 4.1) can be adapted to predict the in-plane tangent modulus NB. However, the perturbation technique seems to be more
efficient, when it is applied for proportional in-plane strain paths, than the condensation technique. In fact, for this particular loading,
only four linear perturbation steps (and not nine as for a general triaxial loading) are needed to numerically compute the tangent
modulus. Therefore, the CPU time corresponding to this evaluation is significantly reduced.
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Fig. 5. Impact of the triaxiality ratio on the evolution of the: (a) cubic root of the minimum of det(70 -L- 70); (b) macroscopic strain
component Ess.

5. Numerical results
5.1. Hardening parameters

For all the crystallographic slip systems, the initial critical shear stress is assumed to be the same and equal to 7. The evolution of
the critical shear stresses is defined by a power-law hardening model, where the components of the interaction-hardening matrix H are
given as follows (similar to the hardening matrix used in Yoshida and Kuroda (2012):

ho r n—1 2Ny
Va,f=1,...N,: H"ﬂ:h0(1+—) ;=)0 (53)
Ton a=1
The components of H are identical, as the hardening is assumed to be isotropic. In Eq (56), hy and n are hardening parameters, while
I' is the accumulated slip on all the crystallographic slip systems, equal to E,%Zsl . The material parameters used in the simulations are
listed in Table 1.

5.2. Proportional stress paths

5.2.1. Effect of triaxiality ratio

Classical investigations have clearly revealed the effect of the triaxiality ratio on the void growth and consequently on ductile
failure. In the current section, this effect is carefully explored on the basis of several predictions performed by the developed CPFEM-
based tool. Firstly, the impact of the triaxiality ratio on the distribution of the microscopic mechanical state and void shape is analyzed.
In this aim, the isovalues of the microscopic von Mises equivalent stress, determined when bifurcation is attained, are displayed in
Fig. 4 where two extreme triaxiality values are considered: T = 0.7 and 3 with Lode parameter L=—1 for these simulations. The first
triaxiality ratio (T = 0.7) corresponds to an axisymmetric tension stress state (17 = 3.72Xg ; Zg2 = X33), a triaxiality ratio lower
than 0.7 may lead to void collapse. However, the second one (T = 3) corresponds to a triaxial tension state where the stress com-
ponents have the same order of magnitude (£;; = 1.37Zy; ; £33 = X33), which can typically be observed in front of crack tips. These
isovalues are obtained using the three crystallographic textures presented in Fig. 2 (namely, ‘Ran.’, ‘Cub.” and ‘Cop.’ textures). Based
on the observations in Fig. 4, two main conclusions can be drawn:

m The strong heterogeneity of the microscopic stress is clearly observed. This heterogeneity reflects well the discontinuity of the
microscopic mechanical behavior induced by crystallographic orientations. In fact, two neighbor grains are initially oriented
differently. Therefore, the activity of slip systems may significantly differ between these two grains, even if the strain state is
almost the same. This difference leads to a remarkable deviation between the microscopic stresses in both grains and a strong
heterogeneity in the stress distribution. This point will be better discussed in Section 5.2.3.

m The final void shape (at the onset of bifurcation) is closely correlated to the triaxiality level. Indeed, for the first row of figures
(a—c), the triaxiality ratio T is equal to 0.7 leading to an evident elongation along the primary loading direction. This stress
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Fig. 6. Influence of the triaxiality ratio on the evolution of the: (a) bifurcation limit strain Efq; (b) coalescence limit strain Eecq.

state justifies the elongated shape of the void at bifurcation. For the second row (d-f), the triaxiality ratio is set to 3, implying a
triaxial stress state where the three principal stress components have approximately the same values. Consequently, the void
grows in almost homothetic way without significant change of its shape.

The impact of the triaxiality ratio on the two ductility limit indicators is depicted in Fig. 5, where the evolution of the cubic root of
the minimum of det(7o -L- 70) and the macroscopic strain component E33 are plotted in Fig. 5a and b, respectively, as functions of
the macroscopic (von Mises) equivalent strain E,q. Four proportional triaxial stress states are considered: T = 0.7, 1, 2, and 3 with L= —
1. The macroscopic strain localization is marked by the singularity of the acoustic tensor (see Section 4.1). However, void coalescence
is detected when the straining mode switches from a triaxial state to uniaxial state; namely, coalescence happens when the component
Es3 stops decreasing. The critical strains determined by the bifurcation (resp., the void coalescence) criterion qu (resp., Eecq) are marked
by full (resp., open) circles in Fig. 5a (resp., b). It is observed from Fig. 5 that for all the studied loadings, the ductility limit decreases as
the triaxiality ratio increases. Furthermore, the ductility limit is reached at realistic strain levels even for low triaxiality ratios. The
latter result is partially due to the presence of void, which plays a destabilizing role thus promoting the acceleration of failure
occurrence. The void effect will be further discussed in Section 5.2.4. Additionally, the initial crystallographic texture has an important
impact on the ductility limit predictions. Such an influence is obvious due to the fact that the difference in crystallographic textures
leads to different slip activities, thus implying quite distinct microscopic and macroscopic responses. Such differences naturally impact
the void growth and consequently ductile failure. Particularly, Cop. texture leads to the earliest failure, followed by Ran. and then Cub.
texture.

To further explore the combined effect of triaxiality ratio and initial crystallographic texture on the ductility limit predictions, the
evolutions of the limit strains Efq and Eecq are plotted in Fig. 6 under stress states ranging from T = 0.7 to T = 3. As we can see, Efq and
Eecq decrease with increasing T, regardless of the initial crystallographic texture. Moreover, for a given triaxiality level, the Cub. texture
always yields the highest limit strain, followed by Ran. and then Cop. texture. Furthermore, the impact of the crystallographic texture

on EB and E€ gradually weakens as the triaxiality ratio T increases, as shown by the absolute error bars of critical strains of Cub. and
eq eq 8 y y

Cop. texture with respect to the Ran. texture. Specifically, for the highest triaxiality ratio (T = 3), the effect of the initial texture
becomes relatively small. These observations are consistent with those established in Liu et al. (2021), stating that the impact of the
crystallographic texture on void growth (precursor to void coalescence) is negligible when the triaxiality level is high. Close results
have been obtained by Guo et al. (2020), where the effect of the crystallographic orientation on void coalescence in porous single
crystals (not polycrystalline aggregates as in the current case) has been analyzed. These trends are expectable considering the fact that
for FCC crystals used in the present contribution, the hydrostatic microscopic stress increases with macroscopic stress triaxiality. As a
result, under high macroscopic triaxiality, the microscopic deviatoric stress influencing the slip activity is similar, but it has less impact
on the overall response. This interpretation may also be qualitatively supported by the plastic yield-surface functions for porous single
crystals given by Han et al. (2013), where it is revealed that the cross-section of yield surfaces becomes less anisotropic with increasing
stress triaxiality. Consequently, the grains with different orientations behave more isotropically under high triaxiality, and the impact
of the orientation distribution on void growth significantly decreases. Furthermore, at low triaxiality, plastic strain localization and
void coalescence are driven by the plastic behavior of the matrix, where the crystallographic texture has a significant impact on the
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Fig. 8. Impact of the Lode parameter on the evolution of the: (a) bifurcation limit strain Efq;

(b) coalescence limit strain Eecq
evolution of the mechanical state. However, at high stress triaxiality, plastic strain localization and void coalescence strongly rely on
the void growth, which evolves exponentially. Hence, in the latter case, the influence of the mechanical behavior of the matrix on the
ductility limit becomes small.

As previously stated, several studies have been conducted to investigate the competition between strain localization and void
coalescence, such as in Luo and Gao (2018) and Zhu et al. (2020b). In all the above-cited contributions, predictions are performed
using phenomenological models, where the dense matrix is commonly presumed to be materially homogeneous and generally
isotropic, thus ignoring the microscopic heterogeneity and the strong plastic anisotropy induced by the crystallographic texture. In the
present contribution, the combined effect of the triaxiality ratio and crystallographic texture on the competition between plastic strain
localization and void coalescence is analyzed, as the unit cell mechanical behavior is modeled by our CPFEM-based strategy. It is
observed from Fig. 7 that both phenomena happen almost at the same time for low triaxiality (T < 1). However, for moderate and high
triaxiality levels, macroscopic strain localization occurs prior to void coalescence. Moreover, the discrepancy between the two critical
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strains increases as triaxiality ratio T increases. It is noteworthy that these conclusions hold irrespective of the adopted initial crys-
tallographic texture. The conclusions of this competition study are fully consistent with the results obtained in Tekoglu et al. (2015),
where an isotropic phenomenological framework has been adopted to model the mechanical behavior of the matrix material.

5.2.2. Effect of the Lode parameter

Besides the effect of the triaxiality ratio, some studies have revealed, on the basis of experimental evidences (Lode, 1925) and unit
cell computations using phenomenological models (Zhang et al., 2001), that the Lode parameter may also significantly influence the
void behavior (growth and coalescence). Indeed, different values of the Lode parameter for the same stress triaxiality ratio may result
in different limit strains. The objective of the present subsection is to clarify this effect on the evolution of E5, and ES,, as depicted in
Fig. 8a and b, respectively. Three triaxiality ratios are considered in this study: 0.7, 1, and 3. As revealed by this figure, the limit strains
increase with the Lode parameter L, which varies from —1 to 1, regardless of the triaxiality ratio level and crystallographic texture.
However, the increase rate of the limit strains with parameter L significantly depends on the stress triaxiality ratio T: the larger the
value of T, the smaller the influence of L. This result is expected considering the fact that increased triaxiality reduces the effect of the
deviatoric part of the macroscopic stress, and consequently the effect of Lode parameter. This observation is consistent with that
revealed in previous investigations (see, for instance, Zhu et al., 2020b), where the mechanical behavior of the dense matrix has been
described by an isotropic phenomenological model. Combined with the anisotropy effect induced by the crystallographic texture and
its evolution, the effect of L reveals to be more interesting to analyze. It is clearly shown in Fig. 8 that the crystallographic texture has
weak influence on the ductility limit strains when the triaxiality ratio becomes high. This result confirms once again the trends ob-
tained in Fig. 6, where L = — 1. Moreover, at relatively low range of L, the limit strain obtained with Cub. texture seems to be the
highest, followed by Ran. and Cop. texture. However, this trend changes when L increases, such that the limit strains associated with
copper texture become the highest at large values of L. These changing trends may be attributable to the complex effect of the
macroscopic Lode parameter on the microscopic behavior, and especially on the activity of crystallographic slip systems.

To better understand the combined effect of L and crystallographic texture on the predicted limit strains, we examine in Fig. 9 the
void growth evolutions obtained for two extreme values of L: —1 and 1. The void growth evolution is defined by the ratio between the
void volume fraction f and its initial value fy. For the different predictions, the triaxiality ratio is set to 0.7, thus leading to a strong
dependency of the limit strains on the Lode parameter, as shown in Fig. 8. It can be seen from Fig. 9 that for both values of L, the
normalized void volume fraction increases exponentially with the applied loading. Moreover, it is evidenced that the void growth
increases more quickly when L = — 1. This result explains why the ductility limits are reached earlier for the loading states corre-
sponding to L = — 1. Furthermore, void coalescence and plastic strain localization take place almost simultaneously when L = — 1.
However, bifurcation occurs before void coalescence when L = 1. For both loading states, the void growth rate and ductility limit
strongly depend on the initial crystallographic texture.

5.2.3. Effect of the matrix polycrystallinity

Obviously, the matrix polycrystallinity is expected to affect the void growth behavior and the incipience of plastic strain locali-
zation. The effect of such heterogeneity induced by the distribution of crystallographic orientations on the void growth has been
previously clarified in Liu et al. (2021). These authors have shown that the matrix polycrystallinity and its modeling within a crystal
plasticity framework result in slower void growth (compared to predictions based on isotropic phenomenological modeling). In the
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Fig. 11. Impact of the matrix polycrystallinity on ductile failure and void growth: (a) evolution of the limit strains Efq and Efq ; (b) evolution of the
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present investigation, a comparative study is carried out to elucidate the effect of matrix polycrystallinity on the incipience of plastic
strain localization and void coalescence. In this aim, two porous unit cells are considered. The first unit cell, referred to hereafter as
UC1, is defined by a heterogeneous matrix made of 200 grains. The initial crystallographic orientations of these grains are defined by
the Ran. texture shown in Fig. 2a. The second unit cell, briefly called UC2, is defined by a homogeneous matrix. The mechanical
behavior of this matrix is modeled within an associative elastoplastic phenomenological framework, where both plasticity and
hardening are considered to be isotropic. In this case, the J» von Mises criterion is used to model the corresponding yield surface and
the isotropic hardening is modeled by the Swift law, where the yield stress Zy is defined in terms of the equivalent plastic strain Eb;:

5 =K(Bo+ E/;q)N, (54)
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Fig. 12. Impact of the matrix polycrystallinity on the distribution of the microscopic maximum principal strain at E,; = 0.02 and T = 3: (a) unit cell
with polycrystalline matrix; (b) unit cell with homogeneous matrix.

where the hardening parameters K, Eo, and N are calibrated using a numerical uniaxial tensile test applied to a non-porous poly-
crystalline aggregate made of 200 grains. The Ran. texture presented in Fig. 2a is used to define the initial crystallographic orientations
of the grains composing the non-porous polycrystalline aggregate (as this texture leads to the most isotropic behavior compared to the
two other ones). On the basis of this identification procedure, the following hardening parameters are obtained:

K =292MPa ; E,=0.0065 ; N=02. (55)

The reliability of this identification procedure is illustrated in Fig. 10, where the uniaxial tensile curves determined by both
constitutive models (namely, the multiscale and phenomenological models) are almost indistinguishable.

The evolutions of the limit strains Efq and Eecq for UC1 and UC2 against the triaxiality ratio T are presented in Fig. 11a. As we can see,
for both unit cells, E}, and E, are almost indistinguishable at low stress triaxiality, while their difference increases with increasing the
triaxiality ratio T. This is consistent with the trends presented in Section 5.2.1. Meanwhile, this means that the matrix polycrystallinity
does not affect the priority between macroscopic void coalescence and strain localization. On the other hand, for each individual limit
strain (Efq or qu), the difference between the predictions obtained for UC1 and UC2 is found to be large at low triaxiality and negligible
at high triaxiality. Specifically, this difference decreases as T increases. This illustrates the fact that the matrix polycrystallinity induced
by the random distribution of grain orientations accelerates the ductile failure when the triaxiality ratio is low; however, it does not
impact the failure occurrence when the triaxiality is high. The trends obtained at high triaxiality are expectable and consistent with
those presented in Liu et al. (2021). In fact, the behavior becomes almost isotropic at high triaxiality, as explained in Section 5.2.1.
Therefore, the effect of the matrix polycrystallinity, caused by the random distribution of crystallographic orientations, would be
reduced in this case. Consequently, predictions obtained by both the phenomenological and crystal plasticity frameworks are very
similar at high triaxiality. However, for low triaxiality, our trends seem to conflict with those provided by Liu et al. (2021), in which
they concluded that void growth in homogeneous isotropic matrix is faster than in heterogeneous polycrystals. According to Liu et al.
(2021), void coalescence for unit cell with homogeneous matrix would occur earlier, as compared to the case of unit cell with het-
erogeneous matrix. The difference between the trends obtained in Liu et al. (2021) and those of the current investigation may be
attributed to two main facts:

m Firstly, the void used in the unit cell computations performed in Liu et al. (2021) is assumed to be intragranular (i.e., located
inside one grain). Hence, the void behavior is strongly dependent on the orientation of the grain containing the void as well as
on the orientations of neighboring grains (Liu et al., 2021). By contrast, in the present investigation, intergranular void is
considered (i.e., located at the boundary of several grains). Thus, the void behavior in this case is affected by the orientations
of all the grains on the surface of the void. This dissimilarity in the void location may explain the difference between the trends
obtained in Liu et al. (2021) and our predictions.

m Secondly, in Liu et al. (2021), crystal plasticity is modeled by a rate-dependent framework. Within this framework, macro-
scopic bifurcation cannot occur if the unit cell is non-porous (as the instantaneous microscopic tangent modulus is only
governed by elasticity). Unlike this, a rate-independent framework is used in the current investigation, where the microscopic
flow rule is modeled by the classical Schmid law involving a vertex-like yield surface. Consequently, as will be demonstrated
in Section 5.2.4, macroscopic bifurcation can be reached even if the unit cell is non-porous. Hence, one can expect that
bifurcation occurs faster in a porous unit cell within a rate-independent framework than in a unit cell within a rate-dependent
framework. As the bifurcation occurrence is generally precursor to void coalescence, one can presume that the use of
rate-independent crystal plasticity in the modeling of the matrix behavior, instead of the classical rate-dependent modeling,
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leads to acceleration of void coalescence. This may explain the difference between our predictions and those obtained in Liu
et al. (2021).

To further apprehend the impact of matrix polycrystallinity on the ductility limit, the void growth evolutions are plotted in Fig. 11b
for T=0.7 and 3. As can be seen, the void growth in the polycrystalline aggregate is much faster than that in the equivalent ho-
mogeneous matrix at T = 0.7. However, the effect of matrix polycrystallinity on the void growth seems to be negligibly small for T = 3.
This result explains the fact that the ductility limits, predicted at low triaxiality by both ductility criteria, are reached earlier in the
polycrystalline aggregate, as compared to the equivalent homogeneous matrix, and also the fact that the matrix polycrystallinity effect
on the ductility limits decreases as the triaxiality ratio T increases.

Attention is paid in Fig. 12 to the distribution of the microscopic maximum principal strain in the polycrystalline matrix (Fig. 12a)
and in the equivalent homogeneous matrix (Fig. 12b) at E.; = 0.02 and T = 3. The isovalues shown in Fig. 12 highlight the strong
heterogeneity of the maximum principal strain distribution observed in the polycrystalline matrix, as compared to the matrix described
by a phenomenological model where the studied strain component is more smoothly distributed. This strong heterogeneity is the result
of the distribution and evolution of the crystallographic orientations of the polycrystalline aggregate that compose the dense matrix of
the unit cell.

5.2.4. Effect of the void and the spatial distribution of crystallographic orientations
The current section is focused on investigating two additional effects on the aggregate ductility limits: the presence of a void at the
center of the unit cell and the spatial distribution of crystallographic orientations.

m As we have extensively shown in the previous sections, the void has a strong effect on the failure of porous unit cells. To
further investigate this effect, a series of simulations are conducted on non-porous unit cells made of 200 grains, where the
crystallographic orientations are defined by the Ran. texture shown in Fig. 2a. On the basis of these predictions, it is observed
that bifurcation can be reached but at high strain level, as shown in Fig. 13a. Bifurcation is predicted because the Schmid law
is adopted to model the single crystal flow rule. It is well known that the Schmid law, with its vertex-type destabilizing effect,
promotes the occurrence of bifurcation at the single crystal level and then at the polycrystalline level. Such bifurcation cannot
be predicted if the non-porous unit cell is made of homogeneous material modeled within a phenomenological framework or
heterogeneous material modeled within a crystal plasticity rate-dependent framework. Fig. 13a also highlights the effect of
the void on the drastic reduction of the bifurcation limit strain. This result is obvious due to the fact that such void acts as
defect triggering the initiation of bifurcation.

One of the major advantages of the CPFEM-based model developed in the present investigation, compared to more classical
mean field approaches (for instance, the Taylor model and the self-consistent approach), is its ability to consider the het-
erogeneity of mechanical fields inside the grain and the effect of grain spatial distribution on the macroscopic mechanical
behavior and ductile failure. To illustrate the second effect, let us consider three unit cells made of 200 grains. The Ran.
texture shown in Fig. 2a is used for the first unit cell as well as for the two other ones, but the initial crystallographic
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orientations are differently assigned to the grains composing the latter unit cells. The effect of the specific assignment of
crystallographic orientations on the bifurcation limit strains is depicted in Fig. 13b, where Ranl., Ran2., and Ran3. textures
are used to refer to the different orientation assignments. This figure highlights a non-negligible impact of the orientation
distribution on the predicted limit strains, as shown by the absolute error bars with respect to Ranl. texture.

5.3. Proportional in-plane strain paths

Similar to the investigations performed in Zhu et al. (2020b) based on phenomenological models, we have observed in the current
study that void coalescence cannot be reached when the unit cells are subjected to proportional in-plane strain loadings. Accordingly,
the ductility limits under these mechanical states will only be predicted by the macroscopic strain localization criterion. These ductility
limits will be presented in this section in the form of forming limit diagrams (FLDs). Note that the amount of computations required to
the investigation of the formability limit using the CPFEM-based approach is quite substantial. Therefore, for the sake of brevity and to
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decrease the computational cost, only some of the representative results will be presented in this section.

5.3.1. Effect of the void

To analyze the combined effect of the pre-existence of void and crystallographic texture on the ductility limits predicted when the
unit cell is undergoing proportional in-plane straining, the evolution of the cubic root of the minimum of the determinant of the
macroscopic acoustic tensor is plotted in Fig. 14a—c versus the macroscopic strain component E;; for three strain paths: p = —0.5

(uniaxial tension state), p = 0 (plane-strain tensile state), and p = 0.4 (biaxial tensile state). From the curves depicted in Fig. 14a-c, the
following comments can be made:

m The presence of void considerably reduces the bifurcation limit strain, as compared to the case of non-porous unit cell. This
reduction in the limit strain is noticed for all of the considered strain paths and initial crystallographic textures.
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Fig. A.1. Three voided unit cells respectively discretized by: (a) 2924, (b) 5336, and (c) 8196 20-node finite elements. (d) The equivalent von-Mises
stress—strain curves corresponding to these three unit cells.

m For the uniaxial tension state (p = — 0.5), the bifurcation limit strain for Ran. texture is the largest, followed by that for Cub.
and then Cop. texture (Fig. 14a).

m For the plane-strain tensile state (p = 0), the bifurcation limit strain shows little dependence on the initial crystallographic
texture. For this strain state, bifurcation is reached earlier than for the other strain paths (Fig. 14b).

m For biaxial stretching loading path (p = 0.4), Cub. texture yields the highest limit strain, followed by Ran. and then Cop.
texture (Fig. 14c).

To better illustrate the combined effect of void and crystallographic texture on thin sheet metal formability, FLDs for porous and
non-porous unit cells are compared in Fig. 15. From the plots presented in this figure, we clearly observe that the void and crystal-
lographic texture have significant impact on both the level and the shape of the FLDs. For both porous and non-porous unit cells, Ran.
texture yields the highest forming limit in the range of negative strain paths (p < 0). However, Cub. texture provides the highest
forming limit in the range of positive strain paths (p > 0). These texture effects on the forming limits are consistent with what has been
shown by Yoshida et al. (2007), where the Taylor-type homogenization approach coupled with the Marciniak-Kuczynski model has
been used. Meanwhile, the presence of void reduces the overall level of FLDs, especially for p > 0. In particular, the ductility reduction
for negative strain paths, induced by the presence of void, is more obvious than that observed by Zhu et al. (2020b), where the matrix
polycrystallinity has been ignored. It is also found that the presence of void reduces, on the whole, the impact of initial texture on the
FLDs. In other words, the differences in forming limits predicted for various textures in porous unit cells are smaller than those in
non-porous unit cells.
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Fig. A.2. The cross section view of voided unit cell containing: (a) 50, (b) 100, (c) 200, and (d) 300 grains. (e) The equivalent von-Mises
stress—strain curves corresponding to these four unit cells.

5.3.2. Effect of the matrix polycrystallinity
To illustrate the combined effect of the matrix polycrystallinity and the void on sheet metal formability, let us consider four
different unit cells:

m UC1 defined in Section 5.2.3: porous unit cell, where the matrix is assumed to be heterogeneous and made of 200 grains.

m UC2 defined in Section 5.2.3: porous unit cell, where the matrix is assumed to be homogenous with mechanical behavior
described by a phenomenological model, as explained in Section 5.2.3.

= UC3: non-porous unit cell made of 200 grains, where a polycrystalline model is used to describe its mechanical behavior. The
Ran. texture shown in Fig. 2a is used to define the initial orientations of the grains composing this unit cell. This unit cell is the
same as that used in Fig. 13a.

m UC4: non-porous and homogeneous unit cell, whose mechanical behavior is described by the phenomenological model. The
associated hardening parameters are defined in Section 5.2.3.

For comparison purposes, the FLDs associated with the different unit cells are plotted in Fig. 16. On the basis of the trends revealed
by Fig. 16, the following comments shall be highlighted:

m The limit strains corresponding to UC4 can only be predicted for negative strain paths. Over this strain range, the major strain
component E;; evolves linearly as a function of the strain-path ratio p and is almost equal to p/(1 + n). For positive strain
paths, the ductility limits are reached at unrealistically high strain levels so that the associated limit strains are not shown in
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Fig. B.1. Qualitative comparisons between our numerical predictions and experimental data from Cyr et al. (2017) and Nagra et al. (2018): (a)
uniaxial tensile stress—strain responses; (b) forming limit diagrams.

Fig. 16. This result is quite anticipated, as a phenomenological model with associative plasticity is adopted to characterize the
mechanical behavior of this non-porous unit cell (see, e.g., Ben Bettaieb and Abed-Meraim, 2015).

m For UC3, the limit strains are predicted for the full range of strain paths considered. It is noteworthy that the limit strains are
still predicted at realistic levels even for positive strain paths, although the unit cell is non-porous (further details about this
point are provided in Appendix B). This result is directly attributed to the use of the Schmid law at the single crystal scale in
rate-independent framework, which induces vertex-type destabilizing effects.

m The impact of the void pre-existence on the decrease of the predicted limit strains is obvious, particularly for positive strain
paths. For these positive strain paths, the fact that both in-plane strain components E;; and E,; are positive leads to an in-
crease in the void growth rate, thus accelerating the initiation of bifurcation.

6. Summary and conclusions

In this paper, a new multiscale framework based on CPFEM has been established to accurately predict the mechanical behavior and
the ductility limits of polycrystalline aggregates assumed to be statistically representative of thin metal sheets. This framework is based
on the periodic homogenization scheme that allows the link between the single crystal and polycrystalline scales. The single crystal
constitutive modeling follows a finite strain rate-independent formulation, where the plastic flow is governed by the classical Schmid
law. This CPFEM-based framework has been coupled with the bifurcation theory and a void coalescence indicator to predict the
ductility limits marked by macroscopic plastic strain localization or void coalescence. To assess the capabilities of the developed tool,
two loading configurations have been applied to porous and non-porous aggregates: proportional triaxial stress paths and proportional
in-plane strain paths. Various numerical predictions have been carried out to explore the effects of several mechanical and micro-
structural features on the ductility limits. It is worth emphasizing here the major results obtained through this numerical study:

m The ductility limits induced either by void coalescence or by macroscopic strain localization reveal to be highly dependent on
the applied mechanical loading (defined by the triaxiality ratio, the Lode parameter, or the in-plane strain path). The initial
crystallographic texture plays an important role in the prediction of ductility limits, especially at low stress triaxiality or
positive strain-path ratios.

m Using the current rate-independent CPFEM-based framework, plastic strain localization is predicted at realistic strain levels,
even for non-porous polycrystalline aggregates, which is not the case with phenomenological models or rate-dependent
crystal plasticity. This result is directly attributed to the use of the Schmid law to model the single crystal flow rule, which
induces vertex-type destabilizing effects. The pre-existence of void acts as an additional destabilizing mechanism that pro-
motes the acceleration of ductile failure.

m The use of the proposed CPFEM-based framework allows accounting for the effects of microstructural parameters and fea-
tures, which cannot be considered by traditional unit cell strategies based on phenomenological constitutive modeling.
Disregarding matrix polycrystallinity may lead to overestimation of ductility limit strains, especially in the range of low
triaxiality or positive strain-path ratios. Hence, the current CPFEM strategy, which considers the matrix polycrystallinity,
allows predicting more realistic ductility limits based on bifurcation theory or void coalescence criterion.
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Appendix A. Sensitivity of the macroscopic behavior to the mesh density and number of grains

To analyze the sensitivity of the numerical predictions to the mesh discretization, we have compared the homogenized stress—strain
curves of three voided unit cells discretized by 2924, 5336, and 8196 20-node finite elements, as shown in Fig. A.1a, b and c,
respectively. Each unit cell contains 200 grains which are randomly oriented. As clearly shown in Fig. A.1d, the mesh with 5336 finite
elements (the same as that used in this work) is sufficient to obtain accurate numerical predictions.

Regarding the representativeness of grain number, we have conducted a grain number sensitivity study. For this purpose, we have
compared the homogenized stress—strain curves of four spherically voided unit cells containing 50, 100, 200, and 300 grains, as shown
by Fig. A.2a, b, ¢, and d, respectively. A random texture is generated to define the crystallographic orientations of the grains
constituting each polycrystalline aggregate. Each unit cell is discretized by 5336 20-node finite elements. As can be seen from Fig. A.2e,
the grain number can affect the stress—strain response unless more than 100 grains are used. In other words, the unit cell containing
200 grains is indeed representative of the studied polycrystalline materials.

Appendix B. Qualitative comparison between numerical predictions and experimental data

We have stated that the proposed CPFEM-based framework predicts realistic ductility limit strains even if the unit cells are non-
porous. This is directly attributed to the use of the classical Schmid law to model the plastic flow at the single crystal scale
(without any regularization of the yield surface), which induces vertex-type destabilizing effects. In other words, it is not necessary to
introduce an initial geometric or material imperfection (e.g., a void or a groove, as in the Marciniak-Kuczynski approach) into the unit
cell for predicting reliable formability limits. To validate this aspect, we have compared in Fig. B.1 our predictions (for non-porous unit
cell with initially random grain orientations) with the experimental data from Cyr et al. (2017) and Nagra et al. (2018). As shown in
Fig. B.1, the tensile stress-strain curve obtained by our unit cell computations (extracted from Fig. 10) is approximatively 50 MPa
higher than those obtained by experiments. This means that the material used in our simulations shows higher yield stress, which is
responsible for relatively higher forming limit strains than the experimental ones (especially in the range of positive strain paths), as
shown by Fig. B.1. Although the comparison is qualitative, it proves that the ductility limit strains predicted by our proposed
framework are quite acceptable compared to the experiments. If a rate-dependent crystal plasticity model is used instead of the
rate-independent model based on the classical Schmid law, the predicted limit strains will be extremely high, as the microscopic
tangent modulus coincides with the elasticity one. Similar difference can be observed if a regularized version of the Schmid law (Paux
et al., 2020) is used instead of the classical Schmid law. Therefore, the introduction of destabilizing effects through vertices on the
current points of the yield surface is a physical and natural way to considerably decrease the predicted limit strains, and thus to obtain
results in the same order of magnitude as the experimental results.
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