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ARTICLE INFO ABSTRACT

Keywords: Unmatched time scales of elastic and viscoplastic responses are not reasonably considered in linearizing the
Elasto-viscoplastic microscopic heterogeneous constitutive laws of constituent phases in elasto-viscoplastic microscopic heterogeneous materials, which
materials

makes the interaction among the constituent phases very difficult to be described by homogenization
approaches. To address this issue, a new incremental secant linearization method is developed by solving lin-
earized equations of stress, strain and time increments obtained from the Hooke’s law and the Taylor’s expan-
sion of stress increment function. Subsequently, the new linearization method is implemented into the Mori-
Tanaka’s (M—T) and self-consistent (SC) homogenization approaches. Finally, the stress—strain responses of
elasto-viscoplastic microscopic heterogeneous materials (including the composites and polycrystalline materi-
als) under different loading conditions are predicted by the incremental secant linearization-based M —T and
SC approaches, and the predicted results are compared with the results obtained by other approaches, such as
finite element, fast Fourier transform and generalized affine linearization methods. The comparison shows that
the new secant linearization takes an important role in the accurate and effective simulations of the stress—-
strain responses of elasto-viscoplastic microscopic heterogeneous materials, and the predictions are indepen-
dent of loading step size if the step size is not too large. Meanwhile, the homogenization approaches of
elasto-viscoplastic and elasto-plastic microscopic heterogeneous materials are expected to be unified since
the new secant linearization method provides the same mathematical structure for the linearized elasto-
viscoplastic constitutive model as that for the elasto-plastic one.

Incremental secant linearization method
Mean-field homogenization theory
Micro-mechanics

1. Introduction

The effectiveness of mean-field homogenization (MFH) theory in
constructing a meso-mechanical constitutive model has been widely
recognized [1-5]. Thus, the MFH theory has been gotten much atten-
tion. In particular, since the Eshelby’s inclusion theory was put for-
ward [6], the MFH theory was greatly developed, and a series of
representative micromechanics approaches for linear microscopic
heterogeneous materials (e.g., composites and polycrystalline aggre-
gates) were proposed, such as the Mori-Tanaka's (M—T) [7], self-
consistent (SC) [8-10], second-ordered moment [11], bridging [12],
and generalized self-consistent [13] methods. Of course, the validity,
capability and efficiency of such MFH approaches in predicting the
deformations of the microscopic heterogeneous materials consisting
of linear constituents were also proved.

* Corresponding author.

However, the MFH theory of nonlinear (for instances, nonlinear
elasticity, plasticity, viscoelasticity and viscoplasticity) microscopic
heterogeneous materials becomes more complex. As we know, the
Eshelby's inclusion theory regards both matrix and inclusion phases
as linearly elastic media. It is no doubt that the above-mentioned
MFH approaches of linear heterogeneous materials cannot be directly
applied to the heterogeneous materials consisting of nonlinear con-
stituents. Hill [14] thought that the exiting MFH approaches of linear
heterogeneous materials could be applied to the nonlinear heteroge-
neous materials if the nonlinear constitutive model of each constituent
could be reasonably linearized. From this point, he firstly applied the
SC approach to describe the overall elasto-plastic responses of hetero-
geneous materials. Subsequently, based on Hill [14], some researchers
further extended the MFH approaches to describe the overall responses
of nonlinear heterogeneous materials [15-21]. From the Hill's view-
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point [14], the MFH approaches of nonlinear microscopic heteroge-
neous materials can be established by a procedure containing two
steps, i.e., (1) linearize the constitutive law of each constituent; (2)
implement the linearized constitutive equations into a MFH scheme.
Thus, it could be said that the validity and efficiency of a MFH
approach for modeling nonlinear heterogeneous materials depend
strongly on the linearization of constituent constitutive models.

For different nonlinear constitutive models, their linearization
methods are significantly different from each other. For example, the
elasto-plastic constitutive law assumes that such deformations of mate-
rials are immediate responses, not dependent on the time. Thus, the
stress function is a single-valued function in a small loading step,
and the linearization of elasto-plastic constitutive model can be easily
conducted based on the idea of differential approximation. An approx-
imate linearized relation between the stress increment As and strain
increment Ae is simply given, i.e., Ac = C*¢ : Ag, where C*¢ is the algo-
rithmic tangent operator of elasto-plastic constitutive model. With
such a linearization method, the overall deformations of elasto-
plastic heterogeneous materials were reasonably described by the
MFH scheme as shown in Ref. [22]. However, for the elasto-
viscoplastic material, its mechanical response is made up of immediate
elastic and hysteretic viscoplastic responses, and the responding stress
depends on both the applied strain and loading time. Thus, it implies
that the linearization methods of elasto-plastic constitutive laws are
not suitable for the elasto-viscoplastic ones. At present, several kinds
of representative linearization methods have been developed to lin-
earize the elasto-viscoplastic constitutive laws. The linearization forms
given by these methods are different from each other. A brief review of
linearization methods and corresponding homogenization approaches
is conducted as follows:

(1) The approach based on Laplace's transformation [23,24]. Here,
the linearized elasto-viscoplastic constitutive law is transformed into
the Laplace-Carson's space at first. Since the separation of time scales
between elastic deformation and viscoplastic one doesn’t exhibit in the
Laplace-Carson's space, a fictitious linear thermo-elastic relationship
between the stress rate tensor & and strain rate tensor £ can be simply
given as: 6*(s) = Ci(z,s) : (e*(s) — £%(z,s)), where Ci(z,s) is an affine
modulus tensor, and £%(z,s) denotes eigenstrain tensor. Since this lin-
earization form is the same as that of thermo-elastic constitutive laws,
the classical thermo-elastic homogenization approaches (e.g., the SC
or M—T ones) can be applied to describe the interaction among con-
stituents. Finally, the overall responses of heterogeneous materials in
the real-time space are obtained by performing an inverse Laplace's
transformation. Although the interaction among different constituents
in the microscopic heterogeneous materials is reasonably reflected by
this kind of MFH approach, large calculation time during the Laplace's
transformation and complex mathematical form restrict its further
application.

(2) The approach based on additive interaction law [25-30]. Here,
the elastic and viscoplastic deformations of elasto-viscoplastic materi-
als are assumed to occur in two independent time scales, and then the
overall response of the materials is split into two different portions
(elastic part and viscoplastic one) independent of each other. Thus,
the relation among the strain rate £, stress ¢ and stress rate 6 is pro-
vided as: £ =C"':6+M : 6, where C denotes the elasticity tensor
and M denotes the viscoplastic tangent (or secant) modulus tensor.
Correspondingly, the elasto-viscoplastic inclusion problem is regarded
as a superposition of equivalent elastic problem and viscoplastic one.
Then, based on this linearization method, the classical elastic homog-
enization schemes [14] and viscoplastic ones [31] are used to consider
the interactions involved in the equivalent elastic problem and vis-
coplastic one, respectively. This approach has an advantage of low cal-
culation time, but the coupling effect between the elastic deformation
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and viscoplastic one is not considered. Thus, when the viscosity coef-
ficient of heterogeneous materials is small, its predicted results are
very near to the upper bound of solutions if a viscoplastic secant mod-
ulus tensor is adopted, while the predicted results are very near to the
lower bound of solutions if a viscoplastic tangent modulus tensor is
adopted.

(3) The generalized affine linearization (GAL) approach [32-34]. In
fact, for elasto-viscoplastic materials, a part of viscoplastic strain can-
not respond completely in each loading step due to the limited time.
To keep the match of time scales between the elastic response and vis-
coplastic one, an affine strain increment is introduced. Thus, the
elasto-viscoplastic constitutive laws are linearized as follows: (a) the
constitutive laws are first discretized based on the Euler's integration
algorithm; (b) its main equations are linearized at a loading step,
and an affine relationship is given as: Ae = C* : (Ae — A&"), where
C*t denotes the tangent modulus operator, A" represents the affine
strain increment [32]. In fact, this linearization method provides a lin-
ear relationship between the stress increment As and partial respond-
ing strain increment Ae — A&™, rather than the stress increment A¢ and
whole strain one Aeg; the introduced affine strain increment is the
strain corresponding to hysteretic viscoplastic response. This lineariza-
tion form is the same as that of thermo-elastic constitutive laws, so the
linearized constitutive laws are easily implemented into the incremen-
tal MFH schemes (e.g., the SC or M — T ones) of thermo-elastic hetero-
geneous material. This approach not only has a low calculation cost,
but also considers the coupling effect between the elastic and vis-
coplastic deformations. However, the obtained tangent modulus oper-
ator always overestimates the interaction among different constituents
in the microscopic heterogeneous materials. Correspondingly, the pre-
dicted results are stiffer than the corresponding finite element simula-
tions, especially for the heterogeneous materials with large viscosity or
subjected to a high strain rate loading [32].

(4) The approach based on incremental variational formulations
[35-39]. Here, a so-called linear analogy composite material is defined
as a virtual one whose constituents behavior as the linearized ones of
real constituents at a given stress-strain state. Then, based on the
defined linear relation, a designed variational statement is adopted
to estimate the optimal properties which can ensure the values of
potential being as close as possible to that at non-uniform stress—strain
state. The key point of such approach lies in the definition of linear
analogy composite material. Different definitions of linear analogy
composites may result in different practicalities of the approaches.
Overall, the effectiveness of such approaches in predicting the overall
responses of two-phase elasto-viscoplastic composites has been
proved; however, the accuracy in modeling the local responses of local
phases should be further promoted.

In this work, aiming at the unmatched time scales of elastic and vis-
coplastic responses in the elasto-viscoplastic microscopic heteroge-
neous materials, a new incremental secant linearization method is
put forward. The linearization relationship between the second-
ordered stress increment Ae¢ and strain increment As tensors is given
as: Ac = C*° : Ag, where C**° is the four-ordered incremental secant
modulus tensor. After the new secant linearization method is imple-
mented into the M—T and SC approaches, the stress-stress curves of
different elasto-viscoplastic microscopic heterogeneous materials
(i.e., the composite and polycrystalline materials) under different load-
ing conditions are predicted. By comparing the predicted results with
those obtained by the finite element method (FEM), fast Fourier’s
transformation (FFT) method and generalized affine linearization
(GAL) based homogenization approaches, it is shown that the new
secant linearization can take an important role in the effective and
accurate simulations of correspondent overall responses of elasto-
viscoplastic microscopic heterogeneous materials.
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1.1. Incremental secant linearization method

The key issue in linearizing an elasto-viscoplastic constitutive law
is how to deal with the unmatched time scales between the elastic
and viscoplastic deformations. Here, a new linearization method is
developed by reasonably handling such unmatched time scales
involved in elasto-viscoplastic constitutive models. This new lineariza-
tion method consists of three steps: (1) based on the Taylor’s expansion
of a general form of stress increment function, a linearization equation
among the strain increment, time increment and stress increment is
constructed; (2) based on the Hooke’s law, another linearization equa-
tion among the strain increment, time increment and stress increment
is provided; (3) a linearization relationship between the stress incre-
ment and strain increment is obtained by solving such two equations.
The mathematical description of new linearization approach is given
as follows:

For elasto-viscoplastic materials, the main constitutive equations
are given as the following general forms:

=4 (1a)
6=C: ¢ (1b)
& =5 (0,V) (1c)
V=V(eV) (1d)

where ¢ and 6 denote the strain and stress rate tensors, respectively; &°
and &', respectively, represent the elastic and viscoplastic strain rate
tensors. C denotes the elasticity tensor, and V represents a collection
of all concerned internal variables, which generally contain the scalar,

vector and,/or tensor variables. & and V are the functions defining the
evolutions of £ and V, respectively.

Consider the time interval [t,,t, ; 1], and assume that the values of
such variables at the time t, have been known. Here, the increments
would be expressed by the symbol A, i.e., At, | =t, ;1 —t,. If the
strain and time increments are given, the corresponding stress incre-
ment Ac, , | is determinable for stable materials. Then, based on the
above generalized elastic-viscoplastic constitutive laws (a detailed
derivation process for this equation is given in Appendix B1), the func-
tion relation between the stress increment Ac, , | and the strain incre-
ment Ag, , ; and time increment At, , ; can be given as

A6n+l:&(A£n+la5navnaAtn+l) (2)

It is seen that the stress increment As, . ; depends not only on the
strain increment Ag, . |, but also on the time increment At, , ;. This

implies that As, | ;7 ‘32‘:";:

Ag, , 1, since At, ., ; should not be 0 in

each loading step.
The initial condition of Eq. (2) can be given as

0=6(0,6,,V,,0) (3)

which implies that the stress increment Aes, , is zero once the
strain increment Aeg, , | and time increment At, , | are zero. In some
special loading cases (i.e., constant applied loading rates), the strain
increment may have a complex function relationship with the time
increment in a time interval. However, based on the invariance of total
differential forms, it is reasonable to only differentiate the explicit
variables in equation without distinguishing the relationship among
the variables. Thus, adopting the Taylor's expansion of stress incre-
mental function at the point 6 (Ag, , 1,64, Vi, At, , 1), the value of

6(0,6,,V,,0) can be expressed as

0=5(0,6,,V,,0)= Ao-nﬂ+”A"“*'(O—Asnﬂ)—&-“gt:“*‘(an—an)—«- @
Lol (Vo —Vy)+ 52L(0—Aty 1) +0(0— Ay 1,0,0,0— Aty 1)

Vy OAt,
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where, 0(0 — Ag, , 1,0,0,At, . ) is an infinitesimal quantity.
It can be obtained from Eq. (4) that

aAan +1 8Aﬂn +1

AGy .1 = ——ntl
T OAE, L OAL,

:A8n+l+ Atn+l_0(0_A8|1+1707070_Atn+])

(5)

By neglecting the second-ordered infinitesimal quantity, a lin-
earized equation among the stress increment Ae, , |, strain increment
Ag, ;| and time increment At, , | is obtained as:

0AG, 41 0Ac, +1
(?Agll +1 cI)Atn +1

Ao-ni»lz :A8n+l+ Atn+l (6)

It should be noted that the term ‘;ﬁ‘: T.] At, , 1 denotes the hysteretic

response of viscoplastic materials with respect to time. Generally, the

hysteretic response resulting from the viscoplastic deformation always

leads to a stress relaxation. Thus, the term 3 M"“ —

: Ag, , ; is always lar-
ger than Ac, , ;.

Moreover, based on the Hooke’s law, another equation among
Ae, . 1, Ag, 1 and At, ,; can be obtained as

Ae’®
Ao-nH:C:(AeH,— ““Ath) (7)
Atn +1
By Egs. (6) and (7), a linearized equation for the stress increment
Ac, , | with respect to the strain increment Ag, , | is easily obtained
as follows:

Letp, , , be the direction tensor of ‘ZAA‘[’% and ¢, , | be the direction

tensor of
0A6n+] AEVP
— = ® [ opuui ) 8
FI n+ 1Pn+1 O qn 4 Aty o1 (8)
|| GazsL ||
o, +1 = = g 1 (9)
1
e m"I, I
)An' DA
where || 2251 | and || €255 | are the magnitudes of 2%t and
vp
:%. The direction tensors p,. , and g¢,,, satisfy
3} OA
| 2t p, | = 20t and || €25 g, L, = €25,

Thus, combining Egs. (6) with (7) (a detailed derivation process for
this equation is given in Appendix B2), it yields

JAe6,
I+ Do ipyy 1 ©oi 1) Aowy ) = <ﬁ+®n+1pn+l ®Gn 11 ¢C>
n+
:A£n+l
(10)
where I is the fourth-order unit tensor.
If the tensor I + @, , 1p,,, ® ¢, is reversible, then
Aoy =CS | i Agy (11a)
-1
C:,cil - (I+q)n+1pn+l ®qn+l)
8A‘7n+l
:<m+®n+1pn+l®qn+l:c (11b)

where C,”, | is the new proposed incremental secant modulus tensor.
Eq. (11a) is the linearized equation between the stress increment
Ae, , | and strain increment Ag, , ;.

To sum up, by effectively dealing with the unmatched time scales
between the elastic and viscoplastic deformations, a new incremental
secant linearization method is developed in this work. Recently, Wu
et al. [40] also developed an incremental secant method for elasto-
viscoplastic composites. However, different from Wu et al. [40], the
proposed new linearization method regards the time increment as an
independent variable which plays the same role as does the strain
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increment. Furthermore, the linearized equation for the elasto-plastic
constitutive model is given as Ae, , ;| = C*% | : Ae, , ,; comparing it
with Eq. (11a), it is readily found that the linearization form of
elasto-viscoplastic constitutive model provided by the newly proposed
method is the same as that of elasto-plastic constitutive one. In fact,
such an incremental secant modulus tensor C,*, | can be reduced to
the algorithmic tangent operator C*% , if the rate dependence can be
neglected (which means ® = 0). This implies that the incremental
secant linearization method can be regarded as an extended version
of the elasto-plastic tangent one.

2. Incremental secant linearization-based homogenization
approaches

Since the M—T and SC approaches can reasonably provide the
relationship between the mechanical responses of heterogeneous
materials and the local ones of each constituent, they are widely
used to describe the mechanical responses of microscopic heteroge-
neous materials [7,17,25,26,41,42]. Here, the newly proposed lin-
earization method is implemented into the M-T and SC
homogenization approaches to describe the deformations of elasto-
viscoplastic composite and polycrystalline materials, respectively,
and then the effectiveness and accuracy of the new linearization
method can be validated.

2.1. Incremental secant linearization-based Mori-Tanaka’s approach

For simplicity, we only focus on the two-phase composites, i.e., a
matrix phase and an inclusion one. It should be noted that only the
main equations of incremental secant linearization-based Mori-
Tanaka’s approach are provided (the detailed deducing procedures
can be found in the Appendix B1) as follows:

(Agy s )y =Bai1 ¢ (Agy), (12a)

(Aea 1)y = [(1=F)Bu i1+ 17" : Mgy (12b)

Bov=58,00: (G )] [(68), (€5 ) ] +1 (12¢)

Gy = (=6 ]y Bacr [ =Bucy +1 '+ (124)
fless ] [ =fBy o+

Acy 1 =C A8y (12¢)

where, (Ag, ; 1)y and (Ag, . ), are the local volume averaged strain
increments, and (C |),, and (C ), are the incremental secant mod-
ulus tensors of matrix and inclusion, respectively; f is the volume frac-

tion of inclusion phase, S, . | is the Eshelby's tensor [43]; Ag, ,; and

As, ., are the overall strain and stress increments, and C= s the

n+1
equivalent incremental secant modulus tensor of the composites.

2.2. Incremental secant linearization-based self-consistent approach

It is assumed that each phase in the polycrystalline aggregates
obeys an elastic-viscoplastic constitutive law. After linearization, the
incremental secant linearization-based self-consistent approach is
given in this section. It should be noted that the detailed deducing pro-
cedures can be found in the Appendix B2, only the main equations are
provided as follows:

<A8n+1>1 = B[ : Ag‘rH»l (133.)

-1

-1
B = {sm H(Gm) (e, — (Swa D) (13b)
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C;lc«tl Zfl (C:ffl) ‘B (13¢c)

AGn1 = C5y : Agyiy (13d)

where, (Ag, 1), is the volume averaged strain increment of each phase,
(St
the volume fraction of inclusion phase, S, is the Eshelby's tensor

) is the incremental secant modulus tensors of each phase; f is

[43]; Ae, .1 and A6, ., are the overall strain and stress increments,

and Cy | is the equivalent incremental secant modulus tensor of
heterogeneous materials.

3. Validation and discussion

In this section, the effectiveness of new incremental secant lin-
earization method in modeling the deformations of microscopic
heterogeneous materials is validated. The predictions involve different
monotonic tensile and non-monotonic/non-radial loading conditions.
As we know, the effectiveness of FFT method and FEM in modeling
the mechanical responses of the heterogeneous materials character-
ized by a reasonable representative volume element (RVE) has been
proved in many existing references [22,39]. Thus, a comparison of pre-
dicted results by the newly developed incremental linearization-based
M —T and SC approaches with that obtained by the FEM or FFT meth-
ods is conducted to validate the effectiveness of new incremental
secant linearization method in predicting the elasto-viscoplastic defor-
mation of microscopic heterogeneous materials.

3.1. Particle-reinforced composites under monotonic loading conditions

In this section, the spherical particle reinforced elasto-viscoplastic
composites are adopted as representative ones. Following Pierard
et al. [44], a unified elasto-viscoplastic constitutive model is used to
describe the elasto-viscoplastic deformations of matrix and inclusion
phases in the composites. It should be noted that the constitutive
model adopted in Ref. [44] doesn’t involve the kinematic hardening
term. Here, to make the constitutive model be more universal, a back
stress term is introduced to reflect the kinematic hardening. Main
equations of such an elasto-viscoplastic constitutive model and the
derivation of the incremental secant modulus are provided in Appen-
dix C.

Furthermore, to highlight the advantage of incremental secant lin-
earization method more clearly, the predictions are also compared
with these obtained by the M — T approach based on the GAL method.
So, the material parameters used in the predictions are consistent with
that in Ref. [44] for a particle reinforced composite material.

The C3D8 element of ABAQUS code [45] is adopted, and the ele-
ment and node numbers of RVE (f = 10%) are 137,320 and
144979, respectively. Fig. 2c shows the finite element mesh for the
modeled composites (f = 10%). For simplification, the interfaces
between the matrix and inclusion are regarded as being perfect. To
impose the monotonic tension, a periodic boundary condition is
applied to the RVE, i.e.

v(X1,X2,0) —v3 = v(x1,X2,L).
v(x1,0,x3) — va = v(x1,L,X3).

V(O7X1,X2) — " :V(L,Xl,xZ). (14)

where v denotes the displacement vector, L is the RVE length. In finite
element simulations, a tensile loading is imposed along the xs-
direction. Here, v3 = (0,0, ¢L), v; = (v1,0,0) and v, = (0, v,,0), where
& denotes an imposed strain, v; and v, are two computable displace-
ments of cubic surfaces with the normal vectors perpendicular to the
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(a) (b)
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'S
X X

Fig. 1. A model of particle reinforced composite: (a) inclusions embedded into the matrix periodically; (b) representative volume element (RVE); (c) gird for RVE.

x3-axis. Fig. 1 shows the representative volume element (RVE) for the
particle reinforced composites.

Fig. 2 gives the predictions of the composites containing different
volume fractions (f = 10%, 20%, 30%, 40% and 50%) of inclusion
phase and at a constant strain rate (i.e., 1 X 1072 s71); and Table 1
gives all used parameters. It should be noted that the predicted stress
responses with large inclusion volume fractions are smaller than the
real ones since the M—T method assumes that the remote stress of
matrix is equal to its mean stress. To effectively capture the overall
mechanical responses of the composites with large inclusion volume

2800 _
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(b)

Fig. 2. Tensile stress—strain responses of the composites containing different
volume fractions predicted by FEM and M—T approach based on different
linearization methods at a strain rate of 102 s™!; (a) incremental secant
linearization one (NMT); (b) the generalized affine linearization one (MT).

fractions, the new linearization method is applied into the extended
M—T method developed by Li et al [46] to model the deformation
of the composites with large inclusion volume fractions (i.e., 40%
and 50%), since the M —T method extended by Li et al. [46] is more
suitable for the composite with large inclusion volume fractions. It is
seen that the results predicted by the newly developed incremental
secant linearization-based M — T approach (denoted as NMT in the fig-
ures) agree with correspondent finite element simulations (denoted as
FEM in the figures) well, the maximum error between the results pre-
dicted by the NMT and FEM is about 2%; while the results predicted by
the M —T approach based on a GAL method (denoted as MT in the fig-
ures) are stiffer than the finite element simulations. Furthermore, the
differences between the predicted results by the finite element simula-
tion and GAL based M —T approach become larger and larger if the
inclusion volume fraction increases. Such a deviation can be explained

from Fig. 3, which gives the evolution of ratio Ae® / M : Acy; (where

Ai‘m, Ao and M are the equivalent affine strain increment, equivalent
stress increment and equivalent secant operator for the new incremen-
tal secant linearization method or tangent operator for the GAL one of
composites, respectively). Fig. 3 shows that at the beginning of tensile
deformation, the ratios are equal to zero for the new secant lineariza-
tion method and GAL one since only elastic deformation exists, i.e.,
Ae = 0; however, this ratio for the GAL case increases with the
increase of strain and becomes even larger than one after certain vis-
coplastic deformation. Subsequently, the total strain increment A ¢ in
the GAL method is dominated by A?‘f, rather than M : A6; moreover,
the ratio Aedf (A;I : AE’) » increases with the decrease of inclusion vol-

ume fraction. Thus, the effective compliance tensor derived by the GAL
method is so large that the interactions between the matrix and inclu-
sions are overestimated. However, for the newly developed incremen-

tal secant linearization method, the ratios Ag3 (M : A&) keep as
11

zero during the tensile deformation, the interactions between the
matrix and inclusions can be effectively predicted by the new
linearization-based M — T approach.

To further demonstrate the validity of the newly developed incre-
mental secant linearization method, the monotonic tensile deforma-
tions of the composite (f = 20%) at two strain rates (i.e., 1 X 1073
s"land1 x 10~ °s™ 1) are also predicted by using the material param-
eters given in Table 1. Fig. 4 gives the predictions of the composite at
different strain rates. It is found from Fig. 4 that the new incremental
secant linearization-based M — T approach (i.e., NMT in the figure) can
predict the tensile deformations of the composite at different loading
rates well. However, the results predicted by the M — T approach based
on the GAL method (i.e., MT in the figure) are not very accurate. The
differences between the results predicted by the NMT and FEM are less
than 2%, while the differences between the results predicted by the
MT based on the GAL method and FEM are much larger than 10%.

Fig. 5 gives the evolution of ratio A&¥ (M : AE—) . It is shown that
11

these ratios are always equal to zero for the M—T approach based
on the newly proposed incremental secant linearization method; while
the ratios become larger and larger beyond the plastic yielding when
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Table 1
Material parameters for the matrix and inclusion of the composites.

Material parameters for the matrix

Em = 70GPa, vy = 0.33, (y¢), = 0.0003
Ky = 1.5GPa, my; = 50, ayy = 0.4

Ry = 70MPa, hy = 15GPa, &, = 100
Material parameters for the inclusion

E; = 400GPa, v; = 0.286, (7,); = 0.0002

K; =8GPa, m; = 50, a; = 0.4
R; = 400MPa, h; = 45GPa, & = 100
35
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Fig. 3. Evolutions of ratio A&l / (M : AE') for the composites with different

. . L . 11 . 3 _
volume fractions of inclusion in tension at a strain rate of 103 s~ 1.

the one based on the GAL method is adopted. This implies that the
interaction between the matrix and inclusion is overestimated by the
GAL method based M — T approach.

Here, the prediction capabilities of the M — T approaches based on
different linearization methods to the overall deformations of elasto-
viscoplastic composites with different viscosities are also discussed.
The material parameters used in the predictions for the composites
with different viscosities have been given in Table 2. Fig. 6 gives the
predicted tensile stress—strain curves of the composites (f = 20%) with
different viscosities (represented by different values of my, and m;) and
at a constant strain rate of 1 x 10”3 s~ 1. It is shown that there are
almost no differences between the results predicted by the M—T
approach based on the incremental secant linearization method and
those from FEM, while some significant differences are found in the
stress—strain curves predicted by the GAL method based M—T
approach and FEM. Fig. 7 shows the evolution of ratio

A& (M : A&)u. From Fig. 7, it can be found that with the increase

of viscosity, the Ag%, (M : AE—) " also increases when the GAL method

based M — T approach is adopted. This means that the effective compli-
ance tensor derived by the GAL method becomes larger and larger

with the increase of Agl (M : A&) ; the interaction between the
11

matrix and inclusion is less effectively considered by the GAL method
when the viscosity of composite is large. Instead, if the NMT is
adopted, the interaction between the matrix and inclusion is effec-
tively considered since the effective compliance tensor is accurate

(i.e., Agl/ (M : AE—)nis always equal to zero).

Also, the deformations of the composites with different hardening
moduli (i.e., different Ky; and hy,) are predicted by using the material
parameters given in Table 3. Fig. 8 gives the predicted results of the
composites (f = 20%) with different hardening moduli and at a strain
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Fig. 4. The stress-strain curves of the composite (f = 20%) predicted by FEM
and M—T scheme based on different linearization approaches at different
strain rates; (a) incremental secant linearization approach (NMT); (b) the

generalized affine linearization method (MT).

rate of 1 x 1072 s~ 1. It is shown from Fig. 8 that the tensile stress—
strain curves of the composites with different hardening moduli can be
well described by the M—T approach based on the new linearization
method, the predicted errors are less than 2%; while the tensile curves
of the composites with low hardening moduli cannot be accurately
predicted by the M—T approach based on the GAL method. Fig. 9

shows the evolutions of the ratio Ag3} <M (A &) . It is indicated from
11

Fig. 9 that the results of the composites with different hardening mod-
uli predicted by the M—T approach based on the new linearization
method are always equal to zero, while the ratios predicted by that
based on the GAL method are far larger than zero and very sensitive
to the variation in the hardening moduli of matrix. If the hardening
moduli of matrix are very low, the ratio would be very large, which
indicates that the interaction between the matrix and inclusion cannot
be effectively considered by the GAL method based M — T approach for
the composites with low hardening moduli. However, even if the hard-
ening moduli of matrix are very small, the interaction between the
matrix and inclusion is always effectively reflected by the M—T
approach based on the newly developed incremental secant lineariza-

tion method.



W. Rao et al.
3.0
[ Secant approach Aftine linearization approach
25F
—h— Strain rate 0.001s"
= — Strain rate 0.00001s™
~ 20
1o
<
£
~
T
Fom  10F
<
- 0.5
o
=
g 00 —ohes
0.5 1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05
Strain

Fig. 5. Evolutions of ratio A¢d/ (M : AE—) for the composite (f = 20%) in
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tension at different strain rates.

Table 2
Material parameters for the matrix and inclusion of the composites with

different viscosities.

Material parameters for the matrix
Ey = 70GPa, vy = 0.33, (yo)y = 0.0003

Km = 1.5GPa, &y =100, ay = 0.4

Rym = 70MPa, hy = 15GPa,

my = 50 for composite with low viscosity

my = 20 for composite with medium viscosity
my = 8 for composite with high viscosity
Material parameters for the inclusion

Ey = 400GPa, 11 = 0.286, (7,); = 0.0002

K; = 8GPa, & = 100, a; = 0.4

R; = 400MPa, h; = 45GPa,

my; = 50 for composite with low viscosity

m; = 20 for composite with medium viscosity
m; = 8 for composite with high viscosity

3.2. Particle-reinforced composites under complex loading conditions

To validate the effectiveness of the NMT approach in modeling the
deformation of the composites under the non-monotonic loading con-
dition, the deformation of the spherical particle-reinforced composites
under the uniaxial cyclic loading condition is predicted by the NMT
method at a strain rate of 102 s~ *. And the predicted results are com-
pared with that predicted by FEM, which are provided by Czarnota
et al. [47]. The constitutive model for the matrix is the same as that
of inclusion, and listed in Appendix C1. The used parameters are listed
in Table 4. Fig. 10 gives the overall stress—strain curves of the compos-
ites with the inclusion volume fractions of 10% and 25%. From Fig. 10,
it can be found that the predictions by the NMT method are in good
agreement with the FEM simulations. Fig. 11 provides the correspon-
dent curves of local phases. It is shown that the curves of matrix pre-
dicted by the NMT method are also in good agreement with the FEM
results; while, for the curves of inclusion, the agreement with the
FEM results is not as good. When the volume fraction of inclusion is
relatively large (25%), there are some slight discrepancies between
the inclusion responses predicted by the FEM and NMT method. The
main reason is that the predicted slopes of the inclusion hardening
response are lower than those of the FE predictions.

In order to further prove the prediction capability of NMT approach
in evaluating the uniaxial cyclic deformation of composites, the cyclic
deformation of the composite (f = 25%) with large viscosity and no
plastic hardening at the applied strain rates of 5 x 107 %s~! and
5 x 1073~ ! are modeled by the NMT approach. Such results are
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Fig. 6. The tensile stress—strain responses of the composites (f = 20%) with
different viscosities predicted by FEM and M —T scheme based on different
linearization methods at a strain rate of 1 x 10~ >s™!; (a) incremental secant
linearization approach (NMT); (b) the generalized affine linearization method

MT).

compared with the FFT simulations obtained from Ref. [39]. The con-
stitutive model for the matrix is provided in Appendix D1, and the
inclusion is assumed to be elastic. The material parameters used here
are given in Table 5. Fig. 12 shows the predicted overall stress—strain
curves of composites. From Fig. 12, it can be found that the results pre-
dicted by the NMT approach agree with the FFT simulations well.
Thus, it can be concluded that the NMT method is effective for the cyc-
lic deformation of composites.

In order to further validate the prediction capability of NMT
approach, we also model the deformation of composites subjected to
a varied strain in the following function form,

_ - - 1 1
£(t) =ex(t)(e1 ®es +ez@er) + eas(t)| €1 @ e —3e ® e 5 ®e3

Y

£(t) = =2 [1 — cos(wt)]

£as(t) =1 - sin(wt) (15)
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Table 2
Material parameters for the matrix and inclusion of the composites with

different viscosities.

Material parameters for the matrix
En = 70GPa, vy = 0.33, (yg)y = 0.0003
Ky = 1.5GPa, &y = 100, ay = 0.4
Ry = 70MPa, hy = 15GPa,

my = 50 for composite with low viscosity

my = 20 for composite with medium viscosity
my = 8 for composite with high viscosity
Material parameters for the inclusion

E; = 400GPa, vy = 0.286, (yo); = 0.0002

K; = 8GPa, & = 100, a; = 0.4

R; = 400MPa, h; = 45GPa,

m; = 50 for composite with low viscosity

m; = 20 for composite with medium viscosity
m; = 8 for composite with high viscosity

where r = 1072 and w = 7/20 rad/s. The modeled results are compared

with the FFT ones provided by Idiart and Lahellec [39]. The constitu-

tive model for the matrix and inclusion is the same as that used in

the case shown in Fig. 12. The used parameters are provided in Table 5.

Fig. 13 gives the modeled results. From Fig. 13, it can be found that the
errors between the results predicted by the NMT and FFT methods are
very small, and only the initial yielding cannot be captured very well.
This implies that the NMT approach can predict the deformations of
composites under complex loading conditions reasonably.

3.3. Polycrystalline materials

To validate the effectiveness of the new increment secant linear
method in modeling the deformation of heterogeneous media, the ten-
sile deformation of polycrystalline material at a strain rate of 10~ 3s™!
is also predicted, and the obtained results are compared with the FEM
simulation obtained from Ref. [48]. Each grain is assumed to be an
FCC crystal, and only the {1 1 1} (1 1 0) slip systems are considered.
The main equations of elasto-viscoplastic constitutive model for each
grain are provided in Appendix E1, and corresponding incremental
secant modulus is deduced in Appendix E2. The material parameters
used here are given in Tables 6 and 7, respectively. Fig. 14 shows
the stress—strain curve predicted by the SC approach based on the

new linearization method (NSC) and FEM. From the comparison, it
is seen that the maximum error is about 5%. In fact, the shape of grains
used in the FEM simulation is irregular, while that used in the NSC pre-
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Fig. 8. Tensile stress—strain responses of the composites (f = 20%) with
different hardening moduli predicted by FEM and M—T scheme based on
different linearization approaches at a strain rate of 1 x 1072 s™1; (a)
incremental secant linearization approach (NMT); (b) the generalized affine

linearization method (MT).
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Table 4
Material parameters for the composites with no kinematic hardening.

Material parameters for the matrix

Em = 100GPa, vy = 0.3, (yo)y = 0.0003
& =100, my =10, ay =1

Ry = 100MPa, Ky = 1.5GPa,hy = 0GPa
Material parameters for the inclusion

E; = 500GPa, vy = 0.3, (7o); = 0.0003
K; =5GPa, m; =10, aq =1

R; = 500MPa, h; = 0GPa, & = 100
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Fig. 10. Overall stress-strain curves of the composites with the inclusion
volume fractions of 10% and 25% predicted by the FEM and NMT approach
during the monotonic tensile deformation at a strain rate of 10™2 s~*. The
FEM results are cited from Ref. [47].

diction is regular sphere. It implies that the deformation of heteroge-
neous media can also be well captured by the increment secant linear
method.

3.4. Discussion
3.4.1. Influence of loading step size

Here, the influence of loading step size on the predictions by using
the M — T approaches based on different linearization methods is further
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Fig. 11. Phase stress-overall strain curves of the composites with the inclusion
volume fractions of 10% and 25% predicted by the FEM and NMT approach
during the monotonic tensile deformation at a strain rate of 1073 s™'. The
FEM results are cited from Ref. [47].

discussed by adopting the parameters given in Table 1. Fig. 15 shows the
predictions to the composite (f = 10%) at a strainrate of 1 x 10~ 357!
and with different loading step sizes. As shown in Fig. 15, the change of
loading step size hardly affects the predicted results by the NMT
approach, but significantly influences the predicted results by the GAL
method based M — T approach. This is because the strain corresponding
to the hysteretic viscoplastic response becomes larger and larger with
the increase of loading step size. The interaction between the matrix
and inclusion is reasonably considered by the new linearization method
even if the hysteretic viscoplastic response becomes large, while it is
overestimated by the GAL one. Of course, if the size of loading step is
not fine enough to capture the short-term and long-term viscoplastic
behaviors, the predicted results by the NMT approach also become to
be dependent on the size of loading step.

3.4.2. Different choices of Eshelby's tensors
It is well known that the Eshelby's tensor is very important in effec-
tively and accurately describing the interaction between the matrix
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Table 5
Material parameters for the composites with no plastic hardening.

Material parameters for the matrix

uy = 10% - 6y, kK — 00, (y)y = 0.001
my =5,

Material parameters for the inclusion
Hr = Spags k1 — 00,

2.0
o FFT
L5k NMT Strain rate 5x10” s
1.0
’a\ 05+ eoooooSy
[an b ! Strain rate 5x10° s
= o00f
N—
% 0
B - S5
j':;‘ L
»n 1.0+
V000000000000 000 00O
15k
_20 1 " 1 " 1 " 1 " 1
-0.006  -0.004  -0.002 0.000 0.002 0.004 0.006
Strain (m/m)

Fig. 12. Overall stress-strain curves of the composites with an inclusion
volume fraction of 30% predicted by the FFT and NMT approach during the
monotonic tensile deformation at different strain rates. The FFT results are
cited from Ref. [39].

and inclusion in the composites. So, different Eshelby's tensors were
developed in Refs. [32,49]. However, all these Eshelby's tensors are
dependent on the linearization method of nonlinear constitutive
model. To further demonstrate the wide applicability of the newly
developed incremental secant linearization operator, the tensile defor-
mations of the composites containing different volume fractions of
inclusion phase are predicted by the new secant linearization based
M—T approach (NMT one) with different Eshelby's tensors, i.e., the
isotropic Eshelby’s tensor used in the previous subsections of this work
(denoted as the isotropic Eshelby’s tensor I) [32], isotropic Eshelby’s
tensor developed by Peng et al. [49] (denoted as the isotropic Eshel-
by's tensor II) and anisotropic Eshelby's tensor [50]. The material
parameters given in Table 1 are used here. Fig. 16 gives the predicted
tensile stress—strain curves for the composite at a strain rate of 10>
s~ 1. It is shown that the stress—strain curves of the composite predicted
by the NMT approach with the isotropic Eshelby's tensor I agree with
that from the FEM simulations well; the stress values predicted by the
NMT approach with the Eshelby's tensor II are only slightly smaller
than that from the FEM simulations; while the predictions by using
the NMT approach with the anisotropic Eshelby's tensor have large
deviation to the FEM simulations. It is in good agreement with the dis-
cussion in Ref. [49], and demonstrates that the new incremental secant
linearization approach can play a key role in reasonably reflecting the
interaction between the matrix and inclusion in the composites, even if
different isotropic Eshelby's tensors are chosen.

3.4.3. Effect of linearization form

It is well-known that whether the homogenization approaches can
effectively consider the interaction among the constituent phases of
composites is determined by the adopted linearization methods for
the constitutive models of constituent phases. As commented in the
introduction section of this work, the existing linearization methods
of elasto-plastic constitutive models can provide a linear relationship

10
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Table 6
Interaction parameters between different
slip systems.

Interaction type Interaction coefficient

Self 1
Coplanar 1
Collinear 0.6
Hirth 12.3
Glissile 1.8
Lomer 1.6

Table 7
Material parameters for single crystal.

c1111 = 197GPa, c1122 = 125GPa, 1212 = 122GPa
K =12MPa, m = 11, ry = 40MPa

Q = 10MPa,B = 3A = 40GPa

D =1.5GPa

between the stress increment and strain one. Its linearization form
has the same mathematical form as the Hooke's law, so the homoge-
nization approaches developed for the linearly elastic composites are
easily extended to the elasto-plastic composites. However, the existing
linearization methods developed for the elasto-viscoplastic composites
cannot always directly give a similar relation between the stress and
strain increments. For example, as discussed in the introduction, the
approach based on the Laplace's transformation provides a fictitious
linear relationship among the stress rate &, strain rate ¢ and eigenstrain
tensor £%(z,s); the approach based on the additive interaction law
gives a linear relation among the stress o, stress rate 6 and strain rate
&; and the GAL method gives a linear relation among the stress incre-
ment Ae, strain increment Ae and affine strain increment Ag*. Thus,
the classical thermo-elastic homogenization schemes are used to esti-
mate the interaction among the different constituents of elasto-
viscoplastic composites if the approach based on the Laplace's transfor-
mation or the GAL method is adopted; classical elastic homogenization
schemes and viscoplastic ones have to be used to consider the interac-
tion between the equivalent elastic problem and viscoplastic one,
respectively. It implies that the relation between the elasto-plastic
homogenization method and elasto-viscoplastic ones is cut off if the
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Fig. 15. Tensile stress-strain curves of the composites (f = 10%) predicted by
the M—T approaches based on different linearization methods at different
sizes of loading step; (a) new incremental secant linearization approach
(NMT); (b) generalized affine linearization method (MT).
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tensors at the strain rate of 1 x 1073571,

existing linearization methods are used. Instead, the linearization
form, i.e., Eq. (11a), obtained from the newly developed incremental
secant linearization method is the same as that provided by the lin-
earization methods for the elasto-plastic composites. Thus, the corre-
spondent homogenization approaches established for the elasto-
plastic composites are also suitable to consider the interaction among
the constituent phases in the elasto-viscoplastic composites if the
newly proposed incremental secant linearization method is adopted.
It implies that the homogenization approaches for the elasto-plastic
and elasto-viscoplastic composites would be unified with the help of
newly developed incremental secant linearization method.

4, Conclusion

A new incremental secant linearization method is developed for the
elasto-viscoplastic constitutive model by reasonably handling the
unmatched time scales of elastic and viscoplastic deformations. And
then this new linearization method is implemented into the M—T
approach and SC one. Finally, the tensile deformations of elasto-
viscoplastic microscopic heterogeneous materials (including the com-
posites with different inclusion volume fractions, viscosities and hard-
ening moduli, and the polycrystalline aggregates) under different
loading conditions are predicted by the M — T and SC approaches based
on the newly developed incremental secant linearization method. The
predicted stress-strain curves are compared with that obtained by the
FEM and FFT methods. Some key conclusions are obtained as:

(1) The elasto-viscoplastic constitutive model of each constituent is
effectively linearized by the new incremental secant linearization
method, and then the homogenization schemes based on the new lin-
earization method can reasonably and accurately predict the overall
tensile deformations of elasto-viscoplastic microscopic heterogeneous
materials.

(2) Since the unmatched time scales between the elastic and vis-
coplastic deformations are effectively dealt with, the size of loading
step has little effect on the predicted results of elasto-viscoplastic
heterogeneous materials by the homogenization approaches based
on the new linearization method, if the size of loading step is fine
enough to capture the short-term and long-term viscoplastic behaviors.

(3) Since the linearized equation, i.e., Eq. (11a), obtained from the
incremental secant linearization method has the same mathematical
structure as that from the existing methods for the rate-independent
elasto-plastic constitutive models, the MFH approaches for elasto-
plastic and elasto-viscoplastic heterogeneous materials can be unified
with the help of newly developed incremental secant linearization
method.
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It should be noted that the newly developed secant linearization
method will be extended to the viscoelastic-viscoplastic heterogeneous
materials in further work so that the linearization method of rate-
dependent constitutive models can be unified further, although its effec-
tiveness and accuracy are only verified for the elasto-viscoplastic micro-
scopic heterogeneous materials in this work. Of course, there are still
some shortcomings in our current work. For example, the new lineariza-
tion method based MFH approach used here is unable to simulate the
creep or relaxation of some composites. Thus, we are actively trying to
deal with these shortcomings in future work.
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Appendix A

From Egs. (1c) and (1d), we can obtain that

V] V] ~p ~p
A“"nil = SnilAth =& (6n41, Va1 )Atny1 = € (6ni1, Vi1, Atnga) (A1)
AVn+1 = Vn+lAtn+1 =V (O'n+l-, “.:;}5»11 Vn+1)Atn+1
~1
=V (6n+17“.-':£r17 Vn+17Atn+1) (AZ)
In a small increment step, it can be given as
Ae?
éLP ~ n+l \%
n+1 Atn+1 ) n+1
=Vy+AVaa, Oni1 = On + A6y (A3)
Combining Egs. (A2) and (A3), then
~1 )
AVH+1 =V (o'rHrl 5 8;’;1 3 Vn+l 5 Atn+1)
~T wp
=V (B0n1 + 00,5 Vi AV, Aty ) (A4)

~N

— VP
=V (A5n+176n:A8n+17

Vm Avn+17 Atn+l)

Eq. (A4) is an implicit function of AV, ;. From this implicit func-
tion, we can give an explicit function of AV,,; as

~ 11

AVn-l =V (A6H+l 5On, AS;;er]-, Vm Atn+l) (AS)

Combining Egs. (A1) and (A5), then

Np,
AS,VEH =& (5n+17 Vi, Atn+1)
~p'
=& [A5n+1 +6n, Vn+ AVn+1»Atn+1]
~

~p '
=& |Aop +060, Vi +V (A6n+l76m As;lil Vi, Atn+l)7 Aty

/"

~p W
=& (A6n+l »On; Asn+17 Va, Atn+l)

(A6)
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Eq. (A6) is also an implicit function of Ag),,;. From this implicit
function, we can give an explicit function of A&}’ as

o
~p

Ael | =& (A6ni1,6n, Vi, Atnir) (A7)
From Egs. (1a) and (1c), it can be obtained that
A6ni1 = C: (Aen1 — AEY,) (A8)
Substituting Egs. (A7) into (A8), it yields
Aop1 =C: (Agny — AgL)
" (A9)

~p
=C: {A&wl —& (A5n+170'n-, Va, Atn+l)]

Since C is constant, we can think that Aes,,,; is a function of Ag,. 1,
A6p41, 6, V, and At,1. Thus, a function can be given as

A 6/(A8n+1~, A611,64, Vi, Aty ) 10)

Eq. (A10) is an implicit function of As,;. If we transform it into an
explicit form, Eq. (2) can be obtained.

Appendix B
B1 incremental secant linearization-based Mori-Tanaka's approach

According to the newly proposed incremental secant linearization
method, the linear relationships between the volume averaged stress
increment and volume averaged strain one in the matrix and inclusion
phases are expressed as

(A6n 4 1)y = (C;eir 1)M S{A&n 1 1)y la)

Aoy 1) = (Cieir 1)1 S {Aey 1)y

where (As, . 1), and (A6, ), are the volume averaged stress
increments, (Ag, ;1) and (Ag, . ), are the volume averaged strain
increments, and (CY, ), and (C3 |
ulus tensors of matrix and inclusion, respectively. Hereafter, (-),,;and
(-); denote that the (-) belong to the matrix and inclusion, respectively.

From the Eshelby's theory, a heterogeneous problem can be equiv-
alent to a homogeneous inclusion one. Thus,

(Aca 1)y = (CF), (A8 1) = (€ )y - ((Aga 1) — AE) L))
where Ag;; | | is an increment of eigenstrain tensor. Referring to Rao

et al. [41,42], a relationship between the increments of eigenstrain
and disturbance strain is written as:

1b)

)l are the incremental secant mod-

(B2)

<A‘9n+1>17<A£ﬂ+1>M:Sﬂ+l :A£;+1 (BB)
Here, S, , , is the Eshelby's tensor [43].
Combining Egs. (B2) with (B3), it yields
SeC -1 ISeC SeC
<A£"+ ‘>M = {S"+ e [(CnJr I)M] : [(Cn+ 1)1 - (C:w I)M} +I}
S A&y 1 1) (B4)
Let
Sec -1 SecC SeC
By =S8 [(CF )] (G ), = (G )] +T (BS)
Then, Eq. (B4) can be rewritten as
(Agy 1)y =Buy 1 : A&y 1) (B6)

The relationship between the overall strain increment and local
volume averaged strain one can be given as

Aew i1 = (1—F)(Bes )y +FlBEns 1), (B7)
Here, f is the volume fraction of inclusion phase.
Combining Egs. (B6) with (B7), it yields

(Aen 1)y = [(1 = f)Ba 1 +fITl (Agy (B8)
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Combining Egs. (B6) with (B8), it yields

(A&q 4 1)y : [(1 —f)Bn 1 +fl]71

Similarly, a relationship between the overall and local volume aver-
aged stress increments can be given as

A6y, = (1 =£)(A6n 1 1)y +f{AGn 1),

Substituting Egs. (Bla), (B1b), (B8) and (B9) into Eq. (B10), it
yields

=B, . (B9)

(B10)

A6yt =CF i Aey s 11a)

I e R L L B
f[Ciei Ji (L =PBo +f17

where iji , is the equivalent incremental secant modulus tensor of

the composites.
3.2. Incremental secant linearization-based self-consistent approach

After linearization, the constitutive equations can be rewritten as:
(Aonia ) = (C:zcil) (Agnia); (B12)

The macroscopic overall constitutive equation of heterogeneous
material can also be written as the following affine form:

AGp1 = C55y  Agpy (B13)

where Ag,,; and Ac,,, are the macroscopic overall strain and stress

increments, respectively, and C’“1 is the effective incremental secant
modulus.

Different from the M—T one, the SC homogenization approach
assumes that the inclusion is embedded into an equivalent medium
with the same overall response as that of microscopic heterogeneous
material. Thus, according to the Eshelby's equivalent inclusion theory,
the effective modulus tensor of the inclusion can be replaced by that of
homogeneous equivalent medium once an artificial eigenstrain incre-
ment is introduced. Then, a similar constitutive equation between
the local phase and overall polycrystalline aggregates can be obtained
as the following equivalent form:
—

n+1

(Adnia); = (C3F), -

n+1

(Aenin); = €, - ((Asm) —Ae ) (B14)
where A¢" is the eigenstrain increment.

Based on the Eshelby's inclusion theory and the hypothesis of SC
homogenization approach, the volume averages of strain increments
in the matrix and equivalent medium and the eigenstrain increment

can be linked by the Eshelby's tensor S, i.e.,

(A&nin); — Agnin = S 1 Ag* (B15)

Substituting Eq. (B15) into Eq. (B14), it yields
_ -1

(Aena); = [ (c;f;l) (), ~ (8 —1)} - Aenin (B16)

Let
-1 -1

B s (o) e, -0 B17)
Then, Eq. (B16) can be rewritten as

(A&n1), = By : Agpy (B18)

Following the rules of mixture, the relationship between the overall
stress increment of heterogeneous material and the volume averages of
the stress increments in the local phases can be shown as

Ao—n+ 1

:éfzmamh (B19)
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Substituting Egs. (B12), (B18) and (B19) into Eq. (B19), it yields

A6n [ Afngn (B20)

=BG,

And the effective incremental secant modulus tensor of polycrys-
talline aggregates is expressed as

Gt = BA(CE), By (B20)
Appendix C

In this subsection, a unified elasto-viscoplastic constitutive model
used in Section 4.1 is given. Furthermore, to apply it into the M—T
approach, its linearization is also deduced by using the incremental
secant linearization method.

Appendix C. 1 main equations of elasto-viscoplasticity
constitutive model

In a unified elasto-viscoplastic constitutive model, the strain tensor
& can be divided into an elastic part £° and viscoplastic one £'?, then

e=&4¢" (C1)
The Hooke's law is expressed as

c=C:¢ (C2)
The von Mises's equivalent stress ¢°¢ can be written as

o1 = g(sfa) (s —a) (©3)

where s = dev(o) denotes a deviatoric stress tensor, and a denotes a
back stress tensor.
The viscoplastic strain rate £ is

3
o
s \fzy

where 7 is the viscoplastic flow rate, and N denotes the viscoplastic
flow direction.
The viscoplastic flow rate y is taken as

-l

where 7, is the referential viscoplastic multiplier; f = 6! — R is the
driving force; R denotes the viscoplastic flow resistance, m is a power-
law exponent. is Macauley’s bracket, i.e., as x < 0, (x) = 0; as x > 0,
(x) = x.

The viscoplastic flow direction N is

(C4)

(C5)

s—a
N=_-"% (C6)
s —all
The back stress a is simply taken as
.2, .
a= ghsp — Eay (C7)

Here, h denotes a material parameter, ¢ denotes a dynamic recovery
coefficient.

The resistance R can be expressed as
R =00 +Ky* (C8)

where, 67 denotes the initial yielding stress, K and a are two
parameters.
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Appendix C. 2 deducing the incremental secant modulus tensor

Consider the time interval of At, | ;, and assume that the solutions
at the time t,, are known, and a total strain increment Ag, , | and time
increment At, . at this time interval are given, respectively. The
elasto-viscoplastic constitutive equations are discretized first. Such dis-
crete equations are

AGy .1 =C:(Agy1 — AL ) (C9a)
vp 3
Ag)y | = EAyn 21V 41 (C9b)
2 w
Aa, o :§h‘A8n+l —Say 1Ay, 4 (C9c)
nHf\/‘l\s”l o | (Cod)
eq _R m
Aty 1 = o L= A (CY%)
Rn +1
s —a
Nn+]: n+ 1 n+ 1 (Cgf)
Hsn+l — 0y 4 ”
R, 1 =00 +Ky, (C9g)
Differentiating all items in Eq. (C9e), it yields
. /f, m
dA}’“ +1 = d{yO<R’;+ ! > Atn + I:I
= mj ()" Aty (Yo — o) i (1) dy
do®?
= may (7 - - ) + B datn
doy! n akye ! drn Arn
= Ay (7 — o ST 4 G dt
doy, aky® | (dyn+dAy, .
= gy (Y — s L)) | s g
doyt dRy akys ! dry At
= Mgy (- et - ) (e d
Al S |
(C10)

-1
where, A = [1 +mAynHKayn+]< 1 +R“1H>] . It should be noted

that dy, = 0 since y, is a constant at the time increment At, . ;. In fact,
the solutions of (-) at the time t, are known, which implies that
d(-), =0.

Differentiating all items in Eq. (C9f), it can be obtained that

dN. S
n+l llsn +1—an 1l

_ I*NnA|®Nn+1.d(s —_a ) (Cll)
[lsn+1—an 1l * ntl n+1
Differentiating all items in Eq. (C9c¢), it yields
dAa, 1 = d(ZhALL | — Eay 4 1Ay, 4 ) c12)
= 2hdA8n+ | — &day 1Ay, o — a1 dAY, oy
Combining Eq. (C10) and Eq. (C12), it yields
dAa, . =H ;: BhdASE+ 1~ §A<\/§mA}’n RS Chel '?’Ian"J 1‘:&“ L4 1)
i{"“ a, ; 1dAL, ¢ 1)]
where
-1
3 a, 1 ®N,
H,=|(1 +§Ayn+l)l\/;mAy“+lfA+}“} (C14)
n+1

Differentiating all items in Eq. (C9b), it gives
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dAe?

01 7d(\/7Ayn+an+l>

= \/;dA}’n+1Nn+l + \/%AynJrldNnJrh

Substituting Egs. (C10), (C11) and (C12) into Eq. (C15), it gives

15)

dAgey | = [I+%hH,:H 1]71 : [Hs tdoy 1 + (§H2 ‘H o+ \/§an J 1)
At |
where
_3 Noi1 ®Nay \/5
H272AmA}/n+l fii + 2A7n+1
I, — N, N,
L =No 1 ®No i1 (C17a)
”sn+l — Q4 H
H,:H,:a, N
H,= H2+\/§mAyn+1§A 2 H i1 Ny (C17b)
2 Fosn
Differentiating all items in Eq. (C9a), it gives
dAc, 1 =C: (dAg, —dAE), )
B -1
= {I-Q—Zy([—i—%th ‘H 1) ! ZHg} ([C:dAg, 1 —2p
(1+%hH23H1)711 (szi 1t an+l+\/;Nn+1) Ay““dAth
(C18)
Let
2 ! !
H4 = I+2ﬂ<l+§hH2H ]) ZH3:| (C19a)
2 -1
H5:AH4 : (I+§hH2 H 1>
2
§§H22H1Zan+1+Nn+1 R Nn 41 (C19b)
Then, Eq. (C18) is rewritten as
A
dAc, 1 =H,:C:dAg, | — Hs: 2#\/§A7"HNn+1dAtn+1 (C20)
n+ 1
Thus, it can be obtained from Eq. (C20) that
8A6n+1
—— =H,:C C21
8A“:nJrl N ( a)
5A6“+1 \/EA}'
= —Hs:2 "“Nn C21b
AL, ¢ | 3V 2 At +1 (C21b)
Substituting Egs. (C21a) and (C21b) into Eq. (6), it yields
A
A6y ~H, : C: Mgy 1 — Hs: Zy\/gA:"“NHIAth (C22)
Combining Egs. (C9a) and (C21), it gives
Aoy 1~(I—Hs) ' : (Hy —Hs) : C: Agy (C23)

Then, the incremental secant modulus tensor can be expressed as

Gl =1- Hs) ((Hys—Hs):C (C24)
Appendix D

In this subsection, some constitutive models used in Sections 4.2
and 4.3 are provided. Since the forms of these constitutive models
are similar to that of the model listed in Appendix D1, the increment
secant modulus tensors for such constitutive models listed in this sub-
section have a similar derivation process to that listed in Appendix D2.
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Thus, we don’t give the derivation process for their increment secant
modulus tensors here.

Here, the main equations for the constitutive model with no plastic
hardening are provided as

£=¢ +&W (D1)
6c=C:¢& (D2)
&P = \/ng (D3)
0t =\ dev(s) : devls) (D4)
7 = o (Z—j) i (D)
Moo =t (D6)

where C is the elasticity tensor; 7, is the referential viscoplastic multi-
plier; m is a power-law exponent; o, is the initial yielding stress; n is the
hardening exponent.

Appendix E

In this subsection, the main equations of a constitutive model for a
single crystal are provided, and the derivation process for its increment
secant modulus tensor is also given.

Appendix E. 1 the main equations for the constitutive model of
single crystal

In a unified elasto-viscoplastic constitutive model of single crystal,
its strain tensor ¢ can be divided into an elastic part £° and viscoplastic

one £'?, then
e=£ 4" (E1)

The Hooke's law is expressed as

c=C:¢ (E2)
where C is the elasticity tensor of single crystal.
The viscoplastic strain rate &7 can be expressed as
N1
&=y E;'/s(ms ®@n +n° @m’) (E3)
s=1

where y° is the viscoplastic shear strain rate for the slip system s. m* and
n® are the direction of slip plane and the slip direction in the slip system
s, respectively.

The evolution equation of viscoplastic shear strain rate can be
given as

. <w)msign(f %)

i (E4)

where x* and r° are the shear back stress and isotropic deformation
resistance, respectively; k is a viscosity parameter, m is a strain rate sen-
sitivity parameter; sign(-) is a sign function, 7* is the driving force for
viscoplastic slip (i.e., the resolved shear stress in the slip system s),

and its evolution is given as
' =6:(mQ@n°) (E5)

The kinematic hardening rule representing the evolution of shear
back stress can be expressed as

X = Ay'y' =~ Dyi|

where A and D are two kinematic hardening parameters.

(E6)
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The evolution equation of isotropic deformation resistance can be
given as
3 -t
r'=ro+ Y QHYq' ¢ = (1-Bq)[/| (E7)
t=1
where Q and B are two isotropic hardening parameters; H is the param-
eter matrix characterizing the interaction between different slip sys-
tems; ry is the initial critical resolved shear stress for the dislocation

slipping in each slip system, which is assumed to be the same for each
slip system here.

Appendix E. 2 deducing the incremental secant modulus tensor

Consider the time interval of At, , |, and assume that the solutions
at the time t,, are known, and a total strain increment Ag, . ; and time
increment At, . ; at this time interval are given, respectively. The
elasto-viscoplastic constitutive equations of single crystal are dis-
cretized first. The discrete equations are

AGy .1 =C:(Agys1 — AL, ) (E8a)
P 1 s s S S
Agpy, = Zl §A7xn+1(m @n'+n@m’) (E8b)
pam
Tyi1 =0t (M @N) (E8c)
Ty — | =\
Afna = <<| o ’;;1| "“>> g (751~ X1 ) My (E8d)
Ax;ﬂ = AAy:Hl Ayfwl = AY:,+1 - Dijrl |A7rs1+1| (ESe)
N t b t t t
Ar;wl = t; QHS Aqn+1 Aqn+1 = (1 - Bqn+l) |Ayn+1| (ng)
Differentiating all items in Eq. (E8e), it yields
dAx;H = AdAyiﬂ
=AdAy,,, — Ad(Dnyl |A}’il+1 |)
= 1+AD|1Ayf1 [A —Dx; 4 'Sign(A}’iﬁl)}dAy‘:H»l (E9)

al

[A = Dx;,,, - sign(Ar;,,,)]6"dAr;

— 1
= Tl

Where 6" =1 if s = t; otherwise, & = 0.
Here, a second-ordered tensor L, is defined, and its components
can be given as

1

Y= [A-Dx_, -sign(A 5 E10
177 +AD‘Any1| [ i1 Sign(Arn,)] (E10)
Then, Eq. (E10) can be rewritten as
dAx;, = LidAy, (E11)
Differentiating all items in Eq. (E8f), it yields
N
dAr:Hrl = Z QHStqu:l+l
t=1
N 1-Bq!
= Y QH* — ™ _sign(Ayt, )dAy: E12
] 1 T B|AJ/£,+1 } ( n+l) n+1 ( )
Let L, be a second-ordered tensor, and its components can be given
as
1-Bqt
L = QH —— L _sign(Ayt (E13)
2 1 +B|A]/fl+1| ( n+1)
Then, Eq. (E12) can be rewritten as
N
dar,,, = > LsztdA;/fHrl (E14)
t=1
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Differentiating all items in Eq. (E8c), it yields

dry | = (m* ®n') :dey 1 (E15)
Differentiating all items in Eq. (E8d), it yields
m
8- .
i o[ (1) .,
— el ; a7
=7 "+1";¢HI|1,,:M> - (degyy — X, — sign (e, — X5,,)dAT,) + 2 dAt
(E16)

Let us define a second-ordered tensor Ls and a third-ordered one L,
further, and their components can be given, respectively, as

m|Ayy |

1 =t e T () (1)
n+ n+ n+
i m|AyS, | o
Ly = as m'in¥ (E17b
! <|Tf1+1 7xrs1+l} 7r:1+1> )

Then, combining Egs. (E11), (E13), (E16) and (E17), it yields

dAayS, | = %L“' L, :de +Ay§'“ dat,
n+1 = 5 * 4 - n+1 At n+1

n+1

(E18)

where Ls is the inverse of L3, and (LE,)U =19
Differentiating all items in Eq. (E8b), it yields

N
dAgly = X 3 0m* on® +n* ©m)dAr,
=
N
) 1(m* @n' +n* @me) ZlLf_f :
t=

M=z

Atpiy

(Lg cdony, A+ Yaa dAtn+1)

s

(E19)

Differentiating all items in Eq. (E8a), it yields

dAG, 1 =C: (dAg, | —dAE) | ))

N N A
—c: (dAan —Ylman +ram) LI (L; (d6 ey o dAzMD
s=1 t=1
N N At
—c: (dAzm ~ Yo inom) I (L cdhe 43 dAt,,H))
s=1 t=1
(E20)
Let
y 1 S S S S y st t
H1:I+C:Z‘i§(m ®@n'+n (}Z)m)tz‘iLS:L4 (E21)
= -
Then, Eq. (E20) can be rewritten as
dAc, 1 =H': C
N1 N A
: (dAenH - Y -mer+neom’)y LY —dAt, 1)
s=1 2 t=1 Atn +1
(E22)
Thus, we can obtain that
dAe, 4 1
———=H;" :C E23
dAe, ., 1 (E23)
dAe, 4 = N1 N Ayt
— M _HY:C:Y Z(men+nfm’) Y 1§ L E24
dAtn+l ! sglz(m g ®m)t§l SAthrl ( )

If substitute Eqgs. (E23) and (E24) into Eq. (11), the incremental
secant modulus tensor is easy to be obtained.
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