J Mater Sci (2021) 56:8789-8814

Metals & corrosion

o')

Check for
updates

A comparative study of plastic deformation behaviors
of OFHC copper based on crystal plasticity models

in conjunction with phenomenological and dislocation
density-based hardening laws

Cheng Wang' @, Xiaogui Wang®* @, Chuanli Wang', Guang Wu', and Yongbin Lai

"School of Mechanical Engineering, Anhui University of Science and Technology, Huainan 232001, China
2 College of Mechanical Engineering, Zhejiang University of Technology, Hangzhou 310023, China

Received: 21 August 2020 ABSTRACT

aczpusd 16 oy AUZL An innovative crystal plasticity model was developed by incorporating the

Published online: dislocation density-based hardening law, in which the grain-level hardening
1 February 2021 behavior is dependent on the evolution of the dislocation density in the cell
walls and cell interiors and the evolution of the volume fraction of the cell walls.
© The Author(s), under  The large plastic deformations of OFHC copper single crystals and polycrystals
exclusive licence to Springer =~ were simulated by the two crystal plasticity models in conjunction with the
Science+Business Media, LLC dislocation density-based hardening law and the classic saturation-type phe-
part of Springer Nature 2021 nomenological hardening law, respectively. A comprehensive comparison study
on the 2 hardening laws was accordingly carried out in terms of the stress—strain
responses and texture evolutions. The simulation results of the two crystal
plasticity models conjuncted with the different hardening laws have a good
consistency, and both of them are generally in good agreement with the
experimental data, which therefore validate the developed crystal plasticity
model incorporated with the dislocation density-based hardening law. The
Taylor-type mean-field model and Voronoi-type full-field model were, respec-
tively, used as the homogenization schemes to calculate the macroscopic stress—
strain responses of the polycrystalline aggregate, and the two kinds of calculated
results were compared and analyzed in detail. By using the Taylor-type mean-
field crystal plasticity finite element method (CPFEM), the processes of single
shot impact along the different impact angles were numerically simulated; the
macroscopic plastic deformations, microscopic texture evolutions and disloca-
tion density evolutions were resultantly investigated, which would conduce to
the further study on the microscopic strengthening mechanisms of shot peening

Handling Editor: P. Nash.

Address correspondence to E-mail: hpcwxg@zjut.edu.cn

https:/ /doi.org/10.1007 /s10853-021-05816-2 @ Springer


http://orcid.org/0000-0002-5505-0203
http://orcid.org/0000-0003-2409-6978
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-021-05816-2&amp;domain=pdf
https://doi.org/10.1007/s10853-021-05816-2

8790

J Mater Sci (2021) 56:8789-8814

or surface mechanical attrition treatment, and the rise of the new ideas for

relevant modeling.

Introduction

Since the twentieth century, with the rapid develop-
ment of industrial technology, especially in the fields
of micro-electromechanical system (MEMS) and
electrical devices, the demand and requirement for
materials have been increasing accordingly. In order
to take full advantage of the metallic material capa-
bility, it has been more and more necessary to
understand the heterogeneous plastic deformation
mechanisms, and to establish the models linking the
microstructure evolution with the macroscopic
mechanical performance that are used to characterize
the corresponding deformation behavior in service
under complex loading conditions.

The crystal plasticity theory has increasingly
attracted considerable interests as it has the capability
of describing the heterogeneous mechanical respon-
ses of metallic materials by reproducing the grain-
scale microstructural features and incorporating
microscale deformation physics and mechanisms [1].
Sachs [2] proposed the first crystal plasticity model
based on the iso-stress assumption that the resolved
stresses of all the deformed grains are identical and
are equal to the macroscopically imposed stresses.
The second crystal plasticity model was proposed by
Taylor [3] based on the iso-strain assumption that all
grains accommodate the same plastic strain equal to
the macroscopically imposed strain. Hill and Rice
[4-6] then established the models used for describing
the geometry and kinematics of crystal plastic
deformation, and applied the models to analyze the
rate-independent elastic—plastic deformation. Based
on the crystal plasticity theory, Asaro [7, 8] and Peirce
[9] further developed the numerical computation
frame of crystal plastic constitutive model, and the
rate-dependent  elasto-viscoplastic =~ deformation
behavior was analyzed accordingly. In recent years,
with the development of finite element method, the
numerical implementation of crystal plasticity by
taking the advantage of the finite element method
(CPFEM) has been conducted by many researchers
[10-16], and a large number of open source codes and
software were developed resultantly [17-21]. The
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wide applications of these codes and software have
considerably improved the developments of crystal
plasticity theory.

Within the framework of crystal plasticity finite
element method (CPFEM), a single-crystal plasticity
constitutive model is developed firstly to describe the
elastic—plastic deformation at the grain level
According to the classic plasticity theory, the plastic
deformation of materials is attributed to the crystal-
lographic slip of dislocation on the discrete slip sys-
tems. Schmid [22] proposed a criterion for starting
the slip systems that the plastic slip occurs when the
resolved shear stress on a glide plane reaches the
critical resolved shear stress (CRSS). As a result, the
plastic deformation of crystals is related to the ori-
entation of the crystal lattice relative to the loading
axis; crystallographic slip may occur on one or more
slip systems. Besides the dislocation slipping, there
are some other mechanisms of the plastic deforma-
tion, such as twinning and phase transformation,
which are not taken into consideration in this work.

Similar to the conventional macroscopic plasticity
theory, the material mechanical responses described
by the crystal plasticity constitutive model are also
based on the flow rule, the hardening law and the
evolution of internal state variable. The flow rule
establishes the relation between the resolved shear
stress and the shear strain rate, such as the well-
known power law [23] and thermally activated for-
mula [24]. The hardening law expresses the evolution
of slip resistance, which can be generally divided into
two categories: the phenomenological model and the
physically based model. The typical phenomenolog-
ical hardening laws include: Peirce-Asaro-Needle-
man (PAN) hardening law [25], Anand-Kalidindi
hardening law [26], Voce hardening law [27, 28], etc.
In the phenomenological hardening law, the hard-
ening effects are generally dominated by two parts:
self-hardening and latent hardening [29, 30], and the
latent hardening is usually taken into consideration
by a latent-hardening factor defined by the ratio
between the latent-hardening rate and self-hardening
rate. The different hardening laws would have a
significant impact on the predictability of the crystal
plasticity model in terms of the stress—strain
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responses and texture evolutions [31]. Guo et al. [32]
employed the Taylor model and Affine model to
study the large strain behavior of OFHC copper in
terms of stress—strain responses and deformed tex-
tures, and the role of latent hardening was compre-
hensively investigated resultantly.

When compared with the physically based hard-
ening law, the crystal plasticity models in conjunction
with the phenomenological hardening laws are
computationally more efficient, since these hardening
laws are not related to any physical processes asso-
ciated with the plastic deformation. In order to cap-
ture the microstructural evolution that develops in
the process of the large plastic deformation, a large
number of physically based hardening laws have
been developed for taking into account the
microstructural evolutions of metallic materials
[33, 34].

Most recently, many microstructurally based crys-
tal plasticity models have been focused on the hard-
ening laws by developing the internal state variables
such as dislocation densities [35-37]. According to
the physical mechanism of the plastic deformation,
the mechanical responses of materials are dependent
on the competition between the multiplication, stor-
age, rearrangement and annihilation of dislocations
[38], the plastic flow is mainly due to the movement
of mobile dislocations, and the work-hardening
intrinsically is the increase in required stress to acti-
vate the motion of the stored dislocations. In the
process of the plastic deformation dominated by the
dislocations slipping, the dislocation evolution tends
to pattern the well-known cellular substructures or
subgrains, which consist of cell walls with higher
dislocation density and cell interiors with lower dis-
location density [39, 40]. Estrin et al. [41—43] consid-
ered the fundamental microstructural feature as a
dislocation cell structure, the metallic materials are
accordingly dealt with as a “composite” two-phase
structure, i.e., cell walls and cell interiors, and the
work hardening is related to the evolution of the
dislocation densities in the two “phases.” Roters and
Gottstein et al. [44, 45] developed a hardening law
based on the mobile and immobile dislocation den-
sity in the cell walls and cell interiors. Zhang et al.
[46] developed a unified physically based crystal
plasticity model, which takes into account the mobile
dislocation density, immobile dislocation densities in
the cell walls and interiors, to describe the plastic
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deformation of FCC materials over a wide range of
temperatures and strain rates.

On the other hand, the polycrystalline aggregate
comprises many single crystals with the different
crystallographic orientations, and the initial orienta-
tions can be obtained from experimental characteri-
zations by using electron backscatter diffraction
(EBSD) technique [47]. There are generally two ways
to create the finite element model of polycrystalline
aggregate: (1) each element represents a set of grains,
i.e., the mean-field crystal plasticity model, (2) several
elements describe an individual grain, i.e., the full-
field crystal plasticity model. There is a special case
that each element represents an individual grain,
which can be obtained by both the two ways [48, 49].

For the finite element calculation of polycrystal
plasticity, the mechanical response of each grain
within the polycrystalline aggregate is calculated by
employing the single-crystal plasticity constitutive
model, and the macroscopic mechanical response of
the polycrystalline aggregate is generally obtained by
using a homogenization scheme, rather than the
direct full-field crystal plasticity finite element cal-
culation of the polycrystalline aggregate which are
too computationally expensive to simulate labora-
tory-scale components with complete microstructural
information. The homogenization scheme is capable
to take into account the influences of the single-
crystal properties and the texture and is similar to the
concept of representative volume element (RVE). The
homogenization ideas of the polycrystal plasticity
were firstly taken from the pioneer work of Taylor
[3], and Hill and Rice [4-6] developed the precise
mathematical implementation. The homogenization
scheme is widely used in the crystal plasticity finite
element method (CPFEM) to improve the computa-
tion efficiency and satisfy the equilibrium and com-
patibility with the FEM framework. Nowadays, there
are a considerable number of homogenization
schemes that have been developed to calculate the
macroscopic mechanical response of a polycrystalline
aggregate by incorporating the evolutions of the
texture and microstructure, including the classic
Taylor-type model [50], fast Fourier transform (FFT)
models [51, 52], crystal plasticity finite element
models [53], self-consistent [54] and grain-cluster
homogenization scheme [55, 56].

Due to the rapid development and wide applica-
tion of the high-performance computing, material
identification ~ equipment and  experimental
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technology, there are increasing efforts to study the
crystal plasticity models in conjunction with either
the phenomenological hardening law or the physi-
cally based hardening law so far. In this work, an
innovative crystal plasticity model in conjunction
with the dislocation density-based hardening law
was developed and implemented into the finite ele-
ment codes, the classic crystal plasticity model
incorporated with the saturation-type phenomeno-
logical hardening law was employed as well, to
simulate the large plastic deformation of OFHC
copper single crystals and polycrystals, and then a
comprehensive comparison study on the two hard-
ening laws was accordingly carried out in terms of
the stress—strain responses and texture evolutions. By
using the crystal plasticity finite element method,
attempts have been made to apply the Taylor-type
mean-field crystal plasticity models to simulate the
process of single shot impact and to investigate the
microstructural evolutions and mechanical responses
of the impacted surface, which would be conducive
to providing a significant insight into the microscopic
strengthening mechanisms of shot peening or surface
mechanical attrition treatment and the new ideas for
relevant modeling.

Crystal plasticity model

According to the crystal plasticity theory on the
crystallographic slip of dislocation, consisting of
dislocation motion and crystal rotation, as shown in
Fig. 1, the deformation gradient (F = 0X/0Y, wherein
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X and Y are the two vectors representing the coor-
dinates in the current and initial configurations,
respectively, and X = X(Y, t), and f represents the
time.) can be multiplicatively decomposed into the
elastic and plastic components

F = F°FP (1)

Where FP represents the inelastic shear deformation
along the crystalline slip planes, mapping the initial
configuration into the intermediate configuration; F¢
represents the rotation and elastic distortion of the
lattice, mapping the intermediate configuration into
the current configuration.

The velocity gradient can be expressed with
deformation gradient

L=FF =FF" {FFFF’ 2)
where LP = F'FP~! represents the plastic velocity
gradient which is dependent on the sum of shear
strain rates on all slip systems, i.e.,
Ns
=3 e )
where N; represents the number of slip systems and
N = 12 for the face-centered cubic (fcc) metals, 7* is
the slip rate of the « slip system, the unit vectors m*
and n* are the slip direction and normal to the slip
plane, respectively, and the symbol ® represents the
dyadic product. In the initial configuration
N;

L) =Y 7*m% ®n% and m* = F’m{ and n* = nZF*'.
o

) m*=F°m{
Defqrmatlon J  ne=ngFe!
gradient F .

£ 0
5
B Current
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For the rate-dependent crystal plasticity model, the
well-known power-law flow rule was used to estab-
lish the relation between the shear strain rate and the
resolved shear stress.

1/m

sgn(t*) (4)

o

7 =" po
where 7}, represents the reference shear strain rate, t*
is the resolved shear stress on the « slip system, g* is
the slip resistance on the o slip system, m is the rate-
sensitivity exponent.

The resolved shear stress (t* on the o slip system) is
calculated from the Cauchy stress

™ =0¢:(m*®@n%) (5)

The Cauchy stress is correlated to the 2nd Piola-
Kirchhoff stress through the relationship as

o = F°TF" /det(F) (6)

For the hyperelastic law, the 2nd Piola—Kirchhoff
stress can be calculated as

T=%R:E° (7)

where R is the elastic matrix consisting of Cq1, Ci2
and Cy, E° is the Green strain and is calculated as
E = (FTF° —1)/2.

Phenomenological hardening law

The evolution of g* has the general form
N

&= 1 ®)
B

where g7 is the initial hardness and is assumed to be a

constant, h*# is the hardening modulus and is
described phenomenologically by a saturation-type

law [26, 57]
g’ g’
WP =g g+ (1 - q)0™] - '1 — | sgn (1 - g_> 9)

s
where hp, a and g are the slip system hardening
parameters which are taken to be identical for all slip
systems, fg is the initial hardening rate and g is the
saturation value of the slip resistance, g is the ratio of
the latent hardening rate to the self-hardening rate,
g =1 for coplanar slip system and g =1.4 for non-
coplanar slip systems. The relevant material param-
eters of the crystal plasticity model incorporated with
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the saturation-type phenomenological hardening law
are listed in Table 1 [58].

Dislocation density-based hardening law

For the dislocation density-based hardening law, an
equivalent slip resistance (g) was used. The simplest
form of g is an isotropic hardening model which
assumes that the slip resistances on all slip systems
are identical, it indicates that the latent hardening
rate is equal to the self-hardening rate, i.e,, 4 = 1, and
some works have indicated that the better prediction
of the plastic deformation behavior of OFHC copper
could be obtained by using g =1 rather than using
others [31]. One classic example of isotropic harden-
ing models is the power-law hardening model
[591,§ = a1 + a,(#)", where a;, a, and n* are the
hardening parameters and & represents the equiva-
lent plastic strain. Based on the dislocation density-
based material model [41-43], the equivalent slip
resistance (3), which is related to the resolved shear
strain (y") and resolved shear strain rate (}"), can be
explicitly expressed as

s\ 1/m*

g=nGblfvra+ - fvil - (1) (10)
where G is the shear modulus, 1 is a material con-
stant, b is the magnitude of the Burgers vector, 7, is a
reference shear rate, 1/m" is a strain rate-sensitivity
parameter, 7" is the resolved shear strain rate and is
correlated to the equivalent strain (¢”) via the Taylor
factor, 7" = M#’, M is the Taylor factor, p,, and p,,
respectively, represent the dislocation densities in the
cell walls and the cell interiors, and f represents the
volume fraction of the cell walls. The total dislocation
density is calculated by p, = fp,, + (1 — f)p., and the
evolutions of &, f, p, and p, are, respectively,
expressed as [41-43].

. 2 N
& = gép:él’7 ép:;?a(ma®na+nx®mm)/2

f=foo + (fo — fro) exp(=7"/7") (12)
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Table 1 Parameters of crystal

plasticity model incorporated Cll(GPa) ClZ(GPa) C44(GPa) }30(5_1) gO(MPa) gS(MPa) hO(MPa) m a
with the saturation-type 170 124 75 0.001 16 148 180 0012 225
phenomenological hardening
law for OFHC copper [58]
V3BT (1= f)/pe 6577 (1— )2 Num.ei'ical implementation in ABAQUS/
Pw = o . + bdf Explicit
N\ —1/n
— koy" py (y_) (13)  Based on the Green-Naghdi material co-rotational
7o coordinate system in the ABAQUS/Explicit codes,
v/ 68" L AN 4 which is a set of moving coordinate systems in which
=" b d(1— ) TN (14) " the basis systems rotate with the material, the

where fp and f.., respectively, represent the initial and
saturation values of f, fo > f., f decreases monotoni-
cally from the initial value to the saturation value
with shear deformation increasing, which implies
that the dislocation cell walls become sharper and
more narrow with plastic deformation, and the
parameter }” is a constant that quantifies the descent
rate of the values of f [41-43], the coefficients o, §*
and ko are the three material constants, which are,
respectively, related to the generation, motion and
annihilation of dislocations in the process of plastic
deformation, and the exponent # is a constant based
on the assumption of the isothermal treatment
processes.

The average cell size is inversely proportional to
the square root of the total dislocation density, i.e.,

deformation gradient is then represented as F.,,, and
Feor = F; FP. According to the polar decomposition
of the deformation gradient (F =RU), it can be
obtained that F., = U since the rotation component is
taken into account in the Green-Naghdi material co-
rotational coordinate system. Therefore, the follow-

ing equation is further obtained
F¢ FP =U (16)

cor

where F{ . is the elastic component of deformation

gradient in the Green-Naghdi material co-rotational

c
cor

coordinate system, and F° = UFP"! according to
Eq. (16).

Combining Egs. (5), (6), (7) and (16), the 2nd Piola—
Kirchhoff stress (T), the co-rotational stress (¢) and
resolved stress on the a slip system (z*) can be

rewritten as

i- K (15)  T=R:(FIF, —1)/2=R: (FTUUF -1)/2
a (17)

wherg K is a material cionstarit. More . detailed 5 — UF-'TF*TU / det(U) (18)

descriptions about the dislocation density-based

material model can be found from the works of Estrin T = (FP_TUUFp_lT) : (mg ® ng) (19)

et al. [41-43]. The relevant material parameters of the ) ) .

crystal plasticity model in conjunction with the dis- According to the evolution of ¥,

location-based hardening law are listed in Table 2

[41-43, 60].

Table 2 Parameters of - :

dislocation-based hardening Material o* p ko m n Yo fo foo

law for OFHC copper

[41-43, 60] Copper 0.04 0.01 6.2 9.2 250 50 0.001 0.25 0.06
Material K M 7 Pro (mm2) peo(mm2) b(mm) o
Copper 10 3.06 32 Se6 2.5¢6 2.56e-7 0.25
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. N

F'FP~1 =" 5% (m @nj), the value of FP at the time
o

of t + At can be calculated as

Fi.a = exp(Af-Lp) - F] (20)

where the subscript t and t + At, respectively, repre-

sent the end and start of an increment, and the

unknown tensor F}, ,, is accordingly expressed by the

known tensor F}. Therefore, Eq. (19) can be rewritten
as

Ns
TE:—)At = |:<I — Z AV1S3T> FfiTUtJrAtUtJFAthil
o

<I— iwsgﬂ S[R: (FPTOUF! - 1) /2] : S
(21)

where S = m{ ® ng.
The Bunge’s Euler angles {¢;, ®, ¢,} were
employed to define the crystallographic orientation

COS (1 COS (pp — sin ¢y sin ¢, cos ® sin @y cos ¢, + cos @y sin @, cos sin ¢, sin ®
Q = | —cosq;sing, —sin@cos @, cos®  —sin g sin @, + cos @y cos Py cos D cos @, sin @
sin ¢; sin @ —cos ¢y sin® cos @

The current crystallographic orientation can be
updated by

Q =R°Q (23)

where Qq is the initial crystallographic orientation, R®
is a lattice rotation tensor resulting from the polar
decomposition of F°. The updated Q is used for tex-
ture analysis.

Based on the Green—Naghdi material co-rotational
coordinate frame in ABAQUS/Explicit, the crystal
plasticity models in conjunction with the saturation-
type phenomenological hardening law and the dis-
location density-based hardening law were, respec-
tively, implemented into the finite element codes by
developing the user material subroutines VUMAT for
finite element computation, and detailed description
for the numerical implementation method and the
relevant explicit integration algorithm of VUMAT
can be seen in the literature [49, 57].
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Results and discussion
Deformation of single crystals

By using the crystal plasticity models in conjunction
with the saturation-type phenomenological harden-
ing law and the dislocation density-based hardening
law, the uniaxial compression tests of the copper
cylindrical single-crystal specimens taken from the
literature [61] were simulated. As shown in Fig. 2, the
cylindrical single-crystal specimen was compressed
along its axis direction by two platens of the testing
machine, and the contacts between the cylindrical
single-crystal specimen and platens were considered
to be frictionless. The two platens were treated as
rigid bodies, the fixed constraint was applied on the
reference point of the lower platen, and a velocity
load was applied on the reference point of the upper
platen. Four cylindrical single-crystal specimens with
different geometrical dimensions and crystallo-
graphic orientations were used to simulate the large
plastic deformation behavior of copper single crystals
under the uniaxial compression. Each cylindrical
single-crystal specimen associated with the identical
initial crystallographic orientation was meshed by
C3D8R elements (three-dimensional eight-node lin-
ear brick elements with reduced integration and
hourglass control), which were assigned the crystal
plastic constitutive models by the user material sub-
routines (VUMAT in ABAQUS/Explicit). The ele-
ment size used for meshing the cylindrical single-

Figure 2 Finite element model of the cylindrical single-crystal
specimen for the uniaxial compression.
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Table 3 Dimensions and Euler angles of the copper cylindrical
single-crystal specimens [61]

Crystal Dimensions (mm) Euler angles (°)

Diameter Height Phil Phi Phi2
S1 2.96 441 18.43 5.12 355.96
S2 3.93 5.88 226.41 32.96 144.35
S3 3.92 5.50 22538 24.90 132.10
S4 2.32 2.38 105.15 26.61 216.92

crystal specimen was determined as 0.44 mm by the
trail calculations. Table 3 presents the dimensions
and orientations of the four copper cylindrical single-
crystal specimens, and the symbols of 51, 52, S3 and
54 in the table denote the specimen numbers. The
detailed experimental description of the uniaxial

o~ 330 X Phenomenological hardening law

g 300 ® Dislocation-based hardening law o
> —— Experimental data ®®)
< ®

= 250

2

g 200
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S 150

o

£ 100
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g 50
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I B R
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(c)s3
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compressions of the cylindrical single-crystal speci-
mens can be seen in the literature [61].

The predicted macroscopic mechanical responses
of the copper cylindrical single-crystal specimens
under the uniaxial compression loads are shown in
Fig. 3. In general, the predicted relations between the
“Load /Initial Cross section” and “Crosshead dis-
placement/Initial length” (i.e., macroscopic stress—
strain responses) of the four cylindrical single-crystal
specimens are consistent with the experimental
measurement results, especially for the specimen of
51, the predicted macroscopic stress—strain response
is in good agreement with the experimental results by
using the crystal plasticity model in conjunction with
the saturation-type phenomenological hardening
law.

Compared with the predictions results of the
crystal plasticity model incorporated with the satu-
ration-type phenomenological hardening law, when

350
0 X Phenomenological hardening law X
g 300 ® Dislocation-based hardening law ggz
Z —— Experimental data =
= 250
2
8 200
8 150
Q
£ 100
S
T 50
Q
2
0
TrrrrTTTTT T T T T T T T T T T T T T T e T T T T T T T
0.0 0.1 0.2 0.3 0.4
Crosshead displacement/Initial length
(b) s2
350 - -
0 X Phenomenological hardening law
g 300 ® Dislocation-based hardening law Py
z —— Experimental data mﬁg(@@@
= 250
.2
g 200
2
S 150
o
£ 100
o
3 50
Q
|
0=
R e  Raaa
0.0 0.1 0.2 0.3 0.4
Crosshead displacement/Initial length
(d) s4

Figure 3 Predictions and experimental results [61] of the mechanical responses of the copper cylindrical single-crystal specimens under

the uniaxial compression loads.
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the macroscopic strain is smaller than 0.2 for S1, 0.23
for 52, 0.25 for S3 and 0.24 for S4, the larger macro-
scopic stresses are predicted by the crystal plasticity
model in conjunction with the dislocation density-
based hardening law, whereas after the macroscopic
strains exceed these critical values, the predicted
macroscopic stresses by the dislocation density-based
hardening law become smaller. The reasons are
related to the dislocation evolution. In the plastic
deformation process, the cell walls are increasingly
sharpening, and the cell sizes and the relative volume
fraction of the cell walls decrease. As more and more
dislocations are confined into the less and less space,
the storage process of dislocations gradually changes
in the cell walls. Zehetbauer et al. [62] suggested the
gradual change of the character of the dislocation cell
walls from the polarized dipole walls to the polarized
tilted walls. However, the process, which develops
the increasing misorientations between adjacent cells,
has not been yet incorporated into the present dislo-
cation density-based hardening law [63].

As seen in Fig. 3, in the cases of specimens S2, S3
and 54, the predicted macroscopic stresses are larger
than the experimental data with respect to the same
macroscopic strains; the reason for explaining the
deviation between the prediction results and experi-
mental data is mainly attributed to the influence of
non-Schmid effects. For some orientations, non-Sch-
mid stresses favor the formation of constriction and
promote cross-slip resulting in higher macroscopic
flow stress; while for other orientations, non-Schmid
stresses hinder cross-slip resulting in lower macro-
scopic flow stress [61]. The non-Schmid effects can be
quantitatively analyzed by the ratio (R,) between t2%;
and 17 as suggested by Patra et al. [64]. Paik et al. [61]
estimated the values of R, are 1.112, 0.922, 0.967,
0.944 at the point of initial yield and 1.05, 0.93, 0.93,
0.84 at the macroscopic compressive strain of 0.4 for
the specimens of S1, S2, S3 and S4, respectively,
which deviate from 1.0 for all the specimens. As a
result, the predictions resulting from the crystal
plasticity model based on the Schmid’s law deviate
the experimentally measured mechanical responses
of copper single crystals. Additionally, since the
values of R, are smaller than 1.0 for the specimens of
52, S3 and 54, the predicted macroscopic stresses by
the crystal plasticity models in conjunction with the
saturation-type phenomenological hardening law
and the dislocation density-based hardening law,
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which do not take into account the influences of non-
Schmid effects in this work, are over-estimated
therefore.

Figure 4 compares the simulated and experimental
crystallographic textures of copper single crystals for
the cylindrical specimens of S1, 52, S3 and S4 at a
macroscopic compressive strain of 0.4. The crystal-
lographic textures were calculated according to the
Euler angles by using the open source codes (MTEX).
As seen from the figures, the predicted pole fig-
ures accord well with the experimental measurement
results [61] on the whole, which provides indirect
support for the validations of the numerical compu-
tation of the crystal plasticity model in conjunction
with the saturation-type phenomenological harden-
ing law and the dislocation density-based hardening
law (VUMAT). However, careful observation reveals
that there are some differences between them. The
differences mainly come from two aspects: (1) the
crystal plasticity models in conjunction with the sat-
uration-type phenomenological hardening law and
the dislocation density-based hardening law do not
take into consideration the influences of non-Schmid
effects; (2) the finite element computation was carried
out by using the explicit dynamic finite element
algorithm (ABAQUS/Explicit codes), and it is diffi-
cult to simulate the uniaxial compression process
associated with a quasi-static strain rate ranging from
2.83 x 107*s7! t0 4.93 x 10~*s™!. In order to improve
the calculation’s rate and efficiency of the explicit
finite element method, the loading strain rate of 50s~"
was then used to simulate the uniaxial compression
processes of the cylindrical single-crystal copper
associate with a quasi-static rate. The differences
between the loading strain rate of 50s' used in the
finite element simulation and the quasi-static rates
used in experiments could have an impact on the
simulated crystallographic textures, but the influence
was not taken into account in this work due to the
consideration of the computation cost.

Deformation of polycrystalline aggregate

In order to study the plastic deformation behavior of
copper polycrystals, two homogenization schemes
were employed to conduct the transition from the
microscopic mechanical response of the individual
grains to the macroscopic mechanical response of the
polycrystalline aggregate:
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Experimental measurement results [62]

Phenomenological hardening law

Dislocation density based hardening law
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Figure 4 Predicted crystallographic textures of the copper cylindrical single-crystal specimens at a uniaxial compression engineering
strain of 0.4.
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(1) Taylor-type model, which belongs to the mean-
field crystal plasticity model and assumes that
all grains accommodate the same plastic strain
equal to the macroscopically imposed strain,
and with the assumption in this work that the
volumes of all grains are the same, the volume
average of co-rotational stress in a material
point with respect to an element can be simpli-

fied as

— 1 NS

s=-> % (24)
Ng g=1

where N, denotes the number of grains in a

material point and 8o represents the co-rota-
tional stress of a grain.

(2)  Voronoi-type model, which belongs to the full-
field crystal plasticity model and uses the MPT
codes in MATLAB to create Voronoi tessella-
tions at first, the geometrical coordinate infor-
mation of the Voronoi tessellations is then
transferred into ABAQUS/CAE, and the finite
element model of polycrystalline aggregate is
accordingly created by a routine written by
Python, as a result, individual grains are
discretized by many finite elements.

The Taylor-type mean-field homogenization
scheme satisfies the deformation compatibility con-
dition, but the stress equilibrium at the grain
boundaries cannot be guaranteed, the microstructure
is represented in a statistical way where each grain is
considered to be homogeneous, thus disregarding
realistic microstructural in-grain morphologies and
specific local grain interactions. Compared with the

(a) Taylor-type model

Figure 5 Cubic finite element models consisting of 10 grains.
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Taylor-type mean-field model, the Voronoi-type full-
field model is capable to take into account the inter-
action between grains and the effects of grain
boundaries, grain sizes and grain shapes, whereas
these crystal plasticity models are too computation-
ally expensive to simulate laboratory-scale compo-
nents with complete microstructural information.

The Taylor-type and Voronoi-type models with the
same dimensions of 1 x 1 x 1 mm are created, as
shown in Fig. 5. A single element (C3D8R) was used
to mesh the Taylor-type model, and the single
material point consisted of 10 grains with initial
random orientation, as shown in Fig. 5a. The Vor-
onoi-type model was created by MPT codes and was
discretized into 1000 elements, and was also com-
posed of 10 grains with initial random orientation, as
shown in Fig. 5b. The element size of 0.1 mm in the
Voronoi-type model was determined by the trail
calculations. The bottom surfaces of the Taylor-type
and Voronoi-type models were constrained com-
pletely, and the same velocity load was imposed on
the top surfaces of the two cubic finite element
models.

Figure 6 shows the plastic deformations and
mechanical responses of Taylor-type and Voronoi-
type models under the uniaxial tensile load, in which
the symbols of S33 and LE33 represent the stress
component of ¢, and the logarithmic strain compo-
nent of &, respectively, and the z-axial direction is the
loading direction. As seen in Fig. 6a and b, which are
corresponding to the Taylor-type models conjuncted
with the saturation-type phenomenological harden-
ing law and the dislocation density-based hardening
law, respectively, the dimensions of the top surfaces

(b) Voronoi-type model



J Mater Sci (2021) 56:8789-8814 8801

Figure 6 Plastic deformations
and mechanical responses of
Taylor-type and Voronoi-type
models under the uniaxial
tensile load.
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(a) Taylor-type model associated with the saturation-type phenomenological hardening law
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(b) Taylor-type model associated with the dislocation density based hardening law
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(c¢) Voronoi-type model associated with the saturation-type phenomenological hardening law
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(d) Voronoi-type model associated with the dislocation density based hardening law
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of the cubic finite element models decrease under the
uniaxial tensile load, and a square pyramid is resul-
tantly produced. However, as seen in Fig. 6c and d,
which corresponds to the Voronoi-type models con-
juncted with the saturation-type phenomenological
hardening law and the dislocation density-based
hardening law, respectively, the significant inhomo-
geneous plastic deformation can be found owing to
the interaction between grains and the effects of grain
boundaries, grain sizes, grain shapes, and the

S, 833 (MPa)

Figure 7 Plastic deformations
(Avg: 75%)

and mechanical responses of
Taylor-type and Voronoi-type
models under the uniaxial

compression load.

J Mater Sci (2021) 56:8789-8814

directional necking occurs due to the relative position
relation between the initial crystallographic orienta-
tion and the loading direction.

The similar phenomena can be observed in Fig. 7,
which shows the plastic deformations and mechani-
cal responses of Taylor-type and Voronoi-type mod-
els under the uniaxial compression load. As seen in
Fig. 7a and b, the relative regular plastic deformation
can be obtained by the Taylor-type model, and the
single element and single material point are

LE, LE33
(Avg: 75%)

(a) Taylor-type model associated with the saturation-type phenomenological hardening law

S, 833 (MPa)

LE, LE33
(Avg: 75%)

%

(b) Taylor-type model associated with the dislocation density based hardening law

S, S33 (MPa)
(Avg: 75%)

226.67

106.83

-13.02
-132.86 =
25271
-372.56
49240 \
-612.25
-732.09
-851.94
97178
-1091.63
-1211.47

LE, LE33
(Avg: 75%)
0.10
-0.02
-0.14
-0.25
-0.37
-0.48

(¢) Voronoi-type model associated with the saturation-type phenomenological hardening law

S, S33 (MPa)
(Avg: 75%)

298.94

151.83
-1172.18
-1319.29
-1466.41

LE. LE33
(Avg: 75%)
0.28

(d) Voronoi-type model associated with the dislocation density based hardening law
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Figure 8 Stress—strain relations resulting from the Taylor-type and Voronoi-type models.

responsible for the relative regular plastic deforma-
tion. However, for the Voronoi-type model, the sig-
nificant inhomogeneous plastic deformation can be
seen from Fig. 7c and d, which is also mainly attrib-
uted to the interaction between grains and the effects
of grain boundaries, grain sizes, grain shapes and
initial crystallographic orientations.

Figure 8 compares the stress—strain relations
resulting from Taylor-type and Voronoi-type models.
As seen in the figures, when compared with Taylor-
type model, the stress—strain relations predicted by
Voronoi-type model are closer to the experimental
data [58], and the predictions resulting from Voronoi-
type model incorporated with the dislocation den-
sity-based hardening law are in good agreement with
the experimental data [58]. Since Taylor-type model
does not take into account the interaction between
grains and the effects of grain boundaries, grain sizes

400
S 238
3004 T
= ] 3=
& 1
e ]
b 200
) ] @ Experiment data
= 1 e 80 grains
x ] .
1003 --=-- 270 grains
] - - - 640 grains
E — - — 1250 grains
] —— 2160 grains
04
T B B I RSt B SO S
0.0 0.1 0.2 0.3 0.4

Strain, ¢

(a) Phenomenological hardening law

and grain shapes, the predictions resulting from
Taylor-type model are larger than that resulting from
Voronoi-type model with respect to the same strain.

In order to further investigate the effects of grain
number on the Taylor-type homogenization scheme,
the Taylor-type cubic finite element model was dis-
cretized into 23, 33, 43, 5° and 6° elements (C3D8R),
and the material point in each element consisted of 10
grains; as a result, the number of the total grains
within Taylor-type model is corresponding to 80, 270,
640, 1250 and 2160, respectively. Figure 9 shows the
stress—strain relations resulting from Taylor-type
model associated with different grain numbers under
the uniaxial tensile load. As seen in Fig. 9a, which
makes the use of the crystal plasticity model incor-
porated with the saturation-type phenomenological
hardening law, with the increase in total grain

number, the stress—strain relations tend to be
400
304 s e
= T L
o ]
e
b A
s 200} € Experiment data
é Y o EEEEE 80 grains
7 ] - - - 270 grains
100 --=-- 640 grains
] — - — 1250 grains
] —— 2160 grains
0
R e B B R B S B e e
0.0 0.1 0.2 0.3 0.4

Strain, €

(b) Dislocation density based hardening law

Figure 9 Stress—strain relations resulting from Taylor-type model considering different grain numbers.
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stable gradually, and the same conclusion can be
obtained for the crystal plasticity model incorporated
with the dislocation density-based hardening law, as
shown in Fig. 9b. By comparing Fig. 9a and b, it
reveals that both the predictions of the stress—strain
relations resulting from Taylor-type models con-
juncted with the saturation-type phenomenological
hardening law and dislocation density-based hard-
ening law agree well with the experimental data [58]
when the cubic finite element model consists a large
number of grains, and the sensitivity of stress—strain
relations to grain number is relatively smaller for the
dislocation density-based hardening law than the
saturation-type phenomenological hardening law.

Figure 10 compares the simulated crystallographic
textures by Taylor-type model incorporated with the
saturation-type phenomenological hardening law
and the dislocation density-based hardening law at
the uniaxial tensile strain of 0.37. The two resultant
simulation textures are visually similar for the same
total grain number, and with the increase in total
grain number, the simulated textures become closer
and closer to the experimental measurement results
[58]. As seen from Figs. 9 and 10, the stress—strain
responses and crystallographic textures of the
homogenized polycrystalline aggregate are no longer
dependent on the grain number if a sufficient number
of grains with random crystallographic orientation
distribution are used [65].

Modeling of single shot impact

Shot peening (SP) and surface mechanical attrition
treatment (SMAT) are two well-known surface
modification techniques of metallic materials; the
surface strengthening layers produced by SP and
SMAT are attributed to the severe plastic deforma-
tion induced by shot impact. In order to study the
shot impact-induced plastic deformation mechanism,
which is very significant for the developments of SP
and SMAT techniques, the single impact experiments
of OFHC copper along a given direction were carried
out, and the crystal plasticity models in conjunction
with the saturation-type phenomenological harden-
ing law and the dislocation density-based hardening
law were used to simulate the process of single shot
impact on the copper polycrystalline aggregate,
respectively.
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A cylinder-shaped impactor made of high-speed
steel, with the diameter of 6 mm and height of
10 mm, was accelerated by an electromagnetic driver,
as shown in Fig. 11. The impact velocity was mea-
sured by magnetic inductive method, and the impact
angle was adjusted by the multi-axial rotatable fix-
ture. Three impact experiments were carried out that
the velocity of impactor remained a constant of 8 m/
s, while the impact angles were, respectively, set to
70°, 80° and 90°. The resultant indentation profiles
were measured by Keynes 3D microscopic system.

The front of the impactor was processed into a
hemisphere with a diameter of 1 mm, as shown in
Fig. 11. An analytical rigid shot with the diameter of
1 mm was modeled to impact the OFHC copper
target instead of the cylinder-shaped impactor in the
finite element model of single impact. The mass of the
analytical rigid shot was equal to the mass of cylin-
der-shaped impactor, and the shot impact velocity
was also equal to the measured velocity of cylinder-
shaped impactor. The initial velocity of 8 m/s was
applied on the reference point of the analytical rigid
shot, which was located at the sphere center of rigid
shot. The contact between the shot and the target
surface was numerically computed by using the
penalty method with Coulomb friction coefficient of
0.3 [66, 67]. In the case of single shot impact, three
impact angles of 70°, 80° and 90° were taken into
consideration.

In order to reduce the computation cost, a sym-
metrical finite element model of the target to be
impacting was created, as shown in Fig. 12. The
geometrical dimensions of target model are 5 mm
length, 2.5 mm width and 5 mm height. The elements
of C3D8R in ABAQUS/Explicit codes were adopted
to mesh the target model, and the finest elements size
of 40pum were used to mesh the shot-impacted region.
The Taylor-type mean-field model, in which each
material point of the target model consists of 10
grains, was used to homogenize the calculation
results of the copper polycrystalline aggregate. The
center local region of the target model with the
dimension of 1.5 x 0.75 x 1.5 mm was regarded as
the reference region for analyzing the calculation
results, as shown in Fig. 12.

As seen in Fig. 13, under the single shot impact, the
predicted indentation profiles by the dislocation
density-based hardening law are well consistent with
the predictions resulting from the saturation-type
phenomenological hardening law. Therefore, the
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Figure 10 Crystallographic
textures simulated by Taylor-
type model at the uniaxial
tensile strain of 0.37.
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(b) Crystal plasticity model in conjunction with saturation-type phenomenological hardening law
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Figure 10 continued.
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dislocation density-based hardening law is validated
by the saturation-type phenomenological hardening
law. However, no matter for the dislocation density-
based hardening law or for the saturation-type phe-
nomenological hardening law, the predicted depths
of the indentations are larger than the experimentally

@ Springer

measured data. The reasons for explaining the dif-
ferences between the predicted indentation profiles
and the experimental results can be concluded that:
(1) the Taylor-type mean-field model used to
homogenize the OFHC copper polycrystalline
aggregate does not take into account the effects of
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Figure 11 Schematic diagram of single shot impact experiment and simplified finite element model.

Figure 12 Finite element
model of single shot impact on
OFHC copper polycrystalline
aggregate.
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(a) Finite element model of single shot impact

grain boundaries, grain sizes, grain shapes and the
interaction between grains, which could cause the
reduction of plastic deformation resistance for the
target model; (2) the differences in geometries
between the cylinder-shaped impactor used for
experiments and the rigid shot simplified for finite
element simulations could result in the different
distributions of the contact stresses imposing on the
target surface; (3) there could be some dispersion and
error in the experimental measurement.

Figure 14 presents the crystallographic textures of
the impacted surface; the data of Euler angles used

[T
T

T
/] (L LT

111

LT

AN NN AN

(b) Reference region

for plotting the crystallographic textures were all
taken from the first element layer of the reference
region as shown in Fig. 12. It can be seen from Fig. 14
that the simulated textures by crystal plasticity model
conjuncted with the saturation-type phenomenologi-
cal hardening law and the dislocation density-based
hardening law look similar for all the impact condi-
tions. However, careful observation can be found that
the maximum texture intensity decreases with the
increase in the impact angle from 70° to 90°. The
crystallographic textures are used to characterize the
plastic deformation behaviors, which are dependent
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Figure 13 Comparison between the predicted indentation profiles and experimental results.

on the evolution of dislocation density. Figure 15
shows the dislocation densities resulting from the
single shot impact associated with the different
impact angles. The larger dislocation densities are
located in the subsurface layer and the local surface
region close to the indentation edge, as shown in
Fig. 15a, b and c. Figure 15d shows the in-depth
dislocation densities of the reference region, and the
“area-averaged” method [68, 69] was used to calcu-
late the average value of the resultant dislocation
density with respect to the thickness direction of the
reference region. It can be concluded that the aver-
aged dislocation density in the impacted surface
decreases with the increase in the impact angle from
70° to 90°, which accord well with the maximum
texture intensity as shown in Fig. 14. However, for
the depth larger than 0.2 mm, as seen in Fig. 15d, the
averaged dislocation density with respect to the same
depth is smallest for the impact angle of 70°, and the
averaged dislocation density in the case of 90° impact

@ Springer

angle is slightly larger than that in the case of 80°
impact angle. The refined cell sizes are inversely
proportional to the square root of the increased dis-
location density, as shown in Fig. 15d.

Conclusions

In this paper, based on the two crystal plasticity
models in conjunction with the saturation-type phe-
nomenological hardening law and the dislocation
density-based hardening law, a comparative study on
the large plastic deformation behaviors of OFHC
copper single crystals and polycrystals in terms of
stress—strain responses and texture evolutions was
carried out. The two crystal plasticity models incor-
porated with the saturation-type phenomenological
hardening law and the dislocation density-based
hardening law were implemented into the finite ele-
ment codes (ABAQUS/Explicit) as the user material
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Figure 14 Crystallographic textures of the impacted surface of the copper polycrystalline aggregate.

subroutine (VUMAT). The three-dimensional finite
element models of the cylindrical specimens were
created to simulate the uniaxial compression-induced
plastic deformation behaviors of copper single

crystals associated with the different geometrical
dimensions and initial crystallographic orientations.
Two homogenization schemes, Taylor-type mean-
field model and Voronoi-type full-field model, were
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Figure 15 Dislocation densities induced by single shot impact associated with different impact angles.

used to calculate the macroscopic mechanical
responses of the polycrystalline aggregate of copper
under the uniaxial compression and uniaxial tension
loads. The process of single shot impact was further
simulated and analyzed by using the Taylor-type
mean-field homogenization scheme. From the simu-
lation results, the obtained conclusions can be drawn
as follows:

(1) The simulated stress—strain responses and tex-
ture evolutions by the developed crystal plas-
ticity model in conjunction with the dislocation
density-based hardening law accord well with
the simulation results of the crystal plasticity
model incorporated with the classic saturation-
type phenomenological hardening law, and
both the predictions of the two crystal plasticity
models agree well with the experimental results
whether for OFHC copper single crystals or for
polycrystalline aggregate in general.

The calculations resulting from the Voronoi-
type full-field homogenization are more close to
the experimental results than the results of the
Taylor-type mean-field homogenization for the

)
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polycrystalline aggregate of OFHC copper
under the uniaxial compression and tension
loads.

With the increase in grain number, the mechan-
ical responses of the homogenized polycrys-
talline aggregate become stable gradually and
closer to the experimental results for the Taylor-
type mean-field model.

Both the dislocation density and the maximum
texture intensity in the single shot impacted
surface increase with the decrease in the impact
angle from 90° to 70°.

3

(4)

Acknowledgements

The authors are grateful for the supports provided by
Anhui Provincial Natural Science Foundation
(2008085QE228), Public Technology Research Pro-
gram of Zhejiang Province (LGG21E050013), Natural
Science Foundation of Anhui Higher Education
Institutions of China (KJ2019A0126) and the Foun-
dation of Anhui University of Science and Technol-
ogy (QN2018106).



J Mater Sci (2021) 56:8789-8814

Compliance with ethical standards

Conflict of interest The authors declare that they
have no conflict of interest.

References

(1]

(7]

[11]

Naghdi PM (1990) A critical review of the state of finite
plasticity. Zeitschrift fiir angewandte Mathematik und Physik
ZAMP 41(3):315-394. https://doi.org/10.1007/BF00959986
Sachs G (1929) Zur Ableitung einer FlieBbedingung. Mit-
teilungen der deutschen Materialpriifungsanstalten. Springer,
Berlin, Heidelberg, pp 94-97

Taylor GI (1938) Plastic strain in metals. J Inst Metals
62:307-324

Hill R (1966) Generalized constitutive relations for incre-
mental deformation of metal crystals by multislip. J Mech
Phys Solids 14(2):95-102. https://doi.org/10.1016/0022-50
96(66)90040-8

Hill R (1967) The essential structure of constitutive laws for
metal composites and polycrystals. J Mech Phys Solids
15(2):79-95. https://doi.org/10.1016/0022-5096(67)90018-
X

Hill R, Rice JR (1972) Constitutive analysis of elastic-plastic
crystals at arbitrary strain. J Mech Phys Solids
20(6):401—413. https://doi.org/10.1016/0022-5096(72)9001
7-8

Asaro RJ, Rice JR (1977) Strain localization in ductile single
crystals. ] Mech Phys Solids 25(5):309-338. https://doi.org/
10.1016/0022-5096(77)90001-1

Asaro RJ (1983) Micromechanics of crystals and polycrys-
tals. Adv Appl Mech 23(8):1-115. https://doi.org/10.1016/
S0065-2156(08)70242-4

Peirce D, Shih CF, Needleman A (1984) A tangent modulus
method for rate dependent solids. Comput Struct
18(5):875-887. https://doi.org/10.1016/0045-7949(84)9003
3-6

Anand L, Kalidindi SR (1994) The process of shear band
formation in plane strain compression of fcc metals: effects
of crystallographic texture. Mech Mater 17(2-3):223-243. h
ttps://doi.org/10.1016/0167-6636(94)90062-0

Delaire F, Raphanel JL, Rey C (2000) Plastic heterogeneities
of a copper multicrystal deformed in uniaxial tension:
experimental study and finite element simulations. Acta
Mater 48(5):1075-1087. https://doi.org/10.1016/S1359-645
4(99)00408-5

Raabe D, Sachtleber M, Zhao Z, Roters F, Zaefterer S (2001)
Micromechanical and macromechanical effects in grain scale

polycrystal plasticity experimentation and simulation. Acta

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

8811

Mater 49(17):3433-3441. https://doi.org/10.1016/S1359-64
54(01)00242-7

Dawson PR, MacEwen SR, Wu PD (2003) Advances in
sheet metal forming analyses: dealing with mechanical ani-
sotropy from crystallographic texture. Int Mater Rev
48(2):86-122. https://doi.org/10.1179/
095066003225002415

Huang SY, Zhang SR, Li DY, Peng YH (2011) Simulation of
texture evolution during plastic deformation of FCC, BCC
and HCP structured crystals with crystal plasticity based
finite element method. Trans Nonferrous Metal Soc
21(8):1817-1825. https://doi.org/10.1016/S1003-6326(11)6
0936-9

Knezevic M, Savage DJ (2014) A high-performance com-
putational framework for fast crystal plasticity simulations.
Comput Mater Sci 83:101-106. https://doi.org/10.1016/j.co
mmatsci.2013.11.012

Kweon S, Raja DS (2017) Comparison of anisotropy evo-
lution in BCC and FCC metals using crystal plasticity and
texture analysis. Eur J Mech A Solid 62:22-38. https://doi.
org/10.1016/j.euromechsol.2016.11.002

Huang Y (1991) A user-material subroutine incroporating
single crystal plasticity in the ABAQUS finite element pro-
gram. Harvard University, Cambridge

Lebensohn RA, Tomé CN (1993) A self-consistent aniso-
tropic approach for the simulation of plastic deformation and
texture development of polycrystals: application to zirco-
nium alloys. Acta Metall Mater 41(9):2611-2624. https://d
0i.0rg/10.1016/0956-7151(93)90130-K

Marin EB, Dawson PR (1998) On modelling the elasto-
viscoplastic response of metals using polycrystal plasticity.
Comput Method Appl M 165(1-4):1-21. https://doi.org/10.
1016/S0045-7825(98)00034-6

Roters F, Eisenlohr P, Kords C, Tjahjanto DD, Diehl M,
Raabe D (2012) DAMASK: the Diisseldorf advanced
material Simulation Kit for studying crystal plasticity using
an FE based or a spectral numerical solver. Proc [IUTAM
3:3-10. https://doi.org/10.1016/j.piutam.2012.03.001
Yaghoobi M, Ganesan S, Sundar S, Lakshmanan A,
Rudraraju S, Allison JE, Sundararaghavan V (2019)
PRISMS-plasticity: an open-source crystal plasticity finite
element software. Comput Mater Sci 169:109078. https://d
oi.org/10.1016/j.commatsci.2019.109078

Schmid E (1924) Yield point of a crystals: critical shear
stress law. Proc Internat Congr Appl Mech 342

Kohar CP, Bassani JL, Brahme A, Muhammad W, Mishra
RK, Inal K (2019) A new multi-scale framework to incor-
porate microstructure evolution in phenomenological plas-
explicit finite element formulation,

ticity:  theory,

@ Springer


https://doi.org/10.1007/BF00959986
https://doi.org/10.1016/0022-5096(66)90040-8
https://doi.org/10.1016/0022-5096(66)90040-8
https://doi.org/10.1016/0022-5096(67)90018-X
https://doi.org/10.1016/0022-5096(67)90018-X
https://doi.org/10.1016/0022-5096(72)90017-8
https://doi.org/10.1016/0022-5096(72)90017-8
https://doi.org/10.1016/0022-5096(77)90001-1
https://doi.org/10.1016/0022-5096(77)90001-1
https://doi.org/10.1016/S0065-2156(08)70242-4
https://doi.org/10.1016/S0065-2156(08)70242-4
https://doi.org/10.1016/0045-7949(84)90033-6
https://doi.org/10.1016/0045-7949(84)90033-6
https://doi.org/10.1016/0167-6636(94)90062-0
https://doi.org/10.1016/0167-6636(94)90062-0
https://doi.org/10.1016/S1359-6454(99)00408-5
https://doi.org/10.1016/S1359-6454(99)00408-5
https://doi.org/10.1016/S1359-6454(01)00242-7
https://doi.org/10.1016/S1359-6454(01)00242-7
https://doi.org/10.1179/095066003225002415
https://doi.org/10.1179/095066003225002415
https://doi.org/10.1016/S1003-6326(11)60936-9
https://doi.org/10.1016/S1003-6326(11)60936-9
https://doi.org/10.1016/j.commatsci.2013.11.012
https://doi.org/10.1016/j.commatsci.2013.11.012
https://doi.org/10.1016/j.euromechsol.2016.11.002
https://doi.org/10.1016/j.euromechsol.2016.11.002
https://doi.org/10.1016/0956-7151(93)90130-K
https://doi.org/10.1016/0956-7151(93)90130-K
https://doi.org/10.1016/S0045-7825(98)00034-6
https://doi.org/10.1016/S0045-7825(98)00034-6
https://doi.org/10.1016/j.piutam.2012.03.001
https://doi.org/10.1016/j.commatsci.2019.109078
https://doi.org/10.1016/j.commatsci.2019.109078

8812

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

implementation and validation. Int J Plast 117:122-156. h
ttps://doi.org/10.1016/].ijplas.2017.08.006

Khan AS, Liu J (2016) A deformation mechanism based
crystal plasticity model of ultrafine-grained/nanocrystalline
FCC polycrystals. Int J Plast 86:56—69. https://doi.org/10.
1016/j.ijplas.2016.08.001

Peirce D, Asaro RJ, Needleman A (1982) An analysis of
nonuniform and localized deformation in ductile single
crystals. Acta Metall 30(6):1087-1119. https://doi.org/10.1
016/0001-6160(82)90005-0

Kalidindi SR, Bronkhorst CA, Anand L (1992) Crystallo-
graphic texture evolution in bulk deformation processing of
FCC metals. J Mech Phys Solids 40(3):537-569. https://doi.
org/10.1016/0022-5096(92)80003-9

Kalidindi SR, Anand L (1994) Macroscopic shape change
and evolution of crystallographic texture in pre-textured
FCC metals. J Mech Phys Solids 42(3):459—-490. https://doi.
org/10.1016/0022-5096(94)90027-2

Agnew SR, Yoo MH, Tome CN (2001) Application of tex-
ture simulation to understanding mechanical behavior of Mg
and solid solution alloys containing Li or Y. Acta Mater
49(20):4277-4289. https://doi.org/10.1016/S1359-6454(01)
00297-X

Khadyko M, Dumoulin S, Cailletaud G, Hopperstad OS
(2016) Latent hardening and plastic anisotropy evolution in
AA6060 aluminium alloy. Int J Plast 76:51-74. https://doi.
org/10.1016/j.ijplas.2015.07.010

Zecevic M, Knezevic M (2018) Latent hardening within the
elasto-plastic self-consistent polycrystal homogenization to
enable the prediction of anisotropy of AA6022-T4 sheets. Int
J Plast 105:141-163. https://doi.org/10.1016/j.ijplas.2018.0
2.007

Wu PD, Neale KW, Van der Giessen E (1996) Simulation of
the behaviour of FCC polycrystals during reversed torsion.
Int J Plast 12(9):1199-1219. https://doi.org/10.1016/S0749-
6419(96)00048-4

Guo XQ, Ma C, Wang H, Miao XB, Wu PD (2019)
Numerical study of large strain behavior of OFHC copper:
the role of latent hardening. Mater Sci Eng A Struct
744:386-395. https://doi.org/10.1016/j.msea.2018.12.028
Mecking H, Kocks UF (1981) Kinetics of flow and strain-
hardening. Acta Metall 29(11):1865-1875. https://doi.org/1
0.1016/0001-6160(81)90112-7

Estrin Y, Mecking H (1984) A unified phenomenological
description of work hardening and creep based on one-pa-
rameter models. Acta Metall 32(1):57-70. https://doi.org/10.
1016/0001-6160(84)90202-5

Ma A, Roters F, Raabe D (2006) A dislocation density based
constitutive model for crystal plasticity FEM including
dislocations.  Acta  Mater

geometrically — necessary

@ Springer

[36]

[37]

[38]

[39]

[40]

[41

—_

[42]

[43]

[44]

[45]

[46]

[47]

J Mater Sci (2021) 56:8789-8814

54(8):2169-2179. https://doi.org/10.1016/j.actamat.2006.01.
005

Alankar A, Mastorakos IN, Field DP (2009) A dislocation-
density-based 3D crystal plasticity model for pure aluminum.
Acta Mater 57(19):5936-5946. https://doi.org/10.1016/j.acta
mat.2009.08.028

Lee MG, Lim H, Adams BL, Hirth JP, Wagoner RH (2010)
A dislocation density-based single crystal constitutive
equation. Int J Plast 26(7):925-938. https://doi.org/10.1016/
j-ijplas.2009.11.004

Nix WD, Gibeling JC, Hughes DA (1985) Time-dependent
deformation of metals. Metall Trans A 16(12):2215-2226. h
ttps://doi.org/10.1007/BF02670420

Ungar T, Mughrabi H, Ronnpagel D, Wilkens M (1984)
X-ray line-broadening study of the dislocation cell structure
in deformed [001]-orientated copper single crystals. Acta
Metall 32(3):333-342. https://doi.org/10.1016/0001-6160(8
4)90106-8

Ungar T, Toth LS, Illy J, Kovacs I (1986) Dislocation
structure and work hardening in polycrystalline OFHC
copper rods deformed by torsion and tension. Acta Metall
34(7):1257-1267. https://doi.org/10.1016/0001-6160(86)90
012-X

Estrin Y (1998) Dislocation theory based constitutive mod-
elling: foundations and applications. J Mater Process Tech-
nol 80:33-39. https://doi.org/10.1016/S0924-
0136(98)00208-8

Estrin Y, Toth LS, Molinari A, Brechet Y (1998) A dislo-
cation-based model for all hardening stages in large strain
deformation. Acta Mater 46(15):5509—5522. https://doi.org/
10.1016/S1359-6454(98)00196-7

Estrin Y, Kim HS (2007) Modelling microstructure evolution
toward ultrafine crystallinity produced by severe plastic
deformation. J Mater Sci 42(5):1512-1516. https://doi.org/
10.1007/s10853-006-1282-2

Roters F, Raabe D, Gottstein G (2000) Work hardening in
heterogeneous alloys: a microstructural approach based on
three internal state variables. Acta Mater 48(17):4181-4189.
https://doi.org/10.1016/S1359-6454(00)00289-5

Prasad G, Goerdeler M, Gottstein G (2005) Work hardening
model based on multiple dislocation densities. Mater Sci Eng
A Struct 400:231-233. https://doi.org/10.1016/j.msea.2005.
03.061

Zhang HM, Dong XH, Du DP, Wang Q (2013) A unified
physically based crystal plasticity model for FCC metals
over a wide range of temperatures and strain rates. Mater Sci
Eng A Struct 564:431-441. https://doi.org/10.1016/j.msea.
2012.12.001

Lim H, Battaile CC, Bishop JE, Foulk JW (2019) Investi-
gating mesh sensitivity and polycrystalline RVEs in crystal


https://doi.org/10.1016/j.ijplas.2017.08.006
https://doi.org/10.1016/j.ijplas.2017.08.006
https://doi.org/10.1016/j.ijplas.2016.08.001
https://doi.org/10.1016/j.ijplas.2016.08.001
https://doi.org/10.1016/0001-6160(82)90005-0
https://doi.org/10.1016/0001-6160(82)90005-0
https://doi.org/10.1016/0022-5096(92)80003-9
https://doi.org/10.1016/0022-5096(92)80003-9
https://doi.org/10.1016/0022-5096(94)90027-2
https://doi.org/10.1016/0022-5096(94)90027-2
https://doi.org/10.1016/S1359-6454(01)00297-X
https://doi.org/10.1016/S1359-6454(01)00297-X
https://doi.org/10.1016/j.ijplas.2015.07.010
https://doi.org/10.1016/j.ijplas.2015.07.010
https://doi.org/10.1016/j.ijplas.2018.02.007
https://doi.org/10.1016/j.ijplas.2018.02.007
https://doi.org/10.1016/S0749-6419(96)00048-4
https://doi.org/10.1016/S0749-6419(96)00048-4
https://doi.org/10.1016/j.msea.2018.12.028
https://doi.org/10.1016/0001-6160(81)90112-7
https://doi.org/10.1016/0001-6160(81)90112-7
https://doi.org/10.1016/0001-6160(84)90202-5
https://doi.org/10.1016/0001-6160(84)90202-5
https://doi.org/10.1016/j.actamat.2006.01.005
https://doi.org/10.1016/j.actamat.2006.01.005
https://doi.org/10.1016/j.actamat.2009.08.028
https://doi.org/10.1016/j.actamat.2009.08.028
https://doi.org/10.1016/j.ijplas.2009.11.004
https://doi.org/10.1016/j.ijplas.2009.11.004
https://doi.org/10.1007/BF02670420
https://doi.org/10.1007/BF02670420
https://doi.org/10.1016/0001-6160(84)90106-8
https://doi.org/10.1016/0001-6160(84)90106-8
https://doi.org/10.1016/0001-6160(86)90012-X
https://doi.org/10.1016/0001-6160(86)90012-X
https://doi.org/10.1016/S0924-0136(98)00208-8
https://doi.org/10.1016/S0924-0136(98)00208-8
https://doi.org/10.1016/S1359-6454(98)00196-7
https://doi.org/10.1016/S1359-6454(98)00196-7
https://doi.org/10.1007/s10853-006-1282-2
https://doi.org/10.1007/s10853-006-1282-2
https://doi.org/10.1016/S1359-6454(00)00289-5
https://doi.org/10.1016/j.msea.2005.03.061
https://doi.org/10.1016/j.msea.2005.03.061
https://doi.org/10.1016/j.msea.2012.12.001
https://doi.org/10.1016/j.msea.2012.12.001

J Mater Sci (2021) 56:8789-8814

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

plasticity finite element simulations. Int J Plast 121:101-115.
https://doi.org/10.1016/].ijplas.2019.06.001

Han FB, Diehl M, Roters F, Raabe D (2020) Using spectral-
based representative volume element crystal plasticity sim-
ulations to predict yield surface evolution during large scale
forming simulations. J Mater Process Tech 277:116449. h
ttps://doi.org/10.1016/j.jmatprotec.2019.116449

Wang C, Wu HL, Wang XG, Wang CL, Wang L (2020)
Numerical study of microscale laser bulging based on crystal
plasticity. Int J Mech Sci 177:105553. https://doi.org/10.10
16/j.ijmecsci.2020.105553

Guo XQ, Wu PD, Wang H, Mao XB, Neale KW (2016)
Study of large strain behavior of OFHC copper: The role of
polycrystal plasticity model. Int J Solids Struct 90:12-21. h
ttps://doi.org/10.1016/j.ijsolstr.2016.04.015

Lebensohn RA, Kanjarla AK, Eisenlohr P (2012) An elasto-
viscoplastic formulation based on fast Fourier transforms for
the prediction of micromechanical fields in polycrystalline
materials. Int J Plast 32:59—69. https://doi.org/10.1016/.ijpla
s.2011.12.005

Eisenlohr P, Diehl M, Lebensohn RA, Roters F (2013) A
spectral method solution to crystal elasto-viscoplasticity at
finite strains. Int J Plast 46:37-53. https://doi.org/10.1016/j.
ijplas.2012.09.012

Roters F, Eisenlohr P, Hantcherli L, Tjahjanto DD, Bieler
TR, Raabe D (2010) Overview of constitutive laws, kine-
matics, homogenization and multiscale methods in crystal
plasticity finite-element modeling: theory, experiments,
applications. Acta Mater 58(4):1152—1211. https://doi.org/1
0.1016/j.actamat.2009.10.058

Knezevic M, Beyerlein 1J, Nizolek T, Mara NA, Pollock TM
(2013) Anomalous basal slip activity in zirconium under
high-strain deformation. Mater Res Lett 1(3):133-140. http
s://doi.org/10.1080/21663831.2013.794375

Lu XC, Zhang X, Shi MX, Roters F, Kang GZ, Raabe D
(2019) Dislocation mechanism based size-dependent crystal
plasticity modeling and simulation of gradient nano-grained
copper. Int J Plast 113:52—73. https://doi.org/10.1016/].ijpla
5.2018.09.007

Roters F, Diehl M, Shanthraj P, Eisenlohr P, Reuber C, Wong
SL, Maiti T, Ebrahimi A, Hochrainer T, Fabritius HO,
Nikolov S, Friak M, Fujita N, Grilli N, Janssens KGF, Jia N,
Kok PJJ, Ma D, Meier F, Werner E, Stricker M, Weygand D,
Raabe D (2019) DAMASK-the Diisseldorf advanced mate-
rial simulation kit for modeling multi-physics crystal plas-
ticity, thermal, and damage phenomena from the single
crystal up to the component scale. Comput Mater Sci
158:420-478. https://doi.org/10.1016/j.commatsci.2018.04.
030

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

8813

Zhang HM, Dong XH, Wang Q, Zeng Z (2012) An effective
semi-implicit integration scheme for rate dependent crystal
plasticity using explicit finite element codes. Comput Mater
Sci 54:208-218. https://doi.org/10.1016/j.commatsci.2011.1
0.011

Bronkhorst CA, Kalidindi SR, Anand L (1992) Polycrys-
talline plasticity and the evolution of crystallographic texture
in FCC metals. Philos Trans R Soc Lond Ser A Phys Eng Sci
341(1662):443—-477. https://doi.org/10.1098/rsta.1992.0111
Ludwik P (1909) Elemente der technologischen Mechanik.
Springer. https://doi.org/10.1007/978-3-662-40293-1

Ding H, Shen N, Shin YC (2011) Modeling of grain
refinement in aluminum and copper subjected to cutting.
Comput Mater Sci 50(10):3016-3025. https://doi.org/10.10
16/j.commatsci.2011.05.020

Paik S, Kumar N, Dutta BK, Durgaprasad PV, Tewari R
(2020) Deformation of copper single crystals: comparison of
experimental results with crystal plasticity simulations.
Mater Today Commun 24:100997. https://doi.org/10.1016/;.
mtcomm.2020.100997

Zehetbauer M, Schafler E, Ungar T, Kopacz I, Bernstorff S
(2002) Investigation of the microstructural evolution during
large strain cold working of metals by means of synchrotron
radiation—a comparative overview. J Eng Mater-T ASME
124(1):41-47. https://doi.org/10.1115/1.1421049

Toth LS, Molinari A, Estrin Y (2002) Strain hardening at
large strains as predicted by dislocation based polycrystal
plasticity model. J Eng Mater-T ASME 124(1):71-77. http
s://doi.org/10.1115/1.1421350

Patra A, Zhu T, McDowell DL (2014) Constitutive equations
for modeling non-Schmid effects in single crystal bce-Fe at
low and ambient temperatures. Int J Plast 59:1-14. https://d
o0i.org/10.1016/j.1jplas.2014.03.016

Zhao JF, Lu XC, Yuan FP, Kan QH, Qu SX, Kang GZ,
Zhang X (2020) Multiple mechanism based constitutive
modeling of gradient nanograined material. Int J Plasticity
125:314-330. https://doi.org/10.1016/j.ijplas.2019.09.018
Wang C, Wang L, Wang XG, Xu YJ (2018) Numerical study
of grain refinement induced by severe shot peening. Int J
Mech Sci 146:280-294. https://doi.org/10.1016/j.ijmecsci.2
018.08.005

Wang C, Lai Y, Wang L, Wang CL (2020) Dislocation-based
study on the influences of shot peening on fatigue resistance.
Surf Coat Tech 383:125247. https://doi.org/10.1016/j.surfc
0at.2019.125247

Wang C, Hu JC, Gu ZB, Xu XJ, Wang XG (2017) Simu-
lation on residual stress of shot peening based on a sym-
metrical cell model. Chin J Mech Eng 30(2):344-351. h
ttps://doi.org/10.1007/s10033-017-0084-6

@ Springer


https://doi.org/10.1016/j.ijplas.2019.06.001
https://doi.org/10.1016/j.jmatprotec.2019.116449
https://doi.org/10.1016/j.jmatprotec.2019.116449
https://doi.org/10.1016/j.ijmecsci.2020.105553
https://doi.org/10.1016/j.ijmecsci.2020.105553
https://doi.org/10.1016/j.ijsolstr.2016.04.015
https://doi.org/10.1016/j.ijsolstr.2016.04.015
https://doi.org/10.1016/j.ijplas.2011.12.005
https://doi.org/10.1016/j.ijplas.2011.12.005
https://doi.org/10.1016/j.ijplas.2012.09.012
https://doi.org/10.1016/j.ijplas.2012.09.012
https://doi.org/10.1016/j.actamat.2009.10.058
https://doi.org/10.1016/j.actamat.2009.10.058
https://doi.org/10.1080/21663831.2013.794375
https://doi.org/10.1080/21663831.2013.794375
https://doi.org/10.1016/j.ijplas.2018.09.007
https://doi.org/10.1016/j.ijplas.2018.09.007
https://doi.org/10.1016/j.commatsci.2018.04.030
https://doi.org/10.1016/j.commatsci.2018.04.030
https://doi.org/10.1016/j.commatsci.2011.10.011
https://doi.org/10.1016/j.commatsci.2011.10.011
https://doi.org/10.1098/rsta.1992.0111
https://doi.org/10.1007/978-3-662-40293-1
https://doi.org/10.1016/j.commatsci.2011.05.020
https://doi.org/10.1016/j.commatsci.2011.05.020
https://doi.org/10.1016/j.mtcomm.2020.100997
https://doi.org/10.1016/j.mtcomm.2020.100997
https://doi.org/10.1115/1.1421049
https://doi.org/10.1115/1.1421350
https://doi.org/10.1115/1.1421350
https://doi.org/10.1016/j.ijplas.2014.03.016
https://doi.org/10.1016/j.ijplas.2014.03.016
https://doi.org/10.1016/j.ijplas.2019.09.018
https://doi.org/10.1016/j.ijmecsci.2018.08.005
https://doi.org/10.1016/j.ijmecsci.2018.08.005
https://doi.org/10.1016/j.surfcoat.2019.125247
https://doi.org/10.1016/j.surfcoat.2019.125247
https://doi.org/10.1007/s10033-017-0084-6
https://doi.org/10.1007/s10033-017-0084-6

8814 J Mater Sci (2021) 56:8789-8814

[69] Kim T, Lee JH, Lee H, Cheong S (2010) An area-average Publisher’s Note Springer Nature remains neutral with
approach to peening residual stress under multi-impacts regard to jurisdictional claims in published maps and
using a three-dimensional symmetry-cell finite element institutional affiliations.
model with plastic shots. Mater Des 31(1):50-59. https://doi.
org/10.1016/j.matdes.2009.07.032

@ Springer


https://doi.org/10.1016/j.matdes.2009.07.032
https://doi.org/10.1016/j.matdes.2009.07.032

	A comparative study of plastic deformation behaviors of OFHC copper based on crystal plasticity models in conjunction with phenomenological and dislocation density-based hardening laws
	Abstract
	Introduction
	Crystal plasticity model
	Phenomenological hardening law
	Dislocation density-based hardening law
	Numerical implementation in ABAQUS/Explicit

	Results and discussion
	Deformation of single crystals
	Deformation of polycrystalline aggregate

	Modeling of single shot impact
	Conclusions
	Acknowledgements
	References




