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We applied the crystal plasticity finite element method (CPFEM) based on a rate sensitivity model to examine
the subgrain texture evolution of FCC metals under shear deformation. We used two kinds of microstructure
models with the same orientation distribution function (ODF) but different spatial arrangements or mis-
orientation distributions (MDs). One contained a great high frequency around low misorientation angles and
the other a great high frequency near high misorientation angles. Different misorientation angles among neigh-
boring crystals caused different interactions among them, particularly at the subgrain scale. The difference
in MD affected the evolution of texture and average misorientation angles during deformation. The average
misorientation angles of the subgrain boundaries increased with shear strain.
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1. INTRODUCTION

Extensive experimental work [1,2] and computer simula-
tions [3,4] based on the Taylor model [5] have led to the
identification of ideal orientations under shear deformation
of FCC polycrystalline materials. These ideal orientations
were frequently found under extensive shear deformation.
The shear texture components calculated by numerical
approaches qualitatively agreed with the experimental
results. The intensities of the ideal orientations or shear com-
ponents predicted under shear deformation, however, had
higher values than those of the ideal orientations actually
measured. It is known that overestimation of the predicted
textures results from using the Taylor assumption of iso-
strain, or an upper bound solution. Subgrain evolution due to
grain interaction between adjacent grains might cause the
difference in intensities of texture components. As computa-
tional capability and accuracy increase, more detailed micro-
structure modeling may be considered. Subgrain features
and grain boundary characteristics may be modeled using
the finite element method and crystal plasticity.

Much research work on subgrain evolution under plastic
deformation has been reported based on experimental and
numerical approaches [6-9]. Subgrain boundaries were formed

by subdivision of grains during plastic deformation, and
were controlled by the dislocation glide-induced lattice mis-
match in contiguous crystals [7]. Indeed, Nazarov et al. [6]
modified the polycrystalline model by incorporating a sub-
grain evolution model, showing that such modification
reduced the difference in orientation distribution function
(ODF) intensity between numerical calculations and experi-
ments.

In addition to characteristics of the subgrain boundary,
those of the grain boundary can play an important role in
texturing and microstructure evolution during deformation.
Grain boundary characteristics can be expressed by five
degrees of freedom, i.e., grain boundary plane normal and
misorientation angle/axis. Here, we focused on two-dimen-
sional microstructure modeling, and three degrees of freedom
of misorientation angle/axis were mainly used to describe
them [10,11]. Misorientation distribution (MD) describes all
sets of misorientation angles between adjacent grains in the
modeling. The plane normal direction of grain boundaries
was set to be a vertical or horizontal line for simplicity. Dur-
ing plastic deformation, inhomogeneities of stress and strain
develop as a result of the different crystallographic orienta-
tions of adjacent grains. Interactions between grains can be
varied by changes in misorientation angle, thus resulting in
variations in local stress and strain.

The microstructure construction with subgrains and grain
boundary characteristics was a useful approach in order to
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consider inhomogeneity inside grains. It is also effective to
arbitrarily construct microstructural features of both ODF
and MD for a better understanding of material behavior. The
crystal plasticity finite element method (CPFEM) simulta-
neously satisfies the requirements for strain compatibility
and stress equilibrium conditions within an aggregate of
grains under an applied load; it is one of the more reliable
tools to investigate the heterogeneity of local deformation. 

Using a simple two-dimensional microstructure model, we
specified initial textures (ODF) and their spatial arrange-
ments or misorientation distributions (MDs) in this study.
Two kinds of microstructure models were designed to have
the same ODF but a different MD. A single grain consists of
nine subgrains, and uniform orientations or random textures
were initially specified. The first model has great frequencies
at high angle grain boundaries and the second mainly has
low angle grain boundaries. The effect of the initial misori-
entation distribution on the subgrain texture evolution during
shearing was examined.

2. SIMULATION PROCEDURE

A commercial code of ABAQUS [12] was used for the
FEM simulation. A crystal plasticity model incorporating a
rate-dependent slip system constitutive relation described in
Peirce et al. [13] was implemented in ABAQUS using a user
material subroutine, VUMAT. The finite element simulation
was carried out based on an arbitrary Lagrangian and Eule-
rian (ALE) method for large deformations. Details of the
crystal plasticity model are reported elsewhere [14-19]. For a
rate-dependent material, shear rates are given explicitly in
terms of the resolved shear stress on the active slip systems
and the resistance of the active slip systems to shear. The
rates of shear on the slip systems are expressed according to
Peirce et al. [13].

(1)

where  is the shear stress resolved onto the slip plane, 
is a reference shear rate, and m is the strain rate sensitivity.
The slip resistance  has an initial value g0 and evolves
with plastic strain on all slip systems according to

(2)

The hardening coefficients are 

(3)

where q determines latent-to-self hardening, h0 is a reference
self-hardening coefficient, a is the hardening exponent, and gs

is the slip resistance at which the self and latent hardening

coefficients asymptote to zero. The simple shear deformation
up to γ = 3 was calculated and the material properties are
listed in Table 1 [17]. 

Figure 1 shows a schematic diagram of the initial configu-
ration of microstructure with grains and subgrains. The mod-
eling consisted of 400 grains and each grain contained 9
subgrains. One rectangular element corresponded to a sub-
grain. The subgrains inside each grain possessed the same
initial orientation and could evolve in a different way during
deformation. A random distribution with a total of 400 dis-
crete orientations, as shown by the (111) pole figure in Fig.
2, was used for the whole modeling, and a single orientation
was given to a single grain, respectively.

In order to obtain various MDs at a given ODF, the opti-
mizing method reported by Miodownik et al. [20] was
adopted. With this method, the desired MD can be acquired
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Fig. 1. Microstructure modeling of 400 grains using finite element.
Each grain consists of 9 rectangular elements.

Fig. 2. (111) pole figure for initial 400 grains.
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by repeated random switching of selected neighbor orienta-
tions only if the switching decreases the difference between
a desired MD and an obtained MD. Two different micro-
structure models were designed in this study, as shown in
Figs. 3(a) and (b). The first one named L-MD possessed a
low MD and about 90 % of the frequency was located
between 10° and 20° (Fig. 3(a)). The red, green and blue col-
ors inside the grains represent the (001), (110) and (111) ori-
entations, respectively. Note the triangle map for orientation
color codes. The blue, white and red lines at the grain bound-

aries indicate the low (1° to 20°), middle (21° to 40°) and
high (41° to 60°) misorientation angles, respectively. The
second models called H-MD mainly contained high angle
misorientations and about 90 % of the frequency was placed
between 50° and 60° (Fig. 3(b)). In cubic metals, the maxi-
mum misorientation angle is given as 62.8° [21].

3. RESULTS AND DISCUSSION

Texture evolution from initial random orientations of

Table 1. Material parameters for CPFEM [15]

Elastic Moduli
E n

123 GPa 0.34

Plastic parameters
m a h0 gs q

10−3 0.05 2.25 180 MPa 148 MPa 1.0
γ· 0

Fig. 3. Initial misorientation angle distributions and FE meshes for (a) L-MD and (b) H-MD. Color index of orientations is also given.
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cubic materials was observed during simple shear deforma-
tion. Ideal orientations found during simple shear are usually
represented by two fibers, which are referred to as A: {111}
<uvw> and B: {hkl}<110> in Fig. 4(a) [4]. The vectors
{hkl} and <uvw> were aligned with the shear plane normal
(Z) and the direction of the applied shear (θ), respectively.
Figures 4 (b) and (c) depict the (111) pole figures after shear
deformation, γ = 3 for microstructure with L-MD and H-MD
cases, respectively. Overall, calculated (111) pole figures for
both L-MD and H-MD were similar to the typical shear tex-
ture, as shown in Fig. 4(a). Some differences in intensity
existed between L-MD and H-MD. The pole figure of the L-
MD case had a higher intensity than that of the H-MD. Ori-
entations located along the B fiber, particularly C compo-
nents, mainly displayed increased intensity. On the other
hand, orientations along the A fiber displayed intensities
similar to each microstructure modeling. Although the initial
misorientation distribution did not greatly affect overall
trends of shear texture evolution, the initial low misorienta-
tion angle appeared to give a slightly higher intensity along
the B fiber than along the A fiber.

Figures 5(a) and (b) show shear stress distributions after a
shear strain of γ = 3 for two different microstructures. Micro-
structure with the L-MD (Fig. 5(a)) initially had great high
frequencies near low angle grain boundaries, and thus a bun-
dle of surrounding grains could have low angle grain bound-
aries. These bundles can act as virtually extended grains
under shearing. In Fig. 5(a), broad regions more than a single
grain displayed similar stress levels and looked like a large
deformed grain. The broad regions in the microstructure
with the L-MD had orientations near the B fiber, and easily
accepted shear deformation. Those “soft” orientations accom-
modated a comparatively great amount of deformation dur-
ing shearing. This resulted in the high intensity of B fiber in
the L-MD microstructure. Microstructure with the H-MD

(Fig. 5(b)), however, had more local variation in shear stress
than that with the L-MD. This means that the interaction
between neighboring grains in the microstructure with the
H-MD was more severe than that observed between neigh-
boring grains with the L-MD. 

Figure 6 presents changes of misorientation angle distribu-
tion with shear strain. Although both microstructures with
the L-MD and the H-MD had few frequencies less than 10°
as shown in Figs. 3(a) and (b), the highest peaks were found
in misorientation angles less than 10° during shear deforma-
tion. This is because orientations of subgrains inside grains
evolved during shearing. Since the misorientation angles
between subgrains increased with deformation [9], the height
and shape of the peaks in the low angle distributions gradu-
ally decreased and grew broader, respectively. Some differ-

Fig. 4. (111) pole figures after shear strain of γ = 3 : (a) ideal orientations pertaining to fiber textures [4], (b) prediction for the L-MD and (c) pre-
diction for the H-MD.

Fig. 5. Shear stress distributions after shear strain of γ = 3 obtained
from FEM simulations with the (a) L-MD and (b) H-MD.
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ence existed in the decreasing rate of the peak height and the
broadening rate of the peak shape between the L-MD and
the H-MD. In particular, the broadening rate of the peak
shape for the H-MD was faster than that for the L-MD.

Figure 7 shows variations of average misorientation angles
in the subgrain boundaries with Mises strain. The average
values for both microstructures with the H-MD and the L-
MD increased with shear strain. Subgrains or subdivisions
found inside a grain were due to inhomogeneous deformation
caused by an outbound interaction [7]. High angle bound-
aries can easily produce inhomogeneous deformation inside
grains, because neighboring grains have different slip systems
activated during deformation. At the same time, low angle
boundaries certify similar slip systems activating between
neighboring grains. This means that two grains with a low
misorientation angle have a weak interaction between each
other. And thus the subgrain evolution should be more active
in the microstructure with the H-MD than in the microstruc-
ture with the L-MD. The increase in average misorientation
angle also should be higher in the H-MD than in the L-MD.
Figures 6 and 7 indicate that subgrain evolution is strongly
related with initial misorientation distributions.

Note that the slopes of average misorientation angles in
Fig. 7 look similar to both microstructures with the H-MD
and the L-MD. Both slopes of the average misorientation
angles are about 1.0. The slope calculated here is higher than
the value experimentally determined by Hughes et al. [9],

which was approximately 0.67. Several studies calculated by
FEM simulation have reported that the slope was around 1.0
[6,22,23], similar to our results. The slope overestimated by
FEM approaches may have originated from various causes.
Subgrain evolution was implied to be one of the reasons as
pointed out before. Although we computed texture and
microstructure evolution with the simplified modeling, and
major microstructural features during deformation were cap-
tured well, the limited number of subgrains or discretization
still affected computational accuracy. To better understand

Fig. 6. Evolution of misorientation distributions from L-MD or H-MD during shearing. (a) L-MD at γ = 1, (b) L-MD at γ = 2, (c) L-MD at γ = 3,
(d) H-MD at γ = 1, (e) H-MD at γ = 2 and (f) H-MD at γ = 3.

Fig. 7. Average misorientation angle with Mises strain for the L-MD
and H-MD.
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the microstructure evolution, more discretization of sub-
grains and three-dimensional approaches still need to be
adopted. 

4. SUMMARY

The two-dimensional crystal plasticity finite element method
was applied to examine the subgrain texture evolution of
FCC metals under shear deformation. Two kinds of micro-
structure modeling with the same ODF but different MDs
were used. Microstructures with different MDs affected the
evolution of texture and the average misorientation angles.
In a microstructure with a great high frequency at low angle
grain boundaries, a bundle of adjacent grains deformed
together. A microstructure with a great frequency at high
angle grain boundaries had localized deformation due to
severe interaction between neighboring grains. The average
misorientation angles of subgrain boundaries increased with
applied shear strain. The slope of the average misorientation
angles predicted were overestimated compared with experi-
ments. Finer mesh discretization for subgrains and three-
dimensional approaches would be helpful to better under-
stand microstrucural evolution. 
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