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Abstract

The origin and development of cube ({001}<100>) texture during hot deformation and
subsequent recrystallization of aluminum alloys remains a topic of considerable interest in
materials research. The application of finite element modeling at the mesoscale to study the hot
deformation of microstructures containing cube oriented grains distributed among grains with S
({123}<634>) and copper ({112}<111>) orientations is described. Discretization of each grain
with a large number of elements enables the model to capture the heterogeneous deformation of
individual grains. The constitutive response of the material is modeled using crystal plasticity,
thereby enabling the prediction of texture evolution in the microstructure. The deformation at
elevated temperatures has been modeled by including slip on the non-octahedral {110}<110>
systems, in addition to the usual {111}<110> systems. Microstructures with different grain
sizes have been deformed in plane strain compression. The effects of the local environment,
grain size and plastic strain on the stability of the cube texture during hot deformation are
examined.

Introduction

The presence of cube texture in aluminum alloys subjected to thermomechanical processing
under elevated temperature conditions is a topic that continues to receive considerable attention
in materials research. The cube texture component is known to survive the hot deformation
processing, and gain strength during subsequent annealing [1]. Under plane strain compression
conditions, the activation of slip on non-octahedral systems {110}<110> has been shown to
lead to the stability of the cube component in aluminum alloys, both through experimental work
and through modeling studies [2,3]. However, many of the experimental studies have involved
single crystals or bi-crystals, and there has been less work to examine the effects of the
microstructure on the stability of cube texture.

In this paper, the application of mesoscale finite element modeling to the deformations of
microstructures containing cube-oriented grains distributed among other deformation
components is described. The finite element discretization is applied at the grain level to model
the inhomogeneous deformations of the microstructure. Crystal plasticity is used to model the
constitutive response of the material, and hot deformation conditions are modeled by including
slip on the {110}<110> systems in addition to the usual {111}<110> systems for fcc materials.
Microstructures with relatively large and small grain sizes are considered, and some special
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cases for the configuration of the cube-oriented regions are modeled. Deformation conditions
approximating idealized plane strain compression have been used for the simulations to 75%
reduction in height, and the effects of the immediate neighborhood, grain size and amount of
plastic strain on the evolution of the cube oriented grains have been studied.

Mesoscale Deformation Model

The basic approach consists of discretizing a polycrystalline aggregate containing many grains
using the finite element technique, often with many elements being employed to discretize each
grain [4,5]. The microstructural state of the material is characterized by the orientation of the
crystal lattice associated with each element relative to a fixed reference, and by the critical
resolved shear stress parameter (strength) of the slip systems. The usual approach for
distinguishing different grains in the microstructure is to assign the same initial orientation to
all the elements comprising a grain. Grain boundaries are not modeled explicitly, but are
assumed to exist between elements with different initial orientations. Compatibility between
the different grains at the boundaries is satisfied implicitly through continuity in the velocity or
displacement field. However, equilibrium in stress is achieved only globally in an approximate
sense. The deformation of the discretized polycrystal is modeled through application of
boundary conditions that usually approximate simple deformation conditions, such as tension,
simple shear or plane strain compression. The simulations proceed incrementally, with the
material microstructural state and geometry assumed to be unchanged while the velocity or
displacement field is determined for a given strain increment. Balance laws for momentum and
mass are used in conjunction with the material constitutive response to develop equations for
the discretized velocity or displacement field. The resulting system of equations is non-linear
and requires an iterative solution method. Following convergence of the displacement or
velocity field, the material state and geometry are updated before proceeding to the next
increment.

The plastic deformation of the material is assumed to occur predominantly by the movement of
dislocations, which is typically restricted to specific directions on specific sets of atomic planes
in the crystal. The dislocation motion is accompanied by interactions with other dislocations on
different slip systems, causing an increase in resistance to further movement, and requiring a
higher flow stress for continued plastic deformation (strain hardening). Due to the limited
number of slip systems available to accommodate an arbitrary deformation, the crystal lattice
has to rotate in order to maintain compatibility with the surrounding material.

The necessary mathematical framework to describe plastic deformation by slip is provided by
crystal plasticity [6,7], which forms the basis for modeling constitutive behavior of the material.
Based on Schmid’s law, slip is assumed to commence when the shear stress resolved in the

 , which represents the strength
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direction of slip on a given slip plane reaches a critical value 7
of the slip system and parameterizes the resistance to dislocation motion. The relation between

the applied stress o and the resolved shear stress 7% on a given slip system can be written using
the Schmid orientation tensor (dyadic product of the slip direction s” and slip plane normal
vector n”) as

t“=onis=o0-(s"®n° (1)

The resolved shear stress 7“ is often related to the rate of shear 7“ on each slip system through
a power law,
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where 7, 1s the reference rate of shearing, and the exponent m represents the material strain rate

sensitivity parameter. While the strengths of different slip systems can vary, lack of
experimental data makes it difficult to characterize these differences, and hence the strength is
assumed to be the same for all slip systems. Use of a rate dependent model allows for all slip
systems to be potentially active, although the shear rates on some of them may be negligibly
small, thus avoiding any ambiguities in the choice of the active slip systems. If the formulation
is simplified to neglect elastic deformations, the crystal rate of deformation, which is the
symmetric portion of the velocity gradient, can be written as a linear combination of the slip
system shear rates,

D.= Y Py 3)

where P is the symmetric part of the Schmid orientation tensor. Using equation (2) for the
shear rate and equation (1) for the resolved shear stress, the above equation can be rewritten to
develop a linearized constitutive relation for the crystal,
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which can be solved to obtain the crystal stress for a given rate of deformation. The crystal spin
W, is a combination of the plastic spin due to slip system shearing and any rigid rotation R
required to maintain compatibility with other crystals,

W.=R'R" +Y Q%" (5)

where Q“ is the skew-symmetric part of the Schmid orientation tensor. Equation (5) can be
rewritten to obtain the rate of reorientation of the crystal, which in turn determines the texture
evolution in the aggregate,

R’ =(W€ —ZQ";)"jR* (6)

Strain hardening is modeled through an evolution equation for the critical resolved shear stress
based on the accumulated shear rate on all slip systems,
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where H, is the hardening rate, and 7’ and 7’ are respectively the initial and the saturation

values of the slip system critical resolved shear stress. The saturation value is computed using
the accumulated shear rate as
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where 7,, 7, and m' are material parameters. The rate sensitivity and other material

parameters for the hardening equations are obtained by fitting the crystal plasticity model to
experimentally measured stress-strain data.

As mentioned earlier, the increase in the slip system strength is a reflection of the increase in
the dislocation density, which in turn may be related to the stored energy of deformation. For
the purpose of subsequent recrystallization simulations using the output of the deformation
modeling, the increase in stored energy of deformation per unit volume at each strain increment
has been computed as the incremental work done,
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The use of parallel computing tools has been of great advantage in applying the mesoscale
deformation models to large three-dimensional discretizations. The iterative procedure for
computing the velocity or displacement field during each strain increment requires repeated
calculations of the element stiffness matrices, which in turn translates to solving the crystal
plasticity equations many times. Low rate sensitivity values for metals, especially for room
temperature deformation, lead to highly non-linear equations for developing the constitutive
response. However, these calculations can proceed independently and simultaneously for the
different elements in the mesh, making them efficient to perform on a parallel computer by
distributing the computational load among many processors. Once the element stiffness
matrices have been developed, they must be assembled to develop the global system of
equations, and this step can be time consuming due to the need for exchange of data between
the different processors. Efficient programs have been developed using the Message Passing
Interface (MPI) libraries to minimize the time spent in this solution phase, leading to the
capability to handle fairly large discretizations deformed to large plastic strains.

Simulations of deformation at the mesoscale

The mesoscale deformation model has been applied to microstructures containing cube oriented
grains surrounded by other grains whose orientations were chosen to be variants of the ideal
{123}<634> S and {112}<111> copper orientations. The finite element discretization used for
each case consisted of a unit cube containing 40 hexahedral elements along each edge. Figure 1
shows an example of a typical discretized microstructure used in the simulations. The initial
microstructures were generated using a Monte Carlo grain growth algorithm [8], which
provided a lognormal grain size distribution. The grain orientations were randomly assigned as
one of seven orientations—the ideal cube, the four variants of the ideal S orientation, and the
two variants of the ideal copper orientation. Table 1 lists the various orientations used in the
simulations. Two different microstructures containing 37 and 123 grains in a cubic grid of 40
sites along each side were chosen. For the microstructure with 37 grains, two of the grains
were assigned the cube orientation, with the remaining grains being given one of the six other
orientations. For the microstructure with 123 grains, the first 10 grain numbers were chosen to
be cube, with the rest being distributed roughly equally among the six other orientations.



Table 1: Grain orientations used for the mesoscale hot deformation simulations.

Grain {hkl}<uvw> Euler angles

Cube (00 DH[100] (0,0,0)
S-1 (123)[-6-34] (31.02, 36.7, 63.43)
S-2 (12-3)[63 4] (-31.02, 143.3, 63.43)
S-3 (1-23)[-6-34] (-31.02, 36.7, -63.43)
S-4 (1-2-3)[6-34] (31.02, 143.3,-63.43)
C-1 (112)[-1-11] (0, 35.26, 45)
C-2 11-2)[111] (0, 144.74, 45)
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Figure 1: Discretized microstructure for the relatively large grain size.

In addition to the microstructures with the relatively large and small grains, three other
microstructures were considered for the simulations. Each of these three cases was based on
modifications to the microstructure with the 123 smaller grains, as described below. For each
case, the orientations were chosen to be variants of S or copper, except for a zone in the middle
that was chosen to be cube.

1. Cube-sphere: A spherical region of roughly 10 elements diameter in the middle was
chosen to be at cube orientation.

2. Cube-block: A block of size 20x20x10 elements in the middle was chosen to be at cube
orientation.

3. Cube-band: A zone of 10 elements thickness in the middle was assumed to be a single
cube grain

Velocity boundary conditions that approximate ideal plane strain compression were prescribed
in order to simulate the deformation. The normal velocity was set to zero for nodes on the
bottom surface, while nodes on the top surface were given negative velocity that varied with



Nodes on the surface normal to +Y were

strain to maintain a constant overall strain rate.

constrained to remain in plane with zero normal velocity, as were nodes on the surface normal

In order to simulate large strains, nodes on the surface normal to +X were also

prescribed a velocity value with the same magnitude as the top surface, thus imposing an
overall velocity gradient for ideal plane strain compression. The simulations were carried out

to —X.

were carried

using strain increments of 1%, and the results were examined after a reduction in height of 50%
Due to severe distortion of the elements, the simulations beyond 50%

and 75%.
out using a modified mesh generated by discretizing a parallelepiped that matched the overall

dimensions of the domain after 50% reduction in height using 40x40x40 regular elements of
that aspect ratio. Figures 2 and 3 show the deformed microstructures for the large grain size

after 50% and 75% reduction in height, respectively.

Figure 2: Deformed microstructures after 50% reduction in height for the microstructure with

relatively large grain size.

Figure 3: Deformed microstructures after 75% reduction in height for the microstructure with

relatively large grain size.



The simulations were carried out for hot deformation conditions by assuming slip on the twelve
{111}<110> octahedral systems, and the six {110}<110> non-octahedral systems. Material
parameters for the crystal plasticity model were obtained using a polycrystal model to fit the
stress-strain data from mechanical testing of 1100 aluminum at 400°C for various strain rates
[9]. A random distribution of 1000 orientations was used for the fitting procedure, and the
mechanical response was computed as the average response of the aggregate using the Taylor
mean field hypothesis. The resulting values of the initial slip system strength, strain rate
sensitivity and hardening parameters listed in Table 2 were used in the mesoscale modeling for
the different microstructures considered.

Table 2: Material parameters used in the mesoscale hot deformation simulations.

) 0 s )
m 7o H, T T Vs m

cr cr

0.13 1.0s"! 741 MPa | 9.17MPa | 183 MPa | 5x10's! 0.01

Results and Discussion

In this section we present the results of the mesoscale simulations for the different
microstructures deformed in plane strain compression under hot deformation conditions. For
the case of the microstructures with large and small grain sizes, the results are presented for
different 2-D sections in the XZ plane (i.e., the plane containing the “rolling” and “normal”
directions). These sections were chosen in order to maximize the number of elements in the
grains initially at cube orientation. For the microstructures with the cube-band, cube-block and
cube-sphere zones, the results are presented for the mid-section. These sections were also the
ones used in the subsequent simulations of recrystallization using the Monte Carlo technique, as
described in detail elsewhere [10].

Figure 4 shows the deformed microstructure after a reduction in height by 50% for the section
j=17 of the microstructure with relatively large grain size. The cube orientation is present near
the top and bottom surfaces, and the neighboring grains are indicated in the figure. Also shown
in Figure 4 are the contours of the stored energy of deformation, and the misorientation angle
between the final and initial orientation for each element. The stored energy in the initially
cube oriented grains is higher than in some neighboring grains. The stored energy is in general
higher close to some of the boundaries between different grains, including a short and relatively
flat stretch of the lower boundary of the cube grain near the top surface. The misorientation
from the initial orientation for the cube grains is fairly low for elements away from the
boundaries with neighboring grains. Near the boundary regions, however, the misorientation
values are quite high, exceeding 45° in some cases. This trend continues with further
deformation, as shown in Figure 5 after 75% reduction in height. Due to the high ratio of
length to height, only a part of the domain along the extension direction containing the cube
grain is shown. The stored energy values are higher in some regions of the cube grain
compared to other grains, and the misorientation from the initial orientation is highest for
elements near the boundary with the cube grain.
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Figure 4: Deformed microstructure, stored energy [J/m’] and misorientation [deg] from initial
orientation for the microstructure with relatively large grain size, section j=17, after 50%
reduction in height.
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Figure 5: Deformed microstructure, stored energy [J/m’] and misorientation [deg] from initial
orientation for the microstructure with relatively large grain size, section j=17, after 75%
reduction in height.

The deformed microstructure, stored energy distribution, and misorientation distribution for a
different section (j=25) of the microstructure with large grain size are shown in Figures 6 and 7,
respectively, for 50% and 75% deformation. The cube-oriented grain in this case is in the
interior, surrounded by variants of the S orientation and the C-1 orientation. The stored energy
in the cube grain shows variation from the left to the right side of the grain, and the
misorientation is high in the vicinity of the boundaries between the cube grain and its
neighboring grains. Note the energy difference along the boundary at the top of the cube grain,
with lower stored energy on the cube side compared to the S-2 side. After 75% deformation,
the trends remain similar to those seen after 50% deformation, with high misorientations close



to the cube grain boundaries. It is also observed that the misorientation along the top horizontal
interface of the cube grain is low, whereas the misorientation values along the opposite side
with inclined boundaries are quite high.
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Figure 6: Deformed microstructure, stored energy [J/m’] and misorientation [deg] from initial
orientation for the microstructure with relatively large grain size, section j=25, after 50%
reduction in height.
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Figure 7: Deformed microstructure, stored energy [J/m’] and misorientation [deg] from initial
orientation for the microstructure with relatively large grain size, section j=25, after 75%
reduction in height.

Simulations with a microstructure containing relatively small grain size showed similar overall
results as compared to the microstructures with larger grains. Figure 8 shows the results for
section j=24 after 50% deformation. This section contains cube grains near the top and bottom
surfaces, and also a small interior grain. The misorientations from initial orientation are higher
in the vicinity of the boundaries with the cube grain, indicating that these regions deform with
larger reorientations compared to most other regions in the microstructure. The stored energy



of deformation in the cube grains is not uniformly low. The cube grain near the bottom surface
has a relatively long flat interface with the neighboring C-2 grain, and the stored energy is high
on the C-2 side along the interface. Such a difference is not evident along the other sections of
the boundary. Similar results are seen after 75% deformation, as shown in Figure 9. For the
cube grain near the bottom edge, the misorientation appears to be higher towards the left and
right ends and much lower along the flat horizontal interface. Therefore, the orientation of the
interface relative to the compression axis appears to have an effect on the amount of
reorientation of the grains adjacent to the cube grains.
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Figure 8: Deformed microstructure, stored energy [J/m’] and misorientation [deg] from initial
orientation for the microstructure with relatively small grain size, section j=24, after 50%
reduction in height.
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Figure 9: Deformed microstructure, stored energy [J/m’] and misorientation [deg] from initial
orientation for the microstructure with relatively small grain size, section j=24, after 75%
reduction in height.



Figures 10 and 11 show the results for the case of a roughly spherical cube grain at the center of
the microstructure with small grain size after 50% and 75% deformation respectively. While
the stored energy in the cube grain is not much lower than other regions, the misorientation
from the initial orientation is lower in the interior of the cube grain. Once again, the cube grain
shows variation in stored energy from left to right side, and lower values along the relatively
flat interfaces, at the top with grain C-1, and at the bottom with grain S-1. For the regions
adjacent to the cube boundary, the misorientation is higher at the left and right ends which have
some vertical interfaces, compared to the central region which has a relatively flat interface in
the horizontal direction.
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Figure 10: Deformed microstructure, stored energy [J/m’] and misorientation [deg] from initial
orientation for the microstructure with spherical cube grain at the mid-section after 50%
reduction in height.
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Figure 11: Deformed microstructure, stored energy [J/m’] and misorientation [deg] from initial
orientation for the microstructure with spherical cube grain at the mid-section after 75%
reduction in height.



Figure 12 shows the results when the cube grain is now extended to form a sizeable block at the
center of the microstructure, with a size of 20x10 for the section j=20 shown. The stored
energy in the cube grain is lower than in the regions above and below, but this difference is less
evident at the boundaries to the left and right side, and there are some grains to the left and right
that have even lower values of energy. The misorientation distribution shows higher values
near the boundaries with the cube grain, and as noted previously for the spherical cube grain,
the misorientation is higher at the ends and fairly low along the flat interfaces. Similar results
are obtained at higher strain after 75% deformation (Figure 13). As mentioned earlier, there
seems to be a dependence on the shape of the cube grain interface on the reorientation of the
adjacent S and copper grains during deformation.
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Figure 12: Deformed microstructure, stored energy [J/m’] and misorientation [deg] from initial
orientation for the microstructure with block-shaped cube grain at the mid-section after 50%
reduction in height.
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Figure 13: Deformed microstructure, stored energy [J/m’] and misorientation [deg] from initial
orientation for the microstructure with block-shaped cube grain at the mid-section after 75%
reduction in height.



The case with the band of cube extending across the entire cross-section is a limiting case with
only a flat interface with other grains. As shown in Figures 14 and 15 respectively for 50% and
75% deformation, the stored energy is lower in the cube grain compared to adjoining regions
immediately above and below. The energy values are much lower in the central region
compared to the ends, which are influenced to some extent by the boundary conditions to keep
the surfaces flat. The misorientation values are also lower in the central region of the cube
grain, and the boundary regions with the flat interface do not have very high misorientation
values.
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Figure 14: Deformed microstructure, stored energy [J/m’] and misorientation [deg] from initial
orientation for the microstructure with band-shaped cube grain at the mid-section after 50%
reduction in height.
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Figure 15: Deformed microstructure, stored energy [J/m’] and misorientation [deg] from initial
orientation for the microstructure with band-shaped cube grain at the mid-section after 75%
reduction in height.



Conclusions

The application of mesoscale deformation modeling using the finite element method to study
the evolution of microstructures containing cube oriented grains among grains with variants of
the ideal S and copper orientations has been described. Use of a crystal plasticity model
coupled with a hybrid finite element formulation has allowed the simulations to capture the
inhomogeneous deformations at the level of individual grains due to the interactions with
neighboring grains. Simulations with microstructures containing large and small grain sizes
have been carried out, as well as some cases with specific configurations of the cube oriented
regions. The microstructures have been deformed in plane strain compression under hot
deformation condition by including possible slip on the {110}<110> systems in addition to the
usual {111}<110> systems.

The results of the simulations have been examined mainly through the distributions of the
stored energy of deformation and the misorientation from the initial orientation in the deformed
microstructure. The stored energy values did not show a clear correlation with orientation, with
cube-oriented grains not always showing the lowest values. A general trend related to the cube
grain boundary shape was observed, with lower stored energy values on the cube grain side
close the flat elongated boundaries parallel to the extension direction. This was particularly
true for the case of a large block of cube and for the band of cube extending across the entire
cross-section.

The approach used here for computing the stored energy based on equation (9) leads to values
that are an order of magnitude larger than some recent experimental measurements based on
single crystals [11]. The experimental values are based on measurements of the average
subgrain size and subgrain misorientation in the deformed crystals, and the present model lacks
sufficient detail to directly compute these quantities. Therefore, greater emphasis is placed on
the relative differences between the stored energies at different locations, rather than on their
absolute values.

The misorientation from the initial orientation is a measure of the extent of change in
orientation as the material deforms. For all the cases examined, the misorientations were higher
close to the boundaries between the cube and other orientations. The orientation of the
interface relative to the loading axis was also observed to have an effect, with the elongated
horizontal interface between the cube and other orientations showing low misorientations,
whereas regions with a vertical or inclined interface showing the highest misorientations. The
elongated flat interfaces also showed a difference in stored energy, with the energy being lower
in the cube oriented region compared to the adjacent S or copper oriented region. Such regions
are potential sites for the nucleation and growth of cube grains during subsequent annealing.

The amount of strain does not appear to have a significant effect on the microstructure
evolution. The trends observed after 50% reduction in height in the distributions of stored
energy and misorientation are not significantly altered after additional deformation to 75%
reduction.
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