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Plastic flow machining (PFM) is proposed as a new severe plastic deformation
(SPD) technique capable of producing ultrafine-grained sheet metal from bulk
sample. Herein, a model is proposed for the three strain paths that the material
follows during the PFM extrusion process. The proposed strain paths are justified
by modeling the texture evolution in good agreement with the experiments in the
three deformation zones. Two polycrystal models are used to simulate texture
evolution: the viscoplastic self-consistent (VPSC) polycrystal approach and the
Taylor-type lattice curvature-based grain fragmentation (GR) model. The simula-
tions reproduce faithfully all three textures observed experimentally within the
sheet. The experimental texture in the zone carrying the smallest strain is obtained
with the VPSC approach, whereas in the higher strain region, the GR model
reproduced the texture. The two main results of this modeling are as follows: 1) an
example is presented for the successful identification of the deformation mode in a
new SPD process with the help of the crystallographic texture. 2) At large strains,
the VPSC model fails; it is the Taylor deformation-based GR approach which is able

1. Introduction

Severe plastic deformation (SPD) has been
well known as an effective method for
producing ultrafine-grained (UFG) or even
nanograined materials, which offer great
benefits for material performance, such as
high mechanical and fatigue strength or
high wear resistance."” These materials
can also exhibit superplastic behavior at rel-
atively low temperatures.®* To date, there
have been numerous SPD techniques intro-
duced and further developed. Some of the
most popular ones are equal channel angu-
lar pressing (ECAP),""! high-pressure torsion
(HPT),'® accumulative roll bonding (ARB),"”!
and twist extrusion,® to name a few.
A generic feature of these processes is that
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large strain is imposed on the processed
sample to transform the coarse-grained
structure into fine-grained microstructure.
Recently, a new SPD technique, called
plastic flow machining (PFM), has been pro-
posed and patented.” It is capable of producing sheet metal with
UFG structures from bulk materials in a single extrusion opera-
tion. The working principle of PFM is demonstrated in Figure 1a.
The square billet sample having a cross section of Hy x Hy is
inserted into a horizontal channel. The height of this channel
is slightly decreased from Hj to H; right at the opening of
the lateral channel having width size h. During processing,
the sample is pressed by pressure P along the horizontal channel
and the material on the surface layer of the sample is forced to
flow into the narrow lateral channel to form a thin sheet, or fin,
with large imposed plastic strain in it, creating UFG microstruc-
tures. A back pressure Pgp is also provided to control the material
flow. The fin produced by this technique is very even in display-
ing shiny surfaces (Figure 1b). The microstructure, texture, and
mechanical properties of the produced Al1050 fins were pre-
sented in the study of Vu et al.*” It was shown that the grain
size was reduced by about 100 times and that simple shear tex-
tures were obtained throughout the fin thickness. The strength
was increased by nearly three times, and the relatively high
Lankford value (0.92) was obtained in aluminum. Another inter-
esting feature was that a gradient appeared in both the micro-
structure and the texture across the thickness of the fin. Three
main regions were identified within the gradient structure:
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Figure 1. a) Working principles of the PFM; b) a sample after processing; c) optical microstructure of the produced fin; d—f) electron backscatter diffraction
(EBSD) microstructures obtained from different regions of the fin. Reproduced with permission.'®'? Copyright 2018, Elsevier, MDPI and Hindawi.

low strain area (LSA), middle strain area (MSA), and high strain
area (HSA) (Figure 1c—f), where the grain size and the texture
varied. The initial grain size of about 100 pm decreased to
1.8 um in the LSA, 1.3 pm in MSA, and 0.8 pm in HSA.'” All
textures were simple shear textures, however, rotated by about
120° from the LSA toward the HSA.'”! Further investigations
were reported in the study of Vu et al.'"'? to examine the strain
gradient and the effect of the die geometry on the efficiency of the
extrusion and on the mechanical properties of the produced fins.

Herein, we aim to model and simulate the texture produced by
PFM to gain more insight into the deformation history and the
texture evolution during processing. To do so, we first establish a
model for the strain paths using the results of finite element
analyses. The finite element (FE) modeling also showed the three
deformation zones (LSA, MSA, and HSA). After proposing strain
paths for each area, both the viscoplastic self-consistent (VPSC)
polycrystal model’>'*! and the grain fragmentation (GR) model
of Toth et al.** were used to simulate the texture evolution in
each of these zones. In the VPSC modeling, the simulation con-
sidered the initial texture, the grain shapes, and strain hardening
during deformation. The GR model does not consider the initial
grain shape as it is based on the Taylor approach, where grain
shape cannot be considered.

2. Experimental Section

The detailed experimental procedure was presented in the previ-
ous studies.[">'?! However, for the sake of reading convenience,
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we briefly recall it here. PFM experiments were implemented at
room temperature in a platform adapted from an ECAP machine
equipped with two punches that were run by two cylinders con-
trolled by a hydraulic system. The experiments were carried out
on commercial pure aluminum Al1050. The driving punch on
the left side (Figure 1a) was set to move at a constant speed
of Up=1 mms~'. The back-pressure punch on the right
(Figure 1a) was set to provide a constant back pressure of
Ppp =110 MPa. The geometry of the die was designed by the fol-
lowing dimensional parameters: Hp=20mm, H;=18mm,
h=0.65 mm, and @ = 120°. The microstructure of the produced
0.65 mm-thick fin was characterized by EBSD measurements
using the ATEX software.’® The crystallographic texture was
measured by X-ray diffraction using Co Ka radiation at 40kV
with a wavelength of 1.789 nm. The measured data were treated
by the JTEX software!’”! to obtain complete pole figures and
orientation distribution functions (ODF). The textures were mea-
sured on the PD plane (perpendicular to the PD direction) for
having large areas with good statistics. They were then presented
on the TD plane (perpendicular to TD).

3. Strain Path Model

One of the most important inputs for texture simulation is the
strain path which defines the deformation mode using the
velocity gradient tensor. In our case, a model of strain paths
was built based on the velocity field of the deformation zone
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Figure 2. a) Von Mises strain distribution from finite element simulation. b) Simplified schematic of the three deformation zones: LSA, MSA, and HSA.
c) The velocity field from finite elements together with the reference systems of local shears.

at the opening of the lateral channel where the material is
severely deformed while moving into the channel (Figure 2).
This velocity field was obtained from finite element simulation
performed by the commercial finite element code DEFORM-
2D/3D V11.0 FE. The detailed procedure of this simulation
is described in the study of Vu et al.™! Here, we focus on
the construction of analytical strain paths of the material flow
inspired from the finite element velocity field.

The three deformation zones were identified by texture
measurements, microstructure studies, and finite element sim-
ulations in our previous studies!'®"? Here, to construct the
deformation paths, we rely mostly on the FE simulation study
presented in Figure 2a,c. Figure 2b shows schematically the
three material flow regions with different colors. In the LSA
zone, the material is sheared on the A-B plane only. The
MSA zone is subjected to simple shear on two planes: B—C
and B-E. It is also affected by heavy friction acting on the
F-G plane but still effective on the E-D plane. Material flow
in the HSA zone is sheared on the D-G and E-F planes and
is also affected by the friction shear on the F-G plane. Each dif-
ferently oriented shear plane is attached to a different local
coordinate system x,y,, (n = 1-5), see Figure 2c. The orientation
of the shear plane n is defined by the angle ¢, denoting the
rotation angle between the x,, and X axes. ¢, is positive for coun-
terclockwise rotation and negative vice versa. These reference
systems are important for the construction of the transforma-
tion matrices used for the velocity gradient tensors to express
them from the local coordinate system x,y, in the global
PFM-processing system in the XY axes. Table 1 contains the
orientations of the shear planes and the corresponding amount
of shears. Except for the friction shears, that act on the E-D and
F-G planes, the other shear values were obtained from the
general formulal'®

y = cot ff; + cot (1)
where f; and $, angles are the inclination angles of the flow line
to the shear plane. For the shear that originated from friction,

its value cannot be assigned analytically, so it was adjusted for
finding the best texture simulation results.
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Table 1. Directions and shear strains of the various shear planes in the
deformation zone.

Local coordinate Rotation angle from local Shear

Shear plane system shear to sample system (¢,) [(]  strain (y)
A-B Xap 138 2.01
B-C X2y2 —120 2.31
E-D (friction) Xay2 —-120 2.7%
E-B XaY4 —40 0.67
D-G Xay3 —145 3.57
F-G (friction) XaY2 120 3.5%
F-E Xsys —80 4.48

AThe shear strain values were obtained from the shear formula (Equation (1)),
except for the friction-induced shears, which were estimated from the simulations.

4. Polycrystal Texture Modeling

In this section, we describe briefly the two modeling
approaches (VPSC and GR) and all input data that are needed
for the simulations. The input data are 1) the velocity gradient
of the deformation path, 2) the initial grain orientation distribution
representing the initial texture, 3) the initial grain shape tensor
(for the VPSC model), and 4) appropriate strain-hardening
parameters.

4.1. VPSC Approach

The VPSC polycrystal code tuned by finite element results by
Molinari and Toth!">'* was used to simulate the texture evolu-
tion during the PFM process. Generally, when a polycrystal is
plastically deformed, its individual grains may deform differently
from the macroscopic strain depending on their interaction with
the homogeneous medium constituted from all the grains
around them. The main effect comes from grain shape which
can be different from a spherical shape, at the beginning of
the plastic strain, and also develops during deformation as an
evolving ellipsoid. The interaction between an individual grain
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and the homogeneous equivalent medium (HEM) in the VPSC
model"** is described by the so-called interaction equation™*!

8 —S=a(l*s + A%)(d8 — D) (2)

where s® and d® are the deviatoric stress and the strain rate in
grain g, respectively .S and D stand for the same properties
for the HEM. A°® represents the macroscopic secant modulus
and T8 is the interaction tensor including the shape effect
of the grain g. The o parameter is dependent on the strain rate
sensitivity m according to this relation: & = 1 — 0.4 (1 — m?). In
our simulation, m = 0.066 was adopted, so a = 0.65. Here the
m value is higher than that for the macroscopic deformation
of aluminum at room temperature but sufficiently low for texture
simulation. By lowering the m value to the experimental value for
aluminum (0.01), only convergence difficulties may happen in
the simulation code but texture evolution remains the same.

4.2. Defining the Initial Texture and Initial Grain Shape Inputs

The initial microstructures obtained from EBSD and the ATEX
softwarel'® are shown in Figure 3a,b. They were examined
on both the TD and FD planes to capture the morphology of
the grains in 3D. As shown, the grains were elongated both

(a) Initial microstructure on plane TD
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for VPSC simulation

Max: 2.34
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along the FD and TD directions. The average ellipticity a/b
(the a and b axes are parallel to PD and FD, respectively)
obtained from the microstructure on the TD plane (Figure 3a)
was about 1/3.3, whereas the average ellipticity ratio a/c (the axis
c is parallel to TD) obtained from the plane FD was 1/1.8.
From this microstructure analysis, the initial grain shape input
for the simulation is represented by the following grain
shape tensor

10 0
G=1(0 33 o0 3)
0 0 18

The initial experimental texture (Figure 3c) was discretized
into 8000 as well as 1000 grain orientations by the statistical
method of Toth and Van Houtte!* for the VPSC and GR model-
ing, respectively. A large number of orientations are needed for
the VPSC modeling for good statistics and good simulation
quality. The {111} pole figure obtained from the discretized
grain orientations is plotted in Figure 3d. As shown, it looks
the same as the initial experimental one, displayed in
Figure 3c. However, for the GR model, the initial number
of grains is limited as each grain can potentially refine into
27 x 27 x 27 =19 784 grain orientations (see below), which is

(b) Initial micros‘tructure on plane FD

001 101

TD

b

— PD=X

(e)
1000 initial grain orientations
for fragmentation simulation

Max: 2.3

0.7 0.81 093 1.17 1.29 1.43 1.57 1.72 1.89 2.06 2.34

Figure 3. a,b) The initial microstructures of Al1050 on the TD-plane and FD-planes, respectively. c) The measured {111} pole figure of the initial micro-
structure on the TD-plane. d) The {111} pole figure of 8000 initial grain orientations reproduced from the initial texture for the simulation input used in the
VPSC modelling. e) The {111} pole figure of the 1000 initial grain orientations used as initial grains in the GR modelling.
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almost 20 million, if all grains are fully refined. So only
1000 grain orientations were selected for the GR simulations.
Nevertheless, the 1000 grains represented well the main fea-
tures of the initial texture; compare Figure 3c,e.

4.3. Defining Strain-Hardening Parameters

To identify the strain-hardening behavior of the material under
simple shear deformation mode, an initial sample of Al1050
with the geometry shown in Figure 4a was subjected to
free-end torsion testing. The axial elongation of the sample was
negligible during the test. The relation between the torque and
twist angle was recorded during the test, and it was converted
into stress—shear strain relation using the Fields and Backofen

equation(?”
T dinT . dinT 4
TR " ding T dind ()

R

- )

where 7, represents the shear flow stress at the outer radius R of
the sample, T is the measured torque, 6 denotes the applied twist
angle, and L is the gauge length of the sample. The results
obtained from Equation (4) and (5) were then plotted in
Figure 4D (the red dotted line).

The strain-hardening parameters for the texture simulation
were identified by reproducing the torsion stress—strain curve
by VPSC simulation. In the VPSC polycrystal code,*'* the
hardening behavior of the polycrystal is controlled by the

(a)
20 45 20
16
e - | 2,
K ! < cof i N
8 SRR
a [} N 1 N\
‘ 5f
(b)
120
¢ Experiment
100 1 ——Simulation

Shear stress (MPa)
N o %
S S S

L .

™)
S
v

0 1 2 3 4 5 6 7 8 9
Shear strain

Figure 4. a) The geometry of the Al1050 sample subjected to free-end
torsion test. b) The strain-hardening curve in simple shear deformation
in the free-end torsion test, with a comparison between the simulation
and the experiment.
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reference shear stress 7§ and the reference shear rate
7o which are part of the strain rate sensitive constitutive
law for slip

) ) . 7%|1/m
7" = o(sin(z?)) | — (6)
%o

where 7* and t* are the shear rate and resolved shear
stress, respectively, in the slip system a. We used the
self-and latent-hardening law developed in the studies by
Kalidindi et al. and Zhou et al.?"?*? which is written in rate
formalism

=Y HY|jPla,p=1-12 (7)

e (@)

H* is a matrix controlling the strain-hardening rate. The g,
matrix represents the interaction between slip systems. Its values
were defined on the basis of the geometrical configuration
between the two slip systems. They were 1, 1.5, and 2 for the
coplanar, collinear, and perpendicular slip cases, respectively,
and for all other configurations, a value of 1.5 was taken.
Teat 1S the saturation value of the resolved shear stress and hy
is a rate-controlling coefficient. For the reference slip rate,
7o=1s"" was used, and for the initial value of 7%, a value of
16 MPa was appropriate to reproduce the initial flow stress of
the polycrystal. The other parameters were defined by fitting
the stress—strain curve obtained from a torsion test simulation
(the blue continuous line in Figure 4b) to the experimental data
(the red dotted line). They were obtained as: ho=130 MPa,
Teat = 150 MPa, and a =>5.

The stress—strain curve obtained by the VPSC simulation
nearly coincides with the experimental curve as shown in
Figure 4b. As the hardening parameters are all intrinsic to the
material, they can be used for other deformation paths too,
not only for torsion. Indeed, torsion is simple shear and the
deformation mode within the PFM plastic zone is also composed
of successive simple shear deformations.

4.4. The Grain Fragmentation Model

We use the GR model established by Toth et al.l**! The model is
based on the lattice curvature which is induced by the lattice rota-
tion of the grain during large plastic strain. This model has
proved its performance in several studies.*~*! In the GR model,
the grain is divided into 3 x 3 x 3 parts, similar to a “Rubik
cube.” The lattice rotation in its center part is calculated by
the viscoplastic Taylor model, and the lattice rotation is retarded
by a factor y in the other parts. (See more details about this retar-
dation in the study by Toth et al.l'*.) After each strain increment,
the disorientation between the central part and the external ones
is calculated. When the disorientation reaches a minimum angle
of 5°,"%1 that part is considered as a new grain, and is divided
into 3 x 3 x 3 parts, as the “parent grain.” (The 5°-disorientation
angle is selected by estimating that disorientation between grains
leads to significantly different stress states and slip distributions
if the orientation difference is at least 5°. The fragmentation
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code is using the same slip system activity in the subgrains as the
“mother grain” until 5° it is, however, not reasonable to
continue that approximation for disorientation angles that are
larger than 5°.) Then the process is repeated within this new
“Rubik” structure. The number of embedded Rubik cubes is
three in the numerical code, so the initial grain size can decrease
by a factor of maximum 3 x 3 x 3=27. A typical value for y is
0.5. The strain rate sensitivity exponent for slip (m) was also
0.066 in the GR code. The GR model is a Taylor-type polycrystal
model, in which grain shape is generally not relevant. However,
the GR model considers the effect of grain shape on lattice
rotation by following the physical orientations of the grain
boundaries that affect the slow-down of lattice rotation by their
orientation. Details about this can be read in the study by
Toth et al.™ Note that this grain-shape consideration only affects
lattice rotation, not other physical parameters, like stress state, or
local strain, which are affected by grain shape in the VPSC
approach.

4.5. Defining the Input Velocity Gradient Tensors

The first important step in simulating texture evolution by
polycrystal modeling is to define the velocity gradient tensor
which is imposed on the sample through the deformation
process. Each time the material passes a shear plane and
changes its direction, a different velocity gradient tensor is
imposed. Based on the model of the strain paths presented
above (Figure 2a and Table 1), there are several local velocity
gradient tensors L*¥» (n =1-5) needed to be defined. As men-
tioned in Section 3, in all local coordinate systems, x,y, the
deformation mode is assumed to be simple shear; the shear
direction in each shear plane is defined in red color in
Figure 2c. Thus, the local velocity gradient tensor in each shear
plane is defined as

07 0
Lxm:<0 0 o) 9)
00 0

The local velocity gradient tensors need to be expressed
in the PFM-processing coordinate systems in the XY
axes (Figure 2c). This can be done by the following trans-
formation

éxnyn =R L% .:RT (10)

where R is the rotation tensor, defined as

cos¢, sing, O
R= (—singbn cos ¢, 0> (11)
0 0 1

The ¢, values are defined in Table 1. From Table 1 and
Equation (9)—(11), the velocity gradient tensors expressed in
the PFM-processing XY reference systems were obtained as
follows
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4.6. Simulation Implementation

Both the GR and VPSC models were used in all the three
PFM zones to simulate texture evolution. In both modeling pro-
cesses, the experimental initial texture was used. In the VPSC
simulations, 8000 discretized grain orientations were used
(Figure 3d). The initial grain shape was considered using
Equation (3). In the GR approach, 100 grains were selected so
that they represent the initial texture approximately. The reason
for only 100 grains is the exponential increase of their number
during the simulation: up to several million along a given strain
path. The strain-hardening parameters defined in Section
4.3 were used in all simulations. Plastic deformation was
assumed by dislocation glide on the typical FCC {111} (110) slip
systems with the same initial reference shear stress (16 MPa).
In the LSA, only one velocity gradient tensor LX1Y1 was used
for the simulation as the material in this area experienced only
one shear on plane A-B. Whereas, in the MSA, three velocity

: XY, XY
gradient tensors LpZ'2, L5 % and LX+¥+ were used, correspond-

ing to three shear planes: B-C, D-E, and B-E. In the HSA, there
were also three velocity gradient tensors [*:%3, L)F{ZGYZ, and [%Ys

used in the simulation, corresponding to the three shear planes:
D-G, G-F, and E-F. Notice that on the E-D and F-G shear

planes, the velocity gradient tensors, L)E%YZ and L;(ZGYZ, were the

same as they are parallel to each other. The difference between
them was the amount of shear strain imposed, see Table 1. All
simulations were run in a continuous manner, with a shear
strain increment of Ay = 0.05. For each case, when several
shear planes were implied, one single calculation was done
using the velocity gradient tensors one after the other.
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5. Results and Discussion

The results of the experimental textures and the simulations
obtained by the GR and VPSC simulations are presented in
the {111} pole figures in Figure 5 and in forms of ODFs in
the ¢, =0° and 45° sections in Figure 6, for each strain zone.
The reason for showing only two sections of the ODFs instead
of the whole Euler space is to save space and also because these
sections contain all ideal orientations of shear textures. The pole
figures always show the orientations of the whole grain population.

Simple shear textures of FCC metals are identified by two
fibers, the A fiber with {111}|| shear plane normal (SPN) and

(a) Experiment, LSA (b)

Max: 2.26

Experiment, MSA (C)

www.aem-journal.com

the B fiber with (110)|| shear direction. The main individual
texture components along the A fiber are the A, Ay, A;, and
A, and along the B fiber are the A, A, B, By, and C
components.””) The two fibers are connected to each other at
the A/A,, orientations.”*”) Their positions are indicated in the pole
figures as well as in the ODFs. The pole figures show the position
of the SPN, the shear plane (SP), as well as the shear direction
with the help of two arrows. Note that the theoretical orientations
of SPN and SP are indicated in Figure 5: They were identified
by superimposing the {111} pole figures with the ideal one
known for simple shear of FCC metals. They were used to iden-
tify the “orientation of the texture” by measuring the orientation

Experiment , HSA

Max: 2.81

(d) VPSC,LSA

()

Fragmentation, HSA

Adopted modelling

Max: 2.53 Max: 3.32 Max: 5.26
(9 Fragmentation, LSA (h) VPSC, MSA @) VPSC, HSA
Rejected modelling

Max: 5.71

Max: 13.18

Max: 4.73

I — ]

0.7 095 121 148 1.75 2.04 234 266 3.08 643 981 13.18

Figure 5. {111} Pole figures for LSA, MSA, and HSA obtained from experiment and from simulations using the VPSC and GR modelling.
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o‘Az sz

h
450
|
Arddad xxk li 1&
\ Lon
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Adopted modelling
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490 % e0

) A1. .Ala: oA ALGE A
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90°

Figure 6. ODF sections for LSA, MSA, and HSA obtained from experiment and from simulations using the VPSC and GR modelling. The reference system

is the fixed XY sample system.

of the SP. Table 3 shows the rotation angles between the FD and
SP directions measured from the pole figures.

As shown from Table 3, the orientation of the identified shear
plane in the experimental texture rotates by 132° — 50°=82°
between LSA and MSA and by 50° — 10°=40° between MSA
and HSA. The total rotation is 122°, representing a high-texture
gradient across the 1 mm-thick sheet.

The orientations of the simulated textures are perfectly
reproduced by the simulations; see the three textures in
Figure 5 below the experimental ones called: “adopted modeling.”
Simultaneously, the orientations of the shear planes are the same
as the orientations of the last physical shear planes along each
deformation path. This indicates that the final orientation of

Adv. Eng. Mater. 2020, 22, 1900661
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the simple shear texture was determined by the orientation of
the last shear plane along the strain path, for all deformation
zones. This is because of the large strains that each of the last
shear planes imposes on the material. They are y=2.01 for
LSA, y=0.67 in MSA, and 11.55 in HSA (Table 2). Such large
strains are actually sufficient to form the ideal components of a
texture, thus producing a simple shear texture.

Concerning the agreement of the simulated textures with the
experimental ones, one can see in the pole figures (Figure 5)
and the ODFs (Figure 6) that there is a good agreement between
the simulation and the experiment for the selected “adopted
modeling.” They both exhibit the dominance of the C component
in all three strain areas and a fairly weak A- and B-type texture
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Table 2. Shear plane sequences and accumulated total shears for the
three shear zones.

Deformation zone Strain path sequence Accumulated shear strain (y)

LSA A-B 2.01
MSA B-C — D-E — B-E 5.68
HSA D-G — G-F — E-F 11.55

Table 3. Orientations of the experimental and simulated textures in the
different deformation zones as defined by the rotation angles between
the FD sample axis and the SP identified in the pole figures of Figure 5.

Deformation  Orientation of experimental  Predicted by Predicted by GR

zone texture (°) VPSC (°) modelling (°)
LSA 132 132 140
MSA 50 50 49
HSA 10 10 10

components. The textures are basically the same in each deforma-
tion zone, the main difference is their orientation with respect to
the fix reference system. The good agreement between experiment
and simulation for all three deformation zones validates our
modeling assumptions concerning the strain path for each zone.

However, the experimental texture is best simulated with the
VPSC model for the LSA, whereas it is the GR approach which
produces much better agreement for both MSA and HSA.
Indeed, for the LSA, the GR model produces a too strong Al
component and the orientation of the texture deviates signifi-
cantly from the experimental one (by about 8°, see Table 3).

The validity of the VPSC approach for the LSA can be under-
stood by the relatively low strain (y = 2), so GR is not that relevant
in the LSA region when compared with the MSA or HSA, where
the strains are much larger. The main reason for the validity of
the VPSC code in the LSA, however, is the effect of grain shape,
which is taken into account in the VPSC approach. Already the
initial grains were elongated, and their shape further evolved dur-
ing deformation. The GR model does not take into account the
grain shape as it is based on the Taylor polycrystal behavior.

To date, there have been a few number of studies investigating
the effects of grain shape on texture evolution. Jahedi et al.’*®!
conducted both experiments and the VPSC simulation approach
introduced by Beyerlein et al.*”' to study systematically the effect
of grain shape on texture evolution during simple shear
deformation of Cu, which is also an FCC material with smaller
stacking fault energy as compared with aluminum. The results
from this study showed that an elongated grain shape micro-
structure resulted in a dominant C component in simple shear
texture, whereas when using equiaxed grain shape, it was not the
case (not shown here). A similar result was reported by Toth and
Molinari for torsion of copper.**]

At large strains, in the MSA and HSA regions, the VPSC
model fails, see the predicted textures in the third row of
Figure 5 and 6, called “rejected modeling.” For both cases, the
VPSC model predicts strong A, and weak C components,
whereas in the experiment, the opposite can be seen. The low
performance of the VPSC approach at large strains is because

Adv. Eng. Mater. 2020, 22, 1900661

1900661 (9 of 10)

www.aem-journal.com

of the grain shape effects. The strains are very large in MSA
and HSA, so the grains become extremely elongated in VPSC
under simple shear. However, in the real material, GR takes
place, which reduces the grain elongations. As shown in the
HSA in Figure 1f, the grains became nearly equiaxed due to grain
refinement. Therefore, GR has to be modeled when strain is very
large. The grain number increased in the GR modelling from the
initial 100 grains to 496 933 in the LSA, 1022956 in the MSA,
and 1254576 in the HSA regions.

The GR model that is used is based on the Taylor deformation
mode of the polycrystal. This is in accordance with recent propo-
sition, that, at very large strains, the polycrystal behavior
approaches the Taylor mode.**! It was found in the study
by Toth et al.*? that the density of geometrically necessary dislo-
cations decreases at very large strains. One reason for this is that
the newly fragmented grains are produced so that they accommo-
date better to the imposed plastic deformation. Another effect
which also reduces geometrically necessary dislocation (GND)
density is a continuous dynamic recrystallization process at
extreme strains, that removes GNDs, mostly those grains that
do not accommodate well to the imposed deformation. The final
result is a nearly uniform deformation mode. It was shown by tex-
ture modelling in the studies by Toth and coworkers?**>* that, at
large strains, the textures could be only reproduced if the value of
the interaction parameter a increases, which also indicates the ten-
dency toward the Taylor deformation mode.

This study used both the VPSC and GR modeling for the
PFM process, which is an SPD technique. Note that both model-
ing can be applied for any SPD process, if the velocity gradient is
known. We cite some previous SPD modeling among many
others where, these two polycrystal plasticity approaches were
used: for VPSC, the studies by Beygelzimer et al., Gu et al,,
Jahedi et al., Beyerlein et al., Toth et al. and for GR, the studies
by Toth and Gu.

6. Conclusions

In the present work, a strain path model was constructed for the
three strain regions observed in the sheets produced by the PFM
process. The model was based on the mechanics of the process
and using finite element analyses. The strain paths were then
incorporated into VPSC and polycrystal GR simulations for
predicting texture evolution in PFM of Al1050. In the VPSC sim-
ulations, we consider the initial texture, initial grain shape, and
strain hardening. The GR modelling used the Taylor polycrystal
approach. The obtained simulation results permit to formulate
the following main conclusions: 1) The presented strain path
model for the three deformation zones observed in the sheets
produced by PFM was validated by texture simulations. 2) The
texture gradient observed experimentally was successfully repro-
duced using the strain path model together with the VPSC or GR
polycrystal models. 3) The orientation of the texture in the sheet
was determined by the last shear strain zone within the plastic
deformation zone of the PFM. 4) In the low strain area (LSA), the
VPSC model was in good agreement with experiment for
the texture. At large strains (MSA and HSA regions of the PFM-
produced plate), the GR model was successful for reproducing
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the experimental texture, indicating the importance of incorpo-
rating GR into large-strain polycrystal modeling.
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