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Twist extrusion (TE) is a severe plastic deformation method with a potential for commercial-
ization. Deformation during the TE process is non-uniform and non-monotonic, which is
expected to result in significant and non-trivial microstructural changes in metallic materials. In
this study, texture evolution during TE of pre-textured copper was investigated. Experimental
characterization of textures after various numbers of passes demonstrated that TE can be used
for producing uniformly weak textures in pre-textured copper. Crystal plasticity simulations
were found to run into the problem known as strain reversal texture. In particular, crystal
plasticity simulations predicted the return of initial texture upon strain reversal in the first pass
of TE, whereas the experimental texture was not reversed and had components related to simple
shear. Grain refinement, imperfect strain reversal, and material asymmetry are proposed to be
responsible for the occurrence of strain reversal texture in TE. Effects of the non-random initial
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texture on the microstructure and texture evolution are also discussed.
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I. INTRODUCTION

SEVERE plastic deformation (SPD) methods are
powerful for improving properties of metallic materials
yet difficult for commercialization. Twist extrusion (TE)
is a promising SPD technique for commercial use. The
promise for scale-up ensues from a relatively good
compatibility of the process with conventional metal
forming techniques, feasibility for processing of large
samples, and other practical advantages, such as unidi-
rectional loads,!! multi-pass processing without rein-
serting the sample.

In the TE process, a sample of quite an arbitrary cross
section is pressed through a die consisting of two
straight channels and a so-called twist channel between
them!” (Figure 1(a)). Ideally little change in the
cross-sectional shape of the sample allows for repeating
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the TE process and accumulating large plastic strains. In
the first approximation, deformation in TE is simple
shear concentrated on two planes where the twist
channel intersects the straight channels (highlighted in
Figure 1(a)).**! The sense of simple shear acting on the
second plane is opposite to that of the first shear,
whereas the magnitudes of both shear strains are ideally
identical.

Significant changes in the microstructure, crystallo-
graphic texture, and thus mechanical properties of
metallic materials are expected to occur in response to
large strains and marked strain path changes involved in
TE. While the evolution of microstructures and mechan-
ical properties was documented and understood to some
extent, texture development in TE has received little
attention. Indeed, only a few studies® ® confined to
experimental measurements of TE textures are available
to date and are insufficient for a systematic understand-
ing. It is unfortunate because texture is known to have a
strong influence on the anisotropy of mechanical and
physical properties of the polycrystalline materials.
Therefore, knowledge on deformation texture developed
as a result of TE would allow for prediction of the
behavior of the material during further processing or
actual service in structures. Furthermore, understanding
of the relationship between texture evolution and the
process variables (e.g., die geometry and pass number)
would help optimizing the process towards desired
properties of the processed material. Finally, investiga-
tion of texture and related phenomena in TE are also of
scientific interest because complex deformation with
large strains and strain path changes is involved in the
process.

For these reasons, the current study seeks to advance
our knowledge and understanding of texture evolution
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in TE. One of the objectives of the present paper was to
document texture evolution in multi-pass TE of an fcc
metal. This objective was accomplished through X-ray
diffraction measurements of textures in copper after
various numbers of passes. Another goal of the present
study was to understand sow texture develops during the
TE process, for which finite-element modeling and
crystal plasticity simulations were performed for one
TE pass. With acknowledgement of non-uniform defor-
mation in TE, attention was paid to possible spatial
variations of texture in both modeling and
characterization.

II. EXPERIMENTAL AND MODELING
PROCEDURES

A. Material and Processing by Twist Extrusion

Commercially pure copper M1 (99.9 pct, see Table I)
in an as-received state was used for the present study.
The copper was received in rods with a diameter of 50
mm produced by hot pressing in Artemovsk Works
(Ukraine). For processing by TE, samples of a length of
70 mm were machined from the as-received rods. The
samples measured 28 x 18 mm in cross section and had
a rectangular shape with two arc sides (Figure 1). A TE
die with a 90 deg clockwise twist (i.e., angle x) was used
for processing. The TE process was conducted at a
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Fig. 1-—(a) Geometries of the die and the sample used in the experi-
ments and simulations; and (b) regions analyzed in the current study
in respect to the sample cross section. The vertical lines show
approximate locations of surfaces for XRD, optical microscopy, and
microhardness measurements (the “halfway” was analyzed only after
the first pass). The elements for which the velocity gradient and tex-
ture evolution were analyzed are also highlighted. These elements be-
long to a cross section at the middle of the sample length.

temperature of ~340 K (~65 °C) with a ram speed of 3
mm/s. Back pressure of a magnitude of 250 MPa was
applied to the leading end of the sample.

B. Characterization of Microstructure and Texture

Grain structures of the as-received and twist-extruded
copper were analyzed with optical microscopy. Speci-
mens were cut from the center and periphery regions
(Figure 1(b)) parallel to the extrusion axis. The speci-
mens were ground, polished, and then swab-etched for
approximately 30 seconds with ASTM etchant #34 (2.5
g FeCls, 25 ml HCI, 50 ml water).”!

Textures of the as-received and twist-extruded copper
were measured by X-ray diffraction (XRD) in a Bruker
D8 Discover diffractometer equipped with a pole-fig-
ure goniometer. Four incomplete pole figures—(111),
(200), (220), and (311)—were recorded up to a polar
angle of 80 deg using CoKo radiation (wavelength 1.79
A) at 35 kV and 40 mA. The measured intensities were
corrected for background and defocussing. Background
intensities were calculated as an average of two values
recorded at each polar angle on both sides of the peaks.
The background intensity was collected 10 times longer
than the peak intensity. The peak intensities were further
corrected for defocussing based on XRD of a reference
sample made of a copper powder embedded in an acryl
matrix. Textures were measured in three regions which
we shall refer to as ““center,” “periphery,” and “‘halfway”
(shown in Figure 1(b)) after the first TE pass, and in two
regions—center and periphery—after multi-pass TE. All
XRD measurements were conducted on planes parallel to
the longitudinal axis and normal to the radial axis.
Orientation distribution functions (ODF) were calcu-
lated from the experimental pole figures with the MTEX
algorithm.'” Textures were analyzed through ODF
sections and recalculated pole figures. All pole figures in
this paper are presented in equal-area projection.

C. Mechanical Testing

Microhardness was measured to estimate the effect of
multi-pass TE on the mechanical properties of copper
and their heterogeneity. Microhardness measurements
were conducted with a dwell time of 5 seconds and a
load of 500 gf applied to a Vicker’s tip. At least 20
indents were made in each specimen for obtaining
average microhardness.

For calibrating material model parameters in crystal
plasticity finite-element simulations, mechanical behav-
ior of the as-received copper was measured in uniaxial
compression at room temperature. Cylindrical speci-
mens for the compression testing had 7 mm in height
and 5 mm in diameter. The compression tests were
conducted at an initial strain rate of 10> s~ '. Strain was

Table I. Maximum Allowed Concentrations of Impurities in Copper M1 (Russian Nomenclature)

Fe Ni S As Pb Zn

Ag (0] Sb Bi Sn Cu

0.005 0.002 0.004 0.002 0.005 0.004

0.003 0.050 0.002 0.001 0.002 99.9
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measured with an optical digital image correlation
system Aramis. A Teflon film was used to reduce
friction between the specimen and the dies.

D. Modeling and Simulations

1. Full-size finite-element simulations of deformation

A three-dimensional finite-element (FE) model was
constructed in commercial FE software ABAQUS for
analysis of deformation in the TE process. For the FE
model, the actual geometries of the sample and the die
channel used in the experiments (Figure 1) were repro-
duced. The sample was represented by a deformable
Lagrangian mesh consisting of 3465 eight-node brick
(C3D8) elements with full integration. The die channel
was modeled as a rigid surface discretized by four-node
shell (R3D4) elements. Simulation of the TE process was
performed using Lagrangian analysis in ABAQUS/
Standard. Velocity boundary condition in the extrusion
direction with a magnitude of 3 mm/s (equal to the
actual ram speed) was prescribed to the top nodes of the
sample. Finite sliding with tangential behavior (without
friction or with friction coefficient, u = 0.05) was defined
for the surface-to-surface contact between the die and
the sample. Back pressure of 400 MPa was applied as a
surface traction in the counter-extrusion direction to the
bottom nodes of the sample. The magnitude of back
pressure in FE simulations (400 MPa) was set higher
than that in the actual processing (250 MPa) because
preliminary FE simulations showed that back pressure
defined as a surface traction may underestimate the
effect of back pressure: corner gaps were detected in FE
simulations with 250 MPa, whereas corner gaps were
not observed in the experiments with this magnitude of
back pressure.

With the described model of the TE process, two
types of constitutive relations were used for modeling of
the material behavior. A simple rate-independent model
assuming von Mises yield criterion and isotropic per-
fectly plastic hardening behavior was used in conven-
tional FE method for simulations of the first type
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Fig. 2—Stress—strain curves describing the strain-hardening behavior
of the material models used in FE and CPFE simulations compared
to the experimental data obtained in uniaxial compression.
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(“FE-PP material”) (Figure 2). The second type of
simulations was performed in order to take into account
plastic anisotropy of the material during deformation.
In this type of simulations (“CP-SH material”), the
constitutive response of the material was defined by a
crystal plasticity theory developed and implemented in
FEM by Kalidindi ez a/."V In such crystal plasticity FE
(CPFE) simulations of fcc metals, only crystallographic
slip on {111}(110) slip systems is considered to con-
tribute to deformation. The shear rate, y* and hardening

matrix h*¥ were described by the following equations!'*":

oy o\
F=io(1-2) sien(e) 1]
ﬂ a
Wb = ghy (1 - S_ﬁ> . 2]
Ss

Reference values were accepted for initial slip rate
(5o = 0.001 s~ ') and latent hardening (¢* = 1.4 when
o« # B).'*! whereas strain-rate sensitivity, m, had to be
artificially increased to 0.075 to address convergence
problems in full-size CPFE simulations. The other
parameters (so, hg, a, s;) describing single-crystal hard-
ening were obtained by fitting stress—strain curve
obtained in simulations of uniaxial compression to the
experimental data (Figure 2). The obtained hardening
parameters are listed in Table II.

Discrete orientations required for integration points
of the deformable mesh were sampled from the ODF
obtained from experiments. Each discrete orientation
was represented by a set of Euler angles and all
orientations had the same statistical weight. Since the
as-received copper prior to TE had a non-random
texture, the number of orientations belonging to a
certain texture component was approximately propor-
tional to the intensity of this component in the ODF.
Discrete orientations sampled in this manner were
randomly assigned to the integration points.

2. Polycrystal plasticity simulations of texture evolu-
tion

Analysis of texture evolution during the first TE pass
was focused on several elements of a cross section at the
middle of the sample length. Three elements were picked
from locations which correspond to experimental mea-
surements of texture. These elements (shown in
Figure 1(b)) are referred to as “‘center element” (¢ = 0),
“halfway element” (¢ = 0.5), and “‘periphery element”
(& = 1), in accord with designation of regions of the
experimental texture measurements in the actual sample.

Texture evolution was simulated by subjecting a
polycrystalline aggregate to deformation history
obtained from full-size FE simulations for the FE-PP
and CP-SH materials. In polycrystal plasticity simula-
tions, the material was assigned perfectly-plastic behav-
ior and the same slip resistance as in full-size FE
simulations for the CP-SH material. The polycrystalline
aggregate consisted of 1200 grains whose orientations
were sampled from the ODF of the initial texture in the

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table II. Single-Crystal Hardening Parameters Obtained by Curve Fitting

Initial Slip Resistance, s Parameter, hy

Parameter, a Saturation Slip Resistance, s;

107.5 MPa 20 MPa

3.0 140 MPa

periphery

2 passes 7 passes
AT VLT ol

AT

Fig. 3—Optical micrographs of initial and twist-extruded copper in two regions: center (¢ = 0) and periphery (¢ = 1).

same manner as for full-size CPFE simulations. For
modeling texture evolution, two types of polycrystal
plasticity simulations were performed. In the first
type—Taylor simulations—grains within the polycrys-
talline aggregate were assumed to experience the same
strain as the whole aggregate. For simulations of the
second type—polycrystal CPFE simulations—the ele-
ments of interest from the full-size FE model were
subdivided into 1200 finer elements. The elements of the
finer mesh in the polycrystal CPFE model were ran-
domly associated with the same discrete orientations as
for the Taylor simulations. As a result, grain—grain
interactions were explicitly taken into account in such
polycrystal CPFE simulations.

III. RESULTS
A. Optical Microscopy and Hardness

To assess the microstructure response to processing
by TE, grain structures of as-received and twist-ex-
truded copper were analyzed with optical microscopy
(Figure 3). Optical micrographs reveal rather equiaxed
grains in all samples. The hot-pressed copper is charac-
terized by coarse-grained structure: grains with diame-
ters in a range of 0.1-0.5 mm are seen in the micrograph.
In twist-extruded samples, grains become finer as the
number of passes increases; however, large grains are
still present in multi-pass samples, and the grain
structure even after seven passes is relatively coarse.

Mechanical properties and their heterogeneity were
evaluated through microhardness measurements in two
regions: center and periphery. The mean values
(Table III) indicate that microhardness in the center of

METALLURGICAL AND MATERIALS TRANSACTIONS A

Table III. Mean Vickers Microhardness (HV) of the
As-Received and Twist-Extruded Copper in the Center and
Periphery Regions

Center Periphery
Initial 110.26 £+ 5.30
1 pass 108.44 £ 4.08 125.09 £+ 5.49
2 passes 113.39 £ 3.32 127.37 £ 4.40
7 passes 115.46 £+ 3.32 127.29 £ 3.16

Standard deviation of the measurements was calculated to repre-
sent the error.

the twist-extruded samples slightly increases with the
number of passes but remains comparable with that of
the as-received sample. Microhardness in the periphery
is noticeably higher compared to that of the as-received
copper; however, it remains nearly unchanged with
increasing pass number. Little or no increase in hardness
or other strength characteristics during multi-pass TE
was also observed in previous studies.!'"!3 ¢!

B. Texture

1. Initial texture and texture gradient after the first
pass

We begin our analysis of textures from inspecting pole
figures obtained for copper before and after the first TE
pass (Figure 4). Textures were measured at various
locations along the major axis of the sample cross
section. In the current study, copper in an as-received
state was used for processing and thus had a non-ran-
dom texture prior to TE, which is evident from a (111)
pole figure projected along the longitudinal axis.

VOLUME 47A, MARCH 2016—1251
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Fig. 4—Recalculated (111) pole figures of textures before and after one pass of twist extrusion obtained from XRD measurements. The pole
figures are shown for the center (¢ = 0), halfway (¢ = 0.5), and periphery (¢ = 1) regions. These pole figures are projected along the longitudi-
nal (or extrusion) axis. The numbers indicate maximum pole intensities of the pole figures. Contours: 1.0/1.3/1.6/2.0/2.5/3.2/4.0/5.0/6.4/8.0.

The as-received copper was produced by hot extru-
sion, an axisymmetric process, for which a combination
of (111) and (100) fibers can be expected for an fcc
metal deforming by slip.*% The pole figure for the center
region shows that, although non-ideal, (111) fiber is
indeed present, which is evident from the intensity peak
at the center of the pole figure and a circle of increased
intensity towards the rim of the pole figure. At the same
time, complete (100) fiber is not seen: there are only four
rather small intensity peaks instead of typical circle of
increased intensity. Deviations of the initial texture in
the center region of the sample from ideal axial
symmetry can be expected to result from thermome-
chanical treatment of the as-received copper samples
before the final operation (conventional hot extrusion).

Pole figures obtained for other regions of the initial
sample (halfway and periphery) are qualitatively similar
to the pole figure of the center region with some difference
in texture strength: texture in the periphery is weaker with
a difference in maximum pole intensity of ~2.0.

Pole figures of copper after one TE pass also
demonstrate a non-uniform texture (Figure 4). The
(111) fiber persists in all regions but the intensity of
the peak decreases in the radial direction from the center
to the periphery with texture in the center being sharper
than the initial texture. The initial and first-pass textures
in different locations differ not only in the (111) peak
intensity but also in the distribution of off-axis intensi-
ties. While there are three equally spaced off-axis
concentrations of higher intensity in the pole figure of
the initial texture, the pole figure for the first-pass-center

1252—VOLUME 47A, MARCH 2016

specimen has six well-defined off-axis peaks. Similar
peaks are found in the texture at ¢ = 0.5 but, in this
case, they are less clearly defined and spread more
uniformly around the longitudinal axis. The specimen of
the periphery region reveals again three but weaker
off-axis intensity concentrations.

For a better understanding of texture after the first TE
pass, sections of orientation distribution functions
(ODFs) were examined. Since TE is a shear-based
process, it is beneficial to analyze ODF sections in
respect to ideal orientations established for simple
shear.'”-'® Ideal orientations in simple shear and their
development were exhaustively treated in literature
dedicated to torsion!'” 2" or equal channel angular
pressing (ECAP).?> ¥ We shall only remind that ideal
orientations depend on the crystal structure and, for fcc
crystal structures, they are 4, A, A7, and A} components
forming the partial A fiber, and 4, 4, B, B, and C
components forming the partial B fiber.*> For making
the ODFs of first-pass textures in copper comparable
with ideal shear orientations, the ODFs are referenced to
simple shear frame, in which shear plane normal points
up whereas shear directions lie in horizontal plane.

Figure 5 depicts ODF sections of the initial and
twist-extruded copper with superimposed ideal orienta-
tions of simple shear. The ODF sections of the initial
texture demonstrate that, even before TE, texture of the
as-received copper had maxima coinciding with the A,
A, A;, and A3 components. At the same time, B and B
components are not present in the initial texture of

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 5—Sections of orientation distribution functions estimated from XRD measurements for copper before and after one pass of twist extru-
sion. The sections are shown for the center (¢ = 0), halfway (¢ = 0.5), and periphery (¢ = 1) regions. Contours: 3.0/4.2/5.5/6.6/7.8/9.0/10.0/

11.5/12.7/13.9/15.0/16.3/17.5/18.7/20.0.

copper. The ODF sections of the initial texture also
indicate some texture heterogeneity present prior to TE:
the intensity of ODF of the edge region (¢ = 1) is lower
than those of the center (¢ = 0) and halfway regions
(&€ =0.9).

ODF sections of the first-pass texture in all regions
are qualitatively alike and resemble those of the initial
texture. The major difference between the initial and
first-pass textures lies in the intensities. As in the case of
the initial texture, the ODF sections in the center
(¢ = 0) after one pass reveal high intensities at both A4}
and A3 positions with the 45 component being slightly
stronger. Towards the periphery of the sample cross
section, however, the 45 component diminishes, whereas
the 4] component also weakens to some extent but
becomes a component of the highest intensity in regions
towards the periphery of the sample cross section
(¢ = 0.5 and 1). We finally note that although the
initial and first-pass textures are found to have intensity
peaks at ideal shear orientations, the A and B fibers are
not observed in the first-pass textures.

2. Texture evolution in multi-pass twist extrusion

It is also essential to understand the effects of
performing multiple passes on texture evolution during

METALLURGICAL AND MATERIALS TRANSACTIONS A

TE. This is because multi-pass TE is frequently required
for improving mechanical properties and their distribu-
tion throughout the sample. For finding effects of
multi-pass TE on texture of copper, textures after two
and seven passes were measured. The analysis of
multi-pass textures was focused on the center and
periphery regions because the results on the first-pass
textures suggested that the texture at & = 0.5 can be
characterized as a transition texture between those at
¢ =20and 1.

Multi-pass textures along with the initial and one-pass
textures are shown in (111) pole figures projected along
the radial axis (Figure 6), which makes the shear plane
normal vertical and shear directions horizontal. The
pole figures show that texture evolution differs in the
center and the periphery. In the center, features of the
(111) fiber inherited from the initial texture retain even
after seven passes. The maximum pole intensity
increased after the first pass decreases with further
processing. Texture weakens in the periphery as well:
maximum pole intensity drops after the first pass to 4.4
(multiples of uniform distribution) m.u.d., decreases by
50 pct after the second pass to 2.8 m.u.d., and changes
only slightly from that after seven passes—2.6 m.u.d. In
the periphery, however, not only does pole intensity

VOLUME 47A, MARCH 2016—1253
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Fig. 6—Pole figures of as-received and twist-extruded copper after one, two, and seven passes of twist extrusion. For processed samples, textures
are shown for both center (¢ = 0) and periphery (¢ = 1) regions. These pole figures are projected along the radial axis, which makes the shear
plane normal vertical and shear directions horizontal during twist extrusion. Contours: 1.0/1.3/1.6/2.0/2.5/3.2/4.0/5.0/6.4/8.0.

change, but also the character of texture after different
numbers of passes. Like the first-pass textures, the
texture after two passes has texture components related
to simple shear; however, in this case they are weaker,
less defined and more spread around the longitudinal
axis compared to the first-pass textures. The texture in
the periphery after seven passes is more noticeably
different from the initial, one-pass, and two-pass tex-
tures. Instead of the (111) fiber, it has a tilted (110)
fiber, in which (110) crystal axes are inclined to ~15 deg
in respect to the longitudinal axis of the specimen (i.e.,
extrusion axis).

For analysis of weakening of texture in multi-pass TE
in a more quantitative manner, texture index was
calculated. Texture index, J, of an ODF, f{g), is a scalar
quantity concisely describing texture strength, which can
be obtained using the following expression.*°

J= f g)Pde. 3]

Results of calculations of the texture index (per-
formed in MTEX toolbox) for the initial and twist-ex-
truded copper are presented in Table IV for the two
regions under study. Texture index for the center region
raises after the first pass and then continuously
decreases with the number of passes, which is consistent
with the trend of maximum pole intensities in (111) pole
figures analyzed above. In the periphery, however,
texture index drops during the first two passes but is
found increased after seven passes. Another tendency to
be noted is a decrease in the difference between values of
the texture index in the two regions. Indeed, after the
first pass, texture index in the center is more than two
times that in the periphery, which signifies a marked
spatial variation of the texture strength in the sample.
After seven passes, in contrast, the values of the texture
index are nearly identical, which makes the seven-pass
sample more uniform in terms of the texture strength
variations.
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Table IV. Texture Index of the As-Received and Twist-
Extruded Copper in the Center and Periphery Regions

Center Periphery
initial 39 3.1
1 pass 4.9 2.0
2 passes 3.2 1.3
7 passes 1.7 1.6

C. Modeling and Simulations

1. Deformation history

Analysis of deformation history is essential for under-
standing of texture evolution. Although deformation
history during TE was already addressed in the literature
in terms of equivalent plastic strain®” or strain rate
tensor,”! understanding of texture evolution requires
knowledge of velocity gradient, which takes into account
both stretches and rotations.””! Therefore, the evolution
of the velocity gradient during TE for relevant combina-
tions of the material and processing factors was analyzed
in the present work. Velocity gradient L” was derived
from deformation gradient F as proposed by Li et al.*®):

L. = (F.F,—1)/At, [4]

where 1 is the identity tensor, At =1 — ¢ is the time
increment with 7 and ¢ denoting times of the end and the
beginning of the time increment, respectively. Deforma-
tion tensors reveal the deformation character in TE
better if they are expressed in a cylindrical coordinate
frame.””! The velocity gradient in cylindrical coordinates
rfz (shown in Figure 1(a)) was obtained through a
transformation [L] = [Q] [L] [Q]" with [Q] being a
transformation matrix from Cartesian to cylindrical
coordinates. The evolution of the resulting tensor L in
the elements of interest is shown for the FE-PP material
deforming with no friction (Figure 7(a)) as well as for
the CP-SH material deforming with (Figure 7(c)) or
without (Figure 7(b)) friction.
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Fig. 7—Evolution of the velocity gradient for the center (¢ = 0), halfway (¢ = 0.5), and periphery (¢ = 1) elements. Curves are obtained for (a)
FE-PP material with no friction, (b) CP-SH material with no friction, and (¢) CP-SH material with friction.

For all studied cases and regions, the velocity gradient
departs from zero only when the element goes through
the twist channel. In the twist channel, the components
of the most significant magnitudes are off-diagonal
components, L.y, Ly, and Ly.. Their evolution and
relative magnitudes depend on the location of the
element and the strain-hardening behavior of the
material.

In the center element (£ = 0), the components L,
and Ly, have the highest magnitude for both FE-PP and
CP-SH materials. These components are characterized
by nearly identical magnitudes but opposite signs, i.e.,
L, ~ —Lg,. The fact that L,y Lg, = 0, while the other
components are negligible, indicates rigid body rotation
of the element®”—in this case—around the longitudinal
axis. Although rigid body rotation is dominant for the
center element, some small peaks of the component L.
can also be noticed, especially in the case of deformation
history obtained for the FE-PP material (Figure 7(a)).
For the CP-SH material (Figures 7(b) and (c)), the
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components L,y and Ly, increased more gradually as the
element was approaching the twist channel.

For the periphery element (¢ = 1), the evolution of
the components L,g and Ly, is similar to that obtained
for the center element and indicates rigid body rotation
around the extrusion axis. In contrast to the center
region, however, the component of the highest magni-
tude in the periphery is the shear component L,.. For
the FE-PP material (Figure 7(a)), the component L.
has a sharp positive peak (indicating positive shear) at
the first intersection plane and a nearly identical peak of
the opposite sign (indicating negative shear) at the
second intersection plane. The evolution of the compo-
nent L. signifies that deformation in this case is close to
ideal deformation described by the simple shear
model P! According to the simple shear model, defor-
mation in TE consists of two simple shear deformations
of the same magnitude but opposite sense acting on two
narrow intersection planes. The simple shear model
holds strictly only for PP materials and without friction
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between the sample and the die.l’) The same can be
concluded from the evolution of the velocity gradient
obtained in the present study: the CP-SH material
deforms in much broader plastic deformation zones
(PDZs) (Figure 7(a)) compared to theoretically assumed
narrow PDZs along the intersection planes. Further-
more, deformation of the CP-SH material is different in
the two PDZs as can be seen from two peaks of the
component L. that differ in both maximum and shape.
Evolution of the velocity gradient obtained for TE of the
CP-SH material in the presence of friction between the
sample and the die is shown in Figure 7(c). It is seen that
friction also causes broadening of the PDZs. Further-
more, friction results in departure of the other compo-
nents of the velocity gradient from zero, especially in the
periphery region. It means that, although simple shear is
still prevailing deformation, friction between the sample
and the die leads to a more complex deformation mode.

The evolution of the velocity gradient obtained for the
halfway element (¢ = 0.5) is overall similar to that of
the periphery element. The main difference from the
periphery is that the magnitude of shear deformation is
smaller in the halfway element as can be seen from the
evolution of the component Lg.. Furthermore, the
friction effects are less significant in the case of the
halfway element (Figure 7(c)).

CP-SH, p = 0.05

J,_)(pl
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2. Predictions of the first-pass textures

Having the history of the velocity gradient in hand
allows for performing polycrystal plasticity simulations
of texture evolution during TE. Texture evolution was
simulated by subjecting a polycrystalline aggregate
consisting of 1200 “grains” to FE deformation histories
obtained for the FE-PP and CP-SH materials with and
without friction.

As a first approach, the grains in the aggregate were
assumed to undergo the same deformation as the whole
aggregate (Taylor simulations). Figure 8 shows textures in
the periphery region predicted with the Taylor simulations
through (111) pole figures and ¢, = 45° ODF sections.
Texture predictions are presented for three stages: at the
beginning (before PDZs, initial texture), middle (after the
first PDZ), and end (after PDZs, final texture) of the
process. As pointed out in the previous section, during TE,
the sample undergoes rigid body rotation around the
extrusion axis to an angle equal to the twist angle, which is
90 deg clockwise for the present die. To compensate for the
rigid body clockwise rotation of the sample around the
extrusion axis, ODFs obtained from simulations for the
middle and end of the process were rotated counter-clock-
wise to 45 and 90 deg, respectively, around the extrusion
axis. Such compensation makes textures for different
stages of the process readily comparable.
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Fig. 8 —Textures obtained in Taylor simulations for the periphery region with different FE deformation histories. The figure depicts ODF sec-
tions of ¢, = 45° for deformation history of CP-SH material with friction and (111) pole figures for deformation histories of FE-PP and CP-SH
materials with or without friction. The pole figures are projected along the radial axis. The ODF section and pole figure of experimental first-
pass texture are also shown. Pole figure contours: 1.0/1.3/1.6/2.0/2.5/3.2/4.0/5.0/6.4/8.0. ODF contours: 3.0/5.5/7.8/10.0/12.7/15.0/17.5/20.0/22.0/

24.7/27.0/29.5.
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Fig. 9—Comparison between Taylor predictions, CPFE predictions and measurements of the final first-pass textures in the center (¢ = 0), half-
way (£ = 0.5), and periphery (¢ = 1) regions. Textures are represented through (111) pole figures. The numbers indicate maximum pole intensi-

ties of the pole figures. Contours: 1.0/1.3/1.6/2.0/2.5/3.2/4.0/5.0/6.4/8.0.

The results of these simulations shed some light on
important details of texture evolution in TE as well as
on performance of polycrystal plasticity simulations.
First of all, in all studied cases, texture components
related to simple shear form during deformation in the
first PDZ. Comparison of predictions obtained with
different FE deformation histories demonstrates that
textures after the first PDZs are overall alike with only
minor differences. Under the frictionless condition,
texture after the first PDZ is almost identical in both
FE-PP and CP-SH cases. The presence of friction leads
to a slightly different texture development in the first
PDZ as well as to more noticeable differences between
textures obtained for FE-PP and CP-SH materials.

Simulated textures after the second PDZ indicate that,
in the second PDZ, texture is partially recovered to the
initial state. The texture reversal is nearly complete in
the FE-PP case, especially under the frictionless condi-
tion. As strain reversal is imperfect in the case of the
CP-SH material, especially in the presence of friction,
Taylor simulations predict final texture different from
the initial one. At the same time, it is evident that, even
with these deformation histories with imperfect strain
reversal, Taylor simulations do not capture the mea-
sured texture. The disagreement between the predictions
and measurements is especially clear in the ¢, = 45°
ODF sections. While the ODF estimated from the
experimental measurements have a maximum around
the A7 ideal orientation with much lower intensity at the

5 position, the simulations for the CP-SH material
deforming with friction predict the maximum intensity
at the 4} position.
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In an attempt to improve agreement between the
predictions and measurement, another set of polycrystal
plasticity simulations taking grain—grain interactions
into account was conducted. For these CPFE simula-
tions, the elements of interest from full-size FE simula-
tions were subdivided into a finer mesh consisting of
1200 elements. These elements were directly associated
with “grains” and thereby constituted a polycrystalline
aggregate. The aggregate was subject to the same FE
deformation histories as in Taylor simulations.

The first-pass textures predicted by such CPFE
simulations are shown in Figure 9 for the center,
halfway, and periphery regions and compared with
Taylor predictions as well as experimentally measured
textures. The results demonstrate that CPFE predictions
are overall similar to those of Taylor simulations. The
main difference lies in that some components in
CPFE-predicted textures were less sharp and more
diffuse. Most importantly, however, CPFE predictions
also did not capture experimentally observed texture
although grain—grain interactions were taken into
account and FE deformation history with imperfect
reversal of strains was used.

IV. DISCUSSION

A. Texture Elimination During Twist Extrusion

Measurements of texture evolution conducted in the
current study demonstrate that multi-pass TE is effective
for mitigating preferred orientations in pre-textured
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copper. The observation of texture-weakening as a
result of TE is consistent with the earlier texture
measurements in hot-rolled Ti after TE.I”! The main
reason for a decrease in texture strength during the
process can be that simple shear is a prevailing defor-
mation in TE. Simple shear is known to result in
relatively weak textures because there are no ultimate
stable orientations; instead, there are orientation ranges
where grain rotation slows down.*” Furthermore, it was
demonstrated in the current and previous® FE studies
that reversal of shear strains takes place during TE,
which can further contribute to elimination of preferred
orientations. Indeed, very weak textures were reported
for torsion-reverse torsion experiments®'** and ECAP
route C.**

Texture in multi-pass TE became weak not only in the
periphery region, where shear strains and their reversal
are largest, but also in the central region. Decrease in
texture strength in the center can be caused by small
shear strains found with the FE simulations (Figure 7).
With these findings, we conclude that processing regimes
utilizing multi-pass TE can be adjusted for producing
metallic samples with uniformly weak textures. This
ability of the process can be particularly useful in cases
when texture-induced anisotropy of properties is unfa-
vorable in further processing or actual service of metallic
materials.

B. Effects of the Initial Texture

In the current study, copper was processed by TE in
an as-received state and had a non-random initial
texture. Results of the present study allow for deducing
some effects of the initial texture in as-received copper.
First, the initial texture was non-uniform prior to TE as
a result of hot extrusion: the periphery texture was
weaker than that near the axis of the sample (Table IV).
The spatial heterogeneity of the initial texture was
therefore likely to contribute to the texture gradient
observed after 1 to 2 TE passes. At the same time, strain
gradients imposed by TE are thought to have a more
pronounced effect than the initial texture heterogeneity
as the difference in texture index between the center and
periphery region in the first-pass texture is larger
compared to that in the initial texture.

Second, the initial texture present in copper in the
current study may have affected formation of texture
fibers characteristic of simple shear deformation. Tex-
ture developing in simple shear deformation is known to
include partial 4 and B fibers.”” At the same time,
polycrystal plasticity simulations in the current study
showed that these fibers do not form during deforma-
tion in the first PDZ. It suggests that the initial texture
of as-received copper can prevent the formation of the A4
and B fibers during simple shear deformation in TE.
This effect of the initial texture is evident from predic-
tions of polycrystal plasticity simulations with different
initial textures: actual from experimental measurements
and random. From the predicted textures in such
simulations (Figure 10), it is evident that, while the A4
and B partial fibers fully develop when the initial texture
was random, the actual initial texture prevented their
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Fig. 10—Effect of the initial texture on formation of the ideal simple
shear fibers illustrated in ¢, = 45° ODF sections. The ODF sections
are obtained in CPFE simulations after the first PDZ. CPFE simula-
tions were run with the deformation history obtained for the FE-PP
material under frictionless condition. Contours: 3.0/4.2/5.5/6.6/7.8/
9.0/10.0/11.5/12.7/13.9/15.0/16.3/17.5/18.7/20.0.

formation during simple shear deformation in the first
PDZ. This finding accounts for experimental observa-
tions that the 4 and B fibers were absent in the first-pass
textures, whereas ideal shear components were present
(Figure 5).

Another possible effect of the initial texture is
moderate grain refinement (Figure 3) compared to
previous re3ports on microstructures in twist-extruded
metals.!"33*¥ Inspection of ODF sections showed that
the initial texture of copper produced by hot pressing
already had some orientations stable in simple shear
deformation in TE (Figure 5). The presence of such
stable orientations during deformation may decrease
tendency of grains to subdivide and therefore can
account for more moderate increase in hardness in the
current study compared to previous TE experiments
(e.g.,") with metals annealed prior to TE processing.

C. Strain Reversal Texture in Twist Extrusion

Current polycrystal plasticity simulations of texture
evolution in the first pass of TE predicted nearly
complete recovery of texture to the initial state upon
reversal of shear strains in the case of FE deformation
histories obtained for the frictionless process. However,
such texture recovery was not observed experimentally
(Figures 6 and 9). It is interesting that texture reversal
was predicted even by CPFE simulations (Figure 9),
which directly take into account grain—grain interac-
tions. Generally, such CPFE simulations were expected
to perform better®33 than Taylor simulations. It
appears that modeling of texture evolution in TE runs
into the problem of strain reversal texture, which is well
known in modeling of texture in ECAP route C. For
ECAP route C, several phenomena were pointed out to
be responsible for disagreement between the experiment
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and predictions®: imperfect reversal of shear strains;

grain refinement; inhomogeneous deformation through
the sample thickness, and others.

It was reasonable to anticipate that imperfect reversal
of shear strains contributes to the occurrence of strain
reversal texture in TE. Earlier experimental investiga-
tions of metal flow in TE with a marker-insert technique
demonstrated that deformation in TE can significantly
deviate from the ideal deformation (with perfect strain
reversal) described by the simple shear model.P3”!
Recently, it was shown with FE simulations that
experimentally found deviations from the ideal defor-
mation originate, for the most part, from friction
between the sample and the die.”’) Factors that lead to
non-ideal deformation (i.e., friction and high
strain-hardening rates of the material) also result in
that deformation in each PDZ is different and thus
reversal of shear strains is imperfect. With the knowl-
edge of the importance of non-ideal deformation in TE,
FE simulations taking friction and strain-hardening
behavior of the material were conducted in the current
study. Both Taylor and CPFE simulations performed
with FE deformation histories taking friction into
account predicted final textures different from the initial
texture. Nevertheless, even with such more accurate FE
deformation histories, the agreement between texture
predictions and experimental measurement were not
satisfactory (Figures 8 and 9).

Discrepancies between predicted and measured tex-
tures suggest that imperfect reversal of shear strains in
TE is a contributing but not the only factor of
development of strain reversal texture in TE. Further-
more, strain reversal texture was also observed in
torsion-reverse torsion experiments’®'=*® where it is
much more feasible to assure perfect reversal of shear
strains compared to TE or ECAP. Summarizing reports
on final textures in torsion—reverse torsion experiments,
Wu et alP? suggested that the final texture and its
strength depend on the amplitude of shear deformation:
the larger forward shearing (and thus the amplitude),
the stronger the strain reversal texture retained from the
first deformation. Zhu and Lowe*” also stated that it
may be easier to restore the initial texture. Interestingly,
such a dependence of the strain reversal texture on the
shear amplitude appears to take place in TE too. Indeed,
while the periphery region of the sample was clearly
characterized by shear texture, the textures in the other
regions (halfway and center) were more similar to the
initial texture (Figure 9).

Grain subdivision was proposed to be the origin of
strain reversal texture in the case torsion—reverse torsion
deformation.®!! The key role of grain refinement in
strain reversal texture explains the dependence of strain
reversal texture on the magnitude of forward shearing:
the larger the magnitude, the more intensive grain
refinement and, thus, the stronger strain reversal texture.
The virtue of incorporating grain refinement in poly-
crystal plasticity models was demonstrated in the case of
ECAP route C. Indeed, the use of a recent grain
refinement model®” for ECAP route C improved
agreement between measured and predicted textures.[*!!
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In this light, the use of polycrystal plasticity models
that incorporate grain refinement (e.g., that of Toth
et al.*") combined with FE deformation histories can be
expected to yield the best predictions of texture in TE.
Therefore, such simulations are recommended for fur-
ther research on modeling of texture evolution in TE.
Finally, the material asymmetry under reverse loading
was not considered in the current study, whereas it may
also contribute to the texture evolution so that taking
into account slip direction (e.g.,"*?)) and back stresses
(e.g..**)) can be also beneficial.

V. SUMMARY

A combination of characterization and modeling of
texture evolution in twist extrusion (TE) was carried out
for the first time. The results of the study are summa-
rized below.

1. Texture development in copper during TE is
non-uniform. The first TE pass led to a marked
texture gradient in the radial direction, which
resulted from texture heterogeneities in the initial
texture of as-received copper and non-uniform
deformation imposed by TE. After multi-pass TE,
variations of texture strength diminished and sam-
ples with uniformly weak texture were obtained.

2. Polycrystal plasticity simulations of texture evolu-
tion during the first TE pass predicted return of the
initial texture upon strain reversal in deformation
histories obtained for frictionless condition. Recov-
ery of the initial texture was not observed experi-
mentally. Instead, texture related to simple shear
was found. Taking friction into account in
finite-element simulations led to prediction of strain
reversal texture, which however was not consistent
with experimental measurements.

3. Grain refinement was proposed to be responsible
for the occurrence of strain reversal texture in TE.
Therefore, polycrystal plasticity models incorporat-
ing grain refinement combined with finite-element
simulations are recommended for further research
on modeling of texture evolution in TE. Consider-
ation of the material asymmetry (slip directionality
and back stress) is also expected to improve texture
predictions under strain reversal in TE.

In a concluding remark, we note that twist extrusion
provides extra space for research of evolution of texture
and microstructure under loading with severe strain
path changes and large plastic strains.
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