Evolution of Crystallographic Texture during Equal Channel
Angular Extrusion of Copper: The Role of Material Variables
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The evolution of crystallographic texture during equal channel angular extrusion (ECAE) using route
A has been investigated experimentally as well as by simulations for three types of materials: pure,
commercially pure, and impure (cast) copper. The ECAE texture of copper can be compared with
simple shear textures. However, there are deviations in terms of location of the respective compo-
nents. These differences can be nearly reproduced using a recent flow line approach for ECAE
deformation (L.S. Téth, R. Arruffat-Massion, L. Germain, S.C. Baik, and S. Suwas: Acta Mater.,
2004, vol. 52, pp. 1885-98) with the help of the viscoplastic self-consistent polycrystal model. The
main texture components common to all three materials are A;; and B/ Bg ; the latter ones are sig-
nificantly stronger in the cast material. The effect of further deformation on texture modification
depends on material variables, such as purity, initial microstructure, and texture.

I. INTRODUCTION

EQUAL channel angular extrusion (ECAE) is being
viewed as one of the potential deformation processing tech-
niques for grain refinement to submicron size or sometimes
up to nanometer size of bulk materials. The process is also
associated with the development of specific crystallographic
textures, which add to the mechanical characteristics of the
as-processed materials. In ECAE, a billet of circular or
square cross section is deformed in a narrow deformation
zone at the plane of intersection of two die channels of the
same cross section and the strain mode approximates closely
to simple shear.'™# As the overall billet geometry remains
nearly constant during ECAE, multiple passes through the
die are possible without any reduction in cross-sectional
area. This allows materials to be deformed to very high
plastic strains ( €,,, pyises ~ 1.15 per pass) that cannot be
readily obtained in more conventional processes, such as
rolling.

Texture development in this deformation process has not
been paid enough attention as compared to the microstruc-
tural aspects. However, it has been speculated!® that the tex-
ture developed and its relationship with the shear plane are
the key factors that affect grain refinement in subsequent
stages. Some recent literature that deals with texture for-
mation during ECAE are very specific regarding the initial
conditions of the materials investigated. Most of the works
deal with texture formation in Al and Al alloys'®™ as well
as in Cu,">'8 and a few on other fcc materials such as Ni,!'!
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and very recently on Ag.”® A few articles have been pub-
lished on texture evolution in Fe!*!2?! during ECAE.

In the present work, an attempt has been made to under-
stand texture development in copper during route A of ECAE
deformation, as a function of the initial texture of different
starting materials. The choice of materials has been done in
such a way that different types of chemical compositions
and microstructural conditions, which are generally used as
the starting materials during processing for different indus-
trial applications, are studied. The metallurgical variables
that have been considered in this study are (1) purity, (2)
grain size, and (3) microstructural heterogeneity (due to the
presence of a second phase formed by impurities in one of
the materials). Although in such situations it is difficult to
clearly isolate the individual effects of each of the preced-
ing variables on texture evolution, it appears worth exam-
ining these conditions in order to know the limits. The texture
analysis has been carried out using the method of the ori-
entation distribution function (ODF) in order to have a com-
plete description of texture development. Further, the textures
have been simulated using the techniques previously pro-
posed by the authors. The experimental and simulation results
have been discussed in light of simulations using other sim-
ilar methods involving shear deformation and the existing
relevant models.

II. MATERIALS AND EXPERIMENTAL
PROCEDURE

A. Materials and ECAE Experiments

Three types of copper, one with 99.99 pct purity (here-
after referred to as material I) obtained in extruded and
annealed form, a second one with 99.89 pct purity (hereafter
referred to as material II) also extruded + annealed, and a
third one with 99.56 pct purity (hereafter referred to as mate-
rial IIT) as cast + homogenization annealed, were used for
the current study. Specimens with 10 X 10 mm square cross
section and 100 mm length were machined from these
annealed bars. The ECAE experiments were carried out at a
crosshead speed of 1 mm s~! at room temperature using a
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Zwick (Ulm, Germany) 200 kN screw driven machine and a
die set with rectangular intersection of the extrusion channels
without any rounding of the corner region. There were no
sliding surfaces of the die to reduce friction. Molybdenum
sulfite was used for lubrication of the contact surfaces. The
dimension of horizontal (outlet) channel of the die was mod-
ified such that it takes care of possible spring back in order
to make the reinsertion of the sample in the vertical chan-
nel. This was done in the following way. The first 25-mm
length of the horizontal channel (the portion joining the ver-
tical channel) had the cross section (9.9 X 9.9) mm?, while
the rest, 15-mm length of the horizontal channel, had the area
of cross section (10.5 X 10.5) mm? The specimens were
extruded in route A, i.e., without rotation around their lon-
gitudinal axis between passes. The number of ECAE passes
was limited to three. Microstructures of the starting materi-
als as well as some of the deformed materials were exam-
ined using a Leo scanning electron microscope (SEM). A
few deformed materials were also examined under a trans-
mission electron microscope (TEM), JEOL* 2000 FX, oper-

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

ated at 200 kV.

B. Measurement and Representation of Texture

Texture measurements were carried out by X-ray diffrac-
tion using a Siemens D-5000 Texture Goniometer (Cu K,
radiation, A = 1.5406 A). The (111), (200), and (220) pole
figures were recorded on the midhorizontal plane (XZ) of
the sample (Figure 1) parallel to the direction of extrusion
using Schultz-reflection mode (illuminated area was 25 X
10 mm). For each sample, texture was examined by plot-
ting pole figures as well as by calculating ODFs. The ODFs
are more precise as they describe the crystallite orienta-
tion densities in a three-dimensional orientation space
defined by the Euler angles ¢, ¢, and ¢,. The ODFs were

Y
(ND) X
(ED)
Measurement
plane

(TD)

Shear plane
Fig. 1—The geometry of ECAE deformation and measurement plane.
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calculated and plotted using the software developed at
LETAM and by Van Houtte!>¥! following the series expan-
sion method of Bunge> with a limit of expansion rank
Imax = 32. Triclinic sample symmetry was imposed in the
calculation of the ODF because the only sample symme-
try that may exist in the ODF of an ECAE-deformed sam-
ple is a mirror symmetry with respect to the ND-ED plane.
This symmetry, however, is only preserved if it existed
already before testing. Symmetries are discussed further in
Section III.

III. EXPERIMENTAL RESULTS AND ANALYSIS

Figure 2 shows SEM micrographs of the materials before
ECAE. As can be seen, the microstructure of material I con-
sists of recrystallized, almost equiaxed grains with a grain
size in the range of 10 to 40 wm, while material II shows a
similar grain shape but with larger grain size: 100 to 200 pm.
The microstructure of material III displays typical coarse
grain structure (Figure 2(c)). The pores apparent in the
microstructure, which are formed due to removal of inclu-
sion particles during polishing, clearly depict the grain
boundaries in this material. The grain size in this material
is very large, about 1 to 3 mm.

The (111) pole figures of the starting materials are shown
in Figure 3 in the laboratory reference system projected onto
the ND plane, which is initially parallel to the sample lon-
gitudinal axis. The textures of the three starting materials
are very different. Material I (Figure 3(a)) shows some-
what weak texture of a wrought + annealed material com-
prised of <100> and <110> fibers, while the texture of
material I (Figure 3(b)) shows a strong <100> fiber together
with a weak <111>. In the case of material III, a spotty
pole figure is recorded (Figure 3(c)), which is characteris-
tic of very coarse-grained structures with differently oriented
grains. The textures of materials I and III have also been
measured using neutron diffraction, and similar results were
obtained (not shown here).

Before we proceed in the analysis of the deformation tex-
tures after ECAE passes, it is necessary to highlight the rela-
tion between ECAE textures and textures of simple shear.
Now it is commonly accepted that the ideal orientations of
ECAE textures are the same as those of simple shear with
the shear plane being the 45 deg plane of the die; they were
identified in Reference 16 in the ECAE reference system.
Simple shear textures are characterized by two partial
fibers:>! (1) {111} || shear plane, containing A/A and A *,
A,* (“A” fiber); and (2) <110> || shear direction, having
the A/A, B/B, and C as the main ideal components (“B”
fiber). As the shear plane is coincident with the 45 deg plane
of the die (Figure 1), the corresponding components for
ECAE textures are obtained by expressing the simple shear
ideal orientations in the X-Y-Z reference system. This oper-
ation implies a rotation of 45 deg around the TD axis. The
so-obtained components are the ideal components of the
ECAE process and are distinguished from the ideal shear
components by a suffix “E” in Table L1 In order to ease
the reading of the pole figures measured on the XZ plane,
a key figure has been constructed containing the ideal com-
ponents as they appear in a {111} pole figure on the ED-
TD plane (Figure 4). The consequence of the possible mirror
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Fig. 2—Low-magnification SEM micrographs of the materials before ECAE:
(a) material I, (b) material II, and (c) material III.

symmetry with respect to the ED-ND plane is that the Ag
and By components must have the same intensities as the
Ag and By components, respectively (Figure 4). The Ag
and A,g components are each self-symmetric; therefore, their
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=z

Fig. 3—(111) pole figures of the starting materials: (a) material I, (b) mate-
rial II, and (c¢) material III. The main intensity locations are labeled and
the ideal fibers are indicated. Iso-values for all pole figures: 0.8, 1.0, 1.3,
1.6, 2.0, 2.5, 3.2, 4.0, 5.0, 6.4.

intensities can be different. Although the simple shear nature
of the deformation process should lead to a monoclinic sym-
metry of the textures with respect to the TD axis, this sym-
metry is not necessarily valid because the strain mode is not
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Table I. The Ideal Orientations of Fcc ECAE Textures

Miller Indexes Euler Angles

ED ND D b, b &

Ay [2533] (625 25] [011]  9.74 45 0
[3325] [2525 6] [110]  99.74 90 45

A [62525] [253 3] [011] 8037 45 0
[25 25 6] [3325] [110] 17037 90 45

Ce [1007171] [1007171] [011] 135 45 0
[7171100] [7171100] [110] 45 90 45

As  [2209] [202 9] [112] 45 3526 45
Az [2209] [2029] [112] 225 3526 45
B, [27T0073] [1002773] [l11] 45 54.74 45
[T007327] [2773100] [111] 165 5474 45

B. [7327100] [7310027] [111] 105 54.74 45
[2710073] [1002773] [111] 225 54.74 45

Bz TD

Fig. 4—A key figure representing the location of standard ECAE compo-
nents in the ED-TD projection plane.

exactly simple shear in the die. Experimental®™ and theo-
retical flow line analyses!'® as well as finite-element simu-
lations"®! show that there are differences from simple shear.
Even if monoclinic symmetry can be valid with a certain
approximation in route A textures, this symmetry is defi-
nitely lost when the sample is subjected to route B strain
path.

The changes in texture are quite apparent after ECAE
deformation (Figure 5). Strong texture develops after even
one pass, it continues to strengthen up to the second pass,
and then it weakens a little. This trend is the same for all
three materials. The pole figures appear nearly symmetrical
about the ND-ED plane for materials I and II, while the
symmetry is significantly less for material ITII. Some tilts of
the pole figures around the ND axis are visible in the sec-
ond and third passes of materials I and II, probably due to
some misalignment of the samples. Significant differences
can be seen between the textures of all three materials.

A detailed analysis of the textures has been carried out
using the ODF representation. The advantage of displaying
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the ECAE textures in orientation space in contrast to pole
figures is that the ideal orientations appear separately, with-
out overlapping. Figures 6(a) through (c) represent the ¢, =
0 deg and ¢, = 45 deg sections of the ODFs, which are suf-
ficient if one is interested only in the ideal components of
the textures. The ideal ECAE texture components are pre-
sented in a key ODF figure. The examination of the ODFs
reveals that the maximum intensities f(g).. increase with
the progress of deformation up to two passes in materials I
and III; thereafter, they decrease substantially (Table II). In
material II, f(g).x decreases continuously.

The ideal components do not necessarily appear in their
ideal positions as they are defined in Table I. There are shifts
from the ideal locations, which can be relatively high; refer
to their values in Tables III through V. Such tilts of the ideal
components were also examined in Reference 17; they
concern mostly shifts in the ¢, direction of the ODF space
meaning a rotation around the TD axis. Although some mis-
alignment by a few degrees might have occurred in the tex-
ture measurement, they may affect rotations around the ND
axis (as discussed above) and not the TD axis.

In material I, the shifts are relatively low in the first pass;
however, for passes 2 and 3, the shift increases dramatically
and becomes positive for each component (Table III). The
¢, = 0 deg section of the ODF of one-pass ECAE-processed
material I shows a weak and spread A,g and strong Cg and
A g components (Figure 6(a) and Table III). The ¢, = 45 deg
section displays a continuous orientation distribution in the
ODF joining the Ag, Bg, and Ci components, which is the
B fiber in simple shear. The fiber between Bg and Ag is
probably just an appearance because of the strong intensity
of the Az component. After the second pass, all texture
components are significantly rotated from their respective
ideal positions, as can be seen in both the ¢, = 0 and 45 deg
sections and in Table III. The B fiber shrinks to its B; com-
ponent only. Consequent to the simultaneous strengthening
of the Bg and A;g components, the continuous spread
between these components looks like a fiber. The trend is
maintained in the three-pass ECAE-deformed material, too.
The texture appears to be somewhat stable, with little decre-
ment in intensity.

The course of texture evolution in material II appears to
be somewhat similar to material I, however, with subtle dif-
ferences (Figure 6(b)). In the one-pass deformed material,
Cg is the strongest component as in the case of material I,
while the A g component is substantially weaker, which is
in contrast to material I. The A,z component, which was
weak in material I, is practically nonexistent in material II.
Another difference is the existence of a rotated cube com-
ponent, which is retained from the initial texture. More defor-
mation passes, however, bring some similarities in the
textures. In the texture of two-pass deformed material II,
the strongest component is A;g, and Cg almost disappears.
The Br/Bg components strengthens. After three passes, as in
material I, weakening of A;g, vanishing of Cg, and further
strengthening of Bg/Bg are observed. The only contrasting
feature from the three-pass deformed material I is the strength-
ening of the A, component in material II. The shifts from
respective ideal locations are generally less than those
observed in material I (Table IV).

In material III, all of the aforementioned components are
seen after the first pass with varying shifts (Figure 5(c) and
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Pass 1 Pass 2

(¢) Material 111

Fig. 5—(111) pole figures of the one-, two-, and three-pass ECAE-deformed materials: (a) material I, (») material II, and (c¢) material III. Numbers indicate
the intensities of the local maximum contour lines. Iso-values for all pole figures: 0.8, 1.0, 1.3, 1.6, 2.0, 2.5, 3.2, 4.0, 5.0, 6.4.

Table V). Some additional ones also appear in the ODF. A
particularity of the textures is the nonequal intensities of the
B/Bg and A/A components. Actually, these ideal positions
are not self-symmetric (see also above); therefore, they do
not have to display equal intensities when there is no sym-
metry in the test or in the sample. The trend in the variation
of the strength is also somewhat different. In this case, the
one-pass deformed material shows the Az component as the
strongest, like material I, followed by the Br/Bg, and Cg
components. The A ;g component, however, weakens with
further ECAE passes (unlike materials I and II), while the
Be/Bg components generally strengthen. Their associated
shifts from respective ideal positions vary with the number
of passes (Table V). In conclusion, the texture of material
IIT is distinct from the other two materials mostly in terms
of the weak intensities of the Az and A,r components and
the high intensity of the Bg/Bg components in the second
and third passes.

METALLURGICAL AND MATERIALS TRANSACTIONS A

IV. TEXTURE SIMULATIONS

A. Modeling Parameters

The details of simulation procedures, which were employed
in this work, are published in Reference 17. For the Reader’s
convenience, they are briefly described here. First, the ini-
tial textures of the three materials (shown in Figure 3) were
discretized to 3000 grain orientations. They were then intro-
duced into the Taylor viscoplastic full constraints (FC) or
self-consistent (SC) polycrystal models. The strain rate sen-
sitivity index m of crystallographic slip was chosen to be
0.05 because m values lower than 0.05 led to very nearly the
same texture results. Also, the convergency of the numeri-
cal procedure was better for m = 0.05. For the SC simula-
tions, the finite-element tuned SC model was employed in
its isotropic version (isotropic in the sense of the interaction
between the homogeneous equivalent medium and a grain'®®),
The 12 {111} <110> slip systems of an fcc crystal were
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Fig. 6—¢, = 0 deg and ¢, = 45 deg sections of the experimental ODF for the three ECAE-processed samples of (a) material I, (b) material II, and (c)
material III (a key figure representing the location of standard ECAE components is also given along with each of these figures).
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Fig. 6—(Continued). ¢, = 0 deg and ¢, = 45 deg sections of the experimental ODF for the three ECAE-processed samples of (a) material I, (b) mater-
ial II, and (c) material III (a key figure representing the location of standard ECAE components is also given along with each of these figures).

Table II. Values of the Measured ODF Peak Intensities
S (@)max and Texture Strength T

Sample Pass [ (©)max Texture Strength T
Material I 0 6.81 2.88
1 13.85 5.89
2 18.99 7.62
3 13.68 4.80
Material 11 0 37.40 11.02
1 33.98 6.27
2 23.15 5.03
3 12.99 4.03
Material IIT 0 92.35 101.28
1 27.06 5.58
2 40.39 3.86
3 36.33 5.81

employed with self- and latent hardening.!"” It should be
noted that the effect of hardening on the evolution of tex-
ture was found to be very small.

Two models were considered for the deformation mode
within the ECAE die: (1) the so-called discontinuous shear
model, originally proposed by Segal,'"! in which the deformation
is simple shear that takes place on the 45 deg intersection plane
of the two channels; and (2) the newly introduced flow line
model that uses rounded flow lines with the help of an ana-
lytical flow function.!”

For the discontinuous shear model, the velocity gradient
is constant and given by (in the X-Y-Z reference system fixed
to the die (Figure 1))

METALLURGICAL AND MATERIALS TRANSACTIONS A

/1 -1 0
L =% 1 -1 0 (]
0 0 0

Here, 7 is the rate of shear on the 45 deg plane. For cer-
tain applications, there is difficulty in using this L because
the rate of shear 7y in principle should be infinity as the shear
is limited to a single plane. This is the case, for example, in
modeling of strain hardening if strain rate sensitivity is to
be taken into account.””’! The evolution of the texture, how-
ever, is nearly independent of the strain rate.

In the flow line model, the following flow function was
used for a better approximation of the material flow in the
ECAE die:

p=d-0"+d-y"=d-x) (2]

In this expression, d is the diameter of the die, x, defines
the incoming (and outgoing) position of the flow line, and n
is a parameter. This function is only valid in the working
part of the die, i.e., between the lines defined by y = d and
x = d. At these positions, the flow lines are perfectly paral-
lel to the compression direction and the outgoing flow direc-
tion, respectively. The n parameter describes the possible
shapes of the flow lines: for n = 2, the line is circular; for
higher n values, it approximates the flow better within a non-
rounded die. For n — o, the flow line is constituted by sim-
ply two straight lines connected at the 45 deg symmetry plane
of the die, as in the discontinuous shear model. The flow line
function leads to the following velocity gradient:
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Table III.

Intensities as well as Rotation Angles from the Ideal Positions of the Measured and Simulated
Texture Components for Material I

AZE AlE CE AE/AE BE/BE A2E AIE CE AE/AE BE/BE
Texture Intensity Maximum Rotation from Ideal Position in ¢,
Pass Index, T (Times Random) (Deg, =1 Deg)
Experiment 1 5.89 4 12 12 6 6 +6 -5 +1 0 -2
2 7.62 4 16 4 6 12 +20 +6 +14 +9 +12
3 4.80 3 12 2 2 8 +19 +2 +12 +8 +13
Flow line
with self-consistent 1 6.10 4 16 16 3 6 +4 —4 +5 0 +3
2 8.24 4 16 10 3 8 +17 +2 +9 +5 +7
3 7.03 4 16 4 3 6 +17 +5 +9 +8 +10
Flow Line
with Taylor 1 4.13 3 12 16 3 4 +4 0 0 0 +3
2 5.07 0 20 12 4 4 — +5 +6 +4 +2
3 6.19 0 24 12 4 4 — +4 +5 +6 +5
Simple shear
with Taylor 1 3.74 0 12 16 2 6 — -1 -2 0 0
2 5.16 0 20 8 4 4 — 0 0 0 -1
3 5.69 0 24 10 4 3 — 0 -3 -2 0
Simple shear
with self-consistent 1 4.76 4 16 12 4 4 +2 =5 +2 —4 -2
2 7.18 4 24 10 3 10 +3 -6 +5 -1 0
3 6.62 6 10 4 6 12 +4 -5 +5 -2 0
Table IV. Intensities as well as Rotation Angles from the Ideal Positions of the Measured and Simulated
Texture Components for Material 11
Texture Intensity Maximum Rotation from Ideal Position in ¢,
Pass  Index, T’ (Times Random) (Deg, =1 Deg)
Experiment 1 6.27 0 4 24 2 3 — =5 +4 0 +5
2 5.03 2 20 3 2 6 +13 0 +8 +7 +8
3 4.03 8 10 0 3 8 +11 -6 — +4 +5
Flow Line
with Self-Consistent 1 13.13 2 10 24 3 3 +4 =5 +1 -2 +1
2 15.09 3 24 10 3 4 +18 +2 +10 +8 +11
3 5.85 8 12 4 8 8 +15 +5 +9 +8 +9
Flow Line
with Taylor 1 3.72 2 8 20 2 3 +5 0 0 +1 +4
2 4.81 4 12 10 3 8 +11 +3 +4 +7 +10
3 5.06 0 20 12 3 3 — +4 +4 +8 +8
Simple shear
with Taylor 1 4.06 0 8 12 3 3 — 0 -2 0 0
2 4.68 0 12 10 4 10 — -2 -2 0 +2
3 4.39 0 16 12 4 2 — -2 -2 0 0
Simple shear
with Self-Consistent 1 10.49 2 8 24 3 3 0 -9 0 =5 =5
2 13.17 4 24 8 2 6 +5 -5 +5 0 0
3 6.07 12 8 4 8 10 +2 -6 +5 -2 0

Table V. Intensities as well as Rotation Angles from the Ideal Positions of the Measured Texture Components for Material III
AZE AIE CE AE/A7E BE/FE AZE AIE CE AE/AiE BE/E
Texture Intensity Maximum Rotation from Ideal Position in ¢,
Pass Index, T (Times Random) (Deg, =1 Deg)
Experiment 1 5.58 2 16 2 1/1 4/12 +13 —4 +9 +1/+6  +6/+4
2 3.86 0 3 3 6/0 6/6 — -6 +7 0/— +1/0
3 5.81 3 3 2 2/4 12/8 +6 =7 +4 0/0 +2/—-1
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—vo(1 = n)(d — x)""'(d — y)""'(d — xp)'™"
—vo(l = n)d = y)'(d — x)"2d — x9)' ™"
0

As can be seen, this L is completely determined by exper-
imental parameters, except for n, the parameter describing
the shape of the line. Because it is quite difficult to measure
the exact shape of the flow line (nevertheless, some results
are published in Reference 8), the n parameter was deter-
mined with the help of texture simulations using compar-
isons with the experimental texture (“inverse method”). This
is possible because the development of the crystallographic
texture depends on the imposed strain path. The main effect
of the n parameter is a small shift of the texture around the
TD axis. This technique permitted identification of the strain
mode in the ECAE die. Some finite-element simulations were
also used to calibrate the n value in the first pass.!'”! Rea-
sonable values for n lie between 4 and 12. In the present sim-
ulations, it was found that for materials I and II, the best n
value is 9 in the first pass and 4 in passes 2 and 3. Simula-
tion results are not presented for material III (refer to the rea-
sons given in Section V).

The ECAE simulations involve large strains, even in one
pass (shear strain of about 2.0). Therefore, it cannot be
expected that polycrystal models are able to simulate texture
development continuously for a large number of passes.
Actually, existing polycrystal models begin to fail after a shear
strain of about 5. For this reason, simulations were also carried
out using the so-called “texture-correction technique” intro-
duced and employed in Reference 17. Under these circum-
stances and due to the availability of texture data after each
pass, it is better to use the experimental texture as an input,
not only in the first pass, but also in subsequent passes. In
this way, the errors coming from the modeling do not get
accumulated but are corrected at least after each increment of
shear strain about 2.0. Actually, even if a texture is very
well simulated in one pass, the deviations between the simu-
lated and experimental textures can increase considerably in
the later passes if the output texture after a simulated pass is
used as an input in the next one. The progressive failing of
the texture simulations also comes from experimental effects
that are not completely taken into account in the modeling.
For example, in the ECAE, the grain refinement process leads
to increasing misorientations between subgrains. This effect
is difficult to model; nevertheless, some efforts have been

vo(l = m)(d —x)'"d —y)"d—x)'™ 0
vo(l = m)d = x)"'d = y)"'d—x)"™" 0 [3]
0 0

done in this direction (refer to the texture model of Beyerlin
et al.,”® and the more recent misorientation model of Estrin
et al.)'® The grain refinement process is not modeled in
this work; we believe that the use of the preceding texture-
correction technique accounts for it, at least partially, which
modifies the input texture during each pass. Most of the simu-
lation results presented here are obtained with the so-called
texture-correction technique. For comparison purposes, simu-
lations were also conducted with the continuous technique,
that is, using the simulated textures in subsequent passes.
These results are presented in Table VI. The subsequent discus-
sions concern the results obtained by the texture-correction
technique, unless otherwise stated.

In order to quantify the deviations between simulated and
experimental ODFs, the texture index of the difference ODF
(will be called DODF hereafter) will be employed in this
work in the same way as it was used in References 14 and
15. The texture index was introduced by Bunge!*! by the
following definition:

T= | [f@rds [4]

Euler space

where g means the orientation, identified by the Euler angles
¢y, ¢, and ¢,; and f(g) is the ODF intensity at g. The value
of T increases as texture sharpens. When the difference
between the simulated f;;,(g) and experimental ODF f.,(g)
is used in place of f(g) in Eq. [4], T describes the strength
of the deviation between the two textures:

| [fim(@ = fop @12 dg [5]

Euler space

Tvopr =

Obviously, the smaller the Tpopg value, the better is the
simulation. For the purposes of comparing the quality of
simulation for different materials and for different modeling
conditions, the Tpopr quantity can be normalized by the
texture index of the simulated or the experimental texture.
In this work, the normalization is done with respect to the
experimental texture leading to the following parameter of
the “texture-simulation quality”:

Table VL. Texture Strength (7), Texture Index of the Difference ODF (Tpopr) and the Normalized Texture Index of the
Difference ODF (Tpopr), Obtained by Continuous Simulations of the Passes for Materials I and II
Flow Line with Flow Line with Simple Shear with Simple Shear with
Self-Consistent Taylor Taylor Self-Consistent
Pass 1 2 3 1 2 3 1 2 3 1 2 3
Material I T 6.10 11.39 11.24 4.13 10.93 9.99 3.74 6.80 7.77 4.76 10.74 14.46
Tpopr 1.79 18.50 14.79 1.95 12.67 7.51 1.80  11.27 8.89 1.30 15.62 14.47
Toopr 0.30 243 3.08 0.33 1.66 1.56 0.31 1.48 1.85 0.22 2.05 3.01
Material II T 13.13 53.46 30.50 3.72 7.12 13.11 4.06 7.11 7.71 10.49 35.27 28.76
Tpopr 4.26 40.34 25.67 2.48 4.79 12.05 347 6.93 8.98 5.56 23.51 26.42
Toopr 0.68 8.02 6.37 0.57 0.95 2.99 0.69 1.38 2.23 1.13 4.67 6.56
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Fig. 7—¢, = 0 deg and ¢, = 45 deg sections of the simulated ODF for (a) material I and (b) material II. Simulations carried out using the flow line model

with self-consistent formulation.

J. I:fsim (g) - f;axp (g)}z dg

Euler space
(6]

[ [fow (@) deg

Euler space

Tpopr =

Simulations have been carried out using the Taylor and
self-consistent models for both the discontinuous and flow
line cases. In order to save space, the resulting ODFs are
presented only for the flow line model under self-consistent
conditions and using the texture-correction technique
(Figure 7). For the other cases, the results obtained for the
main components are displayed in Tables III and IV. The tex-
ture-simulation-quality index (Toopr) is plotted in Figure 8.

B. Discontinuous Shear Approach with Taylor
Polycrystal Model

By comparing the textures predicted by the discontinuous
shear approach using Taylor formulation to the experimental
textures, one could say that in the first and second passes, the
intensities of the components match reasonably well the exper-
imental texture for material I (Table III). The main difference
is that the A,r component is completely absent in the simula-
tion after one pass. In the third pass, the A;g component is
too strong compared to the experiments. Concerning the pre-
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Fig. 8—The normalized texture index of the different ODFs between
simulations and experience for materials I and II.

dicted positions of texture components, one can see in Table IIT
that they do not change significantly with the pass number in
the Taylor formulation using the discontinuous shear approach,
which is in contrast to the experimental observations. These
trends are almost repeated for material II (Table IV). The addi-
tional feature for this material is the prediction of strong max-
ima at rotated cube positions (not shown here because of space
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limitations), which are although present, substantially weaker
in the experimental texture (Figure 6(b)).

C. Discontinuous Shear Approach with Self-Consistent
Polycrystal Model

The results obtained with the SC formulation are better
than those of the Taylor formulation. The major improve-
ment is that the A,z component is now predicted for both
materials (Tables III and IV).

Previous simulations in other works'?>*” have also used the
discontinuous shear approach employing the SC formulation
and reported good agreement with experiments. However, their
analysis is qualitative, based on pole figures, not on ODFs.
When the textures are presented in pole figures, they seem to
match better the experiments, however, just in appearance.

D. Textures Predicted by the Flow Line Model

For material I, the intensities and the positions of texture
components obtained by the Taylor model are quite well
reproduced in the first pass. The comparison in the second
pass is less satisfactory because the A,r component is absent
in the simulation and the positions of Bg/Bg and Cg com-
ponents deviate about 10 deg from the experimental ones.
The situation is even worse in the third pass where the A g
component becomes excessively strong.

The results obtained with the self-consistent model are dis-
played in Figure 7. By comparing the intensities of the com-
ponents between experiments and simulations in Table III for
material I, one can say that the self-consistent model performs
the best with respect to the other modeling conditions. A major
improvement of the textures for the self-consistent case is a
much better prediction of the positions of the ideal compo-
nents. These positions are reproduced within 4 deg in all passes
(an exception is the Bg/Bg where the differences are some-
what larger). According to the data in Table IV and Figure 7
for material II, it is again the self-consistent model, which
seems to perform the best. However, the predicted texture
index is very high with respect to the experiments (Table IV).

V. DISCUSSION

The results presented in Section IV concern textures with
similar components for materials with different purity levels
for different initial textures. It has been shown that the inten-
sities and location of the texture components depend on mate-
rial characteristics. In this section, an attempt has been made
to understand the texture evolution with the help of the exper-
imental and simulation results. First, the quality of the tex-
ture simulations will be examined. This part only concerns
materials I and II. For material III, simulation results are not
presented. The reason for this is the extreme dependence of
the textures on the initial one. This dependence is well demon-
strated by the texture differences between materials I and II
shown in Section III. For material III, however, the initial tex-
ture is not known because of the very large grain size of the
cast material. Actually, the grain size is comparable to the
sample width, which means that for this material, each sam-
ple has a very different initial texture (same sample could not
be used repeatedly after each pass, because its texture had to
be measured). The very high texture index of the initial tex-
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ture (more than 100 (Table II)) is the consequence (and an
indicator) of the very large grain size. Nevertheless, there
are some interesting features worth discussing in the textures
of material III. In spite of the fact that the textures shown in
Figures 4 and 6 for this material for each pass are the result
of different initial textures, they show some interesting trends.
There is a progressive weakening of the Az component and
the progressing formation of the Bg/Bg. Such trends would
not be expected if the initial texture would be a decisive fac-
tor of the texture development. We will come back to this
point in more detail in the subsequent discussion.

A. Texture Simulation Quality

The details of the differences between simulated and exper-
imental textures can be analyzed in terms of relative and absolute
intensities of the texture components as well as by the devia-
tions concerning their exact positions in Euler space. For this
purpose, Tables IIT and IV are very useful. It is necessary, how-
ever, to have more general ideas about the success of the dif-
ferent models employed in the present article. This is why the
texture index of the difference ODF was calculated according
to Eq. [6] and presented in Figure 8. This figure presents the
results for all four simulation approaches employed in this work
according to the following notation: FL: flow line approach;
SS: simple shear approach (also called “discontinuous shear”
in this work and in Reference 17); SC: self-consistent model;
and FC: full constraints (Taylor) polycrystal model.

As can be seen in Figure 8, the normalized texture index of
the difference ODF is very low for material I for all four mod-
els in the first pass. Although details of the simulated textures
seem to be best reproduced by the FL-SC model, other mod-
els perform also very well in terms of general texture agree-
ment. The main reason for this is that in the first pass, the FL
approach is used with a high n parameter for the flow line
meaning that the flow lines approach quite well the simple shear
conditions in the first pass. In passes 2 and 3, however, it is
only the FL-SC model that gives the best agreement with the
experiments (exception is the FL-FC approach for pass 2). In
these passes, the n value is low, only 4, which means that devi-
ations from simple shear conditions are important in passes 2
and 3. Note that the Thopr values in Figure 8 are in the same
range as those reported for copper by Li et al.'*! who employed
finite element simulations for a rounded die.

For material I, the situation is different. Namely, in the first
pass, the quality of the simulated textures is significantly smaller
(meaning hjgherTDODF values) than in material 1. For this mate-
rial, it is the FL-FC model that is the best in the first pass.
This difference can be interpreted in the following way. Mate-
rial II has a very strong initial texture. The texture index is
11.02 for the starting texture (which is only 2.88 for material
I (Table II)). The texture initially is a strong cube type, mean-
ing that there is not much difference between the orientations
of individual grains. Consequently, there cannot be significant
differences either in their behavior, namely, in their deforma-
tion. That is, nearly Taylor conditions must apply. The self-
consistent model permits larger differences in the deformations
of individual grains that cannot be the case in this material.
At pass number 3, all models seem to perform equally, pos-
sibly for the reason that the ECAE deformation texture becomes
very different from the initial cube texture. The FL-SC model
leads to unusually strong deformation textures in the first two
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passes (texture index in Table IV), which is also a reason for
the relatively high Thopr values for this case.

The preceding discussion is based on simulated textures
obtained with the help of the texture-correction technique.
When the simulation is continuous through all three passes,
the predicted textures are in lesser agreements with exper-
iments. Detailed simulation results are not shown here for
this case; only the texture-quality index was calculated to
indicate the main trends. They are presented in Table VI.
The Tpopr values in this table clearly demonstrate that the
deviations between simulations and experiments are much
more significant compared to the results obtained with the
help of the texture-correction technique.

B. Comparisons with Simple Shear

The first important observation that could be made out of
these studies is that a typical shear-type texture forms after
the first pass itself, with components that depend on the ini-
tial texture. The main difference appears in terms of relative
intensities of the components, and further variations in their
intensities. Results of this investigation further reinforce the
concepts proposed in earlier works!®2%173031 that texture devel-
opment during ECAE is similar to that under torsion, how-
ever, with important differences. For high stacking fault energy
fcc metals, such as aluminum, torsion textures are typically
found to consist of a partial <110> fiber and a less strong
partial {111} fiber,"® indicating a strong tendency for the slip
direction to align with the shear direction. In ECAE of alu-
minum alloy™® as well as copper,!'®!"1?! the ideal Cy; and B
components are normally positions of higher orientation den-
sity on the partial <110> fiber. Recently, we reported the
ECAE texture of silver to consist mainly of the Bg/Bg com-
ponents.?” The study of torsion texture of Ni-Co alloys by
Hughes et al.”? using ODFs has identified the major com-
ponents for a high to medium Stacking Fault Energy (SFE)
material (Ni or Ni-30Co) as A, B, C, and A* for intermedi-
ate deformation and C for larger deformations, whereas for
a low SFE alloy (Ni-60Co), the components are A, B, and
A;*, which do not change with deformation for medium to
high strains. In the current study, texture of copper, which is
a medium stacking fault energy material, reveals the occur-
rence of the corresponding ECAE texture components in the
first pass for both the materials I and II. However, their inten-
sities do not remain constant, and a gradual variation is noticed
with further ECAE deformation. Rotation from respective
ideal positions was noticed in all the cases by Hughes et al.,*?
however, to a lesser extent and occurring in the opposite direc-
tion with respect to ECAE textures.

C. Deviations from Ideal Positions

The other important feature of the ECAE textures of copper,
which are common to the textures of both materials I and II,
are the rotations of ideal components from their symmetry
position. The texture components for material I appear within
6 deg of the ideal positions in the first pass but deviate from
them up to 20 deg in subsequent passes. The tilts from the
exact ideal positions for simple shear were examined by T6th
et al., in References 33 through 35 and were explained with
the help of the convergent/divergent nature of the rotation
field in Euler space. In those works the shear direction was
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positive, while in ECAE the shear is negative in the refer-
ence system used in this work. Thus, the tilts of the com-
ponents should be opposite. (Only the first pass ECAE
textures can be compared to the textures measured in sim-
ple shear.) One can see, however, that by comparing the val-
ues obtained for the first pass in materials I and II in the
present work to the values published in Reference 35 (by
taking into account the opposite shear directions), they do
not match each other. Actually, they are in opposite sense.
The explanation is that the ideal components of ECAE tex-
tures are not exactly located at positions where they are
expected to be from simple shear. The deviations in the first
pass are on the order of 4 to 7 deg in orientation space. The
flow line model is able to account for these differences, as
can be seen from the simulation results presented in Tables
IIT and IV. In the first pass, the flow line shapes were mod-
eled with an n parameter of 9. Thus, one can conclude that
this value leads to a significantly different strain path with
respect to exact simple shear. The situation is even more
problematic starting from the second pass. The very large
rotations, going up to 20 deg, mean that the strain path devi-
ates even more from ideal simple shear. The flow line model
is able to account for these differences by simply employ-
ing lower n values (n was lowered from 9 to 4 from the sec-
ond pass in the simulations). As can be seen in Tables III
and IV, the tilts of texture components are quite reasonably
reproduced by the flow line approach in the second and third
passes as well, when the SC model is employed. It is prob-
able that the combined effect of hardening and friction is
responsible for the change of strain path (which is reflected
by the n value) between pass one and later passes. This ques-
tion will be examined in future works. It is also quite prob-
able that the change of straining direction between passes
(rotation of the sample by 90 deg) has an important role in
the tilts of the ideal components.

D. Behavior of Ideal Components

In all three materials (only exception is material I, for
pass 3), there is a strengthening of the Bg/Bg components
with the pass number. This phenomenon can also be
explained on the basis of the flow field. Actually, after each
pass, the sample has to be turned by —90 deg around the
TD (Z-direction in Figure 1) for reinserting it into the die
for the next pass. This corresponds to an overall shift of
the texture by 90 deg in the decreasing ¢, direction in ori-
entation space. This means that the Bg/Bg components of
the first pass will now be on the left side of the new ideal
By/Bg positions by 30 deg in the ¢, coordinate. Therefore,
in the subsequent pass, they will further strengthen because
of the convergent nature of the rotation field on the left side
of the ideal orientations. It is to be noted that the Bp/Bg
components are symmetrically located at every 60 deg in
orientation space (key figure in Figure 6); thus, their strength-
ening is due to their symmetry.

The major difference in the textures of materials I and II
is the evolution and strengthening of the Az component. As
the textures are well reproduced by the modeling, one can-
not say that the differences in the texture evolution are due
to the differences in purity or SFE. It is clear that it is sim-
ply the strong differences in the initial textures that are
responsible for the differences in their subsequent evolution.
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E. Hardness

Brinell hardness measurements have been carried out in
order to examine the result of the hardening process after
ECAE (Figure 9). In its initial state, material I is the soft-
est, probably because this is the purest. At the same time,
this material presents the largest amount of strengthening
after the first pass with maximum hardness. The hardness
just slightly increases in the second pass, while it decreases
after the third. There is no such decrease for materials II and
IIT after the third pass. The high hardness of material I after
the first pass could be attributed to its texture. Namely, the
main texture component in this material is a very strong Cg,
which has the highest Taylor factor among all ideal shear
components. %! The decrease of hardness after the third pass
is probably due to some dynamic restoration process (recov-
ery or partial recrystallization), as discussed in Section F.

F. Microstructure

The microstructure of material I after three passes, as recorded
using a scanning electron microscope operated in backscattered
detection mode, is shown in Figure 10. The few white grains
seen in the microstructure support the existence of a dynamic
restoration process in this pure material. This effect can be

Brinell Hardness of ECAE processed materials

Hardness (HB)

Materials

@ Starting material @ 1 pass deformed 8 2 pass deformed @ 3 pass deformed

Fig. 9—Results of Brinell hardness measurements on the starting and the
ECAE-deformed materials.

Fig. 10—Microstructure of material I after three passes of ECAE, as recorded
using the scanning electron microscope (SEM) operated in backscattered
detection mode.
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responsible for the decrease of hardness after pass 3 in mate-
rial I. The texture evolution may be more sensitive to compo-
sition for material III, due to the influence of impurity elements
on stacking fault energy (SFE) (Be 0.011 pct, Co 0.044 pct,
Sn 0.026 pct, Pb 0.05 pct, and other elements such as Se, Te
in minor quantities). It should be mentioned here that simula-
tion work incorporating twinning, which is quite frequently
observed in low stacking fault energy materials,*’! leads to a
shear texture dominated by the B/B components. In a more
recent work, Té6th et al.*® have shown that not only the B/B
components are strong but the A component disappears in
ECAE of silver (a low stacking fault energy material) because
of its ease for deformation twinning. The same trend can be
seen in the texture evolution of material III in Figure 6. Figure 11
shows a TEM micrograph of three-pass deformed material II1.
As can be seen, the microstructural feature indicates the pres-
ence of twins. The occurrence of twinning together with the
strong Bi/Bg component promotes the idea of a strong rela-
tion between SFE—twinning—evolution of texture components.

A third factor that may be responsible is the effect of grain
size. It is established that the acquisition of final texture is
delayed during rolling of coarse-grained materials.”**! This
is closely related to the influence of grain size on deforma-
tion behavior, or more precisely on deformation patterns. ")
This subject has been discussed more recently in terms of
polycrystal models."*!*?) Material III of the present investi-
gation represents a similar situation, however, having been
subjected to a different type of deformation process.

The last point in the microstructural observation in mate-
rial IIT is the presence of impurity particles in form of oxides.
An approximate quantitative estimate of the initial micro-
structure indicates that their volume fraction is about 1 pct.
It can be seen (Figure 12) that these particles are able to
influence the deformation pattern and the microstructure
quite significantly. Also, the nucleation of cracks is quite
visible along these particles. At this moment, it is difficult
to comment on their role on texture evolution until a sys-
tematic study is carried out on texture evolution regarding
two-phase alloys or composites. Another interesting obser-
vation made on this material is worth mentioning. This is

Fig. 11—TEM micrograph of three-pass ECAE-deformed material III.
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Fig. 13—Optical macrograph of material III deformed halfway through.

related to the bending of dendrites in material IIT in ECAE.
Figure 13 shows the low-magnification optical macrostruc-
ture recorded from the one-pass deformed material. In order
to depict the features introduced due to ECAE deforma-
tion, only half of the material was passed through the die.
The rest was kept undeformed and the sample was taken out
from the die. The dendrites reveal the large grain structure
before the plastic strain zone as well as the extent of the lat-
ter where the dendrites are curved.

VI. CONCLUSIONS

In the present work, experimental results are presented
for textures and microstructures of polycrystalline copper
for different starting conditions in terms of initial textures,
purity, and grain size. With the help of polycrystal simula-
tions, the texture development was modeled with different
models using the so-called “texture-correction” technique.
The main observations of the experiments and the analysis
of the results obtained in the simulations can be summarized
in the following main conclusions.
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1. A strong texture forms in copper as a result of ECAE
(route A) deformation, which strengthens further in the sec-
ond pass, however, weakens slightly in the third pass. The
texture mainly consists of strong Bg/Bg, A,z components
and weaker Cg and A,z components, each rotated signifi-
cantly by different amounts from their expected ideal posi-
tion. With an increase in the amount of deformation, all
three materials show an increase of these shifts.

2. In the wrought materials, the A g components strengthen
from the first to the second pass and the A,g and Cg com-
ponents weaken in subsequent passes. In the cast mate-
rial, the Az component, which is predominantly strong
in the first pass, weakens in subsequent passes, while the
A, and Cg components remain weak from the beginning
to the last pass.

3. The evolution of an overall shear-type texture in ECAE-
deformed copper is found to be dependent of the material
variables. The finer details of the texture including the rel-
ative intensities and volume fraction of individual texture
components are quite sensitive to the starting microstruc-
ture and impurity content of the starting material.

4. Tt is possible to predict texture evolution using simple shear
as well as flow line models. The latter gives better results,
especially for the shifts of the texture components from
their positions of symmetry.
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