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Abstract

Texture development in magnesium during equal channel angular extrusion (ECAE) with an angle of 90° between the intersecting
channels has been studied. Textures were simulated using polycrystal plasticity models as well as determined experimentally for routes
A, B, and C up to four passes. Based on a previous study on texture evolution during the simple shear of materials with hexagonal crystal
structures [Beausir B, T6th LS, Neale KW. Acta Mater 2007;2695:2705], the ideal orientations for ECAE of hexagonal metals were iden-
tified considering the shear to be at the 45° intersection plane of the two channels. Although dynamic recrystallization (DRX) was exper-
imentally observed during the ECAE experiments, the polycrystal modeling using the viscoplastic self-consistent (VPSC) model was able
to reproduce the experimental textures successfully. This was attributed to the fact that the textures were c-type fibers with their axis of
rotation parallel to the c-axis, whereas the nucleation of grains during DRX takes place in positions simply rotated around the c-axis.

© 2007 Published by Elsevier Ltd on behalf of Acta Materialia Inc.
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1. Introduction

Magnesium and its alloys, due to their having the lowest
density amongst the structural materials, are potential can-
didate materials for structural components in automotive
industries. Due to a significant reduction in weight, there
are many associated advantages, for example lower fuel
consumption and therefore lowering of the pollution level.
However, the forming of components from magnesium is
relatively difficult due to its limited ductility, which is essen-
tially attributed to the limited number of slip systems
owing to its hexagonal crystal structure. Various solutions
have been proposed to overcome this problem. One possi-
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bility is to employ the equal channel angular extrusion
(ECAE) process, where the deformation mode is near sim-
ple shear, which requires fewer slip systems near the ideal
components than in other processes. It also leads to a large
grain refinement without significant dimension changes of
the sample. The ECAE process consists of extruding a
lubricated sample through two channels of equal and iden-
tical area of cross-section. The process can be repeated
multiple-times; there is no change in area of cross-section
due to the process. There are two important attributes of
this progression: (i) large deformations being able to
harden the material until its theoretical limit and (ii) the
development of an ultra-fine microstructure.

The ECAE process is characterized by the development
of characteristic deformation textures [1-7]. Moreover,
plastic deformation of magnesium and its alloys is
strongly affected by the crystallographic texture [7,8]. The
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deformation texture can be retained even after subsequent
heat treatment and can significantly enhance formability
[2]. Even superplastic behavior can be achieved in ECAE-
treated magnesium alloys [9,10]. Fatigue life is also
extended [11]. The improvements in the mechanical charac-
teristics of ECAE-deformed pure Mg and its alloys make
the ECAE process attractive for engineering applications
[12]. It is therefore highly desirable to improve our under-
standing of the evolution of anisotropy in ECAE. In this
respect, there are some important issues not yet resolved.
One is the documentation of the ideal textures that can
develop in ECAE, namely the characterization of the ideal
orientations and fibers and the interpretation of their evo-
lution. This will be done in the present paper using the
results of a previous analysis carried out for simple shear
[13]. Another important issue is the contribution of the dif-
ferent deformation mechanisms to the total deformation
(basal, prismatic, pyramidal slip and twinning). Informa-
tion on that can be obtained by elaborate experimental
means [5], or by large strain deformation texture simula-
tions compared to experiments. In order to avoid twinning,
the ECAE process is usually applied above 200 °C on Mg,
although recent tests carried out in a 135° die were success-
ful even at room temperature [9].

This paper provides a theoretical study of texture evolu-
tion during the ECAE process, validated by experiments.
Simulations have been performed using the viscoplastic
polycrystal self-consistent model (VPSC). Experiments
were carried out following the three important routes of
ECAE, namely A, B, and C up to four passes in a 90°
die at 250 °C. Finally, the characteristics of the textures
so obtained with respect to ideal orientations of hcp mate-
rials in simple shear have been examined.

2. The ideal orientations of Mg in a 90° ECAE die

It is commonly accepted that the deformation process
during ECAE can be well approximated by simple shear
acting at the intersection plan of the two channels that
form the die [14]. Although deviations exist from this so-
called simple shear model (see the flow line model of T6th
et al. [15] and the FAN model of Beyerlein and Tomé [16]),
it remains a good approximation in many practical cases.
The main effects caused by the deviations from simple
shear are some tilts of the ideal components from their
ideal positions, which can be reproduced with the above-
cited models [15,16]. In the present study, the simple shear
model was employed to simulate texture development dur-
ing ECAE.

As the deformation mode is considered to be simple
shear, the ideal orientations are the same in ECAE, except
that the reference system is rotated by 45° in the positive
rotation direction around the TD axis, as illustrated in
Fig. 2. As the texture is examined in the non-rotated
(1,2,3) reference system, the ideal positions move by 45°
in the positive ¢, direction. The ideal positions for simple
shear of hexagonal crystals were identified in a recent work

Table 1

Ideal orientations for hexagonal materials during ECAE

Fibre $1 (%) $2 (%) $3 (%)
B 45 90 0-60
P 45 0-90 30

Y 45 30 0-60
C, 105 90 0-60
C, 165 90 0-60

[13]; they are all fibers. Their positions in the laboratory
reference system are given in Table 1. They are also
depicted in (0002) and (1010) pole figures in Fig. 3. These
key figures can be used in the characterization of the mea-
sured textures. Among the five fibers, it is the B and P that
are the most significant.

3. Experimental details

Magnesium of 99.9% purity was obtained in a hot-
forged condition. The initial grain size of the material
was ~200 pm. Billets extracted from the forged plate were
subjected to ECAE at 250 °C up to four passes following
the routes A, B. and C. The experiments were carried out
using a specially designed die [17] with an angle @ = 90°
between the two channels of square cross-section
(10 x 10 mm) without any rounding of the corners
(Fig. 1). The pressing speed was 1 mmmin~'. In each
route, the sample had to be turned by +90° around the
TD axis in order to position the deformed sample back into
the die. In routes B, and C, there were additional rotations,
around the specimen axis by +90° and +180°, respectively.
Textures were measured on the top surface of the bottom
half of the sample by X-ray diffraction in (0002),
(1010), (0002), (1011), (1012), (1120) and (1013) pole
figures. The microstructures were investigated by the elec-
tron back-scatter diffraction (EBSD) technique on the
TD plane using a FEI-Sirion field emission gun scanning

2: ND

» 1:ED
3,3:TD

Fig. 1. Reference systems used in the ECAE process showing the
deformation of a square by simple shear at the intersection plane of the
channels.
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electron microscope (FEG-SEM) with a step size of 1.0 um.
The data acquisition and analyses were performed using
TSL software.

4. Experimental textures and microstructures

From the six measured incomplete pole figures, the har-
monic coefficients of the orientation distribution function
(ODF) were calculated. These coefficients were then
expressed in the reference frame (ED,ND,TD) indicated
in Fig. 1, which corresponds to the (xj,x,,x3) Cartesian
frame used for the definition of the Euler angles. (See also
Fig. 2 for the laboratory reference system.) From the
ODFs, complete pole figures were calculated and are pre-
sented in Figs. 4-6. For each pass, the input texture is
the output experimental texture of the previous pass,
rotated with respect to the considered route.

The initial texture presents a relatively strong (0002)
fiber, with the fiber axis parallel to the ED direction when
the sample is placed into the vertical channel. This texture
originates from the previous rolling process of the pro-
duced Mg plate. After one pass, the texture seems to be just
simply rotated around the TD axis in the positive rotation
direction by ~105°. It approaches the B fiber position but
does not reach it. A split of the fiber can also be identified
in the (0002) pole figure. This texture has to be rotated by
—90° around TD to position the sample back into the die
for the second pass in route A. The pole figures thus
obtained are also shown in Fig. 4 and are referred to as
“input texture”. As can be seen, this texture before the sec-
ond pass is very much similar to the texture before the first
pass; it only differs from it by a rotation of ~15° around the
TD axis. During the second pass, the texture rotates some-
what less than in the first pass, about +90° around TD. It
cannot reach the B fiber position again. These rotations are
then repeated in the third and fourth passes in route A
ECAE. Thus, the texture after each ECAE pass is nearly

1’: SD

> 1. ED

Fig. 2. Reference systems used in the pole figures.

2: ND
o

1’: SD

C,
1: ED

C,
a: (0002)

Ci  L%:ND
\ P,

P,
b: (1010)

Fig. 3. The locations of the ideal fibers in ECAE textures of magnesium
under simple shear loading on: (a) (0002) and (b) (1010) pole figures. The
main fibers are identified with thick lines.

the same. This peculiarity of the texture development in
route A ECAE of Mg will be fully explained in the simula-
tion part of the present paper using the rotation field char-
acteristics of simple shear.

The texture development in route B. deformation is
quite similar to that in route A (see Fig. 5). There is, how-
ever, a systematic difference, clearly visible in both the
(0002) and (1010) pole figures; namely the B fiber devel-
ops in a slightly rotated position around an axis which lies
in the 45° oriented intersection plane of the die, the 1’ axis
in Fig. 2, which is the simple shear direction axis. The rota-
tion is ~20° in the positive sense. When the position of the
obtained fiber is compared to the position of the fiber
before each pass, one can see that the deformation texture
can be obtained from the initial texture by a rotation of
about —45° again around the direction given by the simple
shear direction.
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Fig. 4. Experimental and simulated textures of magnesium in route A of ECAE.

The experimental textures for route C processed materi-
als are presented in Fig. 6. As can be seen, before the sec-
ond pass begins, the texture is not too far from the very
initial texture that is the input texture of the first pass. This
peculiarity is due to the special texture developing in the
first pass; the first-pass deformed texture is just a 105°
TD rotated version of the initial texture. That rotation is

not far from 90°, so by rotating it about ED by 180° and
then about TD by 90°, one obtains a texture that is similar
to the very initial one. Nevertheless, there are some differ-
ences, which are well visible by comparing (0002) and
(1010) pole figures of the initial texture and the input tex-
ture of route C, pass 2. Actually, because the initial fiber is
rotated to the right by ~15°, after pass 2, the fiber
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Fig. 5. Experimental and simulated textures of magnesium in route B, of ECAE.

approaches the ideal position to a closer extent. At larger
pass numbers, one can observe two maxima in the
(0002) pole figures; best visible after pass three. In general,
apart from the double peak, which can be quite strong, the
texture is quite similar after each pass in route C, too.
The EBSD results are presented in Fig. 7 for the samples
deformed in route A to one pass, (hereafter referred to as
Al), in route B, (for the first B, pass, B2) and in route C
(for the first C pass, C2). The color code corresponds to
the orientation of the TD axis with respect to the crystal
reference system. As can be seen, the grain size decreased
drastically; for each of the samples it is ~20 pm (one-tenth
of the initial). There is, however, a bimodal character of the
microstructure with some significantly larger grains present
in the samples. Their population is less significant in the
second passes (C2 and B2). The micrographs in Fig. 7 show
clear evidences of dynamic recrystallization (DRX). One
reason is the grain shape that is nearly spherical, which

should be very much elongated due to large shear in the
ECAE test. Also, the forms of the grains, that are not
always convex, are clear indications of the occurrence of
DRX.

5. Texture simulation conditions

According to the simple shear model of ECAE, the
velocity gradient of simple shear in the plane of symmetry
(1’, 2, 3’ reference system in Fig. 2) is given by:

0 — 0
L=]{0 0 0 : (1)
0 0 0

123

Here, 7 is positive, meaning that the shear direction is neg-
ative. When this velocity gradient is expressed in the ECAE
reference system (1,2,3), it transforms to:
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Fig. 6. Experimental and simulated textures of magnesium in route C of ECAE.

1 -1 0
L=:1 -1 0| . (2)

0 0 0/,,,

As can be seen from this second expression, the velocity
gradient describes tension in the extrusion direction
(1 =ED), compression in the normal direction (2 =ND)
and a pure rigid-body rotation around the TD axis
(3=TD) [15]. L can be readily incorporated into a poly-
crystal plasticity model up to a shear strain of y =2 in each
pass.

Simulations have been carried out using the VPSC
model. (The DRX observed in the experiments was not
modeled in the polycrystal plasticity model. This could be
justified a posteriori: see Section 6.) The non-incremental
tangent-based VPSC model was employed in its isotropic
version concerning the interaction between the matrix
and the grain [18]. More precisely, the finite-element-tuned
model was used where the scaling parameter was 0.6 [19].

For crystallographic slip, the rate-dependent plastic slip
law was employed [20]:

st m—1

m st
_ 17
= —[0—

i T
) Yo |70
This constitutive law has been widely used in crystal
plasticity simulations [21-24]. Here, > is the resolved
shear stress in the slip system indexed by “‘s” of the slip
system family indexed by “f”, }*' is the slip rate, the )
value is the reference stress level (at which the slip rate is
%) and m is the strain rate sensitivity index. The refer-
ence shear rate 7y, is supposed to be constant for all slip
systems. The slip systems are grouped into “families”.
The index f is used to represent a particular family.
The main slip families in hexagonal structures are the ba-
sal, prismatic and pyramidal slips. It is assumed here
that the reference shear stress, r(f), is the same for a given
slip system family, but can be different from one family
to another.

-8, f
s,f

' = 1sgn(7) 3)
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Fig. 7. EBSD maps obtained on the TD surface of the Al, C2 and B2 specimens. The colored triangle indicates the orientation of the TD axis in the

hexagonal crystal reference system.

An important issue in hexagonal materials is the relative
contribution of the different slip families. Agnew et al. [4]
found that the best simulation results could be obtained
using the following combination of the reference stresses:

’L'gasal _ 1’ Tgrism. _ 87 Tgyr.(a) _ 8, Tgyr.<c+a)/A _ 67
1:gyr.<c+a>/3 -6 (4)

The same conclusion could be drawn from our simulations.
The strain rate sensitivity, m, was chosen to be 0.2, which
corresponds to the test temperature 250 °C (experiments re-
port an m-value of 0.15 at 200 °C in AZ31 [1]). The initial
texture was discretized into 2000 grain orientations and
was used as input in the first pass. Hardening was not taken
into account. Two types of simulations were carried out:

1. in the so-called “continuous” technique (indexed as ““c”
in the last columns in Figs. 4-6), in each subsequent pass
the previously simulated texture was the input texture;

2. in the ‘“‘texture-corrected” technique, in each pass the
experimental previous texture was discretized and used
in the new pass.

The output 2000 discrete orientations were converted
into a continuous ODF for the presentation of the defor-

mation textures. For this purpose, a 5° Gaussian spread
was used around each orientation, then the harmonic coef-
ficients of the distribution were derived up to a rank of
L =34. (Actually, the value of the Gaussian spread
depends inversely on the number of grains used in a simu-
lation. In a real measurement, the grain number is usually
much higher compared to the simulation; this is why rela-
tively large values need to be used to generate a continuous
ODF from discrete orientations.) The results of the simula-
tions are presented in Figs. 4-6.

6. Discussion of the texture evolution

Although microstructural evidence clearly indicates that
DRX took place in Mg during the present ECAE experi-
ments, it will be shown below that the texture development
was not affected by the DRX process. For the understand-
ing of this situation, first the texture development will be
discussed without taking into account DRX.

6.1. Characteristics of the rotation field

For a better understanding of the evolution of the
texture during ECAE, it is useful to present the rotation
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field and the divergence quantities in the appropriate
orientation space. Such an analysis has been carried out
for the case of simple shear in Ref. [13] and can be readily
transposed for the ECAE process. It simply involves a shift
of the rotation field and the divergence by 45° in the posi-
tive ¢ direction. For completeness, we recall the definition
of the “rotation field” and the divergence.

The rotation field can be well illustrated by displaying
the lattice spin vector defined in orientation space:
g =(¢1,p,¢2). It is obtained from the lattice spin Q of
the real laboratory space using the following relations
[25,26]:

P1 = Qi — p,co8 9,
¢ = Q3 cosp, + Qp3sin ¢, (5)
@2 = (Q258in ¢, — Qi3c0s @)/ sin .

The divergence quantity, div(g), also gives useful informa-
tion on the nature of the field. It is defined by
. 0p; Op 0@y

div(g) 30, T30 30, ()
The rotation spin vector and the divergence quantity are
displayed in Fig. 8 for the velocity gradient defined in
Eq. (2) in the ¢, = 0° and ¢, = 30° sections. The locations
of the ideal fibers are also indicated in the figure. For re-
gions of high persistence of grain orientations, the lattice
spin, g, is small and the divergence is div(g) < 0. These
are the expected positions of the ideal texture components.
They all manifest in the form of fibers and are listed in
Table 1.

Deformation textures developing from a relatively
strong initial texture are typically fiber textures (see
Fig. 4). This initial texture is plotted in two ODF sections,
as shown in Fig. 8. The fiber appears in the vicinity of the
C1 fiber. The C1 position is just a saddle point with little
persistence of the grain orientations [13]. The lattice rota-
tion is towards the right, which corresponds to the increas-
ing ¢; angle, thus the initial texture is unstable with respect
to the simple shear of ECAE. The texture rotates to the
right by quite a large amount during the first-pass deforma-
tion itself (105°). This rotation is much larger than the
rigid-body rotation, which amounts to only 57.3° during
the shear of 2.0 that corresponds to the deformation of a
material element in an ECAE die with a 90° angle accord-
ing to the simple shear model of Segal [14]. Thus, the rota-
tion of the texture is unusually high compared to the
rotations observed in other crystal structures; for example,
in cubic materials, where the rotations are much less
[15,16]. The speed of texture evolution is a technologically
important issue which must be understood to enable possi-
ble control of the texture. For this reason, a figure was pre-
pared in which the ratio r of the lattice spin ||2|| with respect
to the rigid-body spin ||f is plotted: » = |||//||8|| for an m-
value of 0.2 (see Fig. 9). We recall that the lattice spin is
the difference between the rigid-body spin and the plastic
spin w:

Q=p-o. (7)

f is a constant value during the shear process, while w de-
pends on the crystal orientation; w can even be opposite or
equal to f5. The case when they are equal leads to the stable
orientations in shear for rate-insensitive slip. However, in
the case when they are opposite, the lattice spin becomes
twice the rigid-body spin, a case which has not yet been
studied analytically in a general way, to the knowledge of
the authors. Actually, as can be seen in Fig. 9, r varies be-
tween about 0 and 2. It is small in the vicinity of the ideal
fibers B and P, but in most volumes of Euler space, it is >1.
That is, the lattice rotation in general is larger than the ri-
gid-body spin in a large interval in the ODF to the right of
the initial fiber. This is the reason why the texture can ro-
tate much more than the rigid-body rotation.

The Appendix presents a detailed analysis regarding the
slip distribution and the nature of the operating slip sys-
tems along the B fiber, as well as along the 90° ¢, rotated
B fiber line for the case of simple shear. The results are the
same for the present ECAE test, by simply adding 45° to
the ¢, angle. Along the ideal B fiber, there are two active
basal slip systems that accommodate the prescribed simple
shear and r is zero for strain-rate-insensitive slip. The plas-
tic spin is equal to the rigid-body spin along the B fiber in
the strain-rate-insensitive case. This result remains qualita-
tively the same for the present ECAE simulations carried
out for m=0.2. To the right from the ideal B fiber, on
the line of @; =90° in the ODF, the r-value increases
nearly up to 2 (in the m = 0 case it is exactly 2), which rep-
resents a very fast lattice rotation. This position
(@1 =135°) is particular. One can see from Eq. (7) that
an r value of 2 should correspond to a plastic spin that is
now in the same direction as the rigid-body spin. It is
shown in the Appendix that this prevails all along the 90°
¢ rotated B fiber, i.c. the lattice rotation is twice as high
as the rigid-body spin. For the above reasons, the texture
can readily rotate more than the imposed rigid-body rota-
tion, which is ~105° instead of 57.3°. However, even this
large rotation is not enough to reach the ideal position
because the B fiber is at 135° distance from the initial fiber
(see Fig. 8a). Another interesting feature of the experimen-
tal texture is an apparent split of the fiber showing two
maxima, well visible in the (0002) pole figure after the first
pass. Actually, a similar split already exists in the initial
texture; it is well visible in the two ODF sections of the ini-
tial texture in Fig. 8a and b. After the pass, that split is
nearly the same, both in the experiment and in the simula-
tions. Thus, the apparent split is attributed to the initial
texture.

6.2. Route A textures

The textures that develop in further passes in route A
can be interpreted as follows. For a new ECAE pass in
route A, the sample has to be rotated by —90° around
the TD axis. Such a rotation involves a displacement of



208 B. Beausir et al. | Acta Materialia 56 (2008) 200-214

P ¢
90°4 90°4
60" 60°
30° 30°
0° - - - = 0° 4
P, P, P, _ S
T T T T T T P 1 T T T T T T ™ 01
0° 30° 60° 90° 120 150 180° 0° 30° 60° 90° 120 150 180°
(a) : 92=0°, iso-values: 0.8, 1.0, 1.3, 1.6, 2.0, 2.5, 3.2, 4.0, 5.0, 6.4 (b) : 9,=30°, iso-values: 0.8, 1.0, 1.3, 1.6, 2.0, 2.5, 3.2, 4.0, 5.0, 64
D
90°4
60°
30°
0° -
T T T T T T P 1
0° 30° 60° 90° 120 150 180°
(d) : 9,=30°, iso-values: -4.8, -3.6, -2.4, -1.2, 0.0, 1.2, 2.4, 3.6, 4.8
¢ ¢
90°4 90°4
60" 60°
30° 30°
0 0 -
T T T T T T P T T T T T T ™1
0° 30° 60° 90° 120 150 180° 0° 30° 60° 90° 120 150 180°
(e) : 9,=0° iso-values: 0.7, 1.0, 1.4, 2.0, 2.8, 4.0, 5.6, 8.0, 11.0, 160 (f) : 92=30°, iso-values: 0.7, 1.0, 1.4, 2.0, 2.8, 4.0, 5.6, 8.0, 11.0, 160
¢
90°4
60°4
30°
0° A
P, P P, P P, P,
T : T T : T T : T > P1 T T ! T T : T T : PP
0° 30° 60° 90° 120 150 180° 0° 30° 60° 90° 120 150 180°
(8) : 92=0°, iso-values: 1.0, 14, 2.0, 2.8, 4.0, 5.6, 8.0, 11.0, 16.0, 22.0 (h) : 92=30°, iso-values: 1.0, 1.4, 2.0, 2.8, 4.0, 5.6, 8.0, 11.0, 16.0, 22.0

Fig. 8. Texture evolutions during the first pass of the route A: (a) and (b) show the ODF of the input texture; (c) and (d) present the lattice rotation fields
(&) and divergences (div(g)) associated with the ECAE test for the set of relative reference stresses [1,8,8,6,6] and the strain rate sensitivity m = 0.2; (¢) and
(f) show the ODF of the experimental texture after pass one; (g) and (h) display the ODF of the simulated texture after one pass. (a), (c), (¢) and (g) are the
ODF section at ¢, = 0°, while (b), (d), (f) and (g) are the ODF section at ¢, = 30° constant.
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Fig. 9. The ratio of the lattice spin to the rigid-body spin r =||Q||/||8], (a) and (b) in ¢, =0° and ¢, = 30° ODF sections, respectively (m = 0.2).

the whole texture by —90° along the ¢-axis in Euler space
(the laboratory reference system is always kept the same).
Thus, the whole fiber is shifted back to nearly the same
position as it was before the first pass; not exactly though,
as 90° is less than the rotation of the fiber due to deforma-
tion by 105°. In the second and subsequent passes, the tex-
ture rotates as much due to strain as it does due to the
sample re-positioning (see Fig. 4). This is the reason why
the texture seems to be nearly the same after each pass.

6.3. Route B, textures

The route B, textures are different from those in routes
A and C. As was shown in Section 4, the deformation tex-
ture can be derived from the initial texture by a rotation of
about —45° around the shear direction (which lies at 45°
with respect to the die axis in the intersection plane of
the channels). This situation is repeated in each pass and
nearly the same texture appears after each B, pass. In order
to understand the evolution of the texture in route B, the
textures just before and after the fourth pass are displayed
in ODF form in Fig. 10. Only the ¢, = 30° section is dis-
played, as the texture is almost the same in all the other
@, = constant sections. As can be seen in Fig. 10, the initial
fiber is located in an area from where the rotation field will
drift it in the direction of the B fiber; along a trajectory that
is nearly parallel to the B fiber. The B fiber cannot be

reached during the plastic strain of the ECAE deformation
pass as the lattice rotation is small in this region. It is also
important to note that in route B, deformation there is no
sample symmetry in the ODF (a monoclinic symmetry
could be used in routes A and C for the presentation of
the textures in the ODF space); this is why the ¢; angle
ranges up to 360° in Fig. 10. In conclusion, while large lat-
tice rotations take place in route A passes around the TD
axis (also in route C, see below), route B, is distinct as
the texture rotates by a much smaller amount and not
around the TD axis.

6.4. Route C textures

Concerning the texture evolution in route C, although it
seems to be rather similar to route A, there are some addi-
tional features in the textures that can be readily inter-
preted with the help of the rotation field and the
persistence characteristics of the ECAE process. One can
see that the additional rotation of 180° around the sample
axis, which it is necessary to apply in route C, leads to an
initial texture that is rotated by about —30° along the ¢;-
axis of Euler space with respect to the route A texture
before pass two (cf. the corresponding pole figures in Figs.
4 and 6). In this way, as the initial fiber is quite wide, some
part of the fiber already lies in a high persistence zone of
the B fiber; thus it will rotate very little during the first
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Fig. 10. Texture evolution during the fourth pass of route Bc in the ¢, = 30° ODF sections: (a) input texture; (b) texture after the pass.

route C pass. A larger part of the initial fiber, however, is in
the zone of positive divergence (to the right from the B
fiber position in Fig. 8¢ and d) performing a fast rotation
of the texture. For the reasons explained above and in
the Appendix, this component, although it rotates more
than the rigid-body rotation, cannot reach the B fiber.
The result is the formation of a double peak in the pole fig-
ures. In the first pass, the peak corresponding to the initial
B fiber is quite weak. However, the same process is
repeated in the next route C pass which leads to high inten-
sities for both peaks. Finally, in the last pass of route C, the
same situation is valid as in the first route C pass. This is
due to the well-known fact that in every second pass, the
same shear is applied on the texture in route C.

6.5. Dynamic recrystallization

The colors of the grains in the EBSD maps (Fig. 6) are
in good agreement with the textures measured by X-ray.
That is, there are mostly green and blue colors in about
equal proportions in the Al and C2 samples, which cor-
respond to the orientations between (1010) and (2110)
(see the color code triangle in Fig. 7). Those grains belong
to fibers with the axis of the fiber lying in the ED-ND
plane with the c-axis being the fiber axis. This is in accor-
dance with the conclusion drawn from the pole figures
and the ODFs. Even after deformation, the texture

remains a fiber in routes A and C, with the fiber axis in
the ED-ND plane.

The situation is different for route B, processed materi-
als. The orientation map for the B2 sample (Fig. 6) shows
many grains oriented corresponding to the red color, which
means that the c-axes of those grains are nearly parallel to
the TD axis of the specimen. This is due to the rotation of
+90° applied around the specimen longitudinal axis neces-
sary in route B, which brings the axis of the fiber texture
nearly parallel to the TD direction; as shown in the pole fig-
ures (Fig. 6). Although the fiber axis moves towards the
ideal B fiber, it remains ~25° from it. That is, many grains
will be nearly TD axis oriented due to the very significant
spread of orientations around the fiber. The proportion
of the red colored grains in the EBSD-generated micro-
graphs of the route B, processed sample (B2) in Fig. 7
appears to be in accordance with the number of orienta-
tions expected in TD position.

An interesting feature of the grain structure in Fig. 7 is
that the larger size grains are almost all green in color.
These are grains with their (2110) direction parallel to axis
3 of the specimen (the TD axis). This observation might be
an indication of the occurrence of some selective dynamic
recrystallization process, meaning that grains with such
orientation recrystallize more slowly than other orienta-
tions. It is not excluded, then, that the large green grains
originate from the initial grain structure.
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6.6. Texture simulations

The results of the textures simulated using the visco-
plastic polycrystal self consistent model are displayed in
Figs. 4-6 for each of the corresponding experimental tex-
tures. In general, these textures are very similar to the
experiments, as they reproduce the main features of the
textures that were discussed in the above sections. Two
techniques were applied in the simulations — one-pass
and continuous simulations — see Section 5 above. It
can be seen that the textures simulated from the previous
experimental texture one pass are less strong than those
obtained using the simulated textures. This is quite natu-
ral as there is certainly a significant grain refinement pro-
cess together with important lattice curvatures within the
grains in the present ECAE experiments [27,28], which is
disregarded in the simulations. The refinement produces
many subgrains in a grain that have slightly different
orientations than the parent grain, leading to a smooth-
ening of the texture. This feature is partly captured by
the one-pass simulation technique, but completely
disregarded in the continuous method. Nevertheless, see-
ing the quite good success of the textures simulated by
both methods, we can say that the grain refinement pro-
cess does not influence the textures in a very significant
way.

It is quite a significant observation that the polycrystal
model was able to reproduce the textures in spite of the fact
that it did not contain any DRX modeling. This cannot be
just a coincidence; this result must give information about
the DRX process itself. Indeed, the DRX process in several
hexagonal materials is a nucleation and growth of grains at
+30° around the c-axis of the crystal structure [29-32]. This
rotation does not change the orientation of the c-axis. It
was found in the present study that all deformation tex-
tures were fiber textures with the c-axis as the axis of the
fiber. This means that newly oriented grains remained in
the same fiber, but they appeared at another ¢, location
in the ODF. Consequently, the same kind of fiber persists
due to such a DRX process. Nevertheless, a careful com-
parison of the fiber intensity distributions in the experimen-
tal and simulated (1010) pole figures reveals that the
intensity of the experimental fiber is more even than the
simulated one. This again can be attributed to the occur-
rence of a 4+30° c-rotation-DRX process, which would
have a tendency to randomize the grain orientations along
the c-fiber.

7. Conclusions

The textures that develop during ECAE of polycrystal-
line Mg have been studied in routes A, B, and C up to four
passes, both experimentally and by simulation. For the
interpretation of the texture development, the ideal orien-
tations and the rotation field were presented for the 90°
ECAE process using the simple shear model. Our analysis
has lead to the following main conclusions.

1. There are very large lattice rotations during ECAE of
Mg in routes A and C that can be twice as high as the
imposed rigid-body rotation of the process. This feature,
together with the rotation field characteristics of the
process, provides a detailed explanation of the texture
development. Route B, is distinct as the texture rotates
by a much smaller amount.

2. The qualitative agreement of the simulated textures with
experimental textures indicates that the grain refinement
process during ECAE of Mg does not dramatically alter
the texture.

3. The textures that developed in ECAE of Mg were suc-
cessfully reproduced by the VPSC model without con-
sidering DRX, which, however, took place during the
tests. This result can be explained with a mechanism
of DRX during which the newly formed grains are only
rotated around the c-axis, so they remain in the c-fibers
in the present study.
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Appendix A

In this Appendix, the lattice rotations are examined
along the B fiber as well as along location defined by a
@1 = 90° rotation of the B fiber. While the B fiber is a fiber
of ideal orientations of simple shear textures, the orienta-
tions along the @; = 90°, @ = 90°, @, = 0-60° line are com-
pletely unstable. For simplicity, slip is supposed to be rate
insensitive in the present calculation. Nevertheless, the
results obtained can be readily transposed to the rate-sen-
sitive case, as m =0 is the limiting solution for strain-
rate-sensitive slip. All equations will be written in the sam-
ple reference system.

First we examine the situation along the B fiber.

One can see from the definition of the B fiber (¢; = 0°,
@ =90°, ¢, =0-60°) that the shear plane is parallel to
the basal plane and there are three basal slip systems poten-
tially active (see Fig. Al). The direction and the plane of
the imposed simple shear are shown by the large arrow in
Fig. Al. In the sample reference systems, the slip systems
are defined by the slip directions »*) and the normal direc-
tion of the shear plane n® as follows:
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b(3)

Fiber B (0°, 90°, 0°-60° )

Fig. Al. The position of the three basal slip systems with respect to the
applied simple shear along the B fiber.

(sin ¢,, 0, cos ¢,),

(—cos(¢p, + 1/6),0,sin(¢p, + 7/6)),
(cos(n/6 — ¢,),0,sin(n/6 — ¢,)),
E(2) 3) =(0,1,0)

(1)

E(l)

The correspondmg Schmid orientation matrices, defined by
= b are:
0 sing, O
0 0 01,
0 cosep, O
0 —cos(p,+m/6) 0
m? =10 0 0],
0 —sin(e,+m/6) 0
0 cos(n/6—¢,) O
0 0 0. (2)
0 sin(n/6—¢,) O

The imposed simple shear velocity gradient is:

0
L=1|0
0

S O =

0
0. 3)
0

The strain rate tensor is obtained from L as its symmetrical
component:

0 /2 0
0 0 0

Finally, the rigid body spin is defined by:

0 j/2 0
By=|-9/2 0 of. (5)
0 0 0

The slip rate can be obtained by solving the equation writ-
ten for the strain rate:

. L,+L, 3
gij v __r Z m +m '}) (6)

The above relation is reduced to only two independent
equations, where j! , and 7 are the slip rates in the
slip systems defined above.

y 1 . 1
ép = % = z)"(l) sin(¢,) — 57(2) cos(¢, +m/6)

1.
+ 5“/(3) cos(n/6 — @,), (7)
& =0 =91 cos(¢p,) + 7% sin(e, + n/6)
+ 7 sin(n/6 — ¢,). (8)

The above slip system cannot be solved uniquely as there
are three unknowns for two equations. It can be readily
seen, however, that not all three systems need to be acti-
vated for the imposed deformation. It can be seen from
Fig. Al that when ¢, =0, slip system no. 1 cannot be
active as it is perpendicular to the imposed shear stress.
This situation leads to the result that in the interval
0 < ¢> < /6 there is double slip using systems 2 and 3.
This situation will be called Case no. 1. Similarly, for the
range of orientations m/3 < ¢, < n/6, the active slips sys-
tems are nos. 2 and 3, which will be called Case no. 2. From
Egs. (7) and (8), the slip rates can be readily obtained for
the double-slip case. Thus, for Case 1, the following slip
distribution is obtained:

) 50— @S/ = 9))
V - 07 V - . 3
sin(¢p, + /6)
. 1
w'(3) _ Sll’l(TE/6 — (/72) .
/ (‘[an(qo2 +7/6) +oos(n/6 =) ) . ®)

Similarly, for Case 2, the solution is:

H = 50 sin(n/6 — ¢,)
cos(gy)
¥ = j(cos(n/6 — @,) — sin(n/6 — ¢,) tan(p,)) . (10)

ﬂ)',<2) =0

)

The obtained slip distributions are displayed in Fig. A2.
Now the velocity gradient corresponding to slip only (L)
is obtained using the results from Egs. (9) and (10), over
the whole interval of ¢, (i.e. for Cases 1 and 2

simultaneously):
3 0 9 0

L5=>"mdy" =10 0 0. (11)
: 0 00

The lattice rotation rate is defined as the difference be-
tween the macroscopic velocity gradient (Eq. (3)) and
the plastic-slip defined velocity gradient (Eq. (11)) (see
Ref. [21]):
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Fig. A2. The slip rates in the operating slip systems along the B fiber for
an imposed shear rate of 7 = /3 [ s7'].

0 5 0 0§ 0
Qy=L;—15=10 0 0| —{0 0 0of=0. (12)
00 0 000

Thus, as expected, the lattice rotation rate is zero along the
ideal B fiber.

Now the case of the ¢; =90° rotated B fiber will be
examined.

Along the rotated B fiber (90°,90°,0-60°), the shear
plane is not parallel to the basal plane; it is perpendicu-
lar to it, as shown in Fig. A3. The direction and the
plane of shear are indicated by the two arrows in
Fig. A3. The slip systems are defined by the slip direc-
tions ) and the normal direction of the shear plane
n® as follows:

bW = (0, —sin ¢, cos p,),

b = (0,cos(p, + 1/6),sin(¢, + 1/6)),
b3 = (0, —cos(n/6 — ¢,),sin(n/6 — ¢,)),
) = 1@ — n® = (1,0,0).

X3
A b(3)
b/ \p»
Shear Shear
® > X2 @
po

Fig. A3. Slip geometry along the 90° ¢,-rotated B fiber.

The corresponding Schmid orientation matrices are:

0 0 0
mY =1 —sing, 0 0 [,
cosp, 0 O

0 00
m? = | cos(p, +m/6) 0 0) :
sin(p, + n/6) 0 0
0 0 0
@3) =| —cos(n/6—¢,) 0 O
sin(n/6—¢,) 0 0

Using Eq. (6), the following two equations can be set up:

(14)

. } | 1.
b =2 = =57 sin(g) + 57 cos(ps +7/6)

2 2
317 cos(n/6 — ). (15)
&1 = 0 =9 cos(¢,) + 7 sin(p, + 1/6)
+50sin(/6 — 9,). (16)

It is necessary to distinguish two cases again: 0 < ¢, < /6
and 11/6 < ¢, < ©/3. For the first case 0 < ¢, < 11/6, we ob-
tain with a similar analysis as for the B fiber, that the active
slip systems are 7 and 7. By solving Egs. (15) and (16)
we obtain the slip distribution:

" =0,

32 — 5 (% + cos(m/6 + @2)) 7 )
).}(3) _ _-(2)M (17)

sin(n/6 — ¢y)”
For the second case n/3 < ¢, < n/6, the active slip systems
are 9" and 7, and the solutions are:

S cosle) o\
ez~ 5n0)

(1) —

'y f—
5(2) — () ) _ s ©08(#2) 13
’ . sin(n/6 — @,) (18)
15
Case 1 Case?2
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Fig. A4. Slip distribution along the 90° ¢,-rotated B fiber.
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The obtained slip distribution for the two intervals is dis-
played in Fig. A4. As can be seen, the slips are exactly
the opposite for the present 90° rotated B-fiber as com-
pared to Fig. A2.

Now the velocity gradient corresponding to plastic slip
only LE is obtained from Egs. (15) and (16), which is iden-
tical for the two intervals:

; 0 0 0
5= "mdi =135 0 0. (19)
’ 000
Finally, the lattice rotation rate is obtained:
, 3 0 % 0 00 0
Qy=L;—> mly¥=10 0 0| —|5 0 0
E 00 0 0 0 0
0 7 0 .
=(-y 0 0| =28 (20)
0 0 0

Thus, along the 90° rotated B fiber, the lattice rotation rate
is twice as high as the rigid body rotation rate.

Appendix B. Supplementary material

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.actamat.2007.
09.032.
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