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Abstract

Asymmetric rolling of commercially pure magnesium was carried out at three different temperatures: room temperature, 200 °C and
350 °C. Systematic analysis of microstructures, grain size distributions, texture and misorientation distributions were performed using
electron backscattered diffraction in a field emission gun scanning electron microscope. The results were compared with conventional
(symmetric) rolling carried out under the same conditions of temperature and strain rate. Simulations of deformation texture evolution
were performed using the viscoplastic self-consistent polycrystal plasticity model. The main trends of texture evolution are faithfully
reproduced by the simulations for the tests at room temperature. The deviations that appear for the textures obtained at high temper-
ature can be explained by the occurrence of dynamic recrystallization. Finally, the mechanisms of texture evolution in magnesium during
asymmetric and symmetric rolling are explained with the help of ideal orientations, grain velocity fields and divergence maps displayed in

orientation space.

© 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Magnesium and its alloys have high potential in auto-
mobile and aerospace applications due to their superior
specific strength and density [1,2] compared with other
metals.

However, the processing of magnesium and its alloys is
relatively difficult at ambient temperature due to their lim-
ited ductility, which is essentially attributed to the limited
number of slip systems owing to the hexagonal crystal
structure. Severe plastic deformation processes (SPD) can
improve formability [3] and the following major SPD tech-
niques are currently used in laboratory studies: equal chan-
nel angular extrusion (ECAE) [4-8], high pressure torsion
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(HPT) [9-11] and accumulative roll bonding (ARB)
[12-14]. It is now well known that the formation of basal
texture away from the rolling plane as well as a decrease
in grain size can increase the formability of magnesium
[15]. SPD processes like ECAE have been known to pro-
duce texture with a strong basal component located at
45° between ED and ND. However, in the conventional
sense, it is only applicable for rod products. The applica-
tion base, however, is more extended for flat products,
which essentially require the rolling behaviour to be
improved. One such process can be asymmetric rolling
(ASR) or accumulative roll bonding (ARB), which amal-
gamates the ideas derived from SPD processes with rotat-
ing the basal plane away from the rolling plane. Both
ARB and ASR are associated with a shear deformation
in addition to the deformation in plane strain compression
during symmetric rolling (SR). However, in these two pro-
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cesses the additional shear component is not achieved in a
sheet in the same way. In ASR the shear strain results from
a difference in velocity between the bottom and top sur-
faces of the sheet, leading to shear strain in the whole thick-
ness of the sheet in one pass. In ARB the shear strain is
produced by friction between the rollers and the sheet
and affects only the surface layer in one pass. Then, during
subsequent passes, due to the bonding process, the surface
shear texture extends into the bulk, leading, after several
passes, to a global shear texture component in the sheet.

Several investigations into the microstructure of and
texture evolution in magnesium alloys can be found in
the literature [16-22]. However, the mechanism of texture
evolution, occurrence of dynamic recrystallization or ideal
position, and their persistence characteristics are not yet
well understood. The analysis of these characteristics is
helpful in understanding the texture evolution differences
between ASR and SR and could help proposing appropri-
ate asymmetric rolling strategies in order to change the
final texture and thus modify the mechanical properties
of rolled sheets.

In the present investigation asymmetric rolling of com-
mercially pure magnesium was carried at different temper-
atures and the evolution of texture has been studied and
compared with conventional (symmetric) rolling under at
same temperature and strain rate. In the ASR process the
circumferential velocities of the upper and lower rollers
are different, so shear deformation is applied throughout
the thickness of the sheet [23-27]. Different circumferential
velocities can be achieved by three ways: (i) rollers with dif-
ferent radii; (ii) rollers with different angular velocities; and
(ii1) different lubrification conditions between the sheet and
each of the two rollers. In our case rollers with different
radii were used to apply the additional shear deformation
throughout the thickness of the sheet.

Section 2 of this paper presents the experimental details.
A thorough analysis of the microstructure, grain size distri-
butions, misorientation distributions and texture evolution
after ASR and SR is presented in Section 3. Section 4 pre-
sents the simulation conditions and a comparison with
experimental texture evolution is performed. In Section 5
the mechanism of texture evolution is discussed in terms
of ideal orientations, grain velocity field and divergence
maps in orientation space. Finally, in Section 6 the effect
of dynamic recrystallization on texture is discussed in terms
of plastic energy.

2. Experimental details

Cast magnesium billets of 99.93% purity were hot forged
at 450 °C to obtain plates with a thickness of 40 mm. The

Table 1
Material composition (wt.%).
Mg Al Mn Cu Fe Si Ni

99.93 0.0032 0.0128  0.0005  0.0017  0.0228  0.0003

nominal composition of the as received material is shown
in Table 1. The microstructure of the material after forging
was composed of grains with an average size of ~14 pm
with very weak texture. Rolling billets of 20 x 75 mm
cross-section and 10 mm thickness were extracted from
the forged plates. The samples were machined in such a
manner that one end had a wedge shape with an angle of
30° (see Fig. 1). This was done in order to impart a high
level of rolling reduction in one pass. In order to quantify
the additional shear components induced in the sheet by
ASR, vertical inserts of magnesium were placed in the sam-
ples (Figs. 1 and 2).

Rolling, both asymmetric and symmetric, was carried
out at 350 °C, 200 °C and room temperature (RT). In both
cases (SR and ASR) two passes with ~50% reduction in
thickness were performed and a final thickness of 2.5 mm
was obtained. In the case of ASR the upper and the lower
rollers had different diameters (165 and 110 mm). Both
rollers rotated at 53 rpm, so that the circumferential veloc-
ity of the bigger roll was 0.92 m s~ and for the smaller roll
was 0.6lms ', This led to an average velocity of
~0.76 m s, which is almost same as the velocity imparted
during SR. While carrying out symmetric (or conventional)
rolling the same velocity was imparted to two rollers of the
same size. The roller speed was 63 rpm, giving a circumfer-
ential velocity of 0.73 m s~'. In both ASR and SR the sam-
ples were heat treated at the respective rolling temperatures
before rolling. The temperature was measured at the centre
of the specimen with the help of a thermocouple positioned
inside a 1.5 mm hole (Fig. 1). The processing schedules for
both ASR and SR are summarized in Table 2.

The microstructure and texture of the as received as well
as the ASR and SR samples were examined by electron
backscattered diffraction (EBSD) technique using a FEI-
Sirion field emission gun (FEG) scanning electron micro-
scope (SEM). All the samples were sectioned along the
TD plane and the EBSD scans were performed at the cen-
tre of the sheet. The specimens were prepared by polishing
on emery paper up to 6 um roughness. This was followed
by chemical polishing with 75% ethane diol, 24% distilled
water and 1% HNOj; on a cloth. After achieving the desired
surface finish the specimens were electro-polished in a 3:5
volume fraction of ortho-phosphoric acid and ethanol in
an electro-polishing unit with a stainless steel cathode at
3V for 30s and 1.5V for 2 min. EBSD was carried out
at a step size of 0.5 um. The microstructural characteristics,
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Fig. 1. Initial shape of the samples.
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Fig. 2. Shape of the vertical insert after the first pass of asymmetric rolling.

including texture evolution, grain size distribution and
misorientation angle distributions, were calculated for each
sample.

3. Experimental results
3.1. Microstructure

Fig. 3 shows the microstructure maps obtained by
EBSD in the TD plane on the half-thickness areas of
sheets. The colour code corresponds to the orientation of
the TD axis with respect to the crystal reference system.
Grain boundaries were identified with a minimum of 15°
misorientation across the boundary. The microstructures
of both the ASR and SR samples rolled to 75% at 200 °C
and 350 °C showed equiaxed grains with serrated (or zig-
zag) grain boundaries. The serrated boundaries were
clearly seen in the EBSD generated microstructures
recorded at higher magnification. However, the room tem-
perature ASR and SR samples showed a mixture of small
equiaxed grains with high angle grain boundaries and lar-
ger elongated grains. The average grain sizes for each of
the samples are presented in Table 3. The average grain size
increased with rolling temperature for both the ASR and
SR samples. However, the grain sizes of the ASR and SR
samples were almost the same at a given temperature.

Fig. 4 presents the grain size distributions for the mate-
rials prior to rolling and after rolling (for both ASR and
SR). For all the samples the grain size distributions dis-
played a singular peak. However, it is worth noting that
in all the ASR samples the range of grain size was wider
compared with the SR samples for any temperature. A
slight increase in the average grain size of the ASR samples
can be attributed to the increase in the span of the grain
size spectrum (see Table 3). It should be noted that the
grain size data presented in Table 3 was obtained by the

Table 2
Experimental sequences.

number fraction method [28] (a method analogous to the
random point counting method conventionally used for
grain size estimation). In contrast, the distribution shown
in Fig. 4 was derived using the area fraction method [28],
which was used in order to explore the nature of the distri-
bution (for example, unimodal or bimodal). However, in
the case of the room temperature ASR and SR samples a
difference in the range of grain sizes was much less and
was barely discernible. In this case the average grain size
of the ASR sample was less than that of its counterpart
SR sample.

In order to examine the occurrence of any restoration
process, misorientation between each pair of neighbouring
grains was calculated. Fig. 5 shows the misorientation dis-
tribution of the first neighbours (also called the Mackenzie
correlated misorientation distribution) for the ASR and SR
samples after the second pass. Values below the critical 15°
misorientation angle appear, because the average orienta-
tion of the grain is used, which is different from the misori-
entation at the grain boundary due to lattice curvature
within the grain. It was observed that a large number of
the grains were misoriented by ~30° for all the deformed
samples. In order to determine the misorientation axes,
their projection for grains misoriented in the range 27.5-
32.5° are also plotted in Fig. 5. For brevity, the projections
for only two samples are shown: ASR room temperature
and SR at 200 °C samples. However, the other samples
showed similar results. From these figures it is clear that
the misorientation axes are mostly close to the c-axis of
the hexagonal lattice.

3.2. Texture
Fig. 6a and b presents the (10.0), (11.0) and (00.2) pole

figures of the ASR and SR samples obtained from the
EBSD data after the second pass, along with the simulation

Heat treatment

1st pass (10 - 5 mm)

Heat treatment 2nd pass (5 - 2.5 mm)

350 °C 370 °C for 10 min, cooled Temperature reduced to 360 °C for 3min  Temperature reduced to
to 350°Cin 15's 330 °C 330 °C

200 °C 220 °C for 10 min, cooled Temperature reduced to 210°C for 3min  Temperature reduced to
to 200°C in 15's 180 °C 180 °C

Room temperature =~ None

Room temperature

None Room temperature
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Fig. 3. Microstructures obtained by EBSD after two passes of rolling.

results (presented in the next section). In all these pole  tion (TD) is the projection plane. In the case of the SR
figures rolling direction (RD) is towards the right, the nor-  samples a predominant basal texture [00.2]|ND developed
mal direction (ND) is on the top and the transverse direc-  at all temperatures. However, in the case of the ASR sam-
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Table 3

Average grain sizes (pm).

Starting material 14.1

SR Room temperature 2.25 ASR Room temperature 2.11
SR 200 °C 3.39 ASR 200 °C 3.95
SR 350 °C 5.57 ASR 350 °C 6.74

ples the basal fibre is rotated by ~5-10° anticlockwise from
the ND. For a better representation, the experimental tex-
tures have also been plotted in Euler orientation space (see
Figs. 7a—c and 8a—c). It can be seen in the ¢ = 90° sections
that the distribution of the grains in the ¢, direction
depends on the test temperature for both ASR and SR.
Concerning the reference system for the Euler angles, a
Cartesian system was fixed to the unit cell of the hexagonal
crystal structure so that the testing direction axes X (RD),
Y (TD) and Z (ND) were parallel to the crystallographic
axes of the [10.0], [11.0] and [00.2] directions, respectively,
of a non-rotated crystal (this convention will be used in all
the figures in this work).

4. Deformation texture simulations

Several descriptions of deformation by streamlines after
asymmetric or conventional rolling have been proposed in
the literature [29-32]. From such streamlines a variable
velocity gradient in the die can be extracted that describes
in detail the deformation of a material element during the
process. This type of modelling is appropriate to simulate
texture heterogeneities through the thickness of a sheet.
The curvature of the streamline accounts for a shear com-
ponent with the shear plane being the RD plane and the
shear direction parallel to ND. In the middle of the sheet
the impact of curvature of the flow line in this shear is neg-
ligible. Another shear component, nearly constant within
the sheet, is also generated by the different circumferential
velocities of the rollers and operates in the ND plane and in
the RD direction [33-37]. This approach is also adopted in
the present work.

In conventional rolling the state is nearly plane strain
and the following constant velocity gradient is used (com-
pression in ND; ¢ < 0 and tension in RD):

—& 0 0
L=]0 0 0 (1)
0 0 ¢

xy.z

In ASR, a shear component is imposed on the sheet by the
different speeds of the rollers and the velocity gradient
becomes:

& 0 —pi
L=|0 0 0 2)
0 0

RD,TD,ND

Here the shear rate is ) = —pé¢, with p > 0 being the shear
coefficient that characterizes the contribution of shear with
respect to rolling strain. In the following it is assumed that

the velocity gradient is stationary during a rolling pass,
meaning that p is constant. In order to evaluate p we use
our experimental observations; see Fig. 2, where an initially
vertical insert becomes inclined progressively by an angle o
with respect to the ND direction due to the combined effect
of shear and compression. The shear angle is defined by:

tan(a) = al (3)
h
The time derivative of Eq. (3) is:
& % hx
costa h Wk @
Using the relations x/h = 9, 9 = —pé and & = /i /h as well
as Eq. (3) we obtain the following integral:

[ o= [ 2 5
0 (p+tana)cos?o ), h

Here h; and Ay are the initial and final thickness of the
sheet, respectively, and o, is the final inclination angle of
the insert (see Fig. 2). The shear coefficient can be obtained
by solving Eq. (5):

hy
h; — hy

p= tan (o) (6)

In the present case h;=5mm, hr=25mm and
tan(o,) = 2, which leads to a value of p=2. Note that
for the particular case of a reduction of 50% p = tan (o) .

The obtained velocity gradient is inserted into the visco-
plastic polycrystal self-consistent model to simulate the tex-
ture evolution. As the initial texture was very weak, 2000
randomly distributed spherical grains were used for the
simulations. Several slip system families are present in the
hexagonal structured materials. They are: basal {0001}
(1210), prismatic {1100}(1120), pyramidal (a) {1011}
(1210), pyramidal (c+a) type I {1011}(2113) and
pyramidal (c +a) type II {2112}(2113). Although the
two latter pyramidal slip system families are not very differ-
ent from each other, they have distinct effects on the texture
due to their different slip activities. In the present simula-
tion work they can carry up to 30% of the total slip, with
more slip in type I than in type II. Based on previous stud-
ies on pure Mg [38,39], the set of reference stresses
[1,8,8,6,6] was chosen to set their relative strengths,
where the values refer to the slip system families in the
order ,L.gasal/fgasal’ T€Vi5”1</,[gasal, I.[S}’”(a}/rgasal’ Tﬁ)’r'(CJra)*I/Tgasal’
rf)’yr'<c+“>_ﬂ/r€””l . For some alloys deviations can appear
from the pure Mg reference stresses [38,40]. For example,
in Beausir et al. [40] the best simulation results were
obtained for the set [1, 8, 8, 4.5, 4.5] for AZ71. The strain
rate sensitivity index value m = 0.1 was used, which is an
approximate average value for pure Mg and Mg alloys
according to several measurements [40,41]. This set of ref-
erence stresses and of strain rate sensitivity value will be
used throughout this study. The m value was considered
to be the same as the strain rate sensitivity exponent of slip
in the constitutive slip law [42]:
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Fig. 4. Grain size distribution after two passes of rolling.
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Fig. 6. (10.0), (11.0) and (00.2) pole figures of experimental and simulated textures after the second asymmetric rolling pass (a) and symmetric rolling (b)

of pure magnesium. RD, right; ND, top; TD, projection plane.

m—1

7',s,f " 7',3‘-,/

sl
“/ Yo | Yo
The slip systems are grouped into ‘“‘families”, for which
purpose the index f is used. In Eq. (7) 7/ is the resolved
shear stress in the slip system indexed s of the family in-
dexed £, 7 is the slip rate and rg is the reference stress level
(at which the slip rate is j,). The reference shear rate j is
assumed to be the same for all slip systems. Eq. (7) has
been widely used in crystal plasticity simulations [39,43—

49]. Tt is assumed here that the reference shear stress 7 is

o/ = rysgn(i) (7)

=)

the same within a given slip system family, but can be
different from one family to another. Slip system hardening
due to deformation was not modelled. Deformation twin-
ning was not considered for the two materials in the simu-
lations as very little twinning was observed in the
microstructure analysis. Note that there was no allowance
made for temperature in the simulations because tempera-
ture effects (like dynamic recrystallisation) were not consid-
ered in the simulations. Consequently, the same simulation
result should be compared with the experimental results at
all temperatures.
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Two passes were performed in the simulations and the
results obtained after the second pass for ASR and SR
are presented as pole figures (Fig. 6a and b, respectively).
To obtain a better understanding of the global movement
of the grains, the experimental and simulated textures are
superimposed on the grain velocity field (see below for
more details on the grain velocity field) in the ¢ = 90°
and ¢, = 30° ODF sections (Fig. 7 for ASR, Fig. 8 for
SR). For both cases, SR and ASR, the main features of tex-
ture evolution are quiet well reproduced, i.e. rotation of the
texture around ¢; and ¢. For SR the simulations results
are symmetric with respect to the TD plane due to the sym-
metry of the process and the initial random texture. In the
case of ASR the experimental textures do not display this
symmetry, which is also shown in the simulations. How-
ever, for the high temperature tests the experimental tex-
ture is less well reproduced by the simulations, especially
the intensity distribution along the ¢, direction (see ODF
sections ¢ = 90° in Figs. 7a,b,d and 8a,b,d). The ¢, axis
in Euler space represents rotation of the hexagonal crystal
unit around its c-axis, i.e. a (c) type fibre. The ¢, and ¢ an-
gles are constant for such a fibre. As can be seen in Figs. 7
and 8, this fibre is not well reproduced in the 200 °C and
350 °C tests for both ASR and SR. We suggest that this
deviation is due to dynamic recrystallization taking place
during the 200 °C and 350 °C tests, which will be discussed
in Section 6.

5. Stability analysis

The microstructural evidence clearly indicates that
dynamic recrystallization (DRX) took place in pure Mg
during the present ASR and SR experiments, with a greater
impact in the tests at 200 °C and 350 °C. However, the
main features of texture evolution can be reproduced with-
out taking into account the process of DRX. In order to
understand the effect of DRX in the development of tex-
ture, first, texture development will be discussed without
taking into account DRX. For this purpose we first carried
out an analysis of orientation stability in orientation space.

In order to understand texture evolution it is useful to
determine the “stable” orientations of textures. “Stability”
here means that the given orientation rotates slowly; it has
low lattice spin (). The stability parameter P used in this
study is defined as follows (see [49]):

P(g,2) =1 — (|Q(g. &)/ Lmax) (8)

Here [|Q(g,8)]| =1/Q), + Q5 +Q5; and Q. is the

maximum of ||Q2(g, £)|| in the whole Euler space. g is the ori-
entation defined by (¢, ¢, ¢») and & is the strain rate. The
exponent 1/3 was chosen so that the stability maps look like
an ODF. Note that the value of this stability parameter lies
between 0 and 1 for “unstable” and “stable” orientations.

However, study of the stability parameter in general is
not enough to determine the ‘““ideal” orientations. Ideal
here means orientations where the grains will rotate and

will stay. For this purpose, the rotation field and the diver-
gence quantities also have to be examined, especially in the
vicinity of “‘stable” orientations. For completeness of the
discussion we first recall the definition of the rotation field
and divergence.

The rotation field can be well illustrated by displaying
the lattice spin vector defined in orientation space:
&= (o1, ¢, ¢2). It is obtained from the lattice spin Q of
the real experimental space using the following relations
[50,517:

@1 = Q12 — pycos @
@ = Q3 c08 0, + 2)38in @, ®)
@2 = (932 sin P — Q13 cos (pl)/Sian

The continuity equation describes variations in the ori-
entation density function f, which also gives useful infor-
mation on the nature of the field. In the Eulerian
formulation it is given by:

dlnf
50

& + ¢cote + div(g) + ¢ - grad(Inf) =0 (10)

where 7 is the strain. The rate of change of the ODF inten-
sity for a given orientation is characterized by jdIn f/dy.
For relatively weak textures the term ggrad(In /') can be ne-
glected for the reason that both g and grad(In f) are small
near ideal orientations. -

From the viewpoint of texture formation, a texture com-
ponent for orientation g is considered stable during defor-
mation as long as a

§= (o9 =0 and 9700 (i)
The quantity 7 - dinf/dy represents the changes which
take place in the ODF during plastic strain: in order to
shorten the notation this will be termed div'? because, basi-
cally, it is the quantity div(¢g) including the correction term
¢ cot ¢, which accounts for distortion of the Euler space
along the ¢ coordinate. For further details on the rotation
field, divergence quantity and continuity equation see
Gilormini et al. [51], Arminjon [52] and Clément [53].

The velocity gradient used for SR is defined by Eq. (1),
where ¢ = 1/3/2 in order to obtain a von Mises equivalent
strain rate of 1.0 s . For ASR the velocity gradient defined
by Eq. (2) is applied, where ¢ = 1/3/(4 + p?), and calcula-
tions were carried out for different values of the shear coef-
ficient, i.e. p=0 (plane strain), 0.5, 1.0, 2.0 and 50
(practically, the latter represents simple shear).

The stability parameter and the quantity div'”’ are calcu-
lated in the whole Euler space on a grid of 1° of the three
Euler angles while the velocity field is calculated on a grid
of 7.5°. Fig. 9 displays the stability parameter defined by
Eq. (8), where the velocity field (Eq. (9)) is also superim-
posed in the ¢ =90° and ¢, = 30° sections of Euler space.
These two sections allow depiction of the vicinity of all sta-
ble orientations for all values of the shear coefficient.
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Fig. 10. Divergence maps (negative areas in blue, positive areas in red, bold black line corresponding to div'?) = 0) superimposed on the stable orientation
(black and white) as a function of the asymmetry parameter p in the ¢ = 90° and ¢, = 30° sections of Euler space. (For interpretation of color mentioned
in this figure the reader is referred to the web version of the article.)
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Fig. 10 displays div'® maps, with the high stability regions

also indicated. The two figures should be examined at the
same time to characterize the ideal orientations as a func-
tion of the shear coefficient:

1. p =0 (plane strain) (Fig. 9a). From the stability maps
one particular orientation, Oy, and six fibres, F|—Fg, dis-
playing high stability can be identified; they are “¢,”
type fibres. A singular orientation appears several times
in the ¢ = 0° due to the singularity of the Euler space
and the hexagonal symmetry. It is defined by (¢4, ¢
, $2) =(0°, 0°, 30°), which corresponds to the Miller indi-
ces (10.0)]|]RD and (00.2)||TD. The six ¢, fibres are all
contained in the ¢ = 90° section and appear at ¢; = 0°
(F1), 30° (F5), 60° (F4), 90° (F,), 120° (Fs) and 150°
(Fg). Along these fibres the stability was not homoge-
neous, with higher stability appearing at ¢, = 30° for
all fibres. In the case of fibres F; and F, higher stabilities
also appeared at ¢, = 0°. If we now look at the velocity
field, the lattice rotation velocity is nearly 0 on both the
F, and F, fibres. In the case of the F, fibre the grains
rotate towards the fibre in the ¢ direction but rotate
away from it in the ¢ direction (positively or negatively,
depending on the side of the fibre). There is no particular
movement in the ¢, direction. In the case of F, the
reverse is true: the grains rotate towards the vicinity of
F, in the ¢, direction but rotate away in direction ¢.
Concerning the other fibres, we can distinguish F5; and
F¢ from F4 and Fs. From all directions grains will rotate
towards F3 and F¢ with a “preference” for the particular
orientation of these fibre at ¢», = 30°. Once again, the sit-
uation is reversed for F4 and Fs, with the grains leaving
their vicinity in all directions (¢1, ¢ and ¢,). To quantify
which orientation is “ideal” we have to look at the quan-
tity div'? in the vicinity of all these fibres (Fig. 10a). Fy,
F, and Fs are located in the area div'® >0, indicating
migration of grains out of these regions, thus these high
stability fibres cannot be considered ideal orientations.
The case of F, is more complex. F, is located in the area
div'? < 0, but the sense of the ¢ component of the veloc-
ity field indicates a leaving movement in this direction,
meaning that, 0P1/0¢, + 0p/0¢p + OP2/Ip,+
¢ cot(¢p) < 0 but with the term d¢/d¢ > 0, which does
not make F, an ideal orientation. The situation is similar
for the particularly high stability O; orientation, where
the velocity field in its vicinity is never fully directed
towards it and thus it cannot be considered an ideal ori-
entation either. In contrast, F; and Fg present all the
characteristics of ideal orientations, i.e. high stability,
located in div'? <0 and the sense of the components of
the velocity field are all in the direction of the fibres, thus
they are ideal orientations for plane strain rolling of hex-
agonal metals displaying a large proportion of basal
glide (the case for Mg). The F3 and Fg fibres correspond
to (00.2) at +30°/ND, respectively. It should be noted
that two particular preferential orientations of these
fibres are located at ¢, = 30° and not exactly at 4= 30°/

ND but +24°/ND with the normal of the prismatic plane
parallel to TD. In the following these orientations will be
referred to as RH; and RH,, where “RH” refers to “‘roll-
ing hexagonal” (see Fig. 9a). Two important aspects of
stability and persistence in the case of symmetric rolling
is that: (i) all the quantities (stability, velocity field and
div'® )} present perfect mirror symmetry with respect to
the ¢p; =k - 90° planes k£ € N; (ii) all the stable orienta-
tions are located inside di'® <0 zones. These two
aspects together imply that all the grains converge
towards stable positions and will not leave those regions
under multiple passes of SR, even if the sheet is rotated
around ND by k - 90° between passes, because of the mir-
ror symmetry. This feature of the texture reduces the pos-
sibility of controlling the deformation texture by SR.

2. p=0.5. F; and F4 rotate towards F; and F, around

¢1 <0 and ¢; > 0, respectively, while Fs and Fg move
closer. The velocity field and divergence around the sta-
ble orientation are only slightly affected. The “ideal” ori-
entation determined in plain strain compression rotates
slightly and the persistence characteristics in their vicin-
ity remain the same (i.e. div'” and the velocity field).

. In the case where the amount of shear is equal to the

compression plane deformation, i.e. p = 1.0, F; and F;
and F, and F, are joined. F5 and F¢ are now separated
by about 20° around ¢; = 150°, but remain within neg-
ative and positive divergence areas, respectively. It
should be remembered that the fact that the high stable
regions are located on the boundary of di'? <0 and
div'? > 0 areas is a characteristic feature of simple shear
texture for hexagonal metals [48], as well as cubic metals
[54,55]. For the present value of the shear coefficient
(p =2) its impact on the persistence characteristics can
be seen for F;—F3 and F,-F,, which are now located
at the boundary of positive and negative divergence
regions (Fig. 10c).

. In the case of p = 2.0, which is the case for the present

experimental study, F;—-F3 and F,—F,4 almost disappear
and Fs; and F4 are joined between ¢; = 150° and
¢1 = 165°. At the same time, a new fibre appears along
the ¢ direction (0 < ¢ < 90° in the ¢, = 30° section and
at ¢; = 150°-165°. This fibre arises from prismatic activ-
ity, as explained in Beausir et al. [48]. The stable orien-
tations and their persistence characteristics for p = 2.0
look like those of simple shear but are shifted by about
—22.5° along ¢,. The velocity field is mainly oriented
around — ¢; and all the stable orientations are situated
on the boundary of divergence/convergence zones.

5. p =50 (Figs. 9¢ and 10e). The B- and P-fibres (basal and

prismatic glide) are obtained in almost the same position
as in simple shear [48]. This value of shear coefficient is a
“critical” value above which the compression compo-
nent of the strain can be neglected in terms of texture
evolution.

To summarise, in ASR, due to differences in the

circumferential velocities of the rollers, an important shear
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component with respect to the plane strain is induced in the
sheet. This shear component considerably modifies changes
in orientation of the grains and the stability characteristics
of the texture. The stable positions change and the velocity
field becomes more and more directed along the negative
¢ direction. An important fact is that in ASR (i.e.
1 <p<oo) the stable orientations are located on the
boundary between div'” >0 and div'” <0 zones. More-
over, the velocity field does not display mirror symmetry
with respect to the ¢, = k - 90° planes (k € N), i.e. around
ND. These two main differences can be exploited to control
the deformation texture; indeed, rotation of the sheet by
180° around ND between two passes repositions the grains,
accumulated in the initial pass near an ideal orientation, in
a positive divergence zone from which the grains will rotate
under the second pass. “Routes” (as in ECAE) with an
appropriate ratio between the circumferential velocities of
the rollers can be chosen in order to “control” the texture
of the sheet. Note that the orientation stability studies were
repeated for different c/a ratios and relative reference
strength sets but the results are not shown here for reasons
of brevity. From that it can be said that the stable orienta-
tions remains almost the same and that the relative
strengths of the slip systems families influence the relative
importance of the different ideal orientations.

6. Effect of dynamic recrystallization on texture

The ideal orientations identified in the preceding section
are plotted in Figs. 7 and 8. In the case of the room temper-
ature test the grains accumulated in the vicinity of the ideal
orientations for both ASR and SR, meaning that dynamic
recrystallization does not significantly affect texture evolu-
tion. This is why the simulated textures obtained without
taking into account the phenomenon of DRX match quiet
well with the experimental ones.

In the case of the 200 °C and 350 °C ASR and SR
tests the processing temperature was higher than the
minimum recrystallization temperature (0.47y;). There-
fore, it is assumed that full dynamic recrystallization
took place in both cases. Equiaxed grains with serrated
grain boundaries indicate the occurrence of dynamic
recrystallization, although complete dynamic recrystalli-
zation might not have occurred (Fig. 5). As mentioned
in Section 3.1, in order to investigate the occurrence of
dynamic recrystallization the misorientation between
each couple of neighbouring grains was calculated. It
was found that a large proportion of grains possessed
an ~30° misorientation with respect to their neighbour
in the deformed samples. The misorientation axes for a
large proportion of grains was [00.1], which indicates
the presence of a large fraction of dynamically recrystal-
lized grains in all the samples. It should be mentioned
here that dynamically recrystallized grains in Mg are
known to display a 30° misorientation around [00.1] with
respect to their neighbours [56-58].

Since the simulations were carried out without consider-
ing the effect of DRX, the rotation by 30° around ¢»
(““¢”-axis) could not be reproduced in the simulated tex-
tures. For both the ASR and SR simulations (Figs. 7 and
8) a fibre (¢4, ¢, ¢>) = (0°,90°, —60°) formed, with the
maximum intensity at ¢, =0° and a lower intensity at
¢> = 30°. In both the experimental ODFs (Figs. 7 and 8)
of the 200° and 350 °C ASR samples, where dynamic
recrystallization took place, the situation was reversed.
The maximum intensity of the ODFs was located at
¢> = 30° and the minimum at ¢, = 0°.

In previous studies [40] the DRX process was assumed
to be controlled by the plastic energy. For this reason, a
map of the inverse of the plastic energy, defined by Eq.
(12), is also displayed in Figs. 7e and 8e.

E(g) = (Z > o (g)“f’f(g)> : (12)
75

Note that the inverse of E(g) is plotted, so the DRX
grains are expected to be in those orientations with a high
value on these maps (in red'). First, in these two maps
p =0 (SR) and p =2 (ASR), Figs. 8¢ and 7e, respectively
it should be noted that in the ¢ = 90° section a local min-
imum is present all along ¢; at ¢, =30°. In the case of
ASR (250 °C and 350 °C) (see Fig. 7) the local maximum
of the experimental fibre texture corresponds to a local
minimum of energy (in red) in both the 200 °C and
350 °C ASR experiments. On the other hand, for the simu-
lated texture the local maximum is located in a local max-
imum of energy. This further suggests the occurrence of a
considerable amount of DRX during the experiments,
which is manifests as a rotation of 30° around the c-axis.
The main rotation (around TD) imposed by deformation
of the grain is well reproduced by the simulation, however,
during this rotation some new grains appear and grow due
to a discontinuous dynamic recrystallization process. These
news grains are oriented following the minimum energy
orientations, which leads to a rotation of part of the texture
around the c-axis, i.e. around the ¢, Euler angle. These
dynamically recrystallized grains are also deformed under
the applied loading, therefore they remain along the
(b1, b, p2) = (0°,90°, —60°) fibre. The simulations were
able to reproduce the position of this fibre but not
the (c) fibre (rotation around the ¢, axis of the grains)
due to dynamic recrystallization. In the case of SR
(250 °C and 350 °C) (see Fig. 8) the same behaviour can
be observed except that the difference between the local
minimum and maximum of the plastic energy is smaller
than in ASR. As a consequence, the fibre is more
homogeneous.

! For interpretation of color in Figs. 2-5 and 7-10, the reader is referred
to the web version of this article.
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7. Conclusions

The microstructure and texture evolution during asym-
metric and symmetric (conventional) rolling of polycrystal-
line Mg were studied for three rolling temperatures, room
temperature, 200 °C and 350 °C, experimentally as well as
using simulations. For the interpretation of texture devel-
opment the ideal orientations, rotation field and divergence
quantities were determined for both ASR and SR. Analysis
of the results led to the following main conclusions.

An average grain size of ~2 pm was observed in the case
of room temperature ASR as well as SR. The grain size
increased with higher rolling temperature for both cases.

A predominant basal texture [00.2]||ND developed with
the fibre axis parallel to the RD in the case of SR (conven-
tional) samples. However, in all the ASR samples the basal
texture was rotated by ~5-10° anticlockwise from ND.

Differences in the mechanisms of texture evolution dur-
ing ASR and SR are presented. Continuous accumulation
of grains with ideal end orientations is expected during
multi-pass SR. The persistence characteristics of ideal ori-
entations in ASR (i.e. 1 <p<oo) are: (i) their location
on boundaries of positive/negative divergence zones and
(i1) their velocity field does not display mirror symmetry
with respect to the ¢; =k - 90° plane k € N, i.e. around
ND, which offers the possibility of applying different
“routes” to control the final texture.

Dynamic recrystallization took place during both ASR
and SR, which was shown through microstructural charac-
terization, with the help of misorientation distribution
plots, and by comparing the experimental and simulated
textures (DRX was not considered in the simulations).
The classical rotation by 30° around the c-axis (¢, = 30°)
due to recrystallization was clearly confirmed at 200 °C
and 350 °C.
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