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ABSTRACT

Owing to the hexagonal close-packed (HCP) crystal structure of magnesium alloys, they
are characterized by poor plasticity at low temperatures (below recrystallization temper-
ature), which limits their application. Texture control has been proven to be an effective
way to enhance the ductility, formability, processability, and so on. Various technologies,
which can be classified as alloying elements, induced shear deformation, pre-twins, and
recrystallization, have been developed to modify the basal texture. Based on these results,
the general mechanisms of texture control in various recent methods are summarized. In
addition, applications of Mg products via texture weakening below recrystallization temper-
atures are also reviewed. Finally, the current problems and the potential research directions

plasticity
low temperatures

on texture control are suggested.
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involves the light weight metals (Al, Mg and so on) processing
and the biomaterials.
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1. Introduction

Owing to their high specific strength, stiffness, damping prop-
erties, and recyclability, magnesium (Mg) alloys have received
considerable attention as the lightest structure metals owing
to their electronic, automotive, aerospace, and biomedical
applications [1,2]. However, because of their special hexag-
onal close-packed (HCP) structure, traditional wrought Mg
alloys usually demonstrate low strength and plasticity (duc-
tility, formability and processability etc.). The poor ductility of
Mg alloys at room temperature has restricted their application
because of cost-prohibitive processing at high temperatures
(300-450°C) [3,4]. Thus, investigations on improving the prop-
erties of Mg alloys at lower temperatures, especially the low
recrystallization temperature, are urgently required to pro-
mote the industrial application of Mg alloys.

Magnesium alloys are usually fabricated as sheets, bars,
wires, or tubes by rolling, extrusion, drawing, etc., and then
used in forming Mg alloy sections. However, a deformation
basal texture is generated [5-7]. The emergence of basal tex-
ture leads to a polar deformation mechanism, which has a
significant effect on the properties of the alloy. It is well-
known that slip systems in single Mg crystals include the
<11-20> {0001}, <11-20> {10-10}, <11-20> {10-10} <a>slips,
and<a + ¢>slips along the <11-23> direction on the {10-11},
{11-21}, {10-12}, and {11-22} planes. However, the critical
resolved shear stress (CRSS) of various slips is much dif-
ferent [8-11]. The CRSS of basal<a>slip, prismatic <a > slip,
pyramidal < a+ c>slip are approximately 0.5 MPa, 78 MPa, and
139 MPa at room temperature, respectively [12-14]. Therefore,
non-basal slip is not easily activated. Twinning is another
important deformation mechanism, and includes variants
such as <1-210> {10-12} tensile twinning, <1-210> {10-11}
and <1-210> {10-13} compressive twinning as well as dou-
ble twinning. However, the CRSS of tensile twinning is much
smaller, at only 2-3MPa, while that for compressive twin-
ning is 76-153MPa [13,15,16]. Thus, basal slips and tensile
twinning are the easiest to start during deformation. Usually,
basal <a>slip is activated first, then {10-12} tensile twinning
starts when the basal slip is restrained. This is also the main
determining factor in the generation of a strong basal texture
on Mg alloys.

For magnesium alloys with a strong basal texture, the
Schmid factor (SF) of basal <a>slip systems is much smaller
when the tensile loading is along the rolling or extrusion

direction at room temperature, and the orientation of grains
tends to be hard [17,18]. Additionally, prismatic<a> and
pyramidal<a + c>slip cannot start at lower temperatures.
Thus, the dislocations will be piled up and the motion is
restrained, which results in a smaller fracture elongation
[19,20]. For formability, texture also plays an important role.
It is well known that the width strain is coordinated by a pris-
matic<a>slip, while the thickness strain is coordinated by
pyramidal <a + ¢ > slip during plane deformation on a magne-
sium alloy sheet with a strong basal texture [21-24]. However,
non-basal slip cannot be activated so that the thickness defor-
mation is no longer coordinated. The Mg alloy sheet undergoes
severe thinning resulting in poor formability. When the basal
texture is weakened, the orientation of grains rotates away
from the normal direction (ND), which is favored for the acti-
vation of basal slip [25,26]. Thickness deformation, which
results in the improvement of stretch formability, will be
accommodated by basal slips. Therefore, texture control is an
effective way to enhance the properties of magnesium alloys.
In this review paper, various latest technologies for texture
control at lower temperature blew recrystallization (especially
below 423K) are summarized, and some directions for further
research are proposed.

2. Methods of texture control

In general, the c/a ratio is 1.622 for pure Mg, and the
basal<a>slip along the <11-20> direction is much easier to
start [27,28]. Thus, most grains are laid on the basal plane.
Usually, a strong fiber basal texture is generated after extru-
sion, and a plane basal texture is achieved after rolling. The
intensity of the basal texture is affected by the process param-
eters such as the deformation temperature and speed [29,30].
A strong basal texture is not favored by the activation of basal
slip, which results in the poor plasticity of Mg alloys at low
temperatures. In order to control the strong basal texture, the
orientation of grains should be rotated, or other slip systems
(non-basal slip) can be enhanced. Many methods for texture
control have been developed based on this idea.

2.1. Addition of Elements

Adding elements into magnesium alloys is a typical and effec-
tive way to change the texture characteristics and weaken the
basal texture. Recrystallization is an important factor that can
alter the texture. After micro-alloying, the dynamic recrys-
tallization (DRX) modes, that is, continuous DRX (CDRX) and
discontinuous DRX (DDRX), are different during hot rolling or
extrusion. The well-known dynamic recrystallization mech-
anisms mainly include particle stimulated nucleation (PSN),
shear band nucleation, strain bulging nucleation, twins
induced nucleation, and solutes driven effect [31,32]. Differ-
ent recrystallization mechanisms may contribute to different
new textures. The c/a ratio can also be changed due to the size
differences of the atoms of the element within the Mg matrix.
Therefore, the relative activation of slip systems during defor-
mation is also responsible for the texture evolution. Based on
the characteristics of various elements, they can be divided
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into rare earth (RE) and non-RE element additions. These are
reviewed in this section.

2.1.1. Rare earth elements

For pure Mg, the texture formation mainly results from the
activation of tensile twinning and basal<a>slip due to the
low CRSS. During hot extrusion or rolling, the basal<a>slip
starts to coordinate deformation, and the basal pole rotates
in the normal direction (ND). The strain bulging nucleation
of DRX behavior occurs during hot deformation. However, it
is reported that the orientation of new DRX grains induced
by strain bulging nucleation will follow the parent grains
during hot extrusion [33]. Thus, a basal texture is usually
achieved in pure Mg. However, the deformation mode and
DRX mechanisms begin to change after the addition of RE
elements. Liu et al. [34] and Stanford [35] found that a spe-
cial double-split texture was obtained in extruded Mg alloys
after micro-alloying rare earth elements Y, Ce, Gd, and La into
Mg-1.5Zn and pure Mg alloys, respectively. The special texture
component was named rare earth (RE) texture. The intensity of
the split (0001) basal texture was reduced as the concentration
decreased. This means that these RE elements have similar
functions in the formation of this type of split texture. It is
suggested that the activation of slip systems and the alterative
dynamic recrystallization (DRX) mechanisms are responsible
for the formation of the relative textures [33,34].

For Y element additions, Kula et al. [36] indicated that the
strong basal component disappeared gradually and a broader
spread of basal poles around ND was observed on rolled Mg-Y
binary alloys as the low concentration of Y increased to 0.82
%, as shown in Fig. 1(a). Shi et al. [37] found that the split RE-
texture emerged when the high concentration of Y increased
from 1% to 5%; meanwhile, a sharp basal texture was observed
in pure Mg, as shown in Fig. 1(b). It was concluded that the
basal texture could be weakened by the addition of Y ele-
ments, especially at high concentrations. This was related to
the activity of non-basal slips and recrystallization behaviors.
Due to the Y additions, the slip systems are strengthened,
most the<c + a>slip system, followed by pyramidal I, pris-
matic, twinning and basal systems. All slip systems exhibit
monotonic increase of CRSS with Y concentration, but at dif-
ferent rates. As previously stated, there are several factors
that induce the nucleation of DRX in Mg alloys; for example,
particle stimulated nucleation (PSN), shear band nucleation,
and solar-driven effect. However, the shear bands could not
be found in Mg-Y alloys. Thus, particle stimulated nucleation
(PSN) or solar-driven effect may play an important role. In
particular, the solar-driven effect, which dominated texture
weakening, was because no precipitation occurred when the
concentration of Y was lower than 1% in Mg-Y alloys. Further-
more, the texture was also associated with solute segregation.
If the concentration of elements was too low and not enough
to induce solute segregation, the texture weakening effect
was not obvious. However, the effect was reduced when the
concentration was too high to form precipitates. Because of
solute segregation, non-basal slip was enhanced in the rich-
solute regions, and caused uniform deformation so that strain
induced DRX nucleation occurred easily and the basal texture
was weakened. Besides, the precipitates formed with high Y
concentration which can act as obstacles to retard the motion

of grain boundaries so that suppress the growth process of
recrystallization. Both the nucleation and grain growth sup-
pressing play an effect to increase the range of orientations
that between the nucleated and deformed grains and the
weakened basal texture is obtained.

Wu et al. [38] also reported that the c/a axis ratio of pure
Mg decreased from 1.624 to 1.6222 and 1.6195 when 5wt.%
and 10wt.% Y elements dissolved into the matrix in solu-
tion state. The stacking fault energy (SFE) on the basal and
pyramidal planes decreased; therefore, the CRSS of pyrami-
dal<a + ¢ >slip was obviously reduced. In addition, the twins
could be found in pure Mg; but the mixed deformation modes
involving twinning and non-basal slip with low yttrium con-
tent (0.23 wt.%Y and 0.84 wt.%Y) alloys did not appear in the
microstructure in Mg-2.71wt.%Y alloys. This means that the
activity of non-basal slip modes could be enhanced by increas-
ing the Y element concentrations, so that the split RE texture
was enhanced. Agnew et al. [39] also indicated that the c/a
ratio was reduced after adding Y elements to pure magnesium.
Non-basal < a + ¢ > slip systems were activated, which resulted
in the tendency of RD-split basal texture during rolling. Sand-
lobes et al. [40] reported that the stacking fault energy (SFE) on
basal and pyramidal planes was reduced probably after adding
Y elements, which led to the activation of <a + c>slip. Thus, a
softening split texture after recrystallization is generated dur-
inghotrolling. In addition, it was found that the RE texture was
generated only after a critical concentration threshold was
reached following the additions [41]. Stanford [35] reported
that the texture randomization happened after adding 0.04 at.
% Y and became highly effective at 0.17 at. % Y. The nucleation
sites for RE-textured nuclei were at the Y addition pots, and
the growth preference was altered by changing the character-
istics of grain boundary (GB) mobility during recrystallization.
However, weakening basal texture by Y elements may be not
much more effective due to its smaller atomic radius (close to
Mg).

For the addition of Ce elements, a similar RE-texture was
obtained in an extruded Mg-0.5% Ce magnesium rod, where
most of the grains were in a non-basal orientation [42], as
shown in Fig. 2. This was consistent with several studies. This
means that the RE element, Ce, also plays a role similar to
the addition of Y, of modifying the basal texture of Mg alloys.
Masoumi et al. [43] suggested that the weakening of basal tex-
ture by Ce elements was related to the solid solubility of Ce in
Mg and the stacking fault energy, which were not because of
the change in the c/a ratio. After Ce addition, solute atoms
preferentially segregate to the stacking faults contained in
extended dislocations. As the amount of solute within the
stacking faults increases, it lowers the stacking-fault energy
and increases the separation of the partial dislocations. Not
only the basal slip, but also more non-basal slips were pro-
moted during the plastic deformation of the Mg-Ce alloys.
Therefore, it can be concluded that the stacking fault energy
of Mg is affected by the Ce addition and the anisotropy of
CRSS for different slip systems is reduced. As a result, pris-
matic<a>slip along with basal slip has been activated more.
And the basal texture is weakened obviously. Chino et al. [44]
also indicated that the obtained double-peak RE texture on
Mg-0.2 — wt.% Ce alloys after hot rolling at 400°C was not
due to the reduction in the c/a ratio. The c/a ratio did not
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Mg-0.3%Y

TD|

min. max.

0.55 RD 327

Mg-0.55%Y Mg-0.82%Y

™D D

min. max. min. 4
0.38 RD 2.64 0.48 RD 237

Fig. 1 - The texture evolution in various amounts of Y element added Mg alloys: (a) low concentration of Mg-Y binary alloys
after cold rolling [36], (b) high concentration of Mg-Y alloys after hot rolling [37].

(0001) pole figures

PureMg TP

Max=7.4

Fig. 2 - Texture evolution of Ce element added Mg alloys: (a) pure Mg, (b) Mg-0.5% Ce alloy after extrusion [42].

Mg-0.5 wt.% Ce _TD

y
/
/

ED

Max= 3.3

change significantly after Ce addition; however, the SFE value
increased, which was beneficial for the activation of non-
basal<a> and<a +c>slips. In addition, CDRX is promoted by
the PSN mechanism, which also results in the weakening of
the basal texture, especially at high concentrations [45,46]. At
higher concentrations, precipitates adopt a string-like mor-
phology (Fig. 7) which significantly reduces availability of sites
where more grain orientations could nucleate. However, the
texture weakening induced by PSN of recrystallization is lim-
ited because of the solid small solubility of added elements
(Ce). However, the effect of Ce on the stacking fault energy
of Mg is still unclear which is required to be studied fur-
ther.

For the addition of Gd and Nd, the RE-texture weakening
effects are much more distinct, as shown in Fig. 3. Wu et al.
[47] and Yan et al. [48] suggested the formation of a TD split RE
texture in Mg-1Zn-x(1.0 wt.%, 2.0 wt.%) Gd alloys and Mg-2Zn-
x (0.1wt.%, 0.3wt.%, 0.7wt.%) Gd alloys was because of the
activation of non-basal slip and recrystallization behaviors.
Stanford et al. [49] reported that the RE-texture was enhanced
with a higher concentration of Gd elements, as shown in
Fig. 3. The PSN of recrystallization has been cited as a texture-

randomizing mechanism. Wu et al. [50] indicated that a large
number of secondary twins and shear bands formed during
the hot rolling of Mg-1Gd sheets, served as nucleation sites
for recrystallization. The recrystallized grains at the shear
bands in the Mg-1Gd alloy promoted a dispersive orienta-
tion. The activity of pyramidal<a + c>slip was enhanced
at the same time. The preferred growth of <11 — 20> grains
was inhibited by Gd solute segregation at the grain bound-
ary, which resulted in a double peak texture in the Mg-1Gd
alloy sheet after annealing. However, the RE-texture trends to
combine together in the (0001) basal pole when the concen-
tration of Gd exceeds 4% wt. %, as shown in Fig. 3(b). This
may be related to the segregation of Gd atoms at GBs, where
the intergranular precipitations are formed so that the effect
of Gd solutes or the random orientations of grain growth is
restrained. The more random orientations of DRX grains in
Mg-Gd alloys are attributed to the nucleation stage. Therefore,
the concentration of Gd elements during addition should be
considered critically. Yan et al. [48] also found that shear bands
emerged in grains with c-axis parallel to the ND of Mg-2.0%
Zn-0.8% Gd (wt.%) alloy sheets during hot rolling. Continu-
ous dynamic recrystallization behaviors occurred around as
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Mg-Y-Zr-0.5%Nd _ED

(a) 02

Max=5.7

(b)

. - 0,
Mg-2Zn-0.1%Gd Mg-2Zn-0.3%Gd

Mg-Y-Zr-1.0%Nd ED

Mg-Y-Zr-3.0%Nd ED

002
RPF

Max=5.2 Max=4.0

Mg-2Zn-0.7%Gd

® 108

Fig. 3 - Texture evolution of Nd and Gd element added Mg alloys: (a) various concentration of Nd element added
Mg-5.0Y-0.5Zr-xNd alloys [51], (b) various concentration of Gd element added Mg-Gd alloys [48,49].

well as inside the shear bands. EBSD analyses showed that
the recrystallized new grains in the shear bands exhibited
a “tilted” basal texture with the c-axis inclined + 20° from
ND towards RD. Nd elements shows a very low solubility
limit in Mg alloys, which expresses an excellent impact to
weaken the basal texture even the concentration small as 0.04
at. %. Xu et al. [51] reported that the DRX was promoted by
the particle-stimulated nucleation (PSN) and the PSN was the
main mechanism for weakening the texture in Mg-5.0Y-0.5Zr-
Nd alloys during hot extrusion. The nucleation of dynamic
recrystallization and the volume fraction of recrystallized
grains were promoted obviously after addition Nd from O wt. %
to2.63 wt. %. The particle deformation zones (PDZ) was formed
close to the Mg-Nd phase which promoted the DRX nucleation.
Besides, the Mg-Nd particles pinned the grain boundaries and
reduced the movement which restrained the grain growth.
These mechanisms caused the weakness of basal texture in
the extruded alloys with Nd addition. Hantzsche et al. [52] and
Hadorn et al. [53] also indicated that the RE-texture by micro-
Nd alloys is connected to the solubility of the dissolved solid.
Thus, the recrystallization behaviors, especially PSN mech-
anisms are much more important during texture control in
Mg-Gd and Mg-Nd alloys.

For the addition of La and Sr elements, the basal texture
could be also modified via DRX. However, more literatures
could not be found which should be investigated further. Zen-

gin et al. [54] suggested that the texture weakening by La
additions was because of PSN mechanism and solute atoms.
After La addition into ZK60 Mg alloy, Mg-Zn-La particles were
broken to pieces with the size larger than 1 um which could set
as the nucleation site for DRX during hot extrusion. The num-
ber of particles and the fraction of DRXed grains increased
as the concentration increasing, which resulted in the texture
weakening. The solute segregation of La atoms at grain bound-
aries should be also considered. For Sr element, Sadeghi et al.
[55] recommended that the final texture of AZ31+Sr alloys dur-
ing hot extrusion was affected by various DRX mechanisms.
At low temperatures and low level of Sr addition, DRX induced
by the grain boundary bulging was activated. In contrast, at
high temperature and high level of Sr addition, PSN mecha-
nism became much more significant. As shown in Fig. 4, the
basal texture and intensity reduced after Sr and La addition.
All in all, the formation of RE-texture was related to various
DRX mechanisms and the enhanced activity of non-basal slip,
like prismatic < a > slips and pyramidal < a+c > slips. The differ-
ences of atomic radius and the solubility limit between the
RE elements and Mg matrix affect the effectivities. And the
concentration of various additions plays a majority role how
the basal texture weakens. However, the cost of RE elements
is much more expensive. The low cost elements additions
should be considered which has the similar functions to form
the RE-texture.
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Fig. 4 - Texture evolution of La and Sr element added Mg alloys: (a) various La elements added ZK60 alloys [54], (b) various

Sr added AZ31 alloys [55].

2.1.2. Non-RE elements

Not only do rare earth elements perform the function of tex-
ture weakening, but also some non-RE elements can promote
the split double peak RE-texture. Wang et al. [56] indicated
that a double peak TD-split RE texture emerged during hot
extrusion after adding Zn into the Mg-0.2Ca-0.2Ce-x (0.5 wt.%,
1.0wt.%, 1.5 wt.%, 2.0 wt.%) Zn alloys. The RE-texture tilted the
basal poles 25°-35° from the normal direction (ND) towards
the extrusion direction (ED). The intensity of the basal tex-
ture gradually decreased with increasing concentration of zinc
elements, as shown in Fig. 5(a). Zhang et al. [57] reported
that the texture was similar to those alloys containing RE ele-
ments in which the basal texture was weakened by adding
calcium (Ca) elements. The {11 —20} plane of the gains was
parallel to the extrusion direction and became a strong sec-
ond texture, as shown in Fig. 5(b). A similar phenomenon is
also observed after adding Li element to AZ31 Mg extruded
alloys [58], as shown in Fig. 5(c). The reasons for the forma-
tion of the split RE-like texture are similar to the additions
of rare earth elements. After adding zinc and calcium, the
c/a ratio did not change significantly; however, the stacking
fault energy (yus) increased. It was reported that the value of
vus (basal) of the Mg-Zn-Ca model was larger than that of the
Mg-Ca model; while yys (basal) and yys (prism) of Mg-Zn-Ca
model was almost equal [59]. This means that the activation
of non-basal prismatic<a>slip systems could be enhanced
by the addition of Zn and Ca, which played a function similar
to that of Y, Ce, Gd etc. The solid solubility and PSN mecha-
nism induced by DRX were also considered to be a response
to texture weakening. However, a low concentration of 0.2%
Ca or 0.5% Zn already resulted in a large difference in texture
compared to the initial Mg alloys, so that Zhang et al. did not

attribute texture modification to the solid solubility. Thus, the
PSN mechanism of DRX was a response to texture weakening.
For the Li element, similar reasons were expressed for texture
evolution.

Overall, based on the texture weakening mechanisms
above, the addition of alloy elements to form the double peak
TD split texture seems to be related to the c/a ratio and the
stacking fault energy of Mg alloys. Owing to the addition
of alloy elements, lattice distortion occurs such that the c/a
ratio reduces and the stacking fault energy increases, which
favors the activation of non-basal<a>and <a + ¢ >slips. Thus,
the non-basal texture will be enhanced and the basal tex-
ture component is weakened. Dynamic recrystallization also
plays a significant role in the orientation generation of new
recrystallized grains after hot extrusion or rolling. Solute-
driven effects and PSN-induced DRX recrystallizations are
much more important. However, there is a critical concentra-
tion to produce the RE-texture by micro-alloying. With a high
concentration of alloying elements, the particles not only pro-
mote the nucleation, but also restrain the DRX grain growth
which does benefit to the texture weakening at the same time.
This is appropriate not only for rare earth but also for other
elements such as Ca, Zn, and Li. Therefore, promoting non-
basal slips or DRX behaviors is a way for potentially modifying
the basal texture during alloy design. The inclined degree and
direction of the basal pole also needs to be precisely controlled.
Itis known that the atomic radii of various elements are differ-
ent, especially between RE-elements or non-RE elements and
the Mg matrix, which results in differences in the induced lat-
tice distortion. There are obvious changes on the c¢/a ratio and
stacking fault energy, which enhance non-basal slips. How-
ever, it should be noted that for some elements such as Li or
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Fig. 5 — Texture evolution of Zn, Ca and Li elements added Mg alloys: (a) various Zn element added Mg-0.2Ca-0.2Ce-xZn
alloys [56], (b) various Ca element added ZK60 alloys [57], (c) various Li element added AZ31 alloys [58].

Zn, the atomic radius is similar to that of Mg, and the c/a ratio
does not change significantly. The RE-texture emerges and the
basal texture can be weakened greatly as well. There may be
different reasons for this. Therefore, the general mechanisms
for obtaining a weaker basal texture modification regardless of
whether there are RE elements or not during alloy design, are
still unreported and should be investigated in the future. The
effect of alloy elements on the stack fault should be studied
deeply also.

2.2.  Induced shear deformation

It is well known that the orientation of grains will rotate
during deformation. Thus, texture can be controlled by a spe-
cial deforming process, namely induced shear deformation.
Induced shear deformation promotes the activity of non-
basal<a> and<a + c>dislocations as well as twinning, so
that the orientation of grains rotates away from the basal
plane. After the induced shear deformation, a new texture
component is generated or the intensity of the basal pole is
decreased. For example, Agnew et al. [60] introduced shear
deformation by the equal channel angular pressing (ECAP) pro-
cess on AZ31 Mg alloy extrusion bars with an internal angle

of ¢ 90° at 200 °C. The viscoplastic self-consistent (VPSC) poly-
crystal modeling on texture evolution was also conducted for
comparison. This indicated that the texture evolution induced
by ECAP was related to the relative activity of basal<a> non-
basal<a> and non-basal<a + c>. The <0001> fiber texture
tilted at ~ 20 ° was vertical to the extrusion direction after
one single pass, and the tilted texture was enhanced after
the multipass ECAP process. This was due to the activity
of non-basal prismatic<a>slip and pyramidal<a + c>slip;
however, the basal<a>slip still dominated the deformation
while the non-basal slip accommodated the deformation by
no more than ~ 20 % during the single-pass ECAP. After the
second pass, the activity of non-basal<a> and<a + c>slip
was promoted, which resulted in the enhancement of the
tilted texture rotating towards the (10-10) plane. Additionally,
different alloys exhibited different deformation mechanisms;
for instance, AZ alloys appear to exhibit balanced secondary
slip of non-basal<a>slip and<a + c>dislocations, whereas
ZK60 and WE43 appear to favor non-basal<a + c>slip dur-
ing ECAP. The twinning and recrystallization also play an
important role in texture evolution. Especially in high-alloy
RE-Mg alloys, the shear bands, particles, and twins within
the matrix may provide recrystallization nucleation sites that
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promote grain orientation rotation during shear deformation.
This mechanism is similar to the elements alloying mecha-
nism described in the last sub-section. To focus on the effect
of induced shear deformation, only the AZ31 alloys without
dissolved precipitation are discussed in this section. Addition-
ally, the role of twinning in texture control will be discussed
in the following section. Particularly, {10-12} tensile twinning
is a very important deformation mechanism at low tempera-
tures, which rotates the grains approximately 86.3° away from
the basal plane and is less activated at elevated tempera-
tures.

The technologies for texture control by induced shear
deformation have been developed by many researchers. The
typical method is ECAP. During ECAP, the cross-sectional
dimension of the sample is not changed so that gains can be
refined easily by several extrusion passes. Shear deformation
isintroduced at the channel corner [61-63]. However, the large
size of Mg alloys cannot be obtained through ECAP or simi-
lar processes owing to the limitations of the devices. For the
application of texture-controlled Mg alloys in industries, new
methods have been recently developed for the production of
large billets, tubes, and sheets.

For round or bloom Mg alloy billets and tubes, most of
the reported processes are based on the combination of
the ECAP process and extrusion deformation. The cast Mg
alloys undergo extrusion deformation with several shear steps
directly, which is beneficial for the continuous production
of large billets. Li et al. [64] developed the continuous vari-
able cross-section direct extrusion (CVCDE) process, where the
changing shear strain is applied by several interim dies as
shown in Fig. 6(a). After carrying out CVCDE with 2 interim
dies at 350°C on AZ31 Mg alloys, the {10-11} pyramidal plane
is gradually parallel to the normal direction (ND) owing to the
activity of non-basal <a + ¢ > slips. Moreover, the basal texture
weakened as the interim dies increased. Besides, the angle
between the most of the basal surfaces of grains and the extru-
sion axis is more closer 45°as the temperature increases to
350°C. The basal texture is weakened future. This is related to
the dynamic recrystallization behaviors during CVCDE, which
is mainly continuous dynamic recrystallization (CDRX). Due
to the local strain at the interim dies, the twins may occur
at beginning and the low angle grain boundaries (LAGBs) are
formed. Then the LAGBs transform to high angle grain bound-
aries (HAGBs) due to the CDRX as the deformation continues.
The orientation of grains rotates away from the basal plane to
the shear direction. As the temperature increasing, the DRX
is promoted more and the rotation angle is larger. However,
the small grains produced by dynamic recrystallization start
to grow up at higher temperature and the coarse grains appear
in the microstructure. Hu et al. [65] and Liu et al. [66] developed
a continuous extrusion shear process (ES) in which the shear
strain was introduced by a deformation similar to ECAP com-
bined with the extrusion stage, namely extrusion-shear (ES)
and direct extrusion and bending-shear (DEBS), respectively.
However, more channels were added, as shown in Fig. 6(b)
and (c). The equivalent strains during the whole ES process
decreased as the channel angle increases. For DEBS, it is simi-
lar with the CVCDE process. During the DEBS deformation, the
DRX plays an important role on the microstrue and texture
evolution. The {10-12} tensile twinning happens at the first

stage and the grains rotate away from the basal pole induced
by the twins. As the extrusion bending-shear deformation
continuing, the subgrains and LAGBs transform to HAGBs.
Besides, the non-basal slip systems are activated during the
bending-shear deformation which promotes the formation of
the non-basal texture. Thus, the basal texture is weakened
greatly. Above all, it can be seen that DRX plays an impor-
tant role on the basal texture weakening induced by shear
deformation. Based on this idea of combination, a texture-
controlled tube can also be fabricated. Faraji et al. [67] and
Hu et al. [68] added internal shear steps in the tube extrusion
dies, and the TES (tube extrusion shearing) process could be
conducted. In that way, the grains would be reduced and the
texture weakened simultaneously, as shown in Fig. 6(c) and (d),
respectively. These serious technologies can realize the tex-
ture weakening and grain refinement continuously, however,
a higher load is required usually owing to the larger strain. The
microstructure is not homogeneous and grains grow up when
the deformation temperature is high. Two step texture con-
trolling may be an effective way to solve the problem. During
the first deformation stage, the texture can be weakened by a
smaller strain then a larger strain can be processed smoothly
at a lower temperature.

However, extrusion combined with ECAP-similar process
deformations are mostly used for bulk forming, which is dif-
ficult for sheet forming. Researchers have also investigated
rolling with shear deformations to produce a thin sheet with
a large volume. Differential speed rolling (DSR) is a typical
process in which shear deformation can be introduced by
asymmetry deformation through different rotation speeds
for the upper and lower rolls. This intense shear strain in
the entire deformed part may be utilized for achieving a
fine-grained microstructure and texture control. Huang et al.
indicated that the basal pole of Mg alloy sheet tilted towards
the rolling direction after conducting DSR on AZ31 [69], AZ61
[70], AZ80 [71] magnesium alloy sheets. It was reported that
the weakening of the basal texture was related to RDRX espe-
cially after multiple passes at higher temperatures. The RDRX
tended to take place at high temperatures in materials in
which the grains were not favorably orientated to accommo-
dating the rolling strain. Shear deformation promoted RDRX.
In addition, the induced shear deformation had effects on
enlarging the fraction of high-angle grain boundaries and the
misorientation angle, which randomly contributes to the basal
texture [72]. On the other hand, the shear band and twins
might be generated in the near-surface region. These could
be nucleation sites during recrystallization, which lead to the
rotation of the grain orientation. The spread of the (0002) ori-
entation may be associated with the activation of prismatic
slips. Hamad et al. [73] indicated that the routes also had
important effects on the texture evolution during the DSR
process. The DRX behaviors were promoted by cross-shear
deformation. The new DRXed grains were oriented randomly
at the expense of (0001)//ND-oriented grains (basal-oriented
grains), which in turn led to a basal texture weakening, as
shown in Fig. 7 (a). Equal channel angular rolling (ECAR) is
another important process that has significant potential for
use in the production of large volumes of texture-controlled
Mg alloy sheets. During the process, a special sheet ECAP die
follows at the end of the rolling deformation, and the shear
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(b)
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Fig. 6 — Various technologies to introduce the continusely shear deformation: (a) continuous variable cross-Section direct
extrusion (CVCDE) [64], (b) extrusion-shear (ES) [65], (c) direct extrusion and bending-shear deformation (DEBS) [66], (d)
tubular channel angular pressing [67], (e) tube extrusion shearing [68].

strain is introduced. The texture-controlled mechanisms are
similar to the ECAP process, which is related to the non-basal
slip activity and dynamic recrystallization. Based on this, Song
et al. [74] developed a new process for equal channel angular
rolling with a continuous bending deformation (ECAR-CB) that
has proven to be much more effective at weakening the basal
texture than simple ECAR. This was not only because of the
activity of non-basal slip, DRX, and the {10-12} tensile twins.
The {10-12} tensile twins were activated in the inner layer
under compressive stress. After annealing, the double-peak
twinning texture was maintained, and the basal texture was
weakened remarkably, as shown in Fig. 7(b). However, there is
a gradient texture evolution through the sheet thickness. Like
in DSR, the surface layer exhibits an obvious weakening basal
texture; however, the intensity of (0002) pole is much higher
in the middle layer. Besides, it is reported that the weakened
double peak texture is not stable that needs to be investigated
further. It expresses a similar phenomenon in ECAR-CB sam-
ples. How to reduce the gradient microstructure and texture
evolution is a potential direction in the future.

Recently, a new technology called asymmetric extrusion
(ASE), was developed by Yang et al. The shear strain is induced
not only by shear channel steps, but also through asymmet-
ric velocity evolutions during extrusion [75-77]. This method
is very simple and is similar to the conventional extrusion
process. However, a large degree of asymmetric shear defor-
mation was introduced through the gap between the upper
and lower surfaces in the ASE die equipped with a differ-
ent parallel flow passage length, as shown in Fig. 8. The
asymmetric flow velocity can be controlled by the length of
extrusion passage. The simple shear enforces the near-surface
microstructure to exhibit more dynamically recrystallized

grains having the c-axis tilted toward the extrusion direc-
tion. The grains are favored for prismatic (a) slip than basal
(a) slip during the ASE process. Therefore, the activation of
prismatic (a) slip results in a rotation of the basal plane from
the ED toward the imposed shear direction. The CE sheet
developed a splitting of the pronounced basal texture after
hot-extrusion. The (0002) basal texture intensity of the ASE
samples in the top region decreased, as shown in Fig. 8(b). This
study gives another perspective, which is that the shear defor-
mation can be introduced by materials flow control, not only
by the different speed metal flow processes, but also by gra-
dient deformation temperature or friction factors. It is more
effective and convenient to obtain the texture weakened Mg
alloy sheet. However, the gradient microstructure is also one
problem which should be considered to reduce.

Besides extrusion and rolling with shear deformation,
many other technologies such as bending processes have
been developed simultaneously. Huo et al. [78] demonstrated
that a fine-grained microstructure with an average grain size
of ~8um and a random basal texture of AZ31 Mg alloys
was achieved by various cross-wavy bending routes. However,
these bending routes can only be conducted at a high tem-
perature of approximately 400°C due to the poor formability
of magnesium alloys. Texture evolution is related to dynamic
recrystallization (DRX) rather than shear deformation. The ori-
entation of the new DRX grains is freshly generated. Thus, the
texture controlling mechanism is complex and needs to be
investigated further. Another bending process can be carried
out at room temperature smoothly, and the texture is con-
trolled well. Huang et al. [79-81] reported that the c-axis of
grains tended to be inclined from the normal direction (ND)
toward the rolling direction (RD) after repeated unidirectional
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Fig. 7 - The schematic diagrams of rolling induced shear deformation: (a) various routes differential speed rolling (DSR)
process [73], (b) equal channel angular rolling (ECAR) combined continuous bending deformation [74].

bending (RUB) process at room temperature. The basal tex-
ture components became more dispersed along the RD, and
the intensity was greatly weakened, decreasing from 30.6 to
9.3 as shown in Fig. 9. This gives us guidance that the induced
shear deformation at room temperature may be more effective
during texture control.

Above all, induced shear strain can promote grains to rotate
away from basal pole so that the basal texture is modified. The
texture characteristic and intensity can be controlled by the
shear path, the shear channel angle and so on, which is proven
to be much more effective. However, almost current technolo-
gies are not easy to produce Mg alloy billets or sheet with large
size, like typical ECAP. How to obtain larger texture-controlled
Mg alloys continuously by induced shear deformation is sig-
nificant for their application in industries. Developing new
methods is necessary. Combining the induced shear strain
during extrusion or rolling is a potential way to get the large
size texture weakened Mg alloys, like DSR or CSE. The cast
billets are suffering shear strain directly and the large-scale
texture-controlled Mg alloys are achieved. As well known, Mg
alloys are difficult to be deformed because of the crystal struc-

ture, and the deformation mechanisms are sensitive to the
strain rate as well as temperature. The shear strain may be
also induced by promoting asymmetry metal flow. Based on
this idea, asymmetric extrusion (ASE) is effective to weaken
the texture. Furthermore, the asymmetry metal flow may be
induced by gradient deformation temperature or local fric-
tion factors. However, these series new SPD technology with
shear deformation always results in a gradient microstructure
and texture through the radial/thickness direction. How to
promote the grain structure uniformly through the asymme-
try gradient deformation should be considered. Besides, the
grain growth at higher deformation temperature should be
also avoided. A low temperature texture controlling method
is need in the future study.

2.3.  Pre-twinning and Recrystallization

{10-12} tensile twinning is an important deformation mode
in Mg alloys, that rotates the grains 86.3° away from the basal
plane [82]. For magnesium alloys, {10-12} tensile twinning is
easily generated by pre-strain (<5%) owing to its lower CRSS
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Fig. 9 - (a) Schematic illustration of apparatus for RUB, (0002) pole figures of (b) as-received sheet and (c) RUB processed
sheet [79].
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at room temperature [83]. However, twinning is a polar defor-
mation mechanism that is activated only when the applied
compressive load or tensile load is perpendicular or parallel
to the c-axis of grains [84,85]. As the volume fraction of ten-
sile twins increases, more grains rotate away from the basal
pole and the texture component changes as well. Twinning
lamellas can divide grains that also serve the function of grain
refinement. Thus, pre-twinning can be another way to control
texture.

Song et al. [86] conducted pre-cold rolling on AZ31 mag-
nesium alloy thick sheets along the TD with various degrees
of strain at room temperature. After annealing at 200°C for
6h, twinning lamellae were kept in the microstructure. Due
to the {10-12} tensile twins, the grains rotate from ND to TD
~86°and a c-axis/TD texture was obtained. The intensity of the
(0002) basal pole was greatly reduced compared to that of the
as-rolled Mg alloy sheet. As the pre-strain degree increased
from 3% to 5%, the volume fraction of twins increased and
more grains were rotated to TD, the intensity of the basal tex-
ture were weakened more. Thus, the texture can be controlled
to rotate the grain orientation by pre-induced twins. How-
ever, the twinning lamellas in one grain are parallel to each
other and easy to grow, rather than nucleate, when the pre-
strain degree is larger than 8%. Xin et al. [87] pre-compressed
AZ31 magnesium alloy blocks along RD by strains of 1.8% and
6%, and then the samples were subjected to 8% recompres-
sion along the TD. Subsequent annealing was performed at
200°C. After pre-compression along the RD for 1.8%, the (0002)
poles of some grains rotated to RD, while both the (0002) poles
rotated and unrotated during pre-compression inclined to TD.
Similar results were obtained for a 6% pre-compression of
specimens. The pole figure of the sample with only 8% com-
pression along the TD was obtained, as shown in Fig. 10. This
indicated that the twins had nearly completely nucleation
under a compression strain of 2%, and grew under a strain
of between 2% and 6%. At a strain level of 8%, most grains
were nearly completely twinned and grown. In order to obtain
more initial twins so that more grains rotate away from basal
pole, the nucleation is better to be promoted and the grain
growth is restrained. Therefore, the critical strain levels should
be considered during introducing more initial twins at room
temperature.

Almost all researches on the effects of induced {10-12}
twins on texture are focused on thick plates or blocks. For a
thin sheet, bending-buckling is much easier so that the pre-
twinning process cannot be conducted from now on. Park
et al. [88] pre-twined an AZ31 Mg alloy sheet with a thick-
ness of 30mm along the TD. Then, a thin sheet of 1mm was
cut from the sheet along the thickness direction. However,
this is not convenient, and the microstructure gradient cannot
be avoided during cutting from the block. Besides, a surface
stress may be also introduced which has an effect on the ini-
tial twins. Thus, a new method for pre-induced twins on thin
sheets is necessary, especially a uniform one. Wang et al. [89]
and Kim et al. [90] made a try on this development. As shown
in Fig. 11(a), a special device with side forces is provided by
two splints, and the high-strength quenched Cr12 steel sheet
with the same thickness as the Mg sheet is set as a pressing
plate. Because the strength of steel is much higher than that
of Mg alloy sheets, the deformation on the pressing plate can

be ignored. Thus, the clamping force ensures that the sheet
avoids bending during precompression to induce initial {10-
12} tensile twins. Similarly, the specimens in Kim's device are
held by the clamping force and the anti-buckling force, which
is much more complex. Though both two kinds of methods can
pre-twins successfully on Mg alloy thin sheet with thickness
of 1mm, the dimension of the pre-twined samples are two
small. The length or width is less than 50 mm, which limits its
application during sequent forming. Therefore, new continu-
ous and simple pre-twinning devices on Mg alloy thin sheets
with larger scale should be developed in the future. Besides,
previous studies on magnesium alloys have mainly focused on
{10-12} tensile twins. It is well known that {10-11} compres-
sion twins rotate the grain orientation as well as the double
twins, by approximately 38° or 56°et al. They may also be used
to control the texture. However, these kind work are rarely
reported which can be studied in subsequent investigations.

It is well known that slip and twinning play an important
role in the deformation of magnesium alloys at room tem-
perature. However, the microstructure continuously evolves
into recrystallization during thermal mechanical processing.
During recrystallisation behaviors, new grains are nucleated
and grown arranging the orientation. It has been reported
that the recrystallization texture is not only dependent on
the orientation of the nuclei but also on the growth of the
specific orientation [91]. The weakened recrystallization tex-
ture has been proposed to be related to particle-stimulated
recrystallization, strain-induced recrystallization, and defor-
mation twin-induced recrystallization [7,92]. Samman et al.
[93] extruded Mg-1Zn-0.4 Zr magnesium alloys and a modi-
fied version of the same alloy containing Nd-based rare earth
mischmetal and Y at 400°C. The results showed that the
microstructure with the spheroidal particles inside the circled
area was consistent with very fine grains (d~5 pm), whereas
the grain structure in the adjacent “particle-free” area (outside
of the circle) is significantly coarser (d~40 pm). Second-phase
particles in the modified alloy provide additional nucleation
sites for recrystallization and generate new orientations other
than the deformed orientation. The effect of DRX nucleation
on the texture evolution has been discussed in the previ-
ous section. Meanwhile, Zhang et al. [94] pre-stretched AZ31
magnesium alloy sheets at room temperature followed by
annealing. The strain induced static recrystallization started
and a critical strain of 5% emerged between grain nucleation
and growth. Exceeding the critical strain, the speed of grain
nucleation was faster than that of growth. Due to grain growth,
the basal texture was weakened at the same time. The larger
the grain size, the weaker the basal texture. According to
Hall-petch relationship, the bigger of the grain size, the poor
plasticity will be. However, it is opposite during plane defor-
mation. The weakened basal texture plays more important
role to reduce the anisotropy rather than grain growth which
does help to improve the formability. This will be discussed in
the following part.

Twins might also promote the recrystallization for Mg
alloys. Xin et al. [95] reported that the stored energy accumula-
tion within {10-12} tensile twinning boundaries was quite low.
Thus, tensile twins could not act the site for recrystallization
on AZ31 Mg alloys. While the strain induced recrystalliza-
tion mechanism was dominated after pre-cold rolling and
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Fig. 10 - Pole figures of samples: (a) as-used material; (b) RD 1.8%; (c) RD 1.8% with 8% recompression along TD; (d) RD 6%; (e)
RD 6% with 8% recompression along TD; (f) sample with 8% compression along TD [87].
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Fig. 11 - The schematic diagrams: (a) thin sheet compression device by wang et al. [89], (b) tension-compression machine by
Kim et al. [90].
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Fig. 12 - EBSD maps and (0002) pole figures of pre-twinned AZ31 Mg alloys: (a) before annealing, (b) after recrystallization
annealing [95].

annealing. Thermally activated boundary migration (TABM) grain boundaries was generally followed that of their neigh-
on {10-12} tensile twins extensively took place and the grains boring parent grains, but spread moderately. Therefore, a TD
grew up at 300°C. By tracing the twins and new recrystal- closed orientation in recrystallized grains was obtained and
lized grains, it was found that the orientation of grains at the texture was weakened after annealing at 250°C for 1h,

Please cite this article in press as: WangL, et al. Review: Achieving enhanced plasticity of magnesium alloys blew recrystallization temperature
through various texture control methods. ] Mater Res Technol. 2020. https://doi.org/10.1016/j.jmrt.2020.09.002

824

825

826

827


https://doi.org/10.1016/j.jmrt.2020.09.002

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

JMRTEC 2150 1-22

14 J MATER RES TECHNOL.2020;XXX(XX): XXX-XXX

as shown in Fig. 12. Recrystallization induced by twin-twin
intersections on tensile twins introduced another recrystalli-
sation mechanism. Yu et al. [96] indicated that the tensile
twin-twin intersections contained many boundary disloca-
tions. Therefore, the intersections could be regarded as the
nucleation site for recrystallization. Cheng et al. [97] pre-
induced cross-twinning lamellas on AZ31 magnesium alloys
and sequent annealing was conducted at 450°C. The nucle-
ation of new recrystallized grains was promoted by twin-twin
intersections. Some of the new grains inherited the orienta-
tion of twins. Thus, the position where the internal stress
fit the critical energy of DRX can promote the DRX behavior
of Mg alloys during deformation. The twin-twin intersection
can not only rotate the grains away from basal pole, but also
reserve enough energy which can be set as the DRX nucle-
ation sites. The DRXed grains follow the twinning orientation
which weakens the basal texture greatly. However, the amount
and the position of the twin-twin intersections are difficult to
be controlled which need more studies deeply. Besides, com-
pressive or double twins contain more store energy which can
set as the DRX nucleation sites independently. However, how
the twinning orientation affects the new DRXed grains are not
clear which can be investigated thoroughly for texture control.
Above all, pre-twins promote the rotation of Mg alloy grains
approximately 86.3° away from the basal plane, and the twin-
ning texture components will be obtained. The grains are
divided by the induced twinning lamellas, which also have
the function of grain refinement. The twinning rotated orien-
tation and grain refitment favor the activity of basal <a > slip,
which is beneficial for enhancing the plasticity and strength
of Mg alloys. However, most of the pre-twinning processes are
conducted on the Mg plate or block with a larger thickness. A
new pre-twinning technology is urgently needed for the use
of this theory on Mg alloy thin sheets of large size. Detwin-
ning also plays an important role in the texture evolution,
which can improve the plasticity of Mg alloys. Detwinning
behavior occurs when an inverse tension load is applied to
the twined alloys [98,99]. During this process, the orienta-
tion of the twinning grains will rotate again to the basal
pole. This occurs regardless of the tension or compression
deformation of twined Mg alloys [100,101]. However, how to
control the texture by detwinning has not been reported, and
the mechanism is still unclear. On the other hand, pre-twins
can promote the recrystallization of Mg alloys. Both nucle-
ation and grain growth during recrystallization can result
in texture recombination and weakening, especially at twin-
ning intersections. However, the amount and the position
of the twin-twin intersections are difficult to be controlled
which need more studies deeply. The new recrystallized grains
will keep the rotated twinning orientations, and a texture-
weakened Mg alloy will be obtained. However, the texture
modification by grain growth, especially abnormal growth
with a critical store energy, needs to be investigated further.

3. Effect of texture control on the plasticity
of magnesium alloys

As well known, the slip and twinning are very important
during deformation for magnesium alloys. Twinning is a

polar deformation mechanism that can start only in a spe-
cial loading direction. Similar to (10-12) tensile twinning with
a smaller CRSS, the compression/tension loading should be
perpendicular to the c-axis of the grains. Otherwise, (10-11)
compressive twinning starts. For compressive twinning, the
CRSS is relatively higher and difficult to perform. Under this
condition, the basal slip is much more important for defor-
mation accommodation at low temperatures. While the basal
plane provides only two independent slips, non-basal slip such
as prismatic <a> and pyramid <a + ¢ >slip cannot be activated
at room temperature [26,102,103]. The basal plan cannot fit
the von Mises stress criterion that requires five independent
slips. It also expresses a poor plasticity at lower tempera-
tures, especially lower than the recrystallization temperature
(below 150°C in this study). Most of the formations on Mg
alloys are conducted at higher temperatures to activate non-
basal slips owing to thermal activation. However, the grains
grow and the surface quality is quite low. For devices with a
special requirement on properties, for example, corrosion or
strength, forming at lower temperatures is necessary under
this condition. Texture weakening promotes the activity of
basal < a > slip systems, which can enhance the plasticity sig-
nificantly; hence, the ductility, stretch formability, workability
and so on.

3.1.  Ductility

Zhang et al. [57] reported that a preferred orientation consist-
ing of (0001) basal planes aligned with the extrusion axis was
obtained in Mg-1.0Zn Mg alloy extrusion billets. However, the
double peak (0002) RE-texture was formed in Mg-1.0Zn-xCa
alloys. At a higher alloying level of 0.5% Ca, a second texture
peak at approximately (11-20) parallel to the extrusion direc-
tion was generated due to the activity of non-basal<a + c>slip
and dynamic recrystallization, so that the basal texture was
weakened greatly. This is discussed in the previous section.
The basal texture was harmful to ductility, but beneficial to
the tensile strength of the alloys, while the non-basal texture
was beneficial to the activation of the non-basal slip. Owing to
the weakening of basal texture and generation of non-basal
texture after the addition of Ca elements, the Schmidt fac-
tor of the basal slip increased remarkably. The deformation is
usually dominated by basal slip at room temperature. Addi-
tionally, the CRSS of non-basal slip may also drop with a tilted
basal RE-texture, which also benefits the enhancement of duc-
tility. Therefore, the tensile fracture elongation increased by
more than 40% compared to that of Mg-1.0Zn, as shown in
Fig. 12. The improvement of ductility through texture weak-
ening induced by Ce element alloying has also been reported,
and the fracture elongation can reach more than 30% in Mg-
0.2% Ce alloys, for a similar reason [104]. Texture weakening
has an important effect on the ductility of the magnesium
alloy not only at room temperature but also at warm con-
ditions lower than the recrystallization temperature. Wang
et al. [105] conducted an ECAP process at an angle of 110°
on AZ80 magnesium alloys at 250°C for various passes. Ten-
sion tests were carried out at room temperature, 100°C, and
150°C. The extruded (0002) fiber texture tended to be domi-
nated by 45° rotated texture components, and the intensity
decreased as ECAP increased. Owing to texture weakening,
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Fig. 13 - Tensile data for extruded Mg and Mg-Zn-xCa
alloys [57].

the ductility was improved, especially at 100°C and 150°C.
The rotated texture favored the activation of basal<a>slips
so that the fracture elongation improved as ECAP increased.
Furthermore, no strain hardening behaviors were exhibited
at 150°C, as shown in Fig. 13. Mg alloys with good plasticity
benefit subsequent deformation. The thin-wall microtube of
Mg alloys is always processed as a biodegradable intravascular
stent. However, this is difficult to perform at room tempera-
ture owing to its poor ductility. The grains tend to grow as the

deformation temperature increases, which is harmful for the
properties of the generated product, especially for strength
and corrosion properties in biodegradable devices [106-108].
Thus, texture-weakened magnesium can be used to produce
the thin-wall tube successfully at low temperatures without
grain growth. This provides an effective approach to equip
magnesium alloys with high plasticity and strength, which
can be used to fabricate high-performance Mg products.

3.2. Stretch formability

Texture weakening has a significant effect on the enhance-
ment of stretch formability of Mg alloy sheets. It is well known
that width strain can be accommodated by prismatic <a>slip,
while the strain along the thickness direction can only be coor-
dinated by the pyramidal<a + c>slip and twinning in plane
deformation on Mg alloy sheets. At room temperature, the
pyramidal <a + c> slip cannot start. Twinning is a polar mech-
anism, and the {10-12} tensile twins can only be generated in a
specific direction. Thus, there are no slips to coordinate thick-
ness strain in plane deformation, and poor stretch formability
is achieved. However, the basal < a > slip is enhanced when the
basal texture is weakened. The orientation of the grain tilts
from ND to ED/RD, favoring the activation of basal slip. The
strain along the thickness direction is generated by the basal
slips. This is beneficial for improving the stretch formability
of Mg alloy sheets. Cai et al. [109] added 0.2wt.% Y, Ce, Gd
elements into Mg-1.5Zn alloys, then hot rolling was carried

(a) so0 (b)
—a—RTAS 400 - ®- 373K As-recieved
¥-RTECAP 1P e 373K ECAP 1P
400 —a&—RT ECAP 2P 350 }- & 373K ECAP 2P
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300 -
© ©
< 300 S =}
2 2
o 200 2 ® \
E S 150
100 100 1 v
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0 L L L 1 0 :1 1 1 1 1 I I 1
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Fig. 14 — The tensile true stress vs. true strain curves of AZ80 alloy processed by ECAP after different passes and tested at
different temperatures: (a) room temperature, (b) 100 °C, (c) 150 °C [105].
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Fig. 15 - The Erichen test samples of various texture weakened Mg alloys at room temperature: (a) Mg-Zn-RE alloys, i
Mg-1.5Zn, ii Mg-1.5Zn-0.2Y, iii Mg-1.5Zn-0.2Ce, and iv Mg-1.5Zn-0.2Gd [109]; (b) Mg-4Zn-X-Ca alloys, (i) Z4, (ii) ZX40, (iii)
ZAX400, (iv) ZWX400, (v) ZCX400 and (vi) ZSX400 [110]. (c) The room-temperature stretch formability of as-received, RA and

RCA samples [111].

out at 450°C and the Mg alloy thin sheet with a thickness of
1mm was obtained. The RE texture was generated and the
intensity of (0002) basal texture decreased from 13.0 on Mg-
1.5Zn to 2.7, 2.2, and 2.3 on Mg-1.5Zn-0.2Y, Mg-1.5Zn-0.2Ce,
and Mg-1.5Zn-0.2Gd alloys, respectively. Owing to the weak-
ening of the basal texture, the Erichen (IE) values were greatly
enhanced from 2.6 mm to 4.9 mm, 5.8 mm, and 7.0 mm. Sim-
ilarly, Park et al. [110] reported that the IE values improved
greatly after adding Ca to weaken the basal texture, which
activated the basal <a>slip, as shown in Fig. 14(b). While, the
IE value can be improved by 2.1 times compared with the
as-received samples after pre-twinning on AZ31 Mg alloys
sheet due to an 86.3° rotation of grains [111], as shown in

Fig. 14(c). Above all, it is proven that basal texture weaken-
ing is an effective way to enhance the formability of Mg alloy
sheets. However, owing to the double-peak RE texture, the
basal slip can be activated much more easily, which simul-
taneously resulted in a decrease in strength. Usually, the yield
strength can be reduced to even lower than 100 MPa when the
RE texture is dramatically generated [112], as shown in Fig. 15.
This is pernicious and limits the application of Mg sheets on
the other side. Therefore, the balance between formability and
strength should be considered during texture modification.
Bian et al. [113] indicated that there could be a significant
increase in the flow stress after rapid bake age-hardening on
texture weakened Mg-1.3A1-0.8Zn-0.7Mn-0.5Ca prior to T4
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treatment. This enabled the alloy to successfully overcome the
strength-formability trade-off dilemma of Mg sheet alloys in
the first report. This research direction may be a potential way
to consider both properties of heat-treated Mg alloys and can
be used for industry applications.

3.3.  Processability

The texture not only has significant effects on the ductil-
ity and formability, but also plays an important role on the
processability of Mg alloys. In general, Mg alloys are used in
automobile, 3C shell or degradable devices owing to its special
properties. However, the processability is poor because of the
crystal structure at lower temperatures. In order to process
successfully, the hot forming is conducted at high temper-

(b)

atures [114-116]. The grains grow up, which results in poor
properties after hot forming according to Hall-petch relation-
ship. Forming at low temperature is necessary for Mg alloys
and the texture modifying is a potential way to achieve this
goal. Zhang et al. [117,118] conducted repeated unidirectional
bending on AZ31 Mg alloy sheet to promote the grain orienta-
tion rotation. After annealing, the basal texture was weakened
obviously. The results shown that the cellphone shell with
good quality was obtained at room temperature while it frac-
tured on as-received AZ31 Mg alloy, as shown in Fig. 16(a). Ge
etal. [119,120] indicated that the micro-tube with outer diam-
eter of 4mm and inner diameter of 3mm could be formed
at 410°C on AZ31 and ZM21 alloys, and the grains grew up.
After ECAP process, it could be done at 150°C owing to the
texture weakening and grain boundary sliding. During which,
the grains did not grow up. Thus, the texture control could
enhance the processability of Mg alloys. Especially at lower
temperature, the softening effect of texture weakening was
much more obviously, as shown in Fig. 13, the fracture elon-
gation of 4 passes ECAPed AZ80 Mg alloys was almost 100 % at
150°C. However, this effect would be reduced when temper-
ature increased, especially above 200°C, where the non-basal
slip might be activated (Fig. 17).

4. Summary and further research
directions

Texture control can be considered as a potential way to
improve the plasticity of Mg alloys at lower temperatures,
especially at low recrystallization temperatures. Many meth-
ods have been developed to realize this goal; however, much
more work is still needed to further understand the mech-
anisms or develop new technologies. Current concepts and
problems related to texture control can be summarized as
follows:

Fig. 17 - The samples of various texture weakened Mg alloys: (a) cold stamping of cell phone housings [117]: (i) as-received
sample; (ii) RUB processed specimen; (b) view of the extruded tubes underwent interrupted extrusion at lower temperature

[119,120].
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(1) The split RE-texture can be obtained by alloying both
RE elements and non-RE elements. This is due to the
enhancement of non-basal slip or the effects on the mech-
anisms of DRX, etc. (shear band, twins, particle-stimulated
nucleation, or solar-driven effects). The addition of differ-
ent elements plays different functions, such as decreasing
the stack fault energy or attaining segregation at the grain
boundary. However, general formula generalizations in
texture weakened alloy design are still unclear, especially
for non-RE elements. The effect of added elements on the
stack fault needs more investigations also. In the twinned
Mg alloys, the interactions between the added elements
and the twinning lamellas may play a much more impor-
tant role in texture control, which needs to be investigated
further.

(2) The basal pole will be inclined to the shear plane after
introducing shear deformation on Mg alloys. This process
not only refines the grains but also modifies the texture
components. Continuous production of the materials is
a problem. The combination process can be a potential
way for obtaining this target, not only by changing channel
parameters, but also by other factors. Like ASE, this gives
another perspective, which is that the shear deformation
can be introduced by materials flow control, not only by
the different speed metal flow processes, but also by gradi-
ent deformation temperature or friction factors. It is more
effective and convenient to obtain the texture weakened
Mg alloy sheet. However, the gradient microstructure is
also one problem which should be considered to reduce
during fabrication.

(3) The orientation of grains can be tilted away from ND by
approximately 86.3° by induced tensile twins, which have
a great potential to weaken the basal texture. Owing to the
polarity of twins, twinning can only be activated along a
special loading direction. Thus, the pre-twinning process
is difficult to conduct on thin Mg sheets. Current technolo-
gies can conduct pre-twinning only to a small extent, and
the deformation may not be uniform. The new continuous
and simple pre-twinning devices on Mg alloy thin sheets
with larger scale should be developed in the future. The
twin-twin intersection can not only rotate the grains, but
also reserve enough energy to be set as the DRX nucle-
ation sites. However, the amount and the position of the
twin-twin intersections are difficult to be controlled which
needs more studies deeply. Besides, compressive or double
twins which can set as the DRX nucleation sites inde-
pendently. How the twinning orientation affects the new
DRXed grains are not clear which can be investigated thor-
oughly for texture control.

(4) Detwinning behavior is beneficial for improving the plas-
ticity of Mg alloys under inverse tension loading and will
occur when the inverse load is carried out on the twinned
Mg alloys. Then, the orientation of the grains will rotate
back to the basal pole. However, control of the texture
by detwinning is still unclear. Thus, further research can
focus on developing a new method to pre-twin on a large
scale on thin Mg alloy sheets. Various types of twins, such
as compressive, double twins, and detwinning behavior,
can also be used to weaken the basal texture.

(5) Research reveals that the bigger the grains, the more ran-
dom the basal poles will be on the Mg alloy sheet during
the grain growth stage. There is critical store energy to
achieve the largest grain growth rate during DRX. When
the value is exceeded, the grain size decreases, for exam-
ple, a 5% decrease is induced by pre-stretch deformation.
To broaden this application, the critical strain induced by
various processing methods should be clear. The related
grain-growth mechanisms should be investigated thor-
oughly.

(6) Owing to the enhanced activity of basal <a > slips by basal
texture weakening, the plasticity, ductility, and the stretch
formability of Mg alloys, can be improved. However, the
strength will be decreased greatly at the same time, espe-
cially in Mg alloys with a split RE texture. Therefore, the
balance between strength and plasticity should be con-
sidered.
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