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Abstract

The asymmetric hot rolling was applied to the as-cast AZ91 alloy to weaken the texture. It was found that the {0001} basal
slip was not favored during deformation due to the presence of a strong {0001) orientation in the as-cast sample. Surprisingly,
the fraction of contraction twins was much larger than extension ones owing to the high content of Mg;,Al,, intermetallic
compounds. The incoherent Mg;,Al,, at the grain boundaries could limit and/or prevent the nucleation of the thick extension
twin, but did not hinder the narrower twin (contraction and double) nucleation. A large amount of # phase within a grains
provided more possibilities to reduce twin boundary migration, and thus, the growth of thick extension twins was hindered.
The presence of the Mg,;Al,, phase in the starting material was responsible for changing the twinning process. The asym-
metric hot rolling led to significant texture weakening in the AZ91 alloy.
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Introduction

Magnesium and its alloys as very light metals can be used
in aerospace and transportation industries [1-3]. However,
magnesium and its alloys exhibit poor deformation capabil-
ity and strong anisotropy at ambient temperature due to their
limited slip systems available and the strong basal texture
formed [4, 5]. These are big challenges in the studies and
applications of magnesium alloys. To improve the ductility
of magnesium and its alloys, two approaches have been per-
formed: grain refinement and texture modification through
dynamic recrystallization [1, 4-10] and the addition of alloy-
ing elements [2, 3, 11].

Guan et al. [6, 12] studied the individual impact of recrys-
tallization on the weakening of texture in a magnesium alloy.
Their results showed that double twins and shear bands
decrease the intensity of deformation texture (i.e., {0002}
fiber texture). Su et al. [13] studied the relationship between
texture weakening and recrystallization in the AZ31 sheets
processed by rolling. Weakening of texture was achieved
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after annealing owing to the occurrence of recrystallization
on shear bands and twins. This remarkably enhanced duc-
tility. Ding et al. [14] reported a weakening of texture and
improvement of ductility in a Mg—2Zn alloy by the addition
of Ca or RE. They found that the addition of zinc to pure
magnesium leads to the formation of basal texture, while
the addition of zinc to magnesium—calcium alloy results in
a spread of basal poles toward the transverse direction and a
reduction in texture intensity.

Recently, to obtain high strength and good ductility in
the AZ91 alloy, several techniques have been used. Ghan-
dehari Ferdowsi et al. [15] report the impact of the high-
temperature rolling process and annealing on the micro-
structural evolution and texture of the homogenized AZ91.
They showed that a basal texture with high intensity was first
generated. By performing annealing, the intensity of basal
texture decreased. Alili et al. [16] investigated the texture of
AZ91 after high-temperature rolling and subsequent anneal-
ing treatment. After the rolling process at 400 °C, a basal
deformation texture with the splitting of the basal poles was
formed. After long-term annealing treatment, the basal tex-
ture has remained. Wang et al. [17] investigated the micro-
structure and mechanical behavior of AZ91 rolled from three
different initial conditions consisting of as-cast, as-extruded,
and cast-rolling. The microstructure of all samples exhibited
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fine grains and a high-density basal texture in all three sam-
ples was formed.

Based on the aforementioned results, it is difficult to
obtain a very weak {0002} basal texture in the AZ91 alloy.
Asymmetric rolling as a plastic deformation technique
changes the microstructure and texture compared to conven-
tional rolling. In asymmetric rolling, the speed of the lower
and upper rolls is different. Therefore, intense shear plastic
deformation can be produced throughout the sheet thickness,
which changes the texture from basal to other orientations.
It is important to explore the capability of the asymmetric
hot rolling process to weaken the basal texture of AZ91.
Therefore, the current work aims to study the influence of
the asymmetric hot rolling process on the microstructure and
texture evolution of as-cast AZ91 without homogenization
or annealing treatments.

Experimental Procedure

The raw material used in this work was as-cast AZ91
(Mg—-8.4A1-1.3Zn-0.3Mn) alloy. Before rolling deforma-
tion, the as-cast AZ91 was machined into sheet-type sam-
ples with dimensions of 70 x 20 x 3.5 mm?>. The sheets were
preheated at 400 °C for 600 s and asymmetrically rolled
with two total deformations of 8% and 15%. The method
of asymmetric rolling in the present work was single-roll
drive rolling. The asymmetric rolling was performed on a
laboratory rolling mill with 150 mm and the rotational speed
of the driven (lower) roller was fixed at 2 rpm. The upper
roller was idle.

Microstructural characterization was performed by opti-
cal microscopy (OM). The samples were sectioned from the
ND (normal direction) plane and the center of the sheet.
The samples were ground with SiC papers, polished with
alumina suspension, and finally etched with picral reagent.
Macrotexture was evaluated by X-ray diffraction (XRD)
with Cu Ka radiation. The orientation distribution func-
tions (ODFs) and pole figures (PFs) were obtained by the
TexTools software.

Results

Optical micrographs of as-cast and deformed AZ91 are
shown in Fig. 1. The microstructure of the as-cast material
mainly comprises a-Mg grains, #-Mg;,Al,, intermetallics
(located at the grain boundaries (continuous type) and in the
interior of the grains (discontinuous type)), a+ j eutectic
phase (adjacent to the Mg,,Al,, phase), and AlgMnjs parti-
cles. It should be noted no twins are observed in the as-cast
AZ91 sample. The average grain size of the alpha phase is
62 pm. After 8% asymmetric hot rolling, as shown in

Fig. 1b, the volume fraction of the f-Mg,;Al,, reduced
owing to the dissolution of the f in the @-Mg grains. Also,
the average grain size of the a-Mg slightly increased. In

addition, many { 1011 } or { 10T3} contraction (compres-
sion) twins (CTs) with thin and extended morphology
formed in the AZ91 alloy, and { IOTZ} extension (tension)

twins (ETs) with thick and lenticular shapes were nearly
absent, as shown in Fig. 1b. Moreover, some cross-twins
exist in the microstructure after 8% deformation. Looking at
the optical micrograph of Fig. lc, no remarkable change is
observed in the average grain size by even 15% hot rolling
of the AZ91 alloy. Compared with the previous sample
(Fig. 1b), the 15% hot-rolled sample contains a much higher

density of contraction (and maybe { 1011 } - { 1012 } dou-

ble) twins and also twin intersections. Some extension twins
are formed in the microstructure of the sample after 15%
strain. With regard to Fig. 1b, c, there is no sign of dynamic
recrystallization (DRX) mechanisms during hot rolling of
AZ91 alloy up to 15% thickness reduction.

The distribution of misorientation angle for as-cast and
deformed samples are depicted in Fig. 2. Also, the volume
fraction of low-angle boundaries (LABs) with < 15°, high-
angle boundaries (HABs) with 15° <6< 65°, and extra high-
angle boundaries (EHABs) with > 65° in all samples is
plotted in Fig. 3. As illustrated in Figs. 2 and 3, the fraction
of grains with LABs after 0, 8, and 15% deformation are 1.6,
1.3, and 1.3%, respectively. In contrast, the fraction of grains
with HABs gradually increased from 51.7% (for the as-cast
sample) to 54.4% (after 15% strain). In addition, the fraction
of grains with EHABs gradually reduced from 46.6% (before
hot rolling) to 44.5% (for the 15% deformed sample). Based
on the non-occurrence of recrystallization in the microstruc-
ture of AZ91 alloy (see Fig. 1), it can be stated that the vari-
ations of misorientation during rolling are attributed to the
rotation of preexisting grains (owing to slip) and formation
of mechanical twins (contraction, extension, and double). It
should be noted that the misorientation of {0002} at the twin

boundaries is 86.3°, 56.2°, and 37.5° for{ IOTZ} extension,

{ 1011 } contraction, and { 1011 } - { 10T2} double twins,

respectively [1, 6, 11, 12]. In fact, the contraction and double
twins have HABs, while the extension twin boundaries are
EHAB. With regard to Figs. 1 and 3, it can be concluded that
the extensive contraction and perhaps double twinning are
responsible for increasing the volume fraction of HAB.
Figures 4 and 5 depict the {0002} PFs and ODFs of
AZ91 alloy under different deformations, respectively.
From Fig. 4a, the texture of the as-cast sample is mainly
characterized by a strong {0001) texture. Figure Sa indi-

cates that two texture components, i.e., (OITO) [2ﬁ6] and
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Fig. 1 Microstructures of (a) 0% (as-cast), (b) 8%, and (¢) 15% hot-rolled AZ91. (d) EDS analysis of the AlgMnjs particles

(01?0)[0001], with intensity of 116.6xR and 62.3xR,

respectively, are dominant for the as-cast AZ91. After an
8% rolling reduction, the intensity of (0001)IIRD decreases
and some grains rotate toward the basal pole (center of
PF). The main orientations for this sample are

(oﬁo) [2ﬁ6] (1152) [10@] (1154) [1?00]
(1153)[7%], (01TO>[2H6], (1153)[2m], and
(01?0)[0001] with the intensity of 36.5xR, 22.5xR, 22xR,

21.2xR, 20.9xR, 10.1xR, and 3.2xR, respectively. Finally,
for the 15% deformed sample, the {0001 )IIRD weakens
again and more grains rotate to the basal pole. As shown
in Fig. 5c, there are multiple texture components including

(oﬁo) [2ﬁ6] : (01T0)[0001], (0001) [SHO], (1153) [ﬁoo],
(0001)[13H], (1153) [zm] (0001)[2ﬁ0](11§2) [1?00]

(1126) [sﬁ] (0177) [2ﬁ0] (0173) [305](1154) [sm]

@ Springer

(1155) [sm] with the intensity of 14.2xR, 6xR, 5.7xR,

5.2xR, 4.9xR, 4.7xR, 4.6xR, 4.5xR, 4.5xR, 3.9xR, 3.8xR,
3.8xR, and 3.7xR, respectively. With regard to PFs and
ODFs, the overall texture intensity significantly decreased
by asymmetric hot rolling up to 15% strain.

Discussion

Initial orientation has an important effect on the activation
of deformation mechanisms such as slip and twinning. Fig-
ures 4a and 5a indicate that there is a strong {0001)IIRD
orientation in the as-cast sample. In other words, the c-axis
of many a-Mg grains is approximately parallel to the rolling
direction. In this type of texture, the Schmid factor is very
low or even zero. Consequently, no resolved shear stress is
applied on the {0002} and the dislocation slip is hindered
under both compression and tension stresses. The rolling
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Fig.2 Misorientation distributions of (a) 0% (as-cast), (b) 8%, and »
(¢) 15% hot-rolled AZ91

process can be considered as subjecting tension in the rolling
direction and compression in the normal direction. There-
fore, the {0001} basal slip is not favored during the rolling
deformation of as-cast AZ91. When the basal slip becomes
difficult or completely suppressed due to {0001)IIRD tex-
ture, then the AZ91 alloy would deform by prismatic and/
or pyramidal slip systems. However, in this condition, the
mechanical twinning is prominent over prismatic and pyram-
idal slips. The only reason why prismatic and pyramidal
slips are not dominant is that the critical resolved shear stress
(CRSS) of twinning is much lower than that of pyramidal
and prismatic slips [18, 19]. As shown in Fig. 1, the volume
fraction of twins increased after a 15% thickness reduction
because the stress for activation of twinning remains smaller
than that of pyramidal and/or prismatic slip systems.

There are three types of mechanical twinning in magne-

. e frog o fom ) fiors)
sium alloys including extension, or
contraction, and { 1011 } - { 1012 } double twinning, in the
order of increasing difficulty in activation [20-22]. The
CRSS value of extension twins is less than 5 MPa, which is
much lower than the CRSS of contraction twins (between 30
and 100 MPa). The low CRSS value of extension twins
makes its operation possible even at a low level of stress and
a low temperature. It was reported that the volume fraction
of extension twins quickly enhances with deformation,
reaching more than 80% at a deformation of 8% [23, 24]. On
the other hand, activation of a contraction twin is difficult
owing to its larger critical resolved shear stress value, and
the activation of double twins is more difficult since they
have to originate within contraction twin interiors [22].
However, as shown in Figs. 1b, c, the fraction of contraction
twins was much higher than extension twins. This is a very
surprising finding. This can be attributed to the high content
of Mg,,Al;, intermetallic compounds at the grain
boundaries.

Unlike the slip, the twinning involves nucleation and
growth, and the second phase particles will influence both
processes. Grain boundaries are the potential sites for the
nucleation of twins in magnesium [25-27], and therefore,
any changes in the structure of grain boundaries affect
twin nucleation. It should be noted that in most works on
the AZ series magnesium alloys, a homogenized structure
was used as the starting material [4, 8-10, 13, 15-17, 19,
20, 24, 27]. But, in the present work, we used the as-cast
structure without homogenization treatment. Therefore,
it can be said that the presence of a high amount of dis-
continuous and continuous particles at the grain bounda-
ries can significantly change potential twin nucleation
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Fig.3 Volume fraction of LAB, HAB, and EHAB for (a) 0% (as-
cast), (b) 8%, and (¢) 15% hot-rolled AZ91

sites. Beyerlein et al. [28] reported that the nucleation of
twins is attributed to the misorientation of the bounda-
ries. The extension twins connected to boundary seg-
ments with smaller (<45°) misorientation are more than
those with larger misorientation. In fact, by increasing the
coherency of the boundaries, the chance for the nuclea-
tion of twins is enhanced. Thus, it can be stated that the
incoherent Mg,,Al;, intermetallic compounds at the
grain boundaries can limit and/or prevent the thick twin
(extension twin) nucleation, but do not inhibit the nuclea-
tion of narrow twin (contraction and double twins). In
addition, extension twins generally nucleate at the grain
boundaries, then rapidly propagate within the grain, and
finally terminate at the next grain boundary. The exten-
sion twin termination creates a stress concentration lead-
ing to the stimulation of the twin nucleation in the next
grain [29-31]. Therefore, the large amount of continuous
Mg,,Al,, intermetallic compounds can hinder the twin
nucleation in the neighboring grain.

With regard to Fig. 1c, during 15% hot rolling, a few
extension twins formed, but the growth of these twins was
limited. After the nucleation of twins, the growth depends
on various dislocation glide mechanisms [14, 17—19]. There-
fore, the lengthening and widening of nucleated twins are
mainly related to the twin boundary migration. The twin
boundary mobility decreases by three factors consisting of
loss of coherency [32], high amount of solute atoms within
grains [33], and presence of second phase particles [34]. In
the present work, the alpha grains in AZ91 alloy have a low
amount of aluminum atoms because the homogenization
treatment was not performed. On the other hand, from
Fig. Ic, there was a large amount of discontinuous f phase

@ Springer
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Fig.4 Pole figures of (a) 0% (as-cast), (b) 8%, and (¢) 15% hot-rolled
AZ91

within a grains (as indicated by blue arrows). In a particle-
free grain, the { 1012 ; twins easily grow and consume the
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entire grain. However, the presence of obstacles (i.e., dis-
continuous Mg,,Al,, particles) in the path of migrating twin
boundaries markedly influences the behavior of twinning in
the AZ91. The high discontinuous $ phase content within
grains in the present study provided more possibilities to
reduce twin boundary migration, and thus, the growth of
thick extension twins is inhibited.

Another interesting finding was significant texture weak-
ening during the hot rolling of AZ91 alloy (see Figs. 4 and
5). As shown in Figs. 4a and 5a, most of the grains of the
as-cast material were aligned in such a way that the {0002}
lie perpendicular to the RD ({0001 )IIRD). As mentioned
before, these grains have a very low Schmid factor and thus
have a highly stable orientation (as indicated in Fig. 4). This
texture is not easily transformed to the well-known texture
of magnesium alloys (i.e., {0001 )IIND) during rolling defor-
mation. Therefore, the unusual texture evolution in the cur-
rent research obviously demonstrates that the presence of
primary (0001)IIRD texture can lead to texture weakening
in the AZ91 alloy. However, some researchers [32, 35, 36]
reported that in a starting structure similar to the present
study, a dramatic texture change of about a 90° rotation (i.e.,
a strong basal texture) and texture strengthening is observed
at low strains of 5%. They expressed that the grains with
(0001)IIRD texture have suitable orientation for extension
twinning. During deformation, the formation of a large num-
ber of extension twins rotates the basal planes of grains with

(0001)IIRD orientation for 86.3° about the <11§0> crystal

directions, resulting in the generation of a strong {0002}
basal texture and also texture strengthening. In fact, for mag-

nesium alloys, { 10T2} twinning plays a decisive role in the

formation of a very strong {0001 )IIND orientation because
it gives rise to a lattice rotation of 86.3° [19, 23, 24, 37, 38].
Interestingly, our experimental results are inconsistent with
those found in the abovementioned papers. The reason can
be attributed to the presence of a large amount of continuous
Mg,-Al,, intermetallic compounds in the as-cast structure
as starting material in the present work, which led to a sup-
pression of extension twinning nucleation and stimulation

(1123)[2111)

(1123)[1100)

(112210823 (1124)(5143]  (1123)[2111) (1122){1700]

of contraction and/or double twinning. Contraction and dou-
ble twins reorient the lattice by a 56.2° and 37.5°, respec-

tively, rotation about the <1 1§O> directions. Consequently,

the contraction and double twins do not remarkably affect
the texture during rolling. Based on these findings, therefore,
it can be concluded that the change in the twinning process
caused by the presence of the f phase in the starting material
can remarkably affect the texture evolution.

The asymmetric mode of hot rolling also can be respon-
sible for significant texture weakening after 15% deforma-
tion. According to studies by Gong et al. [39, 40], Lou et al.
[41], and Chang et al. [42], the texture weakening may be
related to severe shear plastic deformation throughout the
thickness of the sheet by asymmetric rolling, which enhances

the formation of more { 1011 } - { IOTZ} double twins. On

the other hand, during asymmetric hot rolling, prismatic {(a)
slip becomes more easily activated due to intense shear
deformation. As a result, texture weakening was observed in
the AZ91 alloy processed by asymmetric rolling.

Conclusions

In this study, the influence of asymmetric hot rolling on
the microstructure and texture evolution of as-cast AZ91
was evaluated. Microstructure and texture were examined.
The following conclusions can be drawn from the current
research:

1. The {0001} basal slip was not favored during deforma-
tion due to the presence of a strong {0001 )IIRD orienta-
tion in the as-cast AZ91.

2. Surprisingly, the fraction of contraction twins in the
15% hot-rolled sample was much larger than extension
ones owing to the high content of Mg ,Al,, intermetallic
compounds at the grain boundaries.

3. The presence of incoherent Mg,,Al,, intermetallic com-
pounds at the grain boundaries can limit and/or prevent
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the nucleation of thick extension twins, but does not
inhibit the nucleation of narrower (contraction and dou-
ble) twins.

A large amount of # phase within a grains provided
more possibilities to reduce twin boundary migration,
and thus, the growth of thick extension twins was inhib-
ited.

Change of the twinning process caused by the existence
of the Mg,;Al,, phase in the starting material and using
the asymmetric mode of hot rolling led to significant
texture weakening in the AZ91 alloy.
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