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Abstract
In the present research, for the first time, the 〈0001〉||RD as an initial texture for suppression of basal slip and the continuous 
β-Mg17Al12 phase for inhibition of extension twinning was used, simultaneously, to obtain non-basal orientation in the 
asymmetrically cold-rolled AZ91 magnesium alloy. The as-cast alloy consisted of α + β eutectic and α-Mg with two 
intermetallic phases  (Mg17Al12 and  Al8Mn5) which were located along grain boundaries and also inside the alpha grains. 
After 8 and 15% rolling reductions, the fraction of high-angle grain boundaries increased which was mainly due to the 
formation of many contraction and/or double twins. It was found that achieving non-basal texture in magnesium alloys during 
rolling deformation is possible. This was firstly due to the primary strong 〈0001〉||RD orientation, which was not favored 
for both prismatic and basal slips. Secondly, the incoherent β located at the boundaries of α grains suppressed the extension 
twin nucleation (which quickly strengthens basal texture) but did not inhibit the nucleation of double and contraction twins.
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Introduction

Mg and its alloys are used in aircraft and automotive man-
ufacturers due to the high strength-to-density ratio which 
leads to decreasing fuel consumption [1–3]. Despite its high 
specific strength, poor ductility at ambient temperature has 
significantly restricted the widespread use of Mg alloys 
in critical safety components [4]. The low ductility of Mg 
alloys is attributed to the low number of slip systems in the 
{0001} of the hexagonal closed pack (HCP) crystal struc-
ture [5–7]. In addition, plastic deformation results in strong 
{0002} basal texture [8–10]. This orientation leads to poor 
ductility at ambient temperature.

The poor ductility and anisotropic properties of magne-
sium can be modified by decreasing the intensity of {0002} 
basal orientation [11–13]. Rare earth (RE) and Ca addi-
tion to Mg alloys, changing the strain path, and also the 
occurrence of recrystallization reduce the intensity of the 
basal orientation and lead to improving the formability and 

ductility [14–22]. However, achieving non-basal textures 
during the plastic deformation of Mg alloys was impossible 
[11–22].

During plastic deformation, the development of strong 
{0001} texture firstly is owing to the prior activation of the 
{0001}

⟨
1120

⟩
 slip system. This slip system has the smallest 

critical resolved shear stress (CRSS) [8, 23, 24]. The forma-
tion of twins is associated with a rapid reorientation of the 
crystal [25–28]. 

{
1012

}
 extension twins reorientate with 

86° 
⟨
1120

⟩
 with respect to the parent grain, which can 

quickly stimulate the {0001} slip activation and generation 
of intense basal orientation [29–32]. On the other hand, {
1011

}
−

{
1012

}
 double twins and 

{
1011

}
 contraction 

twins have an orientation relationship of 56° 
⟨
1120

⟩
 and 38° 

⟨
1120

⟩
 rotations between the untwined matrix and the twin 

variants [25, 28, 33]. Therefore, the contribution of double 
and contraction twins for the formation of {0002} basal tex-
ture is low. However, according to the very low CRSS of 
extension twinning (2–2.8 MPa) [30, 34], activation of con-
traction twinning (with CRSS of 76–153 MPa) [30, 35] in 
Mg alloys is more difficult.
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According to the above, the extension twinning and 
{0001} slip are responsible for the formation of strong 
{0002} basal texture and thus, poor ductility of Mg alloys 
restricting the widespread use of these alloys in aircraft and 
automotive industries. In the current research, for the first 
time, we use the 〈0001〉||RD as an initial texture for suppres-
sion of basal slip and the continuous β-Mg17Al12 phase for 
inhibition of extension twinning, simultaneously, to obtain 
non-basal orientations in the asymmetrically cold-rolled 
AZ91 magnesium alloy. The behavior of the Mg–9Al–1Zn 
alloy under asymmetric cold rolling is discussed based on 
the microstructural characterization and texture evolution.

Materials and Methods

The starting material was an experimental AZ91 
(Mg–8.4Al–1.3Zn–0.3Mn) cast ingot. A quantometer device 
(Hitachi High-Tech Foundry-Master Smart) was employed 
to specify the chemical composition of the starting material. 
Sheets with dimensions of 70 × 20 × 3.5 mm were cut from 
the as-cast alloy. To prevent the formation of extension 
twins (which encourage basal texture), first, the as-cast 
microstructure was used without homogenization heat 
treatment. Second, with the preliminary analysis that was 
done on the texture of the as-cast ingot, it was tried that 
when cutting the casting sample and turning it into a sheet 
for the rolling process, the 〈0001〉 directions of most of the 
grains should be parallel to the direction in which the rolling 
is to be performed.

The asymmetric cold rolling with thickness reductions 
of 8 and 15% were performed at room temperature without 
lubricant by the single-roll drive rolling method. The rota-
tional speed of the drive (down) roller was 2 rpm, and the 
diameter of both rollers was 150 mm. The thickness reduc-
tion per rolling pass was about 3%. Microstructural observa-
tions were carried out on the RD-TD section. The samples 
were mechanically ground with SiC papers, polished, and 
etched by the Picral reagent (4.26 g picric acid, 10 ml acetic 

acid, 10 ml distilled  H2O, and 150 ml ethanol). Textures 
of samples were conducted using X-ray diffraction (XRD, 
PANalytical, Cu Kα). Incomplete pole figures (PFs) were 
analyzed by TexTools software.

Results and Discussion

The micrographs of as-cast and deformed samples are shown 
in Figure 1. The boundaries (both grain and twin boundaries) 
can be classified by different neighbor misorientations: low 
(0°–15°), high (15°–65°), and extra high (65°–100°) angle 
boundaries (LABs, HABs, and EHABs, respectively). The 
relationship between the fraction of three different 
boundaries and the rolling reduction is depicted in Figure 2. 
The as-cast micrograph consisted of α + β eutectic and α-Mg 
with two intermetallic phases:  Mg17Al12 and  Al8Mn5. 
Intermetallic compounds are located at the boundaries of α 
and inside the grains. From Figure 1a, no twins are observed 
in the as-cast sample. The fractions of LABs, HABs, and 
EHABs for the as-cast sample are 1.6, 51.7, and 46.6%, 
respectively (see Fig. 2). After 8% asymmetric cold rolling 
(Figure 1b), several twins are observed in the microstructure. 
Contraction twins have thin and extended morphology, while 
extension twins have thick and lenticular morphology 
[35–41]. Therefore, a lot of 

{
1011

}
 contraction twins (red 

arrows) and a few {1012} extension twins (blue arrows) were 
created in the 8% rolled sample. Twins in Mg alloys have an 
angle with respect to the basal plane: 86° for the {1012} 
extension twin formed owing to the extension of the c-axis, 
56° for the {1011} contraction twin developed by the 
compression of the c-axis, and 38° for the {1011} − {1012} 
double twin [3, 4, 6–8, 12, 14, 16, 23–27, 30, 31, 36]. 
Figure 2 indicates that by 8% deformation, the fraction of 
HABs is increased which is mainly owing to the creation of 
many compression and/or double twins. The distribution of 
twins in the microstructure of 8% cold rolled is not 

Fig. 1  The micrographs of (a) 0% (as-cast), (b) 8% rolled, and (c) 15% rolled samples
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homogeneous. In fact, the fraction of twins in the different 
grains is not equal and there are some twin-free grains. This 
is owing to the different initial orientations of grains. From 
Figure 1c, with increasing the deformation up to 15%, the 
number of contraction twins greatly increased, while there 
are some extension twins in the microstructure of AZ91. 
These results are confirmed in Figure 2. The distribution of 
twins becomes homogeneous, and all grains have many 
twins.

The PFs and orientation distribution functions (ODFs) 
of undeformed and deformed samples are demonstrated in 
Figures 3 and 4, respectively. In addition, Figure 5 depicts 
the fraction of the important texture orientations for 
samples with rolling deformation of 0, 8, and 15%. As 
seen, the starting alloy exhibits a 〈0001〉||RD fiber texture 
which means {0001} of most grains are parallel to the 
TD–ND surface. From Figures  4 and 5, the main 

Fig. 2  The distributions of misorientation of (a) 0% (as-cast), (b) 8% rolled, and (c) 15% rolled samples, and (d) the volume fraction of LAB, 
HAB, and EHAB for different samples
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orientations of the as-cast alloy are 
{
1010

}⟨
1126

⟩
 , 

�
1010

�
⟨0001⟩ , 

{
1123

}⟨
1100

⟩
 , 
{
1122

}⟨
1100

⟩
 , and 

{
1012

}⟨
2021

⟩
  with the intensity of 116.6 × R, 62.3 × R, 

16.9 × R, 5.7 × R, and 5.5 × R, respectively. The well-
known texture of magnesium alloys, i.e., {0002} basal 
texture, is absent. After an 8% thickness reduction, the 
overall texture intensity is decreased (see Figures 3 and 4). 
The strongest component is 

�
1010

�
⟨0001⟩ texture with an 

intensity of 43.4 × R. The other components are {
1123

}⟨
1100

⟩
 , 
{
1010

}⟨
1126

⟩
 , 
{
1012

}⟨
2021

⟩
 , and 

{
1122

}⟨
1100

⟩
 with the intensity of 18.6 × R, 7.6 × R, 

3.3 × R, and 2.9 × R, respectively. Moreover, the intensity 
of {0001}

⟨
4510

⟩
 as a basal texture component increased 

from 0.5 × R to 0.9 × R. With an increase in the strain up 
to 15%, the intensity of 

{
1123

}⟨
1100

⟩
 , 
{
1012

}⟨
2021

⟩
 , 

and 
{
1122

}⟨
1100

⟩
 remains almost unchanged. On the 

o t he r  hand ,  t he  i n t ens i t y  o f  
�
1010

�
⟨0001⟩ , 

{
1010

}⟨
1126

⟩
 , and {0001}

⟨
4510

⟩
 significantly increased 

to 104.1 × R, 19.6 × R, and 5.5 × R, respectively. Therefore, 
the overall texture intensity increased. As also suggested 
in Figure 3c, there is no sign of basal fiber texture. This is 
an interesting result. From the results obtained from previ-
ous studies in Refs. [4, 10, 14, 19, 21, 22, 26, 29, 31, 32, 
35], it is reported that the {0002} texture becomes very 
strong even at very low rolling reductions due to slip and 
twinning mechanisms. The present work indicated that 
achieving non-basal texture in magnesium alloys during 
rolling deformation is possible. Two important reasons can 
explain these results:

On the one hand, achieving a non-basal texture is 
related to the primary intense 〈0001〉||RD orientation, 
which is not favored for prismatic and basal slips. The 
strong 〈0001〉||RD orientation increases the activity of 

the pyramidal 〈c + a〉 slip system during cold deforma-
tion owing to its high Schmid factor. However, the pyrami-
dal 〈c + a〉 slip cannot be activated at low deformation 
temperature due to its high CRSS. Therefore, it can be 
concluded that the primary intense 〈0001〉||RD orienta-
tion inhibits the slip mechanism during cold deformation. 
Consequently, the initial 〈0001〉||RD texture decreases the 
contribution of {0001} slip during deformation and weak-
ens the basal orientation.

On the other hand, the extension twins have a great impact 
on the orientation development and formation of {0002} 
basal texture, because the {0001} of the twinned alpha-Mg 
grains are tilted by 86° from their original orientations (due 
to the extension twinning) and the orientation of the as-cast 
sample (i.e., 〈0001〉||RD) rotates to 〈0001〉||ND (or basal 
texture). In contrast, the contribution of double and contrac-
tion twins for the formation of {0001} texture is low. Double 
and contraction twins have an orientation relationship of 
38° and 56° rotations between the untwined matrix and the 
twin variants [25, 28, 33]. However, the CRSS of extension 
twinning is much smaller than that of contraction or double 
ones [30, 34, 35], and the strong 〈0001〉||RD texture is also 
favored for extension twinning. Therefore, the activation of 
contraction twinning in AZ91 alloy is very difficult. Sur-
prisingly, Figure 1 indicates that contraction twinning is the 
main deformation mode during cold rolling. This result is 
due to the β-Mg17Al12 located at the boundaries of alpha 
grains which can significantly limit the nucleation of thick 
extension twins. Beyerlein and coworkers [42] stated that the 
nucleation of twins can depend on the misorientation of the 
grain boundaries. The extension twins connected to grain 
boundary with smaller misorientations (< 45°) are more 
than those with larger misorientations. In fact, by enhancing 
the coherency of the boundary, the chance of the nucleation 
of the extension twin increases. Thus, it can be said that the 
incoherent  Mg17Al12 located at the boundaries can hinder 
the nucleation of thick extension twins, but not suppress the 
nucleation of narrow double and contraction twins. Also, the 
extension twins usually nucleate at the boundary followed by 

Fig. 3  The PFs of (a) 0% (as-cast), (b) 8% rolled, and (c) 15% rolled samples
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Fig. 4  The ODFs of (a) 0% (as-
cast), (b) 8% rolled, and (c) 15% 
rolled samples
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a rapid propagation within the alpha-Mg grain and finishing 
at the next boundary. The finishing of the extension twins 
at a boundary will create a localized stress concentration 
which would stimulate and trigger the nucleation of the twin 
in the next alpha-Mg grain [43, 44]. The high content of the 
continuous  Mg17Al12 phase can suppress the nucleation of 
thick extension twins in the neighboring alpha-Mg grain.

Conclusions

In the present work, we used the 〈0001〉||RD as an initial 
texture for suppression of basal slip and the continuous 
β-Mg17Al12 phase for inhibition of extension twinning, simul-
taneously, to obtain non-basal orientation in the AZ91 magne-
sium alloy processed by asymmetric cold rolling. The as-cast 
sample consisted of α + β eutectic and α-Mg with two interme-
tallic phases, i.e.,  Mg17Al12 and  Al8Mn5 which were located 
along grain boundaries and also inside the grains. By 8% and 
15% rolling reductions, the fraction of HABs increased which 
was mainly owing to the formation of many contraction and/
or double twins. Achieving non-basal texture was firstly due 
to the initial intense 〈0001〉||RD orientation, which was not 
favored for prismatic and basal slips. Also, the pyramidal slip 
could not be activated at low deformation temperatures due 
to its high CRSS. Secondly, the incoherent  Mg17Al12 located 

at the boundaries of alpha-Mg suppressed the thick extension 
twin nucleation but did not inhibit the nucleation of narrow 
double and contraction twins.
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