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Abstract
Magnesium alloy AZ61 was processed by several thermomechanical routes consisting of
hot-rolling at a high strain rate ε̇ = 1.6 s−1 and intermediate annealing. The total reduction
of thickness was 83 % after three routes. Intermediate annealing between routes was necessary
to avoid sample fracture and to enhance the ductility. Texture investigations revealed that
the basal type texture after deformation changed during a short time of annealing and the
{112̄0}<101̄0> component was strengthened. The structure investigations after rolling show
the occurrence of a large fraction of twins inside the grains while after annealing no twins were
left. It was found that the twins formed during rolling may support the texture transformation
during annealing and enhance the ductility.
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1. Introduction
Magnesium alloys are widely used as structural
materials because of their low density and high speciﬁc strength. Moreover, recently, magnesium alloys
products have been found to be excellent candidates
for hydrogen storage or even for medical applications
especially if the material is processed by severe plastic
deformation [1, 2]. However, the plastic deformation
of magnesium alloys is rather problematic due to the
strong anisotropy of hexagonal structure [3]. During
rolling or extrusion of magnesium alloys a strong basal
texture evolves reducing ductility [4–8]. The ductility
of magnesium alloys can be enhanced using weakening basal texture [4, 5]. Velle [5] processed AZ61 magnesium alloy by the hot-rolling process with several
intermediate annealing steps to achieve a large reduction in thickness. Due to the dynamic recrystallization
during the process, the basal texture was reduced, increasing ductility. Zhang et al. [7] have investigated
the formability of AZ31B alloy during the repeated
unidirectional bending (RUB) process and annealing.
Intermediate annealing of sheets during RUB processing leads to a weakening of the (0002) texture and
enhancing the formability of AZ31B. Chino et al. [8]

processed AZ31B by rolling in two diﬀerent routes.
Route A was special cross-rolling where each rolling
direction changed at 90 degrees and route B was normal rolling where the rolling direction was always
the same (see [8]). The formability of sheets was improved and attributed to a reduction in the (0002)
texture intensity by the change of the rolling direction. Huang et al. [9] found less favor of the formation
of the basal texture during deformation of AZ61 by
a diﬀerential speed rolling (DSR) process where the
shear component of deformation was introduced. Zhu
et al. [10] processed AM60 magnesium alloy by the
high strain rate rolling (HSRR) process at ambient
temperatures and observed that at very high strain
rates (ε̇ ≥ 2.9 s−1 ) massive twinning occurs. The twins
were then consumed by a dynamic recrystallization
process (DRX) weakening the basal texture. Similar
results were obtained by Ma et al. [6] during hot extrusion of AZ61 alloy. EBSD analysis showed that the
{101̄2}<1̄011> twins produced in large numbers during the extrusion process are in a crystallographic relationship with the new grains formed during DRX.
In this paper, AZ61 magnesium alloy was processed
by hot rolling at high strain rates with the idea to
introduce twins followed by intermediate annealing to
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T a b l e 1. Summary of the sample names and conditions of rolling and annealing
Sample name under conditions
Route

0
1
2
3

Thickness reduction

0
50 %
69 %
83 %

as-rolled

annealing temp. 450 ◦C
annealing time 15 min

initial sample
1A
2A
3A

–
1B
2B
3B

Fig. 1. a) Initial structure; b) (0002) pole figure after annealing at 450 ◦C and 1 hour before deformation; c) sample
deformed to 69 % of thickness reduction in two passes without annealing; d) 3A sample deformed to 83 % total thickness
reduction in three passes with intermediate annealings.

check whether there are signiﬁcant texture changes
which may have an eﬀect on ductility.

2. Experiments and results
The AZ61 magnesium alloy studied in this paper was received in as-cast state by the provider.
The main chemical components of the Mg-based alloy were as follows: Al (6 wt.%), Zn (1 wt.%) and
Mg-balanced. A 15 mm × 15 mm rectangular-shaped
and 50 mm long bar was prepared from as-cast billet. To obtain ﬁne-grained material, the bar was preannealed in an electric furnace for 1 h at 450 ◦C. Immediately after annealing the bar was processed in sev-

eral thermomechanical routes consisting of annealing
for 15 min followed by rolling at 450 ◦C and a strain
rate of ε̇ =1.6 s−1 between not heated rolls. With each
route, a 50 % reduction of the current thickness was
applied. There were three passes with a total reduction of the thickness of 50, 69 and 83 %, respectively. With the aim to study the eﬀect of repetitive
and alternating rolling and annealing on AZ61 properties after each route some piece of material was left
for further investigations such as optical microscope
observations, and texture measurements. Each piece
of material was cut into two samples. The ﬁrst sample was “as-rolled”, and the second was annealed at
450 ◦C for 15 min. Table 1 summarizes the samples and
conditions.
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Fig. 2. The microstructure after deformation to a) 69 % and c) 83 % of total thickness reduction; b) and d) after deformation
followed by annealing for 15 min.

From Table 1, the material under conditions 1B
and 2B was an input during rolling for routes 2 and
3, respectively.
Figure 1 presents (a) the initial structure of AZ61,
(b) annealed at 450 ◦C for 1 h, (c) deformed to 69 % of
thickness reduction in two passes without annealing,
(d) sample deformed to 83 % (3A) total thickness reduction within three passes. The sample deformed to
69 % of thickness reduction in two passes without annealing failures. However, small cracks near the edges
of the sample 3A can be observed.
To investigate the structure changes while rolling
and annealing of AZ61 magnesium alloy the samples
were prepared for optical observations. The preparations consist of grinding on carbon paper with gradation between 600 and 2000 and then polishing on
Struers machine using diamond paste with the size of
particles of 1 µm followed by 0.25 µm. The grinding
was carried out to achieve the middle part of each sample. To reveal the structure, the samples were etched
by immersing them for 10–20 s in a 3 % solution of
nitric acid in glycol ethylene with the use of a stainless
steel handler. Samples were investigated by an Olym-

pus GX51 optical microscope. Figure 2 shows the microstructure of the samples.
In this study, during investigations using an optical microscope on the “as-rolled” samples, small recrystallization grains that form during the DRX process were rather rarely observed. This is rather in
contradiction to [5] where a large number of small
grains which were formed during DRX in rolled magnesium alloys at ambient temperatures were observed.
Velle et al. [5] observed a structure consisting of large
grains surrounded by small grains in deformed samples. Moreover, in these investigations, after deformation, a large number of twins were observed inside the
grains which disappeared after annealing for 15 min
at 450 ◦C while other authors did not observe twins
in rolled AZ61. The reason for the discrepancies between literature and this study can be found in the
strain rate applied. In the current investigations, the
strain rate was 1.6 s−1 in each route while Velle applied 10−2 s−1 . Twins can form in rolled magnesium
alloys even at ambient temperatures at high strain
rates (ε̇ > 10−1 s−1 ) [10, 11]. Usually, twinning is favored at low temperatures for fcc, bcc, and hcp metals
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Fig. 3. The (0002) pole figures for initial, deformed and annealed samples of AZ61 magnesium alloy.

but, on the other hand, twinning is more sensitive to
the strain rate [12]. Zhu et al. [10] observed that profuse twinning occurs in rolled ZK60 at strain rates

higher than 2.9 s−1 in samples heated to 300 ◦C and
rolled between not heated rolls.
Crystallographic textures for all of the samples
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listed in Table 1 were measured using X-ray diﬀraction with the use of Bruker D8 Advance device with
Cu Kα radiation operating at 30 kV. For each sample, the (0001), {101̄0}, {112̄0} and {101̄1} pole ﬁgures were measured with step size 5 × 5. Using MTEX
application under MATLAB, the calculated pole ﬁgures were generated and corrected by the defocusation
data.
The (0002) pole ﬁgures for an initial sample before deformation as well as for the deformed and annealed samples are shown in Fig. 3. The initial textures are composed of weak {112̄0}<101̄0> and strong
{101̄0}<112̄0> main components. The texture after
deformation but not annealed is a basal type texture,
similar to that which is observed for rolled hexagonal
metals with c/a > 1.633. (0002) peak is split into two
tilted toward rolling direction (RD). The mechanism
why the peak along (0002) is split into two and tilted
toward rolling direction is not known yet.
During annealing of deformed AZ61 samples, the
texture changed. After 15 min. of annealing at
450 ◦C the intensity of the basal texture was smaller
than for “as-rolled” samples and the peaks along
(0002) were much more sharp. After recrystallization of AZ31 at 723 K, the (0002) basal and {101̄0}
ﬁbers components of the texture are retained while
{112̄0} ﬁber is strengthened [13]. However, in this
study {112̄0}<101̄0> component was strengthened
during short time annealing. The strengthening of
{112̄0}<101̄0> was observed in long time annealing
of hot-extruded AZ61 [4] where abnormal growth of
grains with prismatic planes {112̄0} parallel to the
sheet plane and with <101̄0> directions parallel to
the extrusion direction (ED) was observed. The evolution of basal texture during hot rolling and annealing
of AZ61 was changed in a cyclic way, and the twins
which form during rolling may support the texture
changes during static annealing, enhancing the ductility of magnesium alloys.
The twinning has an eﬀect on the texture after
annealing for Mg alloys. Ma et al. [6] observed a relation between the recrystallization directions and twinning in AZ61 and concluded that some grains satisfy
the {101̄2}<1̄011> twin orientation relationship. A
large proportion of the strain energy is stored in twins,
which can apparently provide a driving force for fast
grain growth. This mechanism can be very similar to
that described by Zou et al. [14].

3. Conclusions
– AZ61 was deformed by rolling to large thickness
reduction at a high strain rate;
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– after rolling the texture is of the basal type with
[0001] split into two peaks toward RD;
– during intermediate annealing {112̄0}<101̄0>
component of texture is strengthened;
– twins which form during rolling may support the
texture changes during static annealing;
– texture changes have an impact on enhancing the
ductility of AZ61.
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