J Mater Sci (2023) 58:15529-15541

Metals & corrosion

®

Check for
updates

Effect of Al addition and rolling reduction

on microstructure and texture evolution of Mg—3Sn
alloy during high-speed rolling

Di Pei', Li Wang?, Xuhao Hu', Xinlin Li'*®, and Xiang Wang'

"Key Laboratory of Superlight Materials and Surface Technology, Ministry of Education, College of Materials Science and Chemical

Engineering, Harbin Engineering University, 145 Nantong St., Harbin 150001, People’s Republic of China
2 Chongging Gearbox Co., Ltd., Chongqing 401122, People’s Republic of China

Received: 1 August 2023 ABSTRACT
Accepted: 25 September 2023 [n, this study, high-speed rolling is conducted on Mg-xA1-3Sn (x =0, 3, 6) alloys
Published online: with different reductions (20%, 40%, 60%, and 70%), at a high speed of 1100 m/
9 October 2023 min and a high temperature of 400 °C. This process imposes a considerable reduc-
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erated. Then, due to the insufficient time for the transformation from LAGBs to
high angle grain boundaries (HAGBs), substructures and subgrains are formed
within twins as the potential nuclei for recrystallized grains. Furthermore, the
orientation of substructures formed by twinning-induced CDRX is decided by the
initial twin style. Texture evolution reveals that DRX behavior is the main factor
influencing the basal texture. ATZ331 samples exhibit the lowest maximum basal
texture intensity irrespective of the rolling reductions. When the rolling reduction
ranges from 20 to 60%, the maximum texture intensity of all these three alloys
first decreases and then increases. However, with the further increase in the roll-
ing reduction to 70%, the basal texture of Mg-35n and ATZ631 samples weakens,
while that of the ATZ331 sample enhances.
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Introduction hexagonal close-packed (HCP) structure, strong basal
texture and a limited number of slip systems lead to

Magnesium (Mg) sheets have attracted significant  poor formability, which hinders their application pros-

research attention, owing to their low density, high  pects [2].

specific strength, and specific stiffness [1]. However,
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Recently, high-speed rolling (HSR, the rolling
speed >200 m/min) has been reported as an effec-
tive method to weaken the basal texture and improve
the formability [3]. On one hand, the basal texture
can be weakened by HSR, which activates non-basal
slip and twins. Su [4] reported that many twins
and <c+a>slip could be activated in AZ31 alloy at
the rolling speed of 1000 m/min and temperature of
100°C because the temperature during HSR could be
increased to 482 °C at the rolling reduction of 72% in
a single pass. On the other hand, dynamic recrystal-
lization (DRX) can be promoted during HSR. Kim
[5] reported that fully recrystallized grains of AZ31
alloy were obtained at a large reduction in a single
pass at the rolling speed of 470 m/min and tempera-
ture of 400 °C. Twinning-induced DRX exhibits pri-
ority over the bulging of grain boundaries (GBs) due
to the insufficient time during HSR. Notably, HSR
can suppress dislocation slips but promote twinning.
In general, DRXed grains exhibit an off-basal orienta-
tion, and the distribution of the DRXed this region is
broader than that of unDRXed region during HSR,
thereby weakening the basal texture [6]. The basal
texture intensity of DRXed regions can be weakened
in AZ31 during HSR because c-axes of new grains are
widely spread along normal direction (ND). How-
ever, previous literatures about Mg alloys subjected
to HSR mainly focused on the AZ31 alloy.

In the past decade, Mg-Sn-based alloys have
attracted extensive research. Compared with other
alloying elements, Sn addition can weaken the basal
texture by activating non-basal slip systems because
of the decrease in the critical resolved shear stress
(CRSS) of <c+a>slip systems [7, 8]. The general-
ized stacking fault energy can also be reduced in the
prismatic {10-11} <11-20> and {11-22} <11-23> slip
systems with the addition of Sn [9].In general, alu-
minum (Al) element is also an important alloying
element to weaken the texture. However, the effect
of Al addition on DRX is controversial. According
to some literature studies, Mg;,Al;, phase can easily
precipitate during plastic deformation and promote
DRX by particle stimulated nucleation mechanism
[10]. Higher content of Al addition can lead to the
rotation of the c-axes of grains against the compres-
sion direction in AZ91 alloy [11]. Conversely, Al
addition can inhibit twinning nucleation and GB
migration in Mg—Al alloys, thereby inhibiting twin-
ning-induced DRX [12]. However, systemic study on
DRX behavior and macrotexture evolution with the
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addition of Al during HSR has never been reported
to date.

In our previous research, only the microstructure
and microtexture evolution of twin bands region of
Mg-xAl-3Sn (x =0, 3, 6) samples was studied with
the rolling reduction of 40% [13]. In this study, sys-
tematic investigation was carried out to evaluate the
effect of Al addition and rolling reduction (20-70%)
on DRX behavior and macrotexture evolution of as-
homogeneous Mg—xAl-35n (x =0, 3, 6) alloys at a high
temperature of 400°C and a high speed of 1100 m/min.

Experimental

As-homogenized Mg—xAl-35n alloys were machined
to an initial size of 100 mm (RD) x 60 mm (TD) x 2 mm
(ND). Then, the samples were rolled with a twin-roll
with various rolling reduction (20%, 40%, 60% and
70%) at a rolling speed of 1100 m/min and a tempera-
ture of 400 °C.

X-ray diffraction (XRD) analysis was used to ana-
lyze the crystal phases and macrotexture of the sam-
ples with Cu Ka radiation at an operating voltage of
40 kV and an operating current of 150 mA, which were
measured along the RD-TD. Optical microscopy (OM)
was used to observe the microstructural on RD-ND.
Transmission electron microscopy (TEM) was used to
observe microstructure evolution on RD-TD. Recrys-
tallized volume frequency, twin style, and misorienta-
tion distribution were examined by electron backscat-
ter diffraction (EBSD). The accelerating voltage was
20 kV, and the scan steps were 0.3 um on RD-ND.
Data were processed by using Channel 5.0.

Results and discussion
Precipitation behavior

Figure 1 exhibits the XRD pattern, confirming the pres-
ence of a-Mg phase and Mg,Sn phase are detected,
as shown in Fig. 1. Results show that Al addition can
inhibit the Mg,Sn precipitation, because Al atoms dis-
solved in the matrix serve as a diffusion barrier to the
Sn atoms [14]. Furthermore, BSE-SEM images of the
samples with the rolling reduction of 70% are shown
in Fig. 2. Results show that the number of Mg,Sn
precipitates decreases dramatically with increasing
Al content. Furthermore, a few second phases get
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Figure 1 XRD patterns of the HSRed Mg—xAl-3Sn alloys with different rolling reductions.

Figure 2 BSE-SEM images of the samples with the rolling reduction of 70%: a Mg-3Sn, b ATZ331, and ¢ ATZ631.

precipitated during HSR. This is attributed to the fact
that the combined action of HSR, high rolling tempera-
ture and high temperature-rise during HSR, results
in an increased solid solubility. Thus, the effect of the
second phase during HSR can be negligible.

Microstructure evolution

Figure 3 shows OM images of the HSRed Mg—xAl-35n
alloys with different rolling reductions. Clearly,
numerous deformation twins are activated, which
break the original grains into smaller pieces. There-
fore, twinning is the primary deformation mecha-
nism because the slip systems are not available to
be triggered simultaneously [15]. Thus, GB slipping
unlikely plays a significant role in this process. For
the Mg—xAl-35n samples with the rolling reduction
of 20%, numerous twins are easily formed. However,
with the increase in the Al content, the frequency of
twins decreases. It shows that Mg alloys with lower Al
content exhibit a reduced tendency to develop serrated
GBs, revealing Al addition can inhibit twinning. This
is because the CRSS of twinning nucleation increases
with the added content of Al element [16]. Moreover,

as shown by arrow in Fig. 3¢, the GBs are serrated into
the bulge due to stress generated from the substruc-
tures and regional differences in dislocation density
[17]. This can be frequently observed as a prelude to
discontinuous dynamic recrystallization (DDRX) [18]},
and the GBs move from the high dislocation density
side to the low dislocation density side. Furthermore,
with the increase in the rolling reduction from 20 to
70%, the deformed grains are elongated along the RD,
and the twins become fine and homogeneous.

Dynamic recrystallization behavior

First, inverse pole figure (IPF) maps of the HSRed
Mg-xAl-35n-20% samples are shown in Fig. 4a, d, g.
Results show the presence of numerous LAGBs in all
the samples, marked by the gray lines. This is attrib-
uted to the fact that the original coarse grains undergo
significant deformation, and the accumulated strain
cannot be released during HSR. Furthermore, Ker-
nel average misorientation (KAM) maps show that
the DRXed regions possess the lowest strain, while
GBs and twinning regions possess high strain. Other
sky-blue regions (marked by the white arrows) within
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Figure 3 OM of the HSRed
Mg—xAl-3Sn alloys with
various rolling reductions.

20%

40%

60%

70%

initial coarse grains possess lower strain, revealing
that Al addition can decrease the average value of
KAM, because twins decrease with the addition of Al
element, which typically have higher strain during
HSR [19]. Figure 4c, f, i shows that a small amount
of DRXed grains can be found at the GBs and twins,
revealing the nucleation of DRXed grains caused by
bulging of GBs or twin boundaries (TBs). Moreover,
substructures are the primary microstructure, reveal-
ing that the misorientation within the unDRXed
regions easily exceeds 2° during HSR. In order to
verify this conclusion, different types of grains of
Mg-xAl-35n samples with the rolling reduction of
40% and 60% are investigated, as presented in Fig. 5.
Further, different types of grains of Mg-xAl-35n
alloys with the rolling reduction of 20%, 40% and
60% are shown in Fig. 6. Results reveal that the main
microstructure is substructure of all the samples inves-
tigated in this study, which can serve as the potential
nuclei for recrystallization [20]. The frequency of sub-
structure in Mg—xAl-35n samples decreases with the
increase in the Al content from 3 to 6 wt% regardless of
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ATZ331

ATZ631

the rolling reduction. Therefore, low Al levels promote
DRX, while high Al levels inhibit DRX. Notably, the
ATZ331 alloys with various rolling reductions exhibit
the highest frequency of substructures, in particular,
the ATZ331-40% sample.

ATZ331-60% sample is examined by TEM to reveal
more microstructural features related to DRX behav-
ior, as shown in Fig. 7. Clearly, twinning is domi-
nant plastic deformation mechanism, and a large
proportion of grains is still unDRXed. Moreover,
twins acquire the bamboo-shaped structure, and
the potential nuclei for recrystallization are formed
within twins, marked by the red arrows in Fig. 7a.
Figure 7b shows that twins induced by HSR are filled
with high density of dislocation lines and LAGBs,
marked by the yellow and the red arrows, respec-
tively. Furthermore, substructures are formed by
the interaction between dislocations and LAGBs,
which can serve as the potential nuclei for recrystal-
lization, as shown in Fig. 7d. Then, the formation
of subgrains occurs within the twin. The initial TB
undergoes deformation and the sub-GB bulges, as
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Figure 4 IPF maps, KAM maps and different types of grains (blue-recrystallized grains, yellow-substructures, red-deformed grains) of
the samples with the rolling reduction of 20%: a—¢ Mg—3Sn, d—f) ATZ331, and g-i ATZ631 alloy.

shown in Fig. 7e. Finally, the initial coarse grains are
consumed during this process by the formation of
subgrains and DRXed grains via CDRX, marked by
the yellow and the red arrows in Fig. 7f. It indicates
that the nucleation mechanism during this process
is twinning-induced CDRX.

The microstructures of Mg-xAl-35n alloys with
the rolling reduction of 60% at high magnification
are shown in Fig. 8. The initial grains appear to be
separated by a significant number of twins. In Mg-35n
alloy, parts of initial matrix microstructure still
remain, and fine recrystallized grains are observed in
the local twinning areas, as marked by the red lines in
Fig. 8a. However, in ATZ331 alloy and ATZ631 alloy,
numerous twins including parallel twins, intersect-
ing twins and secondary twins are formed, resulting

in fine grains. However, the highest proportion of
unDRXed regions remain in ATZ631 alloy.

Then, EBSD maps of the samples with 60% rolling
reduction are shown in Fig. 9. IPF maps show that
large numbers of LAGBs are extensively present in
grains, as indicated by the gray lines. It shows that the
strain energy is still stored as defects in the large grain.
IPF maps show the generation of complex microstruc-
tures, which include numerous banded structures sep-
arated by LAGBs, deformed grains, and DRXed grains.
Evidently, new fine grains mainly develop from twin
areas. High strain energy gets easily accumulated
in twins, resulting in the formation of substructures
within twins [21, 22]. The presence of twins created a
zone with a significant orientation gradient that is the
perfect location for recrystallization [23]. This result
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Figure 5 Different types of grains of the Mg—xAl-3Sn samples with the rolling reductions of a—¢ 40% and d—f 60%: blue-recrystallized

grains, yellow-substructures, red-deformed grains.
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Figure 6 The frequency of the samples with the rolling reduction of a 20%, b 40%, and ¢ 60%.

shows that the nucleation mechanism is dominated
by twinning-induced DRX. In general, DDRX mecha-
nism is dominant at the temperature of 400 °C, and
however, there is insufficient time for bulging of GBs
during HSR. Therefore, twinning-induced CDRX is the
dominant nucleation mechanism. Moreover, Fig. 9d—f
shows that the strain in the DRXed regions is signifi-
cantly lower compared to that in other areas. Owing to
the consumption of strain energy stored in the DRXed
regions, it exhibits a lower KAM value. ATZ331-60%
sample possesses the highest average value of KAM.
Thus, it can be inferred that the HSRed ATZ331 alloy
can more quickly obtain the microstructure with fully
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recrystallized grains than Mg-3Sn and ATZ631 alloys
during subsequent annealing process.

Figure 10 shows a selected region of Fig. 9b includ-
ing substructures formed within twins of the ATZ331-
60% sample, and the average misorientation angles of
grains are investigated. The misorientation angles of
these substructures are 35.1° ~42.7°, which are caused
by lattice reorientation within twins, and are signifi-
cantly related to the 38° {10-11}-{10-12} double twins
(DTs) [24]. Moreover, many LAGBs are also present
within twin regions. Results show that in this pro-
cess, the formation of substructures occurs through
twinning-induced CDRX. The orientation of the
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L sy
Figure 7 TEM microstructures of the ATZ331-60% sample. a
Twinning-induced DRX nucleation mechanism; b bright field

image of high dislocation density within twins; ¢ dark field
image of high dislocation density within twins; d CDRX nuclea-

tion within twins; e the formation of subgrains within twins; f
subgrains and DRXed grains, marked by yellow arrows and red
arrows.

Figure 8 OM of the microstructure of the samples with the rolling reduction of 60% at high magnification: a Mg-3Sn, b ATZ331, and

¢ ATZ631 alloy.

substructures formed is primarily influenced by the
initial twins.

For systematic analysis of the effect of twins on
microstructural evolution, the types and the propor-
tion of twins in Mg-xAl-35Sn samples with the rolling

reduction of 20% and 60% are examined, as shown in
Fig. 11, and the results are shown in Fig. 12. Figure 11
exhibits that the twinning types are 38° {10-11}-{10-12}
DTs, 56° {10-11} contraction twins (CTs) and 86° {10-
12} extension twins (ETs). When the rolling reduction
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Figure 9 IPF maps, different types of grains and KAM maps of the samples with the rolling reduction of 60%: a, d Mg-3Sn, b, e

ATZ331, and ¢, f ATZ631 alloy.

Figure 10 IPF maps showing the selected region of Fig. 9b.

is smaller, the proportion of ETs is the highest, fol-
lowed by DTs and CTs. The findings reflect the results
of the Mg—-xAl-35n samples with the rolling reduc-
tion of 40% in our previous research. This is because
ETs exhibit a lower CRSS [25], while CTs can easily
transformed into DTs during plastic deformation [26].
Furthermore, it has been reported that DRXed grains
tend to originate from DTs [27] because DTs can serve
as more efficient nucleation sites for DRXed grains

@ Springer

compared to ETs [28]. Al addition can increase the
CRSS of twinning nucleation; therefore, the propor-
tion of DTs decreases with the increasing Al content.
Furthermore, with the increase in the rolling reduc-
tion to 60%, 3wt% added Al promotes the activation of
DTs, while added Al inhibits the DTs. In other words,
ATZ331-60% sample shows the highest frequency of
38° DTs, leading to the largest reduction of basal tex-
ture intensity.

Macrotexture evolution

The pole figures of (002) and (101) planes are exam-
ined, as shown in Fig. 13, and the basal texture
intensity of (002) plane is shown in Fig. 14. Results
indicate that ATZ331 samples exhibit the lowest max-
imum intensity among these three samples regard-
less of the rolling reductions. As mentioned above,
the frequency of substructure in the ATZ331 sam-
ples is higher than that in the Mg-35n and ATZ631
samples, as shown in Fig. 6, which can weaken the
basal texture [29]. Consequently, ATZ331 samples
exhibit the weakest basal texture. Moreover, when
the rolling reduction ranges from 20 to 60%, the
maximum basal texture intensity of all these three
alloys first decreases and then increases, as shown
in Fig. 14. For example, for the ATZ331 samples,
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Figure 11 Misorientation angle maps of the samples with the rolling reduction of 60% a, d Mg—3Sn, b, e ATZ331 and ¢, f ATZ631
alloy.
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Figure 12 The twin frequency of the HSRed Mg—xAl-3Sn samples with the rolling reduction of a 20% and b 60.
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Figure 13 Texture evolution of the Mg—xAl-3Sn alloys with different rolling reductions.

the frequency of the substructure increases from 76
to 88% and then decreased to 79%, which, in turn,
corresponded to variation in the maximum basal
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Figure 14 The basal texture intensity of the Mg—xAl-3Sn alloys
with different rolling reductions.
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texture intensity. However, when the rolling reduc-
tion increases further up to 70%, the basal texture of
Mg-3Sn and ATZ631 samples weakens, presumably
because the frequency of DRXed region increases
with an increase in the rolling reduction (see Fig. 6).
However, the basal texture of the ATZ331 sample is
enhanced by lattice rotation of many more DRXed
grains via dislocation slip during further deforma-
tion [6], exhibiting a typical rolling texture, as shown
in Fig. 13.

Conclusions

Mg-xAl-35n (x =0, 3, 6) alloys with the rolling reduc-
tions of 20%, 40%, 60%, and 70% were successfully
obtained in one pass by HSR at the rolling speed of
1100 m/min and the rolling temperature of 400 °C. This
study contributes to our understanding of Al addition
and rolling reduction on microstructural and texture
evolution in Mg-35n alloys during HSR. The obtained
conclusions are as follows:
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(1) During this process, the primary deformation
mechanism is twinning, and the prominent
nucleation mechanism is twinning-induced
CDRX. First, numerous twins with high disloca-
tion density are generated. Then, substructures
and subgrains are formed as the potential nuclei
for recrystallized grains within twins by the com-
bined action of LAGBs and dislocations.

(2) The main microstructure of the HSRed Mg-xAl-
35n samples with various rolling reductions is
substructure, and the orientation of substructure
formed by twinning-induced DRX is decided by
the initial twin type.

(3) DRX behavior is the main factor influencing the
basal texture. ATZ331 samples have the low-
est maximum intensity irrespective of the roll-
ing reductions. When the rolling reduction
ranges from 20 to 60%, the maximum intensity
of all these three alloys first decreases and then
increases. However, with the further increase in
the rolling reduction to 70%, the basal texture of
Mg-35n and ATZ631 samples weakens, while that
of ATZ331 sample strengthens.
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