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Abstract

Asymmetric rolling, i.e., upper and lower rolls having
different circumferential speeds, is a novel technique to
improve the ductility of Mg alloys. A newly developed
TZ73 Mg alloy was squeeze cast, homogenized at 300 °C
for 24 h, rolled at 350 °C by symmetric and asymmetric
rolling, and annealed at 215 °C for 30 min. The microstruc-
ture was characterized by X-ray diffraction, scanning
electron microscope equipped with energy-dispersive
X-ray spectroscopy and electron backscattered diffraction.
A weakening of basal texture with a concomitant increase in
ductility was observed for asymmetrically rolled sheet
while retaining the same strength as in symmetrically rolled
sheet. Thus, tensile properties of 0.2% PS =290 MPa,
UTS = 332 MPa and El = 13% in hot rolled, and 0.2%
PS =182 MPa, UTS =282 MPa and El=21% in
annealed condition were obtained for asymmetrically rolled
sheet, which are extremely good for a rolled Mg alloy sheet.
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Introduction

Mg-based alloys find wide applications in the automobile,
aerospace, and electronics industries due to its low density,
high specific strength, excellent machinability, and
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castability. The lightest structural Mg-based alloys reduce
the greenhouse effect and enhance fuel efficiency [1-3].
However, Mg-based alloys in wrought processing conditions
find limited applications due to its poor strength and limited
formability at room temperature because of its hexagonal
closed packed (HCP) crystal structure [4]. According to von
Mises criterion, minimum five independent slip systems are
required for the uniform plastic deformation of a polycrys-
talline material. For Mg, at room temperature deformation,
basal (0001) <1120 > slip system dominates, which has
minimum critical resolved shear stress (CRSS) value. The
basal slip system has only two independent slip systems,
which causes limited formability [5, 6].

For the development of high-strength and cost-effective
Mg-based alloys, Mg—Sn alloy system has received attention
as a promising candidate in the cast and wrought processing
conditions. In Mg-Sn binary alloy system, the Mg,Sn
intermetallic phase has a high melting temperature (770 °C),
which is comparable to precipitates formed in Mg-RE-based
alloys. The growth of dynamically recrystallized grains can
be suppressed by effective grain boundary pinning by the
fine Mg,Sn particles [7-9]. The presence of dynamically
precipitated Mg,Sn particles at the grain boundary as well as
within the grains leads to excellent tensile properties at room
temperature. The strength of Mg—Sn-based alloys is
enhanced with increasing Sn content but deteriorates its
ductility due to the formation of a semi-continuous type of
network at the grain boundary by the Mg,Sn phase. Liu et al.
[8] reported that the optimum addition of the Sn in Mg—Sn-
based alloys system is 5-7 wt.%. It is reported that Zn in
solid solution improves strength and ductility for the
Mg-Sn-based alloys [7, 9]. Therefore, for the present study,
Zn was added as the third alloying element.

A strong basal texture is developed during the rolling
process, which diminishes its ductility and formability
[10, 11]. The weakening of basal texture leads to improve-
ment in ductility and formability at room temperature. It has
been reported that the introduction of shear stresses during
deformation could lead to the modification of the
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crystallographic texture in the rolled sheet [12, 13]. The
asymmetric rolling (ASR) process is an effective method to
improve ductility and formability of Mg-based alloys by
introducing shear stresses and weakening the basal texture
[14]. In the ASR process, the circumferential speeds of the
upper and lower rollers are different, so the shear deforma-
tion is applied throughout the thickness of the sheet [15, 16].
In the present study, the homogenized TZ73 alloy is sub-
jected to ASR and conventional symmetric rolling (SR) at
350 °C. For the ASR process, the circumferential speeds of
the upper and lower rollers are selected as 0.03 m s™' and
0.15 m.s ' (speed ratio 1 : 5), respectively. For the SR
process, the circumferential speed of both the rollers is
0.09 m s (speed ratio 1 : 1). The hot rolled sheets are
annealed at 215 °C for 30 min. The rolled sheets are
investigated in two conditions: (i) hot rolled (HR) and
(i1) hot rolled and annealed (HRA). The microstructure,
texture, and tensile behaviour are studied for ASR and SR
processed sheets.

Experimental Details

Commercially pure Mg (>99.80 wt.%), Sn (>99.97 wt.%),
and Zn (>99.98 wt.%) ingots were charged into a graphite
crucible and melted at 720 °C in a resistance pit furnace. The
complete melting and casting were carried out under a
protective argon gas atmosphere. Squeeze casting was
adopted as the casting technique to refine the as-cast
microstructure, in which the hot metal was poured into the
preheated (200 °C) cylindrical die (&75 x 75 mm?) and a
pressure of 100 MPa was applied till the completion of
solidification. The obtained alloy composition was deter-
mined to be Mg-6.9Sn-2.6Zn and designated as TZ73
according to ASTM standard nomenclature. The plates of
dimensions 10 x 30 x 50 mm® were machined from the
cylindrical cast ingot for hot rolling. Prior to hot rolling, the
as-cast plates were homogenized at 300 °C for 24 h (here-
after the homogenized samples will be designated as H300)
and hot rolled at 350 °C to 1-mm-thick sheets. The thickness
reduction of 80% was achieved in multiple passes. The hot
rolled sheets were annealed at 215 °C for 30 min. The rolled
sheets were investigated in two conditions: (i) hot rolled
(HR) and (ii) hot rolled and annealed (HRA). The flat tensile
specimens of the dimension 10 x 2 x 1 mm® were
machined via electron discharge machine (EDM) with the
gauge length parallel to the rolling direction (RD), and tested
on an INSTRON-5967 machine at room temperature and
1 x 107 s7' strain rate. The standard metallographic
techniques were adopted for microstructural analysis. The
polished specimens were etched for 5 s using acetic-picral
(1.5 g picric acid, 1.2 ml acetic acid, 2.5 ml distilled water,
and 25 ml ethanol). The microstructure was examined under

K. K. Verma et al.

a scanning electron microscope (FEI-ESEM Quanta 200) and
electron probe micro-analyser (EPMA-JEOL-JXA-8530F)
equipped with energy-dispersive X-ray spectroscopy
(EDS) and wavelength dispersive X-ray spectroscopy
(WDS). X’Pert Pro PANalytical diffractometer using CuK,,
radiation (A = 0.154 nm) was used to identify the different
phases present in the alloy. For the detailed microstructural
and microtexture investigation, electron backscatter diffrac-
tion (EBSD) scan was recorded using advanced focused ion
beam system (HELIOS G4 UX).

Results and Discussion

Phase Analysis and Microstructural
Characterization

The XRD patterns for H300, SR, and ASR samples in HR
condition are shown in Fig. 1. It reveals the presence of Mg
and Mg,Sn phases in the TZ73 alloy. The highest peak
intensity of Mg for the H300 sample was observed for
pyramidal (1011) planes, whereas, for SR and ASR samples,
the highest peak intensity for Mg was observed for basal
(0002) planes. Thus, the alloy gets textured after rolling; i.e.,
the basal plane normals are preferentially oriented perpen-
dicular to rolling direction (RD).

Figure 2 represents the SEM micrographs for H300, SR,
and ASR samples. Figure 2a shows that the H300
microstructure primarily consists of cells, with dendritic
features at a few places, and Mg,Sn particles along the cell
boundaries. Figure 2b shows that Mg,Sn particles get frag-
mented and aligned along RD for the SR sample. However,
for the ASR sample, the shear stresses were introduced
during deformation, which changes the material flow direc-
tion and alignment direction of Mg,Sn particles (Fig. 2c).
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Fig. 1 X-ray diffraction pattern of TZ73 alloy
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Fig. 2 Backscattered scanning electron (SEM-BSE) micrographs a H300, b SR, and ¢ ASR samples in HR condition

The distributed fine Mg,Sn particles act as a nucleating
site as well as a barrier to suppress the growth of
the dynamically recrystallized (DRX) grains [17, 18]. The
intense plastic strain was imposed on the entire sample
during ASR deformation. An equation for the strain (&)
imposed by ASR is proposed as follows [19]:

2 (1—r)? ’ 1
S—ﬁ 1+{r(2_r)tan(0)} 1n<1_r) (1)

T,
()
T;

where T; and T are the initial and final thicknesses of the
sample before and after rolling and angle 0 is the apparent
shear angle (0 = 69°) caused by ASR. For the conventional
SR, a true strain of 1.61 has been evaluated on the rolled
sheet. However, for the ASR, in addition to the true strain, a
shear strain of 1.86 is also imposed on the ASR sheet. The
concomitant high shear stress significantly affects the texture
and consequently tensile properties.

Microstructural Characterization by EBSD

Figures 3 and 4 illustrate the EBSD maps for the SR and
ASR processes in HR condition. The EBSD scan was carried
out on the cross section (TD plane) of the rolled sheet.
Figures 3a and 4a show the inverse pole figure (IPF) maps
for SR and ASR processes. The IPF maps represent the
orientation of the grains with respect to the sample frame of
reference. Figures 3b and 4b represent grain boundary
(GB) maps superimposed on the image quality (IQ) maps for
SR and ASR processes. The low-angle grain boundaries
(LAGBs) and high-angle grain boundaries (HAGBs) were
calculated from the GB + IQ maps. Figures 3c and 4c show

the grain orientation spread (GOS) maps for SR and ASR
processes. The GOS maps represent the distribution of
recrystallized and deformed grains. The fraction of dynam-
ically recrystallized (DRX) and deformed grains were eval-
uvated from the GOS maps. In order to ascertain the
partitioning between recrystallized and deformed grains,
three considerations were taken into account: (i) The DRX
grains should be equiaxed with aspect ratio close to 1, while
the deformed grains should be elongated with a high aspect
ratio, (ii) the deformed grains should possess a high fraction
of LAGBs and the recrystallized grains should have a low
fraction of LAGBs, and (iii) in the texture criteria, the DRX
grain in the hexagonal crystal is rotated by ~30°
around <0001> with respect to the deformed grain [20, 21].
Therefore, the texture obtained from the partitioned DRX
grains should show maximum ~ 30° rotation and spread in
pole figure (PF) and orientation distribution function (ODF),
respectively. For the recrystallized grain and deformed grain
fraction, the misorientation of <2.5° and >2.5° has been
considered for recrystallized and deformed grains, respec-
tively, and Figs. 3d and 4d represent the kernel average
misorientation (KAM) plots for SR and ASR processes.
The KAM value represents the local variation in misorien-
tation. The average misorientation between a point in the
scan and the average misorientation value is assigned as the
KAM value. The number fraction is plotted as a function of
the KAM values, and the overall KAM value is reported in
Table 1. Figures 5 and 6 represent the IPF, GB + 1Q, GOS,
and KAM maps for the SR and ASR processes in HRA
condition.

Table 1 shows all the values derived from EBSD scans
for SR and ASR processes in HR and HRA conditions. It is
observed that in the HR condition, the ASR process yields
slightly finer grains, a higher fraction of LAGBs, almost the
same fraction of DRX grains, and a higher KAM value, as
compared to the SR process. After annealing treatment, the
average grain size is reduced, fraction of HAGBs is
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Fig. 4 EBSD maps for ASR in HR condition a IPF map, b 1Q map, ¢ GOS map, and d KAM plot

Table 1 Comparison between
SR and ASR processes in HR and
HRA conditions

Processing conditions

Grain size (um)
LAGBs (%)

HAGBs (%)
Recrystallized grain (%)
KAM

increased, fraction of recrystallized grains is increased, and
KAM value is decreased, for both the SR and ASR pro-
cesses. Thus, the difference in all the values between SR and
ASR processes is reduced in HRA condition.

For the ASR process, in addition to the true strain, a shear
strain of 1.86 is also imposed. Due to higher shear strain
introduced during ASR, the higher strain gradient, hence
higher KAM value is obtained as compared to SR process in
HR condition. In addition to that, the fine Mg,Sn particles
near grain boundaries, which act as a nucleating site and a
barrier to suppress the growth of DRX grains, promote the
formation of fine recrystallized grains [22]. This leads to

SR-HR ASR-HR SR-HRA ASR-HRA
13.9 11.2 11.9 10.5

49 68 26 20

51 32 74 80

36 40 88 91

0.76° 0.94° 0.58° 0.57°

finer grain size in ASR as compared to SR process in HR
condition. It has been reported that the deformed grains
should possess a high fraction of LAGBs and the recrys-
tallized grains should have a low fraction of LAGBs [21].
Therefore, ASR exhibits higher fraction of LAGBs as
compared to SR process in HR condition. After annealing at
215 °C, the strain gradient is reduced, which results in re-
crystallization of the deformed microstructure. The new fine
recrystallized grains formed after annealing treatment lead to
further refinement in grain size for both the SR and ASR
processes. The KAM values for both the SR and ASR pro-
cesses are reduced on annealing as strained regions are
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Fig. 6 EBSD maps for ASR in HRA condition a IPF map, b IQ map, ¢ GOS map, and d KAM plot

converted into recrystallized grains and LAGBs are con-
verted into HAGBs.

Crystallographic Texture Evolution

Figure 7a, e and b, f illustrate the basal (0002) and prismatic
(1010) pole figures (PFs) for SR and ASR processes,
respectively, in HR condition. It is observed that both the
processes result in basal texture after hot rolling. For the SR
sample, the maximum basal pole intensity is calculated to be
18.8 (Fig. 7a). Along with {0001} <1120 > an additional
{0001} <1010 > texture component is observed in (1010)
PF (Fig. 7b). However, for the ASR sample, the maximum
basal texture intensity is reduced to 12.6 (Fig. 7e). The
intensity of {0001} <1120 > and {0001} <1010 > tex-
ture components is also reduced in ASR (Fig. 7f) as com-
pared to SR process. The basal pole intensity spread ~30° is
similar for both the SR and ASR processes, which exhibit a
similar fraction of DRX grains in HR condition. Figure 7c, d
and g, h show the @, = 0° and 30° sections of the ODFs for

SR and ASR processes, respectively, in HR condition. The
presence of a continuous basal fiber is clearly visible in the
ODF sections with maxima at the location of texture com-
ponents {0001} <1120 > and {0001} <1010 > for the
SR and ASR processes. However, the intensity is reduced
for ASR as compared to the SR process. The spreading of
basal fiber towards ¢ angle ~30° is similar for both the SR
and ASR processes.

Figure 8a, e and b, f show the (0002) and (IOTO) PFs for
SR and ASR processes, respectively, in HRA condition. It is
observed that the basal texture intensity is further reduced on
annealing treatment. The maximum basal texture intensity is
reduced to 16.5 for SR (Fig. 8a) and 9.2 for ASR process
(Fig. 8e). Thus, the maximum basal texture intensity
remains lower for ASR process in HRA condition as well.
Additionally, {0001} <1120 > and {0001} <1010 >
texture components are observed in (1010) PFs with a lower
intensity for ASR as compared to SR process in HRA
condition (Fig. 8b, f). Figure 8c, d and g, h represent the
¢, = 0° and 30° ODFs sections for SR and ASR processes,
respectively, in HRA condition. It is observed that the ASR
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process exhibits the presence of continuous basal fiber in the
ODF sections with the weakened texture intensity. The
intensity for the texture components {0001} <1120 > and
{0001} <1010 > is observed to be lower for ASR as
compared to the SR process. The spreading of basal fiber
towards ¢ angle ~30° is more for ASR as compared to SR
process. Thus, ASR results in a weaker basal texture than SR
process in HR condition. The basal texture gets further

weakened on annealing, the basal texture still remaining

weaker in ASR than SR process in HRA condition.
Crystallographic texture plays a significant role during

the processing of Mg-based alloys. For Mg, the important

slip systems are basal {0001}<1120 >; prismatic
{1100} <1120 > ; pyramidal-I {1011} <1120 > and
{1012} <1120 > ; pyramidal-Il {1122} <1123 > [20].

Each slip system gets activated when its critical resolved
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shear stress (CRSS) is reached. Basal slip system is domi-
nant at room temperature deformation because it has the
lowest CRSS as compared to prismatic and pyramidal slip
system. When the deformation temperature is higher than
250 °C, other non-basal slip systems also contribute signif-
icantly, which leads to higher formability for Mg alloys [23].
Several descriptions of deformation by ASR have been
proposed [4, 24]. The shear stress is generated by the dif-
ferent circumferential velocities of the rollers during defor-
mation [25]. The higher shear stress induced during ASR
suppresses the basal texture. The weaker basal texture results
in the activation of the non-basal slip, which leads to greater
ductility and formability of Mg-based alloys [20, 23].

Tensile Properties

Figure 9a shows the true stress—true strain curves and the
corresponding tensile properties are reported in Fig. 9b for
TZ73 alloy along RD for SR and ASR processes in HR and
HRA conditions. In HR condition, the ASR sample exhibits
almost the same strength but 3% higher elongation to failure
(El) than the SR sample. It is observed that strength is
reduced and elongation to failure is increased after annealing
treatment. The ASR sample again exhibits almost the same
strength but 2% higher elongation to failure in HRA
condition.

The tensile properties of the TZ73 alloy are mainly
attributed to fine grain size and solid solution strengthening
by dissolved Zn and Sn atoms in o-Mg matrix. During hot
rolling highly thermally stable Mg,Sn particles distributed
along grain boundaries act as nucleation sites for DRX grains
and preclude the DRX grain growth [17, 18]. The annealing
treatment leads to further refinement of grains. The weaker
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basal texture obtained in the ASR results in higher ductility
than SR process in both HR and HRA conditions.

Conclusions

The homogenized TZ73 alloy was hot rolled at 350 °C by
SR and ASR processes followed by annealing at 215 °C for
30 min. The detailed investigations have been carried out to
explore the microstructural, texture evolutions, and tensile
properties. The analysis of the results led to the following
main conclusions:

1. ASR is more effective process to introduce additional
shear strain (1.86) along with true strain (1.61).

2. The ASR process yielded slightly finer grains, a higher
fraction of LAGBs, almost the same fraction of DRX
grains, and a higher KAM value as compared to the SR
process in the HR condition.

3. After annealing treatment, the average grain size reduced,
the fraction of HAGBs increased, fraction of recrystal-
lized grains increased, and KAM value decreased, for
both the SR and ASR processes.

4. The basal texture was weaker for ASR as compared to
SR process in HR condition. The spreading of basal fiber
towards ¢ angle ~30° was similar for both the SR and
ASR processes in HR condition.

5. The basal texture was further weakened on annealing, the
ASR still exhibiting weaker basal texture than the SR
process in HRA condition. The spreading of basal fiber
towards ¢ angle ~ 30° was more for ASR as compared to
SR process in HRA condition.

6. In HR condition, the ASR sample exhibited almost the
same strength but 3% higher elongation to failure

(®) 4,

|- 0.2% PS [MPa] [ UTS [MPa

350 4

-Elongntlnn |%||

0.2% PS & UTS [MPa]
Elongation [%]

ASR-HR

SR-HRA
Processing conditions

Fig. 9 a True stress—true strain curves and b tensile properties for TZ73 alloy
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(ED) than the SR sample. The strength was reduced and
elongation to failure was increased after annealing
treatment. The ASR sample again exhibited almost the
same strength but 2% higher elongation to failure in
HRA condition. The higher elongation in ASR process is
attributed to the weaker basal texture.

Thus, tensile properties of 0.2% PS = 290 MPa, UTS =
332 MPa and El =13% in HR and 0.2% PS = 182
MPa, UTS = 282 MPa and El = 21% in HRA condition
were obtained for the newly developed TZ73 alloy by
using ASR process, which are extremely good for a
rolled Mg alloy sheet.
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