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Abstract

owing to the relatively complete recrystallization.

A decrease in the weight of aerospace vehicles, large ships, weapons, and high-speed trains will increase the demand
for wide-width magnesium alloy plates and their composite parts to replace steel and plastic. An investigation was
conducted to study the variation in deformation behaviors along the transverse direction during the warm rolling of
a 1480-mm-wide AZ31B plate. A uniaxial thermal compression test with a 59 % reduction was performed at differ-
ent positions on a 13.7-mm-thick rolled plate along the width direction at a temperature of 220 °C and 270 °C and
strain rate of 15 s™'. At the same time, the 13.7-mm-thick plate was rolled in a single pass to 5.6 mm on a mill with a
1725-mm-wide roll to confirm the thermal deformation behavior and the dynamic recrystallization (DRX). The results
show that the main texture type does not change and the grain size does not have a clear deflection when the
magnesium alloy plate reaches a certain value under rolling accumulative reduction. The grain size of a 13.7-mm-thick
plate increases with a decrease in the distance to the center layer in the thickness direction. In the width direction, the
edge (R6) first decreases and then increases toward the symmetric plane (R1). The critical stress required for dynamic
recrystallization in the transition zone R3 of the rolled plate width is minimum, and the average grain size is minimum

Keywords: Warm rolling, Deformation behavior, 1480-mm in width, AZ31B plate, Dynamic recrystallization

1 Introduction

Magnesium alloys have been widely used as structural
materials for advanced applications owing to their excel-
lent properties such as low density (1.738 g/cm®) and
high specific strength [1]. However, Mg has limited slip
systems owing to the hexagonal close-packed structure,
which results in Mg and its alloys having lower strength
and poor formability during plastic deformation. The
abovementioned characteristics of magnesium alloys
lead to defects, such as cracks, after deformation [2, 3].
Therefore, in recent years, studies on magnesium alloys
have received increasing attention, especially in terms
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of the optimization of structural properties and perfor-
mance improvement [4]. In addition, the thermal defor-
mation process is dominated by DRX due to the low
stacking fault energy of magnesium alloys [5]. It is essen-
tial to study the DRX of magnesium alloy in the process
of hot work owing to the considerable effect of DRX on
grain refinement during deformation and on improving
mechanical properties [6].

Because the thermal deformation behavior of mag-
nesium alloys is typically analyzed at high tempera-
tures to improve their processing performance, DRX is
essential in the evolution of microstructures [7]. More
importantly, DRX is an important factor for improv-
ing plasticity and refining the grain size of magne-
sium alloys [8]. The DRX kinetic model of magnesium
alloy can provide DRX fraction and DRX grain size
information [9]. Many studies have confirmed that
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the microstructure and deformation characteristics of
magnesium alloys can be predicted well by calculating
the dynamic model of DRX [10-12]. Surveys conducted
by Jian [13] have shown that the improvement in the
DRX behavior of magnesium alloys (by adding alloy
elements) and the heat treatment performance can be
improved to reach the energy standard of industrial
production. Some scholars have studied the effect of
temperature [14], initial texture [15], and other defor-
mation conditions on the microstructure and mechani-
cal properties of magnesium alloys. Other studies have
focused on the thermal deformation behavior of the
alloy with the initial as-cast state under different condi-
tions [16]. However, under the same deformation con-
ditions, the deformation behaviors in different regions
of the same original material have been rarely studied,
especially for plates with large-width. Owing to the
potential of energy conservation and emission reduc-
tion in the machinery and equipment industry, mag-
nesium alloy products have great application value in
engineering applications, and the demand for large-size
plates is increasing [17]. Liao [18] analyzed the micro-
structure and mechanical properties of magnesium
alloy plates with a width of 300 m in different extrusion
regions. In particular, large-size plates are more likely
to produce side cracks and other defects owing to their
larger width, which reduces production efficiency [19].

In this study, rolled intermediate magnesium alloy
plates with a width of 1480 mm were evaluated and
differences in their thermal compression deformation
behavior were analyzed by obtaining several patterns
along the width direction. Then, the actual rolled plate
microstructure with the same deformation reduction
was tested and verified. The main purpose of this study
is to evaluate the difference in deformation behaviors
in different regions along the width direction during
the rolling process of the wide-width magnesium alloy
plate.

Experimental slab

Figure 1 Parameters of the hot rolling mill and the source of the
plates used in the experiment
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2 Materials and Methods

2.1 Experiment Materials

The original material used in this study was an as-cast
AZ31 slab ingot prepared by the low-frequency elec-
tromagnetic casting process, with a thickness of 300
mm and width of 800 mm. The experimental plate was
a 20-pass symmetrically rolled ingot with a thickness of
13.7 £ 0.2 mm and a width of 1480 mm (excluding edge
crack parts), which was fabricated by a single-stand four-
high mill with @810 mm x 1725 mm work rolls (Figure 1).

During the preparation process, the intermediate
annealing and heat compensation process was not used.
As given in Table 1, the chemical composition of the
material was obtained by inductively coupled plasma
analysis. AZ31 was selected as the experimental material
because its main phase is Al12Mgl7 which was so few
that its effect on the microstructure during deformation
can be ignored.

Figure 2 shows the optical microscopy (OM) images
acquired from the TD-ND cross-section at the center of
the width of the rolled plate. The microstructure of the
hot-rolled AZ31 Mg alloy has an equiaxially recrystal-
lized structure with a highly scattered grain size distribu-
tion ranging from 8 um to 110 um. It is determined that
partial recrystallization occurs during hot rolling, which
leads to inhomogeneous microstructures. In addition,
new and fine recrystallized grains are characterized by
a necklace in the vicinity of high-sized grains (labeled

Table 1 Chemical composition of the AZ31B alloy (wt%)

Al Zn Mn Mg

3.18 0.76 0.25 Bal.

Figure 2 Microstructure of a 13.7-mm-thick sample in the TD-ND
cross-section
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as a line in Figure 2), which confirms rotation recrystal-
lization [20]. As proposed by Ion [6] and Valle [21], the
appearance of ductile shear zones and bands of localized
deformation (as marked in Figure 2) can be explained
well by this recrystallization mechanism. Moreover, the
origin of these ductile shear zones considerably differs
from that of shear bands contributed by plastic instability.

2.2 Experimental Procedure

Although the AZ31 magnesium alloy can accommo-
date a very large size reduction at high temperatures in
a single pass, the edge crack is serious during the 80%
reduction rolling process [22]. Therefore, considering
the energy saving, high efficiency, and high performance
in industrial production, a 59% reduction was selected
to produce a plate with a thickness of 5.6 mm. The use
of the same rolling mill further reduced the thickness of
the as-rolled AZ31 plate from 13.7 mm to 5.6 mm in one
pass. Prior to rolling, both the AZ31 plate and work rolls
were not reheated owing to the presence of residual heat
after the 20-pass rolling process; the temperature before
rolling was 265 °C with a fluctuation range of £15 °C in
the width direction, and the temperature after rolling
was 105 = 20 °C. The rolling speed was set as 60 m/min,
whereas rolling was performed under the non-lubricated
condition.

What we desire is an arm exoskeleton which is capable
of following motions of the human upper-limb accurately
and supplying the human upper-limb with proper force
feedback if needed. In order to achieve an ideal control-
ling performance, we have to examine the structure of
the human upper-limb.

The Gleeble-simulated process, which involves uniaxial
hot compression tests, was used to examine the warm
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deformation properties in the transverse direction of the
AZ31 Mg alloy plate during the abovementioned experi-
mental rolling process. For the compression tests, six
cylindrical specimens (8 mm x 12 mm) were machined
from the as-rolled AZ31 plate (13.7 mm) in the same
direction as the compression axis aligned in the normal
direction and named C1, C2, C3, C4, C5, and C6 (Fig-
ure 3a). Figure 3a shows the schematic of the correspond-
ing sampling sites between hot compression and rolling,
where compression samples are acquired on a 13.7-mm
rolled sheet. Samples C1, C2, C3, C4, C5, and C6 were
acquired as original samples for the thermal compression
simulation test, through which the microstructure evolu-
tion and deformation features in the transverse direction
can be characterized when the plate is compressed from
13.7 mm to 5.6 mm after 59% reduction. Owing to the
small width spread of the magnesium plate during rolling
from 13.7 mm to 5.6 mm, the effect of the spread on the
deformation behavior in the width direction is ignored.
Figure 3b shows the schematic of the actual rolling plate
sample. It can be confirmed that after rolling the plate
from 13.7 mm to 5.6 mm, the width is very small and can
be neglected in the study of the width difference.

According to Sims’ equation, the true strain rate dur-
ing experimental rolling can be calculated as Eq. (1)
[23]:

. n._ [R{ 1 1
e= N ( ln>%15, 1)
30 H & (1-%)

where ¢ is rolling reduction rate, {&=(H—h)/H, H (m) is
the entry thickness of strip and % (m) is the thickness of
rolled strip, R is roll radius and N is Roll speed in revolu-
tions per minute.
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Figure 3 Schematic of the corresponding sampling sites between hot compression and rolling: (@) schematic of compression, (b) schematic of the
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Therefore, uniaxial hot compression tests were con-
ducted at 220 °C and 270 °C at a strain rate of 15 s~
using the Gleeble-3800 system. Specimens were heated
up to the target temperature at 5 °C/s and held for 90 s
to obtain a uniform temperature distribution. The XRD
texture samples were selected from the center of the
rolled plate along the width of the plate and labeled as
R1, R2, R3, R4, R5, and R6, as shown in Figure 3b. After
sandpaper polishing to 5000#, the surface of the samples
was polished by mechanical polishing and etched with
5% nitric acid alcohol to remove the surface stress layer.
Then, the texture was determined by the Schulz back-
reflection method using an X’pert PRD w3040/60 dif-
fractometer manufactured by the Philips Company at the
testing center in Northeastern University in China. The
EBSD samples were prepared by electrochemical pol-
ishing with a solution of ACII, at a voltage of 20 V and a
temperature of 25 °C below zero for 45-50 s. Variations
in the microstructure of the AZ31 plate (for thicknesses
of 13.7 mm and 5.6 mm, Figure 3b) along the transverse
direction were investigated using OM. The grain size was
measured by an optical microscope and the Heyn lineal
intercept method, which was used to count equiaxed
grains and microstructures that were clearly not equi-
axed [24].

3 Results and Discussion

3.1 Microstructures of the Sample Material

Figure 4 shows the microstructure evolution of a
13.7-mm-thick rolled plate in different regions along the
width and thickness directions, which are all displayed
as equiaxed grains. From the surface layer to the center
layer, it can be seen that the distribution of grain size is
not consistent in the thickness direction. The average
grain size increases from the surface layer to the center
layer. There is a higher proportion of fine grains in the
surface layer probably because of the original fine crystal
structure formed by chilling during casting. Furthermore,
fine grains are more likely to undergo DRX than large
grains in the process of hot deformation; thus, surface
grains retain a finer state. An alternative explanation is
that the surface grain is subjected to a certain degree of
shear force during rolling deformation.

The grain size distribution of different regions along
the transverse and the thickness directions are shown
in Figure 5. The microstructures in the three layers vary
in a similar way. The average grain size first decreased
and then increased from the edge (R6) to the symmetri-
cal plane (R1) along the width direction. The statistics of
grain size exhibited normal distribution, which indicated
that the proportion of fine grains gradually increased.
Owing to the difference in temperature and deforma-
tion stress, recrystallization occurred later in the edge
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Figure 4 OM images acquired from the longitudinal section of the
samples from the surface to the center of different regions along the
transverse direction

part than in the central part. Thus, the proportion of fine
grains in R6 was approximately the same as that in R1;
however, in R3, the proportion was much larger. There
were more coarse grains with a grain size of approxi-
mately 18—32 pm in the center layer, especially in regions
R1 and R3, and the distribution of grains was relatively
equal. DRX may occur more easily in the central layer of
the rolled plate owing to the lower heat loss [25]. There-
fore, the grain at R1 underwent complete DRX, and the
grain started to grow while DRX began in other regions.

3.2 Flow Stress Curves

The true stress—true strain curves recorded on the speci-
mens from different regions under isothermal compres-
sion at 220 °C and 270 °C and at a strain rate of 15 s
are shown in Figures 6a and 8b, respectively. It is evident
that the flow stress is largely related to strain and defor-
mation temperature. Therefore, the thermal deformation
behavior of different regions in the transverse direction
of the magnesium alloy plate can be studied by analyz-
ing the compression stress—strain curves. The stress-
strain curves of the AZ31 magnesium alloy were divided
into three stages, as shown in Figure 6; the stress sharply
increased with an increase in strain in the first stage,
which was owing to the strong work hardening caused
by an increase in the dislocation density. In the second
stage, flow stress slowly increased with an increase in
strain until it reached a peak. The combined action of
dynamic recovery (DRV) and DRX became increas-
ingly intense to offset part of the work hardening, and
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recrystallized grains began to nucleate at the original
grain boundary during this stage. A variation in the last
stage was the competition between work hardening and
softening caused by DRX. Figure 6 shows that most areas
of the AZ31 rolled plate are characterized by typical DRX
softening at 220 °C and 270 °C.

At 220 °C, samples (except for R6 and R3 at the extreme
edge) cannot achieve stable stress during deformation,
which may be caused by incomplete DRX or flow insta-
bility [26], as shown in Figure 6a. The stress—strain curves
of six different regions showed a clear softening behavior
at 270 °C. This phenomenon was primarily attributed to
the acceleration of migration rate of grain boundaries
with an increase in the temperature; thus, dislocation,
which accumulated at the grain boundaries, moved or
disappeared with the migration of grain boundaries, with
decreased work hardening [27]. By comparing the stress-
strain curves at 220 °C and 270 °C, the peak stress of the
true stress—true strain curve demonstrated a reduction
tendency with an increase in the deformation tempera-
ture. The strain corresponding to the peak stress changed
to 0.2 from the highest value of 0.28, which indicated that
DRX occurred at higher temperatures [28].

3.3 Onset of DRX

It can be seen from the stress-strain curve that tem-
perature has a considerable effect on the steady-state
rheological stress and peak stress, and it determines
the deformation and recrystallization mechanisms [29].
An important index to measure the degree of DRX is
the critical strain, which cannot be intuitively reflected
by the flow stress curve. As shown in Figure 7, the
—(06/d0)—0 curves at different temperatures can be
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obtained by fitting the work hardening rate of the flow
stress curve in different regions. The minimum values
in the —(80/d0)—0o curves corresponded to the critical
strain of DRX occurrence [30].

When the thermal deformation temperature is 220 °C,
the corresponding flow stress from R1 to R6 is 197.8,
201.4, 167.3, 202.8, 201.7, and 188.6 MPa, respectively, as
shown in Figure 8. The critical deformation stress at 220
°C first increases, then decreases, and finally smoothly
changes with a decrease in the distance to the edge. The
critical stress in R3 is the smallest. According to the sta-
tistics of the original grain size in Figures 6 and 7, the
original average grain size before deformation in R3 is
the smallest. Tan et al. [31] have proposed that a smaller
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Figure 8 Critical stress values of different regions along the
transverse direction
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grain size was more suitable for grain boundary sliding
(GBS), and the grain size was more prone to DRX. In
R2, R4, and R5, the critical stress values are almost equal
and decrease to 188.6 MPa at the most marginal region
R6; however, the critical stress value is still much higher
than that of R2. It can be inferred that the original aver-
age grain size of the edge is large, and the large grain
does not easily coordinate during the deformation, which
is required for a greater accumulated strain (i.e., higher
critical stress value) for the DRX of the edge structure.
The results show that, DRX of R3 preferentially occurred
at 220 °C. When the heat deformation temperature was
270 °C, the flow stress from R1 to R6 was 179.9, 192.1,
171.27,192.1, 192.3, and 190.1 MPa. From the symmetry
center to the edge area, the critical stress values at 270 °C
exhibited similar variation to those at 220 °C. However,
in comparison with 220 °C, at the same area, recrystal-
lization critical stress values at 270 °C were lower, which
was mainly due to the higher-temperature atomic oscil-
lation, and faster rate of diffusion. Thus, the driving force
of the dislocation migration was stronger and the critical
shear stress was lower, which led to the easier occurrence
of DRX.

3.4 Microstructure Observation

Figure 9 shows that different microstructure morpholo-
gies result from different recrystallization states. Figure 9
indicates that the proportion of coarse and fine grains
in R6 (the edge of the rolled plate) is relatively high, and
the grain exhibits a clear bimodal state. In the entire field
of view, the boundary of the original grain becomes jag-
ged. Recrystallized grains with smaller sizes appear at the

Edge Plane of
symmetry

2 Center
=T

Figure 9 Microstructures in the thickness direction of the samples
along the transverse direction of the as-rolled AZ31 plate with a
thickness of 5.6 mm
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grain boundaries and trifurcation nodes of some coarse
grains and surround the original coarse grain boundary.
This is the typical initial state of DRX. This phenomenon
occurs because the temperature in R6 is lower owing to
the presence of a higher number of thermal convection
surfaces. The driving stress required for DRX is larger
(Figure 7), which results in recrystallization. Alterna-
tively, the dislocation developed at the grain boundary
caused by deformation exceeds its absorption capacity or
the combination of lattice dislocation is in the incubation
period; thus, the residual dislocation will accumulate at
the grain boundary and generate local stress, which leads
to the formation of a jagged grain boundary.

3.5 Texture Evolution

The microstructures, texture, and misorientation angle
distribution were observed in the center place of the
TD-ND plane, as shown in Figure 10. It can be seen
from Figure 10 that the percentage of Low-angle-grain-
boundaries (LAGBs) in R6 is highest, followed by R1, and
the minimum percentage is in R3. There are more High-
angle-grain-boundaries (HAGBs) in the R3 region, which
means that more recrystallization has taken place in this
region and more LAGBs were converted into HAGBs. R1
region has a relatively low degree of dynamic recrystalli-
zation, due to the weak impact of shear. On the contrary,
the region of R6 has a greater number of LAGBs and a
lower recrystallization processing level. This phenom-
enon is related to the fact that R6 is on the edge of the
plate, the region that is greatly affected by factors such as
low temperature associated with more heat dissipation
and unique stress states. In addition, there are a certain
number of tensile twins at an angle of 86° from the C axis
in the edge region. According to the IPF map shown in
FigurelOb, the number of grains in the random texture
distribution in R3 increases to a certain extent, especially
in the grains that had completed recrystallization.

The average grain size in R3 is 5.24 pm, the small-
est in the transition zone of the rolled plate, which is
consistent with the results of minimum critical stress
required for R3 to initiate DRX, as shown in Figure 10e.
An important reason for this result is that the original
grain size in the intermediate transition region is small.
Thus, GBS becomes the main deformation mechanism
when the fineness rate is high [32, 33]. Under the con-
ditions of low driving stress and temperature, DRX can
occur quickly to achieve steady-state flow characteristics.
More importantly, more shear bands existed in R3 than
in other regions, which means that a greater proportion
of dynamically recrystallized grains will be induced to
occur, which considerably contributes to grain refine-
ment [33, 34]. The average grain sizes in R1 is 5.67 pm,
smaller than R6 at the edge. Although the temperature of
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the central part is higher than that of the edge owing to
slow heat dissipation, the central part is also in the initial
stage of DRX owing to the large original grain size and
large critical stress required for DRX.

4 Conclusions

The hot deformation behavior of magnesium alloy plate
in different width directions under the conditions of iso-
thermal compression at 220 °C and 270 °C was analyzed.
The structure evolution of different parts was observed
and compared with the actual rolling test. The main
results of this study are summarized as follows.

(1) When the magnesium alloy plate is subjected to a
certain degree of cumulative reduction, the grain
will no longer have a clear deflection, and grain ori-
entation has little effect on the DRX of the material.
Most of the AZ31 rolled plate areas showed the
characteristics of typical DRX softening. When the
deformation temperature increased from 220 °C to
270 °C, strains corresponding to the highest peak
stress decreased from 0.28 to 0.2, which indicated
that DRX occurred earlier at a higher temperature.
For the temperature along the width direction from
center to edge, the critical stress value performance
first increases and then decreases after a smooth
change trend. When the thermal deformation tem-

perature is 220 °C and 270 °C, the critical stress
value in R3 is 167.3 MPa and 171.27 MPa, respec-
tively.

The grains at the edge of the rolled plate (R6) were
clearly bimodally distributed, which meant that
DRX occurred late in this region. The average grain
size in R3 is 5.24 um, the smallest in the transition
zone of the rolled plate. There are more High-angle-
grain-boundaries (HAGBs) in the R3 region, which
means that more recrystallization has taken place in
this region and manifested a randomization distri-
bution.
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