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Abstract: Edge cracking is one of the most serious problems in the rolling process of magnesium alloy sheets, which
limits its application. In this work, the edge cracking behavior of different initial AZ31 alloy sheets, including as-cast
(AC), as-rolled (AR) and as-extruded (AE), was systematically investigated and compared under the online heating
rolling (O-LHR) process with a single-pass reduction of 50% at 250 °C. The results show that both AC and AR sheets
exhibit severe edge cracking behavior after the O-LHR. Among them, the AR sheet exhibits the severest edge cracking
behavior on the rolling plane (RD—TD) and longitudinal section (RD—ND), which is attributed to the strong basal
texture and extremely uneven microstructure with shear bands. While no visible edge crack appears in the AE rolled
sheet, which is mainly related to the tilted texture and the more dynamic recrystallization during rolling process.
Moreover, it is also found that the micro-cracks of the AC rolled sheet are mainly generated in the local fine-grained
area and the twins where recrystallization occurs. In the AR rolled sheet, micro-cracks mainly develop inside the shear

bands. Meanwhile, the micro-crack initiation mechanism of AC and AR rolled sheets was also discussed.
Key words: AZ31 sheet; edge crack behavior; initial state; texture; microstructure

1 Introduction

Magnesium (Mg) alloys attracted more and
more attention in the fields of aerospace,
automotive industry and 3C electronic because of
low density, high specific strength, and excellent
damping capacity [1-3]. However, Mg alloys
exhibit poor ductility and formability at room
temperature. This is mainly due to its hexagonal
close packed (HCP) crystal structure, which can
only activate limited number of independent slip
systems at low temperatures [4]. It is well accepted
that the rolling process is normally utilized to

manufacture the Mg alloy sheets because of the
high production efficiency and simple process.
However, large amounts of edge cracks often
appear in the rolling process of Mg alloy sheets.
The occurrence of edge cracks will cause the
trimming operation of sheet and leads to a decrease
in the productivity, which further restrict its
commercial applications. Therefore, it is of great
importance to understand the mechanism of edge
cracks and finally obtain a method to eliminate
edge cracks.

Intensive studies on edge crack behavior have
been conducted by researchers using AZ31 sheets
with different states. JIA et al [5] performed the
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rolling experiment at temperatures ranging from
200 to 400 °C using the as-cast AZ31B magnesium
alloy slab ingot as the initial material. They found
that the edge cracks were significantly reduced with
the increase of rolling temperature, and in the
plate at 400 °C only minor edge damage appeared.
DING et al [6] also investigated the effects of rolling
reduction on the microstructure and edge crack in
the as-casted AZ31B magnesium alloys. The results
indicated that edge cracks appeared when the total
reduction reached 37% at the rolling temperature of
350 °C. In addition, GUO et al [7] studied the
influence of rolling speed on the microstructure and
mechanical properties of the as-rolled AZ31 alloy
sheets by large strain hot rolling. The study revealed
that the edge crack behavior was greatly improved
with the increase of rolling speed. When the rolling
speed exceeded 9.8 m/min, no obvious edge cracks
appeared in the sheets. TIAN et al [8] also
compared the edge crack behavior of as-rolled
AZ31 alloy sheets using width-limited rolling
(WLR) and free rolling (FR). They found that the
WLR could significantly improve the edge crack
behavior of the as-rolled AZ31 alloy sheet. JI
et al [9] used the AZ31 alloy sheet with edge curve
to carry out cross-variable thickness rolling. It was
pointed out that optimizing the edge curve of Mg
alloy sheets could provide a theoretical basis for
improving the edge cracks. In our previous
work [10], it was observed that there were no
obvious edge cracks of the extruded AZ31 alloy
sheet at rolling temperature of 250 °C during the
online heating rolling (O-LHR) process. However,
few researchers have focused on comparing the
edge cracking behavior of AZ31 alloy sheets with
different initial states during the rolling process.
Therefore, in this study, the edge cracking
behavior differences of AZ31 alloy sheets with
different initial states were studied and compared
using the O-LHR. Some interesting and valuable
results were obtained, which might provide
guidance for the production of Mg alloy sheets and
further promote their development and application.

2 Experimental

The initial materials used in this study are
commercially available AZ31 magnesium alloy
sheets with a thickness of 5 mm. The sheets include
the as-cast (AC), as-extruded (AE) and as-rolled

(AR) sheets, which corresponds to three Mg sheets
with different initial states before rolling. Prior to
the rolling process, all the sample sheets were cut
into the size of 600 mm in length and 105 mm in
width. The optical microstructure at the edge of
three different initial sheets is shown in Fig. 1. It is
evident that the microstructure in the AC sheet
consists of coarse grains. In the AE sheet, the
microstructure is inhomogeneous, and large and
small grains coexist. The AR sheet exhibits a
uniform microstructure.

Fig. 1 OM images of different initial sheets: (a) AE;
(b) AC; (c) AR

These sheets were rolled at rolling temperature
of 250 °C in a single pass through online heating
rolling device, the rolling reduction was 50%, the
rolling speed was 0.09 m/s, and the rolling tension
was 2 kN. The rolling device consists of four rollers
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with work rollers of d120 mm and support rollers of
d320 mm. The schematic diagram of the rolling
device is shown in Fig. 2. Before the rolling, the
rollers were preheated by heating oil. During the
rolling, the sheets were heated to the setting
temperature by electric current, and rolling tensions
were applied at the both ends of sheets to ensure the
straightness of the rolled sheets.

@ Power transmission shafts
@ Hydraulic pump

Tension chuck
@ Temperature-measuring thermocouple (a)
® Work rollers g

Fig. 2 Equipment diagram (a) and schematic diagram (b)
of on-line heating rolling device

After rolling, the crack number, maximum and
average crack depths were measured by digital
caliper on the rolling direction (RD)—transverse
direction (TD) section and RD—normal direction
(ND) section of the rolled sheets. The
microstructure at the edge of rolled sheets was
characterized by optical microscope (OM) and field
emission scanning electron microscope (SEM),
and electron backscattered diffraction (EBSD).
Moreover, the macro-texture at the edge of sheets
before and after rolling was examined by X-ray
diffraction (XRD). Samples for microstructure
observation were taken from the center of sheet on
the RD—ND plane. The specimens for OM and
SEM observation were initially ground using sand
papers ranging from 400" to 2000 grit, and then
were chemically etched in an acetic picric solution.
Samples for the EBSD experiment were prepared

by electric-polishing with AC2 solution using a
voltage of 20 V for 80 s at a temperature of —20 °C.
The grain orientation characterization was carried
out using the field emission scanning -electron
microscope equipped with the EBSD system at an
operating voltage of 20 kV.

3 Results

3.1 Macro-morphology of different AZ31 rolled
sheets

Figure 3 shows the macro-morphology and
statistical diagram of edge cracks on the RD—TD
and RD—ND sections of the rolled sheets with
different initial states after rolling. There are no
obvious cracks appearing at the edge of the AE
rolled sheet, while large amounts of edge cracks are
generated in AC and AR rolled sheets (Fig. 3(a)).
Moreover, the maximum crack number (within
100 mm), maximum crack depth and average crack
depth on the RD—TD section after rolling are shown
in Fig. 3(b). The AR sheets show the severest edge
cracking behavior. After the O-LHR process, no
visible macro-cracks are observed on the
longitudinal section (RD—ND) of the AE rolled
sheet, while the AC and AR rolled sheets exhibit
obvious “V”-shaped or “/’-shaped cracks on the
RD-ND section, as illustrated by red dotted lines in
Fig. 3(c). According to the statistics, the number of
“V”-shaped cracks in the AC rolled sheet within
300 mm is approximately equal to that of
“/”-shaped cracks, while the number of “V”-shaped
cracks in the AR rolled sheet is much lower than
that of “/’-shaped cracks. Furthermore, the AR
rolled sheet also exhibits the largest average crack
number on the RD—-ND section, as shown in
Fig. 3(d). This also suggests that compared with the
AE and AC sheets, the AR sheet has the worst
online heating rolling performance.

3.2 Microstructure of different AZ31 rolled sheets

Figure 4 shows the optical microstructure of
sheets with different initial states after rolling. The
microstructure of the AE rolled sheet becomes
relatively uniform, but a few coarse grains remain.
In the AC rolled sheet, many twins are generated
inside the original coarse grains to coordinate
deformation, leading to an extremely inhomogeneous
microstructure, as shown in Fig. 4(b). This is consistent
with the work of PEI et al [11]. Meanwhile, some
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Fig. 3 Macro-morphologies (a, ¢) and statistical diagrams (b, d) of edge cracks of AZ31 sheets with different initial
states after rolling: (a, b) On RD—TD section; (c, d) On RD—ND section

Fig. 4 Metallographic microstructures (a—c) and micro-cracks (d, e) at edge of AZ31 sheets with different initial states

after rolling: (a) AE; (b, d) AC; (c, e) AR

fine-grained regions are also found, mainly caused
by local recrystallization. For the AR rolled sheet,
the microstructure is uneven due to the appearance
of large numbers of twins and fine-grained strip
bands (highlighted with red arrows in Fig. 4(c)). It
was reported that these fine-grained strips were
defined as shear bands [12]. Figures 4(d) and (e)
show the microstructures in the area that contains

micro-cracks at the edge of the AC and AR rolled
sheets, respectively. The micro-cracks are mainly
initiated inside the fine-grained region (shown by
the red arrow in Fig. 4(d)) and the region contains
profuse twins (indicated by the yellow arrow in
Fig. 4(d)) in the AC rolled sheet. While the
micro-crack in the AR rolled sheet is located inside
the fine-grained shear bands, as illustrated by the
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red arrow in Fig. 4(e).

Figure 5 shows the secondary phase particles
distribution at the edge of the rolled sheets with
different initial states. The secondary phase
particles with both rod and polygonal morphologies
of the AC rolled sheet remain relatively coarse.
Combined with the mapping results and Ref. [13],
these rod- and polygonal-shaped particles are
mainly identified as Al-Mn phase, which can be
commonly found in Mg—Al-based alloy [14]. The
Al—-Mn secondary phase particles in the AC rolled
sheet are fragmented into several parts due to the
large rolling force applied during rolling. As a
result, micro-voids are generated inside these coarse
Al-Mn phase particles, as marked by the yellow
arrows in Fig. 5(b). It is well accepted that the
micro-voids are conducive to the initiation of
micro-cracks, and similar phenomenon was also
found by BAEK et al [15]. The secondary phase
particles of AE and AR rolled sheets are fine and
diffusely distributed, and are not easy to initiate
micro-voids during the rolling process.

The microstructures of rolled sheets with
different initial states are obtained, as shown in
Fig. 6. It is found that the local coarse grains in the
AE rolled sheet are refined, and the microstructure
contains a small number of twins (mainly extension
twins). It should be noted that almost all fine grains
in the microstructure are recrystallized grains. The
high degree of recrystallization reduces the
geometrically necessary dislocations (Fig. 6(d)),
leading to lower stress concentration and more

uniform deformation. For the AC rolled sheet,
profuse twins are generated inside the original
coarse grains, and these twins are commonly
referred to as double twins. Part of these twins have
undergone twin-induced recrystallization and
developed into localized fine grains (Fig. 6(g)),
leading to a low degree of recrystallization. In
addition, more geometric dislocations accumulate
inside some twins and original grains (Fig. 6(h)),
leading to an extremely uneven deformation. There
is uneven microstructure in the AR rolled sheet due
to the occurrence of shear band (Fig. 6(i)). The
formation mechanism of shear bands varies with
process conditions and material characteristics [16].
Besides, it is shown that the shear band is inclined
at an angle relative to the rolling direction, which is
mainly related to the shear stress. RAO et al [17]
pointed out that shear stress resulted from the
compressive stress and the friction force, which led
to stress concentration and promoted dynamic
recrystallization nucleation in this direction.
Compared with the AC and AE rolled sheets, the
AR rolled sheet develops pronounced shear bands
after rolling (Fig. 4(c)), mainly attributed to the
strong basal texture before rolling. WANG et al [18]
also found the formation of shear band in
Mg—6Zn—0.5Zr alloy plate with basal texture.
FATEMI-VARZANEH et al [19] reported that the
shear bands caused by strain localization were an
important mode of inhomogeneous deformation.
This indicates that the deformation of the AR sheet
is uneven during the rolling process.

Fig. 5 Secondary phase particles distribution at edge of AZ31 sheets with different initial states after rolling: (a) AE;
(b) AC; (c) AR; (d—g) Element distribution scanning maps of (b)
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Fig. 6 EBSD analysis results of rolled AZ31 sheets with different initial states: (a) Grain orientation map of AE sheet;
(b—d) Twin distribution, recrystallization distribution and KAM map of AE sheet, respectively; (e) Grain orientation

map of AC sheet; (f~h) Twin distribution, recrystallization distribution and KAM map of AC sheet, respectively;
(i) Grain orientation map of AR sheet; (j—1) Twin distribution, recrystallization distribution and KAM maps of AR sheet,

respectively

3.3 Macro-textures

Figure 7 shows the macro-textures of AZ31
alloy sheets with different initial states before and
after rolling. Before rolling, it is found that the AE
sheet exhibits the double-peak texture along the RD,
as well as the texture with the C-axis of some grains
parallel to the TD. After rolling, the texture
transforms from the double-peak to the single peak,
and the texture in the TD direction also disappears.
The maximum texture intensity of AE sheet
decreases from 5.570 to 3.974 MRD. For the AC
sheet, there is a common scattered texture
component before rolling, and the scattered texture
component tilts towards the center after rolling,
which is similar to the findings reported by WANG
et al [20]. While the AR sheet exhibits a strong
basal texture component before rolling and
subsequently keeps the texture component after

rolling, the maximum texture intensity slightly
increases from 11.282 to 12.438 MRD.

3.4 Micro-cracks of AC and AR rolled sheets

To further analyze the crack initiation in the
AC rolled sheet, the IPF, recrystallization, KAM
and twins distribution maps of micro-cracks are
shown in Fig. 8. It can be found that the micro-
crack is initiated inside the local region where
randomly oriented fine grains are present, as
depicted in Fig. 8(a). These fine grains have been
proven to be recrystallized grains. Compared with
the surrounding coarse grains containing high
density dislocations, most of the dislocations are
consumed within the local fine-grained region
(Fig. 8(d)). Meanwhile, the micro-crack inside a
coarse grain can also be found in Fig. 8(e), and
profuse twins are formed around the micro-crack.
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Fig. 7 Macro-textures at edge of AZ31 sheets with different initial states: (a, c, ) Textures of AE, AC and AR sheets
before rolling, respectively; (b, d, f) Textures of AE, AC and AR sheets after rolling, respectively
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Fig. 8 Microstructures of two micro-cracks in AC AZ31 sheets after rolling: (a, e) Grain orientation maps of two
different micro-cracks; (b—d) Twin distribution, recrystallization distribution and KAM maps in (a), respectively;
(f—h) Twin distribution, recrystallization distribution and KAM maps in (e), respectively

According to the twin distribution map in Fig. 8(f),
these twins are determined as double twins. Further
observation shows that the micro-crack is located
inside the twin where recrystallization has occurred,
typically referred to as twin-induced recrystallization
(TDRX), as shown in Fig. 8(g).

Figure 9 shows the local microstructure
containing the micro-crack of AR sheets after

rolling. The micro-crack is initiated inside the shear
band, which is composed of the fine DRXed grains
(Figs. 9(b—d)). To analyze the propagation of the
micro-crack initiated inside the shear band, the
microstructures of the typical penetrating crack on
the RD—ND section of AR sheet after rolling is
shown in Fig. 10. It is evident that the grains at the
crack boundary are fine recrystallized grains, which
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Fig. 9 Local microstructures with micro-cracks of AR AZ31 sheets after rolling: (a) Micro-cracks; (b—d) Grain
orientation map, recrystallization distribution and KAM map, respectively

Fig. 10 Microstructures of penetrated crack edge on longitudinal section of AR AZ31 sheets after rolling: (a) Grain
orientation map; (b) Recrystallization distribution; (c) KAM map; (d) GOS map
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obviously have lower dislocation density and grain
orientation spread (GOS) than those further away
from the crack boundary (Fig. 10(d)). Apparently,
this indicates that the micro-crack mainly
propagates along the fine-grained shear bands and
eventually penetrates the RD—ND section to form
large cracks. This is in agreement with the work of
HUANG et al [21].

4 Discussion

4.1 Effect of texture on edge crack behavior
during hot rolling

In general, the texture has a significant impact
on the rolling formability of the Mg sheet, which in
turn affects the edge cracking behavior. As shown
in Fig. 3, the initial sheets with different states
exhibit varying edge cracking behaviors after the
same online heating rolling process. This is
probably related to the initial texture of rolled
sheets. The middle texture component of the AE
sheet shows an obvious double-peak characteristic
with a tilt towards the RD before rolling, as
illustrated in Fig. 7(a). This texture is beneficial to
the plastic deformation of the sheet along the RD,
thereby enhancing the rollability of the AE sheet. A
similar report can be observed in the studies by
GUO et al [22] and HAN et al [23]. Meanwhile, the
texture consisting of TD-oriented grains in the AE
sheet is prone to activating prismatic slip under
high temperatures. This further coordinates the
deformation, leading to excellent rollability and
subsequent suppression of edge cracking. CHUN
and DAVIES [24] also reported the favorable
activation of prismatic {a) slip during the rolling of
the TB plate, where the C-axis of grains is parallel
to the TD. Therefore, there are no obvious edge
cracks in the AE rolled sheet. Mg sheets with a
strong basal texture can deteriorate their formability
and easily result in the formation of edge cracks.
HUANG et al [25] investigated the effect of initial
texture on the deep-draw ability of AZ31 alloy
sheets. They found a lower drawing ratio for the
sheet with a stronger basal texture, which exhibited
poorer formability. While a strong basal texture is
evident at the edge of the AR sheet before rolling, a
large number of edge cracks are generated in the
AR sheets after rolling. The AC sheet has a
commonly scattered texture component before
rolling, and severe edge cracking behavior still

occurs. This indicates that the edge crack behavior
is also affected by other factors, such as the coarse
second particles mentioned above, as well as the
microstructure, which will be discussed in the next
section.

4.2 Effect of microstructure on crack initiation
during hot rolling

As shown in Fig. 6, the degree of the
recrystallization in the AE rolled sheet is obviously
higher than that in the AC and AR rolled sheets.
GUO et al [7] reported that recrystallization (DRX)
was an effective method for consuming strain
energy. Therefore, the higher degree of DRX could
release more rolling strain. This leads to a higher
strain accommodation limitation in the AE rolled
sheet. Additionally, a relatively uniform micro-
structure is also obtained in the AE rolled sheet due
to the higher DRX resulting in better deformability
and thereby inhibiting the initiation of edge cracks.
While both the AC and AR sheets exhibit extremely
uneven microstructure after rolling, this is mainly
due to strain localization in the plastic deformation
caused by lower recrystallization. This type of
non-uniform microstructure has a poor coordination
deformation ability and might be considered as the
main factor for inducing the cracking [26].
Therefore, it can be concluded that the AE sheet
shows better online heating rollability and is less
prone to cracking than the AC and AR sheets during
the same rolling process in this work.

4.3 Mechanism of crack initiation during hot
rolling

As shown in Figs. 4(d) and (e), micro-cracks
are initiated inside the local fine-grained regions of
both the AC and AR rolled sheets. This indicates
that local fine recrystallization grains play an
important role in acting as the initiation site for
micro-cracks under high rolling forces. This is in
agreement with the work of GUO et al [12]. When
the sheet is deformed at high temperatures, active
atomic diffusion will occur at the grain boundaries,
leading to the formation of defects such as
micro-voids. In this case, more grain boundaries
due to grain refinement may lead to the generation
of more micro-void defects. ZHU et al [27] reported
that the number of micro-voids and defects at the
grain boundaries increases with the decrease of
grain boundary size, due to the larger proportion of
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grain boundaries. In addition, the fine-grained area
can be regarded as a flow softening region due to
dynamic recrystallization, which can easily lead to
plastic instability. Therefore, the local fine-grained
regions are more unstable under deformation at
high temperatures, which further accelerates the
initiation of micro-cracks. And the DRXed fine-
grained area tends to absorb subsequent plastic
strain during rolling. JIA et al [28] pointed out that
the plastic deformation was mainly concentrated in
shear deformation fine-grained bands. The grain
size of the local DRX fine-grained regions in the
AC and AR rolled sheets is less than 5 um, which
may induce an additional deformation mechanism
of grain boundary sliding (GBS) at an appropriate
strain rate [29]. This can also lead to a considerable
plastic strain concentration within the fine-grained
region.

On the one hand, the initiation of cracks in the
fine-grained region depends on whether the critical
strain is reached [30,31]. On the other hand, the
absorbed deformation in the fine-grained area may
be further localized and produce some dislocations
in a local area, leading to local stress concentration.
Consequently, some micro-voids might be initiated
due to the accumulation of dislocations at local
triple junctions. LIU et al [32] also detected the
voids and micro-cracks at grain triple junctions in a
thin layer of recrystallized grains, and these voids
finally lead to the formation of the micro-cracks. In
addition, the micro-cracks can also be observed
inside the twin in the AC rolled sheet, as shown in
Fig. 8(e). Many double twins are formed around the
micro-cracks (Fig. 8(f)), indicating that this coarse
parent grain orientation is conducive to this twin
type. Therefore, it seems that this DRX is probably
induced inside the double twins. KIM et al [33]
found that a large number of dislocations were
generated inside the double twins through TEM,
which provided the driving force for the DRX.

It is reported that there is a competitive role
between crack initiation and DRX, which is
determined by the ratio of o./op, where o. and op
represent the critical stress against the nucleation of
micro-cracks and the of DRX,
respectively [32]. DRX is most likely to occur
initially in some twins and reduce the dislocation
density inside twin lamellae. However, the
concentrated stress caused by the accumulation of
dislocations inside the twins is significant in this

occurrence

work. The extent of DRX cannot release enough
strain energy, and then the crack initiation along the
grain boundary releases the remaining energy,
which eventually leads to the formation of micro-
cracks. In addition, the strain between the original
coarse grain and small recrystallized grains is
incompatible, which can provide the driving force
for the interface crack, and eventually leading to the
nucleation and propagation of the micro-cracks.

5 Conclusions

(1) The AR rolled sheet exhibits the severest
edge cracking, which is caused by a strong basal
texture and an extremely uneven microstructure
with shear bands. While no visible edge cracks
occur in the AE sheet due to the tilted texture and
more uniform deformation during rolling.

(2) In the AC rolled sheet, due to strain
incompatibility and significant stress concentration,
micro-cracks are mainly initiated inside the local
fine-grained area and inside the twins where the
twin-induced recrystallization occurs.

(3) The shear bands of fine-grained also act as
the main crack initiation source in the AR rolled
sheet due to the relative instability of fine-grained
boundaries, and finally the micro-cracks expand
into large edge cracks along the shear band.
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