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Abstract: A series of Mg-1Al-1Sn-Mn magnesium alloy sheets were rolled from 3 mm to 1 mm
under temperatures of 150 ◦C, 200 ◦C, and 250 ◦C in four rolling passes using on-line heating rolling.
The conventional rolling was also performed for comparison. Scanning electron microscopy (SEM)
and electron backscatter diffraction (EBSD) technologies were utilized to characterize the edge cracks
as well as the microstructure of rolled thin sheets. The result revealed that the number of edge cracks
decreased dramatically with the increase of rolling temperature. No visible edge cracks were found
on the surface of sheets rolled at 250 ◦C by on-line heating rolling, while the conventional rolling
at the same temperature still resulted in severe edge cracks. The intensity of the basal texture for
on-line rolled sheets increased from 4.982 to 9.596 as the rolling temperature increased from 150 ◦C to
250 ◦C, which was related to the reorientation of new grains and deformation grains remained after
rolling. The direction of the basal pole slightly tilted towards the rolling direction (RD), which may be
mainly attributed to the activation of a pyramidal slip, as well as the tension imposed on the samples.
Moreover, mechanical properties were improved after rolling on the basis of the strong texture and
grain refinement. The highest yield strength (YS), ultimate tensile strength (UTS), and the maximum
elongation of the rolled sheets were 148 MPa, 298 MPa, and 14.6% along the RD, respectively.
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1. Introduction

Magnesium and its alloys are regarded to be one of the most useful structural materials in the 21st
century, owing to its low density, high specific strength, excellent electromagnetic shielding, and ease
of recycling, which can be widely applied in the fields of 3C, automotive, aerospace, etc. However,
magnesium alloys are still facing great challenges to be further industrialized due to its low formability
and corrosion resistance at room temperature [1–5]. According to the von Mises criterion, the metal
requires at least five independent slip systems to perform good formability [6,7]. However, Mg alloys
with an hcp structure can only provide two independent slip systems at room temperature [8,9].

Many researchers attempt to activate more non-basal slips and dynamic recrystallization (DRX),
which can remarkably improve formability of magnesium alloys [10]. However, it is difficult for hcp
metal to activate the non-basal slips (normally prismatic and pyramidal slip) due to their high critical
resolved shear stress (CRSS) at room temperature [11,12]. The most effective approach put forward by
scientists to reduce the CRSS is increasing the processing temperature, which can also simultaneously
facilitate the DRX. Catorceno et al. [13] proved that the remarkable DRX would occur during rolling at
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elevated temperatures. The stacking fault energy and microstructure softening mechanisms also affect
the formability at elevated temperature. Wang et al. [14] showed that the stacking fault energies of
Mg-Al-based alloys are reduced by the addition of Sn, which results in the improvement of workability
for the alloys. Saboori et al. [15] revealed that typical flow softening behavior would appear in some
metallic alloys once they were subjected to warm working under the effect of the adiabatic deformation
heating or strain localization. On-line heating rolling (ON-LHR) proposed by Pan et al. [16] provides
in situ heating which accelerates the deformation of magnesium alloys. The concept of ON-LHR is
to heat the sheets and working rollers simultaneously. There is no need to anneal the sheets between
passes compared with the conventional rolling.

The recent developed Mg-Al-Sn-Mn system alloy has attracted much attention due to its better
formability and comparable cost to AZ31. Such an alloy has great potential to be commercialized as
the structure materials in working environment like AZ31 plates. She et al. [17] have investigated the
mechanical properties of extruded Mg-Al-Sn-Mn alloy bars. It is reported that ATM110 bars extruded
under the extrusion temperature of 250 ◦C exhibited a yield strength of 260 MPa, an ultimate tensile
strength of 290 MPa, and an elongation of 18%. In addition, Guan et al. [18] also studied the relevant
properties of an as-cast and as-extruded Mg-Al-Sn-Mn alloy using an orthogonal experimental design.
However, the rolling behavior of AT11M alloy has not been reported and the rollability of this alloy
by on-line heating rolling has not been carried out. Thus, in the present work, the on-line heating
rolling experiment was performed on the Mg-1Al-1Sn-Mn alloys with a large pass reduction of 25% at
temperatures ranging from 150 ◦C to 250 ◦C. The edge crack and texture evolution of the rolled sheet
at different temperatures were investigated.

2. Materials and Methods

The cast ingot in this work was prepared using an electrical resistance furnace (Experimental
electric furnace factory, Shanghai, China). Pure Mg, pure Al, pure Sn, and a Mg-Mn master alloy were
added at 740 ◦C under the mixed atmosphere of CO2 and SF6. Then, the melt was kept at 740 ◦C for
20 min, and then poured into a mild steel crucible preheated at 350 ◦C and air cooled. The as-cast billet
with a diameter of 80 mm and a height of 95 mm was a solution treated at 500 ◦C for 24 h. Subsequently,
an X-ray fluorescence (XRF) test (Shimadzu Corporation, Kyoto, Japan) was conducted on the ingot
and the resulting chemical composition found is listed in Table 1. The ingots were extruded at 370 ◦C
into plates with 60 mm in width (TD) and 3 mm in thickness (ND) with an extrusion ratio of 28:1,
the picture of extruded plates and its metallographic graph are shown in Figure 1. These extruded
plates were used as the raw materials for rolling.

Table 1. Chemical composition of the AT11M alloy (wt %).

AT11M Al Sn Mn Si Fe Zn Mg

Sample 0.87 0.86 0.49 0.04 0.01 0.01 Bal.
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Figure 1. (a) The picture of extruded plates. (b) The metallographic graph of an extruded plate. 
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respectively. The main concept of this equipment was to heat the sheet (by resistance heating) 
simultaneously with the work rollers (by oil heating). The temperature of the sheet was controlled by 
thermocouples, as shown in Figure 2. Generally, this equipment enabled continuous rolling through 
the following process: the sheet was first clamped by the stretching device and then heated to the set 
temperature. In this work, the rolling was designed such that the sheet was rolled unidirectionally. 
The sheet was rolled in four passes in total without annealing between passes and the total reduction 
was kept at around 67%, with the detailed process parameters shown in Table 2. The rollers were 
heated to 200 °C before rolling. The sheets were also prepared by conventional rolling at 150 °C–250 
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250 25 2.94 0.93 0.05 1.5 
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The extruded plates were rolled by the on-line heating rolling under three different temperatures
(150 ◦C, 200 ◦C, and 250 ◦C). As is depicted in Figure 2, the recently developed rolling equipment
mainly consisted of three systems including a stretching device to give the sample tension at both ends,
a rolling device, and a heating device to heat the sheets in situ. There was a four-roller rolling mill that
was made up of the support rollers and work rollers of 320 mm and 120 mm in diameter, respectively.
The main concept of this equipment was to heat the sheet (by resistance heating) simultaneously
with the work rollers (by oil heating). The temperature of the sheet was controlled by thermocouples,
as shown in Figure 2. Generally, this equipment enabled continuous rolling through the following
process: the sheet was first clamped by the stretching device and then heated to the set temperature.
In this work, the rolling was designed such that the sheet was rolled unidirectionally. The sheet was
rolled in four passes in total without annealing between passes and the total reduction was kept at
around 67%, with the detailed process parameters shown in Table 2. The rollers were heated to 200 ◦C
before rolling. The sheets were also prepared by conventional rolling at 150 ◦C–250 ◦C using four
passes with the same reduction per pass of 25%. The sheets were then annealed at the corresponding
rolling temperature for 15 min between passes.
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Figure 2. Schematic diagram of the on-line heating rolling machine.

Table 2. The detailed parameters of on-line heating rolling process.

Temperature
(◦C)

Reduction
(per Pass/%)

Initial Thickness
(mm)

Final Thickness
(mm)

Roll Speed
(mm/s)

Tension
(kN)

150 25 3.02 0.99 0.05 1.5
200 25 2.97 0.95 0.05 1.5
250 25 2.94 0.93 0.05 1.5

The sheets were initially observed with naked eyes to check the edge crack and surface quality
of sheets. The number of edge cracks were counted and the maximum depth of each crack was
measured. The microstructure of the rolled sheets were examined using optical microscopy (OM)
(MDS, OPTEC, Chongqing, China). A scanning electron microscope (SEM) (VEGA 3 LMH, TESCAN,
Brno, Czech Republic) was also employed to observe the fracture surfaces of the edge cracks. In order to
obtain the crystal orientation and misorientation angle distribution, electron back scattered diffraction
(EBSD) (JSM-7800F, JEOL, Tokyo, Japan) was also used for characterization using the field emission
scanning electron microscope (JSM-7800F, JEOL, Tokyo, Japan) equipped with the EBSD system.
The operating voltage was 20 kV and the step size was 0.5 µm. Sample preparation, which consisted
of grinding on SiC papers (200 #, 400 #, 800 #, 1000 #, 1600 #, and 2000 #), washing, blow-drying,
and electropolishing was carried out with an AC2 solution for EBSD samples using a voltage of 20 V
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for 60 s under a temperature of −20 ◦C. Meanwhile, tensile tests were also performed using the AG-XD
(AG-X50kND, Shimadzu Corporation, Kyoto, Japan) plus, 20 kN–50 kN machine with a tensile rate of
0.5 mm/s. The specimens for the tensile test with a gauge length of 12 mm and width of 3 mm were
machined from the roll sheets along 0◦, 45◦, and 90◦ to the rolling direction.

3. Results

3.1. Rolling Feasibility

The surface appearance of the rolled specimen sheets using on-line heating and conventional
rolling under different temperatures is compared in Figure 3. The rolling feasibility of the rolled
sheets was characterized by the number of edge cracks and the maximum crack depth. It can be seen
clearly that plenty of large edge cracks were present at low temperatures for both kinds of rolling
process. At the same rolling temperature, the sheets rolled using on-line heating rolling exhibited
fewer and smaller edge cracks than the conventionally rolling. For instance, no visible edge cracks
were observed at 250 ◦C with on-line heating rolling, as displayed in Figure 3c, while a few edge cracks
were still visible at the same temperature after conventional rolling, as shown in Figure 3f. In addition,
the numbers and the depth of edge cracks diminished with increasing temperature. Besides, it was
obtained that the edge cracks vanished more effectively at high temperatures in on-line heating rolling
than in conventional rolling.
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(b) 200 ◦C, and (c) 250 ◦C. The appearance of the rolled sheets using conventional rolling at different
temperature: (d) 150 ◦C, (e) 200 ◦C, and (f) 250 ◦C.

This phenomenon may be attributed to the extent of the dynamic recrystallization (DRX) and
the homogeneity of deformation. Moreover, these two parameters mainly depended on the rolling
temperature. Furthermore, the large edge cracks that appeared at low temperature may have also been
caused by the formation of twins. Pekguleryuz et al. [8] confirmed by transmission electron microscope
(TEM) that the profuse twins emerged after rolling at 150 ◦C, resulting in the severe edge crack.

The statistical data of the number of edge cracks (the edge per 100 mm on each sheet) and
the maximum crack depth for different rolling processes are presented in Figure 4. The methods
of counting crack numbers and measuring the maximum crack depth are illustrated in Figure 4a.
The number of cracks was the total quantities of cracks calculated by counting the cracks from left to
right at the edge of the sheet per 100 mm. The maximum crack depth refers to the vertical distance
from the edge to the tip of the largest crack.
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Figure 4. (a) Schematic showing counting of the crack numbers and measure the maximum crack
depth, and the statistical data of the number of edge cracks and maximum crack length at different
temperature for (b) on-line heating rolling and (c) conventional rolling.

The result shows that the quantities and maximum depth of the cracks decreased with increasing
rolling temperature in both on-line heating rolling and conventional rolling. It can also be seen that
the number of cracks in the on-line heating process decreased more rapidly than that in conventional
rolling, as shown in Figure 4b,c. The maximum crack depth presented the same trend. It demonstrates
that rolling temperature played a key role in the improvement of formability for Mg alloys. Ion et al. [19]
showed that it is easy for Mg alloys to deform at elevated temperatures. Generally, the Mg alloy
sheet can be rolled without edge cracks above 450 ◦C using conventional rolling. Our work indicated
that the AT11M magnesium alloy sheets were successfully rolled without visible edge cracks under
a temperature as low as 250 ◦C and a high pass reduction of 25% using on-line heating rolling.

In addition, the on-line heating rolling took much less time than the conventional rolling process.
The rolling process of four passes using on-line heating rolling only took around 10 min, while it
took at least 60 min (including the annealing time) to accomplish the four passes using the traditional
process. The detailed edge cracks of rolled sheets is presented in Figure 5. It can be seen that the width
and depth of cracks decreased with the increase of temperature and no microcracks were observed at
the rolling temperature of 250 ◦C.
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3.2. Microstructures

The typical optical micrographs in the central area of the rolled sheets using on-line heating
rolling at different temperatures are shown in Figure 6. A large amount of dynamic recrystallized fine
grains were formed and exhibited a non-uniform microstructure at a temperature of 150 ◦C, as shown
in Figure 6a. Some elongated original parent grains (pointed by the red circles) and twins (as blue
arrows display in Figure 6a,b) were also observed at this low temperature.
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The shear band (identified between white straight lines in Figure 6a) caused by local dynamic
recrystallization and twinning were also observed. At first, large quantities of twins formed to
coordinate the deformation. Then, the twins interacted with each other and generated local high
energy regions containing a plethora of dislocations [19]. At last, local DRX took place at these areas
with the high-density dislocation and some restored deformation energy, resulting in the formation
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of new local recrystallized grains (“initial soft area”). Kavyani et al. [20] studied the rolling behavior
of AZ31 plates at elevated temperatures and revealed the important role of twins in recrystallization
during processing. With the increase of strain, the soft area ultimately evolved into the shear band and
formed the inhomogeneous microstructure [21,22].

As the rolling temperature rose, the number of twins and the average grain size decreased.
No obvious twins are observed in Mg-1Al-1Sn-Mn alloy sheets rolled at 250 ◦C, as shown in Figure 6e,f.
In addition, the microstructure became more uniform at high rolling temperatures. The observed
twins and severe edge cracks in the sheets rolled at 150 ◦C agreed well with the Pekguleryuz et al.’s
research [8] that twins are related to the severe edge crack.

The fracture surface of the edge crack for the plates rolled at 150 ◦C and 200 ◦C are represented
in Figure 7. It can be seen that there were many cleavages on the fracture surface of the rolled
sheet at a low temperature, which indicated the low plasticity and a clear characteristic of brittle
fracture. With the increase of rolling temperature to 200 ◦C, a large number of dimples and tearing
ridges appeared on the fracture surface, and the plasticity for the samples had improved for high
rolling temperatures.
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3.3. Texture Evolution

The macrotextures of as-extruded and as-rolled samples at different temperatures were analyzed,
as shown in Figure 8. The texture of the extruded samples is shown in Figure 8a, where it can be seen
that the basal texture is presented, and the maximum basal texture intensity was 7.264. She et al. [17]
revealed that ATM110 bars obtain a typical ring-fiber texture for as-extruded Mg alloy bars (basal
plane parallel to the extrusion direction).

The texture reported in their work was different from that in this work. This could be due to
the formation of dynamic recrystallization, resulting from a different shaping cross-section, extrusion
temperature, and extrusion ratio. The samples were extruded into bars with the extrusion temperature
of 300 ◦C and extrusion ratio of 25:1 in She et al.’s work [17], while our samples were extruded into
plates with the extrusion temperature of 370 ◦C and extrusion ratio of 28:1. In the present study,
the extruded plates with a strong basal texture were used as the raw materials for the subsequent
on-line rolling process. The predominant basal texture was owed to the combined results of twinning,
which could rotate the basal plane parallel to the extrusion, and dynamic recrystallization during large
strain extrusion [23,24].

For the rolled samples, the maximum basal texture intensity increased from 4.982 to 9.596 as
the rolling temperature increased from 150 ◦C to 250 ◦C, as displayed in Figure 8. This phenomenon
is consistent with the texture evolution trend of other rolled magnesium alloys [25,26]. Generally,
during rolling, the c-axes of grains in great numbers are reoriented parallel to the compressive stress,
which makes the basal plane align with the rolling direction of the plate, leading to a high anisotropy
of the sheet. In the case of a c-axis parallel to the compressive axis, it is favorable for these grains to
bring about twinning to coordinate the deformation among neighboring grains. However, for high



Metals 2018, 8, 860 8 of 14

temperature rolling, other deformation mechanisms (such as prismatic slip and pyramidal slip) can
be activated with the aim of accommodating further deformation [27,28]. This is because the critical
resolved shear stress (CRSS) of non-basal slip decreases with the increasing temperature.
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Figure 8. The pole figures of AT11M alloy sheets: (a) as-extruded, (b) rolled at 150 ◦C, (c) rolled at
200 ◦C, and (d) rolled at 250 ◦C.

It can be observed that the basal pole of sample expresses a trend to split towards the rolling
direction (RD) as the rolling temperature increases, which was prevalent during the hot rolling process
of Mg alloys. Li and Qi [29] have demonstrated that the RD spreading of basal poles was the result of
the activation of pyramidal <a + c> slips via simulations and experiments. In this case, the splitting
of the basal pole may be related to the activation of pyramidal <c + a> slips when the sheet was
manufactured at high temperatures using on-line heating rolling [30]. Meanwhile, the tension imposed
at both ends may have also exerted an impact to the splitting of the texture [31].

However, the texture examined using XRD can only reflect the macrotexture features. In this
work, in order to investigate the microtexture characteristics and dynamic recrystallization after
on-line heating rolling, the rolled specimens at 250 ◦C were chosen to conduct further analysis in
detail due to its homogeneous structure. EBSD technology was utilized to analyze the microtexture
characteristics with the aim to further study the DRX behavior and grain distribution. The orientation
imaging maps, misorientation angle maps, and the (0001) pole figures of as-extruded and as-rolled
sheets were compared in Figure 9. As seen in Figure 9a, the as-extruded AT11M sheet exhibits
inhomogeneous grain distribution, which consists of original parent grains, as well as fine and coarse
dynamic recrystallization grains. However, the microstructure turned into uniform grain distribution
and the grains became more equiaxed after being rolled at 250 ◦C by on-line heating rolling, as shown
in Figure 9d.



Metals 2018, 8, 860 9 of 14

Metals 2018, 8, x FOR PEER REVIEW  11 of 16 

 

  

 
Figure 9. The orientation imaging maps of (a) as-extruded and (d) as-rolled sheets, the misorientation 
angle maps of (b) as-extruded and (e) as-rolled sheets, and pole figure maps of (c) as-extruded and 
(f) as-rolled sheets. 

The grains in different colors stand for different orientations and no obvious twins appeared, 
demonstrating that the dynamic recrystallization had fully taken place during extrusion that 
produced the newborn DRX grains with random orientations. The twins had transformed into the 
new grains via nucleation and growth. The large amount of red-colored grains observed in both 
extruded and rolled states indicate the identical grain orientation. In other words, their c-axes were 
almost perpendicular to the extrusion or rolling direction. Rolling processes resulted in extremely 
high amounts of red grains, which is because new grains would rotate, and the c-axis would align 
parallel to the compression axis as strain increased [32]. It can also be noticed that there is only a small 
amount of DRX grains around parent grains in Figure 9d. 

The misorientation angle of the extruded sample and rolled samples are shown in Figure 9b,e. 
It depicts that the fraction of grains containing high angle grain boundaries (HAGBs) in the extruded 
sample was much higher than that in rolled ones. It also revealed that the average misorientation 
angle decreased through the rolling process. In general, the low angle grain boundaries (LAGBs) 
turns into the HAGBs via an extended recovery and continuous DRX process [33]. The low number 
of HAGBs in the rolled sample indicated that only a partial dynamic recrystallization took place 
during rolling process. 

Figure 9. The orientation imaging maps of (a) as-extruded and (d) as-rolled sheets, the misorientation
angle maps of (b) as-extruded and (e) as-rolled sheets, and pole figure maps of (c) as-extruded and
(f) as-rolled sheets.

The grains in different colors stand for different orientations and no obvious twins appeared,
demonstrating that the dynamic recrystallization had fully taken place during extrusion that produced
the newborn DRX grains with random orientations. The twins had transformed into the new grains via
nucleation and growth. The large amount of red-colored grains observed in both extruded and rolled
states indicate the identical grain orientation. In other words, their c-axes were almost perpendicular to
the extrusion or rolling direction. Rolling processes resulted in extremely high amounts of red grains,
which is because new grains would rotate, and the c-axis would align parallel to the compression axis
as strain increased [32]. It can also be noticed that there is only a small amount of DRX grains around
parent grains in Figure 9d.

The misorientation angle of the extruded sample and rolled samples are shown in Figure 9b,e.
It depicts that the fraction of grains containing high angle grain boundaries (HAGBs) in the extruded
sample was much higher than that in rolled ones. It also revealed that the average misorientation
angle decreased through the rolling process. In general, the low angle grain boundaries (LAGBs)
turns into the HAGBs via an extended recovery and continuous DRX process [33]. The low number of
HAGBs in the rolled sample indicated that only a partial dynamic recrystallization took place during
rolling process.

Pole figure maps of the basal plane are presented in Figure 9c,f. The polar axis of the basal
tilted to the RD after rolling as shown in Figure 9f, which was similar to the macrotexture evolution.
This phenomenon was attributed to the activation of the pyramidal slip. Dynamic recrystallization
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maps in both the extruded and rolled state were also characterized though an EBSD technique,
as shown in Figure 10. The grains colored using yellow, red, and blue colors represent the
sub-grains, deformed grains, and recrystallized grains, respectively. It can be observed that dynamic
recrystallization occurred in plenty of grains in the extruded state. There were also some super-fine new
grains surrounding the coarse dynamic recrystallization grains, forming the uneven microstructure,
as shown in Figure 10a. Besides, some deformed grains and a small amount of sub-grains appeared
as well due to extrusion at a relatively high temperature. In the case of the rolling samples, dynamic
recrystallization only occurred in partial grains, and a majority of deformed grains still remained.
Moreover, only a few the sub-grains appeared after the rolling process, as displayed in Figure 10b.
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3.4. Mechanical Properties

The representative strain-stress curve of the as-extruded and as-rolled sample sheets are displayed
in Figure 11. The tensile strength of the on-line heating rolled samples was significantly improved.
However, the elongation decreased, and the detailed data are listed in Table 3. Stronger anisotropy
was found in rolled sheets compared to that in extruded ones.
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Table 3. Mechanical properties of as-rolled at 250 ◦C and as-extruded Mg-1Al-1Sn-Mn sheets.

AT11M
YS (MPa) UTS (MPa) EL (%)

0◦ 45◦ 90◦ 0◦ 45◦ 90◦ 0◦ 45◦ 90◦

Extruded 84 ± 4 80 ± 5 70 ± 1 226 ± 2 223 ± 1 225 ± 1 14.8 ± 0.5 19.4 ± 0.5 17.9 ± 1.2
As-Rolled 148 ± 6 147 ± 5 136 ± 9 298 ± 2 261 ± 2 236 ± 3 14.6 ± 0.7 13.7 ± 0.5 13.6 ± 2.2

The enhancement of strength from the extruded state to the rolled state in this study is attributed
to: (1) the refinement of grains which can increase the strength through Hall Petch (H-P) formula,
(2) the stronger texture in the rolled sheets [34], and (3) the larger amount of dislocations stored in
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the remaining deformed grains in the rolled samples. Pekguleryuz et al. [8] also showed that the
yield strength increased with the fraction of deformed grains because of the high-density dislocations.
The mechanical anisotropy at 250 ◦C was also due to the formation of a strong basal texture. The strong
texture could also be a reason for the decreased elongation.

It is noted that the rolling direction (RD) possesses the optimal mechanical properties.
Furthermore, the highest yield strength (YS) and ultimate tensile strength (UTS) were 148 MPa
and 298 MPa, respectively. In addition, the maximum elongation was 14.6% along the RD, as shown
in Table 3. Figure 9f demonstrates that the c-axis of most of the rolled grains inclined towards RD.
When the tensile tests were performed along RD at room temperature, the Schmid factor for basal
slip reached the maximum and shear force operated on the basal planes to boost the slip. Therefore,
the elongation was larger compared with those samples elongated along other directions.

4. Discussion

4.1. Microstructure Evolution

Both temperature and strain rate play a key role on the evolution of microstructures.
The Zener–Hollomon parameter determines the influence of temperature and strain rate on hot
deformation behavior. This parameter could be calculated using the following equation:

Z = ε̂· exp
(

Q
RT

)
,

in which Z represents the Zener–Hollomon parameter, ε̂ stands for the strain rate, Q is the activation
energy during hot deformation, R is the gas constant (8.314 J·mol−1·K−1), and T is the absolute
temperature [35]. Fatemi-Varzaneh et al. [36] reported that the microstructure becomes more uniform
as the Zener–Hollomon parameter decreases. In this work, with the increase of temperature, the value
of Z diminished. As a consequence, the microstructure at higher rolling temperatures tended to be
more uniform. At that time, a decrease in the flow stress appeared as a consequence of the deformation
adiabatic heating and dynamic recrystallization during the process, which made the sample exhibit
typical softening behavior and improved its formability.

4.2. Edge Crack Formation

The edge cracks in magnesium alloys can be recognized as a sort of damage, where the voids first
appear and then expand into the cracks when the sheet is rolled at low temperature. As shown, there are
still some smooth shear planes and obvious slip traces on the surface of the edge fracture, apart from
a few voids in Figure 7b. The damage is a comprehensive result of the cavity spread, shear deformation,
and strain accumulation at a low temperature. In this study, during the low-temperature rolling
(at 150 ◦C), a large number of twins that contain profuse dislocations, large original grains, and shear
bands were formed at the edge of the plate subjected to the large strain deformation, which caused the
internal microstructure to be extremely uneven, leading to the high energy area reserved in the plate.
Furthermore, microcracks would have been easily generated owing to strain incompatibility either at
the interface between twins and the matrix or the high energy areas, and would continue to expand by
absorbing the reserved energy [37]. As a consequence, most of the energy was consumed in the form
of microcrack expansion into edge cracks and lots of deformed grains.

The edge crack phenomenon could also be explained though the energy release across the edge
section of the sheets. The rolling process of magnesium alloys could be regarded as a process of
absorbing and releasing the energy. Twinning, DRX, and fracture (formation of cracks) were all
methods used to release the deformation energy during the rolling process. Jones et al. [38] have
exposed that the dynamic recrystallization (DRX) is an effective measure to consume the strain energy
to coordinate deformation and absorb further strain. After the process of large strain rolling, a part
of the energy is consumed through twinning and DRX. The leftover energy will release in the form
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of edge cracks. However, in this work, when the sheets were rolled at 250 ◦C, under the same large
strain rolling, high energy was also generated due to the severe deformation. However, there were
still no visible edge cracks. This may be attributed to part of strain energy remaining in the deformed
grains, and another part of deformation energy may be released via DRX to generate new grains and
continuous recovery [39].

In summary, when the sheets were rolled at 250 ◦C using on-line heating rolling, the microstructure
evolved to become more homogeneous and grains were largely refined after rolling. Average size was
31 µm at extrusion and was refined to 15 µm after rolling at 250 ◦C, which could effectively impede the
propagation of crack. Besides, the temperature at the edge section was higher than that rolled at 150 ◦C
and 200 ◦C. The high temperature could activate the non-basal slip and dynamic recrystallization to
a larger extent, which resulted in high crack resistance. Furthermore, the high rolling temperature led
to less twins, which would also prevent the initiation of cracks. Consequently, no cracks appeared in
the sheets rolled at 250 ◦C.

5. Conclusions

The edge crack, texture evolution, and mechanical properties of Mg-1Al-1Sn-Mn alloy sheets
rolled using on-line heating rolling were studied. The following conclusions were found:

(1) Mg-1Al-1Sn-Mn alloy thin sheets were successfully prepared with large strain rolling (pass
reduction as high as 25%, with a total reduction of ≈67% by four passes) at a moderate
temperature of 250 ◦C using on-line heating rolling. The rolled sheets showed no obvious
edge cracks.

(2) A typical strong basal texture was formed during the rolling process leading to the mechanical
anisotropy at a rolling temperature of 250 ◦C. In addition, the activation of <c + a> pyramidal
slips may be mainly responsible for the splitting of the basal poles of texture towards the
rolling direction.

(3) Mg-1Al-1Sn-Mn alloy sheets rolled using the on-line heating exhibited good comprehensive
mechanical properties: the yield strength (YS), ultimate tensile strength (UTS), and elongation
along rolling direction were 148 MPa, 298 Mpa, and 14.6%, respectively. Furthermore, it has
potential to be commercialized.

(4) The reason for no obvious edge cracks could be attributed to the homogeneous microstructure
caused by grain refinement and the activation of non-basal slips at edge region in a larger extent at
edge section. Furthermore, the decline of the stacking fault energy accompanying the addition of
Sn element, as well as the softening behavior due to deformation adiabatic heating and dynamic
recrystallization, may also be important factors for no edge cracks forming.
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