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Abstract: AZ31 magnesium alloy sheets with 2 mm thickness were successfully fabricated by multi-
pass lowered-temperature rolling. The evolution of the microstructure, texture, and mechanical
properties during the rolling process was investigated. Based on the effect of multiple dynamic
recrystallization, multi-pass lowered-temperature rolling not only refined the grain size obviously
but also markedly improved the microstructure homogeneity. The resulting sheets had the optimal
microstructure morphology with an average grain size of 4.38 µm. For the texture evolution, the
stress state of the rolling process made the (0002) basal plane gradually rotate toward the rolling
plane. However, the activation of non-basal slips due to the higher rolling temperature slightly
rotated the (0002) basal plane point to the rolling direction (RD). As a result, the grain refinement
strengthening and the texture strengthening together increased the yield stress to 202 MPa in the
transverse direction (TD) and 189.8 MPa in the RD. Importantly, the resulting sheet concurrently
exhibited excellent fracture elongation, about 38% in the TD and 39.2% in the RD. This was mainly
ascribed to the finer grain size, giving rise to a significant effect of grain boundary sliding and the
activation amount of non-basal slips.

Keywords: magnesium alloy; dynamic recrystallization; grain size; texture; elongation

1. Introduction

Magnesium alloys are considered to be the lightest structural metallic alloys, resulting
in marked increases in their use in automobile parts and electric appliance cases [1–3]. In
magnesium alloy products, magnesium alloy sheets have a very large market demand.
However, the hexagonal close-packed (HCP) structure in magnesium alloys only activates
two independent basal slips at room temperature [4]. This results in their poor formability,
which is an important factor restricting their wide use in critical safety components [5].
In order to meet the demand, it is necessary to develop rolling technologies for the mass
production of magnesium alloy sheets with high performance (high strength and high
formability simultaneously).

It is well known that grain refinement and texture weakening are factors that im-
prove the formability of magnesium alloy sheets [6–8]. Huang et al. fabricated various
AZ31 magnesium alloy sheets with a grain size from 7 µm to 16 µm and found that both
stretch formability and deep drawability deteriorated with the increase in grain size [7].
They attributed the reason to the small grain size that restricted tension twin activity and
finally delayed the texture strengthening [7]. In Huo’s study, the tensile ductility and
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stretch formability of AZ31 magnesium alloy sheets fabricated by cross-wavy bending
were distinctly enhanced compared to the initial sheets (about 1.55 and 2 times, respec-
tively) [9]. In their view, these prominent increases were mainly ascribed to the fine-grained
microstructure with an average grain size of 8 µm and a weak and random basal texture [9].
Currently, abundant plastic process techniques can refine the grain size and tailor the
basal texture synchronously, for example, multi-pass lowered-temperature rolling [10],
twin-roll casting [11], different speed rolling [12], and equal channel angular rolling [13].
However, these techniques cannot realize grain refinement and texture weakening or the
high efficiency of industrial sheet fabrication. In the above process methods, multi-pass
lowered-temperature rolling is considered to be the most suitable method for industrial
sheet fabrication due to the absence of intermediate annealing [10]. This is very impor-
tant to the mass production of magnesium alloy sheets. Moreover, prior work verified
that multi-pass lowered-temperature rolling could fabricate magnesium alloy sheets with
high performance [14,15]. Such an effect might be ascribed to the occurrence of multiple
dynamic recrystallization (DRX), which helped to refine the grain size and improve the
microstructure homogeneity during the rolling process. Accordingly [16], the DRX grain
size was closely related to the rolling process parameters, which can be well explained by
the Zener–Hollomon Z (Z =

.
ε exp(Q/RT), where

.
ε is the strain rate, T is the deformation

temperature, Q is the activation energy, and R is the gas constant). Actually, the strategy of
a lower temperature was designed during multi-pass rolling, which was because such a
strategy can increase the recrystallization nucleation sites and inhibit the grain boundary
migration. Therefore, multi-pass lowered-temperature rolling can significantly improve
the microstructure of magnesium alloys. However, the present rolling technologies usu-
ally use thick magnesium alloy plates as the initial material, which need multiple rolling
passes to realize the fabrication of thin sheets, i.e., only by reasonable matching of the
rolling parameters under each rolling pass can the microstructure of the resulting sheets
be improved as much as possible. This makes it necessary to investigate the evolution
of the microstructure and mechanical properties during multi-pass hot rolling. For this
purpose, this work investigated the multi-pass lowered-temperature rolling of as-cast AZ31
magnesium alloy sheets in order to fabricate thin sheets with better microstructure and high
performance. The reason for the enhancement of elongation arising from grain refinement
was mainly discussed.

2. Materials and Methods

The initial material in this work was the as-cast AZ31 magnesium alloy plates with
30 mm thickness. Their nominal composition was determined as Mg, 3 wt.%; Al, 1 wt.%;
Zn, 0.2 wt.%; and Mn by an inductively coupled plasma analyzer (ICP, Thermo Corp.,
Waltham, MA, USA). These initial materials were homogenized at 400 ◦C for 24 h in an
electric furnace to improve component segregation and eliminate possible intercrystalline
phases according to the literature [17]. Moreover, in order to improve their workability, all
sheets were preheated to 400 ◦C for 30 min prior to hot rolling. In this work, all thickness
reductions were set to 20% at break-down rolling pass in order to avoid premature cracking
and then increased to 30% to improve the degree of DRX. According to previous studies,
a lower deformation temperature easily realizes grain refinement. Therefore, in order to
refine the grain size effectively, the rolling temperature tended to decrease as the rolling
proceeded, i.e., 400 ◦C (Pass 1), 380 ◦C (Pass 2), 360 ◦C (Pass 3), 340 ◦C (Pass 4), 320 ◦C
(Pass 5), 300 ◦C (Pass 6), 280 ◦C (Pass 7), and 260 ◦C (Pass 8). The detailed rolling process
parameters are summarized in Table 1.
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Table 1. Rolling process parameters for AZ31 magnesium alloy.

Condition Thickness Change, mm Rolling Temperature, ◦C Thickness Reduction, %

Pass 1 30→ 24 400 20
Pass 2 24→ 16.8 380 30
Pass 3 16.8→ 11.7 360 30
Pass 4 11.7→ 8.2 340 30
Pass 5 8.2→ 5.7 320 30
Pass 6 5.7→ 4 300 30
Pass 7 4→ 2.8 280 30
Pass 8 2.8→ 2 260 30

Microstructure characteristics were observed on the RD–TD plane (RD: rolling direc-
tion, TD: transverse direction) of the samples, which were machined from the sheets by
wire-electrode cutting. These samples first experienced mechanical polishing and then
chemical etching with a solution consisting of picric acid (5.5 g), acetic acid (2 mL), distilled
water (10 mL), and ethanol (90 mL). Then, an OLYMPUS GX71 (Olympus Corp., Tokyo,
Japan) optical microscope (OM) was applied for metallographic observations. In this work,
the mean linear intercept method (dv = 1.74 L, L is the average linear intercept) was used
to measure the average grain size. Regarding the texture measurement, the texture state of
the initial material was characterized by X-ray diffraction (XRD) experiments and that of
the as-rolled sheets by electron backscatter diffraction (EBSD). The preparation of EBSD
samples consisted of soft diamond polishing and subsequent etching with electropolishing
in a 5:3 solution of ethanol and phosphoric acid for 8 min at 0.25 A. Subsequently, these
samples were measured by a JEOL 733 electron probe (JEOL Ltd., Tokyo, Japan) equipped
with an HKL Channel 5 system. In this work, scanning electron microscopy (SEM) was used
to identify the type of fracture of the tension samples. In addition, a TECNAL transmission
electron microscopy (TEM, FEI Corp., Hillsboro, OR, USA) was used to characterize the
microstructure details, and its accelerating voltage was 200 kV. Uniaxial tension tests were
measured by an Instron 5569 machine (Instron Corp., Norwood, MA, USA) with a strain
rate of 1 × 10−3 s−1 at room temperature. The tension samples were cut along the rolling
direction and the transverse direction and their gauges were 25 mm in length and 6 mm
in width.

3. Results and discussion
3.1. Microstructure Characteristics

Figure 1 shows the microstructure of the initial material after homogenized annealing.
Clearly, the initial material possessed a larger grain size of about 293.3 µm, but relatively
speaking, the microstructure was homogeneous, demonstrating that the difference in grain
size between RD and TD was small. The microstructure characteristics of as-rolled AZ31
magnesium alloy sheets during multi-pass lowered-temperature rolling are displayed in
Figure 2, and their corresponding grain size distributions are summarized in Figure 3.
Clearly, the microstructure in the Pass 1 sheet exhibited a combination of fine and coarse
grains, but compared to the initial microstructure, significant grain refinement occurred,
in which the average grain size decreased to 34.73 µm in the Pass 1 sheet (Figure 3a). In
addition, abundant twins could be seen in coarse grains (Figure 2a). In the Pass 2 sheet,
this microstructure feature (coarse grains containing twins) was still the dominant, but
the coarse grains were surrounded by fine, equiaxed grains (Figure 2b). This revealed the
DRX had occurred. Here, it is worth noting the reason for the activation of twinning in
the initial stage of rolling. The coarse grain in the initial material was considered to be
the major cause. More specifically, in coarse grains, the distance of the dislocation slip
was longer, which generally led to severe dislocation pile-up and stress concentration at
grain boundaries [18]. Therefore, such a stress concentration would promote the twinning
activation. In addition, the crystal orientation was an important factor as well. The initial
material in this work was the as-cast AZ31 magnesium alloy plates, and there were some
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grains with the c-axes nearly perpendicular to the normal direction (ND) of the plate.
Such crystal orientation was conducive to the activation of tension twinning when the
compression force imposed on the plates occurred along the normal direction. However, as
the rolling proceeded, abundant basal planes were rotated to the hard orientation. At this
moment, the tension twinning lost its original advantage of crystal orientation and thereby
was activated with difficulty. As a consequence, the coarse grain and the crystal orientation
were two important reasons triggering the twinning activation, particularly at the initial
stage of rolling. Importantly, for the magnesium alloys, the activation of twinning in the
initial stage of rolling had two beneficial roles: (1) they could accommodate the rolling
deformation and release stress concentration, avoiding premature cracking; (2) their twin
boundaries could act as the preferred sites for DRX in the next rolling procedure, and this
could be a softening mechanism to improve the workability, ensuring that subsequent
rolling was done smoothly [18].

Figure 1. Metallographic observation of the initial material after homogenized annealing.

Figure 2. Microstructure characteristics of AZ31 magnesium alloy sheets during multi-pass lowered-
temperature rolling: (a) Pass 1; (b) Pass 2; (c) Pass 3; (d) Pass 4; (e) Pass 5; (f) Pass 6; (g) Pass 7;
(h) Pass 8. (RD: rolling direction, TD: transverse direction).
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Figure 3. Grain size distributions of AZ31 magnesium alloy sheets during multi-pass lowered-
temperature rolling: (a) Pass 1; (b) Pass 2; (c) Pass 3; (d) Pass 4; (e) Pass 5; (f) Pass 6; (g) Pass 7;
(h) Pass 8 (Dm refers to the average grain size).

Further decreasing the rolling deformation increased the degree of DRX, producing
a large number of fine, equiaxed grains in the Pass 3 sheet and Pass 4 sheet (Figure 2).
Figure 3 shows that their average grain sizes were refined to 30.29 µm in the Pass 3 sheet
and 22.19 µm in the Pass 4 sheet. However, from their grain size distributions, 7.27–75.7 µm
in the Pass 3 sheet and 3.53–46.21 µm in the Pass 4 sheet, it could be concluded that their
microstructure homogeneity was not good enough [19]. Moreover, their coarse grains
were highly distorted, suggesting that the new DRX embryo was developing at the grain
boundaries [20]. This further demonstrated their mixed microstructure with large and
fine grains. After Passes 5 and 6, the abnormally coarse grain had nearly disappeared
and the fractions of DRX grain obviously increased (Figure 2e,f). The microstructure
homogeneity was distinctly improved compared to the prior microstructure homogeneity,
which could be supported by the unimodal grain size distributions (Figure 3e,f). After
Pass 7, the microstructure presented a typical DRX microstructure appearance with excellent
microstructure homogeneity. The resulting sheet after Pass 8 had the smallest average grain
size of 4.38 µm (Figure 3h). The above metallographic results suggested that, based on the
principle of multiple DRX, multi-pass lowered-temperature rolling was not only beneficial
to refine the grain size but also to improve the microstructure homogeneity. In addition,
in order to obtain a better magnesium alloy microstructure in the future, mathematical
modeling between the rolling parameters and the DRX grain size should be established
based on the Zener–Hollomon law, similar to the mathematical modeling established in the
literature [21].

In order to further characterize the DRX behavior during the rolling, the TEM ob-
servation and the grain orientation spread (GOS) map was applied for the Pass 8 sheet,
as shown in Figure 4. Clearly, Figure 4a shows that each grain interior was clean and
uniform. This suggested that no crystal orientation difference occurred in one individual
grain and thereby no obvious defects developed in such grains. Additionally, Figure 4b
shows the DRX microstructure of the Pass 8 sheet using the GOS map in which the grains
were outlined by the high-angle grain boundaries ranging from 15◦ to 180◦, and the grains
with the GOS values smaller than 2◦ were considered to be the DRX grains (blue and
green color) according to the literature [22,23]. Obviously, there were only blue- and green-
colored grains in the microstructure, again validating the complete DRX behavior in the
Pass 8 sheet. These results together demonstrated that the dislocation density was lower
due to the complete DRX behavior during the multi-pass lowered-temperature rolling.
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Figure 4. The TEM observations (a) and the grain orientation spread (GOS) map for the Pass
8 sheet (b). (In GOS map, the GOS value in each grain was determined by calculating the average
misorientation between all points within the grain).

3.2. Texture Characteristics

It is well known that the HCP structure in magnesium alloy is liable to cause a strong
(0002) basal texture, strongly influencing the mechanical properties [24,25]. Therefore, it was
necessary to investigate the texture evolution in multi-pass lowered-temperature rolling.
According to the literature [16], the texture state of magnesium alloy can be estimated by
both XRD and EBSD. In this work, XRD was applied to measure the texture state of the
initial material, and the ratios of the diffraction peaks, I10–1/I10–10 and I10–11/I0002, were
calculated to quantify the texture characteristics. Figure 5a,b shows the XRD spectrum of
the initial material and pure magnesium powder (PDF#35-0821), respectively. Clearly, the
ratios of the initial material were similar to those of the standard magnesium card. This
suggested that there was no preferred crystalline orientation in the initial material.

Figure 5. X-ray diffraction spectra of the initial material: (a) cast, (b) standard spectra.

With regard to the as-rolled sheets, their texture states were measured by EBSD.
Figure 6 shows the (0002), (10–10), and (11–20) pole figures under different rolling passes.
After one pass, there were multiple peaks in the (0002) pole figures (Figure 6a), and the
maximum texture intensity reached 6.01. This demonstrated that the texture morphology
emerged in the Pass 1 sheet. After two passes, the peak was not only strengthened but
also rotated to the center of the (0002) pole figure (Figure 6b), i.e., more and more c-axes
were parallel to the normal direction (ND), and this made the maximum texture intensity
increase to 6.5. Wang and Huang pointed out that the stress state under rolling conditions
made the slip plane rotate toward the rolling plane and the slip direction toward the
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rolling direction [26]. In magnesium alloys, basal slip is the main deformation mode due
to its lower critical resolved shear stress (CRSS) [27]. Therefore, the basal plane would
gradually rotate to the RD–TD plane under the combined effect of tension along the RD
and compression along the ND. However, it can be seen from Figure 6c–e that there were
some deflections from the peak to the ND. This could be explained well by the activation
of various slip systems. As reported in [28], the CRSS of non-basal slip will decrease
sharply when the deformation temperature is higher than 225 ◦C. In this work, the rolling
temperature was always in excess of 260 ◦C, i.e., non-basal slip (prismatic slip or pyramidal
slip) would be activated and take part in the texture formation. According to the above
literature [26], these non-basal planes would gradually rotate to the RD–TD plane, and this
would rotate the (0002) basal plane away from the RD–TD plane, but due to the tension
effect in the RD, the (0002) basal plane only pointed to the RD. Nevertheless, the basal
slip was still the dominant deformation mode when the rolling temperature was higher
than 260 ◦C. Such texture evolution could also be characterized by the inverse pole figure
(IPF) map, and here the IPF maps for the Pass 4 and Pass 8 sheets were applied, as shown
in Figure 7. In these IPF maps, the color code within the unit triangle represented the
orientation of the sample normal direction within the hexagonal unit triangle. Clearly,
mainly yellow- and red-colored grains were seen in the Pass 4 sheet (Figure 7a). This was
consistent with the characteristics in the (0002) pole figure of the Pass 4 sheet (Figure 6c). By
comparison, the red-colored grains significantly increased in the Pass 8 sheet, meaning that
the texture component whose c-axes were parallel to the ND was strengthened. Therefore,
as the rolling proceeded, the overall trend in the (0002) pole figures was still that more and
more c-axes pointed to the ND (Figure 6), and the maximum texture intensity gradually
increased.

3.3. Mechanical Properties

Figure 8 shows the measured stress–strain curves of the AZ31 magnesium alloy sheets
along the RD and the TD in the tension test under different conditions. Table 2 summarizes
the corresponding data for the yield stress (YS, MPa), ultimate tensile stress (UTS, MPa),
and fracture elongation (FE, %). In order to clearly characterize the evolution of mechanical
properties, the variations in YS, UTS, and FE as a function of the rolling pass are displayed
in Figure 9. Clearly, the YS and UTS gradually increased with the increase in the rolling
pass. As commonly reported [29], the YS of magnesium alloy sheets had a close relationship
with the grain size and the texture state. The influence of grain size on the YS followed the
Hall–Petch relationship, while the influence of the texture state was based on the Schmid
law [29]. Accordingly, the finer grain size and the intense texture state usually led to a
higher YS. As previously described, the average grain size retained a refinement trend,
while the (0002) basal texture had a strengthening trend. Therefore, in this work, with the
increase in the rolling pass, the increasing trend of YS was ascribed to the grain refinement
strengthening and the texture strengthening, as shown in Figure 9. In addition, it should be
noted that the planar anisotropy in stress (YS and UTS) between the RD and the TD was
small (Figure 9 and Table 2). This reason could be ascribed to two points: first, the new
DRX grains generally exhibited equiaxed morphology, indicating the similar grain size
along any random direction in the sheet; second, owing to the non-texture state in the initial
material, the (0002) basal plane would rotate toward the RD–TD plane along any random
direction in the sheet, and this led to the small difference in the texture state between the
RD and the TD. Therefore, the similar microstructure state was the main reason for the
small planar anisotropy between the RD and the TD. In addition, the sheets during the
multi-pass lowered-temperature rolling underwent DRX completely, exhibited a lower
dislocation density. This made the contribution from the dislocation density to the strength
improvement small, which was not considered in this work. Similarly, in AZ31 magnesium
alloy, the contribution of solid solution strengthening to the strength was much smaller
compared with the fine-grained strengthening, which was estimated in the literature [30].
As a consequence, this work did not discuss the solid solution strengthening.
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Figure 6. (0002), (10–10), and (11–20) pole figures of AZ31 magnesium alloy sheets during multi-pass
lowered-temperature rolling: (a) Pass 1; (b) Pass 2; (c) Pass 4; (d) Pass 6; (e) Pass 8. (RD: rolling
direction, TD: transverse direction).
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Figure 7. Microstructure characteristics using inverse pole figure maps for the (a) Pass 4 sheet and
(b) Pass 8 sheet.

Figure 8. Room temperature stress–strain curves of AZ31 magnesium alloy sheets along the RD and
TD during multi-pass lowered-temperature rolling: (a) from 1 pass to 4 pass and (b) from 5 pass to
8 pass.

Figure 9. Stress (YS and UTS) and elongation (FE) variation of AZ31 magnesium alloy sheets along
the RD and TD during multi-pass lowered-temperature rolling (YS: yield stress; UTS: ultimate tension
stress; FE: fracture elongation).
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Table 2. Summarized mechanical properties of AZ31 magnesium alloy sheets (YS: yield stress; UTS:
ultimate tension stress; FE: fracture elongation).

Condition
YS, MPa UTS, MPa FE, %

TD RD TD RD TD RD

Initial 40 160 7
Pass 1 90.7 81.6 171.6 169.2 14.7 17.1
Pass 2 115.3 105.2 211.4 193.5 17.7 23
Pass 3 131.9 122.8 230.2 222.6 23.4 24
Pass 4 152.7 138.5 243.5 239.4 23.5 24.5
Pass 5 163.2 153.6 248.9 243.7 28.4 27.4
Pass 6 179.1 171.4 251.8 255.1 31 28.4
Pass 7 188 181.6 264.8 257.9 30.7 33.3
Pass 8 202 189.8 274.3 272.6 38 39.2

For magnesium alloy sheets, poor ductility and formability are the main factors limit-
ing their widespread commercial usability. Therefore, this work focused on the evolution of
fracture elongation. Clearly, in both Figure 9 and Table 2, the fracture elongation gradually
increased with the increase of the number of rolling passes. The sheets rolled after eight
passes exhibited higher fracture elongation (38% along the TD and 39.2% along the RD). To
the authors’ knowledge, this is not common in previous literature. The main reason was
considered to be the finer grain size, which would be carefully discussed from the aspects
of metallographic observations, TEM characteristics, and fracture SEM characteristics.

It is well known that a finer grain size has a positive effect on elongation by affecting
the contribution of grain boundary sliding [31]. This is supported by Koike, who pointed
out that the ability of grain boundary sliding increased with the decline of the grain
size, and the contribution to fracture elongation reached 8% when the grain size was less
than 8 µm [31]. Many studies also demonstrated that grain boundary sliding was one
important factor improving fracture elongation for AZ31 and AZ61 magnesium alloys with
grain sizes less than 5 µm [32,33]. Zheng et al. pointed out that the unique combinations
of strength and ductility could be realized in bulk polycrystalline pure magnesium by
tuning the predominant deformation mode and suggested that the grain boundary sliding
governed the plastic deformation in the ultra-fine grain specimen, leading to softening of
the material and exceptionally large room temperature tensile elongation up to 65% [34]. In
this work, the average grain size of the resulting sheet (Pass 8 sheet) was approximately
4.38 µm, which was conducive to the occurrence of grain boundary sliding. Therefore,
grain boundary sliding arising from a finer grain size contributed to the higher fracture
elongation of the Pass 8 sheet. In addition, the homogeneous microstructure should be
another influential factor. This could be well supported by the metallographic observations
of the uniform deformation part and necking part (the part is indicated by the black point
in Figure 11a). Clearly, in the uniform deformation part (Figure 10a), most of the grains
had equiaxed morphology. For the necking part (Figure 10b), although the grains were
elongated along tension deformation, the microstructure was still relatively homogeneous
and there was no crack nucleation point. Here, their homogeneous microstructure was
beneficial to accommodate the tension deformation between grains and to release the
stress concentration around the grain boundaries. This prevented the crack appearing
prematurely, which further improved their fracture elongation.

Another mechanism describing the higher fracture elongation of the resulting sheets
is the activation of non-basal slips (pyramidal slip or prismatic slip). The activation of non-
basal slips would delay the texture strengthening and then release the stress concentration.
Koike et al. pointed out that non-basal slips could be activated when the grain size was
less than 10 µm, and under this case, the cross-slip of <a> dislocation from the basal
to the prismatic plane occurred readily [35]. Similarly, Zhao et al. and Mayama et al.
found that the profuse prismatic <a> dislocation activations would suppress twinning
formation by rotating grains to preferred orientations for further deformation, resulting
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in improved ductility [36,37]. In our recent work, a considerable proportion of prismatic
<a> dislocations was activated during the tension deformation of AZ31 magnesium alloys,
which was closely related to their higher tensile elongation [38]. The resulting sheet
possessed a finer grain size less than 10 µm, which was conducive the activation of non-
basal slips. The evidence could be obtained by the TEM characteristics of the necking part
of the tension sample (Figure 11). Figure 11a,b depicts abundant dislocation pile-up and
twins, respectively. In such a complex dislocation tangle, non-basal dislocations are bound
to participate. Therefore, the activation of the non-basal slip produced by a finer grain size
partly contributed to the higher fracture elongation.

Figure 10. Metallographic observations of the uniform deformation part A (a) and necking part B
(b) indicated by the black point in Figure 11a.

Figure 11. TEM characteristics of the necking part of the AZ31 magnesium alloy sheets after tension
deformation: (a) tension sample; (b) dislocation pile-up; (c) twins.

Figure 12 shows the fracture SEM characteristics of the AZ31 tension samples fab-
ricated by multi-pass lowered-temperature rolling. Clearly, the fracture of the as-cast
AZ31 tension sample exhibited a typical quasi-cleavage fracture appearance with a smooth
cleavage plane and cleavage step (Figure 12a). Similarly, the tension samples after one pass
and two passes also had a quasi-cleavage fracture appearance. These features suggested
that the above tension samples should undergo brittle failure. However, in Passes 3–5,
abundant tear ridges and dimples can be seen in Figure 12d–f. This is generally named
the brittle–ductile fracture mode, which is common in magnesium alloy sheets. As the
rolling proceeded (a decrease in the grain size), the fracture mode gradually changed from
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brittle–ductile fracture to ductile fracture. Finally, because of the smaller grain size (2.5 µm)
in the Pass 8 sheet, the tension fracture exhibited typical ductile fracture with dimples.

Figure 12. Fracture SEM characteristics of AZ31 tension samples fabricated by multi-pass lowered-
temperature rolling: (a) Initial; (b) Pass 1; (c) Pass 2; (d) Pass 3; (e) Pass 4; (f) Pass 5; (g) Pass 6;
(h) Pass 7 and (i) Pass 8.

4. Conclusions

In this work, multi-pass lowered-temperature rolling was applied to fabricate AZ31
magnesium alloy sheets with high mechanical properties. This rolling process not only
realized the fabrication of thin sheets but also optimized the microstructure. Due to the
effect of multiple dynamic recrystallization, the grain size was obviously refined and
the microstructure homogeneity was distinctly improved. The average grain size in the
resulting sheet was refined to 4.38 µm. As the rolling proceeded, the (0002) basal plane
gradually rotated toward the rolling plane, but the participation of non-basal slip made the
(0002) basal plane point slightly toward the RD. These microstructure variations influenced
the yield stress greatly. In the resulting sheet, the yield stresses were markedly increased to
202 MPa along the TD and 189.8 MPa along the RD. In addition, the finer grain size was
beneficial to the grain boundary sliding and the activation of non-basal slip, which finally
improved the fracture elongations. In the resulting sheet, the fracture elongations reached
38% in the TD a nd 39.2% in the RD.
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