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Abstract: Rolling experiments of TRCed AZ31 magnesium alloy with different cryogenic treatment
time were carried out to study the evolution mechanism of its microstructure and mechanical
properties. The experimental results showed that with the increase in cryogenic time, the grain size
of the sheets after cryogenic rolling was significantly refined, and the dislocation density and texture
strength were greatly weakened. The combined effect led to a significant increase in the elongation
and tensile strength of the sheet after cryogenic rolling. The tensile strength, elongation and average
hardness of the sheet increased from 282.6 MPa, 8.2%, and 54.6 HV to 305.4 MPa, 16.3%, and 62.8 HV,
respectively. Therefore, when the cryogenic treatment time was 60 s, the performance of the rolled
sheet was the best. At the same time, the appearance of dimples after cryogenic rolling led to a change
of the fracture mechanism, which was also the key to the improvement of the sheet elongation.

Keywords: AZ31 magnesium alloy; cryogenic time; microstructure; mechanical properties

1. Introduction

As a light and high-strength material, a magnesium alloy has a very extensive research
significance in modern industrial applications. In previous studies, magnesium alloys were
processed mainly by extrusion, forging, and traditional rolling to obtain good properties.
However, the phenomenon of strong plastic mismatch often occurs in magnesium alloys
produced by traditional rolling, forging, or extrusion processing. Xu et al. [1] studied and
compared the extrusion parameters and produced a Mg-7.5Gd-2.5Y-3.5Zn-0.9Ca-0.4Zr (wt%)
alloy with a strength of up to 400 MPa, but its plasticity was only 8.8%. Zhang et al. [2]
studied the properties of AZ31 by hot ring forging and obtained that the fracture elongation
of the alloy was as high as 28%, but its strength was only 238 MPa. Liu et al. [3] produced a
sheet with a maximum tensile strength of 332 MPa by hot-roller-cold-material rolling, but its
fracture elongation was only 5%.

Because a magnesium alloy is often used to manufacture spacecraft, automobile parts,
medical instruments and other products with high requirements, its practical application
needs to withstand complex and variable loads and cannot tolerate any mechanical failure
or quality problems in these fields [4]. If magnesium alloy materials with unmatched
strength and plasticity are used, safety hazards from product failure are likely to occur,
causing great damage to the environment and human life. Therefore, a magnesium alloy
with matched strength and toughness can improve product safety, make it more capable of
bearing pressure and challenges under various extreme working conditions, and adapt to
the needs of the industrial market.

The strength and elongation of metal materials are challenging to improve simulta-
neously, and the improvement of one side often accompanies the weakening of the other.
In recent years, studies have shown that the cryogenic rolling process under ultralow-
temperature deformation can improve the strength and elongation of the alloy at the same
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time. Cryogenic rolling is a rolling process with liquid nitrogen as the cooling medium,
which cools the rolled sheet after cryogenic treatment to liquid nitrogen temperature and
then plastically deforms the material. It mainly inhibits the recovery and recrystallization
of the alloy during deformation at a low temperature so as to improve the strength and
elongation of the alloy effectively.

The ultrafine grain structure of an Al 7075 alloy was obtained by cryogenic rolling at
liquid nitrogen temperature by Das et al. [5]. The yield strength and impact toughness of the
material after cryogenic rolling were increased by 108% and 60%, respectively, mainly due
to refined grain strengthening. Yu et al. [6]. Obtained a nanostructured 1050 aluminum alloy
by cryogenic asynchronous rolling and improved the strength and elongation of aluminum
alloy sheets. By applying cryogenic rolling in copper alloy, Yue Lu et al. [7] carried out large
plastic deformation of a Cu-Ag alloy by a cryogenic treatment of liquid nitrogen. They
explored its texture evolution and recrystallization behavior. The results showed that the
dynamic recovery was inhibited during cryogenic rolling, resulting in a high deformation
energy storage in the alloy. Zhu et al. [8–10] found that the cold-rolling process was more
conducive to generating ultrafine grains and twins. Due to the low stacking-fault energy
of the alloy, this behavior could improve the strength and elongation of the alloy at the
same time. Li et al. [11] found that a cryogenic treatment could significantly improve the
hardness and strength of stainless steel without a negative impact on plasticity. Therefore,
cryogenic rolling substantially enhances the strength and elongation of aluminum alloy,
copper alloy, steel, etc.

In recent years, due to the unique contribution and advantages of magnesium alloys in
the production of lightweight vehicles, more and more researchers have paid attention to the
research and application of magnesium alloys’ cryogenic treatment [12]. Huang et al. [13]
and Preciado Mónica [14] found that appropriate cryogenic treatment conditions could sig-
nificantly refine the grain size of magnesium alloys and improve their strength, elongation,
and elasticity. Hu et al. [15] found that the secondary phase generated and increased with the
different action times, and many twins were observed in the grains after cryogenic treatment.
Jiang et al. [16] found that cryogenic treatment could change the grain orientation and im-
prove the tensile strength and hardness of AZ31 magnesium alloy by cryogenic treatment.
Liu et al. [17] analyzed the microstructure, mechanical properties, and physical characteristics
of an AZ91 magnesium alloy before and after cryogenic treatment. The results showed that
the compressive strength and elongation of the sample were significantly improved after
cryogenic treatment. At the same time, the resistance and crystal lattice constant of the alloy
was reduced considerably.

Although cryogenic treatment has been used to improve the properties of magnesium
alloys, many factors affect the microstructure and properties of the alloys during cryogenic
rolling, such as the cryogenic time, rolling speed, pass reduction, and initial temperature.
Therefore, in this paper, the effect of the cryogenic time on the microstructure and prop-
erties of a magnesium alloy was studied by the cryogenic rolling experiment of an AZ31
magnesium alloy intermediate sheet after a cryogenic treatment, combined with an electron
backscattered diffraction (EBSD) study and scanning electron microscopy (SEM) of the
rolled magnesium alloy sheet, an analysis of the room temperature tensile properties, and
a hardness test to better control the cryogenic time of cryogenic rolling and improve the
cryogenic treatment process.

2. Material and Methods
2.1. Materials

A 7.0 mm thick cast-rolled AZ31 magnesium alloy sheet was selected, and a 6.8 mm
thickness sheet was obtained after grinding and cleaning the surface. Three 300 ◦C isother-
mal rolling experiments were carried out on the 6.8 mm sheet on the isothermal twin-roll
reversible rolling mill. The reduction of each pass was 35%, and the cumulative reduction
of the three passes was 72%. Finally, the 40 mm × 140 mm × 1.9 mm twin-roll-casted
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(TRCed) AZ31 sheets were obtained as the initial sheet, and the subsequent cryogenic
rolling was carried out. The process flow is shown in Figure 1.
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Figure 1. Process flow of TRCed AZ31 sheets at cryogenic rolled.

2.2. Cryogenic Rolling

The cryogenic rolling experiment was carried out on a two-roll mill with a roll diameter
of 380 mm, a roll length of 300 mm, and a maximum rolling force of 1200 kN. The intermediate
sheet was subjected to three-pass cryogenic rolling according to the process parameters.

Specific experimental scheme: a setting rolling speed of 0.2 m/s, a single-pass reduc-
tion of 5%, three-cumulative-pass reduction of 14.2%, and the sheet was rolled from 1.9 mm
to 1.6 mm. Before starting cryogenic rolling, the rolled sheet was wholly immersed in the
liquid nitrogen tank for cryogenic treatment. For cryogenic treatment, the plates needed
to be completely immersed in the liquid nitrogen tank, and the two-high mill was used
for rolling immediately after removal from the liquid nitrogen tank. Cryogenic treatment
was performed before each rolling, and the cryogenic treatment time was the same each
time. In this paper, three kinds of low-temperature rolling processes were designed, and
the low-temperature times were 0 s, 30 s and 60 s, respectively. The experimental samples
were directly immersed in liquid nitrogen for rapid cooling and cryogenic treatment, and
the cryogenic equipment was a double-layer insulation liquid nitrogen tank.

2.3. Methods for the Characterization of the Microstructure

The samples with the cryogenic treatment (CT) time of 0 s, 30 s, and 60 s were tested by
EBSD and SEM and for tensile properties and hardness at room temperature. The microstruc-
tures were characterized by ZEISS Sigma-300 electron backscattered diffraction, and their
parameters were tested by a 2 kV accelerated voltage, a 22 mm working distance, a 70◦ tilt,
and 0.2~0.5 µm scanning steps depending on the magnification. We drew the processing
diagram of a tensile sample according to the GB/T 16865-2013 standard and to scale. The
sample was cut along the rolling direction (RD) of the sheet by an electric discharge cutting
machine. Then, the tensile property was tested by an IN-STRON 5969 universal material
testing machine with a tensile rate of 1 mm/min. Three samples were measured for each
process to ensure data accuracy. An HVS-1000A digital display Vickers hardness tester was
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used for the hardness test. The loading load was 0.98 kN and the loading time was 10 s. The
three samples were recorded as CT−0 s, CT−30 s, and CT−60 s, respectively.

3. Results and Discussion
3.1. Microstructure Characteristics after Rolling

The inverse pole figure and grain statistical figure of the RD-TD plane of the AZ31
magnesium alloy with a thickness of 1.6 mm after cryogenic rolling are shown in Figure 2.
Figure 2a shows the microstructure of a cast-rolled AZ31 magnesium alloy sheet directly
placed in the air without cooling in liquid nitrogen after rolling, presenting the typical
microstructure. It was mainly composed of coarse grains whose part was as wide as 18 µm
and a large number of refined grains whose part was as narrow as 2.8 µm, with large grains
elongated along the rolling direction. The microstructure of the sheet cooled in liquid
nitrogen after cryogenic rolling had apparent changes, as shown in Figure 2c,e. The grain
size was relatively uniform, and the grain was significantly refined. The average grain size
of the sheet without cryogenic treatment was about 3.98 µm. After cryogenic treatment
before rolling for 30 s, the average grain size decreased to 3.39 µm. After cryogenic
treatment before rolling for 60 s, the average grain size decreased to 2.53 µm. The average
grain size decreased with the increase in cryogenic time. It can be seen from the grain
statistical diagram that the proportion of grains above 10 µm was significantly reduced
in the CT−30 s sample compared with the sheet without cryogenic treatment. Compared
with the CT−30 s sample, the proportion of grains smaller than 4 µm in the CT−60 s
sample increased significantly, reaching about 80% of the total grains. Therefore, with the
increase in the cryogenic time, it can be seen that the grain size was refined substantially,
the microstructure uniformity was improved dramatically, and the average grain size was
gradually reduced.

The reason for the above situation was that after the AZ31 magnesium alloy at about
200 ◦C was immersed in liquid nitrogen for cryogenic treatment, the temperature of the
sheet decreased rapidly leading to the shrinkage of the volume and lattice of the material.
At this time, a large amount of internal stress was generated inside the material, resulting in
an internal stress concentration. After rolling, residual stresses in the alloy were applied to
the vacancy defects and larger grains, forming dislocation walls and further transforming
into grain boundaries, which then formed new grains. [18] At the same time, due to the
influence of the low temperature, the rapid grain nucleation resulted in an insufficient time
for recrystallization grain growth [19].

The extension of the cryogenic time from 30 s to 60 s resulted in changes in the lattice
sequence of the matrix and a gradual thinning of the matrix grains. On the other hand,
it led to the accumulation of strain energy, which provided the power and time for the
dislocation to climb so that the dislocation with the same sign was rearranged and the
dislocations with different signs cancelled each other out. The dislocation wall of the same
dislocation arrangement was transformed into a grain boundary forming a subcrystal, and
the grain size of the alloy was refined, which resulted in the decrease of the average grain
size with the extension of the cryogenic time.

The (0001) pole figure of the sheet after different cryogenic rolling processes is shown
in Figure 2. Most of the grains of the sheet after rolling had crystal planes parallel to the
rolling direction, so they all produced a firm matrix texture on the (0001) plane. In Figure 2a,
the sheet without cryogenic treatment was the most obvious, and its maximum texture
strength reached 17.86. In comparison, the sheet with cryogenic treatment before rolling
presented a weak (0001) texture in Figure 2b,c because with the increase in cryogenic time,
the growth of grain produced in the rolling deformation process can be stopped as soon
as possible to complete the recrystallization process. This caused the decrease in average
grain size, which led to a sustained weakening of the substrate texture [20]. The maximum
texture strength drops to 12.11 for the CT−30 s sample and 11.91 for the CT−60 s sample.

Compared with the texture without cryogenic treatment, the strength of the texture
after cryogenic treatment was significantly reduced by more than 30%. However, with the
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increase in cryocooling time, the strength of the texture fluctuates slightly. Meanwhile, the
study of Wang et al. [21] showed that the weakening of the texture strength is conducive to
enhancing the ductility of the magnesium alloy. Therefore, with the increase in cryogenic
time, the texture strength of the sheet gradually decreased and reached the lowest point
when the cryogenic time was 60 s.
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The kernel average misorientation (KAM) maps on the corresponding EBSD results
are shown in Figure 3. Figure 3a shows the microstructure without cryogenic treatment.
Some areas with a high geometrically necessary dislocation (GND) density are green, and
the overall performance is blue, indicating that the microstructure of this sample was
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mainly recrystallized grains, and the internal orientation difference was slight. In Figure 3b,
the green area increased significantly, showing green and blue crisscross, indicating that
the intragranular orientation difference increased significantly after the cryogenic treat-
ment, and most of these green areas existed in refined grains without recrystallization
growth, so the internal orientation difference was significant, and the dislocation den-
sity was high. Due to many dynamic recrystallizations in the material rolled after the
CT−60 s, many dislocations were consumed, significantly reducing the dislocation density.
Therefore, the green area of Figure 3c decreased compared with that of Figure 3b, and the
dislocation density in the material increased first and then decreased with the increase in
cryogenic time.
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In order to intuitively explain the KAM values of the three samples, the dislocation
density of the alloy was calculated by Zhu et al. [22]:

ρGND =
2θ

µb
,

where θ represents the local directional dislocation derived from KAM results, b is the Burgers
vector (the value of Mg is 3.21 × 10−10 m), and µ is the step size of the EBSD test (0.26 µm).
According to Figure 3d–f, the ρGND values under different conditions were obtained. Ac-
cording to Wang et al. [23] and Ma et al. [24], the KAM value positively correlates with the
GND density. The GND density of the CT−30 s sample was 4.158 × 1015 m−2, which was
significantly higher than that of the other two samples, so the dislocation density of the
CT−30 s sample was the largest.

In general, changes in dislocation density affect both the strength and toughness of
the material. [25] The larger the dislocation density, the stronger the material and the worse
the elongation. However, it can be seen from the KAM diagram that with the increase in
cryogenic time, the dislocation density in the material first increased and then decreased,
and at the same time, the grain refinement and texture strength decreased, as shown in
Figure 2. In order to confirm the influence mechanism of the comprehensive factors on the
properties of the materials, we carried out uniaxial tensile experiments on the materials.

3.2. Analysis of Mechanical Properties

The effect of cryogenic time on the mechanical properties of the AZ31 magnesium alloy
before rolling was analyzed by tensile tests at room temperature. The engineering stress–
strain curves are shown in Figure 4. It can be seen that the ultimate tensile strength, yield
strength, and elongation of the alloy at room temperature increased with the prolonged
cryogenic time. The ultimate tensile strength, yield strength, and elongation of the sheet
without cryogenic treatment were 282.6 MPa, 211.4 MPa, and 8.2%, respectively. The
change of ultimate tensile strength of the sheet after a 30 s treatment was relatively small,
reaching 298.4 MPa, but the yield strength and elongation increased significantly, reaching
251.2 MPa and 13.3%, respectively. The performance of the CT−60 s sample was the best,
slightly higher than the CT−30 s sample. The ultimate tensile strength, yield strength, and
elongation reached 305.4 MPa, 261.14 MPa, and 16.3%, respectively. At the same time, the
study of Miao et al. [26] on multipass cryogenic rolling of an AZ31 magnesium alloy and
the study of Wu et al. [27] on cryocooled sheets at different initial temperatures obtained
sheets with good performance and balanced tensile strength and elongation.
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However, conventional production methods cannot simultaneously improve the strength
and toughness. For example, in powder metallurgy rolling studied by Wang et al. [28],
the tensile strength of the AZ31 magnesium alloy sheet was significantly increased, from
244.37 MPa to 296.56 MPa, but the elongation was significantly decreased, from 22.97% to
12.22%. Vignesh et al.’s [29] study on cross rolling only obtained sheets with the maximum
tensile strength and optimal elongation of 254 MPa and 6%, respectively. Ren et al.’s [30]
study on the asymmetric rolling of an AZ31B magnesium alloy produced sheets with only a
250.3 MPa tensile strength and a 12.5% elongation. The results showed that it was feasible
to manufacture magnesium alloys with excellent properties by regulating the process of
cryogenic rolling.

The tensile samples of the AZ31 magnesium alloy after cryogenic rolling at different
cryogenic times are shown in Figure 5, where a–c are the macroscopic fracture surfaces after
cryogenic treatment for 0 s, 30 s, and 60 s, respectively, and d–f are the local characteristic
magnification images of a–c, respectively. The macroscopic fracture morphology of the
samples before cryogenic rolling in Figure 5a,b showed prominent characteristics of river
pattern, marked in Figure 5d, and cleavage step, marked in Figure 5e, which was a typical
cleavage fracture belonging to a brittle fracture. Compared with the samples without
cryogenic treatment before rolling, the samples after cryogenic treatment in Figure 5b,c
had dimples, marked in Figure 5f, and a large number of tear edges, which indicated
that the samples had a certain degree of plastic deformation during the fracture process,
presenting a mixed fracture mechanism of brittle fracture and ductile fracture. The results
also confirmed that the cryogenic treatment before rolling could improve the elongation of
the AZ31 magnesium alloy.

With the increase in cryogenic time, the number of dimples in the macro fracture
morphology increased significantly, which led to a significant increase in the proportion
of ductile fracture in the ductile–brittle mixed fracture of the specimen. Moreover, due to
the dislocation entanglement of the CT−30 s sample, it was easy to produce microcracks,
leading to the expansion of the specimen along the cleavage plane and thus affecting the
plasticity of the material. Therefore, the elongation of the CT−60 s samples was slightly
improved compared with that of the CT−30 s samples.

After a cryogenic treatment for 30 s, the performance of the sheet after cryogenic rolling
was greatly improved. The main reason was that after cryogenic treatment, the ultralow-
temperature environment of liquid nitrogen made the internal lattice of the material shrink,
resulting in the accumulation of a large number of dislocations in the alloy after cryogenic
rolling, and the dislocation movement was easy, resulting in a dislocation entanglement.
On the other hand, the texture of the sheet was weakened, and the grains were relatively
uniform and small compared with the sheet without cryogenic treatment before rolling,
which ultimately led to a substantial increase in material performance [31]. However, for the
sheet after the 60 s cryogenic treatment, with the occurrence of a dynamic recrystallization
of the sheets during cryogenic rolling, the dislocation density was slightly lower than
that of the sheet after the 30 s cryogenic treatment, but the grains were more refined. The
further weakening of its texture and the further refined grains caused a slight increase in
the elongation and yield strength of the sheet; Liu et al. [32] also found a similar trend in
the texture study of AZ31.

Moreover, the sudden drop in temperature led to the sharp contraction of the crystal
structure of the alloy. The degree of different crystal planes of the magnesium alloy was
different, resulting in a lattice distortion and deformation energy [33]. The energy generated
by the lattice distortion could hinder the slip deformation of the dislocation and finally, the
strength of the material was slightly improved.

3.3. Microhardness Analysis

Figure 6 is the mean value, deviation, and sampling method of the microhardness of
cryogenic rolled sheets at different times; each sample was tested at 15 points of uniform
distribution according to the sampling method shown in the figure. When the cryogenic
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time was 0 s, the hardness value of the alloy varied significantly at different positions due
to the alloy’s uneven microstructure, as can be seen from the width of the deviation bar
in Figure 6. The irregular grain size of the sheet after rolling caused an uneven hardness
distribution. Under the two cryogenic conditions, the hardness value of the alloy at
different positions fluctuated. Still, the overall distribution was relatively uniform, which
was mainly caused by the elimination of the internal stress of the sheet before each pass
of cryogenic treatment so that the grain distribution of the sheet was uniform [34]. When
the cryogenic time was 0 s, the average hardness of the alloy was 54.6 HV. When the AZ31
magnesium alloy was cryogenically cooled for the CT−30 s sample, the average hardness
increased to 57.2 HV; when the cryogenic time was 60 s, the average hardness of the alloy
increased to 62.8 HV.
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It can be seen from the average hardness value of the alloy that it increased gradually
with the increase in cryogenic time. In this experiment, the microhardness of the alloy
reached its peak value with 60 s of cryogenic time. From the papers published by Yu et al.
and Yadollahpour et al., we learned the influence mechanism of a cryogenic treatment
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on a titanium alloy, aluminum alloy, and copper alloy [35,36]. A cryogenic treatment can
affect the residual stress on the material’s surface and increase the concentration of atomic
arrangement vacancy and dislocation density. From the microstructure point of view, the
ultralow-temperature environment of a cryogenic treatment can promote the precipitation
of the dispersed phase and significantly refine the grain [37]. During a cryogenic treatment,
various influencing factors interact and finally show the uniformity and improvement of
the overall hardness of the sheet.
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4. Conclusions

The effect of the cryogenic treatment time on the microstructure and properties of
a TRCed AZ31 magnesium alloy was analyzed by characterizing the microstructure and
testing the tensile properties and hardness. The main conclusions are as follows:

1. With the increase in cryogenic time, the texture strength of the sheets decreased
continuously, and the microstructure uniformity of the sheets increased gradually.
The average grain size decreased from 3.98 µm to 2.53 µm. This is mainly because
the matrix lattice sequence changes with the extension of cryogenic treatment time,
which leads to refining matrix grains. At the same time, the accumulation of strain
energy also provides the power and time for dislocation climbing. This results in
the formation of sub crystals which contribute to the reduction of average grain size.
After the cryogenic treatment, the macrofracture mechanism of the sheet gradually
changed from a brittle-fracture to a ductile–brittle mixed-fracture mechanism. These
combined effects made the elongation and tensile strength of the cryogenic rolling
improve constantly.

2. The comprehensive mechanical properties of the AZ31 magnesium alloy sheet were
significantly improved with the increase in cryogenic treatment time. When the
low-temperature time was 60 s, the performance of the sheet were best. The tensile
strength was increased from 282.6 MPa to 305.4 MPa by 8.1%. The yield strength
and elongation were increased from 211.4 MPa and 8.2% to 261.14 MPa and 16.3%,
respectively, by 23.5% and 98.8%. The overall hardness was remarkably uniform,
increasing from 54.6 HV to 62.8 HV. This was mainly because the grain refinement
was often accompanied by an increase in strength and hardness, and a decrease in
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texture strength often led to an increase in elongation. Therefore, compared with the
conventional AZ31 preparation method, it is feasible to obtain a sheet with excellent
properties by regulating the cryogenic treatment time.
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