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Abstract: The effects of different process parameters on the properties of the products of unidirectional asynchronous rolling

of magnesium alloy plate were analyzed using numerical simulation technique and experimental study. ANSYS/LS-DYNA

finite element software was also used to complete the numerical simulation and the experimental study of unidirectional

asynchronous rolling was carried out under different rolling conditions. Besides, the internal structure was observed by

metallographic microscope, and the yield strength, tensile strength and hardness of the magnesium alloy plate were tested by

tensile testing machine and micro Vickers hardness tester.
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Since its discovery nearly two centuries ago, magnesium
has been rapidly and widely used for its unique advantages
of light mass, high specific strength, good rigidity and large
damping capacity, excellent shock absorption, thermal
conductivity and electromagnetic compatibility!"*). Magne-
sium alloys were first used in the industrial field by German
in 1886, and it was not until the mid-1990s that the applica-
tion of magnesium alloys became mature. In recent years,
due to its outstanding performance incomparable with other
metal materials, magnesium alloy has been increasingly
applied in automobile transportation, 3C products and other
fields. It is also known as “green engineering material of
the 21st century”™*.

At present, the research on the plastic processing tech-
nology of magnesium and its alloys has made some
achievements, but there are still many problems. For exam-
ple, the high viscosity, thermal conductivity and deforma-
tion temperature of magnesium alloy materials lead to high
temperature requirements in stamping and forging™®, in-
sufficient flow filling capacity, coarse grain and low
speed”’. In addition, the extrusion magnesium alloy form-

ing technology has many defects, such as low material
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utilization rate, fast die wear, low extrusion speed, uneven

B However, al-

product structure and strong anisotropy
though rolling is the main method for the preparation of
magnesium alloy plates, there are still many problems, such
as the difficulty in the billet opening, the small amount of
single-pass deformation, and the low yield of thin
plates!'>"*!. In order to solve the above problems in magne-
sium alloy processing, new technologies such as mul-
ti-direction forging, isothermal extrusion, ECAE and
high-pressure torsion have emerged in recent years !'*'.

Although it cannot completely solve the defects of mag-
U718 the method combined with

the plastic deformation theory of magnesium alloy provides

nesium alloy processing

a new idea for the plastic forming of magnesium alloy.
Through asynchronous rolling technology, the properties of
magnesium alloys can be modified effectively.

1 Numerical Simulation and Result Analysis of
Asynchronous Rolling of Magnesium Alloy
Plate

1.1 Constitutive model setting
The elastic-plastic finite element method is used for nu-
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merical simulation, in which the elastic stage conforms to
the generalized Hooke’s law, and the plastic stage conforms
to the Prandtl-Reuss hypothesis, so as to deal with the rela-
tionship between stress and strain in the process of metal
plastic forming.

In the elastic deformation phase of metal, the relationship
between stress and strain is linear. The strain has nothing to
do with the deformation process, but is only determined by
and corresponding to the final stress state, which is given in
the following full form:
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In Eq.(4) H' represents the shear elastic modulus of the

material
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In Eq.(4) o;; represents the component of the stress deviator.
Johnson Cook constitutive model was used in the simula-
tion study """ The constitutive model is as follows:
o = [A+Be ][+ cIn(E[1 = (==—Lym) (6)
&, T,-T,.

Where 4, B and n represent the strain strengthening term
coefficients of materials; ¢ represents the strengthening
term coefficient of material strain rate; m represents the
thermal softening coefficient of materials

By deducing Eq.(6), we can get: g, represents strain
rate, T, represents the reference temperature, T, represents
the melting point of the material.

1.2 Model establishment and parameter setting

In this paper, ANSYS/LS-DYNA is used for numerical
simulation. The rolling process is asynchronous because of
the different diameters of the upper and lower rolls in the
rolling model. It is affected by complex factors such as large
deformation, large displacement, material nonlinearity, con-
tact nonlinearity, boundary nonlinearity and friction nonlin-
earity!”’**. Therefore, the following simplification is carried
out: (1) The elastic deformation of the roll is neglected in the
rolling process, that is to say, it is assumed to be rigid body
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When the equivalent stress at a point in the material
reaches a value irrelevant to the stress state at that point, the
equivalent stress value is the yield limit, and the relation-
ship between stress and strain is determined by the elas-
tic-plastic matrix [D],, of the material (ep represents elas-
tic-plastic), as shown below:
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By deducing Eq.(2), we can get:
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and the magnesium alloy plate is isotropic; (2) The tempera-
ture in the rolling process is fixed, that is to say, the influence
of conduction factors on the temperature of the whole rolling
process is not considered; (3) Friction between models is
treated by coulomb friction, and the friction coefficients of
upper and lower rolls are the same'>>*.

In this paper, when establishing the geometric model for
simulation analysis, in order to improve the calculation effi-
ciency, according to the simplification and the symmetry of
the model, only 1/2 of the thin plate geometric model was
taken for analysis and calculation™, that is, the length of
magnesium alloy thin plate is 100 mm, the width is 50 mm
and the thickness is 2 mm. The support roll and work roll
models are treated with rigid body in the rolling mill, so only
the work roll model was established. The specific geometric
parameters are: the diameter of the upper roll is 60 mm, and
the diameter of the lower roll is 80 mm. After the establish-
ment of the geometric solid model, both the roll and the mag-
nesium alloy plate adopt the explicit body element solid164,
which is dispersed by sweep, as shown in Fig.1.

In the numerical simulation, the average strain rate of
asynchronous rolling of magnesium alloy plate is expressed

by Wusatowski formulal***"):
g Nm Rh_g (7
30

Where £ means average strain rate of magnesium alloy
plate (s); N stands for roll speed (r/min); R stands for roll
radius (mm); % represents the thickness of plate after rolling
(mm); ¢ is rolling reduction rate, expressed as a percentage.
It can be known that, when the average strain rate of
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Fig.1 Asynchronous rolling unit model of AZ31B magnesium

alloy

magnesium alloy thin plate is 2 s and the roll speed is 20
r/min, the corresponding reduction is obtained, and the ex-
periment is arranged based on this as the basic velocity con-
dition. The rolling conditions and the basic parameters of the
geometric model are shown in Table 1.

According to the parameters shown in Table 1, a basic
numerical simulation model for the asynchronous rolling of

magnesium alloy plate is established. It should be noted that:

(1) The reduction given in Table 1% is only used as the ba-
sic condition of reduction; (2) although the upper and lower
rolls are rotating about the X axis, but in the opposite direc-
tion; (3) The plate moves in the positive direction to the Z
axis. After consulting relevant materials and literature, we
obtained the material characteristics of AZ31B at 280 °C,
the specific properties of which are shown in Table 21**],

This paper mainly discusses and studies the properties of
magnesium alloy plate after asynchronous rolling at differ-
ent pressure reductions. Therefore, after consulting relevant
research data and verifying the feasibility, four gradients of
20%, 25%, 40% and 50% were selected for the numerical
simulation of rolling reduction rate, that is, the reduction is
0.4,0.5,0.8 and 1 mm.

1.3 Analysis of numerical simulation results
1.3.1 Effect of rolling conditions on rolling force of mag-
nesium alloy plate

Fig.2 shows the variation curves of rolling force on mag-
nesium alloy plate under different reductions during the
whole rolling process. In Fig.2a~2d, the rolling reduction is
0.4, 0.5, 0.8 and 1.0 mm, respectively.

First of all, as can be seen from Fig.2, during the rolling
process, when the plate is first bitten, the rolling force rises
rapidly. Then, when the plate is completely bitten, the roll-
ing force tends to be stable and fluctuates up and down in a
certain range. Finally, at the end of rolling, the rolling force
decreases rapidly. By comparing the four curves in
Fig.2a~2d, it is found that the rolling force increases with
the increase of the reduction, and the fluctuation becomes
more unstable. Fig.3 shows the variation curve of the
maximum rolling force on the plate with the reduction rate.
It can be seen from the figure that the rolling force

Table 1 Basic parameter settings of numerical simulation"!

Mean strain  Upper roll  Reduction  Thickness/  Rotation
rate/s’  radius/mm  ratio/% mm speed/r'min”’
2 30 25 2 20

Table 2 Performance parameters of AZ31B at 280 °C 1281

Shear mod-
ulus/MPa

Elastic Yield

stress/N

Density/ Poisson’s

kg'm®  modulus/MPa ratio

1780 464.88 0.35 171.72 79.4
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Fig.2 Rolling force variation curves under different rolling re-
ductions: (a) 0.4 mm, (b) 0.5 mm, (c) 0.8 mm, and
(d) 1.0 mm
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increases with the increase of the reduction rate. When the
reduction rate is large, the increase of rolling force becomes
rapidly.
1.3.2  Effect of rolling reductions on equivalent stress of
magnesium alloy plate

Fig.4 shows the cloud diagram of the equivalent stress
distribution of the rolled magnesium alloy plate under dif-
ferent reductions. In Fig.4a~4d, the reduction distribution is
0.4, 0.5, 0.8 and 1.0 mm, respectively. From the observation
and analysis of Fig.4, it can be seen that when the rolling is
complete, the equivalent stress of the head and tail of the

plate is the most concentrated, reaching the maximum value.

In addition, the equivalent stress of the edge is larger than
that of the middle part, and the larger the reduction is, the
more obvious such phenomenon will be.

This distribution and the distribution of rolling force
show obvious consistency, that is, the rolling force on the
plate in the head, tail and edge are also greater than that in
the middle. Therefore, the equivalent stress in the middle of
the plate is relatively uniform, and the head, tail and edge of
the plate are more prone to stress concentration in the roll-
ing process.

1.3.3 Effect of rolling reductions on thickness displace-
ment and edge deformation of magnesium alloy
plate

Fig.5 show the variation curves of plate thickness dis-
placement under different rolling reductions after the whole
rolling process. Fig.5a shows the variation curve of thick-
ness displacement on the side of fast roll, while Fig.5b
shows the variation curve of thickness displacement on the
side of slow roll. It can be seen from the figure that,
whether on the fast side or on the slow side, the thickness
displacement of the plate is relatively stable when the roll-
ing reduction is small; when the rolling reduction is large,
there is a big fluctuation. This is due to the large internal
strain rate of the plate when the rolling reduction is large,
which indicates that larger asynchronous rolling reduction
can improve the internal structure of the plate to a certain
degree; with the increase of the rolling reduction, the
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Fig.3 Variation curve of maximum rolling force with the rolling

reduction ratio
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Fig.4 Cloud diagrams of equivalent stress distribution of plate
fully rolled under different rolling reductions: (a) 0.4 mm,
(b) 0.5 mm, (c) 0.8 mm, and (d) 1.0 mm

thickness displacement of the plate also increases, but the
general trend remains the same. Fig.6 shows the variation
curve of plate thickness displacement with rolling reduc-
tions.

Fig.7 is the cloud diagram of equivalent strain distribu-
tion of the plate fully rolled under different rolling reduc-
tions, in which the reduction of Fig.7a~7d is 0.4, 0.5, 0.8
and 1 mm, respectively. It can be seen from the figure that
the equivalent strain on the edge of the plate is relatively
large under each rolling reduction, and the rolling reduc-
tion has a great impact on the edge deformation of the plate.
The lateral flow of edge metal will obviously increase with
the increase of the rolling reduction, and the larger the re-
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Fig.5 Variation curves of plate thickness displacement under dif-

ferent rolling reductions: (a) fast roll and (b) slow roll

duction is, the greater the edge deformation will be, which
is the reason why edge crack is easy to occur under large
rolling reduction in actual production.

As can be seen from Fig.7, the longitudinal strain at
rolling is uneven and increases with the increase of the
rolling reduction. Large reduction is bound to lead to a
large rolling force, and large rolling force will also act on
the roll, and make the roll bending, resulting in an increase
of edge drop. At the same time, large equivalent strain also
exists in the head and tail of the plate.

2 Asynchronous Rolling Experiment and Result
Analysis

2.1 Experimental materials and research methods **!

Experiments were designed according to the numerical
simulation process of the asynchronous rolling of magne-
sium alloy plates. The experiments mainly studied the
asynchronous rolling of magnesium alloy plates at 280 °C.
The overall research route of the experiment is as follows:
before rolling, clean the surface of the plate and heat it to
280 °C before rolling. Four groups of single pass asyn-
chronous rolling experiments were carried out for 8 times
by selecting the rolling reduction ratio as 20%, 25%, 40%
and 60%, that is, the rolling reduction as 0.4, 0.5, 0.8 and
1.2 mm, respectively. After the rolling was finished, the
plate was cooled naturally indoors or cooled quickly in
water. By metallographic microscope analysis®**"! the
metallographic microstructure of the plates in two direc-
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Fig.6 Variation curves of plate thickness displacement with roll-

ing reductions

tions, i.e. rolling direction and width direction of each
group of rolled parts were observed, and the micro Vickers
hardness of the plate surface was tested. Finally, the tensile
properties of the rolled magnesium alloy plate at room
temperature were tested.

AZ31B magnesium alloy plate was used in the experi-
ment, and its chemical composition is shown in Table 3.
The initial state of the plate is annealing, with a thickness
of 2 mm. Before rolling, the plate is cut into a 200 mmx50
mm rectangle by wire cutting method and heated to 280 °C
by heating furnace. The rolling mill used for rolling is a
magnesium alloy six-roller high temperature mill inde-
pendently designed by Liaoning University of Science and
Technology.

The tensile test was conducted in accordance with the
national standard GB/T228-2002 “tensile test methods for
metallic materials at room temperature”, and the tensile
test samples were prepared in consideration of actual ex-
perimental conditions. In order to consider the inhomoge-
neity of the sample and the accidental error of the instru-
ment, we use the arithmetic mean value method of
multi-point measurement to process the data when meas-
uring the microhardness.

2.2 Analysis of experimental results
2.2.1 Metallographic microstructure evolution of magne-
sium alloy plate

The structure changes in the rolling direction (RD) are
shown in Fig.8. Fig.8a is the initial slab with a thickness of
2 mm. Fig.8b~8e¢ indicate the microstructures that are
placed in the air for natural cooling after rolling with the
reduction rate of 20%, 25%, 40% and 60% respectively,
that is, the reduction of 0.4, 0.5, 0.8 and 1.2 mm.
Fig.8b'~8e’ indicate the microstructures that are quickly
put into water for cooling after rolling. As can be seen
from the figure, after the magnesium alloy plate is
warm-rolled, the grain in the rolling direction (RD)
changes significantly, i.e. the grain is stretched along the
rolling direction to some extent, and the grain is refined.
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Fig.7 Cloud diagram of equivalent strain distribution of plate
fully rolled under different rolling reductions: (a) 0.4 mm,
(b) 0.5 mm, (c) 0.8 mm, and (d) 1.0 mm

And with the increase of the rolling reduction, the elonga-
tion has a certain extent of expansion. When the reduction
is 0.4 and 0.5 mm, that is, Fig.8b, 8b’, 8c, 8c’, although
there is grain refinement, some grains are still large in size,
and the grain size is very uneven. When the reduction in-
creases to 0.8 mm, that is, Fig.8d and 8d’, the grain size is
relatively uniform, the grain size further decreases, and the
number of large grains decreases sharply. When the reduc-
tion continues to increase to 1.2 mm, that is, Fig.8e and

Table 3 Chemical composition of AZ31B magnesium alloy
plate (Wt%)

Al Si Ca Zn Mn Cu Mg

3.2 0.07 0.04 1.2 0.8 0.01 94.68

8e’, the grain refinement shows good uniformity, and the
large grain is hardly observed. The above indicates that the
rolling reduction has a great influence on the grain refine-
ment of AZ31B magnesium alloy, and with the increase of
the reduction, the smaller the grain, the more uniform the
grain refinement.

It can also be seen from the horizontal comparison in the
figure that the cooling mode of AZ31B magnesium alloy
plate after warm rolling also has a great influence on its
microstructure. Compared with the natural cooling in air
after rolling and the rapid cooling in water, it is found that
the natural cooling in air is more likely to produce grain
refinement and the grain is more uniform, but the rapid
water cooling only produces small grains. The reason is
that, compared with rapid water cooling, natural cooling in
air is more conducive to secondary crystallization, and the
original grains have more time to produce new grains and
grow up, and the grains are relatively uniform. Though
rapid water cooling can also lead to the formation of new
grains and the loss of internal energy, the grains cannot
continue to grow, and the grains are very different.

The organizational structure changes in the width direc-
tion (TD) are as shown in Fig.9. In the figure, O is the ini-
tial slab with the thickness of 2 mm. Fig.9b~9e¢ indicate the
microstructures that are placed in the air for natural cool-
ing after rolling with the reduction rate of 20%, 25%, 40%,
60%, respectively, that is, the reduction of 0.4, 0.5, 0.8 and
1.2 mm. Fig.9b'~9¢’ indicate the microstructures that are
quickly put into water for cooling after rolling. As can be
seen from the figure, after the magnesium alloy plate is
warm-rolled, the grains in width direction (TD) show dif-
ferent degree of grain refinement. However, the grain in
the width direction (TD) has no obvious elongation, and
the grain refining law is basically the same as that in the
rolling direction (RD). But from the width direction, the
grain refinement is more obvious.

2.2.2 Tensile properties of magnesium alloy plate at
room temperature

The mechanical properties of each sample recorded in
the experiment are shown in Table 4, and the broken line
graph of the mechanical properties of magnesium alloy
plate under different rolling reductions and cooling condi-
tions is drawn, as shown in Fig.10.

On the contrary, the value of tensile strength under
natural air cooling is less than that under rapid water cool-
ing. By comparing the increase of tensile strength and yield
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strength of magnesium alloy thin plates, it can be seen that
the effect of asynchronous rolling on yield strength is
higher than that on tensile strength. The yield strength in-
creases from 105.40 to 243.25 MPa, but the tensile strength
only increases from 273.30 to 310.72 MPa.
2.2.3  Analysis of hardness of magnesium alloy plate in
thickness direction

The Vickers microhardness obtained in the experiment is
shown in Table 5, and the broken line graph of Vickers hard-
ness of magnesium alloy plate under different rolling reduc-
tions and cooling conditions is drawn, as shown in Fig. 11.

By observation in the figure, it can be seen that the
hardness of AZ31B magnesium alloy plate increases obvi-
ously after asynchronous rolling. As can be seen from the
overall trend of the line, the hardness of the rolled part in-
creases rapidly and the speed is fast when the reduction
rate is 25%, that is, before the reduction is 0.5 mm. The
hardness (HV) of rapid water cooling increases from 632 to
734.3 MPa, but the hardness of natural air cooling in-
creases from 632 to 743.8 MPa. With the increase of the

reduction, the hardness of the thin plate increases slowly
and tends to be stable when it is from 0.5 mm to 0.8 mm.
Comparing the two cooling methods, the hardness of the
thin plate under natural air-cooling condition is always
higher than its value under water-cooling condition with
the increase of reduction, and the increasing trend is con-
sistent. This phenomenon was analyzed and it was con-
cluded that the internal grain of magnesium alloy plate is
refined and recrystallized by asynchronous rolling. When
the reduction is small, the internal refined grains are fewer,
and the grain size is not uniform. If the reduction increases,
more and more grains are refined and more and more re-
crystallization is generated. The grain refinement is rela-
tively uniform, so the hardness also rises to a higher level
and becomes stable. By comparing the two cooling meth-
ods of rapid water cooling and natural air cooling, we find
that the internal structure of magnesium alloy plate has
enough time and energy for recrystallization and grain
growth, which results in more uniform grain refinement

and higher hardness.

Fig.8 OM images of plate before (a) and after (b~¢e') rolling with different the reduction rates in rolling direction: (b, b") 20%, (¢, ¢") 25%,

(d, d") 40%, and (e, €") 60%
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Fig.9 OM images of plate before (a) and after (b~e’) rolling with the different reduction rates in width direction: (b, b") 20%, (c, ¢") 25%,
(d, d") 40%, and (e, ") 60%

Table 4 Uniaxial tensile property data at room temperature

Rolling reduction quantities/mm 0 0.4 0.5 0.8 1.2
Rapid water coolin Yield strength/MPa 105.4 150.6 158.9 225.7 224.9
P & Tensile strength/MPa 2733 285.6 289.4 310.7 301.8
Natural air coolin Yield strength/MPa 105.4 165.7 170.4 243.3 230.6
g Tensile strength/MPa 273.3 283.5 292.2 304.3 298.8
320 280
. . a b
| —=— Rapid water cooling I —®—Rapid water cooling
< 310} —— Natural air cooling - 240 | —e—Natral air cooling
2 300[ = ol
%D 300 5, 200
N 5o
% 2901 2 1601
172} - E -
2 20| ~ 120t
270 1 1 1 1 1 1 1 80 1 1 1 1 1 1 1 1 1 1 1 1 1
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Fig.10 Variation curves of tensile strength (a) and yield strength (b) with rolling reduction ratio
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Table 5 Vickers microhardness data
Hardness, HV,s/MPa

Rolling reduction

quantities/mm Quick water cooling Natural air cooling
0 632 632
0.4 728 744
0.5 734 752
0.8 754 782
1.2 763 791
850
—=— Rapid water cooling
ﬂ? 800} —® Naturalair cooling
ZW.
=2 750}
=
% 700t
£
<
T 650t
600

0 10 20 30 40 50 60
Reduction Ratio/%

Fig.11 Variation curves of Vickers hardness with rolling reduc-

tion ratio

3 Conclusions

1) During the whole rolling process, the rolling force
distribution in the head and tail of the rolled part of magne-
sium alloy plate is uneven, and the rolling force on the edge
also varies greatly. The equivalent stress is also most con-
centrated in the head, tail and edge of the plate, and the
edge is the most prone to plate thinning.

2) The reduction has a significant impact on the rolling
force and stress concentration of the rolled part. For asyn-
chronous rolling, the stress of the rolled part decreases from
the side of the fast roll to the side of the slow roll, and the
decrease rate increases with the increase of the reduction. In
addition, the reduction has a great influence on the edge
deformation of the rolled part. The transverse flow of the
edge metal will increase significantly with the increase of
the reduction. The larger the reduction is, the greater the
edge deformation will be.

3) After asynchronous rolling at 280 °C, the internal mi-
crostructure changes, and the internal grains are refined and
recrystallized. With the increase of rolling reduction, the
internal grains recrystallize more and more evenly.

4) After asynchronous rolling, the mechanical properties
of the magnesium alloy plate are improved and show certain
rules with the increase of the reduction. The tensile strength
increases from 273.3 to about 300 MPa, the yield limit in-
creases from 105.4 to about 225 MPa, and the surface hard-
ness (HV) also increases from 632 to about 780 MPa.

5) The research results of this paper have certain refer-
ence value for the study of microstructure, stress and strain
analysis, shape design and development of warm-rolled
magnesium alloy plate products.
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