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Abstract: Asymmetrical shear rolling with velocity asymmetry and geometry asymmetry is beneficial
to enlarge deformation and refine grain size at the center of the thick plate compared to conventional
symmetrical rolling. Dynamic recrystallization (DRX) plays a vital role in grain refinement during
hot deformation. Finite element models (FEM) coupled with microstructure evolution models and
cellular automata models (CA) are established to study the microstructure evolution of plate during
asymmetrical shear rolling. The results show that a larger DRX fraction and a smaller average grain
size can be obtained at the lower layer of the plate. The DRX fraction at the lower part increases with
the ascending speed ratio, while that at upper part decreases. With the increase of the offset distance,
the DRX fraction slightly decreases for the whole thickness of the plate. The differences in the DRX
fraction and average grain size between the upper and lower surfaces increase with the ascending
speed ratio; however, it varies little with the change of the speed ratio. Experiments are conducted
and the CA models have a higher accuracy than FEM models as the grain morphology, DRX nuclei,
and grain growth are taken into consideration in CA models, which are more similar to the actual
DRX process during hot deformation.

Keywords: asymmetrical shear rolling; microstructure evolution models; cellular automata;
DRX behavior; grain refinement

1. Introduction

Aluminum alloy thick plates with light weight, high strength, good corrosion resistance,
and formability, as a key material for integrated-structure parts, are widely used in the aerospace
field [1]. Hot rolling is the key process of preparation for thick plates; however, the conventional
symmetrical rolling process causes insufficient deformation and large grain at the center of the thick
plate, resulting in poor mechanical properties at the center of the plate, which has become a barrier
to the development of aerospace technologies. A new technique of asymmetrical shear rolling was
adopted to solve uneven deformation [2].

Dynamic recrystallization (DRX) plays a vital role in grain refinement during hot rolling [3].
THe kinetic behavior of the DRX process under hot deformation for different materials had been
studied by many researchers and each parameter in Avrami equation was fitted by experimental
flow curves [4,5]. The modeling [6] and mechanism [7] of DRX behavior had been conducted by
microstructure models and experiment. Maire et al. [8] established a full field modeling of dynamic
and post-dynamic recrystallization and simulated topological evolutions by linking boundaries
velocity and thermodynamic driving forces. Aashranth et al. [9] used an irreversible thermodynamics
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approach to identify stabilization stress and found that grain growth is the dominant microstructural
phenomenon of DRX in the hot working process. Lin et al. [10] studied the effects of strain rate and
deformation temperature on the microstructure evolution by integrating thermo-mechanical FEM with
microstructure evolution models. In addition to the effects of strain rate and temperature, Wen et al. [11]
analyzed the influences of the initial 5 phase on DRX behavior and constructed DRX kinetics models
by considering the synthetical influences of the initial 5 phase. Microstructure variations due to the
dynamic recrystallization (DRX) process have been analyzed by cellular automata (CA) methods by
many researchers [12-15]. Lee et al. [16] and Seyed et al. [17] established a cellular automata model to
analyze the microstructure variation of DRX during non-isothermal hot compression. Zheng et al. [18]
established CA models to predict the microstructure variation of different recrystallization processes
during multi-pass symmetrical rolling. Li et al. [19] and Jiang et al. [20] studied the relationship
between microstructure and mechanical properties during asymmetrical rolling.

Asymmetrical shear rolling is a rolling method with velocity asymmetry and geometry asymmetry,
which is beneficial to deformation permeation and grain refinement, especially at the center point of
an ultra-thick plate. Many previous studies have focused on the effect of parameters of symmetrical
rolling or different speed rolling on DRX fraction and grain size by microstructure evolution models
or experiments. However, the effects of the speed ratio and offset distance on grain refinement or
microstructure distribution of the plate in asymmetrical rolling are rarely published. Microstructure
evolution models are empirical models and they are in relation to the variation of macro parameters
in the rolling process, such as strain, strain rate, and temperature, in which the DRX process can
be calculated very quickly. The nucleation and grain growth in the DRX process are considered
in CA models and the topology of the microstructure can be obtained; however, the computing
efficiency is relatively lower. Metallographic experiments can be conducted after rolling or just at given
passes, but they are not able to track the microstructure variation during multi-pass rolling processes.
Meanwhile, these experiments tend to damage the plate and cause material loss as well as decrease
production efficiency. Therefore, the microstructure evolution in asymmetrical shear rolling as well
as the effects of the speed ratio and offset distance on grain size variation need to be studied further
in order to regulate and control the microstructure variation. However, the difference between these
two methods is rarely studied and the accuracy of them needs to be compared in order to obtain the
microstructure evolution efficiently. In this study, coupled FEM-microstructure evolution models and
CA models are established to study the DRX behavior and variation of grain size for aluminum alloy
plate during asymmetrical shear rolling, especially for the cross shear zone. The effects of the speed
ratio and offset distance on the DRX fraction and average grain size are analyzed. Finally, experiments
are conducted to compare the accuracy of these two kinds of models.

2. Asymmetrical Shear Rolling

Asymmetrical shear rolling is a rolling method with velocity asymmetry and geometry asymmetry.
The lower roll has a larger velocity than the upper roll and there is also a horizontal offset distance
(S) of the slow roll in outlet direction, as shown in Figure 1. As the lower work roll has a larger
velocity, the neutral points of the upper and lower surfaces are not in the same vertical line. As a
result, the deformation zone of the plate is divided into three zones: Backward slip zone, cross shear
zone, and forward slip zone. The plate is subjected to strong shear strain in the cross shear zone,
which is the prominent distinction to symmetrical rolling. The velocity asymmetry is beneficial for
a large cross shear zone and strong shear strain at the center of thick plate, which contributes to
deformation permeation into center part of the plate during the rolling process [21,22]. Due to velocity
asymmetry, the plate will bend upwards for faster flow velocity of at the lower layer of the plate.
The offset distance is adopted to apply a moment in the opposite direction of bending upwards
to the plate during asymmetrical shear rolling. Through a good combination of speed ratio, offset
distance, pass reduction, and initial thickness, quasi smooth plate can be obtained in asymmetrical
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shear rolling [23]. As a result, the plate can be subjected to strong shear strain with a small curvature,
thus guaranteeing smooth multi-pass rolling deformation.

|32

Figure 1. Schematic diagram of asymmetrical shear rolling (V;: Velocity of upper roll; V;: Velocity of
lower roll; S: Offset distance; a1 :Neutral angle of upper roll; ap:Neutral angle of lower roll).

3. Models Establishment

3.1. Microstructure Evolution Model

The microstructure evolution model is a kind of empirical model to calculate the DRX fraction,
dynamic recrystallized grain size, and average grain size during deformation, which is related to
the strain, strain rate, and temperature. Therefore, an model is necessary to obtain the deformation
and temperature distributions in the hot rolling process. In this study, single pass rolling models are
established and rolling parameters are shown in Table 1. The material of the plate is 7055 aluminum
alloy, and its constitutive equation [24] is shown in Equation (1). The initial rolling temperature
is 410 °C and the inlet thickness is 250 mm. The heat transfer coefficient [25] to the environment is
5 W-m2-K~! and the contact heat transfer coefficient to the work roll and emulsion is 30,000 W-m2-K 1.
)

_ 5
£ = 6.1192 x 10°[sin h(0.0147¢)]> "2 exp <1'36382X10)
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where ¢ is strain rate, ¢ is flow stress, and T is temperature.

Table 1. Single rolling parameters.

Parameter Value
Work roll radius, R/mm 500
Shear friction coefficient, m 0.4
Velocity of lower roll, V,/(m/s) 1~1.3
Velocity of upper roll, V1/(m/s) 1
Pass reduction, Ah/mm 30, 50
Speed ratio, i = V,/V; 1.00~1.3
Offset distance, S/mm 0~70

The DRX process begins when the strain of the material exceeds critical strain. In terms of micro
perspective, the dislocation density is in relation to the strain and the DRX nuclei appear when reaching
the critical dislocation density. Critical strain is connected with peak strain and they are both functions
of temperature, strain, and strain rate in the models proposed by Sellars and Yada [26,27], as shown in
Equations (2) and (3).
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where ¢, is peak strain, ¢ is critical strain.

The DRX process mainly depends on two parameters: The DRX fraction X; and recrystallized
grain size D. In general, the value of the recrystallized grain size is much smaller than the initial grain
size. Therefore, the initial grain can be intensively refined through sufficient DRX processing. The DRX
fraction, recrystallized grain size, and average grain size can be calculated by Equations (4)—(7).
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where X; is the DRX fraction, g5 is the strain corresponding to 50% DRX fraction, Dy is the
recrystallized grain size, Dy is the initial grain size, and D is the average grain size after deformation.

3.2. Cellular Automata Model

During the hot rolling process, work hardening and dynamic recovery are common phenomena;
DRX will take place when the dislocation density reaches the critical value, which has a significant role
in grain refinement. In this study, probabilistic CA models are adopted to predict the variation of the
microstructure and grain size during hot rolling. In the CA model, the complex object is divided into
cells discrete in time and space and each cell is defined by its dislocation density, crystal orientation,
temperature, and strain rate, in which cells with the same crystal orientation belong to a specific
grain. The status values of each cell are updated at each CA time step according to the transition rules
between the cell and its neighborhood. In the CA model, the temperature, strain, strain rate, and flow
stress are derived from FEM results.

To acquire equiaxed grain and decrease microsegregation from casting, the homogenization
treatment is conducted before hot rolling. The nucleation points are spread uniformly into the
simulation zone and they grow into equiaxed grains in all directions with the same probability.
Figure 2 shows the initial microstructure for the grain size of 100 um, which corresponds to a point at
the macro level in a finite element model.

Figure 2. Initial microstructure of 7055 aluminum alloy (v represents rolling direction; A, B and C
represent point at upper surface, center and lower point of the plate).

7055 aluminum alloy is a kind of material with high stacking fault energy, which plays a vital
role in its softening mechanism in hot deformation. The softening mechanism during hot rolling
consists of two processes: Dnamic recovery and DRX. The flow stress decreases in the macro level
and the dislocation density reduces in the micro level. The stacking fault energy of the material
significantly affects the variation of dislocation density and thus influences the softening mechanism.
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The dislocation density in a material provides the relationship between flow stress at the macro level
and microstructure characteristics at the micro level, as shown in Equation (8). Therefore, the variation
of dislocation density can be obtained by true stress-strain curves [21]. A Kocks-Mecking (KM) model
is used to describe the variation of dislocation density under different conditions [28], as shown in
Equation (9).

o= rxyb\/ﬁ 8)

d
d*f: = k1o —kap )

where p is the average dislocation density, p is the dislocation density, k1 and k; are work hardening
and dynamic softening coefficients, respectively; « is the dislocation interaction term, y is the shear
modulus, and b is the modulus of Burger’s vector.

Newly dynamically recrystallized nuclei start to appear when the dislocation density exceeds
critical value. The nucleation rate (1) can be calculated by models from Ding and Guo [29,30], as shown
in Equation (10). The recrystallized nuclei start to grow into recrystallized grain after nucleation during
the deformation process. The grain growth velocity (v) [31] is related to pressure (p) and the grain
boundary (GB) mobility (M), as shown in Equation (11).

B Qact
RT

i = C&" exp( ) (10)

v=Mp (17)
where C is the material constant, m is the sensitivity coefficient of strain rate, and Qg is active energy.

4. Results and Discussion

4.1. DRX Fraction and Grain Size

In the hot rolling process, DRX plays an important role in grain refinement. With velocity
asymmetry and geometry asymmetry in asymmetrical shear rolling, the distributions of the DRX
fraction and average grain size are asymmetrical, as shown in Figure 3. The DRX fraction at the lower
layer of the plate is larger than that at the upper layer; as a result, finer grains appear at the lower
layer. Due to the larger velocity of the lower work roll, the metal flow is faster and the equivalent
strain is much larger than that at the upper layer; meanwhile, the temperature is higher than that at the
upper layer because the contact time and heat exchange with the work roll are obviously reduced with
a faster work velocity. However, the maximum DRX fraction and minimum average grain size are
located subsurface of the plate (about 25 mm from surface). Due to direct contact with the work rolls,
the metal flow at the surface is hindered by contact friction force and the equivalent strain is smaller
than that at the subsurface. Therefore, large deformation and high temperature contribute to a more
sufficient DRX process and intense grain refinement. Figure 4 shows variations of the DRX fraction and
average grain size at different positions of the plate. The DRX fraction is 19.2% at the lower surface;
it is 26% larger than that at the upper surface. For a given pass reduction, large deformation at the
lower layer will result in small strain at the upper layer because the average deformation is constant.
As a result, smaller grain size (84.5 pm) can be obtained at a lower surface compared to that (87.5 um)
at the upper surface.
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Figure 3. Distribution of (a) Dynamic recrystallization (DRX) fraction and (b) average grain size of
plate during asymmetrical shear rolling.
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Figure 4. Variation of (a) DRX fraction and (b) average grain size at different positions of plate.

In the author’s previous studies [21], the speed ratio and offset distance were found to significantly
affect distributions of equivalent strain, shear strain, and temperature. According to Equations (4)—(7),
the DRX fraction and average grain size are functions with strain, strain rate, and temperature.
Therefore, the effects of the speed ratio and offset distance on the DRX process and grain size are
necessarily analyzed to gain a better understanding of microstructure variation in asymmetrical rolling.

Figure 5 shows the effect of speed ratio on distributions of the DRX fraction and average grain size
in asymmetrical rolling. The DRX fractions at the lower surface and subsurface increase with ascending
speed ratio; meanwhile, the average grain sizes at these positions decrease. However, a smaller DRX
fraction and larger average grain size appear at the upper surface and subsurface with the increase
of the speed ratio. As the speed ratio increases, the total strain and temperature are both enlarged
at the lower part of the plate. Firstly, a large work roll velocity is beneficial to reduce the contact
time and decrease the temperature drop, which results in higher temperature. Furthermore, higher
temperature will reduce the flow stress of the plate, which has a positive effect on strain enlargement,
and large deformation energy may in turn increase the temperature. With the increase of the speed
ratio, the minimum DRX fraction moves to a position near to the upper part instead of locating at the
center point of the plate, which illustrates that a large speed ratio is beneficial to strain permeation
from the lower surface into upper part. The DRX fraction varies from 24.9% to 32.1% at the lower
surface and the increase rate is 28.9%.
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Figure 5. Effect of speed ratio on distributions of (a) DRX fraction and (b) average grain size in
asymmetrical shear rolling.

The effect of the speed ratio on distributions of the DRX fraction and average grain size is depicted
in Figure 6. Increase of the offset distance will decrease the DRX fraction and increase the average
grain size almost across the whole thickness of the plate. Although the arm of force between the two
work rolls increases with the offset distance, the force value will decrease because the actual reduction
is smaller than the given pass reduction. As a result, the deformation over the whole thickness of the
plate will be decreased. The offset distance has little effect on temperature variation as the contact
time of the upper surface and lower surface is almost the same. The DRX fraction at the center point
decreases by only 1.1% when the offset distance varies from 0 to 70 mm, which indicates that the offset
distance has slight effect on the DRX fraction and grain size.
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Figure 6. Effect of offset distance on distributions of (a) DRX fraction and (b) average grain size in
asymmetrical shear rolling.

As discussed above, the speed ratio and offset distance have an effect on the asymmetrical
distribution of the DRX fraction and average grain size between the upper and lower surfaces. In order
to quantificationally describe this asymmetry, a parameter of the DRX fraction difference, AX, is defined.
Figure 7 shows the effects of speed ratio and offset distance on AX, which increases significantly with
the ascending speed ratio. A large speed ratio is beneficial to induce strong shear strain and will
enlarge the strain gap between the upper and lower surfaces. The offset distance has little effect on the
DRX fraction difference. Therefore, a proper speed ratio should be set by comprehensive consideration
of a sufficient DRX fraction at the center point as well as a small DRX fraction difference between the
upper and lower surfaces.
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Figure 7. Effect of offset distance on DRX fraction difference between the upper and lower surfaces
during asymmetrical shear rolling.

4.2. Microstructure Visualization

Figure 8 shows the microstructure variation at the center point during different deformation zones.
The white region represents the matrix structure and colored grains represent DRX nuclei or DRX
grains. It is obvious that dynamic nuclei first appear at grain boundaries for their high energy and then
grow into recrystallized grains. In the backward slip zone, a few DRX nuclei are formed in the grain
boundary and the grain shape is almost equiaxed because of small deformation. The recrystallization
fraction and recrystallized grain size are increased sharply in the cross shear zone, as shown in
Figure 8b. The large strain increases the deformation energy inside the material, which promotes
the growth process of recrystallized grains. Furthermore, the temperature rises quickly in the cross
shear zone due to the large heat energy induced by deformation energy, which enhances the thermally
activated motion of atoms and molecules within the material. As a result, the recrystallization fraction
changes from 1.8% in Figure 8a to 10% in Figure 8b and the average grain size reduces from 100 um to
93.2 pm. In the forward slip zone, there is a slight increase of strain and recrystallization fraction.
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(a) backward slip zone (b) cross shear zone (c) forward slip zone

Figure 8. Microstructure under conditions i = 1.1 and S = 40 mm at the center point of the plate.

In asymmetrical shear rolling, asymmetrical strain distribution and temperature distribution will
result in heterogeneous microstructure distribution. Figure 9 shows the microstructure variation at
different positions in the cross shear zone. The grains at the surface point are elongated more seriously
compared to the center point and the lower surface point is obviously subjected to the largest strain.
Meanwhile, the number of dynamic nuclei at the surface is larger than that at the center because
the large strain rate at the surface is beneficial to generate more nuclei, according to Equation (3).
However, the recrystallized grain size is smaller than that at the center point. Due to the sufficient heat
exchange with the work roll and emulsion, the temperature at the surface decreases sharply during
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rolling process, which hinders the grain growth; meanwhile, the temperature at the center is increased
because of the thermal energy transferred from deformation energy. A lower temperature will increase
the critical energy for the DRX process; as a result, despite the large strain, the recrystallization fraction
of surface points is smaller than that of the center point. The recrystallization fraction is 20.1% at the
center point, which is larger than that at the upper surface (13.2%) and lower surface (15.5%).

x & | - TG, _= !

(c) lower surface point

Figure 9. Microstructure under conditions i = 1.1 and S = 40 mm during the cross shear zone.

The movement asymmetry of the speed ratio and geometry asymmetry of the offset distance
during asymmetrical shear rolling are the obvious distinction between symmetrical rolling. The effects
of the speed ratio on the average grain size and recrystallization fraction at the center point are
depicted in Figure 10. The recrystallization fraction increases sharply and the average grain size is
refined remarkably when the speed ratio varies from 1.0 to 1.2. The strain and temperature both
increase with the ascending speed ratio, which promotes the DRX process and grain refinement.
However, the increase rate slows down by sequentially increasing the speed ratio (from 1.2 to 1.3),
which indicates that a further increase of speed ratio has limited effect on grain refinement. The effect
of the offset distance on the average grain size and recrystallization fraction is shown in Figure 11.
With the increase of the offset distance, the recrystallization fraction decreases, while the average grain
size increases. The actual pass reduction will decrease with the ascending offset distance, resulting in a
smaller equivalent strain. The offset distance is mainly used to reduce the bending behavior of the
plate in asymmetrical shear rolling. Therefore, a proper offset distance should be set by taking into
consideration bending behavior and grain refinement.
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Figure 10. Effect of speed ratio on (a): Recrystallization fraction and (b): Average grain size at the
center point of the plate.
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Figure 11. Effect of offset distance on (a): Recrystallization fraction and (b): Average grain size at the
center point of the plate.

5. Experiments

An asymmetrical shear rolling mill is remolded by a symmetrical rolling mill as follows: two
work rolls with a diameter of 100 mm are driven by two motors to achieve a speed ratio (i = 1~4),
while the velocity of the lower roll is fixed (0.0785 m/s). Different offset distances are achieved
by inserting spacers with different thicknesses (0, 2, 4 mm) between bearing boxes of rolls and
the frame. The material of the plate is 7055 aluminum alloy at casting state, with compositions of
(wt %) 6.7Zn-2.6Mg-2.6Cu-0.15Fe-0.13Zr-0.125i-0.06Ti, that is machined into plates with different sizes.
The initial size of the plate is 150 mm (length) x 60 mm (width) x 20 mm (thickness). The initial rolling
temperature is 410 °C and the plates are heated to the rolling temperature and then held for 30 min
to acquire temperature balance in the heating furnace. The plates are immediately transferred to the
rolling mill in less than 10 s and the heat exchange during the transfer period is disregarded. Due to
the restriction of the mill capacity, each pass reduction is 2 mm and six rolling passes are conducted.
A large speed ratio (i = 1.2) and large offset distance (S = 4 mm) are applied in the previous three
rolling passes to acquire strong shear deformation. For the last three passes, the speed ratio turns to
1.1 and offset distance turns to 2 mm.

After multi-pass asymmetrical rolling, the specimens were cut at different positions (at the upper
and lower surfaces as well as at the center) from the plates by a wire cutting machine. Then, the sections
were polished by different types of abrasive paper and polishing paste, and etched by Keller’s reagent
(2.5 mL HNO; + 1.5 mL HCI + 1 mL HF + 95 mL H,O). The optical microstructures at different
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positions of the section plane were examined using a Leica DMI5000M image analyzer (Central South
University, Changsha, China). The average single-circle-intercept grain sizes were measured using
the method described in the American Society for Testing and Materials (ASTM) standards, which is
beneficial for the grain size measurement of the material with obvious grain size difference at different
positions. It should be guaranteed that there are at least 35 sections in each circle to improve the
accuracy. Metallography experiments results are shown in Figure 12. A banded structure appears on
the surface because of the large strain, and there is an angle of inclination of the banded structure due
to the strong shear strain. The average grain sizes at the surface are smaller than that at the center
point, and a lower point has better grain refinement compared to an upper point. Therefore, large
strain and strong shear deformation is beneficial to grain refinement. Comparisons of experimental
and simulated average grain size are shown in Table 2. The results simulated by the CA method have
a higher accuracy than those of the FEM models. The DRX fraction and average grain size mainly
depend on strain, strain rate, and temperature in the FEM model, which is an empirical model and is
calculated by the differential method for different strains or temperatures. However, DRX consists
of DRX nuclei and their growth, and the grain morphology will significantly affect the number of
DRX nuclei and their growth process; as a result, the DRX fraction and average grain size is changed.
The error of the FEM model is over 10%, while the maximum error of the CA model is 8.2%.

Figure 12. Experimental microstructures at different positions during asymmetrical shear rolling:
(a) upper point; (b) center point; (c) lower point.

Table 2. Comparisons of simulated and experimental average grain size in asymmetrical shear rolling.

Average Grain Size Upper Point Center Point Lower Point
Experimental value/pum 36.4 39.1 33.1
CA results/um 38.5 40.7 35.8
Error (CA) 5.8% 4.1% 8.2%
FEM results/um 40.2 448 36.4

Error (FEM) 10.4% 14.6% 10%




Materials 2018, 11, 151 12 of 13

6. Conclusions

(1) Microstructure evolution models and CA models are established to study the DRX behavior of
the plate in asymmetrical shear rolling. The effects of the speed ratio and offset distance on the
DRX fraction as well as grain size during asymmetrical shear rolling are analyzed.

(2) The distributions of the DRX fraction and average grain size are asymmetrical in asymmetrical
shear rolling and the lower part of the plate has a larger DRX fraction and finer grain than the
upper part. The DRX fraction difference between the upper and lower surfaces increases with
ascending speed ratio, but the variation of the offset distance has little effect on this difference.

(3) More sufficient DRX and finer grain can be obtained with ascending speed ratio, while the
increase of the offset distance will slightly decrease the DRX fraction and increase the average
grain size.

(4) A proper speed ratio should be selected to ensure sufficient DRX on the basis of small bending
behavior of the plate, and the existence of the offset distance is mainly used to decrease the
bending behavior of the plate during asymmetrical shear rolling.

(5) CA models have a higher accuracy than FEM models because they take comprehensive
consideration of DRX nuclei, grain growth, and grain morphology.

Acknowledgments: This project is supported by National Natural Science Foundation of China (Grant Nos.
51705248, 51405520); Natural Science Foundation of Jiangsu province, China (Grant No. BK20170785); Open
Research Fund of State Key Laboratory of High Performance Complex Manufacturing, Central South University
(Kfkt2017-08); Scientific Research Staring Foundation for Talent Introduction of Nanjing University of Aeronautics
and Astronautics (Grant No. 90YAH17038).

Author Contributions: Tao Zhang and Shi-Hong Lu established numerical model and carried out the rolling
experiment; Lei Li analyzed data and the results of experiments; Yun-Xin Wu and Hai Gong provided the
experimental machine and managed the data information. Tao Zhang wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Heinz, A.; Haszler, A.; Keidel, C. Recent development in aluminium alloys for aerospace applications.
Mater. Sci. Eng. A-Struct. 2000, 280, 102-107. [CrossRef]

2. Fu, Y; Xie, S.; Xiong, B.; Huang, G.; Cheng, L. Effect of rolling parameters on plate curvature during snake
rolling. J. Wuhan Univ. Technol. 2012, 27, 247-251. [CrossRef]

3. Shi, C,; Lai, J.; Chen, X.G. Microstructural evolution and dynamic softening mechanisms of Al-Zn-Mg-Cu
Alloy during hot compressive deformation. Materials 2014, 7, 244-264. [CrossRef] [PubMed]

4. Wang, J.; Zhai, S.C. Dynamic recrystallization kinetics of 690 alloy during hot compression of double-cone
samples. J. Mater. Eng. Perform. 2017, 26, 1-11. [CrossRef]

5. Zhou, P; Ma, Q. Dynamic recrystallization behavior and constitutive modeling of as-cast 30Cr2Ni4MoV
steel based on flow curves. Met. Mater. Int. 2017, 23, 359-368. [CrossRef]

6. Wang, Z.; Huang, B.; Qi, L. Modeling of the dynamic recrystallization behavior of Csf/AZ91D magnesium
matrix composites during hot compression process. J. Alloys Compd. 2017, 708, 328-336. [CrossRef]

7. Yin, X.Q.; Park, C.H.; Li, Y.E. Mechanism of continuous dynamic recrystallization in a 50Ti-47Ni-3Fe shape
memory alloy during hot compressive deformation. J. Alloys Compd. 2017, 693, 426—431. [CrossRef]

8. Maire, L.; Scholtes, B.; Moussa, C. Modeling of dynamic and post-dynamic recrystallization by coupling a
full field approach to phenomenological laws. Mater. Des. 2017, 133, 498-519. [CrossRef]

9. Aashranth, B.; Davinci, M.A.; Samantaray, D. A new critical point on the stress-strain curve: Delineation of
dynamic recrystallization from grain growth. Mater. Des. 2017, 116, 495-503. [CrossRef]

10. Lin, Y.C,; Chen, M.S. Numerical simulation and experimental verification of microstructure evolution in a
three-dimensional hot upsetting process. J. Mater. Process. Technol. 2009, 209, 4578-4583. [CrossRef]

11. Wen, D.X;; Lin, Y.C,; Zhou, Y. A new dynamic recrystallization kinetics model for a Nb containing
Ni-Fe-Cr-base superalloy considering influences of initial 5 phase. Vacuum 2017, 141, 316-327. [CrossRef]


http://dx.doi.org/10.1016/S0921-5093(99)00674-7
http://dx.doi.org/10.1007/s11595-012-0446-y
http://dx.doi.org/10.3390/ma7010244
http://www.ncbi.nlm.nih.gov/pubmed/28788454
http://dx.doi.org/10.1007/s11665-017-2551-8
http://dx.doi.org/10.1007/s12540-017-6538-7
http://dx.doi.org/10.1016/j.jallcom.2017.03.010
http://dx.doi.org/10.1016/j.jallcom.2016.09.228
http://dx.doi.org/10.1016/j.matdes.2017.08.015
http://dx.doi.org/10.1016/j.matdes.2016.12.053
http://dx.doi.org/10.1016/j.jmatprotec.2008.10.036
http://dx.doi.org/10.1016/j.vacuum.2017.04.030

Materials 2018, 11, 151 13 of 13

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Liu, X.; Zhu, B,; Li, L. Dynamic recrystallization of AZ31 magnesium alloy simulated by Laasraoui-Jonas
dislocation equation coupled cellular automata method. Trans. Nonferr. Met. Soc. 2013, 23, 898-904.
[CrossRef]

Chen, E; Cui, Z,; Liu, ]J. Mesoscale simulation of the high-temperature austenitizing and dynamic
recrystallization by coupling a cellular automaton with a topology deformation technique. Mater. Sci.
Eng. A-Struct. 2010, 527, 5539-5549. [CrossRef]

Was, J.; Sirakoulis, G.C. Cellular automata applications for research and industry. J. Comput. Sci. 2015, 11,
223-225. [CrossRef]

Sitko, M.; Pietrzyk, M.; Madej, L. Time and length scale issues in numerical modelling of dynamic
recrystallization based on the multi space cellular automata method. J. Comput. Sci. 2016, 16, 98-113.
[CrossRef]

Lee, HW.; Im, Y.T. Numerical modeling of dynamic recrystallization during non-isothermal hot compression
by cellular automata and finite element analysis. Int. J. Mech. Sci. 2010, 52, 1277-1289.

Salehi, M.; Serajzadeh, S. Simulation of static recrystallization in non-isothermal annealing using a coupled
cellular automata and finite element model. Comput. Mater. Sci. 2012, 53, 145-152. [CrossRef]

Zheng, C.; Xiao, N.; Li, D. Microstructure prediction of the austenite recrystallization during multi-pass steel
strip hot rolling: A cellular automaton modeling. Comput. Mater. Sci. 2008, 44, 507-514. [CrossRef]

Li, S.; Qin, N.; Liu, J. Microstructure, texture and mechanical properties of AA1060 aluminum plate processed
by snake rolling. Mater. Des. 2016, 90, 1010-1017. [CrossRef]

Jiang, J.; Ding, Y.; Zuo, E; Shan, A. Mechanical properties and microstructures of ultrafine-grained pure
aluminum by asymmetric rolling. Scr. Mater. 2009, 60, 905-908. [CrossRef]

Zhang, T.; Wu, Y.X,; Gong, H. Analysis of strain variation in cross shear zone of plate during snake hot
rolling. J. Cent. South Univ. 2017, 24, 296-302. [CrossRef]

Yang, J.; Li, S.; Liu, J.; Li, X.; Zhang, X. Finite element analysis of bending behavior and strain heterogeneity
in snake rolling of AA7050 plates using a hyperbolic sine-type constitutive law. J. Mater. Process. Technol.
2017, 240, 274-283. [CrossRef]

Zhang, T.; Wu, Y.X.; Gong, H. Bending analysis and control of rolled plate during snake hot rolling. J. Cent.
South Univ. 2015, 22, 2463-2469. [CrossRef]

Zhang, T.; Wu, Y.; Gong, H.; Shi, W.; Jiang, S. Flow stress behavior and constitutive model of 7055 aluminium
alloy during hot plastic deformation. MECHANIKA 2016, 22, 359-365. [CrossRef]

Kang, Y.H.; Liu, Y.L.; He, Y. Temperature simulation of single pass hot rolling process of aluminum alloy.
Mater. Mech. Eng. 2010, 34, 92-96.

Sellars, C.M.; Whiteman, J.A. Recrystallization and grain growth in hot rolling. Met. Sci. 1979, 13, 187-194.
[CrossRef]

Senuma, T.; Yada, H.; Yoshimura, H. Deformation resistance and recrystallization of commercially pure
titanium in the high strain rate hot deformation. Adv. Mater. Res. 1986, 626, 430—435. [CrossRef]

Liu, Y,; Lin, Y;; Li, H.; Wen, D.; Chen, X.; Chen, M. Study of dynamic recrystallization in a Ni-based superalloy
by experiments and cellular automaton model. Mater. Sci. Eng. A-Struct. 2015, 626, 432—440. [CrossRef]
Ding, R.; Guo, Z.X. Coupled quantitative simulation of microstructural evolution and plastic flow during
dynamic recrystallization. Acta Mater. 2001, 49, 3163-3175. [CrossRef]

Ding, R.; Guo, Z.X. Microstructural modelling of dynamic recrystallisation using an extended cellular
automaton approach. Comput. Mater. Sci. 2002, 23, 209-218. [CrossRef]

Afshari, E.; Serajzadeh, S. Simulation of static recrystallization after cold side-pressing of low carbon steels
using cellular automata. . Mater. Eng. Perform. 2012, 21, 1553-1561. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S1003-6326(13)62786-7
http://dx.doi.org/10.1016/j.msea.2010.05.021
http://dx.doi.org/10.1016/j.jocs.2015.10.005
http://dx.doi.org/10.1016/j.jocs.2016.05.007
http://dx.doi.org/10.1016/j.commatsci.2011.09.026
http://dx.doi.org/10.1016/j.commatsci.2008.04.010
http://dx.doi.org/10.1016/j.matdes.2015.11.054
http://dx.doi.org/10.1016/j.scriptamat.2009.02.016
http://dx.doi.org/10.1007/s11771-017-3430-z
http://dx.doi.org/10.1016/j.jmatprotec.2016.10.009
http://dx.doi.org/10.1007/s11771-015-2774-5
http://dx.doi.org/10.5755/j01.mech.22.5.12527
http://dx.doi.org/10.1179/msc.1979.13.3-4.187
http://dx.doi.org/10.2355/tetsutohagane1955.72.2_321
http://dx.doi.org/10.1016/j.msea.2014.12.092
http://dx.doi.org/10.1016/S1359-6454(01)00233-6
http://dx.doi.org/10.1016/S0927-0256(01)00211-7
http://dx.doi.org/10.1007/s11665-011-0063-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Asymmetrical Shear Rolling 
	Models Establishment 
	Microstructure Evolution Model 
	Cellular Automata Model 

	Results and Discussion 
	DRX Fraction and Grain Size 
	Microstructure Visualization 

	Experiments 
	Conclusions 
	References

