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Abstract: A prediction model for the outlet temperature of magnesium alloy strips in the process of
heated-roll rolling was established by using linear fitting and nonlinear regression methods. By in-
putting the rolling parameters into the model, the outlet temperature of the strip can be accurately
predicted, which will then optimize and regulate the properties and microstructures of the magne-
sium alloys in the rolled form. To verify the reliability of the model, heat transfer experiments of the
magnesium alloy rolled by heated rolls were carried out. The results show that under the same
conditions, the actual outlet temperature measured experimentally matches well with the outlet
temperature predicted by the model, and the relative error is kept within 10%. In the modeling pro-
cess, Deform V11.0 software was used to simulate the thermal-mechanical behavior of the magne-
sium alloy rolled by the heated roll. In the process of analyzing the simulated heat transfer, it was
found that the temperature rise of the surface and the core is divided into three identical stages: the
slow rise, the fast rise, and the thermal equilibrium stages. In addition, the mechanical behavior of
the rolling deformation zone was also analyzed, and the strip was subjected to direct heat transfer
from the heated rolls during the hot rolling process so that the softening played a major role and the
stress value gradually decreased from the middle of the deformation zone to the inlet end and the
outlet end. This is so that it can be known that the process of being rolled by the heated rolls not
only improves the rolling efficiency, but also ensures the deformation temperature and obtains fine
grains.

Keywords: heated rolls; magnesium alloy strip; temperature predictive modeling; numerical
simulation

1. Introduction

As the lightest metal structural materials, magnesium and its alloys have low density,
a high specific strength, a high specific modulus, and high thermal conductivity and are
widely used in the fields of electronics, transportation, aerospace, and biomedicine [1-3].
Magnesium alloys have fewer open slip systems at room temperature due to their hexag-
onal close-packed structure [4-6], which greatly limits their plastic deformation. As an
important metal-forming technology, hot rolling is a key technology in the production of
magnesium alloy strips because high temperature ensures large deformation, grain re-
finement, and formability [7-9]. However, due to the contact with the rolls, a large amount
of heat loss on the surface leads to a rapid drop in strip temperature and severe work-
hardening, and in particular, the thinner the strip, the more pronounced the drop in tem-
perature, which greatly affects the control of microstructure and properties in the rolling
process, and the subsequent rolling process [9-11]. To ensure the deformation tempera-
ture during multi-pass rolling, intermediate heating is usually used as an important factor
in regulating rolling efficiency, strength, and microstructure [12-14].
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Although the deformation temperature was ensured by intermediate annealing,
which resulted in a significant improvement in plastic deformation, the rolling efficiency
and grain refinement were also significantly reduced and clearly limited [15,16]. Fisher
[17] firstly proposed a rolling method using a preheated roll, in which thin strips were
rolled with resistance-heated rolls, and the temperature drop rate of the strips during the
rolling process was greatly reduced. Mei et al. [18] investigated the thermal deformation
behavior of the AZ91 magnesium alloy in different hot-rolled strip with heated rolls (HSR-
HR), normal strip rolled with heated rolls (NSR-HR), and normal strip rolled with normal
rolls (HSR-NR) processes using the finite element method (FEM), and found that plastic
deformation and annealing were achieved synchronously through the heat transfer from
the roll surface to the strip during the rolling using a heated roll, which resulted in a sig-
nificant improvement in the deformability and uniformity of the strip.

Deformation and temperature have important effects on the microstructure and
properties of hot-rolled magnesium alloy strips. Specifically, the temperature in the de-
formation zone is one of the most important parameters in the heated-roll rolling process
[19-21]. Therefore, by changing the process parameters to achieve control over the rolling
outlet temperature, the purpose of predicting the microstructure and properties of the
strip can be achieved [19-21]. A large number of scholars have established an outlet tem-
perature prediction model through simulations and experiments to achieve outlet tem-
perature control, which is of great significance for obtaining magnesium alloy strips with
good mechanical properties and microstructure [22-25]. To achieve temperature control,
Yu etal. [26] studied the warm rolling process of the AZ31 alloy using thermal-mechanical
finite element simulation, analyzed the effects of process parameters on the temperature
field and the average temperature of magnesium alloy plates, and established a tempera-
ture prediction model. However, no experimental work was performed to validate the
simulation results, and the constant normalization method used for modeling increased
the prediction error. Sun et al. [27] developed a polynomial mathematical model combin-
ing the finite element method (FEM) and experimental data to predict the outlet temper-
ature of the heated-roll warm rolling process for AZ31 plates, but the actual effect of the
process parameters on the temperature was not described in the final prediction model.
In addition, as a key parameter, the fixed thermal transfer coefficient between the strip
and the work roll used in Reference [28] does not accurately describe the contact heat
transfer efficiency.

Therefore, based on the relationship between thermal transfer coefficient and rolling
pressure, this study focuses on the plastic deformation of normal-temperature AZ91 alloy
strips in heated-roll rolling and the effect of rolling parameters on the outlet temperature
using the FEM. In addition, a new function is proposed to describe the relationship among
outlet temperature, initial thickness, rolling temperature, reduction, and rolling speed. Fi-
nally, a comparative study on the ability of the proposed models to predict temperatures
was carried out based on experimental data by evaluating their efficiency and accuracy.
This work is not only of great significance for the study, control, and optimization of mag-
nesium alloy rolling parameters in the NSR-HR process but also provides a new method
to establish a temperature prediction model for rolling parameters.

2. Materials and Methods
2.1. Finite Element Model

As a large deformation process with negligible elastic deformation, rolling is often
analyzed by numerical simulation using rigid-plastic finite elements. In this paper, the
penalty function method is mainly used to solve the velocity field and stress field. Accord-
ing to the variation principle, the actual velocity field is obtained by minimizing function
(1) [29-31].

z=| 6édV+§IV(€v)2 dV—LF Fu,dS (1)
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0 is the equivalent force (MPa), ¢ is the equivalent strain rate (mm/min), and X
is the penalty constant.

The basic task of rigid-plastic finite element analysis is not only to analyze the veloc-
ity field and stress field, but also to consider the temperature and deformation of the work-
piece in the molding process and carry out the thermal-mechanical coupling of the tem-
perature field and the velocity field to provide guidance for the optimization of the tem-
perature control and deformation system in the molding process. Plastic deformation is a
nonlinear thermal transient process. The variables T(x,y,z) of the transient temperature
field should satisfy the three-dimensional differential equation for the thermal conductiv-
ity as shown in Equation (2).

Aﬁgz—ﬁ{%fﬁj—jlﬁrgz-3(h91j—q=0 )
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T is the transient temperature of an infinitesimal object (K), £, is the density of
the material (k/#i), ¢ is the specific heat capacity Jkg'K), ¢ is the time, 4 is the den-

sity of the storage heaters (#/kg), and k.k.k are the xy,z conductivities of the mate-

rial, respectively.
During hot rolling, the temperature is also affected by deformation and friction work,
and the heat generated by plastic deformation and friction can be expressed as follows:

Gy =NCE 4§, = T|AV| 3)
G W/ n) and ¢, (W/m’) are the heat generation rates in the rolling process for plastic

deformation and friction, respectively. 7 is the coefficient that determines the fraction

of deformation energy that is converted to heat. & and € represent the flow stress and
strain rate of the material in a rolling pass, respectively. 7 is the frictional shear stress.
Av is the relative slip velocity.

For this paper, finite element simulations were performed by using the commercial
software Deform, and the temperature field was analyzed by first determining the heat
transfer model. Heat transfer processes during the hot rolling of magnesium alloy strips
include contact heat transfer between the work rolls and the strip, natural convection, and
thermal radiation [16]. There are different heat transfer models for the air cooling process
and the rolling process. Thermal radiation and natural convection are mainly considered
in the air cooling process, and the surface emissivity and convective heat coefficients used
for the simulation are 0.07 and 11 W/(m2K), respectively. The contact heat transfer be-
tween the working rolls and the strip leads to the main heat loss in the hot rolling process,
and the relationship between the HTC (the thermal resistance heat transfer coefficient)
produced by the strip and the rolls and the Pm (the roll pressure) during the hot rolling
process was obtained by DING [32].

The heat transfer coefficient for each stage can be expressed as follows:

H,.=0.1133x P, +28.92476 4)

The properties of AZ91 alloy vary with temperature, but these property parameters
are often assumed to be constants in analyzing mechanical-thermal coupling problems.
They are as follows: density of 1820 kg/m? modulus of elasticity of 44.8 MPa, Poisson’s
ratio of 0.35, coefficient of thermal expansion of 2.6 x 10K, electrical conductivity of 72
W/m*K, specific heat capacity of 1.9 k]/kg*K, and coefficient of friction of 0.3. Constitutive
equations of AZ91 magnesium alloys used to solve the deformation process for different
strain rates and temperatures are given in Reference [33].

Specific parameters for preprocessing during Deform analysis are shown below. The
roll diameter used for numerical simulation analysis is 300 mm; the strip length is 500
mim; the inlet thicknesses are set to 4, 8, 12, and 16 mm with reductions of 10%, 20%, 30%,
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and 40%; and the rolling speeds are 0.01 m/sec, 0.05 m/s, 0.1 m/sec, and 0.5 m/s. The tem-
perature settings for various heating and rolling processes were as follows: Under the
NSR-HR condition, the roll surface temperatures were 200 °C, 250 °C, 300 °C, 350 °C, and
400 °C, and the strip inlet temperature was set to 20 °C. The strip was divided into 100
elements in the rolling direction and 4 elements in the thickness direction, totaling 400
elements, and the rolls were divided into 1000 elements using a quadrilateral mesh to
improve the calculation accuracy. Using the meshing method, the interference size was
set to 0.1 mm to prevent mesh deformation which might lead to convergence of the calcu-
lation. Figure 1 depicts the established finite element model.

Enlargi/
Strip

f—
=

Figure 1. Finite element mesh.

2.2. Test Methods for Hot Rolling

Commercial AZ91 magnesium alloy plates with a chemical composition of 8.87 wt%
aluminum, 0.95 wt% zinc, 0.13 wt% manganese, 0.02 wt% silicon, and the remainder mag-
nesium were used as rolled test materials. The plates were initially 2, 4, 6, and 8 mm thick
and then wire-cut into 100 mm x 60 mm specimens. The specimens were heated to 400 °C
in a resistance furnace, homogenized, and annealed for 5 h. After homogenization, the
samples were cleaned and prepared for use. In the hot rolling test, the surface temperature
of the rolls was heated to 200, 250, 300, and 350 °C by induction coils. The total reduction
was controlled at about 20, 40, and 60%; no annealing treatment was carried out between
passes; the specimens were cooled at room temperature after rolling; and the rolling
speeds were set at 0.01, 0.05, and 0.1 m/s.

3. Results and Discussion
3.1. Temperature Analysis

Since the simplified model of the rolling process is a symmetric structure, the geo-
metric modeling process only requires the creation of the symmetric half of the strip about
the x-axis and an upper roll; the part maintains the same coefficients of temperature and
mechanical properties as the remaining part. Figure 2 shows the calculation results in the
upper part of the strip symmetrical along the x-axis of the thermal-mechanical coupling
field temperature during the rolling process of the heated rolls. The inlet thickness is 16
mm, the roll surface temperature is 350 °C, the strip temperature is 20 °C, the rolling speed
is 0.01 m/s, and the reduction is 20%. As can be seen from the figure, under stable rolling
conditions, the temperature of the strip surface rises steadily in the rolling direction as the
hot rolls come into contact with the strip. Under the heat conduction between the hot rolls
and the strip surface, the temperature inside the strip rises gradually. As the heat conduc-
tion needs to take some time, the temperature of the strip surface in the front slip zone is
higher than that of the strip core. As the rolling process proceeds, the temperature distri-
bution of the section gradually tends to be uniform, and the temperature of the section at
the outlet end of the strip can reach nearly 180 °C. If the plate thickness, speed, and other
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parameters of the HSR-HR process can be reasonably controlled, the temperature condi-
tions of magnesium alloy recrystallization kinetics can be satisfied.

Temperature (C)

200 I
178
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Figure 2. Temperature distribution of the upper strip symmetrically along the x-axis.

Figure 3a shows the temperature variation of the strip along the path AD,BE,CF,
where AD, BE, and CF represent the rolling direction paths at the surface of the strip, at
the 1/4 thickness of the strip, and the core of the strip, respectively, as shown by the con-
necting lines of AD,BE,CF in the strip in Figure 2. The strip typical points A, B, and C with
the time of the temperature change curve are shown in Figure 3b in which when the strip
rolling process enters the steady state, the temperature at the inlet end rises from the nor-
mal temperature to about 40 °C due to the contact heat exchange between the rolls and
the strip, and the surface and core temperatures are the same. As shown in Figure 3a, the
strip surface temperature change from the inlet end to the outlet end after strip biting first
increases rapidly and then tends to stabilize. The temperature difference between the strip
surface and the core is about 140 °C after the strip bite, which is due to the thicker work-
piece and longer heat transfer time. Under the effect of heat conduction, the temperature
of the core also increases significantly. Due to the effect of air cooling and heat conduction,
when the deformed end is close to the outlet end, the temperature of the strip surface
decreases slightly, while the temperature of the core rises as the temperature of the thick-
ness part tends to stabilize. From Figure 3(b), the temperature rise at the surface and in
the core is divided into three essentially identical phases: a slow rise (Area I labeled in
Figure 3b, a fast rise (Area II), and a thermal equilibrium phase (Area III).

In the first stage, under the action of heat conduction, the heated strip in the defor-
mation zone transfers heat slowly to the point that does not enter the deformation zone.
In the second stage, due to the direct heat transfer of metal particles from the roll surface
into the deformation zone of the second stage, the temperature of the strip rises rapidly,
the maximum speed of the strip surface heating exceeds 180 °C/s, and the maximum speed
of the core heating is about 50 °C/s or more. Because of that, magnesium alloy has good
thermal conductivity, which is helpful for the development of the heated-roll rolling pro-
cess. After the strip surface temperature reaches the peak, it begins to decline, and then
begins to rise again near the center point under the effect of improving the contact heat
exchange efficiency; as the rolling process continues, when the particle temperature of the
deformation zone reaches a certain value, the heat input of the roll facing the strip surface
and the heat conduction of the strip to the core part of the strip reaches a thermal equilib-
rium, and the temperature distribution of the strip tends to be stabilized until the end of
the deformation.
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Figure 3. Temperature changes: (a) distribution along the path; (b) temperature-time curve of typi-
cal points.

3.2. Mechanical Analysis

Figure 4 shows the distribution of mechanical and deformation parameters in the
rolling process of the heated roll. As can be seen from the figure, in the heated-roll rolling
process, there is no obvious stress concentration in the effective stress (von Mises stress)
distribution, the area with large stress is close to the interface of the rigid-plastic intersec-
tion at the entrance end, and the stress value is about 199 MPa. Under the condition of
hot-roll rolling, due to the direct heat transfer from the roll to the rolled piece, the strip
temperature increases rapidly, making the softening play a leading role, and the stress
value gradually decreases from the middle of the deformation zone to the inlet and outlet
end. The effective strain (von Mises strain) increases gradually from the inlet to the outlet
end, the strain value of the strip surface is larger than that of the center at the front slip
area, and the strain value of the strip surface is slightly smaller than that of the center at
the back slip area. The effective strain rate increases first from the inlet end to the outlet
end and then decreases. Different strain rates of each particle in the deformation zone lead
to uneven deformation during rolling. Velocity singularity occurs easily in the region near
the neutral point due to relative velocity discontinuity, where the deformation rate is small
and the neutral point is near the outlet. The velocity field distribution law is close to the
effective strain distribution law, and there is a certain discontinuity in the section velocity
along the thickness direction in the region near the interface of the rigid-plastic intersec-
tion.

(a) Stress-Effective (Mpa)  (b) Strain-Effective (Mpa)
120 030
174 I 0.308 I
150 0.263
125 0219
748 0131
08 00878
0.000 0.000

() Strain rate-Effective(mm/mm)/sec)  (d) Velocity-Total vel(mm/sec)
03%

105
Entrance I
102

Neutral Point o

0,297 904

0.149 91

Figure 4. Distribution of deformation parameters: (a) effective stress; (b) effective strain; (c) effective
rate of change; (d) speed.
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The rolling process contact surface pressure distribution and rolling load changes are
shown in Figure 5. As can be seen from the figure, the pressure on the contact surface is
not evenly distributed from the inlet end to the outlet end. The sudden change in velocity
causes a significant peak at the rigid-plastic interface and in the region near the neutral
point (the peak point is shown as the blue dotted line in Figure 5a). As can be seen from
the area indicated by the red arrow on the right side of Figure 5a, there is an obvious red
area in the just-bitten-in plastic deformation zone, indicating that the deformation is larger
here, the velocity mutation is serious, and the contact pressure on the contact surface is
about 312 MPa at the maximum. The abrupt velocity change at the interface of the rigid-
plastic intersection near the outlet and the neutral point is relatively weak, and the peak
pressure at the contact surface is about 260 MPa. According to Equation (4), the heat trans-
fer coefficient is related to contact pressure, so hot rolls and rolling load changes are shown
in Figure 5. The peak pressure is small, about 260 MPa; according to Equation (4), it can
be seen that the heat transfer coefficient is related to the contact pressure, so there are three
peaks of the heat transfer rate on the contact surface along the contact arc length in the
hot-roll rolling process, proving once again that there is a peak heat transfer efficiency
near the neutral point during the hot-roll rolling process. As can be seen from Figure 5(b),
the rolling process load change is roughly divided into three stages. In the first stage, the
billets undergo plastic deformation and gradually fill the deformation zone during the
strip biting, and the rolling load increases sharply, reaching a peak value of about 4470 N;
in the second stage, the strip is warmed up under the action of the work rolls and enters
the stable rolling stage, the softening and hardening of the strip are almost in dynamic
equilibrium, and the rolling load is kept unchanged; in the third stage, the flow of metal
in the deformation zone is reduced, and the load begins to fall gradually with the gradual

end of the rolling process.

350 5x10°
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Figure 5. Contact pressure and load—time curve: (a) normal pressure; (b) modeling of rolling force.

3.3. Temperature

Temperature, strain, and deformation rate are the key factors affecting the plastic de-
formation behavior and microstructure evolution of magnesium alloy strips in the rolling
process. Temperature, in particular, has a significant influence on the dynamic recrystal-
lization process. The accurate prediction of the outlet temperature is of great significance
for optimizing the rolling process parameters and obtaining magnesium alloy strips with
good performance in the rolled state. Based on the results of numerical simulation, the
effects of the rolling speed Rs, initial thickness of the strip I;, undercutting rate R, and
rolling surface temperature T- on the temperature and strain rise of the hot rolled strip at
room temperature are investigated. A mathematical model of the average temperature
and equivalent change of the section nodes at the outlet end of rolling is established for
the prediction of temperature and strain at the outlet end, where T is the average tem-
perature of the section nodes at the outlet end and its expression is shown in Equation (5).

=231 ©)
n =
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where T is the average temperature of the outlet end section node, °C; T: is the tempera-
ture of the outlet end section node, °C; and # is the number of outlet section nodes.

The key to establishing the temperature prediction model is to find the functional
relationship between the average temperature at the outlet end and different variables,
which is described in Figure 6 by calculating the fitting curve between the temperature
and the variables. According to Figure 6a, it can be seen that the temperature difference
between the roll and the strip is larger as the temperature of the roll surface increases, and
the heat transfer efficiency is higher. Additionally, from Figure 6b, it can be seen that as
the reduction increases, the deformation contact area between the roll and the strip in-
creases, and the distance from the surface to the center of the heat transfer decreases.
Therefore, with the rise in the roll surface temperature and reduction, the average tem-
perature at the outlet end rises linearly, so the average temperature at the outlet end is
linearly fitted to the roll surface temperature Tr and the depression rate R:. As can be seen
from Figure 6¢,d, with the increase in rolling speed, the contact heat transfer time is insuf-
ficient, and the initial thickness increases the distance from the surface heat transfer to the
center, resulting in an exponential decrease in the value of the average temperature at the
outlet end with the increase in rolling speed Rs and initial thickness I.. The strip outlet
temperature is most sensitive to the rolling speed, followed by the initial thickness, ac-
cording to the change in the slope of the relationship curve. The predictive model equation
for the outlet end temperature that can be derived from the fitting curve between the av-
erage temperature at the outlet end and the influencing factors of different variables is
shown in Equation (6). The fitting variance of the average temperature relationship curve
is greater than 0.99, showing that the fitting accuracy is very good and the results are
trustworthy.

350

@ - — 300
Equation y=a+bx ) 7.=350°C; R =001 mis
Adj. R-Square  0.999 0.996 0.996 0.998 280 | ! )
300 |- "= 4mm e 8mm
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e g 220
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5 2
b} S 200
g 200 =3
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5 - =
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o [
a 150 |- E- 200 |-
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© ©
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. — Fitting lines
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Figure 6. The influence of variable parameters on average temperature and fitting curve: (a)Tw-Tr;
(b)Tm-Rv,' (C) Tm-Rs; (d) Tw-I.

According to the relationship curve between the average temperature and the influ-

encing factors of different variables, the average temperature Tm can be described as fol-
lows:
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T =4, (7;)3" (Rr)q’ exp(D, - R*C+E, - 1) (6)

Here, T with Tr and Rr is a linear fitting relationship, so the formula is expressed as
a linear relationship, and Ao, Bo, and Co are set as unknown constant values. T with I: and
Rs is an exponential fitting relationship, so the formula is expressed as an exponential re-
lationship, and to accurately reflect the strong nonlinearity of the influence of rolling
speed Rs changes on temperature, and to improve the accuracy of the linear fitting, the
rolling speed was first power-squared and then linearly fitted. By analyzing the variance
of the linear fitting results under different power cube indices, the better power cube index
is set to 0.05. As shown in Figure 7c, when the power cube index of Rs is taken as 0.05, the
average fitting variance of the four curves is 0.9604. The coefficients of Rs and I: are set to
be the unknown constant values, and the temperature prediction model is obtained by
finding the values of Ao, Bo, Co, Do, and Eo.

Therefore, a natural logarithm is taken at both ends of Equation (6) to obtain Equation
7).

In(7,,) =In(4,) + By In(7,) + C, In(R.) + D,(R*") + E (1) ?)

According to Formula (7), the expressions for Bo, Co, Do, and Eo are
B =0In(T)/0In(T), G =0T )/0n(R), D,=0mn(T,)/d(R*"), and F, =0T )/AL).
Their values are, respectively, the linear fitting slopes of the relationship curves for
In(7,)~In(7), (Z,)~In(R), n(7,)=(R"™), and W(T,)~], (Figure?).

The average slope of linear fitting in Figure 7 shows that Bo, Co, Do, and Eo are 0.98,
0.207, -0.228, and —0.046, respectively. The lowest fitting variance is 0.93, indicating a high
fitting accuracy and reliable results.

58 (@) Equation y=a+bx (b)
=T Adj. R-Sq 0.9996 0.9966 0.9971 0.9986 56 [
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S e T N
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R :

Figure 7. The relationship between different variables: (a) In(Tw)-In (T+), (b) In(Tm)-In(R:), (c) In(Tm)-
(Rs)093, (d) In(Tm)-(1¢).

The parameter values of B, Co, Do, and Eo were calculated by Equation (7), and their
values were inserted into Equation (6). It can be seen that Ao is the linear fitting slope of
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T and the expression {(Tr) 0.98 (R:) 0.207 exp [-5.21 (Rs) 0.05-0.046 I:]}. Through linear
fitting in Figure 8, it can be obtained that coefficient Ao is 35.042 and the linear fitting var-
iance is 0.97, showing that the fitting accuracy is reliable.

After substituting the constant parameters into Equation (6), the functional equation
for the average temperature T at the outlet end of the strip can be obtained:

T, =35.042-(7,)"" - (R,)"™" -exp[-5.21(R,)""* - 0.0461, | 8)

350

Equation y=a+bx a=3.4854 b=35.04153
| |Adj. R-Squar  0.97022

Fitting lines

50 1 L L 1 1 1 1 1
1 2 3 4 5 6 7 8 9

(T)O95(R,)027%exp[-5.21(R,)*5-0.0461,]

Figure 8. Relationship between Tm and {(Tr)0.98(Rr)0.207 exp[-5.21(Rs)0.05-0.046 I:]}.

Through correlation analysis and data comparison validation (Figure 9), it can be
seen that there is a good agreement between the temperature data from the original ex-
periments and the predicted values from the mathematical model built using finite ele-
ment data.

In Figure 9(a), the solid red line is a ray with a slope of 1, indicating that the error
between the original data and the predicted value is 0. The blue dotted line is a ray ema-
nating from the origin towards the data furthest from the solid red line, which indicates
the extent to which the data deviate from the error of 0. The two blue rays in the figure
constitute the relative error range of the data. Therefore, from Figure 9 (a), it can be calcu-
lated that the maximum relative error was about 19.17% and the average relative error
was about 4.17%. Figure 9 (b) shows the proportion of the error range between the origi-
nal data and the predicted value in the sample. As shown in Figure 9 (b), more than 90%
of the total relative errors between the data and the predicted values were less than 10%.
The prediction accuracy of the model is high, and the predictive model for the tempera-
ture at the outlet end based on linear fitting and nonlinear regression methods is trust-
worthy.

350 @ - 80 ©)

300 | # . 0r
. £t 60 |-
250 |- ‘ .
50 |-

200 | . -
40

150 - Z

100

50

Predicted mean temperature by model /'C
<
N
N
\ N
-
L
\
\
Percent of samples /%

! | I 1 |
50 100 150 200 250 300

Calculated mean temperature by FEM /C

350

30

20

<5%

19.23

5%-10%

7.69

10%-15%

Scope of the relative error /%

1.92

>15%

Figure 9. Relative error analysis of the prediction model. (a) Chart of consistency between original
data and predicted values. (b) Percentage of different error ranges between original data and pre-
dicted values in the sample.

3.4. Experimental Validation and Application of the Model



Metals 2023, 13, 1785

11 of 14

To further confirm the validity of the developed model, experiments on the rolling
process were carried out under various rolling conditions. Roll outlet temperatures were
measured with Raytek thermometers (3ILTDL3U). The infrared ray of the thermometer
was aimed at the outlet end of the strip (as shown in Figure 10); then, three sets of data
were measured when the rolling was stabilized, and the average value was taken.

A comparison of the measured temperatures at the outlet end and the model predic-
tions under different rolling conditions is depicted in Figure 11. The data processing for
Figure 11 was the same as that for Figure 9a, so the explanations above concerning Figure
9(a) can be referred to for the significance of the colored rays in Figure 11. Figure 11 shows
that the model-predicted temperature values at the outlet end are in good agreement with
the measured data, and for the predicted results, relative errors of less than 10% account
for 90% of the total data.

The maximum relative error of the prediction results is about 15.96%, and the average
relative error is about 6.1%. The constructed model can achieve an accurate prediction of
the strip outlet end temperature, which in turn provides a reference for the regulation and
optimization of the hot rolling process.

In addition, modeling techniques and methods are useful for the nonlinear analysis
of engineering problems. For the variable values that are affected by some output param-
eters during the rolling process, the relationship equations between these parameters and
variables can be modeled by the nonlinear regression and linear fitting methods proposed
in this paper.

300 |- s ]
s
s
7 n
’
’ |
250 |- z 5%
) -
s ™ -7
N | i
7 i
s T
200 - ’'m <
, -
o| >

150 | 4 -
/’./ ’ -7

Measured temperature /'C

1 1 1 1 1
100 150 200 250 300 350

Predicted temperature /°C

Figure 11. Comparison of predicted and measured temperatures.

In addition, if the other parameters and the ideal mean temperature of the NSR-HR
process are known, Figure 12 provides an additional important aid in calculating the crit-
ical values for any of the influencing parameters.



Metals 2023, 13, 1785

12 of 14

For example, when the initial thickness is 6 mm, the reduction is set at 30%, the rolling

temperature is 400 °C, and the ideal average temperatures are 240 °C, 280 °C, and 320 °C.
Then, according to the prediction model, the critical rolling speeds should be approxi-
mately 0.05 m/s, 0.025 m/s, and 0.01 m/s (Figure 12).

Target temperature /'C

400

]
360 |
340C
]
320 : .
]
& )
! 280°C
280 p--d-- - M- - -
L P e
X 5 ~a__240C
240 k-=e-mnm- emmmma o as-
w1 2, ol —n
= E1 =i L
EI w0 E| l\.
Sl N gl Th-n_g
L < s} )
w0 3 S =4
L ] 1 1 1 s 1 L 1 L 1 L 1 " 1 1 1 n 1

0.00 001 0.02 003 0.04 005 0.06 007 008 009 010 0.11
Critical rolling speed (m/s)

Figure 12. Relationship between target temperature and critical rolling speed.

4. Conclusions

1)

()

)

When the metal particles transfer heat directly from the surface of the rolls, the tem-
perature of the strip surface and core enters the rapid rise stage, at which time the
maximum rate of temperature rise in the core is about 50 °C/s or more. When the
strip approaches the outlet end, the surface temperature decreases slightly, but the
core part continues to be heated until it reaches thermal equilibrium, and the cross-
section temperature tends to be constant. Magnesium alloy has good thermal con-
ductivity, and reasonable control of rolling parameters can realize dynamic recrys-
tallization grain refinement of magnesium alloy strips through HSR-HR continuous
large plastic deformation.

In the process of NSR-HR, the direct heat transfer from the roll to the rolled part
makes the softening play a dominant role, and the stress value gradually decreases
from the middle of the deformation zone to the inlet and outlet ends. The strain value
of the strip surface is larger than that of the center at the front slip area, and the strain
value of the strip surface is slightly smaller than that of the center at the back slip
area. The constant velocity variation increases first and then decreases from the inlet
end to the outlet end, and the strain rate of each particle in the deformation zone is
different during the rolling process, resulting in uneven deformation.

The average temperature at the strip outlet rises linearly with the increase in rolling
temperature and reduction. The average temperature at the strip outlet decreases ex-
ponentially with the increase in rolling speed and initial thickness. The outlet tem-
perature is the most sensitive to the rolling speed, followed by the initial thickness.
A prediction model of strip temperature for the hot rolling process including the roll-
ing temperature, reduction rate, rolling speed, and initial thickness was constructed
according to the variation rule of outlet temperature. The predicted temperature of
the model is in good agreement with the experimental results, with relative errors of
less than 10% accounting for 90% of the total data. The constructed temperature pre-
diction model is reliable and capable of accurately predicting the strip outlet temper-
ature during the hot rolling process. It can also realize the adjustment and optimiza-
tion of hot rolling process parameters under known ideal temperature conditions. In
addition, the fitting methods provide references of theoretical significance for
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modeling parametric equations and nonlinear relationships among variables in other
plastic processing processes.
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