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Abstract: In response to the challenging difficult-to-deform of magnesium foils, a high-efficiency and
high-precision electro-rolling temperature field coupled model is established. This model is designed
to simulate the non-annealing electric rolling (NAER) process of Mg foils under conditions of high
current density, rapid temperature rise rates, and large temperature gradients. Firstly, a coupled
temperature field difference model for the guide roller, roll, and Mg foil is established, based on the
equipment for NAER and the electrification conditions. The Joule heat, distortion heat, and friction
heat in the electric rolling process were precisely considered. Secondly, considering the peculiarity
of the heat source and the heat transfer mechanism during NAER, the influence of the dynamic
boundary conditions on the instantaneous temperature of the Mg foil was analyzed, which was closer
to the actual situation. The experimental results show that the original model can accurately simulate
the transient temperature change in Mg foils during NAER, and the error between the predicted value
and the measured value is within 7.1%. According to the calculation of the model, the microstructure
of completely recrystallized magnesium foil with a grain size of 4.61 µm and a texture strength of
11.3 can be obtained at an inlet temperature of 250 ◦C.

Keywords: AZ31 foils; non-annealing electric rolling (NAER); coupled temperature field model;
Joule heating effect; electroplastic effect

1. Introduction

Mg alloys are widely used in aerospace, transportation, biomedicine, 3C (computer,
communication, consumer electronics), and new energy, among other high-tech fields,
with outstanding specific strength, specific stiffness, shock absorption, and electromagnetic
shielding capabilities. However, there are only two independent slip systems of magnesium
alloy foil at room temperature, which results in a poor rolling ability of magnesium alloy
foils at room temperature. Magnesium alloy rolling is very sensitive to temperature,
which directly affects the quality and yield of magnesium alloy thin strip products. If the
temperature is too low (<225 ◦C), it will lead to serious surface cracks and edge cracks [1].
If the temperature is too high, it will induce coarse grains and reduce the mechanical
properties and surface quality of rolled Mg alloy foils [2]. Therefore, it is very important to
ensure the stability of rolling temperature and the uniformity of temperature distribution
to realize the continuous production and production safety of magnesium alloy rolling.
The optimum rolling temperature is generally controlled at 225~400 ◦C. Some special
rolling processes can obtain excellent rolling capacity and mechanical properties, including
asymmetric rolling [3], limited width rolling [4], electroplastic rolling, equal channel angular
pressing rolling, and so on. At present, electroplastic rolling is an important auxiliary
process to effectively improve the rolling capacity of a magnesium alloy. The continuous
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rolling of magnesium alloy foils at low temperature (room temperature) is realized using
the pure electroplastic effect and thermal effect, which are the key technologies to realize
high-efficiency continuous production of special alloy foil and strips and have a wide range
of industrial application prospects.

In the electroplastic rolling process of magnesium alloys, the pure electric effect
and Joule thermal effect are coordinated to realize the deformation and plasticizing of
magnesium alloys, and the Joule thermal effect cannot be ignored. Kuang et al. [5] compared
the microstructure and surface quality after electroplastic rolling and isothermal rolling,
indicating that there is a pure electroplastic effect under specific temperature conditions to
improve the rolling capacity of magnesium alloys. At present, the electric pulse heating
rolling process mainly includes online heating rolling and continuous electroplastic rolling.
Liu et al. [1], according to the characteristics of rapidity and uniformity of electric heating,
significantly improved the surface quality of magnesium alloys after rolling in the online
heating rolling process. By adjusting the rolling temperature [6] and the front and back
tension [7], the surface quality and comprehensive mechanical properties of the strip were
greatly improved [8]. Although the online heating rolling process of magnesium alloys has
high heating efficiency, it cannot carry out continuous high-efficiency coil rolling. Online
heating only needs to use the contact temperature measurement and control system to meet
the experimental requirements.

Continuous electric pulse rolling is considered a continuous and efficient rolling
process for refractory materials. The research by Yang [9] and Xu [10,11] mainly focuses on
the introduction of pulse current in the rolling process, loading a constant pulse current to
ensure the stability of the temperature at the entrance of the rolling mill. Generally, the finite
element method and finite difference method are used to calculate the rolling temperature
field, while the electroplastic rolling model needs to introduce the electric field module. The
electric field solver of commercial finite element software (ABAQUS) is solved by implicit
iteration, and the calculation period is 5~7 days. Therefore, the finite element simulation of
multi-scale and large-scale electroplastic rolling puts forward extremely high requirements
on the calculation force, and the finite difference method after reducing the dimension
can meet the needs of engineering and experiment. Chai et al. [12], based on the one-
dimensional heat conduction theory, established a dynamic temperature field difference
model with the change in process and used the actual data to modify the mathematical
model, which improved the accuracy of online temperature calculation by 30.6%. Wu
et al. [13] also established a temperature field model based on the difference method,
and a fully coupled finite element model of temperature, phase transition, and strain
was established by coupling. The calculation time is greatly reduced, and the calculation
accuracy is guaranteed. Jiang et al. [14] showed that the target temperature could be
reached in 8 s by electric pulse heating, and a one-dimensional temperature field model
was established according to the electric rolling process, which was in good agreement
with the actual measured contact. Obviously, there is a significant temperature gradient
along the rolling direction in the electroplastic rolling process. Previous studies have
shown that there are differences in the transverse distribution of temperature and current
density during the loading process of magnesium alloys with a width of 130 mm, but
they are evenly distributed along the rolling direction [15]. The high thermal conductivity
of magnesium alloys leads to heat loss in the rolling process of magnesium alloy strips.
Therefore, the heat transfers and heat loss in the thickness direction and rolling direction
need to be considered in the electroplastic rolling of magnesium alloys. The heat production
from the electrical contact between the strip roll and the strip guide roller has always been
the key evaluation index of the stable current transmission, especially under the condition
of high current.

Therefore, a three-dimensional temperature field model of magnesium foil non-
annealing electric rolling (NAER) coupled with the temperature rise of the guide roller was
established using the finite difference method. The model thoroughly took into account the
mechanism of Joule heat influence on the NAER process and the boundary heat transfer
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conditions. The AZ31 foil of the NAER was divided into a guide roller contact zone, a
transition zone, and a rolling deformation zone for temperature field modeling analysis.

2. The NAER Coupled Temperature Field Model
2.1. Basic Assumptions and Meshing

(1) The material is isotropic and homogeneous, and the material density is constant.
(2) During the rolling process, the contact resistance between the guide roller and the foil

is constant.
(3) The current density in the guide roller contact zone and the rolling deformation zone is

equal to the current density of the transition zone of Mg foils and remains unchanged
along the rolling direction.

(4) The rolling temperature and reduction rate do not affect the contact heat transfer
coefficient, and the heat transfer coefficient between the roll and the magnesium foil
is constant.

According to the characteristics of the rapid temperature rise of the NAER process
and the symmetry of the rolling boundary conditions, the rolling pieces are meshed in the
rectangular coordinate system. xi, yk, and zj (i = 0,1,. . .,N; j = 0,1,. . .,M; k = 0,1,. . .,W) denote
the rolling direction, the transverse direction, and the thickness direction, respectively, as
shown in Figure 1a. Figure 1b shows the device of the NAER, and the center dotted line is
the real-time measurement position of the thermocouple.
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Figure 1. Temperature field difference model of the NAER: (a) temperature field model meshing;
(b) device of the NAER.

2.2. Temperature Field Model

According to the temperature rise process of the Mg foil of NAER, a three-dimensional
temperature field model was established for magnesium foil, and a two-dimensional
temperature field model was established for the roll and guide roller.

∂Tm
∂t = λm∇2Tm + qmv

ρmcm

ρrcr
∂Tr
∂t = λr

(
∂2Tr
∂r2 + 1

r
∂Tr
∂r + ∂2Tr

∂y2

)
+ qrv

(1)

where ρm and ρr are the ribbon density of the Mg foil and roll, respectively, and cm and
cr are the constant pressure heat capacity of the Mg foil and roll, respectively. λm and λr
are the thermal conductivity of the Mg foil and roll, respectively. Tm and Tr are the node
temperature of the Mg foil and roll, respectively. t is time. qmv and qrv are the heat source in
the Mg foil and roll, respectively. The composition of the internal heat source is determined
according to the area division of the electro-rolling process. r and y are the radial direction
and transverse direction of the roll, respectively.
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Figure 1b shows that according to the change in contact conditions during the NAER
process, the temperature rise of the electric pulse is divided into three stages: in the guide
roller contact zone 1⃝, the calculation formula of the Mg foil heat source is

qmv = qe + qc, qe = J2
e Rm, qc = J2

e Rcon/h0 (2)

where qe is the Joule heat source, Rm is electrical resistivity, Je is the RMS current density in
the deformation zone, qc is the electric contact heat source, Rcon is the contact resistance, B
is the width of the roll and foil contact zone, and h0 is the foil inlet thickness. The electric
contact heat is used as the off-site heat source to calculate the temperature of the guide roller,
and the heat flow is equally distributed to the guide roller and the Mg foil, qrv = qe + qc.

The empirical formula for the calculation of contact resistivity is

Rcon =
Kcon

0.102σm
con

(3)

where Rcon is the contact resistivity, Kcon is the correlation coefficient with the surface
condition of the contact material, σcon is the surface contact pressure, and m is the correlation
index with contact form, pressure range, and other factors (rolling contact pressure is large
for surface contact, take m = 1). Tcon − Tr is the temperature rise of the guide roller, which
is linear with J2

conlcon/(cmρmh0vr). Kcon can be regressed using the temperature rise of the
guide roller measured experimentally. Tcon is outlet temperature of the guide roller, Tr is
room temperature, Jcon is the RMS contact current density, lcon is the contact arc length
between the guide roller and magnesium strip, lcon = 0.1 mm, and vr is the rolling speed.
The contact resistance between the guide roller and magnesium foil (Kcon = Kgr−s = 0.018)
is determined according to the temperature rise of the guide roller outlet in this experiment,
as shown in Figure 2.
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Figure 2. Contact resistance coefficient of the guide roller.

The heat generated in the transition zone 2⃝ only includes the Joule heat of the material
itself, and the heat source calculation formula is qmv = qe.

In the deformation zone 3⃝, the heat source calculation formula is
qmv = qe + qc + qf + qd
qd = ηdσs ln(h0/h1)vr/

√
3R(h0 − h1)

qf = 2ηfµσsvr ln(h0/h1)/(h0 + h1)
(4)

where qd is the deformation heat, ηd is the deformation heat equivalent (0.7~0.9, take 0.9),
σs is the yield stress of the Mg foil, R is the roll radius, h1 is the foil outlet thickness, qf
is the frictional heat, ηf is the frictional heat equivalent, ηf = 0.8, µ is the contact friction
coefficient, µ = 0.1, and l′ is the flattening contact arc length between the roll and the
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foil. Friction heat and electric contact heat are used as off-site heat sources to calculate the
temperature of the guide roller, and the heat flow is evenly distributed to the guide roller
and Mg foil, qrv = qf + qc.

The yield stress is obtained by the regression of the measured rolling force using
the Stone unit rolling force calculation formula and the Hitchcock flattening contact arc
length [16] calculation formula. The calculation formula is

p = (1.154σs − pt)

 exp
(

µl′
h

)
−1

µl′
h


l′ =

√
R(h0 − h1) +

[
8R(1−ν2)

πE p
]2

+
8R(1−ν2)

πE p

(5)

where σs is yield strength, pt is the average tensile stress, h is the average thickness of the
Mg foil in the deformation zone, ν is Poisson‘s ratio of the roll, ν = 0.3, and E is the elastic
modulus of the roll.

The correlation coefficient of the contact material surface state between the roll and
magnesium foil needs to be fitted again according to Formula (3). The contact resistance-
contact pressure curves obtained from high-temperature compression experiments without
lubrication are shown in Figure 3. The contact material is magnesium–steel and the
temperature is 150~250 ◦C. In order to improve the stability of NAER, experimental rolling
generally does not add any lubricant. The contact pressure should be determined according
to Formula (5). The correlation coefficient of the contact material surface state between the
roll and Mg foil is determined by the experiment, Kcon = Kr−s = 3.28.
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2.3. Boundary Conditions

According to the Joule heat temperature rise mechanism of the Mg foil in the NAER
process, the NAER temperature field is divided into three parts: the deformer contact
zone, transition zone, and rolling deformation zone, as shown in Figure 1a. The following
describes the boundary conditions of the deformer contact zone, transition zone, and rolling
deformation zone, respectively. (1) In the guide roller contact zone, considering that the
electric contact heat between the roll and the foil mainly occurs on the contact surface,
the electric contact heat between the guide roller and the foil is taken as the external heat
source of the foil and acts on the surface joint of the Mg foil and the guide roller. Because
the contact area between the guide roller and the Mg foil is small and the temperature
difference is not large, the contact heat transfer between the guide roller and the Mg foil is
ignored. (2) In the transition zone, Joule heat is the only internal heat source, and only the
upper and lower surfaces of Mg foils are in contact with air heat transfer. Therefore, the
upper and lower surface nodes of Mg foil in the transition zone are set as the boundary
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condition of air heat transfer, and the heat transfer coefficient is constant at 40 W/(m2·◦C).
(3) In the rolling deformation zone, Joule heat, deformation heat, surface friction heat, and
electric contact heat are included. There is a large contact area between the roll and Mg foil.
Therefore, the upper and lower surface nodes of the Mg foil are considered under the heat
transfer conditions of the roll, and the contact heat transfer coefficient between the roll and
the Mg foils is constant at 17,000 W/(m2·◦C) [17]. Friction heat and electric contact heat are
added to the surface joints of the foil as surface heat sources, the friction heat and electric
contact heat are equally distributed to the Mg foil and the roll, and the roll temperature rise
is calculated as an external heat source.

3. Experimental

In order to verify the accuracy of the temperature field model of Mg foils during
the NAER, two groups of non-thermal rolling experiments with different thicknesses and
different current densities were designed, as shown in Figure 4. Homogenization treatment
is performed for the AZ31 commercial strip (300 ◦C, heat preservation 1 h). The surface-
mounted thermocouple and thermal imaging method are used to collect the temperature
rise in the rolling direction of Mg foils NAER in real time, as shown in Figure 1b. The
NAER device parameters are a roll diameter of Φ95 mm, the rolling speed is 1.5 m/min, no
lubrication is used in the rolling process, and the length of the transition zone is 155 mm.
Two sets of schemes verify the temperature field of electric pulse rolling, including (1) the
influence of different current densities on temperature rise with the same pass and (2) the
effect of multi-pass NAER on temperature rise. In Scheme (1), the sample width × thickness
is 40 mm × 1.0 mm and 40 mm × 0.5 mm, and the RMS current density is 7.5~34.5 A/mm2.
In Scheme (2), the initial sample length × width × thickness is 500 mm × 40 mm × 1.0 mm
for multi-pass rolling. The rolling procedures are shown in Table 1. The initial surface and
strip temperatures of the roll and guide roller are 25 ◦C, and the ambient temperature is
25 ◦C.

Metals 2024, 14, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 4. Experimental steps of the NAER. 

Table 1. Continuous electroplastic rolling schedule. 

Rolling Pass 
RMS Current Density 

Je/(A/mm2) 
Inlet Thickness 

h0/mm 
Outlet Thickness 

h1/mm Rolling Force/kN 

1 21.7 1.050 0.90 56.24 
2 24.0 0.901 0.77 62.05 
3 28.5 0.772 0.62 77.7 

4-1 25.0 0.601 0.512 70.5 
4-2 28.5 0.599 0.491 65.4 
4-3 32.1 0.601 0.472 60.2 

The temperature ranges of electroplastic rolling are between 25 °C and 400 °C. The 
specific heat capacity and thermal conductivity only consider the influence of tempera-
ture, regardless of the influence of frequency and peak current on physical parameters. 
The physical parameters of the AZ31 alloy are shown in Table 2. 

Table 2. Physical parameters of the AZ31 alloy adapted from [18]. 

Mass Density 
ρm/kg·m−3 

Electrical Resistivity 
Rm/nΩ·m 

Temperature 
Tm/°C 

Specific Heat Capacity 
cm/J·kg−1·°C−1 

Thermal Conductivity 
km/W·m−1·°C−1 

1.754 × 103 91.405 

25 1005 84.7 
100 1032 90.5 
200 1049 95.8 
300 1069 98.4 
400 1092 98.6 

4. Example Verification 
4.1. Temperature Field Simulation of the NAER 

In order to verify the accuracy of the coupled temperature field model of NAER for 
Mg foils, the temperature field of Mg foils during NAER is simulated in both multi-pass 
and single pass. Figure 5 shows the temperature curves obtained by the NAER for Mg 
foils with a 40 mm width, 0.5 mm thickness, and 1.0 mm at different current densities. 
Solid dots are experimental temperature values, and thin solid lines are simulated NAER 
temperature field model values. From the experimental temperature data, it can be seen 
that there is an obvious temperature rise of magnesium foils passing through the conduc-
tive roller, and the temperature rise increases with the increase in current density and the 
decrease in thickness. The temperature rise caused by electrical contact Joule heat can be 
well predicted using the calibrated empirical formula NAER temperature field model. 
Contact resistance is mainly caused by incomplete contact between two conductors with 

Figure 4. Experimental steps of the NAER.

Table 1. Continuous electroplastic rolling schedule.

Rolling Pass RMS Current Density
Je/(A/mm2)

Inlet Thickness
h0/mm

Outlet Thickness
h1/mm Rolling Force/kN

1 21.7 1.050 0.90 56.24
2 24.0 0.901 0.77 62.05
3 28.5 0.772 0.62 77.7

4-1 25.0 0.601 0.512 70.5
4-2 28.5 0.599 0.491 65.4
4-3 32.1 0.601 0.472 60.2
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The temperature ranges of electroplastic rolling are between 25 ◦C and 400 ◦C. The
specific heat capacity and thermal conductivity only consider the influence of temperature,
regardless of the influence of frequency and peak current on physical parameters. The
physical parameters of the AZ31 alloy are shown in Table 2.

Table 2. Physical parameters of the AZ31 alloy adapted from [18].

Mass Density
ρm/kg·m−3

Electrical Resistivity
Rm/nΩ·m

Temperature
Tm/◦C

Specific Heat Capacity
cm/J·kg−1·◦C−1

Thermal Conductivity
km/W·m−1·◦C−1

1.754 × 103 91.405

25 1005 84.7
100 1032 90.5
200 1049 95.8
300 1069 98.4
400 1092 98.6

4. Example Verification
4.1. Temperature Field Simulation of the NAER

In order to verify the accuracy of the coupled temperature field model of NAER for
Mg foils, the temperature field of Mg foils during NAER is simulated in both multi-pass
and single pass. Figure 5 shows the temperature curves obtained by the NAER for Mg foils
with a 40 mm width, 0.5 mm thickness, and 1.0 mm at different current densities. Solid dots
are experimental temperature values, and thin solid lines are simulated NAER temperature
field model values. From the experimental temperature data, it can be seen that there is
an obvious temperature rise of magnesium foils passing through the conductive roller,
and the temperature rise increases with the increase in current density and the decrease in
thickness. The temperature rise caused by electrical contact Joule heat can be well predicted
using the calibrated empirical formula NAER temperature field model. Contact resistance
is mainly caused by incomplete contact between two conductors with rugged surfaces.
According to the Joule heat formula, heat generation is proportional to the square of the
current density. Therefore, electric contact heat cannot be neglected in high currents during
the NAER process. The Joule heat produced by the internal resistance increases rapidly in
the transition zone. Both experimental temperature and calculated temperatures show that
there is a clear peak temperature Tp just before the inlet of the mill. Due to the contact heat
transfer between the Mg foil and the roll in the deformation zone, the rolling direction heat
conduction makes a small temperature drop in the mill inlet during stable rolling. When
the Mg foil passes through the deformation zone, the deformation zone is between two
dotted lines due to intense heat exchange between the roll temperature of 30 ◦C and the
Mg foil of 200 ◦C, leading to the temperature of the mill outlet Tout to highly decrease. The
higher the inlet peak temperature, the more obvious the outlet temperature drop.
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In order to observe the effect of current density and reduction rate on the temperature
field of the Mg foil by the NAER process. The peak temperature and outlet temperature
of 1.0 mm thick Mg foil under different current densities and different reduction rates
were simulated. Figure 6 shows that peak temperature increases as a quadratic function,
apparently with increasing current density, and Joule heating dominates in the transition
zone according to the Joule heating formula. Meanwhile, reduction has little effect on the
peak temperature. The outlet temperature is an important parameter for calculating the
average deformation temperature of the deformation zone, and a higher outlet temperature
is very beneficial to the uniformity of the rolling deformation of the Mg foil. From the
calculated outlet temperature, it can be seen that the outlet temperature increases signifi-
cantly with the increase in current density, but the increased amplitude is clearly smaller
than the peak temperature. Based on the curves of the effect of the reduction rate and
current density on the outlet temperature of the Mg foil, it can be seen that the outlet
temperature does not increase monotonically with the reduction rate. It may be that the
change in the reduction rate in the deformation zone causes a shift in the proportion of
different temperature rise mechanisms in the deformation zone, including magnesium
foil Joule heat, deformation heat, friction heat, and electric contact heat. Therefore, it is
necessary to analyze the influence of reduction rate on the temperature rise mechanism
and the dominant mechanism of temperature rise in the deformation zone.
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Figure 6. Peak temperature and exit temperature–current curve of the Mg foil of the NAER tempera-
ture field simulation under different reduction rates.

In order to clearly see the effect of the reduction rate on the temperature rise mecha-
nism in the deformation zone, the NAER temperature field model was used to calculate
temperature rise caused by Joule heat, deformation heat, friction heat, and electric contact
heat accumulation in the rolling deformation zone with 1 mm thick aluminum foil under
different rolling reduction rates at a current density of 30 A/mm2. Figure 7 shows that with
the increase in the reduction rate, the temperature rise caused by total heat in the rolling
deformation zone increases, among which the temperature rise of various heat sources
increases in different degrees. The temperature rise of Joule heat increases from 15.5 ◦C
to 31.0 ◦C, the temperature rise of deformation heat increases from 13.5 ◦C to 65.4 ◦C,
and the friction heat increases from 3.8 ◦C to 43.4 ◦C. It can be seen in Formula (4) that
h0/h1 increases with the increase in the reduction rate, which will inevitably cause a higher
temperature rise of deformation heat. Similarly, with the increase in the reduction rate,
the average rolling force increases according to Formula (5), and the contact arc length
increases, resulting in more friction heat work between the roll and magnesium foil. There-
fore, the temperature rises due to deformation heat and friction heat in the deformation
zone increase significantly with the reduction rate.
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Figure 7. The temperature rises in the deformation zone of Mg foils during the NAER with different
reduction rates.

Electrical contact heat is Joule heat generated by contact resistance. However, in the
rolling deformation zone, the electrical contact heat accounts for only 5.0% of the total heat
in the deformation zone with a reduction rate of 0.4. It can be seen that the contribution of
electric contact heat to the heat generation in the deformation zone is the least, especially
in the calculation of electric rolling with small thickness and high pressure. However,
this did not mean that the electrical contact heat could be ignored as the rolling thickness
continued to decrease. There were two main reasons: (1) the current required to reduce
the thickness increased, which increased the Joule heat and electrical contact heat of the
material itself. (2) After adding the grease, it may cause the electrical contact heat to increase
with increased contact resistance. Therefore, from the point of view of electrical contact
heat, it is extremely important to ensure the contact stability of the rolling deformation
zone for the realization of the NAER stability of Mg foil.

In order to see the effect of the rolling thickness on the peak temperature and the outlet
temperature, the temperature field of the NAER with a thickness of 0.1 mm to 1.0 mm was
simulated at the same reduction rate of 20%. Figure 8a,b show that under the same RMS
current density, the inlet peak temperature and the outlet temperature decrease significantly
with the thickness of the inlet. The main reason is that the thickness of the inlet decreases,
which increases the proportion of heat loss in the transition zone. Therefore, a larger current
density is required for the AZ31 foil of NAER to ensure a constant inlet temperature during
the NAER process of the AZ31 alloy.
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Figure 8. The temperature field calculated with Mg foils by NAER with different thicknesses: (a) peak
temperature; (b) outlet temperature.

In order to observe the effect of thickness on temperature rise in the deformation
zone, the NAER temperature field model was used to calculate temperature rise caused
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by Joule heat, deformation heat, friction heat, and electric contact heat accumulation in
the deformation zone of magnesium foil with a thickness of 0.1~1.0 mm under a current
density of 30 A/mm2 and a reduction rate of 20%. Figure 9 shows that with the decrease
in inlet thickness, the fraction of the Joule heat temperature rise in the deformation zone
of the sample decreases from 40.2% to 8.9%, and the fraction of the friction heat increases
gradually. It can be seen that the temperature rise of the rolling deformation zone mainly
comes from deformation heat and friction heat, and the influence of the Joule heat (self-
resistance heat + electric contact heat) can be nearly ignored with the decrease in foil
thickness. During the NAER, the temperature loss due to heat transfer from the low-
temperature roll contact should be taken into account to ensure that the temperature in
the deformation zone is stable and within the rolling temperature range. Therefore, it
is necessary to conduct temperature compensation operations on the roll to improve the
rollability and rolling stability of Mg foils in the NAER process. From the research by Li
et al. [19] and Liao et al. [20], it can be seen that the surface quality of Mg foils can be
effectively improved by the roll temperature compensation operation.
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Figure 9. The temperature rises in the deformation zone of Mg foils during the NAER with different
thicknesses.

4.2. Accuracy Evaluation of the Temperature Field Model

It can be seen in Figure 10a,b that the established temperature field model of the NAER
can predict the peak temperature and the outlet temperature of the transition zone of the
AZ31 foil NAER. The average relative error is 7.1% and the maximum is 23.0%. The model
was evaluated to have a high prediction accuracy for the peak temperature in the transition
zone. The roll temperature and the guide roller temperature of the multi-pass Mg foil of
the NAER are measured as 27 ◦C and 31 ◦C, respectively.
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Figure 10. The temperature measured and calculated values of Mg foils by the NAER: (a) the transition
zone temperature field in experiment 1; (b) inlet and outlet temperatures of the mill in experiment 2.
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4.3. Microstructure

Figure 11 shows the relation of the Vickers hardness of the transition zone to time and
the temperature field of the fourth pass NAER. Combined with the temperature rise curves
and microhardness curves, the hardness decreases up to 200 ◦C, which is considered to
be the beginning of the recrystallization of the wrought Mg alloy. At the same time, the
hardness is stabilized within several seconds, and the complete disappearance of the shear
band is considered to be complete recrystallization through the OM. It is considered that
the recrystallization temperature and the recrystallization completion temperature in the
transition zone of the NAER may be closely related to the nucleation incubation time and
the temperature rise rate. The NAER process is influenced by the electroplastic effect and
the thermal effect, and the wrought Mg alloy is completely recrystallized before entering
the rolling deformation zone. The temperature rise rate and peak temperature are the main
factors affecting the recrystallization, and the rolling speed and the electric pulse parameters
need to be reasonably controlled so that recrystallization can occur and accelerate at a
lower temperature and the continuous rollability of the Mg foil can be improved. The
recrystallization finish at lower temperatures effectively prevents grain overgrowth.
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Figure 11. Microhardness–time and temperature–time curves of Mg foils of the NARE.

Figure 12a–c show the IPF diagrams of the inlet of the rolling deformation zone of the
AZ31 foil NAER when the current density is 25.0 A/mm2, 28.5 A/mm2, and 32.1 A/mm2,
respectively. It showed that the shear band at the entrance had completely disappeared,
forming a fine equiaxed crystal structure. Figure 12a shows that the average grain size
is 2.51 µm at the inlet of the deformation zone with a current density of 25.0 A/mm2,
surrounded by small-sized grains that are formed and crystallized by the large-grain
shear band, and the distribution is extremely uneven. The inlet recrystallization is also
complete at a current density of 28.5 A/mm2 and 32.1 A/mm2, and the average grain
size is 4.61 µm and 16.5 µm, respectively. At the same time, the GOS analysis shows
that the recrystallization is complete when the current density is less than 1. Most of the
grains are completely recrystallized at a current density of 25.0 A/mm2, 28.5 A/mm2,
and 32.1 A/mm2, and the recrystallization fraction is 70.4%, 83.4%, and 93%, respectively.
However, there are a lot of necklace-shaped recrystallized grains at that current density
of 25.0 A/mm2, which is obviously in the initial stage of discontinuous recrystallization.
It can be seen that the inlet peak temperature has a great influence on the inlet grain size.
The results show that the equiaxed grain structure with a grain size of less than 7 µm
can obtain good mechanical properties. It is obvious that high current density and high
inlet temperature rise will cause excessive grain growth, which is unfavorable to rolling
deformation and easily induces stress concentration and microcracks.
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Figure 12. IPF and (0001) PF for Mg foils at the mill inlet at (a) 25.0 A/mm2; (b) 28.5 A/mm2;
(c) 32.1 A/mm2.

Figure 12b shows that there is a strong base plane texture at the mill inlet of the
current density of 25.0 A/mm2 and 32.1 A/mm2, but at the current density of 28.5 A/mm2,
the base plane texture is clearly weakened, and an obvious texture weakening inflection
point appears. In order to analyze the cause of texture weakening, the ungrown grains
with a grain size of less than 2 µm were extracted to calculate the texture strength to be
9.2, as shown in Figure 13. It was obvious that the crystallization texture of the shear
band was weakened significantly. As the grain continued to grow, the crystallization of
the grain would significantly reduce the overall texture strength, as shown in Figure 12b.
However, the grain boundary of the large grains of the base texture will expand faster as
the temperature rise at the entrance continues to increase, and these weak texture grains
may be annihilated, thus reflecting the strong texture [21]. Weakening texture and grain
refinement are key technologies to improve the ultimate plastic deformation of Mg alloys.
In summary, the evolution of the texture and the growth rate of the recrystallization must
be closely controlled in order to realize a large reduction rolling of AZ31 foils at room
temperature/low temperatures.
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The NAER temperature field model was used to set the pulse current at the mill
entrance based on the target temperature. The AZ31 foil with current density calculated
by the temperature field model of NAER has good surface quality after final rolling, no
edge crack and foil breakage, and the precise control of rolling temperature can improve
the stability of the NAER. However, using the conventional temperature field model [14]
prediction would set a much larger effective current value, which would eventually lead to
the melting of the AZ31 foil.



Metals 2024, 14, 343 13 of 14

5. Conclusions

(1) A coupled temperature field model of the NAER was established by considering
the mill device and electrification process, and the Joule heat, deformation heat, and
friction heat in the NAER process were accurately considered. The NAER temperature
field model could accurately predict the peak temperature at the inlet and the outlet
temperature of the multi-pass NAER of different thicknesses and different current
densities. The average relative error of the prediction was about 7.1%, and the
maximum relative error was about 23.0%.

(2) A thorough analysis of the effect of dynamical boundary conditions on the transient
temperature in the transition zone and deformation zone of the AZ31 foil in the
presence of a loaded pulse current is presented, taking into account the particularities
of the NAER heat source and heat exchange mechanism. Both the experimental
results and the simulation results show that the temperature in the deformation
zone decreases significantly with the decrease in inlet thickness. Compared with the
temperature rise of deformation heat, friction heat, and Joule heat in the deformation
zone, the influence of Joule heat (the material of Joule heat and electric contact heat)
on the temperature rise of the deformation zone is gradually reduced to 8.9%, and the
influence of Joule heat on the temperature rise of the deformation zone can be almost
ignored. Therefore, the current parameters must be calculated accurately according
to the NAER temperature field model to ensure the stability of temperature in the
deformation zone.

(3) Combining the simulation of the AZ31 foil temperature field with the experimental
results of the NAER showed that the electric pulse rolling temperature field model
could accurately set the rolling entrance temperature, ensuring that there would be no
high-temperature melting and low-temperature brittle fracture and greatly improving
the surface quality of the rolled Mg foils. The microstructural analysis showed that
the wrought Mg alloy initial recrystallization at 200 ◦C and the texture strength of
the alloy turned into a turning point at the entrance temperature of 200~320 ◦C. In
particular, at a current density of 28.5 A/mm2, the grain size is 4.61 µm and the texture
intensity is 11.3 at the inlet of the mill.
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