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Abstract: The rare molybdenum resources are being increasingly used in heavy industries. In this
study, the common unidirectional and cross hot rolling operations, for pure molybdenum plates,
were numerically simulated by using MSC. Marc software. An elastic–plastic finite element model
was employed, together with the updated Lagrange method, to predict stress and strain fields in the
workpiece. The results showed that there was a typical three-dimensional additional compressive
stress (σy> σz > σx) in the deformation zone, while strain could be divided into uniaxial compressive
strain and biaxial tensile strain (εy > εx > εz). Tensile stress σx increased with the accumulation of
reduction and the decrease in friction coefficient at the edge of the width spread. More importantly,
the interlaced deformation caused by cross-commutations, which were helpful in repairing the severe
anisotropy created by unidirectional hot rolling. The evolution of the temperature field of pure
molybdenum plate was investigated. The surface quenching depth of the pure molybdenum plate
was about 1/6 H under different initial temperatures and reductions. In addition, the fundamental
reason for the nonuniform distribution of stress and strain fields was the joint influence of rolling
stress, contact friction, and external resistance. By comparing the theoretical simulation value of the
model with the experimental verification data, we found that the model was aligning well with the
actual engineering.

Keywords: pure molybdenum; unidirectional hot rolling; cross hot rolling; finite element method

1. Introduction

Pure molybdenum (BCC), which has a high stacking fault energy and is a typical
representative of rare and strategic refractory metal (melting point 2620 ◦C), is often
utilized for producing high-value products. Due to its excellent high-strength and -rigidity
properties, good electrical and thermal conductivities at elevated temperatures, and its
strong corrosion resistance, it is extensively used in aerospace, mechanical electronics,
nuclear industry, and other fields [1–3]. However, molybdenum has a higher ductile-to-
brittle transition temperature, poor oxidation resistance at high temperatures, and fewer slip
systems that can operate independently, which makes its manufacturing and application
extremely difficult [4,5]. Conventional molybdenum products include bars, plates, and
wires. Among them, the most widely applied and potentially valuable is sheet metal
processing, which has to be handled through a rolling process [6]. Currently, there are two
kinds of thermal deformation of molybdenum sheets: unidirectional hot rolling (UHR) and
cross hot rolling (CHR), but they are often accompanied by a variety of defects, such as
surface edge cracks and delamination [7–9]. Essentially, these are due to the serious genetic
effect of passes and the unreasonable control of processing parameters; as such, technical
improvements are urgently needed.
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Hot rolling is a continuous inheritance process that integrates the mutual iterative
influence of the temperature and force field variables. The main variables are rolling
pressure, temperature, rolling speed, reduction, roll diameter, and friction coefficient. The
material and geometric nonlinearity and boundary condition nonlinearity are the core
and dominant factors of thermal–mechanical coupling behavior [10–12]. Therefore, this
is a very complicated problem, and it is not easy to intuitively and rationally explore a
reasonable range of molding parameters and micrometallurgical characteristics through
simple experimental trial-and-error methods. The technology of finite element analysis
(FEA), as a powerful and efficient numerical simulation tool, has been widely recognized in
academia and industry, especially in plastic forming of rolling, and plays an irreplaceable
role in the description of material flow behavior [13,14]. Commercially available software
packages such as MSC. Marc, ABAQUS, DEFORM, etc., also greatly reduce the workload
of engineers. Most of the traditional mathematical models are based on the elastic–plastic
and rigid-plastic ones, assuming that the strip is isotropic and homogeneous, and the
interface boundary conditions refer to the shear or Coulomb friction model [15,16]. In the
more recent research, various factors have been more realistically taken into account, such
as setting the hybrid friction factor, treating the interfacial heat transfer coefficient as a
function of temperature and pressure, and exerting interface lubrication [17,18], which have
greatly improved the practical value of the resulting calculation. The approach of arbitrary
Lagrangian and Eulerian (ALE) was employed to enhance the previous idea of updated
Lagrange [19–21]. In recent decades, generally, 2D/3D coupled thermo–mechanical simula-
tion has seen applications in lightweight alloys (aluminum and magnesium alloys) and
steels [22–26], but studies in the field of refractory metal are still relatively scarce, especially
the development of molybdenum sheets [27,28]. Although the deformation patterns of
CHR and UHR is similar, the transition of rolling direction makes the field state exchange
dramatically, and the difference in mechanical properties in both vertical and horizontal
orientations is also apparently compromised. However, the genetic pattern of these
characteristic field quantities does not seem to be clear in the current research [29,30],
so it needs further exploration and exploitation. In order to reduce the rolling scrap
caused by manual operation and to increase the yield of molybdenum sheets, it is neces-
sary to systematically study the formation of sheets by means of computer design and
parameter optimization.

The main aim in this study was to construct a numerical model for the UHR and CHR
of molybdenum plates and carefully analyze the fields of temperature, stress, strain, and
additional stress–strain relationships before and after cross reversing. Subsequently, the pa-
rameters related to the depth of chilling, the distribution of additional tensile/compressive
stresses in width, and the history of plastic strain in the rolling direction on the surface
of the plate are discussed and designed, which will provide important guidance for
restraining the anisotropy, improving the uniformity and mechanical properties in the
vertical and horizontal directions, and developing deep processing terminal products
of sheet metal.

2. Experimental Details

In this study, the slab was prepared by powder metallurgy, followed by hot rolling.
The detailed process is shown in Figure 1. First, the molybdenum powder (Jinduicheng
molybdenum Co., Ltd., Xi’an, China) with a purity greater than 99.95% was loaded into the
mold; second, it was pressed into billets by cold isostatic pressing in a YT79-500 hydraulic
machine (pressure was 180 MPa) (Jinduicheng molybdenum Co., Ltd., Xi’an, China), and
then sintered by solid-phase staged sintering in a medium-frequency induction-sintering
furnace (Jinduicheng molybdenum Co., Ltd., Xi’an, China) (sintering temperature was
1880 ◦C, and sintering time was up to 18.5 h). Finally, the obtained sintered billets were
heated to 1320 ◦C in a stove with hydrogen atmosphere protection (Xi’an gemei metal
materials Co., Ltd., Xi’an, China) for about two hours and then immediately removed for
rolling. The rolling schedule is shown in Table 1.
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Figure 1. Schematic diagram of the preparation process of rolled molybdenum plates. Pure molybde-
num powder was formed by cold isostatic pressing, sintering in an intermediate-frequency furnace,
treated in a heating furnace and pressed into molybdenum sheets by a two-roll hot-rolling mill.

Table 1. Expected rolling process and change in molybdenum plate thickness before and after rolling.

Pass No. Thickness before
Rolling (mm)

Thickness
after Rolling

(mm)
Reduction

Unidirectional Hot Rolling
(UHR)

Cross Hot Rolling
(CHR)

1 13.2 10.56 20% 20%
(The pass interval rotates 90◦ along the

vertical rolling plane)
2 10.56 7.88 25.38% 25.38%

3. Finite Element Model

A 3D model for hot rolling was developed using the commercial finite element soft-
ware MSC. Marc, mainly simulating the UHR and CHR processes. We only studied the
coupling law of macro stress, strain, and additional stress and strain with temperature un-
der two rolling modes. The geometric model of the plate and roll was established through
the pretreatment interface Mentat. The rolled plate was a 13.2 × 50 × 100 mm rectangular
blank. Then, an 8-noded hexahedral element was used for 3D mesh generation, producing
19,200 elements. In addition, in this simulation, we assumed that the pure molybdenum
plate was an isotropic continuous medium, and we did not consider the microporosity
or inclusion problems occurring in the preparation and sintering of molybdenum plates.
Then, the 8-noded hexahedral elements with good calculation accuracy and deformation
performance were used for meshing in the roll and plate. Considering the symmetry of the
rolling process, only half of the plate was modeled. To simplify its complexity, the roll in
contact with the plate was meshed with biased density. The work roll was regarded as a
rigid body with heat transfer, and the plate was an elastic–plastic body. Due to the different
reductions of pure molybdenum plates, the roll gap spacing of the two high mills was
accordingly adjusted, but the roll gap spacing remained unchanged during the single-pass
operation. Additionally, the ideal boundary conditions that could be considered are portrayed
in Figure 2. As known, temperature and strain rate are very sensitive to rheological behavior;
hence, the previously established constitutive equation [31] was taken into account to describe
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the formation of pure molybdenum in this study. The updated Lagrangian method was
employed to address the process of large plastic deformation. The Mises yield criterion was
given to the yield of the material, and the interface contact behavior complied with the shear
friction model. The relevant considered parameters are shown in Table 2.

Table 2. Input parameters of finite element model for pure molybdenum plate rolling treatment.

Material Pure Molybdenum

Dimensions of initial plate (mm) 13.2 × 50 × 100
Diameter of roll (mm) 400

Width of roll (mm) 500

Number of elements 19,200
Rolling speed (rad/s) 2.6

Initial temperature of plate (◦C) 1320
Initial temperature of roll (◦C) 30

Coefficient of friction 0.3
Contact heat transfer coefficient between plate and roll (kW m−2 K−1) 10.5
Integrated heat transfer coefficient to environment (kWm−2 s−1 K−1) 0.025

Coefficient of plastic work dissipated into heat 0.9
Coefficient of friction work dissipated into heat 0.95

Air cooling time from heating furnace to rolling mill (s) 5.0
Interval time between passes (s) 2.5–3.0

Figure 2. Schematic diagram of finite element simulation and boundary conditions of molybdenum
plate rolling process.

4. Results and Discussion
4.1. Analysis of Deformation Zone

As displayed in Figure 3, the typical historical characteristics of the temperature
field, and stress and strain field before and after transition were discussed by taking the
deformation zone and outer region (marked in light cyan) as an example in the first pass of
UHR. Note that AB is the center line of the length, and DC is the symmetry line in the width.
The rolled plates in Figure 3 were prepared by two processes. The RD1 of the first rolling
plate was along AB direction, and UHR was performed twice. The second plate RD1 was
along AB direction. After one UHR preparation, the plate rotated 90◦ perpendicular to the
rolling plane, the RD2 changed from AB to DC, and one CHR preparation was completed.
The deformation zones of UHR and CHR were discussed and analyzed by using lines of
DC and AB crossing their neutral planes, respectively.

4.1.1. Analysis of Temperature Field

The state of the temperature field and temperature increase contour (dT/dt) of the first
pass in the deformation zone are shown in Figure 4a,b respectively. The temperature distri-
bution of the plate was inhomogeneous. There are three typical thermal phenomena during
plate formation: surface chilling, surface reheating, and internal plastic heat generation. A
severe chilling layer is generated on the surface of the plate that is in contact with the roll,
and the internal distortion caused by plastic deformation occurs in the interior of the sheet;
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then, the conduction from the inside to the surface appears at the exit. These three thermal
effects together contribute to the heat generation and energy loss of the molybdenum plate
until a transient dynamic thermal balance is established. In contrast with Figure 4c,d, we
found that the temperature gradient in the longitudinal and transverse directions (AB,
DC) before and after revolved was more competitive, and there was alternating floating.
This was a result of the combined effects of heat inside the strip, thermal transfer on the
interface of the sheet and rollers, as well as the convection and radiation between the plate
surface and surrounding environment. In other words, the evolutionary histories of these
phenomena are attributed to the dynamic thermal equilibrium of the plate during energy
transfer and heat loss.

Metals 2023, 13, x FOR PEER REVIEW 5 of 17 
 

 

perpendicular to the rolling plane, the RD2 changed from AB to DC, and one CHR prepa-
ration was completed. The deformation zones of UHR and CHR were discussed and ana-
lyzed by using lines of DC and AB crossing their neutral planes, respectively. 

 
Figure 3. Schematic diagram of molybdenum plate model deformation area analysis. 

4.1.1. Analysis of Temperature Field 
The state of the temperature field and temperature increase contour (dT/dt) of the 

first pass in the deformation zone are shown in Figure 4a,b respectively. The temperature 
distribution of the plate was inhomogeneous. There are three typical thermal phenomena 
during plate formation: surface chilling, surface reheating, and internal plastic heat gen-
eration. A severe chilling layer is generated on the surface of the plate that is in contact 
with the roll, and the internal distortion caused by plastic deformation occurs in the inte-
rior of the sheet; then, the conduction from the inside to the surface appears at the exit. 
These three thermal effects together contribute to the heat generation and energy loss of 
the molybdenum plate until a transient dynamic thermal balance is established. In con-
trast with Figure 4c,d, we found that the temperature gradient in the longitudinal and 
transverse directions (AB, DC) before and after revolved was more competitive, and there 
was alternating floating. This was a result of the combined effects of heat inside the strip, 
thermal transfer on the interface of the sheet and rollers, as well as the convection and 
radiation between the plate surface and surrounding environment. In other words, the 
evolutionary histories of these phenomena are attributed to the dynamic thermal equilib-
rium of the plate during energy transfer and heat loss. 

Figure 3. Schematic diagram of molybdenum plate model deformation area analysis.

Figure 4. Temperature contours of rolling deformation zone: (a) temperature field of the first pass;
(b) temperature increase profile (dT/dt) of the first pass; the temperature distributions of (c) and
(d) are the AB and DC lines under the two rolling conditions, respectively.



Metals 2023, 13, 101 6 of 15

4.1.2. Analysis of Stress Field

Stress, as the strength of internal force, reflects the equilibrium behavior of particles
inside a body under external loads. In order to further explore the nature of the large metal
flow gradient in the free deformation zone, in the analysis, we focused on the internal force
evolution of the entrance and exit at the junction of the free deformation zone and the
outer zone (as shown in Figure 5a,b). Furthermore, the state of additional stress in different
orientations of rolling direction (RD), thickness direction (ND), and width direction (TD)
was described in detail by means of microelements parallel to the coordinate plane. The
surface at the entrance and exit, in two processes, had tensile stress in the RD1 and RD2
directions, while there was additional compressive stress in the center. Specifically, in
the first pass, the tensile stress on the surface was greater than the compressive stress
in the center, resulting in a larger force field gradient at the entrance and exit, while the
compressive force in the core was dominant in the second pass of UHR, which made the
plate exhibit compressibility along the thickness. Similarly, the difference in competition
in tension/compression stress between the surface and center appeared to be smaller
in CHR. That is, the coexistence of tension and compression between the surface and
center could significantly diminish the stress difference and substantially decrease the
nonuniformity along the thickness direction, i.e., a “synchronization effect”. With the
increase in rolling passes, the plate thinned, which also showed that the equivalent stress
along the thickness direction had basically penetrated into the center, which is of great
significance for the microporosity welding. The atoms reached the gravitational range
of metal bond, completing the microstructure transformation from the sintering state to
rolling. Moreover, the σy effect along the thickness direction was negative under these
rolling modes; compared with CHR, the integral compression effect of UHR seems to
be more acute. Additionally, along the σz direction, the compressibility under the two
processes was weakened, which indicated that there may have been a certain pre-tension
stress trend from the central section to the edge in each direction of width (TD1/TD2) before
and after rotation, promoting the formation of spreading.

Figure 5. The distribution of additional stress at the (a) entrance and (b) exit of different passes under
the UHR and CHR conditions.

The distribution of equivalent stress along the longitudinal/transverse section in the
deformation zone under the two processes is depicted in Figure 6a,c,e. In general, regardless
of the rolling method applied, the distribution of equivalent stress in the deformation
zone was not homogeneous. The longitudinal section in Figure 6a is clearly divided
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into an inflexible domain (I), an easy deformation area (II), and two free deformation
zones (III, IV). Among them, the inflexible domain was located on the surface, which
experienced severe friction stress in connection with the roller, so the equivalent stress was
the largest (208.74 MPa). With advancing deformation, the stress in the easy deformation
area gradually decreased from the surface to the center. Because the free deformation
zone was close to the outer region, its static obstruction could not resist the compression
behavior of the roller in the thickness of the plate, so metal flow along the direction of RD1
accelerated, resulting in the lowest equivalent stress in this area. Similar profiles were also
observed in the longitudinal sections in (c) and (e). In addition, there was a certain amount
of prestress near the entrance and exit of the outer region, and the farther its distribution
from the deformation zone, the weaker the intensity of the stress.

Figure 6a,h show that the equivalent stress of the first pass of UHR was in the range of
195.6–199.2 MPa, and its fluctuation was very small. The distribution slightly increased
from the center to the edge of the plate and then gradually decreased on the transverse
surface, which is explained in more detail in Figure 6b. Although the elements in the
central region were forced to flow along RD1 and TD1 by the pressure of the rolls, the
severe interfacial friction behavior of the plate–roll was reproduced, so that the directions
of RD1 and TD1 were subject to the constraint of compressive stress; that is, the middle
was in a state of three-dimensional compressive stress. Evidently, the effect of three-
dimensional compressive stress weakened from the middle of the sheet to the edge area.
The interface friction resistance significantly decreased along the TD1 direction at the
edge of the plate, which gradually enhanced the width spread, and σz dropped to zero.
According to the law of volume invariance, the elongation in the rolling direction decreases
with the increase in spreading in width, so tensile stress was produced in the RD1 direction.
Thus, a compression–tension stress state occurred on the edge of the plate. Additionally,
the rapid temperature loss caused by convection and radiation between the edge of the
plate and the environment is also an objective factor that causes the larger stress on the
edge. Comparing Figure 6c,h, the equivalent stress of the second pass of UHR was in the
range of 231.0–234.6 MPa. However, the differentiation in stress from the middle to the
edge seemed to be even worse, which was closely related to the stronger characteristics
of passes of the molybdenum slab, as explained in Figure 6d. As the reduction continued,
the friction resistance along the TD1 direction strikingly enhanced, the compressibility of
σz permeated to the edge profile of the sheet (points C and D), and the width spread was
further limited. Simultaneously, regarding the law of volume invariance, we concluded
that the decrease in width spread led to the increase in ductility along the RD1 direction,
and the tensile stress of σx sharply decreased. Remarkably, the peak value of the second
pass of σx was apparently larger than that of the first, which was also closely related to the
existence of temperature decreases at the edge.

The distribution of equivalent stress in the second pass of CHR is shown in Figure 6e.
The exchange of the rolling direction made the stress along AB and CD alternately change
because the plate rotated 90◦ perpendicular to the rolling plane, and the equivalent stress
was significantly more uniform than that of UHR. Figure 6g,h show that the equivalent
stress of the line AB was distributed in the range of 44.9–207.9 MPa during the first pass
of UHR, but it increased to 251.6–253.7 MPa after CHR. Similarly, the equivalent stress
at the exit of the deformation zone on line DC after CHR was basically maintained at
134.9 MPa, reflecting that CHR strongly contributed to the improvement in excessive
residual stress at the edge of UHR. Combined with the analysis in Figure 6b,f, we found
that the additional stress originally in RD1 was all converted into compressibility on line
AB, while the compressive stress of σz in TD1 was replaced by the tensile stress σx in RD2
on line DC, which was conducive to the ductility of the plate along the RD2 direction. The
tensile stress of σx in RD1 was transformed into the compressive stress of σz in TD2, and
σz > σx. This not only limited the width spread along TD2 in CHR but also greatly repaired
the tensile stress band at the edge of UHR, especially in the biting phase and tail stage. The
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residual tensile stress along the lines of AB and DC occurred after the completion of the
rolling action on the surface of the outer zone.

Figure 6. Equivalent stress distribution in rolling deformation zone: (a) the first pass of UHR; (c) the
second pass of UHR; (e) the second pass of CHR; (b,d,f) additional stress distributions along AB and
DC for each of the above passes; (g,h) equivalent stress curves of different passes along AB and DC.
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Based on the above discussion, we found that the fundamental reason for the formation
of the stress field in the deformation zone under the two rolling methods is the combined
action of the rolling stress, contact friction, and resistance in the outer zone [25]. The tensile
stress in the RD direction is beneficial to longitudinal elongation, and the compressive
stress in ND can markedly increase the shaping along the thickness direction, improving
the hydrostatic pressure [32]; the aggravation of width spread is limited by the existence of
compressive stress in the TD of the sheet. We found three-dimensional compressive stresses
in both the longitudinal and transverse directions in the deformation zone; σy > σz > σx.
Based on plastic–mechanical theory, the existence of three-dimensional compressive stress is
of great importance for perfecting the microstructure, improving the plasticity of materials,
and decreasing the possibility of crack formation.

4.1.3. Analysis of Strain Field

The permanent deformation caused by continuous particle migration to the original
position under the applied stress state is a key index used to measure plastic capacity, which
directly determines the displacement directions of the mass points and then produces plas-
tic strain. The distribution of equivalent plastic strain in UHR is shown in Figure 7a,c.
The nonuniform strain of pure molybdenum in the thickness and transverse directions
results from the discrepancy of the stress field. The strain history curve of line AB in the
deformation zone under the two processes is shown in Figure 7g. Under the pressure
penetration of the roll along the thickness direction of the plate, the surface experiences
a larger plastic strain, while the center produces a smaller plastic strain. From the anal-
ysis of the stress field in Section 4.1.2, we found that the middle of the plate surface
suffers three-dimensional compressive stress, and the action of interface shear causes
a significant increase in RD1 to εx. From the entrance to the exit of the deformation
zone, the equivalent strain continuously accumulates along the rolling direction, and the
difference of the equivalent plastic strain between the surface and the center narrows,
indicating that the thinning makes the stress tend to be consistent along the thickness
direction, so that the strain is relatively uniform; especially, the metal grains are forced to
cross the neutral plane to the leading zone. Comparing with Figure 7a,c,h, the equivalent
plastic strain in the first pass on the wide-directional DC was about 0.2, while that in
the second pass was maintained at about 0.54. Even though the difference was very
small, there was still a slight increase from the center to the edge, with especially the
large peaks near the edge. This can be explained, combined with Figure 7b,d, as the
boundary friction constraint being less than that of the middle, so the compressive stress
σz in TD1 weakened, and εz presented a tensile strain distribution. It should be noted
that the εz in the middle of the sheet was larger than that at the edges, while the opposite
was observed for εx and εy.

The equivalent strain in Figure 7e under CHR is obviously better than that of UHR
when the plate was rotated 90◦ perpendicular to the rolling plane. Figure 7h shows that
the equivalent strain trend of the longitudinal line was is basically the same as that of the
longitudinal line AB; the change in the strain path made the edges in TD1 in the strain
state significantly improve in UHR. The equivalent strain of TD2 on line AB was about 0.56.
From in Figure 7d,f, we deduced that the additional tensile strains εx and εz along the AB
and DC lines were alternately compensated after the vertical and horizontal cross-exchange
of the plate surface, which greatly enhanced the extension of the plate along TD2. This
was not similar to the stress field: there were two-dimensional tensile strains (εx and εz)
and uniaxial compressive strain (εy) in the deformation zone, and εy > εx > εz. εx helped to
extend the plate along RD1 and RD2; εy mainly contributed to the compression deformation
along the thickness direction, while the transverse tensile strain εz gradually decreased
from the center to the edge. The resulting spread was negligible. That is, the change in the
strain path caused the length and width of the plate to be interchanged, which significantly
compensated for the ductility in the TD1 direction, improving the anisotropy of the plate
and the potential performance along the width direction in UHR.
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Figure 7. The contour maps of equivalent plastic strain in the rolling deformation zone: (a) the first
pass and (c) the second pass in UHR; (e) the second pass in CHR; (b,d,f) distributions of additional
strain along AB and DC lines in each pass; (g,h) evolution of equivalent strain along AB and DC
lines, respectively.

4.2. Optimization of Process Parameters

In summary, the evolution of the fields in the rolling deformation zone is peculiarly
prone to the changes in temperature, stress, and strain; they jointly contribute to the thermal
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rheological behavior of pure molybdenum. To further determine the reasonable range of
processing parameters, the effects of processing parameters on the depth of the surface
chilling layer, additional tensile stress in the width direction, and additional strain in the
rolling direction were studied.

4.2.1. Effect of Machining Parameters on Surface Chilling Layer

The intense contact between high-temperature molybdenum and cold roll negatively
affects the temperature gradient of the surface of the sheet. As depicted in Figure 8a,b,
taking a single pass as an example, the effects of different initial rolling temperatures
and reductions on the surface chilling layer were studied under specific conditions. For
molybdenum, the depth of the surface chilling remained basically the same under different
situations (approximately 1/6 H, <2.2 mm), which is equivalent to the Mg alloy plate [18].
However, the chilling effect was only about 1/40 H during rough rolling [33]. This means
that the low-temperature surface of molybdenum is much thicker than that of steel, and the
plate temperature is extremely sensitive to the action of the cold roll. Thus, molybdenum is
less convenient to use than other metals.

Figure 8. Effect on temperature distribution along the thickness direction at the exit: (a) different initial
rolling temperatures at a fixed reduction, and (b) different reductions at a constant initial temperature.

4.2.2. Effect of Processing Parameters on the Additional Stress along the Width of Plate

When the other conditions remain unchanged, the influence of different reduction
and friction coefficients on the distribution of σx along the width direction on the neutral
surface in the second pass of the two rolling models was studied; the results are shown
in Figure 9a–d. Both UHR and CHR showed tensile/compressive stress distribution in
their width directions. As the number of reductions increased, the tensile stress in the edge
region continued to worsen and tended to extend to the middle, while the opposite occurred
with the increase in friction coefficient. It is worth noting that the maximum compressive
stress in CHR was not in the core, but emerged at approximately 1/4 of the length. Owing to
the rotation of the plate along the rolling plane, the contact area sharply increased, resulting
in a prominent difference in the aspect ratio of resistance under a larger width, which may
have caused a certain degree of convexity or distortion in the middle of the plate.

4.2.3. Effect of Reduction on Additional Strain in Rolling Direction

With the accumulation of reduction, the strain change of the nodes on the plate surface
was different, but the regular pattern was basically the same. A certain point on the
surface of the sheet was selected as the tracking object, and we focused on the evolution
of plastic strain along the x-direction during the second passes of UHR and CHR, as
described in Figure 10a,b. The plastic strain along the x-direction steadily accumulated in
the longitudinal direction with continuous reductions, resulting in serious anisotropy of the
plate during UHR. Even if the reduction of the second pass was consistent with that of the
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first pass in CHR, the strains in the RD1 and RD2 directions could not be balanced after the
cross-reversing of the plate. When the reduction was controlled at about 10%, the difference
in the strain peaks between the longitudinal and transverse directions was the smallest. This
is because the change in the rolling direction made the sheet inherit the transverse strain
in the TD1 direction before the second pass, forming a wave trough, and then expanding
along that position step-by-step, creating a secondary wave peak. This proves that under
this condition, cross-rolling is advisable for reducing the anisotropy of the plate.

Figure 9. The effect of different parameters on the distribution of x-direction tensile stress
along the width direction on the neutral surface under the two rolling modes: (a,b) reduction;
(c,d) friction coefficient.

Figure 10. Effect of different reductions on plastic strain at a point on the plate surface along
x-direction: (a) UHR; (b) CHR.

4.3. Model Validation Process

In order to further verify the accuracy of the models, an infrared pyrometer (SMART
SENSOR AS892, SMART SENSOR, China) was used to measure the surface temperature of
the plates in each pass. For the determination of rolling force, considering the complexity
of molybdenum billet rolling, the classical Sims equation [34] was employed for theoretical
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verification. The specific process is shown in Figure 11 and Table 3. It can be seen that
the prediction of rolling force was basically in line with the actual values, but there was a
certain error between the simulated surface temperatures and the measured values. The
reason is that the N and O in the air interact with molybdenum at high temperatures to
produce an oxidation suction phenomenon; thus, a smear layer (MoN, MoO3) is formed,
resulting in errors in pyrometer readings. Even if there is a certain error in the models,
the high-temperature rheological behavior of molybdenum plates can be preliminarily
predicted, laying a foundation for the subsequent production of molybdenum sheets.

Figure 11. Comparison between theoretical and simulated rolling force under UHR and CHR processes.

Table 3. Temperature comparison between measured and simulated values of plate surface under
UHR and CHR processes.

Simulation Value Experimental Value

Before first pass 1298.5 ◦C 1307.8 ◦C
Before second pass (UHR) 1273.2 ◦C 1261.6 ◦C

Before te second pass (CHR) 1271.9 ◦C 1253.5 ◦C

5. Conclusions

The following conclusions were drawn by numerically simulating UHR and CHR of
pure molybdenum sheets:

The temperature field distribution of the pure molybdenum plate is nonuniform. There
are three typical thermal phenomena in the evolution of the temperature field: surface
chilling layer, internal plastic deformation heat generation, and surface reheating zone after
rolling. The reason for the differences between the temperature fields in the length and
breadth directions is that the contact areas of the plate and roller differ during the process
of the plate rolling in an alternate direction.

The reason why the temperature field is different in the length and width directions is
that the contact area between the plate and the roller is different when the plate is rolling
along the alternate direction.

The surface quenching depth of the pure molybdenum plate is about 1/6 H under
different initial temperatures and reductions.

The distribution of the stress and strain fields of the pure molybdenum sheet is
nonuniform. The fundamental reason for the nonuniform distribution of the stress and
strain fields is the joint influences of rolling stress, contact friction, and external resistance.
The characteristic three-dimensional compressive stress occurs in the rolling deformation
zone, σy > σz > σx. The strain includes uniaxial compressive stress and two-dimensional
tensile stress, εy > εx > εz.
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Under the two processes, the existence of edge tensile stress along the width direc-
tion increases with the increases in reduction and the decrease in the friction coefficient.
Compared with UHR, CHR is helpful for reducing the anisotropy of the plate.
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