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Abstract: Semi-solid powder rolling (SSPR) is widely used to produce alloy strips with fine grains
and excellent performances in the automotive, aerospace and shipbuilding industries. During SSPR,
powder temperature, as a very important parameter, greatly affects strips’ microstructures and
mechanical properties, which have been investigated by many researchers, but its effect on the
forming process and mechanism has rarely been studied. Therefore, based on online experimental
detection and transient simulation, the microstructures, strip temperatures, relative densities and
rolling forces at different conditions were, respectively, measured, calculated, compared and analyzed
in order to study the deformation process and mechanism during SSPR. The result shows that with the
increase in powder temperature, the strip temperature and relative density increase, while the rolling
force decreases. The grains of the strips are refined after SSPR, and fine and dense microstructures
are obtained at 600 ◦C, which is the optimum powder temperature. In the main deformation sections
(II and III), when the contact normal force exists and reaches a maximum, the relative density and
rolling force increase rapidly. At these sections, the strips rolled at 600 ◦C are mainly in a porous
solid state, and powder crushing dominates the strip deformation. Therefore, SSPR at 600 ◦C and
below can be considered porous or powder hot rolling, integrating powder crushing, solidification,
deformation, densification and grain coarsening. Moreover, as the simulated values are basically
consistent with experimental values, the thermomechanical coupling model based on the Fourier
equation and its parameters are confirmed to be reasonable.

Keywords: semi-solid powder rolling; AA2024; powder temperature; temperature field; microstructure

1. Introduction

Semi-solid powder forming (SSPF), with advantages of fine grains, net shaping, a sim-
ple process and so on [1–4], has been widely used to prepare excellent composites by many
researchers in recent years [5–8]. Semi-solid powder rolling (SSPR) is a kind of SSPF [9–11],
which is mainly used to produce alloy or composite strips with high performances in the
automotive, aerospace, shipbuilding industries and so on [12–14]. During SSPR, powder
temperature is a very important parameter, which not only determines the liquid fraction
and the material deformation resistance but also affects the solidification and densification
process of semi-solid powder materials and, consequently, determines the size and shape,
microstructure and mechanical properties of finished products [15–17]. Therefore, it is
necessary to investigate the effect of powder temperature on the SSPR process.

However, research on the influence of semi-solid powder temperatures is presently
concentrated on the influence of the microstructures and performances of products [6,8].

Metals 2023, 13, 1919. https://doi.org/10.3390/met13121919 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met13121919
https://doi.org/10.3390/met13121919
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-3596-6775
https://orcid.org/0000-0002-1650-9261
https://doi.org/10.3390/met13121919
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13121919?type=check_update&version=1


Metals 2023, 13, 1919 2 of 17

The effect on the forming process and cause and mechanism of this impact are ambiguous
and rarely studied, as the changing process and rule of temperatures, relative densities
and rolling forces during SSPF cannot be directly observed in experiments. Hence, a
combined method of online experimental detection and transient simulation is needed
to study the effect of powder temperature. However, there are few studies on SSPF
simulation. The SSPR process based on the combined constitutive model was simulated
in our previous studies, which focused on the constitutive relationship calculation of
semi-solid materials [9]. Moreover, based on the above constitutive formula and Shima
yield criterion, the influence of roller temperature, compression ratio, rotational velocity
and friction factor on strips was analyzed through SSPR simulation [10]. Mei et al. [17]
established a numerical model of a segmented PbTe-BiTe-based thermoelectric leg based on
the coupled equations to optimize performance. The microstructure modeling of a sintered
Al-4Si-0.6Mg alloy extruded in semi-solid temperature ranges was built by Nithin et al. [18].
Luo et al. [19] analyzed the deformation micromechanisms and constitutive behaviors of
semi-solid powder materials. In a word, the influence of powder temperature was not
deeply investigated in these models.

Therefore, in order to study the effect of powder temperature on the forming process
during SSPR, the thermomechanical coupling finite element model of semi-solid AA2024
was established according to the Fourier equation. Based on the model, the temperature,
relative density and rolling force of strips during SSPR with different powder temperatures
were calculated, analyzed and compared with experimental values. The microstructure
of the strips after SSPR was studied. Finally, the optimum powder temperature was
determined, and the forming mechanism of SSPR was researched.

2. Experiments

The powder used in this work is commercial AA2024, which was gas-atomized with a
spherical shape. Its chemical composition is shown in Table 1. The material of the rollers
is stainless steel (86CrMoV7). The DSC curve of powders in Figure 1a was obtained by
using the STA 449C thermal analyzer, which was heated from 25 to 700 ◦C at a rate of
10 ◦C/min. As seen in Figure 1a, the solidus and liquidus temperatures are, respectively,
509 and 648.3 ◦C. The liquid fraction in Figure 1b was calculated from the DSC curve
(detailed methods in ref. [16]). The semi-solid state is highlighted yellow in Figure 1, while
the liquid state is highlighted in cyan.

Table 1. Chemical composition of AA2024 powders (wt %).

Cu Mg Mn Fe Si Zn Ti Cr Al

4.09 1.8 0.54 0.21 0.12 0.06 0.02 0.10 Bal
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The powders placed in a thermal resistance furnace were heated respectively to semi-
solid temperatures of 520, 540, 560, 580, 590, 600 and 610 ◦C and then held for 30 min
and were protected by argon. Subsequently, the semi-solid powders were poured into
the hopper and then rolled by preheated rollers. Finally, a strip was produced with a
thickness of about 1.2–2 mm (±0.5 mm) and a width of about 100 mm (±10 mm), as shown
in Figure 2a. As a result of inhomogeneous rolling and insufficient supply of semi-solid
powders, the front, end and edge of the strip are serrated or even missing. The rolling
equipment and schematic are shown in Figure 2b,c. The width of the rollers is 100 mm,
the diameter is 150 mm and the rotational speed is 0.1 rad/s. The rollers were inductively
preheated to 300 ◦C and then kept by a flame. The temperature of the strips during
SSPR was measured by a thermocouple placed between the rollers and under the hopper,
which was finally embedded in the strip after rolling. The rolling force during SSPR was
determined by a device with the NI-9317 data collection card and LabVIEW 2014 software,
which was installed in the rolling equipment. Samples were taken from the center of the
strips after rolling, along the rolling direction, for further analytical testing. The relative
density of five samples rolled under each condition was determined three times using
Archimedes’ method. To observe the microstructure of strips using a LcicaDM1500M,
the samples were polished and then corroded with Keller agents. The microstructure of
different sheets after SSPR in each condition was taken in about 50 images, from which the
most clear and representative images were selected.
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3. Theoretical Background

During SSPR, the heat of semi-solid powders or strips is taken away by convection,
radiation and conduction when they are in contact with gas or rollers, making the strip
temperature decrease. On the other hand, the solidification of semi-solid powders results
in the release of latent heat, the plastic deformation of strips generates new heat and the
friction between powders or strips and rollers also produces new heat, which will increase
the strip temperature. Therefore, the variety of strip temperatures during SSPR is especially
complicated. Consequently, based on the Fourier equation, the principle of conservation of
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energy was induced to derive the transient thermal conduction differential equation during
SSPR, as follows:

ρstr

(
Cstr

dT
dt

− L
d(1 − f L)

dT

)
− Q =

∂

∂x

(
λstr

∂T
∂x

)
+

∂

∂y

(
λstr

∂T
∂y

)
+

∂

∂z

(
λstr

∂T
∂z

)
(1)

where ρstr is the density of strips (kg/m3), Cstr is the specific heat capacity (J/kg·K), T is the
temperature (K), t is the rolling time (s), L is the latent heat at a unit mass (J/kg), fL is the
liquid fraction, Q is the heat generated from the heat source per unit volume (W/m3), λstr
is the thermal conductivity (W/m·K), assuming strips and rollers as isotropic materials.

Wu et al. [7] compared the thermocalc prediction (incorporating the Scheil equation),
DSC experiment and metallographic analysis to determine the liquid fraction of gas-
atomized powders in a semi-solid state. The results show that the DSC experiment is the
most suitable method, but it cannot be used directly in the simulation as a result of the lack
of a mathematical formula as well as the metallographic analysis. Thus, the relationship
between dfL and dT in this study was calculated using the Scheil equation [20]:

d(1 − f L)

dT
= − 1

(1 − ker)(TL − Ts)

(
T − Ts

TL − Ts

)( 1
1−ker −1)

(2)

where TL and Ts are the liquidus and solidus temperatures of powders (K), ker is a partition
coefficient.

Equation (2) was introduced into Equation (1), and then Equation (3) was obtained:

ρstr

Cstr
dT
dt

+
L

(1 − ker)(TL − Ts)

(
T − Ts

TL − Ts

)( ker
1−ker )

− Q =
∂

∂x

(
λstr

∂T
∂x

)
+

∂

∂y

(
λstr

∂T
∂y

)
+

∂

∂z

(
λstr

∂T
∂z

)
(3)

The specific heat capacity Cstr and the thermal conductivity λstr of the strips actually
change with the temperature during SSPR and are not constant values. At present, the
thermal and elastic property coefficient used in thermal formation simulations is mostly
invariant, resulting in certain errors between the experimental and simulated values [21–23].
Thus, the coefficients varying with temperature are necessary in SSPR simulation. However,
it is difficult to accurately measure these coefficients during the experimental process of
SSPR, which is restricted by the equipment and conditions. Therefore, according to the
chemical composition of the strips and rollers, their coefficients in Figure 3 were calculated
using JMatPro 1.0 software. It is seen from Figure 3 that the thermal parameters of the
rollers vary little with the temperature, compared to those of the strips. This is because
rollers stay solid throughout the rolling temperature range, but strips solidify from a semi-
solid state to a solid state. The calculated temperature range under equilibrium conditions
was chosen as 25–700 ◦C, according to the experimental forming temperature of the SSPR.
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For SSPR, the Q in Equation (3) refers to the total heat including solidification latent
heat, friction heat, plastic deformation heat, convection heat, radiation heat and conduction
heat as shown in Figure 4. Latent heat from liquid solidification is converted into a specific
heat capacity, as shown in Figure 3 using the equivalent heat capacity method [24]. The
heat flux generated by the friction between strips and rollers can be expressed using
Equation (4):

q f ri = K f µp(Φ)vr (4)

where p(Φ) is the normal component of rolling pressure (MPa), vr is the relative velocity
of the rollers, Kf is the partition coefficient of frictional work and the heat converted
from friction.
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The heat flux converted from the deformation of strips can be written as

qp = Kpσeqεeq (5)

where Kp is the conversion coefficient from plastic deformation work into heat (commonly
0.9 for aluminum alloy [21]), σeq is the equivalent effective stress, εeq is the equivalent
effective strain, which can be achieved through a thermomechanical coupling model.

Otherwise, the heat flux qsgas convected on the powder or strip surface can be written as:

qsgas = hg1
(
T − Tg

)
(6)

where hg1 is the convective heat transfer coefficient at the powder or strip interface during
SSPR, and Tg is the gas temperature, which is 298 K in simulation. The value of hg is
commonly chosen as 100–200 W/m2·K [25] and is 100 W/m2·K in this study.

The heat flux qsrad that is radiated by powders or strips to the environment can be
expressed as:

qsrad = ξω
(

T4 − T4
∞

)
(7)

where the Stefan–Boltzmann constant ξ is 5.6697 ∗ 10−8 W·m−2·K−4, ω is the surface
radiation coefficient.

The heat flux qroller convected and radiated between the roller and external environ-
ment can be calculated by:

qroller = hg2
(
T − Tg

)
+ ξω

(
T4 − T4

∞

)
(8)

where hg2 is the convective heat transfer coefficient on the roller surface during SSPR.
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At the interface of powders or strips and rollers, the heat flux qcon between them can
be determined by the following:

qcon = hcon(T − Troll) (9)

where hcon is the contact heat conductivity and Troll is the roller temperature (K). For
semi-solid rolling of aluminum alloy, the range of hcon is 1000 to 5000 W/m2·K [26].

4. Results and Discussion
4.1. The Effect of Powder Temperature on the Strip Microstructure

Figure 5 shows the microstructure of the strips rolled at different semi-solid powder
temperatures, which is taken from the center area of the strips. As shown in Figure 5, the
microstructure changes greatly with the increase in powder temperature. When the powder
temperature is 520 ◦C, most of the powders in Figure 5a maintain the initial spherical
shape and a small amount of black dotted substances marked with red arrows (namely
the solidified liquid pocket in ref. [27]) are distributed randomly inside powders. The
black dotted substance is Al2Cu in ref. [9]. There are many large pores marked by red
circles in Figure 5a, and a little metallurgical bonding is also observed between powders.
When the powder temperature is 540 ◦C, there are some small particles, most of them
with polygonal shapes, and the number of pores is significantly reduced, as shown in
Figure 5b. According to ref. [28], the powder at a higher temperature may slide along
the grain boundary inside the powders, resulting in powder breakage during semi-solid
powder compression. Combined with the changes in the grain size and shape of the
powders in Figure 5b, it can be deduced that some powders break down at 540 ◦C, resulting
in pores being reduced. Moreover, a number of deformed powders appear under a large
rolling force, which also causes pores to decrease. When the powder temperature is 560 ◦C,
more powders break down to form fine irregular grains, and the black dot substances in
the powders increase in Figure 5c, confirming that the liquid phase increases. In addition,
there is a small amount of finer solidified microstructures (in red boxes). When the powder
temperature is 580 ◦C, the grains are obviously refined and the large particles are basically
invisible in Figure 5d. The liquid phase is distributed mainly on the grain boundary [29],
and pores are in the form of micropores between grains. This is because the liquid fraction
at 580 ◦C increases significantly, which is 12.1% in Figure 1b. Therefore, the breakage
resistance of the powders is greatly reduced and thus more powders are crushed into
small particles (red squares in Figure 5d) under rolling force. The liquid phase released
from the powders solidifies into fine grains and simultaneously forms the metallurgical
bonding between broken powders or fragments, which makes large pores disperse and
many tiny pores distribute between grains [11]. When the powder temperature is 590 ◦C,
the microstructure is similar to that at 580 ◦C. When the powder temperature is 600 ◦C, the
microstructure of the strips consists of many fine grains with fewer pores. This is because
the liquid fraction is 20.1% at 600 ◦C (Figure 1b), and almost all powders are broken up
during SSPR. Thus, more of the liquid phase is released to fill the pores, while it forms a
more firm metallurgical bonding. When the powder temperature is 610 ◦C, the grain of the
strips becomes larger and cracks are visible. It is because the liquid phase at 610 ◦C is 28.2%
(Figure 1b), which is more conducive to element diffusion. Consequently, the coarsening
of the grain is dominant and more liquid phase is squeezed and flows out to cause crack
generation under rolling force [30].

In a word, the grain size of the strips first decreases and then increases, while the pores
decrease with increasing temperature. Therefore, the optimal powder temperature during
SSPR is considered to be 600 ◦C. The crushing of powder during SSPR makes the grains
smaller and the liquid phase together with the fragments flows and fills the pores. The
higher the temperature, the more powders crush, and then more liquid fills the pores. In
addition, at a higher temperature, more coarse grains and new holes are generated, which is
consistent with the results in ref. [16]. Therefore, it can be concluded that powder crushing,
liquid solidification, densification and grain coarsening exist simultaneously during SSPR.
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4.2. Simulation and Analysis of the Strip Temperature Field
4.2.1. Establishment of the Model

In order to analyze the temperature distribution characteristics of the strips during
SSPR, a finite element thermomechanical coupling model of AA2024 based on the the-
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oretical principle of Section 3 was established, and the results calculated by the model
were compared with the experimental results. According to the symmetry of SSPR, a two-
dimensional model with half the strip and one roller was built using the software MARC
2017, as shown in Figure 6. Node 1 of the strip is marked in Figure 6a, while Figure 6b is
the close-up view of Figure 6a. The roller was set as a rigid heat conduction body, while
the strip was set as a deformable body which complies with Shima criteria. In addition to
a strip and a roller, the model also consists of a symmetric rigid body and a push plate,
which helps the strip to be successfully bitten by the roller. The discretization of the roller
was performed by the 39# element, which was unevenly divided into 603 elements and
640 nodes. The mesh of the roller area contacted with the strip is dense, whereas that of the
uncontacted area is loose. The discretization of the strip was performed by the 11# element,
which was evenly divided into 500 elements and 606 nodes.
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Figure 6. The thermomechanical coupling finite element model of SSPR: (a) the whole model; (b) the
close up of the model.

Because the thickness and density of the strips at the beginning and end stages of
SSPR fluctuate greatly (seen in Figure 2a), the strips rolled at a stable stage are our main
researched objects. As discussed in Section 4.1, the temperature of 600 ◦C is the optimal
powder temperature during SSPR. Therefore, a section of the strip rolled at 600 ◦C (along
the rolling direction) was chosen for simulation and its initial length was set as 50 mm,
assuming that the model runs in a steady state. A total loading time is 6 s, and one
incremental step is fixed as 0.6 s in the simulation. As the bottom width of the feeding
hopper is 5 mm, the initial thickness of the strips was set as 5 mm (1/2 strip is 2.5 mm). The
thickness of the deformation was chosen as 3.75 mm, because the thickness of the strips
after rolling is generally 1.2–2 mm. The deformation behavior of AA2024 is characterized
by stress–strain curves in Figure 7 (for details, see ref. [28]). As seen in Figure 7, the peak
stress decreases with increasing temperature, indicating that the deformation resistance
decreases. In addition, all rolling parameters are listed in Table 2.
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Table 2. Rolling parameters used in the SSPR simulation.

Rolling Parameter (86CrMoV7) Material Parameters (2024 Al)

Supply thickness H1 (mm) 5 Powder temperature (◦C) 600Roller size D × B (mm) Φ150 × 100
Deformation thickness H2 (mm) 3.75 Density (g/cm3) 2.77746

Rolling speed v (rad/s) 0.1 Initial relative density 0.4
Roller temperature (◦C) 300 Heat dissipation coefficient between

rollers and the billet (W/m2 K) 2700Friction factor µ 0.26 [10]

4.2.2. Analysis and Verification of the Strip Temperature Field

The temperature field is actually the integration of the temperature distribution of all
nodes, which determines the state and performance of each node. Therefore, it is particu-
larly important and helpful to understand deeply the forming process of SSPR. Figure 8
shows distribution diagrams of the strip temperature field and the contact normal force
field at incremental step 57 when the powder temperature is 600 ◦C. According to ref. [28],
it is known that semi-solid powder material can be treated as a porous solid material during
SSPF when the powder temperature is between 509 and 580 ◦C. Therefore, Figure 8a is di-
vided into three states: semi-solid state, porous solid state and solid state. Moreover, based
on different contact normal forces in Figure 8b, Figure 8a,b are simultaneously divided
into four rolling sections: I, II, III and IV, corresponding to the sections in Figure 2c. The
direction of the arrows in Figure 8b indicates the direction of the normal contact force. The
length of the arrows represents the magnitude of the normal contact force.
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As shown in Figure 8a, the strip temperature in section I (with a yellow color) has been
reduced from the initial value of 600 ◦C to about 590.6 ◦C, and thus it is in a semi-solid state.
As seen in Figure 8, the strip is not contacting the roller, its thickness remains unchanged
and the contact normal force (related to the rolling force; their relationship will be discussed
in Section 4.4) is not observed. Hence, there is little deformation in section I. With the
contact of strip and roller increasing in section II, the strip temperature rapidly decreases
to about 550 ◦C (pale red), the contact normal force slowly increases, and the strip has
a little deformation, which is mainly in a porous solid state. When entering section III,
the strip is greatly compacted by the roller, and its temperature still rapidly reduces and
reaches about 490 ◦C (blue) below the solidus temperature. The surface temperature of
the strips is slightly lower than the central temperature because the strip is very thin. The
contact normal force increases to the maximum and then reduces, and the strip deformation
becomes large, which is actually the strip compaction stage. The strip in this section is
partly in a porous solid state and partly in a solid state. When entering section IV, the strip
temperature is lower than 490 ◦C and remains unchanged. The strip does not contact the
roller, so the contact normal force returns to zero and there is no obvious deformation,
which is all in a solid state. In other words, the porous solid state dominates in the major
deformation sections (II and III) of the SSPR. Therefore, it can be considered that the strip
obtained by SSPR at 600 ◦C is actually rolled in a porous solid state.

To verify the precision of the model and its parameters, the temperature vs. time
curve of node 1 (marked in Figure 6) rolled at 600 ◦C was calculated by the model and
it was compared with the measured value, shown in Figure 9. As the thermocouple was
placed first at the bottom of the hopper and then rolled into the strip with powders, the
temperature of the front strip was measured, and thus node 1 was chosen for comparison.
According to different temperatures and rolling stages, Figure 9 is also divided into three
states and four sections, yellow for the semi-solid state and orange for the porous solid
state. The microstructure of the strips obtained by stopping rolling in different sections is
shown in Figure 9 I, II, III and IV (corresponding to each section).
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Because the distance between the first powders (node 1) and the roller is very short, the
feeding time is only 0.12 s in section I, as shown in Figure 9. As the powders do not touch
the roller in this section (discussed above), the powders in the hopper move downward
under their own gravity, and the heat of the powders is lost mainly through convection and
radiation with the surrounding environment. Thus, the temperature of strips decreases
slowly, and it is close to the experimental value, which is in a semi-solid state. In this section,
the microstructure in Figure 9 I consists of many pores, large spherical powders with fine
grains and some fragments. It indicates that only a small amount of powders in section I
have been broken. But all powders at 600 ◦C crush during the semi-solid compression of
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porous AA2024 [28]. This is because although the breakage resistance of powders at 600 ◦C
is very small, the rolling force (details discussed in Section 4.4) in section I of SSPR is also
small and thus only a part of powders may reach the breakage condition.

When the time is from 0.12 to 0.9 s, it enters into section II. In this section, the powder
is rolled into the gap between the strip and the rollers under the friction force produced by
the rotated rollers. As shown in Figure 9, the strip temperature decreases rapidly because
heat quickly dissipates through contact with rollers, in addition to convection and radiation.
Additionally, the plastic deformation and friction of strips produce new heat, which slows
the temperature reduction. The actual cooling rate of strips rolled at 600 ◦C is 67.1 ◦C/s,
and the simulated rate is 52.3 ◦C/s, which is close to the former. It is illustrated that the
established model and the selected parameters are reasonable and consistent with the
actual situations. As shown in Figure 9, the strip temperature is basically above 550 ◦C in
section II. The deformation resistance increases slightly, but the rolling force also increases;
thus, most powders crush and fragments are further compacted and deformed into finer
grains as shown in Figure 9 II. Consequently, pores may be simultaneously filled. But pores
still exist in the microstructure, because the rolling force in this section is not large enough.

When entering section III from 0.9 to 1.98 s, the strip temperature still decreases rapidly
as shown in Figure 9. In the end of section III, the liquid solidification releases the latent heat,
and it delays the drop of strip temperature. Therefore, the temperature of the simulated
strip slowly decreases and reaches near 509 ◦C, but it is still in a porous solid state. However,
the experimental temperature reaches about 460 ◦C, and its difference from the simulated
value is attributed to the influence of the density and the temperature on the thermal
coefficient of powders and rollers. In this section, as the normal contact force increases
rapidly to the maximum and then decreases as discussed above, the broken powder is
further compacted and bitten by the rollers. And then it flows, rearranges, squeezes and
fills pores under the large rolling force, which consequently forms finer microstructures
with few holes as shown in Figure 9 III. Moreover, the liquid phase solidifies to form a solid
metallurgical bonding between grains in section III.

With time and the beginning of section IV, the strip is rolled out of rollers and it
completes a rolling process. The simulated and experimental temperatures of the strip
in this section are all lower than 509 ◦C and thus it is in a solid state, indicating that the
strip has completely solidified. Although the simulated results in this section are much
greater than the experimental results, it will not have much impact on the strip quality, as
the normal contact force vanishes and the rolling deformation is basically completed. Only
under the action of residual stresses is the strip slightly compacted and uniform and fine
grains are observed in Figure 9 IV.

In conclusion, the strip temperature calculated by the SSPR model is close to the
experimental value in sections I, II and III, which proves the accuracy of the model and
its parameters. Because SSPR at 600 ◦C is mainly in a porous solid state when the force
is large, it can be considered as a porous hot rolling. In addition, it can be deduced that
the SSPR is a complex forming process that simultaneously combines powder crushing,
deformation, densification and solidification.

4.3. The Effect of Powder Temperature on the Strip Temperature

The temperature vs. arc length curve (at increment step 57) of strips rolled at different
powder temperatures of 520, 540, 560, 580, 590 and 600 ◦C is shown in Figure 10. As
cracks were found in the rolled strip at 610 ◦C, which may seriously affect the mechanical
properties of the strips, the temperature at 610 ◦C was not simulated. The microstruc-
tures in Figure 5 were placed together with the temperature curve to be better compared
and analyzed.

As shown in Figure 10, the tendency of change in the temperature of strips rolled at dif-
ferent powder temperatures is basically the same. The strip temperature increases slightly
in section I, drops rapidly in sections II and III and then basically remains unchanged in
section IV. It increases with the increase in powder temperatures. Strips rolled at a powder
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temperature below 600 ◦C in section I are almost all in a porous solid state, except for
520 ◦C (in a solid state). Most of the strips rolled at 580, 590 and 600 ◦C in sections II and III
are in a porous solid state, while the strips rolled at 540 and 560 ◦C are partly in a porous
solid state and partly in a solid state, and the strip rolled at 520 ◦C is completely in a solid
state. All strips rolled in section IV are in a solid state.
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Comparing microstructures rolled at 580, 590 and 600 ◦C, it is discovered that these
microstructures all consist of finer grains but the strip at a higher temperature is denser.
This is because they are all in a porous solid state as shown in Figure 10, when the rolling
force dominates the deformation in sections II and III. Hence, it is deduced that the SSPR at
580, 590 and 600 ◦C has the same forming mechanisms, which are powder breakage, liquid
solidification and densification as discussed above. The SSPR at 600 ◦C is considered as
a porous hot rolling. Therefore, it can be concluded that the SSPR at 580, 590 and 600 ◦C
is a porous hot rolling. Comparing microstructures obtained at 520, 540 and 560 ◦C, it
is discovered that their grains are all larger than those obtained at 580, 590 and 600 ◦C,
which partially keep the initial powder morphology. That is to say, they have similar
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microstructures. Seen from the temperature vs. arc length curve in Figure 10, strips rolled
at 520, 540 and 560 ◦C are mainly in a solid state. Therefore, it can be concluded that the
SSPR at 520, 540 and 560 ◦C is a powder hot rolling.

4.4. The Effect of Powder Temperature on the Relative Density and Rolling Force

Figure 11 shows the change curve of the relative density and rolling force of the
strips measured at different powder temperatures. The initial apparent density of the
powders is 0.408, and the relative density of the rolled strips is basically above 0.80. With
increasing temperature, the relative density slowly increases from 0.806 at 520 ◦C to 0.856
at 560 ◦C, increases rapidly after 560 ◦C, reaches a maximum value of 0.938 at 600 ◦C and
then decreases to 0.913 at 610 ◦C, as shown in Figure 11. The change in relative density with
powder temperature below 600 ◦C agrees with that of pores in microstructures (Figure 5).
As cracks are produced in strips rolled at 610 ◦C, the relative density is reduced. Therefore,
the strips produced by SSPR cannot reach the full density. However, the changing tendency
of the rolling forces is opposite to that of the relative densities, which decreases with the
increase in the powder temperatures. It agrees well with the changing law of peak stresses
during semi-solid powder compression discussed in Section 4.2.
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Figure 12 shows the rolling force vs. time curve calculated by the model at different
powder temperatures. Because the simulated rolling force of strips (the deformable body)
is not accurate, the simulated rolling force in Figure 12 is actually the rolling force of the
rollers (the rigid body), which is related to the normal contact force but different from it.
The normal contact force is an instantaneous value when the strip contacts the rollers, while
the rolling force of the rollers is a cumulative value during the whole SSPR process. In
other words, when the normal contact force between strips and rollers is large in sections I,
II and III, the simulated rolling force of rollers is also large. But the former reduces to zero
in section IV because the strip is separated from rollers, while the latter basically remains
unchanged as rollers continuously contact new powders.

In section I, there is basically no rolling force as powders do not contact rollers. In
section II, the rolling force increases slowly because powders just come into contact with
rollers. In section III, the rolling force first increases rapidly and then increases slowly
and finally reaches the maximum value. In section IV, the rolling force mainly stays
constant although there are some fluctuations. As shown in Figure 12, the simulated rolling
force decreases with the increase in the powder temperatures, due to the decrease in the
deformation resistance of the semi-solid powder materials. The rolling force calculated at
1.98 s was chosen as the maximum rolling force and compared with the experimental value,
as shown in Figure 13. It can be seen that the simulated rolling forces have the same order
of magnitude as the experimental values, further confirming the correctness of the model.

Figure 14 shows the relative density vs. arc length curve (at incremental step 57) of
strips simulated at different powder temperatures. Curves at different powder temper-
atures have a similar variation tendency. As shown in Figure 14, the relative density of
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the strips remains basically unchanged at 0.4 in section I, since the rolling force is zero. In
section II, it gradually increases as the rolling force slightly increases, but the increasing
rate is lower than that in section III. The relative density increases rapidly and then slowly
when the rolling force reaches the maximum in section III. In section IV, the relative density
stays basically unchanged at first, and then decreases rapidly due to insufficient powder
supplement at the end of rolling. As seen in Figure 14, the simulated relative densities of the
strips increase with the increase in powder temperatures, which agrees well with the trend
change in the actual experiment and the relative density values in Figure 11. Although the
error between the simulated and experimental rolling force is large, the relative density
error is small (maximum 1.94%), again indicating that the model can basically simulate the
SSPR process at each semi-solid powder temperature of 600 ◦C and below.
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5. Conclusions

(1) The grain of strips after SSPR is refined with the increase in the semi-solid powder
temperature, and finer microstructures with fewer pores are obtained at 600 ◦C due to
a higher liquid fraction and more broken powders, while the grain coarsening and
cracks appear at 610 ◦C due to much liquid flowing. On the basis of microstructure
analysis, it is deduced that powder crushing, liquid solidification, densification and
grain coarsening exist simultaneously during SSPR.

(2) As the simulated temperature of strips is mainly consistent with the experimental
value in sections I, II and III, it is confirmed that the model based on the Fourier
equations and its parameter setting are correct, which considers heat exchange of
solidification, deformation, friction, convection, radiation and conduction. As the
strip temperature in the main deformation sections (II and III) is between 580 and
509 ◦C (in a porous solid state), the SSPR at 600 ◦C can be considered as a porous hot
rolling, integrating powder crushing, deformation, densification and solidification.

(3) According to the analysis of microstructures and simulated strip temperatures during
SSPR, it is concluded that the SSPR at powder temperatures of 580, 590 and 600 ◦C
is actually a porous hot rolling, as it has similar finer microstructures and is mainly
in a porous solid state in sections II and III (the rolling force plays a major role
in deformation). The SSPR at powder temperatures of 520, 540 and 560 ◦C can be
regarded as a powder hot rolling, because it has similar larger particles and is basically
in a solid state in sections II and III.

(4) Under the combined actions of powder crushing, grain coarsening and liquid flow-
ing, the measured and calculated relative densities increase with increasing powder
temperature and reach a maximum at 600 ◦C, and then the measured relative density
decreases at 610 ◦C, which confirms that it is unable to obtain a full density during
SSPR. The measured and calculated rolling forces decrease with increasing powder
temperature, because the liquid fraction increases and the deformation resistance
decreases. Therefore, combined with the results of the microstructure analysis, the
optimal powder temperature for SSPR is 600 ◦C. The simulated rolling force and
relative density are very low in section I, increase slowly in section II and then rapidly
increase to the maximum in section III, finally keeping constant in section IV. The
effect of powder temperature on the simulated rolling force and relative density of
the strips is basically in good agreement with the experimental results, which further
confirms that the established SSPR model is reasonable.
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