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Abstract Semi-solid forging (SSF) is a powerful manu-
facturing technology to fabricate near-net shaped products in
automotive industries. During SSF process, the filling behav-
ior and solidification process of AC4CH aluminum alloy is
presented in this paper. The explicit MPS method program
solving Navier–Stokes equation is coupled with heat transfer
and solidification has been used to predict the filling pattern
and temperature distribution of semi-solid material (SSM).
The non-Newtonian rheological model was used as the con-
stitutive equation of SSM. In this study, numerical analysis
of SSF was carried out in box cavity with various flange
thickness (4, 8, 12 and 16 mm) and corresponding exper-
iments were undertaken for AC4CH aluminum alloy with
solid fraction less than 0.5. The numerical results of SSM
filling pattern and solidification phenomena in flange were
validated with the experimental results. During solidifica-
tion process, flow calculation was stopped and only thermal
calculation was carried out. The shrinkage defect was well
predicted near the lower mid area of the box cavity with
flange thickness 16 mm.
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1 Introduction

In recent years, aluminum alloy are widely used in vari-
ous automotive and aerospace industries because of their
properties like light weight, high strength and rigidity. From
manufacturing perspective, SSF provides a substantial poten-
tial as an innovative net shape manufacturing process [1–7].
In 1971 Spencer et al. started studying the rheological prop-
erties of semi-solid alloy at MIT [8]. Since then, this process
has become a widely studied and accepted as an effective
net shape forging process at semi-solid state. Semi-solid
materials (SSM) for SSF are generally produced by stir-
ring molten metallic alloy at high angular velocity to form
special microstructure during solidification. In this state the
microstructure consists of solid metal spheroids in liquid
matrix so-called thixotropic properties [9,10].

Due to the thixotropic behavior, SSM has stable viscous
flow pattern in comparison to the conventional casting. This
provides sound mechanical properties without defects such
as porosity and air entrapment and inhomogeneous dendritic
structure during solidification [11–13]. The main advantages
of forging in semi-solid state are low forming temperature in
comparison to the traditional casting and low forming load in
comparison to the traditional forging [14–16]. Besides that,
this process is also capable of fabricating complex shaped
components in one process. But according to the complexity
of die shapes and design there may be existence of solidifica-
tion of the liquid phase which may cause shrinkage defects
[17,18].

Various researchers have conducted the experimental and
numerical investigation to understand the SSF process. Char-
reyron and Flemings [19] studied the compression behavior
of Pb–Sn semi-solid alloy by the upper-bound method.
Nguyen et al. [20] compared the theoretical and experimen-
tal study of the isothermal mechanical behavior of alloys in
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the semi-solid state. Kang et al. [21] carried out the filling
analysis of semi-solid aluminum alloy by SMAC method.
Lee et al. [22] investigated the die filling and solidification
phenomenon in semi-solid injection forging process using
MAGMA software. Cleary et al. [23–25] studied the flow
prediction and experimental validation in high pressure die
casting process by using SPH method.

In this study, explicit MPS method was used for flow and
solidification analysis of the SSF process of AC4CH alu-
minum alloy in the box cavity with various flange thickness
of 4, 8, 12 and 16mm.The non-Newtonian rheologicalmodel
was adopted for the flow simulation of SSM. After complete
filling, solidification analysis was conducted in box cavity
with flange thickness 16 mm. In this study, solidification
phenomena mean thermal calculation of box cavity with-
out considering flow calculation. During this, temperature of
the SSM decreases from 503 to 371◦C in 10 s by conduc-
tion heat transfer from upper and lower dies. The numerical
results filling pattern and solidification phenomena in flange
are validated with an experiment result and the shrinkage
defect was well predicted near the lower mid area of the
flange.

2 MPS method

2.1 Governing equation

MPS method is a Lagrangian continuum method for solving
systems of partial differential equations. In this study, fluid
flow and heat transfer equations are coupled to simulate the
flow behavior of a semi-solid material in the SSF process.
The mass, momentum and energy conservation equations for
incompressible flows are expressed as follow:

Dρ

Dt
= 0 (1)

ρ
Du

Dt
= −∇ p + μ∇2u + ρg (2)

Cpρ
DT

Dt
= k∇2T + q (3)

where ρ is the density, u is the velocity vector, P is the
pressure, μ is the viscosity, and g is the body force vector
including gravity,Cp is the fluid specific heat, k is the thermal
conductivity, T is the temperature, and q is the source of heat
generation or loss.

2.2 Discretization technique

In MPS method the governing equations are discretized by
replacing the differential operators with the following gradi-
ent and laplacian approximations [26]:

〈∇φ〉ki = d

n0
∑

j �=i

(
φk
j − φk

i

)

∣∣∣rkj − rki

∣∣∣
2

(
rkj − rki

)
ω(|r j − ri |) (4)

〈∇2φ〉ki = 2d

λn0
∑

j �=i

[(
φk
j − φk

i

)
ω(|r j − ri |)

]
(5)

where d is the number of space dimensions, and n0 is the
initial particle number density which is fixed for incom-
pressibility condition. Φi is the physical quantity of the i-th
particle. The function ω is a weight function, which is given
as follows:

ω(r) =
{ re

r − 1 : (0 ≤ r < re)
0 : (re ≤ r)

(6)

where r is the distance between two particles and re repre-
sents the effective range of particle interaction. The particle
number density (ni ) is the summation of the weight of neigh-
boring particles and is expressed as follows:

ni =
∑

j �=i

[
ω

(
|r−

j ri |
)]

(7)

where r j and ri are the position vectors of particles j and i
respectively. The constant particle number density n0 is pro-
portional to the fluid density and must be constant to satisfy
the mass conservation equation (Eq. 1). It is also interpreted
as the normalization factor of the weighted average.

The parameter λ in Eq. 5 is a constant calculated as fol-
lows:

λ =

∑
j �=i

|r j − ri |2ω(|r j − ri |)
∑
j �=i

ω(|r j − ri |) (8)

This parameter adjusts the increase in the variance of the
laplacian approximation to that of the analytical solution.

2.3 Explicit MPS algorithm

The flow chart of the explicit MPS method for the SSF
process is as shown in Fig. 1. The numerical algorithm is
mainly divided into four steps.

In the first step, thermal diffusion is calculated explicitly
using Hirata and Anzai’s discretization technique [27]. The
temperature at the next time step k + 1 is obtained from the
temperature distribution at the present time step k as follows.
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No 

Initialization (Velocity and Position) 

Neighbor search 
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viscosity update 
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Temporary movement of particles 

Explicit calculation of pressure  

Calculation of pressure gradient 

Update of velocity and position 

If termination

End 

Time 
increment  
k = k +1 

Start 

Yes 

Fig. 1 Explicit MPS algorithm for SSF
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where ζ is the thermal conductivity, T is the temperature and
R is the heat resistance. Ti and Tj are the surface temperatures
ofmaterials i and j at the interface between thematerials hav-
ing thermal conductivity ζi and ζ j . During wall and material
thermal contact Eq. (9) is modified as ζ j = ζwall .

Then, in the second step, the strain rate is calculated as:

γ̇ = √
2D : D (10)

D = 1

2

{〈∇U 〉 + 〈∇Ut 〉} (11)

where γ is the shear rate and D is the deformation rate tensor.
After the temperature and strain rate calculations, viscosity
of each particle i is updated by considering the changes in
temperature and strain rate.

In the third step, contributions of the body force and the
viscosity dissipation are calculated:

〈
∇2u

〉k
i

= 2d

λn0
∑

j �=i

[(
ukj − uki

)
ω(|r j − ri |)

]
(12)

ui
∗ = uki + �t

(
μ

ρ

〈
∇2u

〉k
i
+ g

)
(13)

ri
∗ = rki + �tu∗

i (14)

Temporary particle velocities and positions are obtained.Due
to the temporary movement of particles, the particle number
densities may be changed; i.e. n∗ deviates from n0.

In the fourth step, pressures are explicitly calculated from
temporary particle number densities n∗

i at temporary coor-
dinates r∗

i . Based on the idea that incompressible flow is
approximated as pseudo compressible, the pressures are
given by the following equation of state [28,29]:

p∗
i = C2

s ρ0

(
n∗
i − n0

n0

)
(15)

whereCs is the sound speed. The sound speed is chosenmuch
larger than the velocity scales in the flow. This is generally
given by the following rules [30,31]:

C2
s = Max

(
u2max

�ρ
,
vmaxu2max

L0�ρ

)
(16)

where v max is the maximum kinematic viscosity, umax is
the characteristics or maximum fluid velocity, L0 is the char-
acteristics length, and �ρ is the maximum allowed amount
of density fluctuation. Here, �ρ was set 1 % to make the
Mach number 0.1. This choice maintains effective incom-
pressibility in semi-solid metal flowwithout making Courant
condition too severe.

Then, pressure gradient term is calculated as below:

〈∇ p〉∗i = 2d

n0
∑

j �=i

p∗
j + p∗

i

2

(
r∗
j − r∗

i

)

∣∣∣r∗
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∣∣∣
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u′
i = �t

(
− 1

ρ
〈∇ p〉∗i

)
(18)

Finally, the particle positions and velocities are corrected:

uk+1
i = u∗

i + u′
i (19)

rk+1
i = r∗

i + �tu′
i (20)

2.4 Boundary condition

The walls are represented by the STL (stereo lithography)
polygons and the distance function discretization technique
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is adopted from the Harada et al. [32]:

〈∇ p〉wall = ρ

dt2
|dr |
riw

riw (21)

〈
∇2u

〉

wall
= μ

2d

λn0
(uwall − u particle)Z(riw) (22)

where μ is the friction value which is introduced as an
empirical parameter. The friction value ranged 0.0–1.0 from
free-slip to no-slip condition. Friction value for lower die
and upper die are chosen as 0.3 and 1.0 respectively during
calculation.

In the thermal calculation, the temperatures of walls are
assumed to be constant. Heat transfer between walls and
materials are carried according to Eq. (9) but the thermal
conductivity is modified as ζ j = ζwall . The temperature
boundary condition on the free surface in SSM is modeled
as convection heat transfer in Eq. (23). Free surface particles
are judged by the particle number density satisfying condi-
tion n∗

i < βn0, where β is chosen as 0.98.

qn = h (Tatm − Tsurface) (23)

where h is the heat transfer coefficient (W/m2.K), Tatm is
atmospheric or surrounding temperature.

2.5 CFL condition

The time increments are determined using the following
equations [33]:

�tflow = Cn min

[
l0

|umax| ,
l20

vmax

]
(24)

�tthermal = CnCpρl20
k

(25)

Here,�tflow and�tthermal are the time increments for the flow
calculation and thermal calculations. l0 is the particle size,
umax is the maximum velocity, Cp is the specific heat and
Cn is an empirical constant, which is given as 0.1. If �tflow
is smaller than �tthermal then a common time increment of
�tflow is used tobothflowand thermal calculations.As shown
in the right hand side of Eq. (24) viscosity is dominant for
�tflow in high viscous fluid.

2.6 Non-newtonian rheology

During the SSF process, viscosity of SSMdecreases substan-
tially as the shear rate increases; this characteristic is called
pseudo plasticity. It is evident that the change of the apparent
viscosity may be described by a decaying exponential func-
tion, as discussed by many researchers [34,35]. Thus, the

Fig. 2 Temperature viscosity relation with various shear rate consid-
ered in the non-Newtonian rheology

following power law is employed as dependency between
the viscosity and the shear rate:

μa = μ0 (γ )m exp (−bT ) (26)

where γ is the shear rate (sec−1), m is the shear rate sensitiv-
ity, μ0 is the viscosity coefficient (Pas), and b is the thermal
sensitivity factor.

In this study SSF simulation was conducted by adopting
the strain sensitivity valuem of−0.3 under a shear rate rang-
ing of 3 sec−1 < γ < 1000sec−1. The thermal sensitivity
factor b was −0.153. The graph in Fig. 2 shows the rela-
tion between viscosity and temperature with various shear
rate given by Eq. (26). For numerical stability, viscosity was
limited by the maximum value of 56.8 Pas. Throughout the
calculation viscosity ranges as 0.01Pas < μa < 56.8 Pas.

3 Experimental and numerical demonstrations

3.1 Flange experiment

To investigate the filling behavior and thermal distribution
of various flanges, an experimental setup was conducted at
Goshi Giken in Japan. The schematic diagram of die in SSF
process is as shown in Fig. 3. The green color blocks were
placed in between the upper die and lower die to shape the
flange thickness. Four different patterns of blockBwere used
for flange thickness of 4 , 8, 12 and 16 mm. The temperature
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Lower die

Upper die

Block BBlock A

Thermocouple position

Flange  
Thicknes

Fig. 3 Schematic diagram of the die for SSF experiment

Table 1 Experiment conditions

Experiment
condition

Value Unit

Slurry temperature 595 ◦C
Die temperature 150 ◦C
Punch velocity 100 mm/s

Slurry height 105–110 mm

Slurry radius 44–54 mm

sensor was placed inside the flange for the case of 16mm
flange thickness only. For these experiments, semi-solid alu-
minum alloy AC4CH (Al-7.0 % Si-0.38 %Mg, in mass) was
fabricated in the conventional furnace and stirred in a high
speed rotating cylinder. The solidus and liquidus tempera-
ture of the aluminum alloy were 555 and 610 ◦C respectively.
This slurry with 44–54 mm radius and 105 mm height for 4,
8, 12 mm flange thickness and 110 mm height for 16 mm
flange thickness was pressed in a cavity shape die. The ini-
tial temperature of slurry ranged 595 ◦C. Similarly, the initial
temperature of both upper and lower dies was 150 ◦C. The
upper die had 100 mm/s punch velocity. Table 1 shows the
summary of experimental parameters that are used as bound-
ary conditions in simulation.

The experiments were conducted 4 times in 4 types of
flange thickness (a) 4mm (b) 8mm (c) 12mmand (d) 16mm.
After solidification, these flanges were cut from the center of
experiment model. The flange experiment results and there
section views are as shown in Fig. 4.

3.2 Analysis condition

InMPS calculation, semi-solidAC4CHaluminum slurrywas
represented by 109,555 particles with 2 mm particle size.
Each particle has position, velocity and other physical prop-
erties. For wall boundary, three dimension STLmodel of box
cavity with various flanges was generated using CATIA soft-
ware. The geometry of dies andflanges are as shown inFigs. 5
and 6. The boundary conditions of the calculation are set sim-

S.N. Isometric View Flange Section 
View 

Flange 
4mm 

Flange 
8mm 

Flange 
12mm 

Flange 
16mm 

Fig. 4 Result of flange experiment images

(b) Lower Die

(a) Upper Die

130mm 130mm 

116mm 

Radius  
3mm 

126mm 

150mm 150mm 
Radius  
13mm 

8mm 

Fig. 5 Geometry of box cavity with 16mm flange thickness. a Upper
die, b lower die

ilar to the experimental conditions. Besides, to simplify the
calculation, physical properties such as density, thermal con-
ductivity, and specific heat are assumed to be constant with
respect to temperature and are presented in Table 2.
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(a) 4mm (b) 8mm (c) 12mm (d) 16mm 

Fig. 6 Pictorial images of 4 flanges a 4 mm, b 8 mm, c 12 mm, d 16
mm

Table 2 Conditions of explicit MPS analysis

Calculation condition Value Unit

Particle size 2 mm

Particle number 109555 –

Time increment 1.00E-5 sec

Density 2680 Kg/m3

Thermal conductivity 159 W/mK−1

Wall thermal conductivity 25 W/mK−1

Specific heat 927 J/KgK−1

Heat transfer coefficient 0.6 W/m2K

Friction coefficient 0.3–1.0 –

3.3 Analysis results and discussion

The non-Newtonian rheological model was used to predict
theflowpattern and thermal distribution in the variousflanges
thickness of die cavity. In the non-Newtonian rheological
model the shear rate ranged 3sec−1 < γ < 1000sec−1. The
apparent viscosity and temperature relation is described by
Eq. (26). The initial calculation conditions were die tempera-
ture 150 ◦C, initial slurry temperature 595 ◦C, punch velocity
100 mm/s, which were the same as those of the experiments.

3.3.1 Results with flange thickness 4 mm

The filling patterns and thermal distributions of AC4CH alu-
minum alloy for flange thickness 4 mm are discussed in this
section. As the SSM with 44–54 mm radius and 105 mm
height was pressed, it takes the shape of the die as shown in
Fig. 7(a–f). Similarly, Fig. 8(a–f) shows the result of temper-
ature distributions during SSF.

The SSM solidifies faster at the top and bottom because
of the long contact time with the die: the dark color rep-
resents the solidified zone. Fig 9(a–c) shows that the SSM
flows straight upward and flange cavity is filled later. The
temperature distribution of SSM near the wall around flange
is solidified faster than the mid area of the flange.

Fig. 7 Filling pattern with flange thickness 4mm: a t = 0.504 s, b
t = 0.672 s, c t = 0.8 s, d t = 0.856 s, e t = 0.9 s, f t = 0.936 s

(a) (b) (c) 

(d) (e) (f) 

595 ºC 585 ºC 575 ºC

Fig. 8 Temperature contourwith flange thickness 4mm: a t = 0.504 s,
b t = 0.672 s, c t = 0.8 s, d t = 0.856 s, e t = 0.9 s, f t = 0.936 s

(a) (b) (c) 

595 ºC 585 ºC 575 ºC

Fig. 9 Temperature contour around flange at thickness 4 mm: a t =
0.888 s, b t = 0.904 s, c t = 0.936 s

3.3.2 Results with flange thickness 8 mm

Figure 10(a–f) shows the filling patterns of AC4CH alu-
minum alloy for flange thickness 8 mm.
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Fig. 10 Filling pattern with flange thickness 8 mm: a t = 0.504 s, b
t = 0.672 s, c t = 0.8 s, d t = 0.856 s, e t = 0.9 s, f t = 0.936 s

(a)   (b) (c)

(d)   (e) (f)

595 ºC 585 ºC 575 ºC

Fig. 11 Temperature contour with flange thickness 8 mm: a t =
0.504 s, b t = 0.672 s, c t = 0.8 s, d t = 0.856 s, e t = 0.9s, f
t = 0.936 s

The temperature distributions of SSM during SSF are
shown in Fig. 11(a–f). The temperature at the top and bottom
of SSM have lowest temperature at T = 578 ◦C due to con-
duction heat transfer with the die. Figure 12(a–c) shows the
filling pattern and temperature contour of SSM around 8mm
flange. The SSM has a higher temperature in the mid area of
the flange at T = 588 ◦C than temperature near the wall at
T = 578 ◦C.

3.3.3 Results with flange thickness 12 mm

For 12 mm flange thickness, the filling patterns of AC4CH
aluminum alloy are shown in Fig. 13(a–f). As the SSM with
44–54 mm radius and 105 mm height was pressed by the

(a) (b) (c) 

595 ºC 585 ºC 575 ºC

Fig. 12 Temperature contour around flange at thickness 8 mm: a t =
0.888 s, b t = 0.904 s, c t = 0.936 s

Fig. 13 Filling pattern with flange thickness 12 mm: a t = 0.504 s, b
t = 0.672 s, c t = 0.8 s, d t = 0.856 s, e t = 0.9 s, f t = 0.936 s

595 ºC 585 ºC 575 ºC

(d) (e) (f)

(c)(b)(a)

Fig. 14 Temperature contour with flange thickness 12 mm: a t =
0.504 s, b t = 0.672 s, c t = 0.8 s, d t = 0.856 s, e t = 0.9 s, f
t = 0.936 s

velocity of 100 mm/s, it flows from lower cavity to the upper
cavity and then flange is filled simultaneously.

As shown in Fig. 14(a–f) the top and bottom of SSM have
the lowest temperature at T = 578 ◦C due to conduction
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(a) (b) (c)

595 ºC 585 ºC 575 ºC

Fig. 15 Temperature contour around flange at thickness 12 mm: a t =
0.888 s, b t = 0.904 s, c t = 0.936 s

Fig. 16 Filling pattern with flange thickness 16 mm: a t = 0.56 s, b
t = 0.736 s, c t = 0.896 s, d t = 0.96 s, e t = 0.992 s, f t = 1.032 s

heat transfer with the die. The temperature distributions of
SSM around 12mm flange are shown in Fig. 15(a–c). The
SSM has a higher temperature in the mid area of the flange at
T = 588 ◦C than temperature near the wall at T = 578 ◦C.
This result is similar to the flange thickness 8 mm. But as the
flange thickness increases from 8 to 12 mm the solidification
region or zone also increases in the mid area of the flange as
shown in Figs. 12c and 15c.

3.3.4 Results with flange thickness 16 mm

For 16 mm flange thickness, the SSMwith radius 44–54 mm
and height 110 mm was punched by 100 mm/s velocity. The
filling patterns of AC4CH aluminum alloy are as shown in
Fig. 16(a–f).

The temperature distributions for flange thickness 16mm
are as shown in Fig. 17(a–f). The temperatures at top and
bottom of SSMhave lowest temperature at T = 577 ◦C. This
is 1C lower than the previous cases with flange thickness 8
and 12 mm, it’s because the initial height of the SSM is
previous case was 105 mm and press time was 0.936 s but
in this case, with flange thickness 16 mm the initial height
of the SSM material is 110 mm and press time 1.036 s. Thus
it has longer contact time with the upper and lower die. The

(a) (b) (c)

(d) (e) (f)

595 ºC 585 ºC 575 ºC

Fig. 17 Temperature contour with flange thickness 16 mm: a t =
0.56 s, b t = 0.736 s, c t = 0.896 s, d t = 0.96 s, e t = 0.992 s, f
t = 1.032 s

(a) (b) (c)

595 ºC 585 ºC 575 ºC

Fig. 18 Temperature contour around flange at thickness 12 mm: a t =
0.984 s, b t = 1.0 s, c t = 1.032 s

temperature distributions of SSM around 16mm flange are
shown in Fig. 18(a–c). The SSM have higher temperature in
the mid area of the flange at T = 588 ◦C than temperature
near thewall atT = 577 ◦C.As theflange thickness increases
from 4, 8, 12 and 16 mm the hot SSMmaterial flowing in the
flange is higher. The mid area of flange is hotter and bright
and it takes much time to solidify as shown in Fig. 18c.

3.3.5 Solidification and validation

After complete filling simulation with the non-Newtonian
rheologicalmodel, solidification computationwas performed
in the experiment model with flange thickness 16 mm.
The schematic diagram of solidification phenomena during
experiment was as shown in Fig. 2. During solidification
experiment, the temperature of upper and lower die was
recorded at Tdie = 250 ◦C and green block TB = 200 ◦C.
The temperature data of the SSM was collected with the
help of thermocouple positioned inside the flange. During
the solidification simulation, thermal conductivity was set
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Fig. 19 History curve of
temperature during
solidification

0
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300

400
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0 1 2 3 4 5 6 7 8 9 10
T

em
pe

ra
tu

re
( 

)
Time (sec) 

Simulation Result
(Average Temperature)
Experimental Result

480 ºC 440 ºC 400 ºC

Fig. 20 Temperature distribution at 3 s (flange thickness 16 mm)

460 ºC 420 ºC 380 ºC

Fig. 21 Temperature distribution at 6 s (flange thickness 16 mm)

as 180 W/m.K−1 and other parameters like density, specific
heat capacity, density, and wall thermal conductivity were
kept constant as shown in Table 2.

Figure 19 is the history curve of temperature measured
in solidification analysis and experiment recorded for 10 s.
Figs. 20, 21 and 22 are the temperature distributions at time
3, 6 and 9 s, respectively. The temperature around the flange
at 3, 6 and 9 s are found to be T = 450 ◦C, T = 407 ◦C
and T = 371 ◦C, respectively. This shows that, as the time
increases the solidification of SSM starts near from the wall
towards the mid area of the flange this is because of heat
conduction from the wall.

Figure 23 shows the shrinkage defect near flange with 16
mm thickness during solidification experiment. The tempera-

440 ºC 400 ºC 360 ºC

Fig. 22 Temperature distribution at 9 s (flange thickness 16 mm)

Fig. 23 Shrinkage defect in flange thickness 16 mm during solidifica-
tion experiment

ture distribution in Fig. 22 also shows the higher temperature
zone near the lower mid area of the flange. This temperature
distribution during solidification provides the good predic-
tion of shrinkage location near the flange.

3.4 Conclusions

In this paper, the flow and thermal simulation of AC4CH
aluminum alloy was simulated in box cavity with various
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flange thickness using the explicit MPS method. The non-
Newtonian rheological model was used to simulate the flow
characteristics. The filling patterns and thermal distributions
of SSM for various flange thickness were simulated. As
the flange thickness increases from 4, 8, 12 and 16 mm
the solidification region in the mid area of the flange also
increases. After complete filling simulation, solidification
simulation was conducted in 16 mm thickness flange cav-
ity. Temperature decrease in the flange was validated with
the experimental data and the shrinkage defect was well pre-
dicted near the lower mid area of the flange.

Die design is very important step while practicing forg-
ing process with semi-solid material. Thus, the explicit MPS
method used in this study can be helpful to predict the influ-
ence among the die design, filling pattern and solidification
phenomena of semi-solid material.
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