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Abstract

The main aim of this research was to simulate high-pres-
sure die casting of A356 semi-solid aluminum alloy using
casting process simulation tool. Taking into account the
viscosity of the semi-solid slurry and the mold-filling
characteristics in high-pressure die casting, the mold for
semi-solid aluminum alloy had been designed. Also, the
influence of the three input parameters (liquid fraction of
slurry, plunger velocity at 2nd phase and mold geometry)
on the casting time, shrinkage and bubble formation during
semi-solid high-pressure die casting processes were
investigated. The Taguchi-based ‘grey relational analysis’
approach was used to identify the optimal process

parameters. A method used in this study for finding out the
importance of the controllable parameter on the perfor-
mance characteristic is called the analysis of variance. It
was observed that the optimal parameters are the liquid
fraction of 50%, the plunger velocity at 2nd phase of 1 m/s
and the angle between the vertical plane and the cavity of
60�.

Keywords: semi-solid, high-pressure die casting,
simulation, aluminum alloy, Taguchi design, grey
relational analysis

Introduction

Semi-solid metal (SSM) processing is a technique which

involves the formation of metal alloys between the solidus

temperature and the liquidus temperature. These alloys

consist of a liquid phase and a solid phase. Thus, these

alloys are called semi-solid slurry. In the 1970s, it was

discovered that metallic alloys in the semi-solid state with

specific (globular) microstructure could display thixo-

tropy.1 Because of the thixotropy, physical basics of semi-

solid slurry can be explained as follows: When the slurry is

at rest, gravity will bring the particles into contact and the

semi-solid material will support its own weight. Also,

during a deformation, shear breaks the bonds, and viscous

flow of the material occurs.2 In other words, when the

semi-solid slurry flows into the mold, under the influence

of a shear force, its viscosity decreases. It is able to fill the

cavity in a laminar manner.3 The fluid which surrounds

solid globules acts as a lubricant, and hence, a higher flu-

idity and lower viscosity are obtained.2

Because SSM processing is an intermediate technique, it

has advantages compared with conventional forging and

conventional casting manufacturing techniques. Some

advantages are follows: limited risk of gas entrapment and

low shrinkage porosity due to laminar flow,4 energy effi-

ciency,5 prolonged mold life due to less thermal shock,6

good dimensional tolerances,3 reduced defects and

entrained oxides,7 etc.

Based on the above-mentioned, it can be concluded that

achieving thixotropic properties of slurries, i.e., production

of nondendritic, globular, and microstructure, is the key

point of semi-solid metal forming processes. There are two

main groups of SSM technologies: rheo-routes and thixo-

routes. The rheo-routes refer to the preparation of an SSM

slurry with a solid globular microstructure directly from a

liquid phase and its injection into a die or a mold (e.g.,

rheo-high pressure die casting R-HPDC,8 ultrasonic treat-

ment,9 electromagnetic stirring,10,11 superheat casting,12

new rheocasting semi-solid metal processing technology

NRC,13 etc.). The thixo-routes refer to a process in which

preparation of a thixo-feedstock material with the globular
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microstructure, its reheating in the semi-solid range and its

shaping are involved (e.g., thixomolding,14 thermome-

chanical treatments,15 spray casting,16 etc.).

High pressure die casting (HPDC) is a technique in which

products are formed by forcing molten metal into a mold or

a die at high pressure and relatively high speed. Good

surface finish, accurate dimension and mass production are

some of the advantages of HPDC process.17–19 However, to

increase quality, SSM has been added to the process.

R-HPDC, NRC and gas-induced semi-solid (GISS) are

some of the rheo-routes that have been adapted to high-

pressure die casting for eliminating its disadvantages (so-

lidification shrinkage and porosity resulting from gas

entrapment20,21).

On the other hand, in semi-solid HPDC process, it is

essential to optimize parameters which may influence the

quality of process. Fluidity, solidification and thus the

mechanical properties are, among other things, affected by

temperature of the slurry, temperature of mold, plunger

velocity (injection speed, the metal velocity at the gate) and

process pressure.

Nourouzi et al.22 investigated the optimal metal forming

process parameters (in the semi-solid cooling slope

method) of semi-solid A356 alloy. The aim was to get the

minimum grain size by optimizing cooling coefficient

parameters, pouring temperature and die cavity tempera-

ture. For optimization, they applied a genetic algorithm

(GA). Khosravi et al.23 investigated the optimal cooling

coefficient parameters and pouring parameters at the same

semi-solid process in order to determinate the maximum

globularity of A356 alloy. They adopted the D-optimal

experimental design of experiment. Using Taguchi opti-

mization methodology, Suslu et al.24 minimized porosity in

GISS–HPDC process and EN-AC 48000 aluminum alloy.

Controllable parameters were melt temperature, gas

blowing time, 2nd phase velocity and gate thickness.

Moreover, numerical simulations of semi-solid process

based on HPDC have been used to save time, to reduce the

cost required to design a casting system and to identify

positional problems during filling. Numerical simulations

give the opportunity to produce high-quality product

without performing numerous experimentation.

As noted earlier, casting geometry and velocity parameters

have influence on formation of different phenomena during

semi-solid die casting (e.g., microporosity, turbulent flow

and unfilled phenomena). Therefore, to prevent these

phenomena, optimization of the casting process parameters

(liquid fraction of the slurry and plunger velocity at 2nd

phase) and mold geometry is presented in this paper. The

Taguchi design approach is adopted for experimental

planning. Also, grey relational analysis is used to find

optimal casting process parameters for multi-objective

function. To reduce the time and cost in mold design, all

experiments were performed in virtual environment using a

commercial software code, NovaFlow&Solid. Therefore,

in the next sections by the term ‘experiment’ is meant

simulation of the process. This special program designed

for casting simulations is based on the control volume

mesh technology and enables the very fast and reliable

precise generation of the results. No need for empirical

tests, less material waste and improved quality are also

some of the benefits of usage of this software.

Theory and Material

Description of Solidification Calculation Theory

The commercial software used in this study, Nova-

Flow&Solid, is based on control volume mesh technology

(CVM). This finite volume method allows the surface of

the 3D model to control the shape of the mesh elements on

the border of the casting.25 The software’s model of alloy

crystallization is based on the macroscopic theory of quasi-

equilibrium two-phase zone. Due to the fact that alloys

crystallize in the range between solidus and liquidus tem-

peratures, liquid phase and solid phase are present. Two-

phase zone theory assumes that sum of volumetric fraction

of the solid phase, S(t), volumetric fraction of the liquid

phase, L(t), and volumetric fraction of the emptiness, P(t),
is equal to one25:

S tð Þ þ L tð Þ þ P tð Þ ¼ 1 Eqn: 1

where t is time.

Mathematically, phase balance in time derivation from

zero to one takes a form:

oS tð Þ
ot

þ oL tð Þ
ot

þ oP tð Þ
ot

¼ 0 Eqn: 2

Reduced law of mass conservation is:

qs Tð Þ oS
ot

þ o

ot
qL Tð ÞLð Þ ¼ 0 Eqn: 3

where qs Tð Þ and qL Tð Þ are densities of the liquid phase and

solid phase of the metal as temperature functions,

respectively.

Reduced law of mass conservation for alloy components is:

qs Tð ÞCi
S Tð Þ oS

ot
þ o

ot
Ci

L Tð ÞqL Tð ÞL
� �

¼ 0 Eqn: 4

where Ci
S Tð Þ and Ci

L Tð Þ are concentrations of the i-th alloy

component solid phase and the liquid phase, respectively,

at temperature T. These concentrations are defined from the

phase constitutional diagram of the multi-component

system.

The heat conduction with sources and convective heat

transfer is given by the equation:
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SqS Tð ÞXS Tð Þ oT
ot

þ LqL Tð ÞXL Tð Þ oT

ot
þ VT

� �

� qqS Tð Þ oS
ot

¼ div k Tð ÞTð Þ

Eqn: 5

where XS is specific heat of the solid phase, XL is the

specific heat of the liquid phase, k is heat conduction

coefficient of alloy and depends on temperature and q is

crystallization heat of alloy.

The heat conduction equation for mold (subscript k indi-

cates mold material) takes the form:

qk Tð ÞXk Tð Þ oT
ot

¼ div kk Tð ÞTð Þ: Eqn: 6

Material Characteristics

In this paper, for the process simulation modeling, com-

mercial A356 aluminum cast alloy is used in simulations.

The chemical composition of the alloy is given in Table 1.

In general, the liquid fraction used in semi-solid processes

typically ranges from 50 to 70%.26 Dependence of the

liquid fraction and temperature is shown in Figure 1. Based

on the material’s database in the commercial software,

A356 alloy is slurry with 50% of the liquid phase at

approximately 581 �C. Also, A356 alloy is slurry with 70%

of the liquid phase at a temperature of 606 �C. Solidus and

liquidus temperatures are 521 and 623 �C, respectively.

1.1 Description of a Three-Dimensional Model

The 3D model of the casting is an important input for

design and analysis. In this paper, solid modeling of elec-

tronic part cover is conducted by means of CATIA V5, as

shown in Figure 2.

In order to achieve filling with the same distance from shot

to each casting cavity, the biscuit is set in the center of

casting. Figure 3 shows the comparison between mold

design in the conventional die casting and semi-solid metal

die casting. SSM filling behavior causes incomplete filling

of the cavity when using conventional mold casting design,

as shown in Figure 3a. In the conventional die casting,

Table 1. Chemical Composition of Aluminum Alloy A356

Elements Al Si Mg Fe Ti

wt% 92.667 6.9 0.34 0.08 0.013

Figure 1. Liquid fraction distribution for different temperatures for A356 alloy25.

Figure 2. Cover of the electronic part.
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mold filling is very fast while the semi-solid metals flow

smoothly in the mold cavity. Runners, gates and overflows

were also modeled taking into account the fact that semi-

solid metal slurry has a high viscosity.

In this work, the importance is given for the parameter

design stage. The basic steps are presented in the next

section.

Methodology

Steps for production and optimization are summarized as

follows:

(a) Selection of the significant semi-solid casting

parameters having an influence on the total

casting time, shrinkage and bubble formation

(b) Selection of the appropriate design of experi-

ments according to the number of controllable

parameters and the number of levels for the

controllable parameters

(c) 3D solid modeling of the model casting

(d) Simulations of the semi-solid HPDC process

governed by the chosen design of the

experiments

(e) Data acquisition and data analysis.

Controllable Parameters

As noted earlier, casting geometry, heat parameters and

velocities parameters have an influence on the formation of

different phenomena during semi-solid die casting.

Therefore, in this study, the liquid fraction of slurry,

plunger velocity at 2nd phase and mold geometry are

considered as controllable variables. Due to the high vis-

cosity and low casting temperatures of the semi-solid

slurry, there was not much space for varying some other

important design and manufacturing parameters. For

example, unfiled phenomena occurred when setting the

temperature of mold below 250 �C. The reason for pre-

mature solidification before complete filling of the mold is

too large temperature drop during filling when mold tem-

peratures are below 250� C. Also, the diameter of the

plunger is set to be constant in order to achieve full-field

casting. All of the controllable factors have three levels as

shown in Table 2.

As previously mentioned, the liquid fraction of slurry is

determined according to Figure 1. According to literature

study for semi-solid processes, 2nd phase velocity should

be less than 5 m/s.24,25 Hence, 2nd phase velocity has three

levels as shown in Table 2. Different mold geometries are

determined with the angle between the vertical plane and

cavity, measured in xz plane. Mentioned angles are 0�, 30�,
and 60�, presented in Figure 4. These different configura-

tions are used as controllable parameter due to physical

characteristics of semi-solid metal flow.

Design of Experiments: Taguchi Design

The literature review indicates that the Taguchi method is

suitable in experimental design for designing and produc-

ing high-quality products at subsequently low cost. There

are two items that should be considered before selecting a

Figure 3. Layout comparison between (a) conventional high-pressure die casting
and (b) semi-solid HPDC.

Table 2. Experimental Factors and Their Levels

Controllable parameters Level 1 Level 2 Level 3

Liquid fraction [%] 50 60 70

2nd phase velocity [m/s] 1 3 5

Mold geometry 1 2 3
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particular Taguchi’s orthogonal array: (1) the number of

controllable parameters and (2) the number of levels for the

controllable parameters. Therefore, Taguchi’s L9 orthog-

onal array is selected for three controllable variables with

three levels in order to organize the experimental design.

Design of experiments is given in Table 3.

In the computer simulation, it is possible to predict air

entrapment and identify the location and shape of porosity.

Thus, the quality characteristic is the porosity level

expressed through shrinkage and bubble formation. Lower

cycle time enables faster or mass production. Conse-

quently, the third observed casting parameter is the total

casting time. It is important to emphasize that the unit of

measurement for bubble formation is a percentage, and it

stands for maximal bubble formation in the specific area.

Also, total casting time stands for the time required until

the alloy reaches a temperature of 300 �C.

In this study, grey relational analysis is adopted to find

optimal controllable variables for multi-objective function.

As mentioned earlier, three quality objectives of the

process were chosen, including the total casting time,

shrinkage of the material and bubble formation. Desirable

for the casting processes are the small values of the total

casting time, shrinkage of material and bubble formation.

Furthermore, the optimal combination of the process

parameters was found. Also, to find the influence of the

controllable process factors on the multi-objective func-

tion, a statistical analysis of variance is performed. These

terms are explained in more detail below.

Simulation Setup

After selection of the controllable parameters and appro-

priate design of experiments, it is necessary to perform 3D

solid modeling. Then, the 3D casting model is imported

into the commercial software as the stp file. The total

number of cells was around 2,020,050, and dimension of

the cell was 1.648 mm. The initial temperature of H13

mold was set to 250 �C, and the injection pressure at the

2nd phase was set to 100 MPa. The chosen design of

experiments dictates the other casting process parameters

and the design.

The final results are also influenced by heat transfer

(thermal boundary conditions) across the interface of the

hot casting (alloy) and cooler mold. A big difference in the

temperature of two bodies causes the resistance of the flow

of heat. Heat transfer coefficient is often used to deal with

interfacial heat transfer. In this paper, the temperature

dependence of the heat transfer coefficients is taken from

the software’s database. Initial and boundary conditions

used in the simulations are summarized in Table 4.

Figure 5a, b shows liquid phase and bubble formation,

respectively. It can be concluded that casting parameters

and construction are properly designed.

Finished simulations are followed by collection and anal-

ysis of the data. The last step is making decisions regarding

the optimal setting of control parameters.

Figure 4. Different configurations: (a) mold geometry 1, (b) mold geometry 2, (c) mold geometry 3.

Table 3. Design of Experiments Based on L9 Orthogonal
Array

Runs Liquid
fraction [%]

2nd phase
velocity [m/s]

Mold geometry
(configuration)

1 50 1 1

2 50 3 2

3 50 5 3

4 60 1 2

5 60 3 3

6 60 5 1

7 70 1 3

8 70 3 1

9 70 5 2
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Results and Discussion

Experimental runs of the process simulation with results

are given in Table 5. Three process variables are read from

the report obtained after each simulation. It can be noticed

that shrinkage has the maximal value in the 9th trial where

the values of the liquid fraction and 2nd phase velocity are

the highest. For better understating, shrinkage results of 5th

run and 9th run are presented in Figure 6. Generally, it is

impossible to eliminate shrinkage, but with optimization, it

is possible to reduce its values. Also, it can be observed

that bubble formation has minimal value during the 1st

trial. Basically, bubble formation increases with the

increase in the liquid fraction and with the increase in the

2nd phase velocity due to less laminar filling. The low 2nd

phase velocity is essential for achieving a smooth mold

filling.

From Figure 7, it can be observed that the total casting

time increases with the increase in the liquid fraction. This

is because, at lower liquid fractions, solidification is faster.

Also, it can be seen that mold geometry 2 indicates the

smallest casting times for all liquid fractions probably due

to melt rheology and heat and mass transfers.

Figure 5. Simulation of (a) mold filling and (b) bubble formation.

Table 5. Total Casting Time, Shrinkage and Bubble Formation Obtained from Simulation Report

Runs Liquid fraction [%] 2nd phase velocity [m/s] Mold geometry Total casting time [s] Shrinkage [%] Bubble formation [%]

1 50 1 1 7.7 3.911 1.05

2 50 3 2 5.6 3.928 1.11

3 50 5 3 6.25 3.926 3.25

4 60 1 2 5.937 3.959 3.58

5 60 3 3 6.585 3.903 7.59

6 60 5 1 8.1 3.939 33.81

7 70 1 3 7.076 3.923 11.04

8 70 3 1 8.682 3.957 23.47

9 70 5 2 6.303 4.004 13.67

Table 4. Initial and Boundary Conditions

Liquid fraction [%] 50–70

2nd phase velocity [m/s] 1–5

Mold temperature [�C] 250

Heat transfer coefficients [kW/m2/�C] 0.1 (300 �C)
0.2 (400 �C)
0.3 (450 �C)
1 (565 �C)
7 (590 �C)
8.5 (600 �C)
10 (620 �C)

Number of cells 2 020 050
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Grey Relation Analysis

In this work, grey relational analysis, GRA, is used for

solving complex interconnections between specific per-

formance properties. Consequently, a grey system is used

for the optimization of multiple performance characteris-

tics. Through this analysis, this complex multiple response

optimization problem is simplified into the optimization of

a grey relational grade, GRG. The procedure for deter-

mining GRG is discussed below.

The first step of the GRA is the grey relation generation

performed in order to transfer the original array to a

comparable array. During this step, the total casting time,

shrinkage of the material and bubble formation are nor-

malized between zero and one.

Depending on the characteristics of a data array, various

methodologies of normalizing value of the original array

are available. In this study, the normalized value of the

original array for the total casting time, shrinkage of the

material and bubble formation is the lower the better and

can be expressed as:

xij ¼
max yij � yij

max yij � min yij
Eqn: 7

where xij is the value after the grey relation generation, min

yij is the smallest value of original data yij and max yij is the

largest value of yij. Subscript j stands for response and i for

experiment or simulation.

Table 6 shows the normalized values of total casting time,

shrinkage of the material and bubble formation.

A determination of the reference array x0j is the next step.

The performance of simulation i is considered as the ref-

erent for the response j if the value after the grey relation

generation xij is equal to one or nearer to one than the value

for any other simulation.

Figure 6. Comparison of simulation shrinkage results for 5th trial (left side) and 9th trial (right side).

Figure 7. Influence of liquid fraction on total casting
times.

Table 6. Normalized Experimental Results

Runs Total casting time
[s]

Shrinkage
[%]

Bubble formation
[%]

1 0.3186 0.9233 1

2 1 0.7525 0.9980

3 0.7891 0.7772 0.9328

4 0.8907 0.4480 0.9228

5 0.6804 1 0.8002

6 0.1888 0.6460 0

7 0.5211 0.8044 0.6950

8 0 0.4703 0.3157

9 0.7719 0 0.6147

114 International Journal of Metalcasting/Volume 15, Issue 1, 2021



In the third step of the GRA, the grey relation coefficient,

nij, is used for determining how close xij and x0j are. The

grey relation coefficient nij can be determined as:

nij ¼
Dmin þ fDmax

Dij þ fDmax

Eqn: 8

where f 2 0; 1ð � is the index of distinguishability called

distinguishing coefficient. In this study, the value of

coefficient f is assumed as 0.5. Although different

distinguishing coefficients may lead to different solution

results,27 it is generally set at 0.5 to allocate equal weights

to every parameter.28 It can be seen from the above

equation when xij and x0j are closer, the grey relation

coefficient is the larger.

Dij ¼ x0j � xij
�� �� Eqn: 9

Dmin ¼ min Dij; i ¼ 1; 2; . . .;m; j ¼ 1; 2; . . .; n
� �

; Eqn: 10

Dmax ¼ max Dij; i ¼ 1; 2; . . .;m; j ¼ 1; 2; . . .; n
� �

:

Eqn: 11

The last step is the determination of the grey relation grade,

GRG, which presents the measurement formula for

quantification in grey relational space. It is calculated

using the equation:

yi ¼
1

n

Xn

j¼1

nij Eqn: 12

where n is a number of process response.

The grey relational grade signifies the degree of similarity

between the comparability array and the reference array.

Therefore, the best choice would be the experiment or

simulation with the highest grey relation grade. Table 7

shows the grey relation coefficients and grade for each

experiment where the highest grey relational grade is the

order of 1.

For better understanding difference in results between the

experiment with the lowest grey relational grade (run 9)

and the experiment with the highest grey relational grade

(run 2), bubble formation results are presented in Figure 8.
Overflows are applied for avoiding air entrapments in the

casting. However, the filling simulation revealed two crit-

ical areas, detail A and detail B in Figure 8a. These regions

have a high risk of defects. A significant reduction in air

entrapments is shown in Figure 8b.

The nearest optimal controllable parameter combination is

in experiment 2. Table 8 shows the means of the grey

relation grades for each level of controllable parameters.

For example, means of the grey relation grades for level 1

of die geometry is calculated by summing grades of 1st, 6th

and 8th experiments (according to Table 3) and dividing

calculated sum by three. The optimal levels, levels with the

highest grey relation grade, of the process parameters are

low liquid fraction (50%), low plunger velocity at 2nd

phase (1 m/min) and the angle of 60� between the vertical

plane and cavity, measured in xz plane. These optimal

levels are shown in bold in Table 8.

The optimal process parameters can reduce the risk of the

shrinkage and enhance the stability of the process.

Analysis of Variance

A method used in this study for finding out the importance

of the controllable parameter on the performance charac-

teristic is called the analysis of variance, ANOVA. This is

accomplished calculating the percentage contribution by

the sum of squares of each of the process parameters to the

total sum of squared deviations. SS stands for the sum of

squared deviations for a considered factor and is calculated

using the equation:

SS ¼ k

m

Xk

t¼1

y2
t �

y2

m
Eqn: 13

where k is the number of levels, yt is the total sum of the

grey relation grade at tth level, y is the total sum of the grey

relation grade and m is the total number of experiments.

SST stands for the total sum of the squared deviations and

can be determined as:

SST ¼
Xm

i¼1

Xn

j¼1

y2
ij �

y2

m
Eqn: 14

where yij are individual observations.

As mentioned, the percentage contribution P is calculated

using the equation:

P ¼ SS

SST

Eqn: 15

The main purpose of higher viscosity and density of semi-

solid slurry is to reduce the porosity and to achieve a better

Table 7. Grey Relational Coefficients and Grey Rela-
tional Grade

Runs Total
casting
time [s]

Shrinkage
[%]

Bubble
formation
[%]

Grade Grey
order

1 0.4232 0.8669 1 0.7634 3

2 1 0.6689 0.9960 0.8883 1

3 0.7033 0.6918 0.8815 0.7589 4

4 0.8205 0.4753 0.8662 0.7207 5

5 0.6100 1 0.7145 0.7748 2

6 0.3813 0.5855 0.3333 0.4334 8

7 0.5108 0.7189 0.6212 0.6169 6

8 0.3333 0.4856 0.4222 0.4137 9

9 0.6867 0.3333 0.5648 0.5283 7
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Figure 8. Comparison of bubble formation results between (a) run with the worst grey relational
grade (run 8) and (b) run with the best grey relational grade (run 2).

Table 8. Response Table for Grey Relational Grade

Parameter Level 1 Level 2 Level 3 Rank (max–
min)

Liquid fraction [%] 0.8035 0.6430 0.5196 1 (0.2839)

2nd phase velocity
[m/s]

0.7003 0.6923 0.5735 3 (0.1268)

Mold geometry 0.5368 0.7124 0.7169 2 (0.1801)

Table 9. Percentage Contribution of Input Parameters on
Response Variables

SS Percentage
contribution [%]

Liquid fraction [%] 0.1216 55

2nd phase velocity [m/s] 0.0302 14

Mold geometry 0.0334 15

SST 0.2205
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casting surface. That is why liquid fraction influenced the

grey relation grade the most, as shown in Table 9.

Conclusion

To provide high-quality casting, the semi-solid HPDC

process of A356 aluminum alloy is analyzed. Considering

viscosity of semi-solid slurry and the fact that semi-solid

metals flow smoothly in the mold cavity, the biscuit is set

in the center of the cavity. On the other hand, porosity and

shrinkage are main failures that decrease efficiency;

therefore, to prevent microporosity and to reduce cycle

time, optimal controllable parameters were investigated.

Taguchi’s L9 orthogonal array is used for process design,

and the computer simulation technology is utilized to

optimize processes parameters and design. The grey rela-

tional analysis shows that the best performance character-

istics were obtained with the liquid fraction of 50%,

plunger velocity at 2nd phase of 1 m/min and the angle of

60� between the vertical plane and cavity, measured in xz
plane.
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