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Abstract: The squeeze cast process parameters of AZ80 magnesium alloy were optimized by morphological matrix. Experiments 
were conducted by varying squeeze pressure, die pre-heat temperature and pressure duration using L9(33) orthogonal array of 
Taguchi method. In Taguchi method, a 3-level orthogonal array was used to determine the signal/noise ratio. Analysis of variance 
was used to determine the most significant process parameters affecting the mechanical properties. Mechanical properties such as 
ultimate tensile strength, elongation and hardness of the components were ascertained using multi variable linear regression analysis. 
Optimal squeeze cast process parameters were obtained. 
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1 Introduction 
 

Squeeze casting (SC) is a general term to specify a 
fabrication technique where liquid metal is fed into a 
permanent die and pressure is applied via a hydraulic 
ram until solidification is complete [1]. It has a number 
of advantages over sand-casting and gravity die casting. 
Squeeze forming process is a special casting technique 
that combines the advantages of traditional high pressure 
die casting, gravity permanent mold die casting and 
common forging technology. It is a relatively new 
casting process and otherwise called squeeze forming, 
liquid forging, liquid pressing, extrusion casting, liquid 
metal stamping, pressure crystallization and corthias 
casting. The process is first discovered by the Russians 
and later develops in USA, Europe and Japan. This 
advanced casting method is applied to the processing of 
ferrous and non-ferrous materials besides composites. 
The microstructural refinement of squeeze cast products 
is desirable in many critical applications. This process is 
simple, economical and it can be automated easily [2]. 

SC is a hybrid metal forming process, in which the 
molten metal solidifies under pressure within the die 
cavity. The applied pressure forces the molten metal to 

have an intimate contact with the mould metal which in 
turn leads to rapid heat transfer that yields pore-free and 
fine grains [3−10], and close dendrite arm spacing 
components with mechanical properties approaching 
those of a wrought product. The most important 
parameters in SC have been identified as melt 
temperature, melt quality (i.e., the absence of oxide films 
and inclusions) and quantity, die temperature, applied 
pressure and pressure duration [11]. 

The aerospace and the automobile sectors have been 
the main driving force behind the SC process using light 
metals to obtain components with improved mechanical 
properties. The majority of investigations to assess the 
effect of SC process parameters have considered 
magnesium alloys and their composites. Among the 
magnesium-based alloys, AZ80 (8.4% Al, 0.48% Zn, 
0.02% Mn, 0.0026% Cu, 0.0006% Ni, 0.0014% Fe, 
0.026% Si, 0.0007% Be and Mg balance, mass fraction) 
is preferred to obtain components with good mechanical 
properties. The magnesium alloy AZ80 is associated 
with excellent pressure tightness, good hot tear resistance, 
good ductility, good weldability, good machinability and 
high corrosion resistance [12−13]. The SC process 
parameters such as squeeze pressure, die pre-heat 
temperature and pressure duration have been considered 
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to optimize the ultimate tensile strength (UTS), 
elongation and hardness. 

Design optimization is the process to find the 
maximum/minimum of the parameters called the 
objective function and it must satisfy a certain set of 
specified requirements within constraints. In 
multi-objective optimization, all the components of 
vectors which store the different objectives should be 
optimized simultaneously [14]. 

Morphology is a method of thinking introduced by 
the astrophysicist ZWICKY [15]. One of the ideas of 
morphology is to systematically search for a solution to a 
problem by trying out all possible combinations in a 
matrix. ZWICKY named the matrix a “morphologic 
box”, but it is also known as a morphological matrix or 
morphological chart. The fact that the search also reveals 
unorthodox combinations is one of the basic ingredients 
of creativity, which is also similar to the theory of 
inventive problem solving. 

The morphological matrix is created by 
decomposing the main functions of the product into 
sub-functions which are listed on the vertical axis of the 
matrix. Possible solution principles for each function are 
then listed on the horizontal axis. Different concepts are 
created by combining various solution principles to form 
a complete system concept [15]. 

ZWICKY did not use the words function and 
solution but called both function and solution as 
parameters. In this work, sub-systems on the vertical 
axes were used instead of functions. However, the basic 
principle of the morphological matrix stays the same to 
span all possible solutions to a problem. 

The optimization methodology adopted in this work 
was a morphological approach. Morphological matrix 
(MM) efficiently exploited useful information to 
generate new solutions with better performance. 
 
2 Experimental 
 

AZ80 alloy was used as the casting material and its 
pouring temperature was maintained at 750 °C. The 
molten metal in the die was subjected to pressure after 
pouring and the pressure duration varied from 15 to 45 s. 
The cylindrical squeeze castings (d 40 mm×200 mm) 
with high height-to- thickness ratio were obtained 
finally. 

A 40 t universal testing machine was employed for 
the application of pressure and the applied pressure level 
varied from 40 to 110 MPa. H13 die steel was used as 
the die material, and the die cavity was coated by 
graphite. The die set-up was fitted on the hydraulic table 
of the universal testing machine by base plate. The punch 
was fitted in the middle crosshead of the universal testing 

machine for the application of pressure, whereas the 
ejector was used to enable the removal of castings. The 
ceramic electrical heater was used to preheat the die and 
the castings, followed by pre-heating of the die at 160 
and 320 °C, respectively. The photos of experimental 
set-up are shown in Fig. 1. 

It was observed that a squeeze pressure below    
40 MPa did not considerably improve the mechanical 
 

 
Fig. 1 Photos of experimental set-up: (a) Upper die; (b) Lower 
die; (c) Overall die 
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properties and the die was designed to withstand a 
maximum squeeze pressure of 110 MPa. Hence, the 
bound for squeeze pressure was set as 40 MPa≤p≤110 
MPa. The die pre-heat temperature varied from ambient 
temperature and up to a maximum temperature of 320 °C. 
If the die was heated above this temperature, it was 
found that increasing solidification time led to the loss of 
production. Hence, the bound for die pre-heat 
temperature θ was set as 35 °C≤θ≤320 °C. It was found 
experimentally that the minimum time required for 
complete solidification of casting was 15 s and it was not 
expected to go beyond 45 s due to any change under 
operating conditions. Hence, the pressure duration bound 
t was fixed as 15 s≤t≤45 s. 

Taguchi method is one of the efficient problem 
solving tools to upgrade the performance of products and 
processes with a significant reduction in cost and time 
involved [16]. By opting Taguchi method, the number of 
experiments to be conducted was reduced to 9, instead of 
the actual 21 experiments for the above chosen 3 
parameters with 3 levels in this work. The experiments 
were conducted as per trial data sheet of L9 (33) 
orthogonal array. The castings were made under different 
conditions and the tensile strength, elongation and 
hardness values along with the average response values 
were ascertained. 
 
3 Results and discussion 
 
3.1 Development of mathematical model 

The squeeze cast process parameters, namely 
pressure, die preheating temperature and pressure 
duration at 3 levels are considered in this work and the 
details are presented in Table 1. Selection of an 
appropriate orthogonal array based on the chosen process 

parameters is the prime aim in the Taguchi method. The 
total degrees of freedom for 3 parameters in each of the 3 
levels are 6. Then, a 3-level orthogonal array (L9 33) with 
9 experimental runs (degree of freedom = 9 − 1 = 8) is 
selected for the present research. Orthogonal array (OA) 
is the shortest possible matrix of combinations in which 
all the parameters vary at the same time and their effect 
and performance interactions are studied simultaneously. 

The name of an array indicates the number of rows 
and columns, and also the number of levels in each of the 
columns. Thus, the array L9 33 has 9 rows and 3 columns 
of 3 levels. The array is based upon the theory of 
orthogonality. It states that each and every level of each 
and every parameter is in combination with each and 
every level of every other parameter at least once [17]. A 
well designed experiment can reduce substantially the 
number of experiments required [18]. With the selection 
of (L9 33) orthogonal array, using 3 parameters and 3 
levels for each, the number of experiments required can 
be drastically reduced to 9, which in classical 
combination method using full factorial experimentation 
would require 33=27 experiments to capture the 
influencing parameters. The SC process parameters, 
namely squeeze pressure (A), die preheating temperature 
(B) and pressure duration (C) are assigned to the first, 
second and third columns of (L9 33) array, respectively. 
 
3.2 Analysis of results 

After the collection, the data are analyzed by 
calculating signal/noise (S/N) ratio. The S/N ratio is 
simply a quality indicator by which the effect of 
changing a particular process parameter on the 
performance of the process or product is evaluated. In 
general, a better signal is obtained when the noise is 
smaller, so that a larger S/N ratio yields better final  

 
Table 1 Results of (L933) orthogonal array experiments 

UTS/MPa Elongation/% Hardness (HV) 
No. 

p/ 
MPa 

θ/°C t/s 
1 2 3 Average 1 2 3 Average 1 2 3 Average

1 40 35 15 238.3 237.5 238.1 238 5.5 5.7 5.9 5.7 88.1 88.6 88.3 88.3 

2 40 160 30 244.4 243.8 244.7 244.3 5.8 5.9 5.9 5.9 89.2 89.6 89.9 89.6 

3 40 320 45 222.6 223.3 223.4 223.1 5.3 5.2 5.6 5.4 82.3 82.6 82.4 82.4 

4 80 35 30 256.4 256.3 256.2 256.3 6.6 6.5 6.2 6.4 93.3 93.2 93.4 93.3 

5 80 160 45 268.7 268.1 268.3 268.4 7.1 7.4 7.2 7.2 97.6 97.2 97.1 97.3 

6 80 320 15 253.2 252.9 253.4 253.2 6.3 6.4 6.1 6.3 92.5 92.6 92.3 92.5 

7 100 35 45 250.3 250.2 250.5 250.3 6.2 6.3 6.1 6.2 91.2 91.6 91.8 91.5 

8 100 160 15 259.5 259.7 258.8 259.3 6.8 7.1 6.7 6.9 94.5 94.2 94.7 94.5 

9 100 320 30 271.3 271.6 271.2 271.4 7.2 7.3 7.6 7.4 98.1 98.2 98.3 98.2 
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results. This means that the divergence of the final 
results becomes smaller. The S/N ratio (η) of each 
experimental run is calculated based on the following 
equation and the values are listed in Table 2. 
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where n is the number of measurements in a trial (here 
n=3) and yi is the ith measured value in a row. 

After the collection of raw data, average effect 
response values are calculated based on the following 
procedure. Typically, the average effect for level 1 of the 
squeeze pressure is computed using the data from No. 

1−3 in Table 2. Similarly, the average effects for levels 2 
and 3 of squeeze pressure were computed using data 
from No. 4−6 and 7−9 in Table 2, respectively. The 
average effects of die preheating temperature and 
pressure duration are computed for all the levels as 
illustrated above and listed in Table 3. The average effect 
responses for S/N ratios for each level of process 
parameters are summarized in Table 4. 

Pareto ANOVA computation is done for the quality 
characteristics of ultimate tensile strength, elongation 
and hardness to study the contribution ratio of the 
process parameters as listed in Table 5. The Pareto 
analysis shows that squeeze pressure has a larger impact 

 

Table 2 Computation of S/N ratio for ultimate tensile strength, elongation and hardness 

Process parameter assignment and column number
No. 

A B C 

S/N ratio of ultimate 
tensile strength/dB 

S/N ratio of 
elongation/dB 

S/N ratio of 
hardness/dB 

1 1 1 1 −47.530 −15.121 −38.923 

2 1 2 2 −47.758 −15.368 −39.043 

3 1 3 3 −46.970 −14.598 −38.322 

4 2 1 2 −48.175 −16.172 −39.398 

5 2 2 3 −48.575 −17.188 −39.762 

6 2 3 1 −48.068 −15.942 −39.320 

7 3 1 3 −47.970 −15.849 −39.232 

8 3 2 1 −48.277 −16.738 −39.506 

9 3 3 2 −48.671 −17.348 −39.842 

 

Table 3 Average effect response for raw data 
A  B C 

Level 
UTS/MPa Elongation/% 

Hardness 
(HV) 

 UTS/MPa Elongation/%
Hardness

(HV)
UTS/MPa Elongation/% 

Hardness
(HV) 

1 235.13 5.67 86.77  248.2 6.1 91.03 250.17 6.3 91.77 

2 259.3 6.63 94.37  257.3 6.67 93.8 257.33 6.57 93.7 

3 260.33 6.83 94.73  249.2 6.37 91.03 247.27 6.27 90.4 

Max−Min 25.2 1.16 7.96  9.1 0.57 2.83 10.06 0.3 3.3 

Rank 1  4 3 

 

Table 4 Average effect response for S/N ratio 
A  B C 

Level 
UTS/MPa Elongation/% 

Hardness 
(HV) 

 UTS/MPa Elongation/%
Hardness

(HV)
UTS/MPa Elongation/%

Hardness
(HV) 

1 −47.419 −15.029 −38.763  −47.892 −15.714 −39.184 −47.958 −15.934 −39.25 

2 −48.273 −16.434 −39.493  −48.203 −16.431 −39.437 −48.201 −16.296 −39.428

3 −48.306 −16.645 −39.527  −47.903 −15.963 −39.161 −47.838 −15.878 −39.105

Max−Min 0.887 1.436 0.764  0.311 0.717 0.276 0.363 0.418 0.323 

Rank 1  4 3 
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Table 5 Computation of Pareto ANOVA for surface ultimate tensile strength and hardness 

A  B C 

Level 
UTS/MPa Elongation/% 

Hardness 
(HV) 

 UTS/MPa Elongation/%
Hardness

(HV)
UTS/MPa Elongation/% 

Hardness 
(HV) 

1 705.4 17 260.3  744.6 18.3 273.1 750.5 18.9 275.3 

2 777.9 19.9 283.1  772 20 281.4 772 19.7 281.1 

3 781 20.5 284.2  747.7 19.1 273.1 741.8 18.8 271.2 

Total 2264.3 57.4 827.6  2264.3 57.4 827.6 2264.3 57.4 827.6 

SSD 0.863 0.739 0.752  0.0038 0.0041 0.0028 0.035 0.037 0.036 

CR/% 95.70 94.73 95.09  0.42 0.53 0.35 3.88 4.74 4.55 
SSD is the sum of squares of differences and CR is the contribution ratio. 

 
suggests that the optimum level of process parameters as 
on the ultimate tensile strength, elongation and hardness, 
as shown in Fig. 2. Further, Pareto ANOVA calculation 
squeeze pressure of 100 MPa, die preheating temperature 
of 160 °C and pressure duration of 30 s are the proposed 
levels to improve the ultimate tensile strength, elongation 
and the hardness. 
 
3.3 Response graphs and morphological matrix 

The response graphs exhibit a pictorial view of 
variation of each parameter and describe the effect on the 
system performance when a parameter shifts from one 
level to another. Figures 3(a) and (b) show the response 
for two parameters, namely squeeze pressure and die 
preheating temperature. Figures 4(a) and (b) show the 
response for S/N ratio, as an example, level 3 for squeeze 
pressure (100 MPa, see No. 7−9 in Table 2) has the 
highest S/N ratio value, which indicates that the casting 
performance at such level produces the minimum 
variation of the ultimate tensile strength, elongation and 
hardness. 

There are many types of crossover operators like 
edge recombination crossover and partially mapped 
crossover, ordered crossover, simulated binary crossover. 
In this work, edge recombination crossover is used. This 
type of crossover results in faster convergence of optimal 
solution. 

The test runs are carried out on MM by varying 
different MM input parameters. After several test runs, 
the following final MM input parameters are found to 
give better solution. 

The steady increase in ultimate tensile strength, 
elongation and hardness of the best solution in each 
generation to a best possible value can be attributed to 
the selection procedure used, namely roulette wheel 
selection. Final optimized AZ80 SC process parameters 
are given as squeeze pressure 100 MPa, die temperature 
160 °C and pressure duration 30 s. 

 
Fig. 2 Pareto diagrams of contribution of ultimate tensile 
strength (a), elongation (b) and hardness (c) 
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Fig. 3 Response of squeeze pressure (a−c) and die preheating temperature (d−f) levels to ultimate tensile strength (a, d), elongation (b, 
e), hardness (c, f) 
 
4 Conclusions 
 

1) The application of MM is aimed at the 
maximization of mechanical properties of the SC 
components and the developed morphological matrix 
successfully searches the maximum possible ultimate 
tensile strength and hardness values and the input 
process parameters that can yield those specific values. 

2) The proposed MM approach is efficient and 

gives promising results. The heuristic is also found to 
give better solutions in shorter experimental time. In this 
method, edge recombination crossover is used and gives 
better results. 

3) Squeeze pressure has a larger impact on the 
ultimate tensile strength, elongation and hardness of the 
AZ80 alloy. The optimized AZ80 SC process parameters 
is squeeze pressure of 100 MPa, die temperature of   
160 °C, pressure duration 30 s. 
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Fig. 4 Response of S/N ratio of squeeze pressure (a−c) and die preheating temperature (d−f) levels to ultimate tensile strength (a, d), 
elongation (b, e), hardness (c, f) 
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AZ80 镁合金挤压铸造工艺参数的形态学矩阵优化 
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摘  要：运用形态学矩阵对 AZ80 镁合金挤压铸造工艺参数进行优化。采用 L9(33)田口方法中的正交列对不同挤

压压力、模具预热温度和压力持续时间进行组合。采用一个 3 水平正交阵列确定信噪比，通过方差分析确定影响

力学性能最重要的工艺参数，并利用多变量线性回归分析确定拉伸强度、伸长率和硬度，获得了最佳的挤压铸造

工艺参数。 

关键词：AZ80 镁合金；挤压铸造；工艺参数；形态学矩阵；优化 
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