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Effect of reinforcement amount, mold temperature, 
superheat, and mold thickness on fluidity of in-situ
 Al-Mg2Si composites
*Reza Vatankhah Barenji
Department of Industrial Engineering, Hacettepe University, Beytepe Campus, Ankara 06800, Turkey

Aluminum matrix composites (AMCs) are frequently 
used in different industries. This is due to the fact 

that AMCs are light and have good specific strength and 
stiffness. Thus, these new materials can be an appropriate 
option for replacement of the heavy alloys such as steels [1-8].

AMCs can be produced using casting methods such 
as ex-situ and in-situ processes. In the ex-situ process, 
reinforcement particles are added to the molten metal, 
usually accompanied by a stirring action. In the in-
situ process, the reinforcements of secondary phase are 
produced either in molten metal or in solidification. 
Therefore, the wetting problem of the secondary 
phases is solved by the in-situ method, and hence the 
distribution of the reinforcements is more uniform than 
that of the ex-situ method. This advantage of the in-situ 
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processes have made AMCs more suitable for some 
industrial applications [9-12]. 

One of the suitable reinforcements for the AMCs is 
Mg2Si because it is light, and has a high melting point 
and elastic modulus [13]. According to the Al-Mg2Si 
phase diagram, Mg2Si reinforcements can be produced 
from molten Al during solidification as follows [14]:

where, E is eutectic, P refers to primary, S stands for secondary, 
and L1 belongs to liquid in the two-phase region. 
   On casting of alloys and MMCs, one of the most 
important parameters that should be controlled to 
produce sound castings is the fluidity [15], which is 
described as the ability of molten metal to fill a mold at 
a particular temperature before solidification. In general, 
the fluidity of metals and alloys is affected by many 
parameters which can be categorized as follows: (a) 
metallurgical factors including composition, superheat, 
solidification mode, latent heat, surface tension, 
viscosity, and the presence of surface oxides and (b) 
mold/casting factors including mold temperature, mold 
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conductivity, and the heat transfer coefficient at the interface. For 
controlling the fluidity, in the first step, the effective parameters 
should be distinguished and then controlled [16]. In this regard, 
some researchers have studied the influence of casting 
parameters on the fluidity of Al and its alloys [15-18]. Moreover, 
some researchers have investigated the fluidity of the AMCs 

[19, 21]. For example, Heidarzadeh et al. [21] added Cu to the Al-
15wt.% Mg2Si, and investigated its effect on the fluidity using 
a multi-channel mold. Their results showed that the Cu causes 
a wider solidification interval, which leads to higher viscosity 
and lower fluidity. In comparison with alloys, the fluidity of 
the AMCs is affected by some other factors in addition to the 
above mentioned factors. These factors include the volume 
fraction of the reinforcing particles, and the size and shape of 
the particles. In the case of particle dispersed composites, the 
fluidity at any given temperature is decreased relative to the 
particle free base alloy [22-24]. Some authors [25,26] have shown this 
decreases with a decrease in the reinforcement particle size for 
a given volume fraction of particles. The morphology of the 
reinforcement influences the fluidity of composite melts because 
of its effect on the surface area to volume ratio of the dispersed 
phase. Increasing angularity of the reinforcing particles leads 
to a progressively greater decrease in the fluidity at a given 
temperature and volume fraction of the particle [25]. 

Although some investigators have studied the fluidity of the 
AMCs, an examination into the influence of casting parameters 
on the fluidity of the Al-Mg2Si in-situ composites has not been 
studied until now. Consequently, in this study, the effects of Mg2Si 
content, mold temperature, superheat, and channel thickness on 
the fluidity and microstructure of the Al-Mg2Si composites have 
been explored. For this purpose, central composite rotatable 
design (CCRD), in conjunction with response surface method 
(RSM) was used to design the experiments.

1 Materials and methods
1.1 Experimental procedures
1.1.1  Ingot preparation 
The base materials used in this investigation were Al-
15wt.%Mg2Si, Al-17.5wt.%Mg2Si, Al-20wt.%Mg2Si, Al-
22.5wt.%Mg2Si and Al-25wt.%Mg2Si composites. Industrially 

pure Al (99.8%), Mg (99.9%) and Si (99.2%) metals were utilized 
for preparing the composite ingots with 15wt.%-25wt.% Mg2Si. 
Melting was conducted in an electrical resistant furnace with a 
controlled atmosphere and temperature (±5 °C accuracy). After 
reaching 800 °C in a SiC crucible with 10 kg capacity via the 
electrical resistance furnace, Si and Mg were added into the Al 
melt (to account for losses, an extra 20wt.% Mg and 7wt.% Si 
were added above the stoichiometric requirements). In addition, 
the atmosphere of the furnace was controlled using Argon gas. 
Table 1 shows the actual composition of the prepared composites. 

1.1.2  Microstructural characterization

The specimens for microstructural study were cut from the same 
position of each ingot and examined by an Olympus 100 light 
microscope and a JEOL JSM 6500F field emission scanning 
electron microscope (SEM). For the purpose of this experiment, 
sections were cut through the composite ingots and were cold-
mounted, ground, polished, and etched with Keller’s reagent 
(150 ml water, 3 ml nitric acid, 6 ml hydrochloric acid, 6 ml 
hydrofluoric acid) at room temperature for OM and SEM. The 
OM and SEM were used to identify the Mg2Si content and 
morphology in the microstructure of the different composites.

1.1.3  Fluidity test

The fluidity tests were conducted on the AMCs with different 
amounts of Mg2Si using a multi-channel permanent mold. In 
this study, the spiral and vacuum fluidity tests were not selected. 
The spiral test has a constant cross section, and hence the results 
of this test cannot be used for castings with different thicknesses. 
On the other hand, the vacuum test is usually used in laboratory 

Fig. 1:  Equilibrium binary phase diagram of Al-Mg2Si

Table 1:  Chemical composition of different composites (wt.%)

Material Si Fe Cu Mn Mg Cr Ni Zn Al

15wt.% Mg2Si 5.72 0.16 0.01 0.01 9.82 0.01 0.01 0.12 Base

17.5wt.% Mg2Si 6.68 0.14 0.01 0.01 11.22 0.02 0.02 0.08 Base

20wt.% Mg2Si 7.70 0.12 0.01 0.01 12.80 0.02 0.02 0.11 Base

22.5wt.% Mg2Si 8.38 0.13 0.01 0.01 14.42 0.01 0.01 0.13 Base

25wt.% Mg2Si 9.23 0.13 0.01 0.01 16.11 0.01 0.01 0.09 Base
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scales. Thus, the multi-channel test was selected for measuring 
the fluidity at different thicknesses. Figure 2 shows the multi-
channel test design, including six strips, pouring basin and 
running system. Each strip is 20 mm wide and 250 mm long. 
The thicknesses of the strips were: 1, 3, 5, 7, 9 and 12 mm. The 
mold internal surface was fully covered by Dycote 36 (FOSECO) 
using a spray gun. From our previous experimental results [21], 
the mold and superheat temperatures were holding constant at 
100 °C and 150 °C, respectively. In order to preheat the mold, 
it was placed on a heater and its temperature was controlled 
by a calibrated thermocouple placed into the center part of the 
drag. For this purpose, the molten AMCs was first prepared 
in an electric resistance furnace. Before pouring the molten 
AMCs into the mold, the oxide layers and dross were removed 

by skimming from the surface and the temperature of the 
molten metal was then measured by a fine and accurate K-type 
thermocouple. It is notable that the fluidity tests for each of the 
AMCs were repeated six times to obtain results that are more 
accurate. For this purpose, six results were taken to calculate the 
average amount of the fluidity.

1.2 Design of experiments
Typical experiment design methods such as full factorial, partial 
factorial and central composite rotatable designs (CCRD) are 
usually employed for process modeling. CCRD requires far fewer 
experiments than the full and partial factorial design. Hence, in 
this study, due to a wide range of parameters, CCRD consisting 
of 31 sets of runs, four selected independent parameters (mold 

Fig. 2:  (a) Schematics of fluidity test mold, and (b) image of corresponding mold

temperature, superheat, mold thickness, and Mg2Si amount) and 
five levels (±β, ±1,0) were used to design the experiments, where 
β=2k/4 and k is the number of independent parameters [27, 28]. 
The processing parameter values and their levels involved in this 
investigation are summarized in Table 2. The measured response 
parameter was the fluidity length. The experiment design was 
created using the Design-Expert Version 8.0 software as presented 
in Table 3. Random experiments were done in order to avoid any 
systematic error entering into the system. 

1.3 Modeling
In the present investigation, a second order polynomial 
regression model that includes the main and interaction effects 
of all parameters was developed to establish a mathematical 

relationship between the parameters and the fluidity of the 
composites. The response of fluidity is a function of mold 
temperature (A), superheat (B), thickness (C), and Mg2Si content 
(D). The response surface can be expressed as follows:
  

The second order polynomial regression equation used in this 
study is given by [29-32]:

where Y is the response, Xi and Xj are the coded independent 
variables, b0 is the mean values of responses and bi, bii and 
bij are linear, quadratic and interaction constant coefficients, 

Table 2:  Coded and actual values of parameters considered for design

Levels
Unit Parameters

(+2) (+1) (0) (-1) (-2)
200 150 100 50 25 °C Mold temperature (A)

250 200 150 100 50 °C Superheat (B)

12 9 7 5 3 mm Channel thickness (C)

25 22.5 20 17.5 15 wt.% Mg2Si amount (D)

(2)

(3)

(unit: mm)
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Table 3:  Design layout using Design-Expert Version 8.0 software including experimental and predicted results

Standard
run no. Run

Coded values of parameters Fluidity (cm)

A B C D Experimental Predicted Error %

1 18 -1 -1 -1 -1 7.9 7.16 -9.4
2 29 1 -1 -1 -1 13.5 12.26 -9.2
3 26 -1 1 -1 -1 14.3 13.06 -8.7
4 7 1 1 -1 -1 19.2 18.06 -5.9
5 2 -1 -1 1 -1 17.5 16.01 -8.5
6 20 1 -1 1 -1 16.5 16.51 0.1
7 5 -1 1 1 -1 17.9 19.26 7.6
8 17 1 1 1 -1 21 21.96 4.6
9 21 -1 -1 -1 1 3.8 3.46 -8.9

10 28 1 -1 -1 1 11.7 10.96 -6.3
11 8 -1 1 -1 1 8.1 7.51 -7.3
12 24 1 1 -1 1 13.4 14.41 7.5
13 16 -1 -1 1 1 10.1 10.36 2.6
14 19 1 -1 1 1 16.4 15.26 -7
15 22 -1 1 1 1 17.2 16.06 -6.6
16 23 1 1 1 1 21 20.86 -0.7
17 30 -2 0 0 0 7.6 8.13 7
18 6 2 0 0 0 20.1 20.43 1.6
19 1 0 -2 0 0 3.8 4.08 7.4
20 15 0 2 0 0 21 19.48 -7.2
21 11 0 0 -2 0 1.3 1.42 9.2
22 3 0 0 2 0 17.4 17.38 -0.1
23 10 0 0 0 -2 16.6 17.68 6.5
24 13 0 0 0 2 8.7 9.28 6.7
25 27 0 0 0 0 13.2 13.35 1.1
26 12 0 0 0 0 12.7 13.35 5.1
27 9 0 0 0 0 14.4 13.35 -7.3
28 4 0 0 0 0 13.6 13.35 -1.8
29 14 0 0 0 0 14.1 13.35 -5.3
30 25 0 0 0 0 12.7 13.35 5.1

31 31 0 0 0 0 13.3 13.35 0.4

correspondingly. The values of the coefficients could be 
calculated by means of the following terms [29-32]:
    

   For four parameters, the selected polynomials can be expressed 
as:

   By using the Design-Expert Version 0.8 software at 95% 
confidence level, the regression coefficients of the second 
order polynomial regression model were calculated from the 
experiment data shown in Table 3. Furthermore, in order to 
ensure an accurate model, ANOVA analysis was performed 
including tests for significance of the regression model and 
coefficients. The model was presented as two dimensional plots 
(contour plots) using the same software.

(4)

(5)

(6)

(7)

 (8)

2 Results and discussion
2.1  ANOVA analysis and fitting of regression 

model
The ANOVA results are shown in Table 4. From the F-value and 
P-value, the significance of the model and the coefficients can 
be indicated. For the more significant model and coefficients, 
larger F-value and smaller P-value are needed. The data of 
Table 4 show that the F-value and P-value of the model are 
7.25 and 0.0001, respectively, which demonstrate that the 
model is significant. The P-values smaller than 0.05 and greater 
than 0.1 indicate significant and not significant coefficients, 
correspondingly. According to the P-values, mold temperature (A), 
superheat (B), channel thickness (C), and Mg2Si content (D) are 
significant. Furthermore, all of the quadratic effects of parameters 
are not significant. Noting the F-values, the order of significant 
parameters will be as follows: C>B>A>D. The R2 is calculated 
as 0.9214, which indicate the adequacy of the developed model. 
Also, from the error percentage shown in Table 3, it is obvious 
that the developed model can predict the fluidity within ±10% 
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Table 4:  ANOVA table for response surface model (response: 
Fluidity)

  Source F-value P-value

Model 699.49 14 49.96 7.25 0.0001

A 147.01 1 147.01 21.35 0.0003

B 198.37 1 198.37 28.81 < 0.0001

C 245.76 1 245.76 35.70 < 0.0001

D 69.36 1 69.36 10.07 0.01

AB 0.01 1 0.01 0.01 0.97

AC 6.76 1 6.76 0.98 0.33

AD 5.76 1 5.76 0.83 0.37

BC 0.12 1 0.12 0.02 0.89

BD 0.02 1 0.02 0.01 0.95

CD 4.20 1 4.20 0.61 0.44

A2 7.80 1 7.80 1.13 0.30

B2 0.25 1 0.25 0.03 0.85

C2 9.60 1 9.60 1.39 0.25

D2 1.49 1 1.49 0.21 0.64

Residual 103.25 15 6.88

R2 0.9214

their experiment values. The mathematical model in terms of 
coded parameters was obtained by multiple regression analysis 
on the experiment data as follows:

Fluidity (cm) = 13.35+2.47A+2.87B+3.20C–1.70D–0.025AB
                          –0.65AC+0.60AD0.087BC+0.038BD+0.51CD
                         +0.53A2+0.096B2–0.59C2+0.23D2   

   Equation (9) can be used to predict the fluidity within the 
range process parameters. By eliminating the non-significant 
terms of the developed equation, the reduced model is reached 
as follows: 

   Fluidity (cm) = 13.35+2.47A+2.87B+3.20C–1.70D

Equation (10) shows the final relationship between fluidity and 
process parameters. The normal probability plot of the residuals, 
and the predicted response versus actual values for the response 
fluidity are illustrated in Figs. 3 and 4. In a normal probability 
plot (also called a "normal plot"), the sorted data are plotted 
vs. values selected to make the resulting image look close to a 
straight line if the data are approximately normally distributed. 
Deviations from a straight line suggest departures from normality. 
According to Fig. 3, it is obvious that errors are spread normally 
because the residuals fall on a straight line. In plotting the 
predicted response versus actual values, the predicted values are 

(9)

(10)

Fig. 3:  Normal probability plot of residuals for fluidity

Fig. 4:  Plot of predicted response versus actual value 
for fluidity

considered for the vertical axis of the plot, and the actual values 
are considered for the horizontal axis. If the data of this plot 
are embedded on a line with a slope of 45°, the model predicts 
accurately. Figure 4 reveals that the predicted response values 
are in good agreement with the actual ones within the ranges of 
the process parameters. Comparing the current results with the 
results of other investigators shows that similar plots should be 
achieved for developing accurate models. For instance, Barenji et 
al. [27] for electrical discharge machining of the AISI D6 tool steel, 
Rajakumar et al. [31] and Heidarzadeh et al. [33] for friction stir 
welding of the alloys have used RSM, and have achieved similar 
plots for their developed models and experimental design matrix.  

Mean 
square

Sum of  
square

Degree of 
freedom

2.2 Effect of parameters on Fluidity 
Figure 5 shows the perturbation plot of fluidity, which indicates 
that the order of effective parameters is as follows: C>B>A>D. 
In addition, Figure 6 depicts the contour plots. From Figs. 5 and 
6, in all of the channels, the fluidity increases with increasing 
superheat. Higher pouring temperature or larger melt superheat 
postpones the formation and growth of the solidified particles 
at the front of the molten metal, which leads to longer fluidity 
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length. The other result from Figs. 5 and 6 is the fact that the 
fluidity length rises quickly with an increase in mold temperature 
up to 200 °C , which is due to the lower chilling effect of the hot 
mold. Moreover, according to the counter plots and the ANOVA 
results in Table 4, the interaction between the casting parameters 
is negligible. This is due to low F-value and high P-value for the 
AB, AC, AD, BC, BD, and CD coefficients. This means that the 
A, B, C, and D parameters influence the fluidity length of the 
composite, independently. 

Fig. 5:  Perturbation plot showing effect of all 
parameters on fluidity

Fig. 6:   Contour plots showing interaction effect of: (a) mold temperature and superheat, (b) mold temperature and mold 
thickness, (c) mold temperature and Mg2Si content, (d) superheat and mold thickness, (e) superheat and Mg2Si 
content, and (f) mold thickness and Mg2Si content



72

CHINA  FOUNDRY Vo l . 1 5 N o . 1 J a n u a r y 2 0 1 8
Oversears Foundry

From Figs. 5 and 6 showing the effect of Mg2Si content on 
the fluidity, it is clear that with increasing the Mg2Si content, 
a significant decrease in the fluidity has occurred in the case 
of all the channels. This result can be explained according to 
both the microstructure and phase diagrams. According to the 
microstructures shown in Figs. 7 and 8, some major outcomes 
can be obtained. First, the primary Mg2Si are faceted with some 
white points [12], as shown in Fig. 8. These areas with white color 
inside the Mg2Si particles are pure α-Al. Second, the α-Al is also 
found in the regions surrounding the primary Mg2Si particles, 
which can be because of the non-equilibrium solidification [15]. 
Third, with increasing the amount of Mg2Si phase, the primary 
Mg2Si amount seems to be increased. In addition, at a higher 
amount of Mg2Si phase, the morphology of the primary Mg2Si 
changes from faceted to irregular and dendritic, and the eutectic 

Fig. 7:   Microstructure of Al-Mg2Si composites with 
different amounts of Mg2Si: (a) 15wt.%, (b) 
20wt.%, and (c) 25wt.%

size changes from finer to coarser. It is well understood that 
fine particles and irregular morphologies cause lower fluidity 
lengths [17]. However, from the point of view that the primary 
Mg2Si particles are produced throughout solidification (in-situ 
process), the microstructural effects of the particles cannot be the 
origin of the resulted fluidities. 

According to Fig. 1, with increasing the amount of Mg2Si, the 
solidification interval increases, and hence the solidification mode 
changes from skin to pasty mode [34]. It is well documented that 
skin mode solidification occurs in the case of pure and eutectic 
metals, where in the case of alloys with solidification interval, the 
pasty mode happens [35]. In addition, it is well known that skin 
mode has the highest fluidity length. Moreover, with increasing 
the solidification interval, the fluidity decreases due to pastier 
mode [34, 35]. In skin mode, the solidification starts from the mold 
walls, and then the solid parts grow to the center part of the 
channel (Fig. 9). Thus, in skin mode, when the solidification is 
100% completed, the fluid flow stops [34, 35]. In the case of pasty 
mode, equiaxed solid parts form in front of the fluid flow. In pasty 
mode, when the solidification is about 50%-60% completed, the 
fluid flow stops [17, 18]. Therefore, according to the phase diagram 
and the solidification intervals, the mode of solidification for all 
of the composites is pasty. With increasing the amount of Mg2Si, 
the solidification changes to be pastier, and consequently has 
lower fluidity. 

3 Conclusions
   (1) The ANOVA shows that the developed models can predict 
the fluidity of the composites, accurately.

(2) The order of effective parameters on the fluidity according 
to the developed models is channel thickness, superheat, mold 
temperature, and Mg2Si content. 

Fig. 8:   Enlarged electron image of an Mg2Si primary 
particle
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(3) By increasing the channel thickness (from 3 mm to 12 
mm), superheat (from 50 °C to 250 °C), and mold temperature 
(from 25 °C to 200 °C), the fluidity length increases from 1.3 cm 
to 21 cm. 

(4) By increasing the Mg2Si content from 15wt.% to 25wt.%, 
the amount and size of primary Mg2Si particles are increased, and 
their morphology changes from faceted to irregular and dendritic. 

(5) At a higher amount of Mg2Si (15wt.% to 25wt.%), the 
eutectic phases become fewer and coarser. 

(6) As the Mg2Si increases from 15wt.% to 25wt.%, the fluidity 
of the composites decreases from 1.3 cm to 21 cm. 
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