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Abstract

The objective of this research is to optimize the process parameters of stir
casting by Taguchi method for maximizing the hardness of AI-SiC
composites. Composite materials used Al-Si alloy as matrix and SiC (silicon
carbide) particles of 400 mesh size as reinforcement agent. Experimental
parameters were SiC content, melting temperature of the matrix, rotation
speed and stirring time duration, and each parameter using 4 levels or
variations. Experimental design used Ljg orthogonal arrays of Taguchi method
standards. The hardness of Al-SiC composites were tested by Brinell hardness
test. The microstructures of Al-SiC composite were observed by scanning
electron microscopy (SEM). Experimental results show that the optimum of
process parameters of stir casting are SiC content of 15 % (wt.), melting
temperature of 740 °C, rotation speed of 100 rpm (round per minute) and
stirring time duration of 20 minutes. The most significant factor affected on
the hardness of Al-SiC composite is SiC content with contribution of 70.72 %.

Keywords: Al-SiC composites, stir-casting, hardness, Taguchi method

Introduction

Metal Matrix Composites (MMC) are engineering materials formed by metal as
matrix and metal or ceramics as reinforcement to obtain a new material which has
better characteristics than that of the former materials. Compared with single
materials, MMC has more advantages, which are higher hardness, better wear
resistance and low thermal expansion. MMC applications on the automotive
industries are used as the material of cylinder liners of engine, intake valve, exhaust
valve, connecting rod, brake rotors, piston, etc [1, 2]. Al-SiC is a MMC that can be
produced by stir casting process. This process is less expensive than the other method
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of making process and can also be used to make complex shape components [1, 3].
Stirring in semi-solid condition can break aluminum dendrite structure when it
solidified, into a small or chill-type of equiaxed structure shape. Ceramic particles
condition with small grain size matched with small aluminum structure can enforce
Al-SiC composite [4]. Stiring can also increase distribution of SiC particles in
aluminum matrix [5]. Non-uniform distribution of SiC particles on the matrix caused
MMC AI-SiC mechanical properties become inferior compared with uniform
distribution particles. To obtain uniform distribution, optimum stirring speeds on
Al7075/SiC composite with 10 % (wt.) of SiC content is 650 rpm, but above those
will cause high porosity. The stirring speeds above 650 rpm will cause turbulence on
the liquid and this condition will trap the gas in the liquid to form porosity [6].
Porosity is a smooth holes defect created by gas which is trapped during mixing
process with stirring and shrinkage during solidification. Porosity is also formed by
interfacial reaction, oxygen and hydrogen causing the appearance of water steam on
the SiC reinforcement particle surfaces [7, 8]. The coarser SiC reinforcement particle
size will make the bigger Al-SiC composite porosity [9].

The aim of this research is to optimize the process parameters of stir casting by
Taguchi method for maximizing the hardness of AI-SiC composites. This research
also aims to analyze the effects of process parameters on the hardness of AI-SiC
composites made by stir casting process.

Materials and Methods

Materials

Composite materials used Al-Si alloy as a matrix and SiC (silicon carbide) particles of
400 mesh size (32 um) as reinforcement agent. Chemical compositions of the Al-Si
alloy ingot (% wt.) were 10.516 Si, 1.715 Cu, 0.78 Fe, 0.83 Zn, 0.239 Mg, 0.15 Mn
and Al balance. Morphology of SiC particle forms were angular. The Al-Si alloy
materials were supplied by Pinjaya Logam, Co., Indonesia and the SiC particles were
supplied by Sigma Aldrich, Co., USA. The SiC particles forms were observed by
scanning electron microscope (SEM) and the result is shown in Figure 1.

Figure 1: SEM micrograph of SiC particles
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Stir Casting Process of Al-SiC Composites

The AI-Si alloy was heated up in a graphite crucible in a resistance furnace until the
above melting point (above 680 °C) to make sure that the Al-Si alloy was perfectly
melted, before it mixed with SiC particles. The Al-Si alloy was heated at temperature
of 500 °C with holding time of 2 hours. At the same time, SiC particles were also
heated up at temperature of 500 °C with holding time of 2 hours before they were
mixed with Al-Si alloy to eliminate the water vapor from its surface. The melted Al-
Si alloy mixed with SiC particles by stirring process. The stirring was conducted to
obtain evenly distribution of SiC particles in aluminum matrix. Stirring process was
conducted in two steps, which were stirring in a slurry condition (on temperature of
580 °C) for 30 minutes with rotation speed of 600 rpm and stirring on melted
condition according to process parameters in Table 1. On this step, argon gas was
flown into graphite crucible to push the oxygen out of the composite melted surface.
Process parameters and factors used in this experiment were SiC content of 0, 5, 10,
15 % (wt.), melting temperature of 680, 700, 720, 740 °C, rotation speed of 100, 200,
300, 400 rpm and stirring duration of 10, 20, 30, 40 minutes. The Al-SiC composites
molten then were poured into a steel mould which pre-heated at temperature of 200
°C. The AI-SiC composites formed in the mould were solidified and cooled for 2
hours, before taken out from the mould. Schematic diagram of Al-SiC composites stir
casting process is shown in Figure 2.

Lifting mechanism
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Figure 2: Schematic diagram of stir casting process

Brinell Hardness Test
Hardness of AI-SiC composite was obtained by using Brinell hardness testing
machine. In this case, the specimens were pressed with 2.5 mm diameter steel ball
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with normal load (F) of 613 N. Specimens size for the hardness test were 50 mm
length, 30 mm width and 5 mm thickness. The Brinell hardness value (HB) was
determined by using the following the equation (1) [10]:

HB = 2F (1)
xD(D-+/D? -d?)

where HB_ F, D and d are Brinell hardness (kg/mm?), test force (kg), diameter of
the ball (mm), and mean diameter of the indentation (mm) respectively.

Microstructure Observation

The specimens were used in flat type with mirror smooth finish after mechanical
abraded with 600, 1000, 1200 and 1500 grit silicon carbide papers, and then were
polished with diamond paste, washed with alcohol and dried. The microstructures of
the specimen were observed by scaning electron microscope (SEM) to observe SiC
particle grain distribution in Al-Si alloy matrix.

Taguchi Experimental Design
Experimental designs used a Taguchi method standard. The factors and level or
variation used in these experiments were shown in Table 1.

Table 1: Experimental factors and parameters variation

Parameters variation

Experimental factors 1 2 3 4
X : SiC content (wt.%) 0 5 10 15
X3 : Melting temperature (°C) 680 700 720 740
X3 : Rotation speed (rpm) 100 200 300 400
X4 : Stirring duration (minute) 10 20 30 40

There were 4 experimental factors with each 4 level or variation, so the degree of
freedom of total experiment were 12. Based on number of experimental factors,
number of variation and number of degree of freedom, experimental design standard
according to Taguchi method was Lis orthogonal arrays (in Table 2). Based on
Taguchi method, Brinell hardness test data in each experiment were converted using
equation 2 [11].

S/Nratio = —10Iog10{izi2} (2)
Nz Yi

where S/N ratio, n and y; are signal to noise ratio (ng, spesimen number on each
experiment and Brinell hardness of specimen to-i (kg/mm®) respectively.
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Table 2: Ljg orthogonal array design

Experimental factors and parameter
Experiments  variation

X1 Xz X3 X
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 1 4 4 4
5 2 1 2 3
6 2 2 1 4
7 2 3 4 1
8 2 4 3 2
9 3 1 3 4
10 3 2 4 3
11 3 3 1 2
12 3 4 2 1
13 4 1 4 2
14 4 2 3 1
15 4 3 2 4
16 4 4 1 3

Results And Discussion

Brinell Hardness

The result of the Brinell hardness test and the S/N ratio for each experimental are
shown in Table 3.

Table 3: Experimental condition and results

Experiment factors and Brinell S/N ratios
Experiments parameter variation hardness (dB)
average

X1 Xo X3 X4 (kg/mmz)

1 0 680 100 10 82.344 38.254
2 0 700 200 20 83.621 38.419
3 0 720 300 30 85.683 38.606
4 0 740 400 40 82.534 38.284
5 5 680 200 30 82.985 38.335
6 5 700 100 40 92.978 39.328
7 5 720 400 10 90.131 39.082
8 5 740 300 20 95.594 39.558
9 10 680 300 40 90.894 39.109
10 10 700 400 30 96.968 39.699
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11 10 720 100 20 95.388 39.525
12 10 740 200 10 97.616 39.748
13 15 680 400 20 95.509 39.567
14 15 700 300 10 94.399 39.403
15 15 720 200 40 98.717 39.864
16 15 740 100 30 102.187 40.156

Response data of Brinell hardness test were calculated to make Brinell hardness
response and S/N ratio tables. Data calculations used MINITAB 16 and excel
software. The results of experiment data calculations were shown in Table 4 and
Table 5.

Table 4: Response of Brinell hardness average

Variation and Brinell hardness

Factors  average (kg/mm?) Delta Rank
1 2 3 4

X1 83.55 90.42 95.22 97.70 14.16 1

Xa 87.93 91.99 92.48 9448  6.55 2

X3 93.22 90.73 91.64 91.29 2.49 3

X4 91.12 92.53 91.96 91.28 1.41 4

Table 5: Response of S/N ratios-larger is better

Variation and S/N ratios-larger is

Factors  better (dB) Delta Rank
1 2 3 4

X1 38.39 39.08  39.52 39.75 1.36 1

X2 38.82 39.21 39.27 39.44 0.62 2

X3 39.32 39.09 39.17 39.16 0.22 3

X4 39.12 39.27 39.20 39.15 0.15 4

Rank order of factors affecting Brinell hardness of Al-SiC composites were SiC
content, melting temperature, rotation speed and stirring duration (Table 4 and 5).
ANOVA (Analysis of variance) as shown in Table 6, Table 7 and Table 8 indicated
that the most significant factor affected on the Brinell hardness is SiC content with
probability value of P = 0.05 for level of confidence 95 %.

Table 6: Analysis of variance of Brinell hardness average

Factors DF AdjSS AdjMS F P Contribution (%)

X1 3 466.12  155.37 9.16 0.05 66.67
X2 3 90.50 30.17 1.78 032 5.86

X3 3 13.71 4.57 027 085 -6.07
Xa 3 5.03 1.68 0.10 096 -7.39
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Residua 3 50.87 16.96 40.93
| Error
Total 15  626.24 100

where DF, Adj SS, Adj MS, F and P are degrees of freedom, the sum of squares,
the mean sum of squares, the F-ratio and factor probability respectively. Contribution
(%) is percentage contributions of factor on the Brinell hardness of Al-SiC composite.

Table 7: Pooled analysis of variance of Brinell hardness

Factors DF AdjSS AdjMS F P Contribution (%)

X1 3 466.12 15537 9.16 0.05 70.72

X3 3 90.50 30.17 178 0.32 10.74

X3 (3) (13.71) Pooled

Xa (3 (5.03) Pooled

Residual Error 9 69.62 7.74 18.54

Total 15  626.24 100

Table 8: Analysis of variance of S/N ratios

Factors DF AdjSS AdjMS F P
X1 3 4.31 1.44 9.14 0.05
X3 3 0.81 0.27 1.72 0.33
X3 3 0.12 0.04 0.26 0.85
X4 3 0.05 0.02 0.10 0.96
Residual Error 3 0.47 0.16
Total 15 5.75

Effect of Process Parameters on Brinell Hardness

Effect of SiC content on Brinell hardness

The effect of SiC content on Brinell hardness and S/N ratio are shown in Figure 3. In
Figure 3, it is shown clearly that the increasing of SiC content parameter from 0 to 15
% (wt.) on Al-SiC composite produced by stir casting technique is able to increase the
average Brinell hardness of 16.94 %. Brinell hardness of Al-SiC composite increases
from 83.55 to 97.7 kg/mm? The highest S/N ratio is on variation 4 (39.75 dB) with
SiC content of 15 % (wt.). And so the optimum Brinell hardness of Al-SiC composite
is obtained on parameter condition of SiC content of 15 % (wt.).
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Figure 3: Effect of SiC content on Brinell hardness and S/N ratios-larger is better

The composite Brinell hardness increases because the addition of SiC particles
which were spread on the aluminum matrix. The hardness of SiC particles is higher
than the hardness of aluminum matrix, therefore the increasing of SiC particles
content on aluminum matrix produces the increasing of composite hardness. This
result (Figure 3) is consistent with the studies conducted by Kayal et al [12] and
Behera et al [13], their study results stated that the Brinell hardness of Al-SiC
composite increased by increasing of SiC content on the matrix of aluminum alloy
LM6 (AI-10-13 % Si, in weight %). Our result is also consistent with the studies
conducted by Tofigh et al [14] and Vanarotti et al [15], their results also stated that
the Brinell hardness of Al-SiC composite increased by the increasing SiC content on
the matrix of aluminum alloy A356 (Al-7,5 % Si, in weight %). Above results show
the same phenomenon that increasing SiC particles content on Al-Si alloy matrix can
increase the Al-SiC composite hardness.

Effect of melting temperature on Brinell hardness

The effect of parameter variation of melting temperature factor on Al-SiC composite
hardness is shown in Figure 4. Based on Figure 4, it is shown clearly that increasing
melting temperature from 680 to 740 °C is able to increase Brinell hardness of Al-SiC
composite of 7.45 %. Brinell hardness of Al-SiC composite increase from 87.93 to
94.48 kg/mm?. The highest effect of melting temperature on S/N ratio is on fourth
variation (39.44 dB), so optimum of melting temperature parameter which affecting
Brinell hardness composite is 740 °C.

The increasing of composite Brinell hardness due to increasing of melting
temperature would make the aluminum perfectly melted and evenly spreading on the
SiC particles surface when it was stired. Evenly spreading of the molten aluminum on
the SiC particles surface produced the stronger interfacial bond between aluminum
matrix and SiC particles, it caused the Al-SiC composite becomes harder than less
evenly. In this study, the melting temperature of 740°C could result the pouring
temperature on the mould become higher than pouring temperature on the melting
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temperature of 680, 700 and 720°C. The increasing of the pouring temperature caused
the composite hardness increase [16].

_ 100 - - 40 &
T 8 - - 398 T
£ J - 396 T
= 926 o]
[=2] =
£ @ I 33-2 e
= B [=)]
£ 90 - 388 =
3z % —o— Brinell Hardnes - 386 g
5 86 —O—S/N ratios - larger is better 384 §

84 P 382 z

82 T T T 38 o

680 700 720 740 760

Melt Temperature (°C)

Figure 4: Effect of melting temperature on Brinell hardness and S/N ratios-larger is
better

Laurent et al [17], Hashim et al [18] and Jayashree et al [19] stated that the
increasing of the melting temperature will decrease the contact angle between the melt
aluminum on the SiC particles surface. The smaller contact angle produced better
wettability of the melt aluminum on the SiC particles, but increasing the melting
temperature will lower the melt aluminum viscosity which causes SiC particles easily
precipitate at the bottom of the crucible. Muttharasan et al [20] reported also that the
increase the melting temperature of the composite matrix above 700°C will increase
Si content in the interface and increase their micro hardness.

Effect of rotation speed on Brinell hardness

The effect of rotation speed factor on Al-SiC composite hardness is shown in Figure
5. Based on Figure 5, it is shown that increasing rotation speed from 100 to 200 rpm,
Brinell hardness of Al-SiC composite decrease from 93.22 to 90.73 kg/mm?, and then
it increase back to 91.64 kg/mm? on rotation speed of 300 rpm. On rotation speed of
400 rpm, the Brinell hardness of Al-SiC composite decrease back to 91.29 kg/mm?.
Overall increasing rotation speed parameters from 100 to 400 rpm tend to decrease
the hardness of AI-SiC composite. Composite hardness decrease about 2.07 % when
rotation speed is raised from 100 rpm to 400 rpm. The highest S/N ratio happened in
the first variation or level (39.32 dB) with rotation speed of 100 rpm, so the optimum
Brinell hardness of AI-SIC composit is obtained on rotation speed parameter
condition of 100 rpm.

Increasing the stirring rotation speed will increase centrifugal force which moves
SiC particles in the aluminum melt from the center to the periphery crucible. However
SiC particles movement will be stopped by the liquid aluminum. Centrifugal force of
the liquid aluminum is smaller than centrifugal force of the SiC particles because
density of SiC particles is bigger than density of aluminum. Centrifugal force value
can be determined using the following equation: F= m x o x r, where m is the mass
of the SiC particle, o is the rotating angular speed of the SiC particle and r is distance
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of SiC particle from the central axis of the crucible [21]. Increasing the stirring
rotation speed will make the more evenly distribution of SiC particles on the
composite matrix [21, 22, 23]. High stirring rotation speed will cause gas bubbles
were trapped on composite melt and formed the porosity. However, too high stirring
speed would result in the high porosity and gas on the molten absorption of
composites [24].

100 - -4 F
£ 98 - - 39.8 3:
£ % - 396 B
2 o - 394 S
— 2
g g D i — F 2 g
E - 39 g
= %0 - 388 T+
2 88 - 386 2
= g | —®—Brinell Hardnes oE

o . . - 38.4
—=— S/N ratios - larger is better <
84 - - 382 o

82 T T T 38

100 200 300 400 500
Rotation speed (rpm)

Figure 5: Effect of rotation speed on Brinell hardness and S/N ratios-larger is better.
Effect of stirring duration on Brinell Hardness
The effect of stirring time duration on Brinell hardness of Al-SiC composite is shown
in Figure 6.
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Figure 6: Effect of stirring duration on Brinell hardness and S/N ratios-larger is better

Based on Figure 6, the increasing duration of stirring from 10 to 20 minutes can
increase Brinell hardness of Al-SiC composite from 91.12 to 92.53 kg/mm?, but
increasing the time duration above 20 minutes will decrease the hardness. Hardness of
Al-SiC composites decreases from 92.53 to 91.28 kg/mm? on time duration of 40
minutes. Highest S/N ratio is on time duration of 20 minute with value of 39.27 dB,
so the optimum hardness of the composite happened in the time duration of 20
minutes condition. Brinell hardness of Al-SiC composite decrease because when the
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stirring time duration increases above 20 minutes will increase gas absorbed in the
composite melt and form porosity. The longer stirring time duration can increase the
absorption of gas in the liquid aluminum matrix and form porosity. However,
increasing stirring time duration certainly increases gas absorbability and oxidation of
the prepared composites, which can decrease the mechanical properties [24].

The above results show that the optimum parameters of stir casting process are SiC
content of 15 % weight, melting temperatur of 740 °C, rotation speed of 100 rpm and
stirring duration of 20 minutes, with results the Brinell hardness of 102.77 kg/mm?.

Microstructure Analysis

Microstructure of AI-SiC composite specimen was observed by Scanning Electron
Microscope (SEM). Observation results of SiC particles distribution are shown in
Figure 7 (a-d) on different content of SiC particles.

SiC

) 3 }
20kV. ' X750  20pm 0000 10 30 SEI

Z50  20pm 0000 1140 SEI

(€) 10 % (wt.) SIC (d) 15 % (wt.) SiC

Figure 7: SEM result of SiC particles distribution on Al-SiC composites on optimum
condition

Microstructures of AI-SiC composite show that increasing of SiC content from
zero to 15 % (wt.) make SiC particles distribution become more evenly. The
increasing of SiC weight fraction will raise number of SiC particles spreading on the
composite matrix. Besides that, the existence of SiC particles on the matrix causes the
hardness of Al-SiC composite become higher because SiC particles is very hard. The
increasing of SiC content in matrix will significantly increase hardness of Al-SiC
composite because the SiC particles have high hardness so it can resist the steel ball
of hardness testing machine when conducted testing on composite specimen.
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Conclusions

The analysis of the effect of parameters on Al-SiC composites hardness using Taguchi
method has shown very good results. Increasing parameter of SiC content factors to
15 % (wt.) and melting temperature to 740 °C are able to increase the composite
hardness made by stir casting process. Increasing rotation speed factor should not be
too high from 100 rpm, in this case it would decrease composite hardness. The best
duration of stirring is 20 minutes. The optimum process parameters are SiC content of
15 % (wt.), melting temperature of 740 °C, rotation speed of 100 rpm and stirring
duration of 20 minutes.
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