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Abstract: Al6063/15 wt.% SiC is manufactured via the squeeze casting technique for use in engineering applications due to the benefits of squeeze casting over other
casting methods. The procedure was optimized while response parameter prediction models were established on porosity, density, shrinkage, yield, and tensile strength,
elongation, hardness, and impact strength. The influence of the process factors (squeeze pressure and moulding temperature) was analysed. The analysis of variance
revealed that the two experimental inputs contributed significantly to the magnitude of all responses. The diagnostic plots generated for the models indicated that the
models were highly compatible with the experimental results. In addition, surface plots demonstrated that responses were reliant on input elements and their interactions.
The optimal performance of the composites may be attained by applying a squeezing pressure of 119.3 MPa at a molding temperature of 755.4 °C.
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INTRODUCTION

In engineering applications, metal composites
comprising the reinforcement of metal matrices
with particles have gained popularity due to their
superior performance. They have been used in
automobiles, airplanes, railroads, sports, etc., and
they continue to be the subject of research.
Aluminium metal composites use reinforcing phases
such as whiskers and particles to strengthen an
aluminium matrix. Ceramic particles are often
employed to enhance the performance of
composite aluminium alloys. Silicon carbide is a
widely used ceramic particle (SiC).

The investigations of Rahman and Rashed [1] report
the function of SiC as reinforcing phases in an
aluminium matrix. In the investigation, SiC was
injected at 0, 5, 10, and 20 wt.% into an aluminium
matrix. It was noticed that porosity increased
proportionally with the addition of additives. At 5,
10, and 15 wt.%, an increase in SiC fillers led to 58,
73, and 88 percent increases in hardness,
respectively.

In a comparable context, Chando et al. [2]
incorporated 10, 15, and 20 wt.% SiC into an
aluminium matrix through stir casting. Porosity
reduced linearly with particle addition, but density
and hardness increased with particle addition,
demonstrating that SiC may enhance composite
densification and hardness. From the result of
Yilmaz et al. [3], 1-3 wt.% SiC indicated a decrease
in porosity as 5-7 wt. % SiC led to a rise in porosity.
In this instance, when particle dosage rose from 1
to 3 wt.%, density improved, following which the
density decreased when 5 to 7 weight percent of

the particles were added. Using stir casting
techniques, 3, 6, and 9 wt. % SiC was infused into
the Cu alloy, causing a linear increase in Vickers
hardness, vyield strength, and ultimate tensile
strength, and a gradual decrease in ductility [4].

In a similar fashion and by stir casting, Kumar et al.
[5] demonstrated a linear increase in yield tensile,
ultimate tensile, compressive, and hardness
strengths when SiC was included into the Al2014
matrix at 0, 5, and 10 wt. %. Bandil et al. [6]
demonstrated that the addition of SiC to an Al-Si
alloy by stir casting technique improved its
hardness, with a peak hardness of 15 wt. %
addition. Hussain et al. [7] conducted experiments
on the improvement of Al 6063 by using SiC in the
proportions of 2, 4, 6, 8, and 10 wt. %.
Observations revealed that the produced
composite's hardness increased dramatically and
linearly with increasing SiC filler concentrations.
Similar results were reported for yield and ultimate
tensile strength, although ductility decreased
linearly with increasing SiC concentration.
According to the literature mentioned in the
preceding paragraphs, stir casting was a primary
approach for incorporating SiC particles into metal
matrixes. Based on the difficulties associated with
the stir casting method, namely porosity, this
research focused on the use of the squeeze casting
method. In squeeze casting, pressure is used during
the casting process to reduce porosity, which often
results in improved mechanical qualities. In this
research, the casting procedure is derived from
this premise. In addition, the examined research in
the preceding paragraph focused largely on the
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influence of particle percentage on the produced
composite without examining the effect of casting
parameters on the composite's attributes. In this
investigation, the effect of squeeze casting

parameters (squeeze pressure and molding
temperature) on the physical and mechanical
characteristics of Al 6063/15 wt. % SiC was

evaluated. 15 wt.% SiC was selected based on
Bandil et al.'s [6] findings that Al 6063 exhibited
maximal performance at 15 wt.% SiC addition.

The compression pressures (50, 100, and 150 MPa)
and molding temperatures (700, 750, and 800 °C)
were varied. Table 1 indicates the method in which
the squeezing pressure (SP) and the molding
temperature (MT) are combined for each
experiment. The optimal parametric combination
was determined using response surface analysis on
the basis of the acquired experimental findings.
MATERIALS AND METHODS

# Material and Casting Procedure

The materials include aluminium 6063 ingot and
silicon carbide powder. The chemical composition
by weight of the ingot as estimated by optical
emission microscope is Al: 97.48, Mg: 0.83, Fe:
0.28, Si: 0.54, Cu: 0.12, Zn: 0.08, Ti: 0.1. After
cleaning of the ingot, the ingot was charged into
graphite crucible (initially preheated to 500 °C) and
heated to 750 °C until the charged ingot has
melted.

The temperature of the crucible was monitored
with the aid of a thermocouple. Preheated SiC
particles (preheated at 500 °C) were charged into
the molten aluminium metal and stirring was done
for 15 mins at 500 rpm to allow even dispersion.
The obtained slurry was transferred into mould
cavity of the die (initially preheated to 500 °C) and
the temperature was raised to 700, 750, and 800 °C
at separate times (as indicated in Table 1).

Table 1: Variation in input variables for the experimental runs

[ Runs | Squeeze pressure (SP) Moulding temperature (MT)

1 700
2 00 700
3 150 700
4 50 750
5 100 750
6 150 750
7 50 800
8 100 800
9 150 800

Varying squeeze pressure (50, 100, 150 MPa) was
applied in discharging the slurry through a die
maintained at 450 °C into the mould cavity. The
castings were allowed to solidify in the air, after
which demolding and fettling were carried out.
Obtained casting samples were machined to
varying dimensions required for the diverse tests.

Methods for Property Testing
Cylindrical samples of diameter 10 mm and height
of 10 mm were used in the evaluation of the
porosity, density, and hardness tests. The cast
samples were sectioned into dimensions of 120 mm
gauge length, 10 mm gauge diameter, and 100 mm
gauge length for tensile samples.
— Porosity and density

Porosity and density were measured by
Archimedes’ principle according to ASTM B962-14.
The initial weight of the samples in the air was
measured. The weight of the samples while
immersed in water was also measured. From the
obtained results, the actual density of the samples
was determined. For each experimental run, 4
samples were subjected to the test, and the
average result was recorded. The theoretical
density of the samples was evaluated by the
mixture rule method, as indicated in equation (1).

(1)

0,01y, 0, represent theoretical density of the
composite, density of matrix and density of
reinforcement respectively. Porosity is therefore
evaluated employing equation (2).

atz[amx(l_ Vr)] +(arxvr)

Porosity = ( —g—:) X 100 (2)
Where 0, is the estimated density from Archimedes
principle, while d; is the theoretical density.

— Surface roughness measurement
Surface roughness was measured using a surface
roughness profiler (5J-419) as per ASTM E 1274-18
[8] specifications. Three samples were tested for
each experimental run, and the average value was
recorded.

— Tensile test
The tensile test was conducted on a tensile sample
employing a universal testing machine of model
WAW 1000D by exposing the samples to a load of
100 kN at a strain rate of 4 x 103 s (ASTM E 8 [9]).
Three samples were tested for each experimental
run, and the average result was recorded. From the
observed values, the yield and ultimate tensile
strength as well as elongation were deduced for
each experimental condition.

— Hardness and impact strength
The surfaces of the samples designated for
hardness testing were polished until mirror like
surfaces were obtained, and then they were
subjected to the test using Vicker’s microhardness
tester, model MHT-1000T. The diamond pyramid
was engaged at 136° in relation to ASTM E384 [10].
Seven indentations were made using a weight of 5
N and a duration of 15 sec for each indentation.
The average result obtained for the seven
indentations was recorded as the mean hardness
value. lzod impact test was carried out in
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accordance with ASTM A370 [11] on samples of
dimensions 55 x 10 x 10 mm® notched at 60° at the
center of the sample. The notch was 2 mm deep.
An lzod impact tester (model HT-5-50D-CM) was
used for the test, and three samples representing
each experimental run were tested, the average of
which was taken as the mean impact energy for
each run. The samples were clamped into the
fixture of the equipment with the notched side
facing the striking face of the pendulum. The
pendulum is released from a striking distance of
180° to the center until a fracture occurred and
the energy required for the fracture was noted.
RESULTS AND DISCUSSION
The experimental outcome for each run is as
displayed in Table 2.

Table 2: Experimental values for the responses
atvarying experimental conditions

Runs SP | MT | Po Dn | SR | YS UTS H |HD IS
1| 50 [ 700 | 245|267 [ 13 [ 174|202 [ 97| 76 | 10
2 1100700 [ 212 [ 275 10 [ 195 [ 2329 [ 84 | 16
3 1150 [ 700 [ 186 [ 286 [ 093 | 213 25383 92 | B3
4 |50 |50 21423 a3 s1]91] 8 [ 16
5 1100750 [ 18 [ 28 [1.02] 236|284 [84] %0 | 2
6 | 150 | 750 | 154 [ 294 [ 082 [ 254 [ 301 [ 7.6 | 98 | 19
7 150 [ 800 | 181 [ 278 108194 23387 86 | B3
8 1100800 | 152286093214 262 8 [ %4 |19
9 | 150800 [ 123298 07 [232]280[72]102] 16

SP and MT stands for squeeze pressure and
moulding temperature respectively, while, Po, Dn,
SR, YS, UTS, EL, HD, IS stands for porosity, density,
yield strength, ultimate tensile strength, elastic
modulus, hardness, and impact strength
respectively.
Statistical analysis of experimental results
As in previous studies by Olaniran et al. [12] and
Akinwande et al. [13], experimental results were
subjected to statistical analysis. An analysis of
variance was carried out at a 95% confidence level
to determine the significance of each experimental
variable as well as its interactions. Also,
mathematical models were derived for the
prediction of the response properties as functions
of the input variables. Equally, surface plots were
used to express the trend of the responses as a
function of the input variables. Lastly, an
optimization procedure was undertaken to assess
the optimum condition for balanced performance
of the composite.

— Analysis of Variance
The results of the ANOVA are presented in Table 3.
From the table, the p values for factors A (squeeze
pressure) and B (casting temperature) are less than
0.05, indicative of the fact that squeeze pressure
and casting temperature are consequential with
regard to all response parameters. Cross
interactions between the factors demonstrated
non-consequential influence on all the responses.

le 3 [July — September]

Table 3: Analysis of variances (ANOVA) on response
Po | Dn | SR YS | UIS B | HD| IS
< 0.0007 0.0005 | 0.0008 < 0.0007< 0.0001< 0.000% 0.0007 0.0020

Source
Model
\—Squeez
pressure
B—(asting
Temp
AB | 0.7663
A 101049
B | 06767
R {09763

< 0.0007< 0.0001 0.0002 |< 0.0001< 0.0001< 0.0001< 0.0001 0.0112

< 0.0007 0.0005 | 0.0009 | 0.0002 < 0.0007< 0.000 0.0001 0.0102

0.5999
0.0308
0.3508
0.9685

0.8116] 0.6440| 0.2071
0.5152 0.0947 0.0065
0.5152 < 0.0007 0.000
0.9795] 0.9894 0.9876

0.1443
0.1612
0.0075
0.9911

1.0000
0.3081
0.0917
0.9792

0.1443
0.0009
0.0009
0.9830

YS, UTS, EL, HD, IS and FT stands for yield strength,
ultimate tensile strength, elongation, hardness,
impact strength and fracture toughness.
Equally, interaction A? portrayed a marginal effect
on porosity, density, surface roughness, vyield
strength, elongation, and hardness, of which the
interaction displayed significant roles on ultimate
tensile strength, impact strength, and fracture
toughness. As realized from the table, interaction
B? reflected a substantial contribution to yield
strength, ultimate tensile strength, elongation,
impact strength, and fracture toughness, even
though the contribution of the interaction on
porosity, density, surface roughness, and hardness
are insignificant. Since the p-values of interactions
AB, A?, and B? on porosity, density, and surface
roughness are all less than 0.5, it shows that these
factors are more dependent on the individual
patterns of the input variables than their
interactions. The coefficient of correlation R? with
respect to all responses measured is greater than
0.95; therefore, the models are said to be
statistically adequate to represent the data.
Figure 1 illustrates the probability plots of the
property parameters, and as observed, the plotted
data are distributed along the mean line, affirming
a good relationship between the model and the
data. The coefficient of correlation R*> for each
model is greater than 0.95, therefore, the models
are affirmed to depict a good relationship between
the predicted values and the experimental
outcomes, and hence can be engaged in the
prediction of the responses given the set variables.
The models for the prediction of each response are
expressed in equations (3) to (10).
o = +8.3750 - 0.0087 A —0.0093 B + R2= 3)
0.0000 AB + 0.0000 A2+ 0.0000 B* 0.9763
D = +0.4261-0.0062 A .. 0.0050 B + R = @
0.0000 AB -+ 0.0000 A2— 0.0000 B2 0.9685
= +0.5883 — 0.0023 A .. 0.0040 B - R = 5)
0.0000 AB - 0.0000 A2— 0.0000 B? 0.9795
s = -6863.0556 + 0.6017 A + 18.6033 B R2= 6)
—0.0001 AB-0.0007 A2-0.0123B>  0.9894
—7915.6667 + 1.2733 A+ 21.3333B R =
—0.0004 AB-0.0024 A>-0.0140B>  0.9876
+49.9722 - 0.0045A-0.0793 B - R =

o= 0.0000 AB — 0.0000 A + 0.0000 B 0.9911 ®
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HD -150.2222 +0.1333 A+ 0.5000 B + R = o)
0.0000 AB -+ 0.0001 A% - 0.0003 B 0.9792
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Response Analysis with Respect to the
Input Variables

— Porosity, density, and shrinkage

The surface plot for porosity as a function of the
input variables is indicated in Figure 2a. The plot
showed that increasing squeeze pressure resulted
in a decrease in porosity.

Porosity (%)

800

Density (8/c¢m3)

suriace roughness (micron

800

B 720

700 50 A

(c)
Figure 2: Property response of squeeze cast components (a) porosity (b) density (c)
surface roughness.

This is based on the impact of the pressure
application, which causes compaction within the
melt and a decrease in porosity. Jahangiri et al.
[14] revealed a direct linear decrease in porosity
with applied pressure. In the same manner, Ozer et
al. [15] reported reductions in porosity with rising

le 3 [July — September]
pressure application. They associated the decrease
with grain refinement and a decrease in gas or
shrinkage porosities owing to pressure application.
According to Li et al. [16], high pressure
application during casting causes a decline in the
nucleation of gas bubbles, thereby inhibiting gas
porosity. More so, as a result of the improvement
in the high compression of the metal liquid within
the die based on high pressure application,
shrinkage porosity is reduced. Equally, a rise in
temperature accompanied a decline in porosity
linked to the ease of flow at varying applied
pressure occasioned by reduced viscosity. From
Figure 2b, the density is depicted as increasing due
to a decline in porosity as the pressure variable
rose. Increased pressure application initiates a rise
in cooling rate based on the enhancement of heat
transfer obtained from the compression of the
molten metal against the wall of the die. On the
basis of this, porosity is reduced and equally
enhanced compaction is realized, resulting in
densification of the product. Temperature also
contributed to density because of the lower
viscosity during casting, resulting in ease of casting
and improved densification within the cast
product. The observation of Raji [17] revealed a
slight rise in density between 650 and 700 °C
molding temperatures and a progressive decrease
in density with a rise in temperature from 700 to
850 °C. In Figure 2c, surface roughness decreased
as both pressure and temperature increased. The
findings reported in this study agree with the
outcomes reported by Soundararajan et al. [18]
and Ali et al. [19] in that increasing squeeze
pressure triggered a reduction in surface
roughness. The observation can be that with an
increase in squeeze pressure, there is grain
refinement that yields a finer microstructure based
on solidification at high pressure. Also, higher
temperatures induced higher fluidity in the liquid
metal, hence a smoother surface.

— Yield strength and ultimate

strength

The surface plots of the property parameters are
indicated in Figure 3. In Figures 3a and b, an
increase in squeeze pressure between 50 and 150
MPa at pouring temperatures of 700 and 750 °C
triggered improvements in vyield and ultimate
tensile strengths. Pressure contributed to the
improvement in strength due to a reduction in
porosity and an improvement in densification. As
the temperature increases between 700 and 750
°C, the viscosity of the molten composite reduces,
hence improving the flow rate as well as the
compressibility as pressure is applied. As a result,
there is an improvement in densification, resulting
in improved mechanical properties. Souissi et al.
[20] had shown how a linear increment in squeeze
pressure resulted in a linear appreciation in the

tensile
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tensile strength performance of AA 6063,
corroborating the findings revealed in this study.
They attributed the improvement in tensile
strength to a decrease in shrinkage, gas porosity,
and grain refinement on account of the application
of pressure. The findings of this report are in
tandem with the outcomes of Raji and Khan [21]
and Masoumi and Hu [22], who experience
enhancement of tensile performance of squeeze-
cast metal composites with increasing squeeze
pressure. A decrease in strength between 700 and
750 °C can be associated with the existence of
intermetallic phases as described in [22] and [23].

[\l
[3C]
=

Yield strength (MPa)

320

o
=
=

280

260 .

240 =
ey

Ultimate tensile sirength (MPa)

(b)
Figure 3: Interaction between the input variables on (a) yield strength (b) ultimate
tensile strength

— Elongation and hardness
The response plots of elongation and hardness as
functions of squeeze pressure and molding
temperature are presented in Figures 4a and 4b. As
demonstrated in Figure 4a, increasing pressure
between 50 and 150 MPa at temperatures between
700 and 800°C reflected a linear decline in
elongation. The observation is attributed to the
improved densification with increased pressure and
temperature application, eventually resulting in
higher stiffness of the composite. As a result, there
is increased resistance to tensile strain. The role of
temperature is such that increasing temperature
lowers viscosity and improves flow and compaction
when applying pressure. It ensues well-structured
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lattice formation, yielding improved resistance to
tensile strain. The revelation of Gurusamy and
Prabu [25] affirms our findings, as they revealed a
reduction in ductility as squeeze pressure
increased. Contrarily, Yang et al. [26] showcased a
progressive increase in ductility as pressure was
increased between 0 and 150 MPa. In Figure 4b,
increasing pressure application between 50 and 150
MPa ensued an enhancement of hardness.
Increasing pressure ensues a high solidification rate
and refinement of grains, with a consequent effect
on the improvement of hardness [25]. The findings
of authors Soundararajan et al. [27] demonstrated
progressive improvement in hardness as applied
pressure was increased from 70 to 140 MPa. This
observation corroborates our findings. Equally, the
results portrayed in the present study are in sync
with the ones demonstrated by Klemens et al. [28],
in which increasing the pouring temperature
between 715 and 750 °C engendered improvements
in hardness.

10
9.5
9
8.5
8

Elongation (%)

150

Hardness (HV)

(b)
Figure 4: interaction between the input variables on (a) elongation (b) hardness

— Impact strength
The trend of impact strength with respect to the
input variables is exhibited in Figure 5. As
demonstrated in Figure 5, applied pressure in the
range of 50 - 100 MPa at a pouring temperature of
700 - 750°C spurred enhancement of impact
strength. The reportage of authors Azhagan et al.
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[29] reflected a linear relationship between impact
strength and applied pressure between 35 and 105
MPa, an observation similar to our findings
between 50 and 100 MPa. In the same manner,
Oladebeye et al. [30] noted an increasing linear
relationship between applied pressure and impact
strength of squeeze-cast 6063-aluminium. The
chronicle of Zyska et al. [31] presents findings in
tandem with our analysis in that 0 - 75 MPa of
applied pressure triggered improvement in impact
strength, of which 75 - 100 MPa caused a decrease
in strength. The improvement in impact strength
experienced between 50 and 100 MPa is hinged on
improved compartmentalization initiated between
particles, resulting in enhanced cohesion and
reduced interparticle distance. More so, grain
refinement must have contributed to the incurred
impact strength via grain boundary strengthening.
That notwithstanding, the decline in impact
strength when pressure was increased beyond 100
MPa can be traced to stored residual stress that
was induced as pressure increased, causing high
staining within the matrix. Squeeze cast aluminium
alloys (top section) fabricated by Yang [32]
exhibited how temperatures of 660- 690 °C favored
impact strength, while temperatures between 690
and 720 °C were detrimental to the strength. The
assertion is consistent with the report presented in
Figure 5a.

P oo
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O' (XX

Impact strength (¢/m2)

Figure 5: interaction between the input variables on impact strength

— Optimization and model validation
According to Balogun et al. [33]; Adediran et al.
[34], optimization involves the process of deriving
a single condition for achieving a balance of
properties when analyzing a case involving more
than one parameter expressed as a function of two
or more experimental variables. This process has
been described in several works of literature [35-
40]. In the present report, response surface
analysis was engaged in the optimization of the
responses using the Design Expert 13 software. The
criteria for the optimization procedure are spelled
out in Table 4. The major objective was to
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maximize the strength parameters and minimize
porosity, density, and surface roughness.
Table4:  Constraint for the optimization

Name Goal \ Lower Limit \ Upper Limit \ Importance |

A Squeeze isin range 50 150 3
pressure

B:Casting isinrange 700 800 3
Temp
Po minimize 1.23 2.45 3
Dn minimize 2.67 2.98 3
SR minimize 0.7 1.3 3
YS maximize 174 254 3
UTS maximize 202 301 3
El maximize 7.2 9.7 3
HD maximize 76 102 3
IS maximize 10 22 3

Po, Dn, SR, YS, UTS, EL, HD, IS, stand for porosity,
density, surface roughness, yield strength, ultimate
tensile strength, elongation, hardness, and impact
strength

50 150 700 800 1.23 2.45
[A:Squeeze pressure = 119.323 B:Casting Temp = 755.39 Po =1.6824
2.67 2.98 0.7 1.3 174 254
Dn = 2.86364 SR = 0.925433 1§ = 243.471
202 301 7.2 9.7 6 102
UTS = 292.436 El = 8.04512 HD = 93.1172
| __—17| Desirability = 0.634
10 2 Solution 1 out oi 1
IS =22

Figure 6: Optimization ramp
The optimal conditions for the response parameters
are indicated in Figure 6, and they are 119.323 MPa
for squeeze pressure and 755.39 °C for molding
temperature. The predicted responses at predicted
optimal parameters are 1.6824 %, 2.86464 g/cm’,
0.925443 pm, 243.471 MPa, 292.436 MPa, 8.04512
%, 93.1172 HV, and 22 J for porosity, density,
surface roughness, yield strength, ultimate tensile
strength, elongation, hardness, and impact
strength, respectively, at a desirability of 63.4%. A
confirmation experiment was carried out by casting
samples at optimal conditions of 119.3 MPa and
755.4 °C, which are approximate values for
squeeze pressure and molding temperature. The
confirmation result for each response was 1.67 %,
2.88 g/cm?, 0.91 pm, 241.4 MPa, 294.8 MPa, 8.1,
92 HV, and 21.3 J for the respective responses,
differing from the predicted response by values
less than 5%. Going by the marginal deviation of
the difference between the predicted values and
the confirmation values for the responses, the
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models are confirmed to be adequate in the

prediction of the response parameters.

CONCLUSION

In this study, the experimental values obtained in

the squeeze casting of Al 6063/15 wt. % SiC were

statistically analyzed for the purpose of developing
mathematical regression in future forecasting of
the responses and optimizing the input parameters.

The followings were reached:

— Analysis of variance showed that the
parameters: squeeze pressure and molding
temperature played significant roles in the trend
of all properties examined.

— The developed mathematical models for
response prediction were determined to have a
high degree of fitness with the experimental
data.

— Increasing squeeze pressure and molding
temperature resulted in a decrease in porosity
and surface roughness but a rise in density.

— As regards the tensile strengths, increasing
squeeze pressure between 50 and 150 MPa
applied between 700 and 750°C initiated
improvements in yield and ultimate strengths,
while the same pressure applied between 750
and 800°C resulted in a decrease in the
strengths.

— Meanwhile, 50 - 150 MPa of applied pressure at
a molding temperature of 700 - 800°C begets a
progressive decline in elongation, even as the
same values resulted in an enhancement of
hardness.

— 50 to 100 MPa of pressure was favorable to the
improvement of impact strength within a
molding temperature range of 700 to 750 °C,
whereas 100 to 150 MPa at temperatures of 750
to 800 °C is antagonistic to impact strength.

The optimization procedure predicted an optimum
condition of 119.323 MPa for squeeze pressure and
755.39 °C for molding temperature. Confirmation
experiments carried out at optimum conditions
yielded responses whose deviations from the
predicted values are insignificant, affirming the
models to be adequate in the prediction of
responses.
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