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Abstract

In the automobile industries materials, durability with respect to time (corrosion behavior) of materials is one of the most
important factors observed since many past years. In the present investigation, aluminum (AA6061) based metal matrix
composite successfully developed using SiC as reinforcement material through electromagnetic stir casting route. Three
parameters (preheat temperature, size, weight percent) of SiC were selected to reduce the corrosion rate of metal matrix
composite. From the result, it was observed that by increasing the preheat temperature of SiC, corrosion rate decrease.
Increasing the particle size and weight percent of SiC, corrosion rate also increases. Regarding optimal values of SiC preheat
temperature, SiC particle size and wt. % of SiC were found to be 370.120C, 38.7 um and 2.94 wt. % respectively for
minimum corrosion rate 1.16444 mm/year with desirability one of metal matrix composite using Response Surface
Methodology. Microstructure at optimum reinforcement parameters was carried out. Uniform distribution of composite was
observed at optimum SiC particles parameters.
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1. Introduction

Aluminum alloys reinforced with ceramic particulates
have considerable potential due to their high specific
strength and stiffness as well as low density. The higher
specific strength is, the higher strength and lighter weight
the material is. It is important to select materials with high
specific strength or improve the specific strength to lift
buildings' height, reduce structural weight and lower
project costs. Stiffness is proportional to the cube of the
thickness. To neutralize aluminum being one-third the
stiffness of steel, an aluminum part must be made 44
percent thicker than the steel part [1-2]. These properties
have made particles reinforced metal matrix composites
(MMCs) an attractive material for the use in aerospace,
transportation and industrial sectors [3-5]. Aluminum
based metal matrix composite is used in various industrial
applications where good mechanical properties are
required. Its demand in aircraft industries and automobile
industries is mainly due to its low cost of processing and a
broad range of properties [6-9]. Aluminum based metal
matrix composite (AMC) is used in the design of specific
aerospace and automotive components such as ventral fins,
fuel excess door covers, rotating blades sleeves, gear parts,
crankshafts, and suspension arms [10-13]. In the
electronics industry, it is used in the processing of
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integrated heat sinks, microprocessor, microwave, aircraft
wings, fuselages frames and landing gears [14-15].
Though, mechanical properties of materials such as
hardness and tensile strength are much important factor in
the application of materials in various manufacturing
sector [16-18]. But from some past years, other factors are
also considered by the automobile industries as well as
manufacturing industries; this factor is materials’
durability with respect to time [19-20].

Pen Jin et al. [21] found the effect of SiC particle size
on the structures and properties of Ni—SiC nanocomposites
deposited by magnetic pulse electrodeposition technology.
Results showed S-30 nanocomposites with fine, compact
and uniform structures consisting of fine nickel grains
(average size: 381.7nm) and SiC nanoparticles (average
size: 34.2 nm). For SiC particle size of 30 nm, diffraction
peaks of Ni and SiC appeared wide with low intensity,
indicating S-30 nanocomposites with small-sized Ni grains
and SiC nanoparticles. Reza Zare et al. [22] investigated
the effect of SiC particles on the physical and thermal
properties of Al6061/SiCp composite. It was seen that with
increasing the amount of the reinforcement, the density of
the samples decreased, while the porosity increased. D.
Ahmadkhaniha et al. [23] observed the effect of SiC
particle size and heat-treatment on microhardness and
corrosion resistance of NiP electrodeposited coatings. It
was found that the heat-treatment doubled the
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microhardness and changed the anodic polarization
behaviour of the coatings from passive to active with
respect to the as-plated conditions. S. Vijayabhaskar et al.
[24] showed the effect of nano SiC particles on properties
and characterization of Magnesium matrix
nanocomposites. The results showed that the increase in
weight % of nano SiC improves the mechanical properties.
Pham Van Trinh et al. [25] investigated the effect of
oxidation of SiC particles on mechanical properties and
wear behaviour of SiCp/Al6061 composites. The results
revealed an improvement in interfacial bond strength
between Al6061 and oxidized SiC, due to the formation of
a MgAl,O, continuous phase and suppression of brittle
Al,Cs formation at the interfacial layer. Lukasz Rogal et
al. [26] designed novel metal matrix nanocomposites
exploring the CoCrFeMnNi high entropy alloy as a matrix
and SiC spherical nanoparticles with a diameter of 20-50
nm as a reinforcement phase and manufactured by
mechanical alloying followed by hot isostatic sintering. Li
Zhang et al. [27] identified the effect of SiC particles and
the particulate size on the hot deformation and processing
map of AZ91 magnesium matrix composites. Results show
that compared with the monolithic AZ91 alloy, the
incorporated nano-SiC particles effectively increase the
flow stress of the composites by blocking the strain-
induced dislocations, while the effect of the micro-SiC
particles varies due to the competition between pinning
effect and particle stimulating nucleation (PSN)
mechanism.

From the literature review, it was observed that very
few researchers find out the reinforcement parameters
effect on the corrosion rate of aluminum-based MMC. No
researchers have given the optimum value of the
combination of reinforcement parameters to reduce the
corrosion rate using response surface methodology.
Keeping these facts in mind, optimum condition of
reinforcement parameters was obtained using Response
Surface  Methodology followed by confirmation
experiment which was carried out to identify reduced
corrosion rate as compared to the base material.

2. Materials and Methods
2.1. Matrix Material
In this study, aluminum alloy 6061 is chosen as the

matrix material. Alloy 6061 is one of the most widely used
alloys in the 6000 series. AAB061 is used in the fabrication

of various rotating and reciprocating parts such as brake-
rotors, driveshafts, piston and in other structural parts
which require lightweight and high strength materials [19].
Typical chemical composition of Al 6061 is presented
below:

Table 1. Chemical Composition of Aluminum 6061 alloy

Si Fe Cu Mn | Mg | Zn | Ti | Cr Al

0.4-0.8| 0.7 |0.15-0.40| 0.15 (0.8-1.2|0.25|0.15| 0.35 | Balance

2.2. Reinforcement Material

Silicon Carbide is used as a reinforcement material.
Silicon carbide (SiC), also known as carborundum, is a
compound of silicon and carbon with chemical formula
SiC. Usually, SiC particles in composite improve the
tensile strength and hardness of the composite. In this
investigation, the effect of SiC addition on corrosion
behavior of the composite was investigated [21-23].

2.3. Development of Al/SiC Metal Matrix Composite

In this study, the composite material was developed by
using stir casting technique. AA6061/SiC composite was
developed with different compositions as shown in Table
2. Argon gas was used at the surface of composite material
during the stirring process to avoid porosity and blow
holes. The vacuum pump was also used to create the
vacuum environment at the time of development of
composite. SiC reinforcement particles were preheated
before adding into the melt matrix material to obtain
proper wettability between the matrix material and
reinforcement particles after the solidification process.
Matrix material was melted in the muffle furnace. The
liquid aluminium alloy at 700°C temperature was poured
into a graphite crucible packed with glass wool between
magnetic coils. Current is supplied to provide the magnetic
force in the motor. Due to the magnetic force, the melted
composite material was begun to rotate as shown in Figure
1. The prepared composite was removed from the graphite
crucible after the solidification to observe different
properties. Electromagnetic parameters are shown in Table
2.

Argon gas cylinder

Argon gas supply at the
surface of composite

Composite material

Magnetic cail

Volatage supply

Glass wool

Vacuum pipe

Vacuum pump

Magnetic coil

Figure 1.: Electromagnetic Stir Casting Set-Up
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Table 2. Electromagnetic stir casting process parameters

Table 3. Design matrix and experimental results for corrosion rate

S.No Parameters Values set as Standard|Run A B: C: |Corrosion|Composition of
order SiC Preheat|Particle| SiC rate Composites
1 Voltage supply 200V [Temperature| size of | wt. % (mm/year)
(Degree SiC
2 Current 20 Ampere centigrade) | (um)
3 Stirring speed 200 RPM AAB061+
- — — 12 | 1| 30000 | 105 | 125 34 12.50% SiC
tirring time minutes
g 14 | 2 | 30000 |7000| 75 22 YA'SAf/Oglig
5 Stirring temperature 700°C AA62)61+
- 10 | 3 | 300.00 |[105.00| 25 1.52 .
4 Percentage of SiC 25%-125% 2.5 % SiC
AAB061+
6 4 | 400.00 | 70.00| 25 1.3 25 06 SiC
2.4. Corrosion Test AABOBL+
16 | 5| 30000 |7000| 75 22 75 06 Sic
Corrosion test of all developed metal matrix composite 13 6 | 300.00 | 7000 | 75 2.29 YA'SAf/Sglig
was carried out in high alkalinity bath tub. Corrosion test AAGOBL+
- - 5 7 | 200.00 | 7000 | 25 2 ;
of each sample were carried out for 120 hours with 3.5 wit. 2.5 % SiC
% NaCl in the bath tub. Weight of each sample was kept 15 | 8| 30000 |7000!] 75 | 225 YA'SN;O‘;%;
constant (9 gm). All seventeen samples were kept in the AAGBM' "
bath tub for 120 hours. After 120 hours, the final weight of 9 | 9| 30000 |3500| 25 12 250 SiC
each sample was measurec_i. Weight I_oss of each sample 4 |10! 20000 l10500] 75 28 AA(03061_+
was calculated by subtracting the weight of each sample 7.5 % SiC
after corrosion test to the initial weight of samples (9 gm). 3 |11 | 200.00 |[105.00| 7.5 3.4 7’“?‘2/00%1';
Corrosion rate was calculated from the given equation AAGOGLS
[28]. 17 [ 12| 30000 |70.00| 75 2.27 75 % SIC
. : AAB061+
Corrosion  _ Weight loss (g) * K 7 |13| 20000 |70.00| 125 34 12 5% SiC
Rate (CR)  Alloy Density (g/om) * Exposed Area (A) * Exposure Time (fr) 8 |14 40000 [7000 | 125 | 23 | ARSOGL
Where, K = 8.75 x 10, Exposed area A = 9 cm?, Exposure time = AABO61+
120 hour 1 |15| 20000 |3500| 75 2.7 75 % SIC
] ) ) 11 | 16| 300.00 | 3500 | 125 | 2.05 1’2/;609681:0
2.5. Design Matrix Table for Corrosion Test AAG(;61+
2 | 17| 40000 |3500| 75 1.7 ;
7.5 % SiC

Design matrix table was obtained by using design
expert software [29]. The corrosion test specimens were
randomly tested for corrosion rate using response surface
methodology to avoid any possible bias. For the selection
of SiC parameters as reinforcement (SiC Preheat
Temperature in degree centigrade, particle size of SiC in
pm and SiC wt. %), numerous experiments were
conducted. In the pilot run, arbitrarily the SiC preheat
temperature was chosen as 100°C for the development of
AA6061/SiC composite material and others reinforcement
parameters (particle size of SiC in pm and SiC wt. %)
were kept constant. Some porosity was observed. In
addition to porosity problem, wettability between the SiC
and aluminium was not formed properly. When SiC was
preheated to 200°C, some porosity was disappeared and
wettability between the matrix material and SiC was
enhanced. Further, SiC preheat temperature was increased
to 500°C, it was observed that some porosity was obtained.
After the pilot run investigation, SiC preheat temperature
was chosen in the range of 200°C to 300°C. The same
course of action was conducted to decide the ranges for
other reinforcement parameters. Design matrix table with
corresponding corrosion rate for each run was shown in
Table 3.

3. Results and Discussion
3.1. Mathematical modelling

From the ANOVA Table 4, it can be seen that the
Model F-value of 209.06 implies the model is significant.
There is only a 0.01% chance that a "Model F-value” this
large could occur due to noise. Values of "Prob > F" less
than 0.0500 indicate model terms are significant. In this
case, A, B, C, A2, B2, C2, AB, AC, BC are significant
model terms. Values greater than 0.1000 indicate the
model terms are not significant. If there are many
insignificant model terms (not counting those required to
support hierarchy), model reduction may improve your
model.

The "Lack of Fit F-value" of 4.14 implies the Lack of
Fit is not significant relative to the pure error. There is a
10.19% chance that a "Lack of Fit F-value" this large
could occur due to noise. Non-significant lack of fit is
good -- we want the model to fit.



316

The "Pred R-Squared” of 0.9537 is in reasonable

Table 4. ANOVA Table for corrosion rate
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agreement with the "Adj R'Squared" of 0.9915. "Adeq Source Sumof |[DF| Mean |F value|Prob.>F
Precision" measures the signal to noise ratio. A ratio square square _
greater than 4 is desirable. The ratio of 45.662 indicates M%’e' Z-ﬂ 91’ (1)-32 ggg-gg <g-8881 Significant
an gdequate signal. This model can be used to navigate the 5 151 111 151 T384.451<0.0001
design space. ) C 329 | 1] 329 [840.26|<0.0001
Equation (1) shows the mathematical model for A2 040 | 1| 040 |101.86|<0.0001
corrosion rate with respect to SiC particles parameters. 52 0042 111 0042 | 1081 | 00133
Corrosion Rate (mm/year) = +5.10644 - 0.023215 x c? 038 | 1| 038 | 96.63 [<0.0001
SiC Preheat Temperature - 0.01867 x Size of SiC + AB 0.040 [ 1] 0.040 | 10.22 | 0.0151
0.26510 x Weight of SiC +3.07750E-005 x AC 0.040 | 1 | 0.040 | 10.22 | 0.0151
: 2 ) BC 027 [ 1] 027 | 67.75 [<0.0001
SiC Preheat Temperature< + 8.18367E-005 x 1) Residual 0027 7 T 3.915E-
Size of SiC2 - 0.011990 x Weight of SiC2 + 003
2.85714E-005 x SiC Preheat Temperature X Lackof Fit | 0.021 | 3 | 6.908E-| 4.14 | 0.1019 | Not
Size of SiC - 2.00000E-004 x SiC Preheat Temperature X — - gggE = significant
Weight of SiC +1.47143E-003 x Size of SiC x Weight of vreEor e s ‘o0z | Error
Sic CorTotal | 7.39 |16
. . . 16
_The diagnostics graph gf pr_edlcted v/s actL.JaI and Sd dev. 0.063 | R-Square | 0.9963
residual plots are shown in Figure 2 and Figure 3 Mean 229 |AdjR squared| 0.9915
respectively. The predicted v/s actual graph as well as C.V. 2.73 PredR- [0.9537
residual plots show accurate straight line. Both graphs are 5 i S%‘Wd 55
: . ress . eq .
not showing any definite trend. precision
Predicted vs. Actual
242 —
286
% 231 —| -
i
175 —
=
120 —
T T T T T
1.20 178 2 2.86 3.42
Actual
Figure 2. Diagnostics graph of predicted v/s actual
Normal Plot of Residuals
99 —
4 =
95 7
= 90 3 =
= =
a4 80 — =
.(Ig 70 — = a
jut a
; 50 _ = = o
@ 30 -
£ 20 &
z 103 = .
5 3
3 =
1 —

0.00

Studentized Residuals

1.06

212

Figure 3. Diagnostics graph of residual plots
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3.2. Optimum SiC Particles Parameters for Minimum
Corrosion Rate

3.2.1. Effect of SiC preheat temperature on corrosion rate
Effect of SiC preheat temperature on corrosion rate is
described with the help of Figure 4. Within the range of
SiC preheat temperature; it was observed that the corrosion
rate of metal matrix composite decreases by increasing the
SiC preheat temperature. Basically, by increasing the
preheat temperature of SiC, wettability of SiC particles
with aluminium is improved while porosity is reduced.
Minimum porosity and good wettability reduce corrosion
rate and improve the mechanical properties of composite.

3.2.2. Effect of SiC particle size on corrosion rate

Figure 5 shows the relation between SiC particle size
and the corrosion rate of metal matrix composite. From
Figure 5, it can be observed that by increasing the SiC
particle size, corrosion rate continuously increases. When
particle size increases then more porosity is obtained.
Porosity is a type of defects due to which more corrosion
weight loss occurs. Figure 6 (a) shows the microstructure
image of AA6061/3 wt. % SiC composite with particle
size 105 pm. Cracks and porosity were observed in the
composite material after solidification process. Figure 6
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(b) shows the microstructure image of AA6061/3 wt. %
SiC composite with particle size 35 pum. Porosity free
composite was obtained.

3.2.3. Effect of SiC weight percent on corrosion rate
Figure 7 shows the effect of SiC weight percent on the
corrosion rate. It can be observed that by increasing the
weight percent of SiC particles corrosion rate continuously
increases. When, weight percent of SiC particles increases,
electrochemical reactions of the aluminum-based material
composite reinforced with SiC may increase. The
electrochemical reaction occurs when most or all the atoms
on the same metal surface are oxidized, damaging the
entire surface. Most metals are easily oxidized: they tend
to lose electrons to oxygen in the air or in water. Usually,
by increasing the weight percent of SiC particles (more
than 12.5 wt. %), blow holes and porosity is formed. This
porosity increases the corrosion rate rapidly. Figure 8 (a)
shows the microstructure image of AA6061/12.5 wt. %
SiC composite material. Microstructure results showed
uniform distribution of AA6061/12.5 wt. % SiC composite
material. However, the microstructure image of
AA6061/15 wt. % SiC composite material showed the
agglomeration of SiC particles. These agglomeration
produced porosity and cracks inside the composite.

One Factor Plot
34 —
285
o
T
14
C
°
2 23
£ Z
o
O
175 —
12 —
I I I I I
200.00 250.00 300.00 350.00 400.00
A: SIC Preheat Temperature
Figure 4. Effect of SiC preheat temperature on corrosion rate
One Factor Plot
34 |
285
o
©
i
c
o 23—
e
5
(]
175 —
12 —

3500 52.50

T T T
7000 8750 105.00

B: Size of SiC

Figure 5. Effect of SiC particle size on corrosion rate



318 © 2018 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 12, Number 4 (ISSN 1995-6665)

Cracks and porosity
| SiC aprticles

Figure 6. Microstructure image of; (a) AA6061/3 wt. % SiC composite with particle size 105 pm, (b) AA6061/3 wt. % SiC composite with
particle size 35 um

One Factor Plot

34 —

285

23 —

Corrosion Rate

175 —

T T T T T
250 500 7.50 10.00 12.50

C: Weight of SiC

Figure 7. Effect of SiC wt. % on the corrosion rate

SiC Particles uniform distributed

SiC particles agglomeration

|

Figure 8. Microstructure image of; (a) AA6061/12.5 wt. % SiC composite, (b) AA6061/15 wt. % SiC composite
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It can be

% of SiC with corrosion rate.

size and wt.

3.3. Three Dimensional Interaction of Eggshell

parameters

observed from Figure 7 that with the increase in SiC

temperature and size of SiC the corrosion rate decreases

and increases respectively. Other interaction effects can be

discussed in the same way.

Figure 9, Figure 10 and Figure 11 show the 3D

interaction between SiC preheat temperature

SiC particle

297788

211615
1.68528

25471

2)ey UoIS0LI0D)

=]
=
o
=

87.50

B: Size of SIC

A SiC Preheat Temperature

35.00 20000

Figure 9. 3D interaction between SiC preheat temperature and SiC particle size with corrosion rate
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Figure 10. 3D interaction between SiC preheat temperature and wt.
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Figure 11. 3D interaction between SiC particle size and wt. % of SiC with corrosion rate



320 © 2018 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 12, Number 4 (ISSN 1995-6665)

3.4. Validation of RSM Model Development

From the above analysis, optimum values of SiC
particles parameters were obtained by using ramp function
graph (Figure 12). Results showed that if SiC preheat
temperature was kept 370.12°C, size of SiC was kept 38.70
pum and weight of SiC was kept 2.94 % then minimum
corrosion rate (1.16444) was obtained with desirability
one.

3.5. Microstructure Analysis

From the ramp function graph, optimum SiC particles
parameters were identified. At the optimum parameter, a
composite sample was prepared. Microstructure of
composite sample was taken to identify the distribution of
SiC particles in the matrix material. Figure 13 shows the
proper distribution of SiC particles in AA6061 aluminum
alloy. This proper distribution is fully responsible in the

enhancement of wear property, mechanical properties of
the composite.

4. Conclusions

Aluminum based metal matrix composite successfully
developed using SiC as reinforcement material through
Electromagnetic stir casting route. Three parameters
(preheat temperature, size, weight percent) of SiC were
selected to reduce the corrosion rate of metal matrix
composite. It was observed that by increasing the preheat
temperature of SiC, corrosion rate decrease. By increasing
the particle size and weight percent of SiC, corrosion rate
increases. Optimum values of SiC preheat temperature,
SiC particle size and wt. % of SiC were found to be
370.120C, 38.7 um and 2.94 wt. % respectively for
minimum  corrosion rate 1.16444 mm/year with
desirability one of metal matrix composite using Response
Surface Methodology (Box-Behnken Design).

| [

200.00 400.00 35.00

SiC Preheat Temperature = 370.12

Size of SiC = 38.70

T -

105.00 2.50 12.50

Weight of SiC = 2.94

Desirability = 1.000

1.2

D

Corrosion Rate = 1.16444

3.4

Figure 12. Ramp Function Graph

SiC particles

Figure 13. Microstructure of AA6061/3 wt. % SiC metal matrix composite
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