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1. Introduction

Abstract The corrosion behaviour of aluminium hybrid composites reinforced with rice husk ash
and silicon carbide subjected to thermal cycling has been investigated. Aluminium hybrid compos-
ites having 10 wt% reinforcement consisting of silicon carbide (SiC) and rice husk ash (RHA) in
weight ratios of 1:0, 3:1, 1:1, 1:3, and 0:1 respectively were produced. The composites were subjected
to varying thermal cycles of 6, 12 and 18 from room temperature to 200 °C repeatedly. Potentiody-
namic polarization measurements were used to study the corrosion behaviour of the produced com-
posites. The results show that the composites displayed similar polarization curves and passivity
characteristics irrespective of the number of thermal cycles both in H,SO4 and NaCl solutions.
No consistent trend of corrosion current density changes with increase in thermal cycling was estab-
lished for composite grades 3:1, 1:1 in H,SO4 and 1:0, 0:1 and 3:1 in NaCl solutions. The hybrid
composite grades with a higher RHA content generally exhibited a lower tendency to corrode com-
pared to the other composite grades. Generally, the composites seemed to be structurally stable as
they maintained their corrosion resistance levels even after exposure to thermal cycling.

© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

biotechnology, sports, recreational and thermal management
applications (Asif et al., 2011; Alaneme and Bodunrin, 2013;
Alaneme et al., 2014; Mohan et al.,, 2014; Suresha and

Aluminium matrix composites (AMCs) are a unique class of
composite materials that are used for a wide range of applica-
tions. Their use pervades the aerospace, automotive, nuclear,
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Sridhara, 2010). Its attraction is mainly due to its low cost of
processing, and wide spectrum of properties which include
high specific strength, high specific stiffness, low thermal coef-
ficient of expansion, improved tribological and corrosion
properties (Ramachandra and Radhakrishna, 2005; Alaneme,
2011; Prasad et al., 2014).

AMC:s have are used in the design of specific aerospace and
automotive components such as ventral fins, fuel access door
covers, rotating blade sleeves, gear parts, crankshafts, and sus-
pension arms. In the electronic industry they are used in the
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processing of integrated heat sinks, microprocessor lids, micro-
wave, aircraft wings, fuselage frames and landing gears
(Macke et al., 2012; El-Labban et al., 2016). In most of these
applications the components undergo cyclic thermal exposures
due to the operational mechanism of the engineering systems
of which they are part. (Mallik et al., 2011; Alaneme et al.,
2015).

The increasing service performance expected from materials
utilized for thermal management applications has buoyed
interest in the development of advanced aluminium matrix
composites (AMC) with high thermal conductivity (TC) to
effectively dissipate heat and low coefficient of thermal expan-
sion (CTE) to minimize thermal stresses (Qu et al., 2011;
Requena et al., 2012). This is of vital importance to enhance
the performance, life cycle and reliability of AMCs utilized
in environments where they are exposed to intermittent or con-
stant elevated temperatures (Chen et al., 2009). Indeed several
works have been conducted on the thermal management capa-
bilities of AMCs (Qu et al., 2011; Requena et al., 2012; Chen
et al., 2009; Daguang et al., 2013; Huber et al., 2006) but
sparse literatures are available for AMCs reinforced with agro
waste ashes. Also the effect of repeated or fluctuating thermal
cycles on the engineering properties of agro waste reinforced
AMC s has rarely received attention.

It is instructive to note that ashes derived from controlled
burning of agro wastes (such as coconut shell, rice husk, bam-
boo leaf, and bagasse among others) have been used as rein-
forcements in AMCs with very promising results obtained
(Alaneme et al., 2018; Bodunrin et al., 2015; Alaneme et al.,
2013; Alaneme and Olubambi, 2013). These agro waste ashes
have advantages of low densities and processing cost com-
pared with common synthetic reinforcing ceramics such as sil-
icon carbide and alumina (Saravanan and Kumar, 2013).

In this research work, the effects of thermal cycling on the
corrosion behaviour of Al based composites reinforced with
rice husk ash and silicon carbide are investigated. The
microstructural features of these composite grades have been
reported by Alaneme and Adewale (2013); and the mechanical
properties of the composites under the influence of thermal
cycling have been reported to be stable (Alaneme et al.,
2015; Ekperusi, 2016). However there is currently no available
study which has considered the corrosion behaviour of these
composites using potentiodynamic polarization technique as
basis for electrochemical studies. This work is aimed at com-
paring the corrosion properties of low cost processed Al based
composite grades with conventional reinforced AMCs in envi-
ronments where they are liable to undergo thermal cycling.

2. Materials and methods

2.1. Materials

Al-Mg-Si alloy (Si: 0.40, Fe: 0.22, Cu: 0.01, Mn: 0.01, Mg:
0.40, Cr: 0.03, Zn: 0.02, Ti: 0.01, Ni: 0.01, Al: 98.88 in wt.
%) was used as the metal matrix for this research. Chemically
pure silicon carbide particles having average particle size of
28 pwm and rice husk ash were selected as hybrid reinforcements
for the aluminium based composites to be produced.

2.2. Preparation of RHA

The rice husk ash was processed from rice husk following
procedures reported in detail by Alaneme and Adewale,
2013. Rice husk ash was produced by burning rice husk
completely with the aid of a metallic drum. The ash
obtained from the process was conditioned in a furnace at
a temperature of 650 °C for 180 min to reduce the volatile
and carbonaceous constituents of the ash. Sieve size analysis
was carried out on the conditioned ash using a digital sieve
shaker. Particle sizes below 50 pm were selected for use as
reinforcement in the composites to be developed. The chem-
ical composition of the rice husk ash in wt.% is: silica
(SiOy): 91.59; carbon, C (4.8); calcium oxide, CaO (1.58);
magnesium oxide, MgO (0.53); potassium oxide, K,O
(0.39); haematite, (Fe,O3); sodium, Na, (trace), and tita-
nium, TiO, (0.20) (Alaneme et al., 2013).

2.3. Production of the Al based composites

Double stir casting process in accordance with Alaneme and
Adewale, 2013 was adopted for the production of the compos-
ites. Charge calculation was used to determine the quantities of
aluminium, rice husk ash (RHA) and silicon carbide (SiC)
required to produce a hybrid composite of 10 wt% reinforce-
ment consisting of RHA and SiC in weight ratios 0:1, 1:3,
1:1, 3:1, and 1:0. The rice husk ash and silicon carbide particles
were initially preheated separately at a temperature of 250 °C
to eliminate dampness and improve wettability with the molten
Al-Mg-Si alloy. The Al ingots were charged into a gas-fired
crucible furnace, and heated 30 °C above the liquidus temper-
ature to ensure the alloy melts completely. The liquid alloy was
then cooled in the furnace to a semi solid state at a temperature
of about 600 °C. The preheated SiC and RHA were added at
this temperature and stirring of the slurry was performed man-
ually for Sminutes. The composite slurry was then superheated
to 720 °C and a second stirring process performed using a
mechanical stirrer. The stirring operation was performed at a
speed of 300 rpm for 10 min to help improve the distribution
of the SiC and RHA particles in the aluminium based compos-
ite. The molten composite was then cast into prepared sand
moulds inserted with metallic chills to increase the composite
solidification rate.

2.4. Thermal cycling

The thermal cycling procedure adopted is in accordance with
Alaneme et al., 2015. The as-cast composite materials were
subjected to repeat heating and cooling cycles of 6, 12 and
18 cycles to a maximum temperature of 200 °C to room tem-
perature (25 °C). Control samples of the composites which
were not subjected to thermal cycling were also prepared for
experimentation. The thermal cycling process was performed
by heating the samples in an oven to 200 °C and held for
45 min before removal from the oven and cooled in air to com-
plete a thermal cycle. This procedure was repeated for the
respective number of thermal cycles desired.
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Figure 1 Potentiodynamic polarization curves for (a) SiC
reinforced aluminium composites, and (b) RHA reinforced
aluminium composites; subjected to varied thermal cycles in
0.3 M H,SOy solution.

2.5. Corrosion test

Corrosion testing of the composites produced was con-
ducted using potentiodynamic polarization electrochemical
method. An AUTOLAB potentiostat was used as test facil-
ity for the corrosion experiment. All the corrosion tests
were performed using a three-electrode corrosion cell set-
up comprising the sample as the working electrode,
saturated silver/silver chloride as reference electrode, and
platinum as counter electrode. The working electrodes (com-
posite samples) were prepared by attaching an insulated
copper wire to one face of the sample using aluminium con-
ducting tape, and cold mounting it in resin. The surfaces of
the samples were wet ground with silicon carbide papers
from 220 down to 600 grade in accordance with ASTM
standard (ASTM G5-94, 2000), washed with distilled water,
degreased with acetone and dried in air. Corrosion beha-
viour of the samples was investigated in 0.3 M H,SO,4 and
3.5%wt NaCl solution at room temperature (25 °C). Poten-
tiodynamic polarization measurements were carried out
using a scan rate of 1.0 mV/s at a potential initiated at
—200mV to +250mV. After each experiment, the elec-
trolyte was replaced, while the test samples were polished,
rinsed in water and washed with acetone to remove the
products that might have formed on the surface which
could affect the measurement. Three repeat tests were car-
ried out for all compositions of the composites, and the
reproducibility and repeatability were observed to be good
as there were no significant differences between results from
triplicates.

Table 1 Corrosion parameters from Potentiodynamic polar-
ization curves for SiC reinforced aluminium, RHA reinforced
aluminium, Al/I:1RHA-SiC, Al/1:3RHA-SiC, and Al/
3:1RHA-SiC composites subjected to varied thermal cycles in
0.3 M H,SO, solution.

Sample Ecorr/mv ICOrl‘/Acm72
Control (0:1) —605 1.74 x 10~*
6 Cycles (0:1) —606 1.60 x 10~*
12 Cycles (0:1) —612 7.77 x 1073
18 Cycles (0:1) —602 1.20 x 10~*
Control (1:0) —622 1.66 x 10~*
6 Cycles (1:0) —618 1.01 x 107*
12 Cycles (1:0) —617 5.58 x 107°
18 Cycles (1:0) —612 1.07 x 10~*
Control (1:3) —605 1.56 x 1073
6 Cycles (1:3) —606 3.67 x 107°
12 Cycles (1:3) —612 552 % 1077
18 Cycles (1:3) —602 9.17 x 1077
Control (1:1) —744 2.58 x 107°
6 Cycles (1:1) —729 2.52x107°
12 Cycles (1:1) —740 234 x10°°
18 Cycles (1:1) —765 3.01 x 10°°
Control (3:1) —624 6.10 x 10~°
6 Cycles (3:1) —625 446 x 1073
12 Cycles (3:1) —612 1.08 x 10~*
18 Cycles (3:1) —637 6.13 x 107°

3. Results and discussion

3.1. Corrosion behaviour in 0.3M H,SO, solution

Fig. 1 shows the potentiodynamic polarization curves of the
SiC and RHA single reinforced aluminium composites sub-
jected to different thermal cycles and exposed to 0.3 M
H,SO,4 solution. From Fig. 1(a) it is observed that all the
SiC single reinforced aluminium composites displayed similar
polarization trends and passivation characteristics. The elec-
trochemical parameters, Icorr and Ecorr values derived from
the polarization plots are presented in Table 1. The table
shows that the corrosion current density (Icorr) of the single
reinforced composites decreases with a increase in thermal
cycles up to 12 cycles. This indicates that the sample subjected
to 12 thermal cycles has the least kinetic tendency to corrode in
0.3 M H,SO, solution. Further thermal cycling to 18 cycles is
observed to result in a slight increase in the Icorr value relative
to that of 12 cycles. It is noted that the Icorr value for the sam-
ple subjected to 18 thermal cycles is less than that of the con-
trol sample which was not subjected to thermal cycling. This
suggests that the thermal cycling does not deteriorate the cor-
rosion resistance of the composite in 0.3 M H,SO, solution.
From Fig. 1(b), it is observed that the same polarization
trends and passivation characteristics observed for the SiC
reinforced composites (Fig. 1(a) and Table 1) is followed in
the case of the RHA reinforced composites. Table 1 presents
the electrochemical parameters associated with the general cor-
rosion behaviour of the RHA reinforced aluminium compos-
ites in 0.3 M H,SO, solution. It is observed that the
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composite sample subjected to 12 thermal cycles had the lowest
Icorr value (5.58 x 107° Ajem?). This indicates it has the least
susceptibility to corrosion in 0.3 M H,SOy, solution compared
to other composite grades. The Icorr value increases slightly
when the thermal cycling is up to 18 cycles but the value is still
not as high as that of the control sample (sample not subjected
to thermal cycling). As in the case of the single reinforced alu-
minium — SiC composites, the corrosion tendency does not
degrade below that of the control sample. This suggests that
the samples are structurally stable and maintain their corro-
sion resistance levels even after exposure to thermal cycling.

The potentiodynamic polarization curves of the RHA-SiC
hybrid reinforced aluminium composites subjected to thermal
cycle in 0.3 M H,SO, are presented in Fig. 2. From Fig. 2(a)
similar polarization curves and passivation tendency in the
acidic medium are indicated. The results of the corrosion
potentials and corrosion current densities obtained from the
potentiodynamic polarization tests for the composites are sum-
marized in Table 1. It is observed that the corrosion current
densities of the composites decrease with an increase in ther-
mal cycling up to 12 cycles. Further thermal cycling of the
composites to 18 cycles resulted in a slight increase in the Icorr
value but lower than that observed for the control and 6 ther-
mal cycled samples. This is a good indicator that long term
thermal cycling to a maximum temperature of 200 °C may
not affect the corrosion resistance of the composites for the
projected applications.

The potentiodynamic polarization curves of the reinforced
aluminium (Al/1:1 RHA-SIC) subjected to thermal cycling
and then exposed to H,SO, solution is presented in Fig. 2
(b). It is observed that hybrid reinforced composites exhibited
similar polarization curves of direct passivation after the initial
active corrosion where increase in corrosion current was pro-
portional to applied potential. The shape of the polarization
curves however differs slightly from that of both single rein-
forced composite grades considered earlier. The corrosion cur-
rent density obtained from the polarization curves for the
composites revealed relatively wide differences in the corrosion
resistance. The Icorr and Ecorr values (Table 1) did not sug-
gest any definite corrosion pattern with an increase in thermal
cycling as the composite without thermal cycling had relatively
superior corrosion resistance to the 6 and 12 thermal cycled
samples. Nonetheless, the least corrosion rate was obtained
from the composite sample subjected to 18 thermal cycles
which had the lowest corrosion current density value
(5.67 x 107> Ajem?). The suppositions from the Icorr values
are supported by the Ecorr values as it can be seen that the
samples subjected to 18 thermal cycles had the highest Ecorr
value followed by the control sample which suggests a less
thermodynamic tendency to corrode in the 0.3 M H,SOy4
solution.

The potentiodynamic polarization curves of the RHA-SiC
(3:1) hybrid reinforced aluminium composites subjected to dif-
ferent thermal cycling in 0.3 M H,SO, solution is presented in
Fig. 2(c). It is observed that all the composite grades generally
displayed similar polarization curve patterns and passivity
characteristics. The electrochemical parameters associated
with the general corrosion behaviour of the composites are
summarized in Table 1. It is observed that no consistent trend
of corrosion current density with an increase in thermal cycling
could be established for these grades of composites. The Ecorr
values were not in tandem with the observations from the Icorr
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Figure 2 Potentiodynamic polarization curves for (a) hybrid
reinforced Al/RHA-SiC (1:3) composites, (b) hybrid reinforced
AlI/RHA-SIiC (1:1) composites, and (c) hybrid reinforced Al/
RHA-SIC (3:1) composites; subjected to varied thermal cycles in
0.3 M H,SO, solution.

and thus a conclusive position cannot be established for this
composite series. Nonetheless, the least Icorr value
(4.46 x 107°) and highest Ecorr value (—612mV) were
obtained for the sample subjected to 6 thermal cycles from
200 °C. This indicates that the sample had the least tendency
to corrode both from thermodynamics and Kkinetics
considerations.

From Table 1, the electrochemical parameters (Icorr and
Ecorr values) of the composites which did not undergo thermal
cycling can also be compared. It is observed that the composite
grade containing RHA-SiC mix ratio of 3:1 has the least Icorr
value indicating a lower susceptibility to corrosion in 0.3 M
H,SOy4 solution. It is also noted that the hybrid composite
grades with a higher RHA content (3:1 and 1:1) generally
exhibited a lower tendency to corrode compared to the other
composite grades.
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3.2. Corrosion behaviour in 3.5% NaCl solution

Fig. 3 shows the potentiodynamic polarization curves of the
SiC and RHA single reinforced aluminium composites sub-
jected to different thermal cycles before exposure to 3.5%
NaCl solution. It is observed from Fig. 3(a) that the SiC single
reinforced aluminium composites displayed similar polariza-
tion curves and passivity characteristics. The corrosion current
density obtained from the polarization curves for the compos-
ites revealed sufficient variation in the corrosion resistance.
The Icorr and Ecorr values (Table 2) show that there was no
definite pattern or correlation between the corrosion rate and
the number of thermal cycles. It is however noted that the sam-
ples subjected to 6 and 12 thermal cycles had the least Icorr
values suggesting they have a lower tendency to corrode in
NaCl solution in comparison with the other samples in this ser-
ies from a kinetics appraisal.

For the RHA reinforced aluminium composite grades sub-
jected to different thermal cycles and immersed in 3.5 wt.% of
NaCl (Fig. 3b), similar trends in the polarization curve and
passivity characteristics are apparent. The corrosion potential
(Ecorr) and corrosion current density (Icorr) data for the
above grade of composites are presented in Table 2. It is
observed that the single reinforced composite samples exposed
to 18 thermal cycles had the least corrosion current densities
compared to the 0, 6 and 12 thermal cycle samples. There
was however no consistent trend of corrosion susceptibility
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Figure 3 Potentiodynamic polarization curves for (a) SiC
reinforced aluminium composites, and (b) RHA reinforced
aluminium composites; subjected to varied thermal cycles in
3.5 wt% NacCl solution.

Table 2 Corrosion parameters from Potentiodynamic polar-
ization curves for SiC reinforced aluminium, RHA reinforced
aluminium, Al/I:1RHA-SiC, Al/1:3RHA-SiC, and Al/
3:1RHA-SiC composites subjected to varied thermal cycles in
3.5wt% NaCl solution.

Sample Ecors/mV Teors/Acm 2
Control (0:1) —751 2.67 x 107°
6 Cycles (0:1) —725 1.50 x 10~°
12 Cycles (0:1) —768 232 % 107°
18 Cycles (0:1) —690 5.48 x 107°
Control (1:0) —829 2.03 x 10°°
6 Cycles (1:0) —793 1.48 x 10°°
12 Cycles (1:0) —791 1.98 x 107°
18 Cycles (1:0) —685 493 x 107°
Control (1:3) —605 1.56 x 1073
6 Cycles (1:3) —606 3.67 x 107°
12 Cycles (1:3) —612 5.52 x 1077
18 Cycles (1:3) —602 9.17 x 1077
Control (1:1) —744 2.58 x 107°
6 Cycles (1:1) —729 2.52 % 107°
12 Cycles (1:1) —740 234 x10°°
18 Cycles (1:1) —765 3.01 x 107°
Control (3:1) —752 731 x 107°
6 Cycles (3:1) —768 2.67 x 10°°
12 Cycles (3:1) —707 7.03 x 107°
18 Cycles (3:1) 753 493 x 10°°

with an increase or decrease in thermal cycles. The Ecorr value
for the 18 thermal cycles sample is observed to be the highest
confirming that both from a thermodynamic and kinetic con-
siderations the sample with 18 thermal cycles had the least sus-
ceptibility to corrosion in 3.5% NaCl solution.

The potentiodynamic polarization curves for the RHA-SiC
hybrid reinforced Al composites in 3.5% NaCl solution
(Fig. 4) provide information on the corrosion behaviour of
the composites. From Fig. 4(a), it is observed that the RHA:
SiC (weight ratio 1:3) hybrid reinforced composites irrespec-
tive of the number of thermal cycles generally displayed similar
polarization curves and passivity characteristics. The results
for the corrosion potentials (Ecorr) and corrosion current den-
sities (Icorr) for the composites are summarized in Table 2. It is
observed from the data that the composites subjected to higher
degree of thermal cycling appeared to be more resistant to cor-
rosion. The resistance to corrosion is observed to be highest in
the sample subjected to 12 cycles, which has the lowest Icorr
value. Thermal cycling to 18 cycles resulted in a slight increase
in the Icorr value relative to that of 12 cycles; but the corrosion
rate was lower than that for the control and 6 thermal cycled
samples.

The potentiodynamic polarization curves for the RHA-SiC
(weight ratio 1:1) hybrid reinforced Al composites in 3.5%
NaCl solution are presented in Fig. 4(b). It is observed that
the composites displayed similar polarization curves and pas-
sivity characteristics. However, Table 2 which presents the cor-
rosion potential (Ecorr) and corrosion current density (Icorr)
data, shows clearly that the corrosion current density (Icorr)
decreases with an increase in thermal cycling up to 12 cycles.
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Figure 4 Potentiodynamic polarization curves for (a) hybrid
reinforced Al/RHA-SiC (1:3) composites, (b) hybrid reinforced
Al/RHA-SIiC (1:1) composites, and (c¢) hybrid reinforced
AI/RHA-SIC (3:1) composites; subjected to varied thermal cycles
in 3.5 wt% NaCl solution.

This signifies that the kinetic tendency to corrode of the com-
posites decreases with increasing thermal cycling up to 12
cycles. Increasing the number of thermal cycles beyond 12
cycles to 18 cycles made the composite more susceptible to cor-
rosion by increasing the corrosion current above that of the
other three composite grades. From the Ecorr values it is
observed that the composite subjected to 18 cycles has the least
Ecorr value thus having the most thermodynamic tendency to
corrode.

The potentiodynamic polarization curves of the RHA-SiC
(weight ratio 3:1) hybrid reinforced aluminium matrix compos-
ites subjected to thermal cycling and exposed to 3.5 wt% NaCl
solution are presented in Fig. 4(c). It is observed that the com-
posites show slightly distinct polarization curves and passivity
characteristics. The Icorr and Ecorr values presented in Table 2
show that the corrosion behaviour of the composites did not

follow a consistent pattern. However, it is noted that the con-
trol sample has the highest Icorr value which indicates a higher
kinetic tendency to corrode in 3.5% NaCl solution compared
with the thermal cycled samples. This also demonstrates that
thermal cycling of the hybrid composites did not result in
increased susceptibility to corrosion of the composites.

From Table 2 it is also clearly seen that the corrosion
potentials (Ecorr) and corrosion current density (Icorr) of
the composites which did not undergo thermal cycling did
not follow a consistent trend. The composite compositions
containing RHA (with the exception of the hybrid composition
of RHA:SIC of 3:1) had lower Icorr values in comparison to
the unreinforced and the SiC single reinforced aluminium
matrix composite. This affirms that the use of the agrowaste
derived RHA improves the corrosion resistance of the alu-
minium based composites.

4. Conclusion

The corrosion behaviour of aluminium hybrid composites
reinforced with rice husk ash and silicon carbide subjected to
thermal cycling was investigated. From the results, the follow-
ing conclusions are drawn:

e The composites displayed similar polarization curves and
passivity characteristics, irrespective of the number of ther-
mal cycles both in H,SO,4 and NaCl.

e No consistent trend of corrosion current density changes
with an increase in thermal cycling was established for com-
posites grades 3:1, 1:1 in H,SO4 and 1:0, 0:1 and 3:1in NaCl
solutions.

e The hybrid composite grades with a higher RHA content
generally exhibited a lower tendency to corrode compared
to the other composite grades.

e Generally, the composites are structurally stable and main-
tain their corrosion resistance levels even after exposure to
thermal cycling.
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