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Abstract
The influence of Silicon carbide (SiC) weight percentage on the corrosion behavior of Aluminium matrix composites fab-
ricated by powder metallurgy technique in different corrosive media, including 0.5 M hydrochloric acid and 0.5 M Sodium 
chloride solutions, was investigated by electrochemical corrosion experiments. Varying proportions 10% and 20% weight 
percentage of SiC was used for the fabrication of the composites. The microstructural analysis of the composite was evaluated 
using Scanning Electron Microscope and X-Ray diffraction to examine the composition and morphology of the compos-
ites’ surface. The corrosion rate of the composites in the chloride environments was measured using the potentiodynamic 
polarization technique. The cyclic polarization technique is carried out to evaluate the susceptibility of composite to pitting 
corrosion in a solution of 0.5 M NaCl and 0.5 M HCl. It was found that Al/SiC composite prepared by powder metallurgy 
with an increasing weight percentage of SiC provided a higher corrosion rate in both environments, which indicates that 
microstructural changes predominantly influenced the nucleation and growth of pits. Positive hysteresis was observed for 
both composites in 0.5 M HCl and 0.5 M NaCl that indicated the passive film damage and is not repaired and pits initiate. 
However, the Aluminium composite containing 10 wt% SiC in 0.5 M NaCl solution demonstrated the repassivation potential 
in cyclic polarization curve against pitting corrosion. The cyclic polarization curves results demonstrated that the pitting 
corrosion resistance of composites was enhanced by increasing the weight percentage of the reinforcement compared to the 
uniform corrosion, which is considered less dangerous than pitting corrosion in chloride environments.
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1  Introduction

Aluminium-based metal matrix composites (MMCs) are 
highly demanding in innovative applications, including auto-
mobile, aerospace and other related industries because of 
their exceptional mixture of properties. Metal matrix com-
posites (MMCs) based on Aluminium are widely recognized 
for their minimal density, higher strength, good thermal, 
electrical conductivities and outstanding corrosion resist-
ance and are highly used in various structural applications 
[1, 2].

MMCs may be manufactured using a variety of processes 
such as powder metallurgy, stir casting, and vacuum hot 
pressing. The method of fabrication of MMCs also impacts 
the behavior of the MMCs since it influences porosity, par-
ticle dispersion, and matrix/reinforcement interfacial prop-
erties [1, 3].

The reinforcement/matrix interface determines the 
properties of metal matrix composites. The mechani-
cal and physical properties of the MMCs have been e 
comprehensively researched. Corrosion characteristics 

are becoming increasingly crucial as MMCs are exposed 
to corrosive surroundings throughout pickling, cleaning, 
and other processes. The impact of reinforcement on the 
corrosion rate is the most significant disadvantage of 
the reinforcement  metal matrix composites because it 
reduces the shielding film of oxide layer Aluminium com-
posites. However, the corrosion properties of the matrix 
are altered due to the formation of particle interfaces [1, 
4, 5].

Studies on Aluminium matrix composites (AMCs) have 
shown that greater pits occurred on composites compared 
to unreinforced alloys. The corrosion studies of AMCs rein-
forced with SiC have been carried by Trowsdale et al. [6] 
in a 1 N NaCl medium. They found that the formation of 
voids at matrix-reinforcement interfaces leads to increase 
the susceptibility of MMCs to pitting corrosion compared 
with unreinforced alloy. Pits in the Al-SiC composites were 
deeper corresponding to the pits in the Al-Al2O3 composites, 
attributed to the particles of SiC acting as effective cathodic 
sites. The effect of SiC reinforcement and intermetallic 
cathodic phases of pitting behavior has been the focus of 
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recent studies [7]. According to some researchers, the pref-
erential attack happens at the reinforcement/matrix inter-
face [8]. Moreover, pores, matrix second phases and inter-
facial reaction products could have substantially impacted 
an Al–SiC composite’s corrosion behavior in a significant 
way. Other research has found that the addition of SiC rein-
forcement to the Al matrix raises the composite corrosion 
resistance properties. According to Candan and Bilgic [9], 
found that the formation of reaction products that may act as 
barriers, interrupting the continuity of the matrix channels 
within the matrix. Zakaria revealed that raising the volume 
fraction and decreasing the particle size of SiC resulted in 
enhancing the corrosion resistance [10]. In other studies, 
AMCs were found to have equivalent corrosion resistance 
to unreinforced alloy [11, 12]. The effect of reinforcing on 
AMCs corrosion performance varies according to the envi-
ronmental conditions and the route of processing [13]. In 
addition, secondary precipitates in the as-cast states [14], 
aging kinetics [15], and electrolyte type [16] are all factors 
that might affect corrosion behavior.

Many research papers were published on the corrosion 
attitude of Al/SiC in NaCl media [17, 18]. It is widely known 
that most of the research examined the corrosion rate of the 
composite by static immersion corrosion behavior, and very 
limited works have been published on corrosion behavior 
of Al/SiC composite manufactured by powder metallurgy. 
Furthermore, no research appears to be conducted on the 
corrosion resistance of this matrix composite by powder 
metallurgy in HCl and NaCl media. As a result, this research 
aims to fabricate an Al matrix composite reinforced with 10 
wt% and 20 wt% of SiC using powder metallurgy technique. 
Furthermore, the microstructure and the corrosion behavior 
of the composites in 0.5 M HCl and 0.5 M NaCl solution 
were inspected by Tafel polarization technique and cyclic 
potentiodynamic curve.

2 � Experimental Procedure

Pure Aluminium powder with a purity of 99.5% has been 
selected as a matrix material. The Silicon Carbide powder 
was used as reinforcement for the fabrication of Aluminium 
matrix composite. The composites were made using powder 
metallurgy technique with two various weight percentage 
10 wt% and 20 wt% of Silicon Carbide powders. Aluminum 
and Silicon carbide powders were measured to the needed 
percentage using an electronic balance with ± 0.001 mg pre-
cisions. The powder mixtures were put together in a tube 
using an electric parallel mixer and rotated at 70 rpm for two 
hours to get uniform dispersion and minimize SiC cluster 
formation.

The die used for compaction was cleaned with acetone, 
to remove any impurities such as oil or dust. As shown in 

Fig. 1, the powder mixture was poured into a high carbon 
steel compaction die and pressed at 146 MPa using a uni-
versal testing machine at room temperature with universal 
load of 10 tons for double punch moving direction. The 
compacted samples were sintered in an electrical furnace 
at 550  °C for three hours. A cylindrical shape of 3 cm 
height and 1 cm diameter was produced of composites. Al/
SiC specimens were mounted in non-conducting epoxy 
resin with one face exposed. Electrical contact between the 
samples and potentiostat was made using a steel wire with 
5 mm in diameter fixed samples to rear side of the samples 
as shown in Fig. 2 Before testing the exposed surface was 
mechanically, ground with 320, 500 and finally 1000 grits of 
emery papers, respectively. A detailed on the molding of the 
composite specimen can be found elsewhere [19]

Fig. 1   Double action tool steel die

Fig. 2   working electrode consisting of Al–SiC composite
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The composites’ corrosion behavior was researched 
utilizing conducting electrochemical experiments. The 
0.5 M of HCl, and 0.5 M of NaCl were considered as the 
corrosion medium. The electrochemical measurements 
were performed utilizing three-electrode cells composed 
of a platinum plate was used as a counter electrode, while 
the reference electrode was a saturated calomel electrode 
(SCE), and the prepared specimen was a working electrode. 
A Gamry Potentiostat testing equipment connected to a com-
puter was used to conduct electrochemical experiments. The 
electrochemical data were analyzed using Echem Analyst 
software (version 5.21). The applied potential was varied 
from − 0.25 to + 0.25 V at a scan rate of 0.5 mV/min and 
room temperature to obtain the Potentiodynamic polariza-
tion curves. The corrosive mediums were 0.5 M HCl and 
0.5 M prepared from Merck analytical grades and distilled 
water.

3 � Results and Discussion

3.1 � Microstructure of Al‑SiC Composites

Microstructure of Al-SiC composites reinforced with SiC 
at 500X magnification were examined using optical micros-
copy. Figure 3a and b show optical micrographs of the fabri-
cated Al-SiC composites with 10 and 20 wt% of SiC, respec-
tively. It is evidenced from Fig. 3a that the arrangement of 
reinforcement powder is clear and uniform on matrix com-
posite. Increasing the weight % of SiC in the Aluminium 
matrix leads to an increase in the presence of SiC homoge-
neously, which was noticed in Fig. 3a and b by the black spot 
on the matrix. Figure 3b exhibited more reinforcement par-
ticles with uniform dispersion when compared with Fig. 3a.

The XRD pattern of Al (80 wt%)–SiC (20 wt%) compos-
ite is shown in Fig. 4. The XRD results demonstrate that the 
major components in the composite are Al with the high-
est intensity peaks and SiC with smaller peaks, confirming 
that the fabricated composite consists of Al matrix and is 
reinforced with SiC. The other small peaks are interphase 
compounds, Al4C3.

Figure  5a and b show the SEM micrographs for the 
fabricated Al-SiC composites. In general, the SiC pow-
ders reinforcement were distributed homogeneously in the 
Aluminium matrix. This homogeneity was confirmed that 
the forming of Al-SiC composite by powder metallurgy is 
effective. However, some agglomerations could be observed 
in the Al-SiC composite, as can be seen in Fig. 5a and b, 
this might be due to the density difference between the Al 
matrix and the reinforcement SiC. The agglomerates gradu-
ally increased with higher SiC content due to the significant 
variation in the sizes of Al and SiC powders and the diffi-
culty of uniform mixing in the powder metallurgy process. 
A similar observation was also obtained by many researchers 
[10, 20, 21].

The analysis of Energy-Dispersive X-ray Spectroscopy 
of Al-SiC composites with 10 wt% SiC content is shown 
in Fig. 6. Aluminium (Al), Silicon (Si), and Carbon (C) 
elements peaks are found during the EDX analysis, which 
indicates that these elements are present in the composite.

3.2 � Potentiodynamic Polarization Measurements

Potentiodynamic polarization measurements were utilized to 
analyze the uniform corrosion performance of Aluminium 
matrix composites. Figures 7 and 8 show the polarization 
curves for Aluminium matrix composite in 0.5 M HCl and 
NaCl solutions, respectively. These curves obviously demon-
strate that the cathodic and anodic sides of the polarization 

Fig. 3   Optical micrographs of a Al–SiC (10 wt%). b Al–SiC (20 wt%) composites
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trends in HCl and NaCl solutions are supported by rising 
SiC weight percent. Furthermore, the passivation character-
istics and the polarization trend of these curves showed simi-
larity. The cathodic part of the polarization curves reveals 
a limited oxygen reduction current, as illustrated in Fig. 8., 
In contrast, the anodic part represents active dissolution 

then passivation of Aluminium matrix composites. These 
Figures show that the 80 wt% Al–20 wt% SiC composite 
curves are shifted towards high current densities and there-
fore the corrosion rate is higher than in 90 wt% Al–10 wt% 
SiC composite in both 0.5 M HCl and 0.5 M NaCl. Moreo-
ver, an increase was observed in corrosion potentials toward 

Fig. 4   X-Ray diffraction analy-
sis pattern of 80 wt% Al–20 
wt% SiC composite

Fig. 5   SEM of Al–SiC composites reinforcement with a 10 wt% SiC. b 20 wt% SiC
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a positive direction with increasing content of silicon car-
bide. This increase can be ascribed to the domination of the 
cathodic process relative to anodic processes. The examined 

electrochemical polarization parameters for composites, 
corrosion current density (icorr), corrosion potential (Ecorr), 
anodic and cathodic Tafel slopes values determined from 

Fig. 6   EDX analysis of Al–SiC composite reinforcement with 10 wt% SiC

Fig. 7   Tafel polarization plots 
of Al–Sic composites 0.5 M 
HCl solution
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Tafel polarization measurements and featured in Tables 1 
and 2.

The results in Table 1 shows that in 0.5 M HCl and 
0.5 M NaCl chloride environments, the Al–SiC (10 wt%) 
composite has minimal corrosion current density and more 
negative potential than the Al–SiC (20 wt%) composite. 
This attitude is due to the Aluminium is sensitive to small 
amounts of reinforcements, as increasing the reinforce-
ment content resulting in arise in the cathodic areas in the 
composite. Also, the difference in thermal and mechani-
cal properties between the matrix and the reinforcement 
causes elevated residual stresses, deemed preferred sites 
for dissolution. Moreover, due to the temperature rises 
during powder metallurgy technique used to fabricate the 
composite, a chemical reaction between Al matrix and SiC 
reinforcement is observed, generating the microgalvanic 

Fig. 8   Tafel polarization plots 
of Al–Sic composites 0.5 M 
NaCl solution

Table 1   Tafel extrapolation results of Aluminium matrix composites

Type of solu-
tion

composition 
of composite

Ecorr (mV vs. 
SCE)

icorr (μA) CR (mpy)

0.5 M HCl 90 wt% Al
10 wt% SiC

 − 810.0 75.30 46.71

80 wt% Al
20 wt% SiC

 − 804.0 109.0 67.78

0.5 M NaCl 90 wt% Al
10 wt% SiC

 − 771.0 11.20 6.916

80 wt% Al
20 wt% SiC

 − 742.0 58.8 36.48

Table 2   Tafel parameters of 
aluminium matrix composites

Type of solution composition of 
composite

OCP (mV vs. SCE) �
a
(V/decade) �

c
(V/decade)

0.5 M HCl 90 wt% Al
10 wt% SiC

 − 812.0 9.900E − 3 116.6E − 3

80 wt% Al
20 wt% SiC

 − 806.7 8.500E − 3 179.8E − 3

0.5 M NaCl 90 wt% Al
10 wt% SiC

 − 790.3 21.00E − 3 113.6E − 3

80 wt% Al
20 wt% SiC

 − 763.0 368.7E − 3 524.8
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couple between the reinforcement SiC and Al matrix is 
responsible for the increasing in corrosion rate of the 
composite [22]. These results are consistent with other 
studies [23–26]. Corrosion studies in 0.5 M HCl environ-
ment show that stabilization of Aluminium matrix com-
posites at a potential − 810 mV and − 804 mV, while in 
the 0.5 M NaCl stabilized at a lower potential of − 771 mV 
and -742 mV.

It can be noticed that corrosion current density values 
in NaCl solutions are less than in corresponding HCl solu-
tions. This finding reveals that the corrosion resistance of 
this composite is better in the NaCl solution than in the HCl 
solution. In addition, the corrosion potentials of composites 
are larger in NaCl solutions than in corresponding HCl solu-
tions. It indicates that these composites are more stable in 
NaCl than in the HCl solutions. The corrosion susceptibility 
of both aluminum matrix composites in the HCl solution 
is more than in the NaCl solution. This is most probably 
attributable to the breakdown of a stable oxide film on the 
aluminum matrix due to enhanced chloride ions adsorption 
in the HCl solution being faster than in the NaCl solution. 
The corrosive action of chloride ions in 0.5 M NaCl could 
be reduced by the presence of Silicon Carbide than in the 
0.5 M HCl as reported by Akinwamide [27]. The presence 
of reinforcements can result in the chemical dissolution of 
chloride ions. Therefore, it can be assumed that the corrosive 
action of chloride ions in 0.5 M NaCl was reduced by the 
presence of silicon carbide.

In the lack of Cl− ions, Loto [24] reported that the corro-
sion resistance of Al–SiC composite was enhanced by the 
presence of SiC. In addition, SiC inhibits the electrochemi-
cal action of anion ions on Al–SiC composite surface in 
the corrosive media by generating an oxide film on the sur-
face. In the existence of Cl− ions, the small size of Cl− ions 
enables to penetrate through the passive oxide film under 
the influence of an electric field. They cause the passivat-
ing oxide film to dissolve locally at a discontinuity in the 
composite such as a grain boundary, dislocation or inclusion 
[28]. Consequently, the corrosion rate of Al-SiC composites 
increases with increasing SiC content due to breakdown of 
oxide film on the surface.

3.3 � Cyclic Potentiodynamic Polarization 
Measurements

The susceptibility of the composite to pitting corrosion and 
passive stability were determined using a cyclic potentiody-
namic polarization measurement technique. Figures 9 and 
10 represent the cyclic potentiodynamic polarization curves 
of both Al–SiC composites in 0.5 M HCl and 0.5 M NaCl, 
respectively. Forward and reverse cycles are the two cycles 
of the curves;. The open circuit potential (OCP) relates to 
the corrosion potential (Ecorr), pitting potential (Epit) and 
repassivation potential (Erep) are obtained from the curves. 
The breakdown potential is the potential at which the anodic 
current increases rapidly with applied potential.

Fig. 9   Cyclic polarization 
curves of Al–Sic composites in 
0.5 M HCl solution
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For both chloride environments shown in Figs. 9 and 10, 
the cyclic potentiodynamic polarization curves exhibited a 
similar shape with a slight variation in their cathodic branch 
controlling the corrosion process. The cyclic polarization 
curves showed that the start of pitting is not evident for the 
composites in 0.5 M HCl solution as the pitting potentials 
Epit coincided with corrosion potential. The hydrolysis of 
cations has been shown to increase the local acidity, which 
is proposed to cause pit initiation. The oxide film of Alumin-
ium is dissolved in HCl solution due to the combined action 
of H+ responsible for pit initiation according to Galvele [29] 
and Cl− ions responsible for pit propagation in the 0.5 M 
HCl solution. The curves of composites in 0.5 M NaCl solu-
tion revealed a classical passive region when the current 
density increases with an increase in the applied potential.

The cyclic polarization curves in Figs. 9 and 10 observed 
a positive hysteresis loop, indicating the pitting growth at 
the breakdown potential (Epit). The reverse anodic curve 

is shifted to the higher currents density than the forward 
curve. This denotes that when the composite is exposed to 
chloride solutions, pitting is the main typical form of cor-
rosion, the same results observed by Khamaj [30] and Ma 
[31]. In addition, the hysteresis loop is clearly evident in 
both composites in the NaCl solution (Fig. 10), suggesting 
a higher degree of pitting corrosion than composites in the 
HCl solution (Fig. 9).

When the forward and backward cyclic polarization 
curves cross each other, the Erep can be determined, that 
is characterized as a potential where the current density 
returns to the passive value. The forward and the backward 
curves for both composite in 0.5 M HCl solution as shown in 
Fig. 9 do not cross in the passivation current density region.  
According to Bueno 2016, the Erep is the potential for the 
composite to come back to a passive state after pits have 
been formed. As a result, these composites did not repas-
sivate in HCl, solution and not possible to determinate the 

Fig. 10   Cyclic polarization 
curves of Al–Sic composites in 
0.5 M NaCl solution

Table 3   corrosion results of Al–Sic composites obtained cyclic polarization in different solutions

Type of solution Al–SiC content in 
composites (wt %)

icorr (µA) CR (mpy) Ecorr (mV vs. SCE) Epit (mV vs. SCE) ∆E = Epit − Ecorr 
(mV vs. SCE)

Erep (mV vs. SCE)

0.5 M HCl 90–10 282.2 175.0  − 774.6  − 774.6 0.0 –
80–20 176.9 109.7  − 773.2  − 773.2 0.0 –

0.5 M NaCl 90–10 52.27 32.41  − 888.8  − 729.0 159.8  − 811.4
80–20 18.09 11.22  − 832.4  − 727.4 105.0 –
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Erep value in Table 3. The same behavior is observed in the 
cyclic anodic polarization curve for the Al–SiC composite 
with 20 wt% content of SiC in 0.5 M NaCl solution, but the 
composite with 10 wt% contenting of the reinforcement the 
behavior was different. In this composite, when the poten-
tial scan direction was reversed, the forward and backward 
curves crossed each other in the passive region of the polari-
zation curve, a fact that characterizes the repassivation of 
the composite and the possibility to determinate the Erep as 
shown in Table 3.

Table 3 demonstrate Ecorr, Erep and Epit obtained from 
the cyclic polarization curves for the composites 90 wt% 
Al–10 wt% SiC and 80 wt% Al–20wt% SiC in chloride 
solutions. Slight difference was observed for Ecorr of both 
composites in HCl and NaCl solutions. In general, the Ecorr 
value shows the ionization tendency of materials in a speci-
fied corrosive medium, with higher Ecorr values indicating 
a lower ionization tendency. The values of Ecorr increased 
when increasing the reinforcement weight percent in Al/SiC 
composite, which means that the tendency for ionization is 
lower. In addition, the results in Table 3 show that the corro-
sion potential Ecorr values of the composites in 0.5 M NaCl 
solution are lower than those of composites in 0.5 M HCl 
solution, indicating that the composites in 0.5 M HCl have 
lost passivity due to either too thin a surface oxide layer or 
the absence of the primary oxide film (no repassivation).

The composites with higher pitting potential exhibited 
higher pitting resistance, indicating t less driving force 
is required for pitting corrosion. In both chloride media, 
increasing of SiC weight percentage in Aluminium matrix 
composites are more resistance to pitting, as evidenced by 
the less negative pitting potential for the composite. The 
magnitude of change in composites pitting potential was 
determined to be small, ranging from (− (774.6 mV) to 
(− 773.2 mV) for HCl solution and from (− 729.0 mV) to 
(727.4 mV) for NaCl solution with increasing content of 
SiC reinforcement.

4 � Conclusions

The corrosion behavior of Aluminium matrix composites 
reinforced by Silicon Carbide, which is produced by powder 
metallurgy in chloride environments, was investigated. The 
main conclusions drawn from the current study were:

•	 The microstructure of the fabricated Al/SiC composites 
is evidence of homogenous distribution of the reinforce-
ment in the Aluminium matrix with low porosity and 
some agglomerations.

•	 The uniform corrosion rate of Al/SiC composites in both 
corrosion media increases with increasing the weight 
percentage of SiC in Aluminium matrix composites.

•	 The corrosion rate of both composites is higher in 0.5 M 
HCl solution than in 0.5 M NaCl solution.

•	 The main corrosion mechanism in 0.5 M HCl is uniform 
corrosion and the pitting potential does not depend on the 
increasing weight percentage of SiC.

•	 The cyclic potentiodynamic polarization test results for 
both composites showed the presence positive hysteresis 
in 0.5 M HCl and 0.5 M NaCl, indicating that the passive 
film damage and is not repaired and pits initiate. How-
ever, the Al composite containing 10 wt% SiC in 0.5 M 
NaCl solution was demonstrated by the repassivation 
potential in the cyclic polarization curve against pitting 
corrosion.

•	 The cyclic polarization curves results of Al/SiC compos-
ites prepared by powder metallurgy have found that the 
pitting corrosion resistance was improved when increas-
ing the weight percent of SiC compared to the uniform 
corrosion in chloride environments.
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