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Abstract. Aluminium matrix composites have been developed to replace other conventional engineering
materials in specific industries where enhanced properties are required. The corrosion susceptibility of sintered
unreinforced aluminium and composites in chloride medium (AMCs) were studied. The powders of pure as-
received aluminium (matrix) and particles of ferrotitanium and silicon carbide particles were homogeneously
dispersed using ball milling technique. Powder metallurgy route was utilised for consolidating the milled
powders into a sintered compact. Microstructural examination of the compacted pure aluminium and
composites confirmed an even distribution of the reinforcements in the aluminium matrix. The produced
composites also recorded an improved corrosion resistance in a corrosive medium of 3.5wt.% laboratory
prepared sodium chloride, from the potentiodynamic polarization and chronoamperometry (potentiostatic)
tests. The corroded specimens were further assessed for pitting using a field emission scanning electron
microscope (FE-SEM). The resistance of the fabricated samples to corrosion was improved upon the addition of
TiFe and SiC reinforcements.
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1 Introduction

Aluminium matrix composites (AMCs) are vastly used in
several engineering sectors for different applications. The
commonly used matrix used for the fabrication of these
classes of composites includes aluminium, magnesium,
titanium, and copper [1]. Aluminium has been widely used
due to its outstanding properties, which include improved
ductility, exceptional thermal and electrical properties
[2,3]. This class of materials also possesses the ability to
sustain its properties at extremely low temperatures.
However, these properties can be enhanced by incorporat-
ing another reinforcement particle(s) into the aluminium
matrix, thereby resulting in the production of composites
that are aluminium based [4,5].

The corrosion of aluminium and other metallic
composites has been reported to be a significant challenge
in manufacturing industries. Research has shown that the
yearly loss and damage arising from corrosion in the United
Kingdom, as an example, has been given to be approxi-
mately £ 5000 million [6]. However, this wasteful
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occurrence could be averted if factors such as proper
material selection, correct design, and reinforcing of
metallic matrixes with adequate reinforcement particles
are carefully considered. Some specific corrosion problems
associated with AMCs include but are not limited to
porosity, micro-crevices, and galvanic coupling. Their
significance depends on the choice of reinforcements and
the processing route adopted during fabrication.

The selection of reinforcement used for enhancing the
corrosion susceptibility of compacted AMCs has been a
significant challenge, as different reinforcing particles will
directly affect the corrosion properties of the resulting
AMC [7]. Therefore, careful consideration must be put in
place towards the selection of the suitable reinforcements.
Commonly used particles include titanium nitride, titani-
um nitride, silicon carbide, titanium diboride, and alumina
[8,9]. Further, the fabrication technique utilised for the
fabrication of AMCs can affect the distribution of the TiFe
and SiC in the matrix, thereby affecting the rate at which
the composites resist corrosion.

Several methods, including casting, pressure infiltra-
tion, and additive manufacturing, exist for the fabrication
of AMCs. However, the spark plasma sintering technique
has become a common method of consolidation of admixed
monsAttribution License (https://creativecommons.org/licenses/by/4.0),
in any medium, provided the original work is properly cited.
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Table 1. Chemical composition of silicon carbide powder and ferrotitanium powders.

Elements Al Ti Mn Fe K Ba Ca Mg Cr Ni Si

SiC 0.21 0.02 – 0.23 0.04 0.05 0.04 0.01 – 0.01 99.21
TiFe 0.36 41.67 0.07 56.55 – – 0.03 0.09 0.03 0.11 0.56
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powders [10]. The powders are compacted after they are
heated in a vacuum furnace below their melting points to
allow diffusion of atoms present [11,12]. The corrosion
behavior and microstructural properties of SiC reinforced
AMCs produced using sintering technique were investigat-
ed in research conducted by Zakaria et al. [13]. The authors
reported that the corrosion resistance of the compacted
Al/SiC samples was improved with a respective increase in
the volume fraction of SiC.

Another recent investigation by Akinwamide et al. [14]
also reported on the corrosion susceptibility of Al/TiFe/SiC
samples fabricated via casting route. The combination of
SiC and TiFe recorded an improved corrosion property in
comparison to other specimens. The enhanced corrosion
resistance in these studies was attributed to the even
distributionof theparticlesdispersedwithinthematrix.This
present study presents the resistance of the Al/TiFe/SiC
composites consolidated by spark plasma sintering tech-
nique to corrosion.

2 Materials and methods

The powders of pure aluminium (99% pure), silicon
carbide, and ferrotitanium powders with respective aver-
age particle size andmesh size of 7mmand 40, were used for
this investigation. The composition of the TiFe and SiC
reinforcement powders is presented in Table 1. Different
volume fractions of the reinforcement particles were
dispersed within the pure aluminum matrix using high-
energy ball milling. The proportion of powder to ball ratio
and milling speed of 1:10 and 150 revolutions per minute
(rpm) were used to achieve this purpose. The sintering
process of the alloyed powders was carried out in a nitrogen
atmosphere at a pressure and temperature of 50MPa and
550 °C, respectively. The milled powders were placed in
20mm to ensure adequate densification of the sintered
specimens. Electrochemical testing of the sintered speci-
mens was analyzed using a VersaSTAT studio potentiostat
which runs on a versa studio electrochemical software.
Prior to the electrochemical test, the surface of the
specimens was sectioned to a 10mm� 10mm dimension
and ground from 200 to 1000 grits using silicon carbide
emery papers. The polishing of the ground surface was
carried out using 6 and 3m suspension on Aka Daran disc
and diamond suspension on a polishing cloth. Potentiody-
namic polarization and potentiostatic tests were used for
assessing the susceptibility of the specimens to corrosion in
3.5wt.% sodium chloride electrolyte. This electrolyte
provided the corrosive environment due to the presence
of aggressive chloride ions, which causes rapid deteriora-
tion of metallic materials. The scanning potentials and scan
rate for potentiodynamic polarization were maintained
within the range of �1.2V and 0.9V and 0.2mV
respectively. Potentiostatic tests were also carried out
for 7200 s using the potential obtained from the passivation
curve in the potentiodynamic polarization test. The
corroded specimens were further analyzed for pits forma-
tion using scanning electron microscopes.
3 Results and discussion

3.1 Microstructural analysis

Shown in Figure 1 is the optical micrograph of the sintered
specimens, with different volume percent of TiFe and SiC
reinforcements. The inclusion of these reinforcements
shows a significant effect on the microstructural evolution
of the specimens [11].Well-defined grains and little pores at
intergranular regions are evident in the microstructure of
the pure aluminium as shown in Figure 1a. In contrast,
Figure 1b–d shows a uniform distribution of reinforcement
between the aluminium grains. It is also observed that the
presence of these reinforcement results in finer grains due to
adequate compaction, which resulted from the sintering
operation [15]. The pores seen in the sintered composites
can be as attributed to different sizes of the particles
contained in the composites. Further, an increased
quantity of grain boundaries seen in the micrographs
could result from decreased grain size due to high energy
milling technique adopted for dispersion. The reinforce-
ments which are evenly dispersed in the matrix could also
be attributed to adequate milling time and speed employed
during themilling/alloying of the powders. A detailed SEM
image of the micrographs has been reported in a previous
investigation by Akinwamide et al. [16].

3.2 Potentiodynamic polarization

The initiation and growth of pits on the composites surface
during exposure to aggressive ions, and the repassivation of
disrupted oxide films present on the surface of aluminum-
based composites is associated with metastable pitting.
The formation of pits on aluminium composites is a vital
reaction that helps assess the resistance of the specimens to
corrosion. The potentiodynamic polarization plots for
sintered specimens are presented in Figure 2. It is evident
that the highest corrosion density of 7.10mA is seen in pure
aluminium, while the specimen incorporated with 2% TiFe
reinforcement is seen to have the lowest current density of
2.57mA and the highest corrosion potential of �0.660V in
comparison to other sintered composites. The current
densities and corrosion potentials of the specimens were
also seen to decrease and increase, respectively, with
increased volume percent of SiC. A similar observation was



Fig. 1. Optical micrographs of (a) Pure aluminium (b) Al+ 2% SiC (c) Al+ 2% TiFe (d) Al+ 2% TiFe+2% SiC.

Fig. 2. Potentiodynamic polarization curves for sintered pure
aluminium and composites.
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reported in a study by Akinwamide et al. [14]. However, the
samples incorporated with 2% SiC also exhibited a reduced
thermodynamic tendency to corrode, from the sufficiently
formed passive oxide layers on the sample’s surface. The
rapid formation of passive layers can be ascribed to the
corrosion inhibiting effect of titanium, which is present in
the ferrotitanium reinforcement. A related report was
given in an investigation by Perez et al. [17]. The increased
current density (7.10m) in addition to a decreased
corrosion potential (–0.968V) seen in the pure aluminium
specimen could be as a result of chloride reactions, which
resulted in formation of soluble aluminium hydroxide
(according to Eqs. (1)–(3)) [18], which prevents the
stability of oxide formed on the surface of pure aluminium
specimen [14,19].

Furthermore, the fabricated composites are also
observed to have been attacked by the aggressive chloride
ions present in the electrolyte. This attack rapidly weakens
the passive films formed on the specimen surface and also
causes pitting corrosion due to the formation of interme-
tallic or secondary precipitates. However, the formed
precipitates are susceptible to localized corrosion at grain
boundaries [20,21]. An improved corrosion resistance
exhibited by the binary alloys compared to the ternary
alloy could be due to the cathodic reaction mechanism,
which occurs during the pitting corrosion of aluminium
composites in the chloride electrolyte.

Alþ 3H2O ! AlðOHÞ3 þ 3Hþ þ 3e� ð1Þ

Alþ 2H2O ! AlOðOHÞ þ 3Hþ þ 3e� ð2Þ

Alþ 3

2
H2O ! Al2O3 þ 3Hþ þ 3e�: ð3Þ



Table 2. Tafel properties of pure aluminium and composites.

Specimen Icorr (mm) Ecorr (V) Cathodic beta (V) Anodic beta (V)

Pure Al 7.10 −0.968 0.185 0.144
Al + 2%TiFe 2.57 −0.660 10.40 0.040
Al + 2%SiC 2.90 −0.817 0.91 0.066
Al + 2%TiFe + 2%SiC 4.19 −0.917 0.143 0.121

Fig. 3. Potentiostatic plot of pure aluminium and sintered
composites.

4 S.O. Akinwamide et al.: Manufacturing Rev. 8, 22 (2021)
The rapid deterioration observed in pure aluminium,
and the specimen with reinforcement addition of 2%
SiC+2% TiFe particles can be ascribed to an increase in
the formation of pits, which delayed the rate at which the
passive protective films are formed on the surface of the
specimens. The improved corrosion resistance exhibited by
the binary aluminium alloys could also result from the
preferential corrosion at the interfaces of the Al/SiC/TiFe
interfaces. This is a major reason why the choice of
reinforcement particles remains essential during the
fabrication of aluminium matrix composites. Reports have
shown that aluminium composites become susceptible to
galvanic corrosion due to the difference in the potentials of
the aluminium matrix and the respective reinforcements
[22–24]. The values seen from the Tafel fit of the
potentiodynamic polarization curves of the samples are
presented in Table 2.

3.3 Potentiostatic polarization

Shown in Figure 3 are the potentiostaic plots for sintered
specimens in the chloride electrolyte. The specimens
exhibited different curves, indicating that the specimens
react differently in the aggressive media. The binary alloys
showed a continous stability in the test medium through-
out the test, while the pure aluminium and composite
reinforced with Al+2% SiC+2% TiFe attained stability
after the first 1000 s. The initial fluctuations visible from
the binary alloy can be attributed to the formation of
passive films due to the presence of the single reinforce-
ments of TiFe and SiC particles [25]. Further observation
shows that the pure aluminium and the ternary alloy show
an increased current density, indicating a reduced decrease
to corrosion resistance. In contrast, the binary alloys
exhibit a reduced current density. This also shows an
improved corrosion resistance of the binary alloys [26]. The
rapid deposition of the passive layer, which led to stability
from the initiation till the end of the test, results from the
balanced proportion of SiC and TiFe reinforcement
particles in the aluminium matrix. Hence, it is not difficult
to imagine that the growth of the deposited oxide film on
the specimen’s surface and its current density will proceed
at a slower rate [27].

3.4 Micrographs of the corroded specimens

The SEM morphologies of the corroded specimens after
potentiodynamic polarization tests are presented in
Figure 4. From Figure 4a, even distribution and formation
of corrosion deposits on preferential sites are evident. The
dissolution of the oxide/metal interface, which produces a
localized aggressive environment, can increase the rate at
which blisters are formed on the aluminiummatrix beneath
the oxide passive layer [28]. Figure 4b also shows less attack
on the specimen due to the dispersion of the silicon carbide
particles in the matrix, thereby preventing the dissolution
of the composite by the aggressive ions available in the test
chloride medium [29]. In addition, the specimen with the
incorporation of silicon carbide and ferrotitanium in
Figure 4c reveals the presence of cracks and severe
degradation of the specimen surface. This could be
attributed to the higher volume percentage of the SiC
particles present in the aluminum matrix [30]. The
evidence of pits seen on the corroded surface of the
reinforced specimens shows that the specimens are
susceptible to intergranular attack [31].

The effect of mechanical attrition (milling) on grain
refinement in aluminium matrix composites has been
studied [32,33]. The grains of aluminiummatrix composites
are reportedly reduced to about 9 nm for body-centered
cubic metals. In comparison, a reduction of about 13 nm is
achievable in hexagonal close-packed and face-centered
cubic metals. Therefore, the overall improvement in the
corrosion resistance of the composites compared to the
pure aluminium specimen can be ascribed to the grain
refinement resulting from the high-energy ball milling



Fig. 4. SEM images of sintered (a) pure aluminium (b) Al+2% SiC (c) Al+5% TiFe (d) Al+5% SiC+2% TiFe.
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technique adopted for dispersing the reinforcement particles
within the aluminium matrix.

4 Conclusion

The corrosion behavior of sintered pure aluminium and
composites incorporated with particles of TiFe and SiCwas
studied. The homogeneous dispersion of the particles
within thematrix of aluminiumwas ascribed to factors that
include sufficient milling speed, milling time, and fabrica-
tion technique. The potentiodynamic and potentiostaic
polarization techniques showed that the binary alloys’
corrosion resistance was improved compared to the ternary
alloys. However, this improvement was attributed to the
rapid repassivation of oxide films on the surface of the
specimens, which resulted from the presence of incorpo-
rated particles. Post-corrosion observation of the surface of
the specimen under SEM revealed pits and cracks, which
resulted from the effect of aggressive chloride ions present
in the test electrolyte. Overall, the incorporation of SiC and
TiFe reinforcement particles was seen to improve the
corrosion resistance of the sintered aluminium composites
in comparison to the pure aluminium specimen.

The National Research Foundation, South Africa is appreciated
for providing the funds used for this research.
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