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The corrosion behavior of the A356 (0, 5, 10, and 15 wt.%) SiC composites produced by mechanical
alloying (MA) and uniaxially pressing/sintering route was studied through electrochemical and surface
analysis techniques in 3.5 wt.% NaCl. The corrosion behavior of the samples was investigated by using
electrochemical techniques. The corrosion resistance for the unreinforced A356 aluminum alloy was
higher than the composites, however, when the A356 aluminum alloy was reinforced with SiC particles,
composites were susceptible to a localized type of corrosion at the matrix/SiC particles interface. This
made that although the passive zone for composites was wider with a pitting potential value slightly
higher than those for base alloy, passivation current density was higher.
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1. INTRODUCTION

A356 aluminum alloy has been attractive to their physical and chemical properties including low
density, moldability, good weldability, high corrosion resistance, as well as a moderate strength, and
good ductility. A356 aluminum alloy is used for structural applications in aircraft, automobile, and
military industries [1-4]. It can also be used as a substitute for aluminum alloy 6061. Due to their high
specific strength, lightweight, good wear and corrosion resistance, A356 aluminum alloy has been
reinforced with ceramics turning into aluminum matrix composites (AMCs) that are being used in


http://www.electrochemsci.org/
mailto:ggonzalez@uaem.mx

Int. J. Electrochem. Sci., Vol. 14, 2019 7424

widespread applications [5, 6]. In order to fabricate AMCs, many reinforcements such as SiC, ALO:s,
TiC, ashes, graphite, etc. have been used by different authors [7-10]. Silicon carbide (SiC) is one of the
most widely used dispersoids in AMCs. This high interest is due to its high melting point, high stiffness
(480 GPa), good thermal stability, high hardness, low price, provides the compound with high strength
and elastic modulus [11, 12].

However, due to the fact that corrosion resistance is imparted by a protective oxide film (Al2Os)
on the surface, one of the main disadvantages of particulate reinforced aluminum matrix composites
(AMCs) is the influence of reinforcement on the corrosion resistance. This protective filmT can present
discontinuities or flaws due to the addition of a reinforcing phase, which can increase the sites for
corrosion initiation and rendering the composite liable to severe corrosion attack [13] or to be obstacles
for the formation of the passive film. If the oxide layer will break, aluminum alloy itself recovers and
generate a thin layer of the oxide film on the surface.

In addition to this, their corrosion behavior can be affected by the manufacturing processes like
stir cast, mechanical alloying, powder metallurgy, in situ or squeeze cast. Among the variety of
manufacturing processes, mechanical alloying (MA) is an important technique for preparation of AMCs,
the most important advantage of MA is the feasibility of addition of alloying elements in order to
improve mechanical and physical properties of metallic alloys. MA over melting route is considered as
a promising and commercial technique because it ensures a homogeneous distribution of both, the
alloying elements and the reinforcement materials without the segregation phenomena typical of the
casting processes, or the agglomeration of the submicron reinforcing particles and poor adhesion [14,
15].

The determination of the corrosion behavior of composite materials reinforced with ceramic
additives is very important. Researches about AMCs have been focused on the corrosion susceptibility
in NaCl solutions [16, 17]. Trzaskoma and McCafferty [18] evaluated the corrosion behavior of
SiC/Al2024, SiC/Al6061 and SiC/Al5456 composites fabricated by powder metallurgical route in 0.1N
and 0.8N NaCl by using polarization curves. They found that the polarization curves and pitting
potential values of composites and their respective matrix alloys were very similar except Al2024
system. In another research work [19] the effect of C, Al>Os or SiC on the corrosion behavior of Al 6061
based MMCs were investigated [19]. The pitting potentials of matrix and its composite containing SiC
were similar, with the initiation of a pit was greater in the composite than in the matrix due to the galvanic
coupling of carbon fibers and aluminum. They also found a beneficial effect on the stress corrosion
cracking resistance for the MMC by ageing of Al 7075/SiC composite at 170° C for more than 1 h
following at 110°C in 3.5 % NaCl which included an increase in the pitting potential also. The
susceptibility to pitting corrosion of a mechanically alloyed MMC based on Al1050 with the addition of
20 wt. % of different size (3 and 20 um) in 1N NaCl at 25 °C was carried out [20]. This procedure left
voids at the reinforcement/matrix interface causing an increase in the pitting attack with the addition of
SiC. As it can be seen, the corrosion behavior of A356/SiC composites produced by mechanical alloying
technique has not widely reported by researchers, only their mechanical properties have been extensively
studied. Thus, the aim of this study was to investigate the corrosion behavior of A356 (0, 5, 10, and 15
wt.%) SiC composites produced by mechanical alloying (MA) and uniaxially pressing/sintering route.
The output from this research will be helpful in understanding the corrosion of these peculiar AMCs.
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2. EXPERIMENTAL PROCEDURE

2.1. Synthesis of the composites

In this study, A356 powders obtained by powder metallurgy technique from the A356 aluminum
alloy ingot (density of 2.686 g/cm?®, <60 Mesh) were used as the matrix powders. Silicon carbide particles
(density of 3.22 g/lcm?®, an average particle size of 38 pm, Aldrich, 97.5 %) were used as the
reinforcement into the aluminum matrix to produce composites by the MA technique. Chemical
composition of A356 aluminum alloy ingot used in this study is shown in Table 1.

Table 1. The chemical composition of A356 aluminum alloy (wt. %).

Al Si Fe Cu Mn Mg Zn Ti Sr
Balance  7.26 0.36 0.01 0.012 0.31 0.02 0.013  .0002

The percentages of SiC particles (wt.%) were 0, 5, 10 and 15 and the milling time was 10 h. The
experimental procedure consisted of the mixture of A356 powders and silicon carbide particles (0, 5, 10,
and 15 wt.% SiC) using a planetary high energy ball mill (Fritsch-P7). The powders mixtures were
milled during 10 h at 280 rpm under argon atmosphere. Ethanol (2 ml) was used as a process control
agent (PCA) to prevent excessive cold welding during milling of the powders particles. The size of the
stainless steel balls used for the milling was (10 mm and 12 mm diameters), the mass of the powders
was of 10 g, and the ball to powder weight ratio (BPR) was 5:1. The as-milled powders obtained by MA
were uniaxially cold pressed in cylindrical steel die at 400 MPa in order to obtain samples with 10 mm
of diameter and 5 mm high. Green products were sintered at 500 °C during 5 h under an argon
atmosphere. X-ray diffraction of specimens was carried out in a D2 PHASER diffractometer.
Microscopic characterization of specimens was carried out by using a scanning electronic microscope
(SEM) JEOL JSM-5900LV (15kV) attached with energy dispersive X-ray (EDX). For this, specimens
were mounted in a polymeric resin, prepared by grinding on SiC metallographic paper from 240 to 1000-
grit, polished with alumina (0.5 um) followed by successively cleaning in ethanol and then distilled
water using an ultrasonic bath for 15 min.

2.2. Corrosion tests

The corrosion evaluation was performed by using electrochemical techniques including
potentiodynamic polarization curves, electrochemical impedance spectroscopy (EIS) and linear
polarization resistance measurements (LPR). Electrochemical measurements were conducted in a three-
electrode glass cell using a Gamry PC4 300 potentiostat controlled by Gamry Instruments Framework
software. The working electrodes were encapsulated in commercial epoxy resin, prior to the preparation
described in section 2.1, leaving unmasked a circular area of 0.5 cm?. A graphite rod with an immersed
area of 4 cm? and a saturated calomel electrode (SCE) were used as auxiliary and reference electrode,
respectively. The experiments were done at room temperature with the solution open to the air. All tests
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were conducted using freshly prepared test specimens and were repeated three times to ensure the
accuracy and the reproducibility of the data. The specimens were allowed to stabilize at open circuit
potential (OCP) for 30 min prior to the electrochemical tests. EIS measurements were carried out, at 0
V vs. OCP, AC voltage 10 mV rms, frequency range 10 kHz to 0.04 Hz with 10 points/decade.
Potentiodynamic polarization tests were carried out by polarizing the specimen from -1000 up to +1000
mV vs. OCP, voltage 1 mV/s. LPR tests were carried out by polarizing the specimens from -10 to +10
mV with respect the OCP value at a scan rate of 1 mV/s during 24 hours. Corroded surfaces of
composites samples were established by scanning electronic microscope (SEM) JCM-6000Plus with and
energy dispersive X-ray analyzer (EDX) attached to it.

3. RESULTS AND DISCUSSION
3.1. Composites characterization

The X-ray diffraction analysis (XRD) for the consolidated samples is given in Fig. 1. As shown
in this figure, the XRD patterns not only show the characteristic peaks of aluminum and silicon, but also
the ones belonging to the silicon carbide particles, excluding the unreinforced A356 aluminum alloy
which was produced as a reference specimen. The absence of additional peaks indicates that no unwanted
phases have been formed in detectable quantities during mechanical alloy. The intensity of the SiC (111)
peak of the consolidated samples increased with the increasing weight fraction of SiC particles in the
composite whereas the Al (111) peak became less broad. The average of crystallite sizes (D) of the
consolidated samples were calculated using the full peak width at half maximum (FWHM) of Al (111),
Al (200), Al (220) and Al (311) peaks of the XRD patterns. The crystallite size values for the
consolidated samples with 0, 5, 10, and 15 wt.% SiC is 41, 40, 42, and 37 nm, respectively.
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Figure 1. X-ray diffraction patterns of the different A356/SiC composites.



Int. J. Electrochem. Sci., Vol. 14, 2019 7427

X160 108mm FR-USATI

Figure 2. SEM micrographs showing the microstructures of the different A356/SiC composites
containing a) 0, b) 5, ¢) 10, and d) 15 wt.% SiC.

On the other hand, micrographs of specimens containing different SiC contents are shown in Fig.
2. The microstructure shows the presence of porosity associated as a result of cold pressing and
temperature of sintering. Also, this figure shows that by increasing the amount of SiC leads to the
presence of finer grain in the samples. During the sintering step, the hardness of the SiC has impeded
grain growth giving as a result the reduction in grain size and thus an improvement in the hardness of
the consolidated samples. The number of grain boundaries is maximized by the reduction in the grain
size, improving the mechanical properties.

3.2. Electrochemical tests

The effect of SiC contents on the A356 base alloy on the open circuit potential value, OCP, is
given in Fig. 3. It can be seen that the addition of reinforcement SiC particles brings a shift in the OCP
value towards more active values as compared to that value for the base alloy, which indicates a higher
thermodynamic trend to higher corrosion rates for the composites. This behavior has been reported by
other researchers, for instance in [21], where the corrosion behavior of A-Mg-Si alloy matrix hybrid
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composites reinforced with rice husk ash and silicon carbide in 3.5 NaCl solution. However, there was
not a clear trend of the OCP value with the SiC particulates contents, since the most active OCP value
was for the lowest SiC contents, i.e 5%, but the detrimental effect of the silicon carbide particulates
addition on the corrosion behavior is clear.
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Figure 3. Change on the OCP value with time for the different A356/SiC composites tested in 3.5%

NaCl solution.
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Figure 4. Effect of the SiC contents on the polarization curves for the different A356/SiC composites
tested in 3.5% NaCl solution.
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Figure 5. Effect of the SiC contents on the Epit and Ecorr Values for the different A356/SiC composites

tested in 3.5% NaCl solution.

The effect of SiC contents on the polarization curves for the different A356/SiC composites is
given in Fig. 4. All the materials displayed an active-passive behavior due to the formation of an Al2O3
layer, however, for the base A356 aluminum alloy, the Ecor value was the noblest, whereas they were
more active for the composites, just as the obtained values in Fig. 3. The passive zone for the base alloy
was from a potential value slightly more anodic than -800 mV and it ended where a pitting potential

value, Epit, was reached, i.e. -690 mV.
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Figure 6. Effect of the SiC contents on the lps and lcorr Values for the different A356/SiC composites

tested in 3.5% NaCl solution.
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Instead, the composites had a much wider passive zone, since the Ecorr Value was shifted towards
more active values, between 200 and 300 mV more negative than that for base alloy, and the Epit value
was marginally shifted towards more anodic values, for around 50 mV, as it can be seen in Fig. 5.
However, despite the fact that the passive zone was much wider for the composites than that for the
A356 aluminum alloy, the lcorr and passive current density values, Ipas, Were higher for the composites
than those for the base alloy, as shown in Fig. 6.

This can be due to the fact that the presence of SiC particulates are sites for the disruption of the
passive layer, and that they act as cathodic zones as compared with the matrix, which acts as anodes and,
thus, leading to a galvanic attack. Although the passive layer can be disrupted by these particles, once
they are exposed to the electrolyte, they are detached from the surface and washed away, the
accumulation of corrosion products leads to the formation of the passive layer once again. However, on
the sites where the SiC particles were detached, localized type of corrosion such as pits can occur. Similar
results were obtained by Pinto et al. [13] as well by Pardo et al. [22]. They argued that the for the
localized corrosion commonly observed in MMCs is caused by the presence of heterogeneities such as
grain boundary, intermetallic, reinforcement/matrix interface, inclusion, defect, etc. [23, 24]. A
difference in the electrochemical potential between these defects and the matrix causes the matrix to act
as anode and to be corroded [25]. In our case, we have seen that the grain size decreased with an increase
in the SiC contents, the reduction in the grain size maximizes the number of grain boundaries, causing
more paths for the corrosion process to take place.
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Figure 7. Change on the Ry value with time for the different A356/SiC composites tested in 3.5% NaCl
solution.

The change on the R, value with time for the different composites is given in Fig. 7. It can be
seen from this figure, that the highest R, value was exhibited by the A356 base aluminum alloy, whereas
the composites had lower Rp values, where the composite having 15% SiC exhibited an intermediate Rp
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value. Since the lcorr Value is inversely proportional to the R, value through the Stern-Geary equation,
from Fig. 7 we can say that A356 base aluminum alloy had a higher corrosion resistance than the
different composites, just as shown by the polarization curves. Due to the formation of micro galvanic
cells between the matrix and the reinforcements, MMCs are generally susceptible to corrosion, causing
a selective corrosion at the interface, where tha matrix generally behaves as [26]. Thus, as compared to
their respective metallic matrix, MMC are more susceptible to corrosion due to reinforcement phase
which causes brake down of protecting film. The presence of CI" in the solution will cause a Brake down
of film. In this way, rather improving the corrosion resistance, the reinforcement phase is an obstacle for
protecting passive film, which is the responsible for the corrosion resistance of the Al matrix. In the
matrix Al alloy generate this passive film recovering itself if it is destroyed, which does not occur in a
MMCs since the reinforcement avoids this film to be reformed, allowing pitting and crevice corrosion
of underlying substrate. By increasing the number of reinforcement particles the number of sites where
the film presents discontinuities increases increasing the sites for corrosion initiation.

EIS data in both Nyquist and Bode formats for the different A356 base aluminum composites are
given in Fig. 8. Nyquist diagrams display one capacitive loop at high and intermediate frequencies,
followed by straight-line at lower frequencies. This behavior is a typical of an Al-base alloy undergoing
localized type of corrosion [27, 28] due to localized galvanic attack of the more active matrix by the
nobler SiC particle.

The high and intermediate frequency loop which is attributed to the general corrosion of the
metal, with the formation of the passive layer, whereas straight-line is due to the diffusional process that
occurs inside the pits. Bode diagrams in the impedance format indicates that the highest impedance value
corresponds for the base Al-base alloy for more than one order of magnitude, and this is decreased for
the composites.
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Figure 8. Effect of the SiC contents in the a) Nyquist and b) Bode plots for the different A356/SiC
composites tested in 3.5% NaCl solution.
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Figure 9. Electric circuits used to simulate the EIS data for a) A356 alloy and b) A356/SiC composites.

The plot of the log (impedance) versus the log (frequency) shows the existence of two slopes for
the Al-base alloy and only one for the composites, and thus two time constants for the base alloy and
only one for composites. The phase angle is maximum for the Al-base alloy and it decreases rapidly for
the composites; in addition to this, the maximum phase angle remains constant over a wide frequency
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interval for the base alloy, indicating the existence of two time constants, whereas for the composites
this was not so evident.

The impedance behavior of the different composites can be described by equivalent circuits
shown in Fig. 9. In these circuits, Rs corresponds to the solution resistance, CPEq and R are the double
electrochemical layer capacitive behavior and charge transfer resistance, CPEs and Rt are the capacitive
behavior of the corrosion products film and its resistance, whereas W is the Warburg diffusion element
and Rw the diffusion layer resistance. CPE was used to describe non-ideal capacitive behavior of
heterogeneous interface. The impedance of a CPE is described as:

1
Zcpg = YoGarm (1)

where Y, is the magnitude of the CPE, j is the imaginary unit, w is the angular frequency (w =
2mtf, where f is the AC frequency), and n is the CPE exponent (phase shift) [29] which provides some
surface parameters such as roughness. Obtained parameters by using circuits shown in Fig. 9 are given
in table 2.

Table 2. Obtained parameters from the simulation of the EIS data for Al-base composites.

%SiC | CPEg n Ret CPEua n Rf Rw n
(uSs"/cm?) (ohmcm?) | (uSs"/cm?) (ohmcm?) | (ohm cm?)

0 8.4x10° 0.7 |49x10° 3.5x10% 0.9 |5.0x10° 2.4 x 107 0.9

5 2.2x103 0.4 | 1.4x10? -- -- -- 1.8 x 10 0.5

10 1.3x 103 0.5 |4.2x10? -- -- -- 2.3x10? 0.6

15 3.6 x10° 0.4 |7.0x10? -- -- -- 8.1 x 10! 0.3

3.3. Surface characterization
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Figure 10. SEM micrographs showing the corroded surfaces of the different A356/SiC composites
containing a) 0, b) 5, ¢) 10, and d) 15 wt.% SiC corroded in 3.5% NaCl solution.
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Figure 11. EDX analysis the corroded surfaces of the different A356/SiC composites containing a) 0, b)
5, ¢) 10, and d) 15 wt.% SiC corroded in 3.5% NaCl solution.

For AI356 alloy, the charge transfer and passive film resistance values were similar, indicating
that both of them are responsible for the corrosion resistance of this alloy. The diffusion resistance value,
which, as stated above, refers to the diffusion inside the pits, is much lower than the Rt and R, indicating
that for this material, localized type of corrosion dominates over the uniform corrosion. However the Ret
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value for the Al-base alloy is much higher than that for the composites, as expected, since the corrosion
resistance of the later was lower than the former. The Ry value for the composites was much lower than
that for Rc especially for the alloy containing 5% SiC, indicating that in the later localized type of
corrosion dominates over the uniform type of corrosion. The difference between the Rw and R values
for the composites containing 10 and 15% SiC, indicating that probably for these alloys localized type
of corrosion did not dominate over the uniform type of corrosion.

Micrographs of corroded specimens shown in Fig. 10 indicates that AlI356 alloy and composite
containing 5% SiC exhibited shallow pits on their surface, whereas composites containing either 10 or
15% SiC exhibited predominantly of uniform type of corrosion. EDX analysis of the corrosion products
layers formed on the different composites are shown in Fig. 11, which shows the presence of Al, Si, C,
O and Na as the main chemical elements, suggesting the formation of Al.Os. A summary of this chemical
analysis is given in table 3, which indicates that the contents of Al is the lowest in the Al-base alloy due
to the lowest corrosion rate that this alloy exhibited.

Table 3. Semi quantitative chemical analysis (at. %) done to the corrosion products layer formed on top
of the different Al-base composites corroded in 3.5% NaCl solution.

%SiC Al Si C O Na
0 12.2 0.4 53 32.1 0.4
5 18.6 0.4 53 27 0.4
10 17.6 3.0 52.1 26.2 0.8
15 15.5 0.5 51.7 30.4 1.7

On the other hand, the amount of Al was the highest for the composite containing 5% SiC
probably due to the fact that this specimen exhibited the highest corrosion rate and the thickest layer of
corrosion products was built up on its surface.

4. CONCLUSIONS

The corrosion behavior of A356 (0, 5, 10, and 15 wt.%) SiC composites has been examined in
3.5% NaCl by using electrochemical methods, the following conclusions are made. Polarization curves
showed that composites exhibited a wider passive zone and a higher pitting potential value than those
for A356 alloy, however they showed a higher passive current density value. Corrosion rate of A356
alloy was higher than that for composites, especially for the one containing 5% SiC. Corrosion process
was given by the formation of a passive layer, however, this was disrupted at the matrix/SiC interface,
giving rise to localized type of corrosion such as pitting which was more evident for the composite
containing 5% SiC. For composites containing either 10 or 15% SiC uniform type of corrosion was the
main type of attack.
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