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Abstract: In this work, the fabrication of three Al-2wt.% SiC nanocomposites processed by novel
milling route was carried out. The beneficial influence of milling route on the corrosion passivation
of the new fabricated composites was investigated. The cyclic polarization measurements have
proved that increasing the time of ball milling highly reduced the corrosion of Al-SiC nanocomposite
via reducing obtained corrosion current and so increasing the corrosion resistance. These results
were affirmed by the electrochemical impedance spectroscopy experiments. The pitting corrosion
of the manufactured composites was also reported, and its intensity decreased with the increase
of ball milling time. The electrochemical experiments were also performed after expanding the
exposure time in the chloride solution to 24 and 48. It was found that both the uniform and
pitting corrosion decrease with prolonging the time. The study was complemented by examining
the surface morphology and the elemental analyses for the different composites by using surface
analyses techniques.

Keywords: Al-SiC nanocomposites; inductive sintering; ball milling; corrosion; surface analysis

1. Introduction

Aluminum and its composites are employed in numerous structural purposes in
our daily life. These applications such as in automotive and aerospace industries [1–4].
The lightweight, good fatigue strengths improved mechanical properties and high wear
resistance are the main reason for the use of these materials in such applications. Due to
these various applications, the corrosion behavior in aggressive media is very important
for Al-based composites [5–9]. Some researchers [4–6] have reported that the reinforcement
particulates may accelerate the corrosion of the Al-based alloys due to their electrochemi-
cally interaction with the matrix of the composite. The addition of some reinforcements
may also lead to decreasing the corrosion resistance as a result of the occurrence of galvanic
interactions between those reinforcements. Other forms of corrosion such as preferential
and localized (crevice and pitting) corrosion can also take place, which would limit the
application of some Al-based alloys [7–9].

Considerable works have been also carried out on the corrosion of Al composites in
corrosive environments such as sodium chloride solutions including the reporting of the
effect of nano-ceramic additives [10–18]. The corrosion susceptibility, pitting potential and
pitting morphology of Al matrix composites in the chloride (NaCl) solutions were also
reported [14–18]. The corrosion of grade A356 Al alloy that was reinforced with nano-
Al2O3 particulates in 3.5% NaCl solution has been reported [11]. The microstructural and
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corrosion behavior of Al/SiC composite in 3.5% NaCl solution at different temperatures
was also reported by H. M. Zakaria [19]. It was found that the reported Al/SiC MMCs show
higher corrosion resistances when exposed to the chloride solutions at ambient temperature
when compared to pure Al matrix and this effect increases when the particle size of SiC
is reduced and/or the volume fraction of the SiC particles increases [19]. The effect of
mechanical milling on the corrosion behavior of Al-Zn/Al2O3 composite in 3.5% NaCl
solution using potentiodynamic polarization technique has been also reported [12]. It was
found that milling the Al-Zn/Al2O3 composite increases the resistance towards corrosion
of the composite as compared to the same composite without milling [11]. The processing
method for the fabrication of the Al-based MCCs has been reported to affect and alter the
microstructure as well as the corrosion resistance [17–19].

The objective of this research work was to manufacture Al-2%SiC composites that
was processed at three different ball milling routes. The objective was also extended to
investigate the corrosion behavior of the manufactured composites after 1 h, 24 h, and
48 h exposure in 3.5% NaCl solutions using various electrochemical and spectroscopic
techniques. It is expected that the change of milling route will positively alter the corrosion
resistance of Al-2%SiC composites.

2. Experimental Part
2.1. Chemicals, Materials, and Fabrication of Al-SiC Composites

Three aluminum metal matrixes reinforced with 2 wt.% SiC nanoparticles were synthe-
sized via different powder metallurgy routes. The fabrication of these three nanocomposites
has been reported in the previous study [20]. In brief, the three routes have similar first and
second ball milling stages and differ in the third stage as summarized in Table 1. Where
in the first stage and for all nanocomposites, the 98 wt% Al powder was mixed with the
2 wt% SiC nanoparticles, which were ball milled under a rotating speed of 150 rpm for 8 h
before being ball milled again at a speed of 300 rpm for 4 h. The first nanocomposite was
obtained after the first stage and was not processed any further. The second nanocomposite
was obtained after being ball milled again at 150 rpm speed for another two hours. The
third nanocomposite was processed further to be ball milled at a rotating speed of 450 rpm
for 1 h.

Table 1. Milling modes.

Sample
Code Phase 1 Phase 2 Phase 3

Speed (rpm) Time (h) Speed (rpm) Time (h) Speed (rpm) Time (h)

Route (1) 150 8 300 4 - -
Route (2) 150 8 300 4 150 2
Route (3) 150 8 300 4 450 1

The synthesized nanocomposites powders were consolidated using high-frequency
induction heat sintering furnace (HFIHS) from ELTek Co., Gyeonggi-do, South Korea. In
this consolidation process, compaction and sintering are conducted simultaneously in
5 min. In HFIHS, the temperature is generally held approximately 20% lower than the
solidus temperature of the base materials being processed 570 ◦C, in current study. The
10 mm graphite die is filled with ball milled powder, closed by two punches from each side,
and placed in an evacuated chamber. A uniaxial pressure of 40 MPa is applied through the
sintering process. The required heat for the sintering process is generated at 150 ◦C/min
by applying a strong magnetic field.

2.2. Electrochemical Experiments

A three electrodes electrochemical cell of a 0.3 L NaCl solution was used. Al-SiC
nanocomposites rods, a platinum (Pt) sheet, and a silver/silver chloride (Ag/AgCl) elec-
trode were served as working, counter, and reference electrodes. The working electrodes
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were gotten ready for electrochemical measurements [21–24]. The Al-SiC electrodes were
surface finished before being immersed in the chloride test solution as reported in our
previously published work [21,22]. The Model PGSTAT-302N Autolab Potentiostat was
used for the polarization, impedance, and potentiostatic current-time at constant voltage
value experiments. The polarization curves were measured between a potential range from
−1400 to −200 mV, where the potential was swept from the more negative (−1400 mV) to-
wards the less negative direction with applying a scan rate 0.00166 V/s. The potentiostatic
current-time (PCT) at a value of −500 mV vs. Ag/AgCl runs were obtained for all Al-SiC
nanocomposites over 40 min. Electrochemical impedance spectroscopy (EIS) data were
obtained at the open-circuit potential values as described in the recent studies [21,22]. All
experiments were measured for the nanocomposites after 1, 24, and 48 h in the 3.5% NaCl
test solution, and 25 ◦C ± 3 surrounding temperature.

2.3. Surface Analyses Techniques

The newly manufactured nanocomposites were characterized by the powerful X-ray
diffraction (XRD) method. The XRD patterns were collected via employing a D-8 Discover
diffractometer to identify the phase analysis. The XRD patterns were obtained at 2◦/min
scan rate, 10 to 90◦ angle range, and 0.02◦ a locked scan type as an increment. More details
about XRD results can be found in the earlier investigation [20]. The SEM and the EDX
analyses were also investigated.

3. Results and Discussion
3.1. Morphology and X-ray Investigations

The morphological analysis can help investigate the manner in which the reinforce-
ment is distributed, and the size of the particles, which play a very important role in
understanding how to achieve enhanced electrochemical behavior in the produced com-
posite. From this point of view, Figure 1 shows the morphology of the ball milled powder
representing the third designed route in this study.
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Figure 1. SEM of the surface morphology for the milled nanocomposites using Route 3 at different
magnifications, (a) 200 µm, and (b) 500 nm.

The XRD patterns for the bulk of 1st Al-SiC nanocomposite, 2nd Al-SiC nanocomposite
and 3rd Al-SiC consolidated nanocomposite is shown in Figure 2. It is indicated from
the XRD patterns that the presence of SiC phase peaks could be identified for all the
fabricated nanocomposites. Where, the obtained patterns confirm the presence of SiC
peaks in all samples at 35.5◦; (111), 62.6◦; (220) and 75.8◦; (222) in addition to Al peaks for
the base matrix. Moreover, the upper pattern, which represents the bulk of the third Al-SiC
nanocomposite, has diminished intensity and broadened peaks in comparison with the
collected patterns for the first and the second Al-SiC nanocomposites. From the patterns,
the third route the supreme diminished and maximum broadening peaks, confirming
the minimum crystallite size and lowest dislocation density. The higher grain refinement



Crystals 2021, 11, 1231 4 of 15

obtained in particular for the third nanocomposite has resulted from the long ball milling
time that was given to that nanocomposite. The effectiveness of the route was guaranteed
in limiting the growth of grains leading to the prevention of dislocation movement, which
results in better corrosion resistance.
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Figure 2. XRD patterns collected for first Al-SiC (Route (1)), second Al-SiC (Route (2)), and third
Al-SiC (Route (3)) bulk nanocomposites.

3.2. Potentiodynamic Polarization Data

The potentiodynamic polarization curves of the Al-2%SiC nanocomposites, (1) first
nanocomposite, (2) second nanocomposite, and (3) third nanocomposite obtained after
1 h exposure in the test solution are displayed in Figure 3. The same measurements were
also obtained after increasing the immersion time to 24 h and 48 h and the curves are
depicted in Figures 4 and 5, respectively. The corrosion parameters obtained from the
polarization curves are tabulated in Table 2. These parameters are the cathodic (βc) and
anodic (βc) Tafel slopes, corrosion potential (ECorr), corrosion current density (jCorr), and
pitting potential (EPit), were obtained as previously reported [22,23,25,26]. The corrosion
resistance (RP) and corrosion rate (RCorr) were respectively calculated according to the
following equations [25–27]:

RP =
1

jCorr

(
βc·βa

2.3(βc + βa)

)
(1)

RCorr = jCorr

(
k·EW

d·A

)
(2)
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Figure 3. Polarization curves for (1) fist Al-SiC nanocomposite, (2) second Al-SiC nanocomposite
and (3) third Al-SiC nanocomposite after 1 h exposure in 3.5% NaCl.

Table 2. Polarization data for the different nanocomposites in NaCl solution.

Nanocomposite/Time βc/mV·dec−1 ECorr/mV βa/mV·dec−1 jCorr/µA·cm−2 EPit/mV RP/Ω·cm2 RCorr/mmpy

Nanocomposite 1 (1 h) 85 ± 5 −1168 ± 2 130 ± 2 7.5 ± 0.2 −700 ± 5 2980 ± 10 0.082 ± 0.003

Nanocomposite 2 (1 h) 90 ± 5 −1100 ± 3 120 ± 5 4.2 ± 0.3 −680 ± 5 5323 ± 12 0.046 ± 0.004

Nanocomposite 3 (1 h) 95 ± 4 −960 ± 5 130 ± 3 1.3 ± 0.2 −695 ± 5 18357 ± 10 0.014 ± 0.002

Nanocomposite 1 (24 h) 93 ± 4 −1118 ± 2 123 ± 3 5.8 ± 0.2 −665 ± 5 3970 ± 10 0.063 ± 0.002

Nanocomposite 2 (24 h) 91 ± 4 −970 ± 4 125 ± 5 3.4 ± 0.1 −620 ± 5 6734 ± 6 0.037 ± 0.003

Nanocomposite 3 (24 h) 120 ± 5 −875 ± 5 110 ± 5 0.40 ± 0.1 −680 ± 5 43478 ± 6 0.004 ± 0.003

Nanocomposite 1 (48 h) 93 ± 7 −1080 ± 5 127 ± 3 3.7 ± 0.3 −705 ± 5 6309 ± 11 0.041 ± 0.004

Nanocomposite 2 (48 h) 93 ± 7 −1065 ± 5 128 ± 2 2.5 ± 0.2 −680 ± 5 9368 ± 2 0.027 ± 0.005

Nanocomposite 3 (48 h) 105 ± 5 −1045 ± 5 160 ± 5 2.1 ± 0.2 −670 ± 5 13126 ± 2 0.023 ± 0.005
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Figure 4. Polarization curves of (1) first Al-SiC nanocomposite, (2) second Al-SiC nanocomposite
and (3) third Al-SiC nanocomposite after 24 h exposure in 3.5% NaCl.
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Figure 5. Polarization curves of (1) first Al-SiC nanocomposite, (2) second Al-SiC nanocomposite
and (3) third Al-SiC nanocomposite after 48 h exposure in 3.5% NaCl.

Here, k is a constant (to define the unit for RCorr, k = 3272 mm (amp−1 cm−1 year−1)),
EW is the equivalent weight (EW = 9 g equivalent), d is the density (d = 2.7 gm cm−3), and
A is the area of the surface (A = 1 cm2).

The current obtained for all nanocomposites decreased with the increase of potential to
reach the values of jCorr and ECorr. The current then increases with the increase of potential
in the anodic direction. The cathodic reaction here is the oxygen reduction via the following
equations [28–30]:

2H2O + O2 + 4e− = 4OH− (3)

1
2

O + H2O + 2− = 2OH− (4)

OHads + e− = OH− (5)

The potentiodynamic measurements for the two nanocomposites exhibit active-passive
curves. The active region, where the current increases rapidly because of the dissolution of
Al via this reaction:

Al = Al3+ + 3e− (6)

The passive region results from the adsorption of the hydroxide ions that were pro-
duced from the cathodic reaction of Al-SiC nanocomposite [27–30]:

Al(S) + 3OH− = Al(OH)3,ads + 3e− (7)

This Al(OH)3 is unstable and is transferred into Al2O3·3H2O as follows [31]:

2Al(OH)3,ads = Al2O3·3H2O (8)

Further increasing the potential in the less negative direction led to sudden increase
in the values of current due to the breakdown of the oxide layer (Equation (8)) and the
occurrence of pitting corrosion. The effect of increasing the ball milling time on the
polarization behavior of the Al-SiC Nanocomposite 2 recorded provided lower cathodic
and anodic currents and lower values of jCorr and RCorr as well as less negative ECorr and
higher RP values as can be seen from Figure 3 and Table 2. This was more clear when
the ball milling was further increased, where Nanocomposite 3 recorded the lowest jCorr
and RCorr and the lowest RP. Prolonging ball milling time thus increases the corrosion
resistance of the Al-SiC nanocomposite via decreasing its uniform and pitting corrosion.
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The curves obtained after 24 h as seen in Figure 4 show that prolonging time of
expsoure before the test reduces the corrosion due to decreasing the values of jCorr. The
increase of ball milling time (curve 2) is very effetive in decreasing the uniform corrosion
via greatly reducing the jCorr and RCorr values. The third nanocomposite presented the
best corrosion resistance and this confirms that increasing ball milling time improves the
resistance for corrosion of the Al-SiC nanocomposite. Moreover, prolonging the immersion
time has show an effictive parameter when the polarization measurements were obtained
after 48 h (Figure 5). Where, these nanocomposites recorded the lowest values for the
anodic, cathodic, the values of jCorr and the values of RCorr. This was also reflected on
the value of pitting potential (EPit, Table 2), which is shifted to the less negative values.
Furthermore, the values of RP were the highest for Nanocomposite 3 after its immersion
for 48 h, which confirms that the increase of ball milling time as well as the immersion time
enhances the corrosion resistance of Al-Sci nanocomposite.

3.3. EIS Measurements

The plots of the Nyquist spectra obtained for Al-2%SiC nanocomposites, (1) Nanocom-
posite 1, (2) Nanocomposite 2, and (3) Nanocomposite 3, which were immersed in 3.5% NaCl
solutions for 1 h are shown in Figure 6. Typical measurements were collected after 24 h
and 48 h and the impedance plots are displayed respectively in Figures 7 and 8. All EIS
data were fitted to a circuit and the best equivalent is depicted in Figure 9. As can be
seen that the circuit has a solution resistance (RS), two polarization resistances (RP1 and
RP2), constant phase elements Q (YQ, CPEs), and a double layer capacitor (Cdl). These
parameters are listed collectively in Table 3. The impedance, admittance of a CPE and the
Q itself at this condition may be defined as follows:

ZCPE = −(1/Y0)(jω)n (9)

YCPE = −Y0(jω)n (10)

ZCPE = [Q(2πfi)n]−1 (11)
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Table 3. Parameters obtained from fitting impedance data.

Nanocomposite/Time

Impedance Data

RS/Ω·cm2
Q

RP1/Ω·cm2 Cdl/F·cm−2 RP2/Ω·cm2
YQ/F·cm−2 n

Nanocomposite 1 (1 h) 13.2 ± 0.3 0.0658 ± 0.002 0.85 ± 0.05 220 ± 5 0.0485 ± 0.005 1632 ± 3
Nanocomposite 2 (1 h) 15.8 ± 0.2 0.0574 ± 0.001 0.87 ± 0.03 389 ± 6 0.0299 ± 0.006 4124 ± 6
Nanocomposite 3 (1 h) 16.2 ± 0.5 0.0469 ± 0.003 0.88 ± 0.04 490 ± 6 0.0192 ± 0.003 5221 ± 5

Nanocomposite 1 (24 h) 14.5 ± 0.5 0.0587 ± 0.003 0.86 ± 0.04 314 ± 6 0.0367 ± 0.003 3745 ± 5
Nanocomposite 2 (24 h) 16.0 ± 0.6 0.0489 ± 0.006 0.88 ± 0.02 561 ± 4 0.0234 ± 0.006 5987 ± 8
Nanocomposite 3 (24 h) 16.8 ± 0.6 0.0396 ± 0.006 0.89 ± 0.02 643 ± 4 0.0145 ± 0.006 6579 ± 8
Nanocomposite 1 (48 h) 15.3 ± 0.7 0.0421 ± 0.004 0.87 ± 0.03 524 ± 6 0.0347 ± 0.003 4589 ± 6
Nanocomposite 1 (48 h) 16.4 ± 0.7 0.0355 ± 0.004 0.89 ± 0.03 712 ± 6 0.0265 ± 0.003 5731 ± 6
Nanocomposite 3 (48 h) 17.1 ± 0.9 0.0298 ± 0.002 0.91 ± 0.05 755 ± 5 0.0142 ± 0.008 8951 ± 9

The plots seen in Figure 6 for the Al-SiC nanocomposites show only one semicircle
whose diameter is increasing with the increase of ball milling time. The listed values
in Table 3 along with the semicircle of the Nyquist plots indicate that the values of all
resistances (RS, RP1, and RP2) are increasing with the ball milling time. In addition, the
anodic films are composed of two formed layers having a complex structure as indicated
by the presence of different time constants in the circuit model shown in Figure 9. These
layers are an inner layer and another outer one. The inner layer is dominating impedance
at high frequency area, while the outer layer (porous layer) is dominating at low frequency
range [32,33]. Further, Q (with its “n” value is circa 1) is considered as double layer
capacitors, which gives a confirmation that the outer layer has some porosities and is
dominating the impedance at the low-frequency region [20,26]. In addition, the presence
of a Cdl reveals that prolonging ball milling time enhances the passivation of the surface
against corrosion in the chloride solutions. This claim was further supported by the increase
of all resistances and the decrease of both YQ and Cdl values with the increase of the time
of ball milling of the nanocomposites.

The Nyquist spectra were also collected after 24 h and 48 h as depicted in Figures 7 and 8,
respectively. These EIS data indicated that the increase of exposure time increases the
diameter of the plotted semicircle for all nanocomposites. This was further confirmed by
the parameters depicted in Table 3. Where, the values of Rs, RP1 and RP2 are increasing
when the time of immersion is increasing from 1 h to 24 h and further to 48 h. This effect
also was found to decrease the values of YQ and Cdl. The impedance data thus confirm
that the increase of the time of ball milling in addition to prolonging the time of exposure
increase the corrosion resistance for the Al-SiC nanocomposite, which agrees also with the
polarization results.

3.4. Current-Time Measurements

The potentiodynamic current-time (PCT) measurements at −500 mV (Ag/AgCl) for
(1) first Al-SiC alloy, (2) second Al-SiC nanocomposite and (3) third Al-SiC nanocomposite
after 1 h in NaCl solutions are shown in Figure 10. The PCT measurements were also
obtained after 24 h and 48 h as depicted respectively in Figures 11 and 12. The current of the
PCT curves for all nanocomposites seen in Figure 10 increase upon the application of the
−500 mV in the first few moments. The initial increase of current with increasing time is
most probably due to the dissolution of an oxide film that was formed during the immersion
of the nanocomposites in the chloride solutions before applying the constant potential.
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Figure 10. PCT curves obtained at −500 mV for (1) first Al-SiC nanocomposite, (2) second Al-SiC 
nanocomposite and (3) third Al-SiC nanocomposite after their immersion in 3.5% NaCl solutions 
for 1 h. 
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Figure 11. PCT curves obtained at −500 mV for (1) first Al-SiC nanocomposite, (2) second Al-SiC 
nanocomposite and (3) third Al-SiC nanocomposite after their immersion in 3.5% NaCl solutions 
for 24 h. 

One other opinion suggested [29,34,35] that Cl− ions are chemisorbed onto the oxide 
film on the nanocomposite’s surface, allowing the oxide to dissolve through oxychloride 
complexes formation: 

Al + 2Cl− + 2OH− = Al(OH)2Cl2 (14)

The highest absolute currents obtained for (in addition to the occurrence of pitting 
corrosion) the first nanocomposite (curve 1, Figure 10), also prove that this nanocomposite 
surfers also high uniform corrosion at the applied potential, −500 mV (Ag/AgCl). The cur-
rents obtained for the second nanocomposite after 1 h exposure (curve, Figure 10) showed 
lower absolute current values over the whole time of the experiment. This suggests that 
the second nanocomposite also suffers pitting corrosion but its uniform corrosion is lower 
as compared to the first nanocomposite. On the other hand, the third nanocomposite 

Figure 10. PCT curves obtained at −500 mV for (1) first Al-SiC nanocomposite, (2) second Al-SiC
nanocomposite and (3) third Al-SiC nanocomposite after their immersion in 3.5% NaCl solutions for 1 h.
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Figure 12. PCT data obtained at −500 mV for (1) first Al-SiC nanocomposite, (2) second Al-SiC nano-
composite and (3) third Al-SiC nanocomposite after their immersion in 3.5% NaCl solutions for 48 
h. 
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The obtained PCT for the first nanocomposite continue increasing with time but this
increase slows down with prolonging the time till the end of the run. This behavior is due to
the dissolution of Al that is in the nanocomposite according to the aforementioned reaction
(Equation (6)). The continuous increase of current for the first nanocomposite is due to the
occurrence of pitting corrosion as a result of the attack of the chloride solution towards the
surface of the nanocomposite and the formation of aluminum chloride complex, AlCl4−,
which diffuses into the balk solution [17,25,26,34–39]:

Al3+ + 4Cl− = AlCl4 (12)

Al + 4Cl− = AlCl4− + 3e− (13)

One other opinion suggested [29,34,35] that Cl− ions are chemisorbed onto the oxide
film on the nanocomposite’s surface, allowing the oxide to dissolve through oxychloride
complexes formation:

Al + 2Cl− + 2OH− = Al(OH)2Cl2 (14)

The highest absolute currents obtained for (in addition to the occurrence of pitting
corrosion) the first nanocomposite (curve 1, Figure 10), also prove that this nanocomposite
surfers also high uniform corrosion at the applied potential, −500 mV (Ag/AgCl). The
currents obtained for the second nanocomposite after 1 h exposure (curve, Figure 10)
showed lower absolute current values over the whole time of the experiment. This suggests
that the second nanocomposite also suffers pitting corrosion but its uniform corrosion is
lower as compared to the first nanocomposite. On the other hand, the third nanocomposite
showed a brut decrease of current after about 5 min of applying the potential, which
reveals that the pits that are resulting from the increase of current may have blocked
and not propagated. The PCT curves obtained by Figure 10 thus indicate that the third
nanocomposite has higher corrosion resistance towards both pitting and uniform corrosion.

Increasing the time of exposure to 24 h, Figure 11 slowed down the initial increase of
currents as a result of the oxide film thickening during the immersion of the nanocomposites
before measurements. The current continues increasing with time for all nanocomposites
till the end of the experiment, which confirms the occurrence of pitting corrosion. The
absolute current is seen to be higher for the first nanocomposite and decreases in the
following order: first nanocomposite > second nanocomposite > third nanocomposite. The
intensity of corrosion of the fabricated nanocomposites is thus the highest for the first
nanocomposite and decreases in the aforementioned order.

Prolonging the exposure periods to 48 h as seen in Figure 12 has provided almost the
same PCT behavior similar to the PCT data after 24 h immersion (Figure 11) except that the
values of current with time were lower for all nanocomposites. The effect of prolonging
the immersion time thus decreases the corrosion of the nanocomposites via increasing
the thickness of the formed passive (oxide) layer. The formation of such a film as seen
in Reaction 8 decreases the dissolution of the nanocomposites via uniform corrosion. In
addition, the more compact the oxide layer is the more resistance against pitting corrosion
for the manufactured nanocomposites. The PCT measurements collectively reveal that the
increase of ball milling time and also prolonging of the exposure time decrease both the
uniform and pitting corrosion.

3.5. Surface Examinations

The SEM micrograph and EDX profile for the surface of the first Al-SiC nanocomposite
after its exposure to 3.5% NaCl solutions for 48 h before applying −500 mV (Ag/AgCl) for
40 min are shown in Figure 13. The SEM images and the EDX profiles were also taken for
the surface of the second and the third nanocomposites at the same conditions as shown
in Figures 14 and 15, respectively. It is obvious from the SEM image of Figure 13 that the
surface has a corrosion product layer and many pits. The corrosion product is an oxide
film that was formed as per Reaction 7 and Reaction 8. This was confirmed by the elements
detected on the surface via EDX spectrum. The weight percentage of the elements were



Crystals 2021, 11, 1231 12 of 15

as follows: 57.54% Al, 30.47% O, 9.24% C, 1.28% Si, 1.49% Na, and 0.07% Cl. The high
percentages of Al and O suggest that the formed compound on the surface is the aluminum
oxide, Al2O3.
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The SEM image of the second nanocomposite, Figure 14, show the surface covered
with a thick corrosion product and fewer pits compared to the surface of the first nanocom-



Crystals 2021, 11, 1231 13 of 15

posite. The atomic percentages found on the surface via EDX of Figure 14 were as follows:
64.29% Al, 25.05% O, 9.29% C, 1.24% Si, 0.12% Na, and 0.04% Cl. The high percentages of
Al and O suggest that the formed compound on the surface is the aluminum oxide, Al2O3.
The surface of the nanocomposite is thus covered with Al2O3 film through which some
pits were formed.

The surface of the third nanocomposite, Figure 15, shows a more compact corrosion
product layer that is having very few pits compared to the surfaces of the first nanocom-
posite and the second nanocomposite. The atomic percentages found on the surface via
EDX (Figure 15) were as the follows: 63.04% Al, 26.42% O, 8.50% C, 1.28% Si, and 0.76%
Na. The highest percentages for the elements found on the surface were also for Al and
O, which also confirms the formation of Al2O3. The prolonging of the milling time for the
third nanocomposite thus increases its corrosion resistance and even the corrosion product
layer if formed is more compact. The SEM/EDX analyses collectively prove that the third
nanocomposite has the best corrosion resistance followed by the second nanocomposite
and the least was for the first nanocomposite.

4. Conclusions

Three Al-2wt.% SiC nanocomposites were fabricated and processed after different
milling routes. The corrosion of these composites after 1 h, 24 h and 48 h exposure
periods of time in 3.5% NaCl solution has been investigated. Various electrochemical and
spectroscopic techniques namely, potentiodynamic polarization, EIS, chronoamperometric
current-time, SEM and EDX investigations. It has been found that all the fabricated
nanocomposites show high value of RP. All electrochemical data confirmed that the
increase of ball milling time increases the corrosion resistance of the nanocomposite via
decreasing both jCorr and RCorr and increasing both of RS and RP. This effect was found
to remarkably increase with the increase of exposure time of the nanocomposites in the
chloride solutions from 1 h to 24 h and longer time to 48 h. The SEM images and EDX
spectra obtained for the surface of the nanocomposites after being corroded confirmed that
the increase of ball milling time for the fabricated samples as well as extending the time of
immersion minimize the uniform and pitting corrosion.
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