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Abstract: In this study, corrosion behaviour of A356-10 vol.% SiC composites casted by gravity and squeeze casting
is evaluated. For this purpose, prepared samples were immersed in HCI solution for 1h at open circuit potential. Tafel
polarization and electrochemical impedance spectroscopy (EIS) were carried out to study the corrosion resistance of
composites. The Tafel polarization and EIS studies of the corrosion behaviour of the A356-10 vol.% SiC composites
showed that the corrosion resistance of the composite casted by squeeze casting was higher than that of the composites
casted by gravity in selected corrosion media. Also, the Tafel polarization and EIS studies revealed that the corrosion
current densities of both composites increase with the increase in the concentration of HCI. The micrographs of
scanning electron microscope (SEM) clearly showed the squeeze casting composite exhibits a good dispersion/matrix
interface compared to that of the composites produced by gravity casting.
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1. INTRODUCTION

A356 aluminium alloy is distinguished by
good mechanical characteristics, as well as
excellent casting characteristics and high
corrosion resistance. This alloy has been used as
the basis for obtaining composites with ceramic
reinforcing particles and fibers such as Al,O; and
SiC [1-3]. These metal matrix composites
(MMCs) have found widespread uses in many
engineering applications because of their good
performances, such as high strength and
hardness, excellent wear resistance, low-heat
expansion coefficient, competitive cost and so on
[4-8].

The main disadvantage of particulate
reinforced MMCs is the influence of
reinforcement on the corrosion resistance. This is
of particular importance in aluminium alloy
based composites where corrosion resistance is
imparted by a protective oxide film. The addition
of a reinforcing phase could lead to further
discontinuities or flaws in the protective film,
increasing the sites for corrosion initiation and
rendering the composite liable to severe
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corrosion attack [9]. The study on the corrosion
behaviour of MMCs in different aggressive
environments has continued to  attract
considerable attention because of the several
important applications of these materials. These
composites frequently come in contact with acids
or bases during the process like cleaning,
pickling, etc. It is known that aluminium and its
alloys exhibit high corrosion rate in solutions
containing aggressive anions or in highly alkaline
solutions [10].

Therefore, studying the corrosion behaviour of
aluminium alloys and their composites in the
acidic medium is of prime importance. One of the
major drawbacks for gravity casting is the
formation of defects such as porosity, which will
be the potential crack initiators during service
operation of the as cast components. The aim of
this study is to compensate for the shortcomings.
The squeeze casting has greater potential to
create less defective cast components. Therefore,
this paper deals with the corrosion behaviour of
A356-10 vol.% SiC composites casted by gravity
and squeeze casting in HCI solutions.
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2. EXPERIMENTAL PROCEDURES

The chemical composition of A356 Al alloy
was (Wt.%): 7.5 Si, 0.33 Mg, 0.32 Zn, 0.09 Mn,
0.04 Ti, 0.16 Cu, 0.40 Fe and Al (balance). In
order to prepare the composites, the alloy was
first melted and raised to 700 °C in an electric
furnace under controlled Argon atmosphere. The
melt was maintained at this temperature for 2 min
and SiC particles with 99.9% purity and 50 pm in
size, were added while being stirred at 500 rpm.
The schematic experimental set-up is shown in
Fig. 1. To evaluate and compare the effect of
casting technique on microstructure and

corrosion behavior of composites, gravity and
squeeze casting were carried out separately. The
parameters of the gravity and squeeze casting are
shown in Table 1.

Cubic test samples were cut from cast rods and
mechanically polished with abrading wet emery
papers up to 2000 grit size on all sides. The
samples were then embedded in cold curing
epoxy resin. Prior to all measurements, working
electrodes were degreased with acetone, rinsed
with distilled water and dried with stream of air.

Aerated acidic solutions with three different
concentrations were used. The compositions
were 0.01, 0.10 and 0.50 M HCI, respectively. All

Table 1. The process parameters of gravity and squeeze casting.

Gravity casting Squeeze casting
Preheated temperature of mold (°C) 150-200 150-200
Casting temperature (°C) 700 700
Specific pressure of casting (MPa) - 100
Velocity of filling mold (mm/s) 10 10
Pressure permanent time (s) - 10-15
The beginning time of pressing (s) - 5-8

SiC Particle

Resistance
Furnace

Stirrer

Gas

Liquid Metal

Crucible

Fig. 1. Schematic of the experimental set-up used in the production of the composites.
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solutions were made from analytical grade of
37% HCI and distilled water, and the tests were
carried out at 25+1 °C.

All electrochemical measurements were
performed in a conventional three-electrode cell
under aerated conditions. The counter electrode
was a Pt plate, and all potentials were measured
against Ag/AgCl in  saturated KCL
Electrochemical measurements were obtained
using u  autolab  potentiostat/galvanostat
controlled by a suitable computer. Prior to
electrochemical measurements, working
electrodes were immersed in open circuit
potential (OCP) for 1h to form a steady-state
passive film.

The Tafel curves were recorded by polarizing
the specimen to -250 mV cathodically and +250
mV anodically with respect to the OCP at a scan
rate of 1 mV sl In EIS technique a small

Fig. 2. SEM micrograph showing surfaces of gravity
casting composite.
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amplitude ac signal of 10 mV peak-to-peak and
frequency spectrum from 100 kHz to 10 mHz
was impressed at the OCP and impedance data
were analyzed using Nyquist plots. The
polarization resistance was extracted from the
diameter of the semicircle in the Nyquist plot.
For EIS data modeling and curve-fitting method,
NOVA software was used. Also, SERON-AIS-
2100 SEM was used to observe the surface
morphology of the composites.

3. RESULTS AND DISCUSSION
3. 1. Microstructure

The SEM micrographs of the surfaces of the
gravity and squeeze cast composites are shown in

Figs. 2 and 3, respectively. As seen from Fig. 2,
SEM examination of the gravity cast composite

500um

Fig. 3. SEM micrograph showing surfaces of squeeze
casting composite.
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demonstrated significant porosity throughout the
specimen and frequent clustering of SiC particles
around these pores. The porosity content of the
gravity cast composite was evidently higher than
that of the squeeze cast composite (Fig. 3).
During solidification process the phases in
composites shrink asynchronously due to the
tremendous differences in heat properties. So
looseness and shrinkage cavity will be brought
about in the as-cast sample.

Generally, the gravity casting defects can be
reduced by squeeze casting. The new casting
technique means crystallizing, solidifying and
plastic deforming under high pressure, which
combines the compulsory feeding and
compaction. Before the punch clamps down the
melt has formed a chill shell. When the punch
contacts the melt the whole molten composite is
enclosed in the die. Then the solidifying shell will
deform and feed plastically [5]. Meanwhile the
melt at the front of the solidifying region will be
squeezed into the gaps due to shrinkage under
high pressure.

3. 2. Tafel Polarization Measurements

Fig. 4 illustrates the Tafel polarization curves
recorded for the gravity and squeeze casting
composites in HCI solutions with different
concentrations. The corrosion potential and
corrosion  current  density at  different
concentrations of HCI solutions for both
composites are summarized in Table 2. It is seen
from the data that the corrosion current density of
the composite casted by squeeze casting was
lower than that of the composites casted by
gravity. Also, the results revealed that the
corrosion current densities of both composites
increased with the increase in the concentration
of HCI solutions.

It is also evident from the Fig. 4 and the data
in the Table 2 that the corrosion potential values
are shifted in the negative potential direction with
the increase in the concentration of HCI (except
0.01M). The trend is similar for both composites.
The decrease in corrosion potential (Ecorr) value
indicates loss of passivity due to thinning the
primary oxide layer by chemical dissolution.
Acidic corrosion of aluminium involves the

dissolution of aluminium and formation of
aluminium hydroxide as partial anodic reactions
together with the oxygen/water reduction and
formation of hydrogen bubbles as partial cathodic
reactions [11]. Therefore when aluminium is
immersed in aqueous solutions, formation of the
hydroxide film through incorporation and
diffusion of ions into the film is occurring
simultaneously ~ with  dissolution at the

-0.4

w— Gravity
05 ¢ Squeeze
_ 06 ¢
En —
w 0.7 +
<
>
~ 038
=
-09 + (a)
-1.0
1.0E-08 1.0E-07 1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02
i/ A cm?
-0.3 .
— Gravity
-0.4 Squeeze
_ 05 ¢
Q
o0
$ 06 I
o :
~ 07 +
= -
-0.8 + (b)
-09 : }
1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01
i/Acm?
-0.4
— Gravity
-0.5 - Squeeze
g 061 p
& ——-—/
<
2 07
>
g VBT
-09 + (c)
-1.0 +
1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01
i/Acm?

Fig. 4. Tafel plots of A356-10 vol.% SiC composites cast
by gravity and squeeze casting in (a) 0.01M, (b) 0.10M
and (c) 0.50M HCI solutions.
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Table 2. Results of Tafel polarization studies for the
corrosion behavior of A356-10 vol.% SiC composites cast
by gravity and squeeze casting in HCL solutions.

HC1 Casting Ecorr icorr

Solutions (Vagagc)) | (A cm?)

001 M Gravity -0.659 1.6 x 107

Squeeze | -0.679 | 2.9x10°

0.10 M Gravity -0.631 L4 = 16

Squeeze | -0.648 6.2 x 107

0.50M | Gravity | -0.663 | 2.8x10°

Squeeze | -0.676 1.9 x 107

film/solution interface, the formation and the
dissolution of the film being in dynamic
equilibrium. In addition, anions present in the
solution can participate to the dissolution
reaction through the formation of transitory
complexes.

3. 3. EIS Measurements

Nyquist plots for the corrosion of the gravity
and squeeze cast composites in 0.01M HCI
solution are given in Fig.5. As can be seen from
Fig.5 the impedance diagrams show semicircles,
indicating that the corrosion process is mainly
charge transfer controlled. The general shapes of
the curves are identical for both composites in
this solution, with a large capacitive loop at
higher frequencies and a small inductive loop at
intermediate frequencies, followed by a second
capacitive loop at lower frequency values.
Similar plots have been reported for the corrosion
of 6061 Al-15% vol.% SiC in 1:1 mixture of
hydrochloric acid and sulphuric acid medium
[12],

The high frequency capacitive loop could be
assigned to the charge transfer of the corrosion
process and to the formation of oxide layer. The
oxide film is considered to be a parallel circuit of
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a resistor due to the ionic conduction in the oxide
film, and a capacitor due to its dielectric
properties. According to Brett the capacitive loop
is corresponding to the interfacial reactions,
particularly, the reaction of aluminium oxidation
at the metal/oxide/electrolyte interface. The
process includes the formation of Al* ions at the
metal/oxide interface, and their migration
through the oxide/ solution interface where they
are oxidized to AI*. At the oxide/solution
interface, OH- ions are also formed. The
inductive loop at intermediate frequencies may
be due to the relaxation process in the oxide
layer, present on the metal surface by the
adsorbed intermediate species as OH-Ads. The
second capacitive loop observed at low
frequencies could be assigned to the metal
dissolution.

The equivalent circuit depicted in Fig. 6 [13]
was used to simulate the measured impedance data
on both composites in 0.01M HCI solution and
provided excellent fitting. This equivalent circuit is
composed of a Faradaic impedance parallel to a
double layer constant phase element, Qdl. Faradaic
impedance consists of R, (= R; + R,) indicating
the charge transfer resistance at the metal/oxide
film interface, L resulting from the interruption of
anodic dissolution of Al by the surface charge
build-up, Rf being the resistance against charge
transport in the oxide film and C;due to the
dielectric properties of surface oxide film. The R
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Fig. 5. Nyquist plots of A356-10 vol.% SiC composites
cast by gravity and squeeze casting in 0.01M HCI solution.
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Fig. 6. The equivalent circuit used to model the Nyquist plots of both composites in 0.01M HCI solution [14].

Table 3. Best fitting parameters of the corrosion behavior of A356-10 vol.% SiC composites cast by gravity and squeeze
casting in 0.01M HCI solution.

Casting Rs R CPEg nq R L Ry Cr Rp
Qcm?) | (Qem?) | (uQ'cm?s™) Qem?) | (H) | (Qem?) | (mF) | (Qcm?)

Gravity 89.5 2473 56.13 0.80 776 589 3086 20.7 5559

Squeeze 88.2 1357 62.76 0.78 477 199 8556 22.6 9913

component in the circuit is a solution resistance
with the value at a high frequency intercept on
the real impedance axis. Table 3 presents the best
fitting parameters obtained for the measured
impedance data on both composites in 0.01 M
HCI solution. The polarization resistance (R,)
might be represented by the sum of R, and R; in
the equivalent circuit.

Fig. 7 show the Nyquist plots of both
composites in 0.10 and 0.50 M HCI solutions. As
can be seen from Fig. 7, Nyquist plots in both
solutions show a capacitive loop at high
frequencies and an inductive loop at low
frequencies. Similar Nyquist plots have been
reported for the corrosion of 6061 Al-15% vol.%
SiC in 1:1 mixture of HCl and H,SO, medium
[12]. The high frequency capacitive loop could be
assigned to the charge transfer of the corrosion
process and to the formation of oxide layer and
the low frequency inductive loop may be related
to the relaxation process obtained by adsorption
and incorporation of chloride ions on and into the
oxide film. Indeed, the origin of the inductive
loop can be attributed to surface or bulk
relaxation of species in the oxide layer. The low
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Fig. 7. Nyquist plots of A356-10 vol.% SiC composites
cast by gravity and squeeze casting in (a) 0.10M and (b)
0.50M HCl solutions.
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Table 4. Best fitting parameters of the corrosion behavior of A356-10 vol.% SiC composites cast by gravity and squeeze
casting in 0.10 and 0.50M HCI solutions.

HCI Casting Rs CPEq nqi Rt R L Rp
Solutions Qcm?) | (uQ!cm?s™) Qcm?) | (Qcm?) (H) (Q cm?)

0.10 M Gravity 8.24 151 0.80 275 112 4301 79

Squeeze 8.04 118 0.81 194 168 1304 89

0.50M Gravity 4.10 318 0.82 19.7 6.5 46.2 4.9

Squeeze 4.05 457 0.73 18.6 94 43.6 6.1

frequency inductive loop may be related to the
relaxation process obtained by adsorption and
incorporation of oxide ion and charged
intermediates on and into the oxide film [14].

The equivalent circuit depicted in Fig.8 [15]
was used to simulate the measured impedance
data on both composites in 0.10 and 0.50 M HCl
solutions and provided excellent fitting. This
equivalent circuit consists of a constant phase
element (Q) in parallel with the parallel resistors
R, (charge transfer resistance) and R,
(inductance resistance) and the latter is in series
with the inductor L. In this equivalent circuit, the
polarization resistance (R,) can be calculated
from equation 1[14, 15]:

Rp=(Re <Ry )/(Re Ry ) (D

Ret
/\/\/©— A A —C
Rs
L

RL

Fig. 8. The equivalent circuit used to model the Nyquist
plots of both composites in 0.10 and 0.50M HCI solutions
[13].
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Table 4 presents the best fitting parameters
obtained for the measured impedance data on
both composites in 0.10 and 0.50 M HCI
solutions.

It is seen that the measured value of
polarization resistance decreases with increasing
concentration of the acid, indicating that the
corrosion rates of both composites increased with
the increase in the concentration of HCI
solutions. Also, it is clear that the polarization
resistance of the composite cast by squeeze
casting was higher than that of the composites
cast by gravity. These results are in fully
agreement with the results obtained from Tafel
polarization data and the SEM micrographs of the
surfaces of the gravity and squeeze casting
composites.

4. CONCLUSIONS

Based on the systematic study of the corrosion
behaviour of A356-10 vol.% SiC composites cast
by gravity and squeeze casting in different
concentrations of  HCl  solutions by
electrochemical ~ methods the  following
conclusions are made:

1. The SEM micrographs of the A356-10
vol.% SiC composites showed that the
squeeze  casting exhibit a  good
dispersion/matrix interface when compared
with the composite produced by gravity
process.
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In squeeze casting, a limited amount of
interfacial porosity was observed in the
composite when compared to that of
gravity casting technique.

The Tafel polarization and EIS studies of
the corrosion behaviour of the A356-10
vol.% SiC composites showed that the
corrosion resistance of the composite cast
by squeeze casting was higher than that of
the composites cast by gravity in selected
corrosion media.

Also, the Tafel polarization and EIS studies
revealed that the corrosion current densities
of both composites increase with the
increase in the concentration of HCI.

EIS studies showed that as the
concentration increases, the measured
value of polarization resistance decreases
for both composites. Also, EIS studies
revealed that the polarization resistance of
the composite cast by squeeze casting was
higher than that of the composites cast by
gravity in selected HCI solutions.
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