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Abstract: As-cast and semisolid casting using a cooling slope A356 alloy were processed by
equal channel angular pressing (ECAP) for Si and grain refinement. The ECAP was conducted
at room temperature in a mold, with a channel angle of 120◦, and this resulted in a significant
size reduction of grain and Si particles from 170.5 and 4.22 to 23.12 and 0.71 µm, respectively,
after six passes of heat-treated cooling slope casting, using the ECAP process. The hardness
increased with ECAP processing, from 61 HV, for the as-cast alloy, to 134 Hv, after six passes
of heat-treated cooling slope casting. The corrosion resistance of the alloy improved, from 0.042 to
0.0012 mmy−1, after the ECAP process. In this work both the strength and corrosion resistance of the
ECAPed A356 alloys were improved with the application of the cooling slope process than without
(i.e., from the as-cast condition).
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1. Introduction

A356 alloy is an Al–Si casting alloy that contains ~7 wt.% Si, mostly developed for automotive
powertrain components such as the engine block and automotive transmission cases. However,
the solubility limitation of silicon (Si) in aluminum (Al) contributes to the precipitation of flake-shaped
Si particles with sharp edges, which significantly affects the mechanical and electrochemical properties.

The coarse flake Si particles can cause the initiation of premature cracks during deformation.
Consequently, this shape weakens the workability of the alloy at room temperature, thus reducing
the ductility of the alloy [1]. The morphology of Si particles and its distribution play essential roles in
the electrochemical properties of Al–Si alloy. The cathodic behavior of Si within the Al-rich matrix
contributes to the occurrence of localized corrosion, with the formation of microgalvanic couples [2,3],
which also leads to poor mechanical behavior, such as in stent applications [4]. The reduction in the
area ratio of noble Si particles (cathode) to less-noble eutectic Al phase (anode) around Si particles
largely improves pitting corrosion resistance. In other words, the reduction in the area ratio of cathode
to anode (Ac/Aa) reduces the corrosion current density. In the Al–Si alloy, the size reduction of Si
particles which as cathode, facilitates the re-passivation of protective film with improved stability [5–7].

Since the corrosion resistance and strength of alloys are mostly influenced by their
microstructure [8–10], there are various methods to refine the microstructure of unmodified A356 alloy
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in order to improve the corrosion resistance and mechanical properties, such as heat treatment [11–13]
and semisolid state processing to obtain a spherical microstructure using mechanical stirring,
electromagnetic stirring, and controlled nucleation methods [14–16]. The cooling slope casting process
is also considered as another simple method of the semisolid metal casting process to produce feedstock
material, with a spheroid microstructure, which bears minimal equipment and operational costs [17–19].
The severe plastic deformation (SPD) technique effectively accommodates the combination of major
grain refinement and Hall-Petch strengthening in bulk billets, where the working piece is subjected to
extensive strains of cold or warm processing. Fundamentally, the SPD technique is eminently capable
of effectively refining the structure of grain down to an ultrafine micrometer-scale or nano-scale
due to the agglomeration of dislocation, which leads to the formation of subgrains. In particular,
this technique enables various metals and metallic alloys that are brittle and ductile to achieve the
structure of refined grain [20–22].

The equal channel angular pressing (ECAP) of SPD the technique is considered the most effective
technique in fabricating bulk ultrafine-grained materials [23]. Some researchers have applied several
methods of SPD to Al–Si alloy to improve the corrosion resistance of the alloy through microstructural
refinement. In one study, [24,25] it was concluded that the improvement of the corrosion resistance
and mechanical properties of pure aluminum and A356 alloy was due to microstructure refinement.
In another study, the effect of ECAP processing on the corrosion resistance of Al—11wt.% Si [26], it was
reported that the great refinement of both the matrix microstructure and the Si particles after severe
plastic deformation leads to an improvement of the corrosion resistance.

In another research [27] on the Anticorrosion behavior of ultrafine-grained Al—26 wt.% Si alloy
fabricated by ECAP, it was reported that the improvement of ECAPed Al—26 wt.% Si alloy corrosion
resistance results from the homogeneous ultrafine structure, with the breakage of brittle large primary
silicon crystals. SPD processing improves the corrosion resistance and mechanical properties of Al–Si
alloy [28].

However, the reduction of both grain size and eutectic Si particles through the deformation
process may alter the corrosion property of the alloy [10,29,30]. Addressing these issues, the present
study aimed to refine Si particles and to produce material with a uniform microstructure through the
combination of the cooling slope casting process and ECAP processing at room temperature. The effect
of T6 heat treatment was studied to determine the microstructure changes after ECAP processing.
This study further examined the effects of microstructure changes and its effect on strength as well as
corrosion resistance for both ECAPed as-cast and ECAPed cooling slope-cast A356 alloy.

2. Materials and Methods

This study used cast commercial A356 (Si—7 wt.%, Mg—0.149 wt.%, Fe—0.126 wt.%,
Cu—0.01 wt.%, Mn—0.002 wt.%, Zn—0.006 wt.%, Cr—0.001 wt.%, Ti—0.178 wt.%) alloy casted
in ingot, with initial dimensions of 80 mm × 40 mm × 140 mm (width × thickness × length).
Using a graphite crucible, the as-cast was melted at a temperature of 750 ◦C. For the cooling slope
casting process, the cooling slope of stainless steel, with a slope length of 250 mm as well as a tilt angle
of 60◦, was used. The reason for selecting these conditions was based on our work [31]. The apparatus
used for this process is shown in Figure 1a. This study specifically selected 620 ◦C as the pouring
temperature to limit the superheating of the melt [31]. The molten metal was poured downward,
on a stainless steel slope, into a mold with a vertical surface, before quenching in water. In line
with the T6 procedure, this study performed a heat treatment process to the as-cast and cooling
slope-cast samples, which involved the following processes in this order: (1) an eight-hour sequence of
solution treatment at 540 ◦C, (2) water quenching, and (3) three-hour aging process at a temperature
of 180 ◦C [32]. Following that, as illustrated in Figure 1b, as-cast and cooling slope-cast samples
were machined into a rod shape, with a diameter of 9.8 mm. The samples were ECAPed in a die
with a channel angle of 120◦, following route A (where the sample is not rotated between each pass).
It should be noted that molybdenum disulfide (MoS2) grease was used as a lubricant in this study.
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The pressing of as-cast and cooling slope-cast A356 alloy samples was carried out using a 50-ton
hydraulic press. As-cast samples were pressed up to four passes, without any cracks on the surface
while the cooling slope casting samples were successfully pressed to six passes.
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Figure 1. Schematic of (a) cooling slope casting and (b) ECAP mold.

Both ECAPed samples were subsequently examined under a field emission scanning electron
microscope (FESEM, Zeiss, Oberkochen, Germany) and optical microscope (OM, Olympus corporation,
Tokyo, Japan). Additionally, an energy dispersive x-ray (EDX) (equipped to FESEM) was used for
elemental analysis. A Vickers hardness tester (micro Vickers hardness tester, Zwick, Germany; ZHVµ)
was used to measure the hardness of the average of three samples per case. These samples were
also prepared for microstructure analysis using silicon carbide (SiC) papers of grit between 180 and
2000, followed by a polishing process using 3 µm and 1 µm of diamond paste (Al2O3). Meanwhile,
an etching process was performed using Keller’s reagent (1% HF, 1.5% HCl, 2.5% HNO3, H2O solution)
as an etchant. This study performed quantitative metallography analysis to measure the grain size,
according to the ASTM E112 standard. The size of Si particles (the width and length of particles) was
measured using the Smart Tiffv2 software, considering at least 200 particles in each case. Following
that, an electrochemical experiment was performed in naturally aerated 3.5% NaCl solution at room
temperature, with pH 6.5. A potentiostat GAMRY 3.2 was used to measure the rate of corrosion
(characterized by icorr) of these samples. For this, a three-electrode cell was used, which comprised
of (1) test material (as a working electrode), (2) graphite (as a counter electrode), and (3) a silver or
silver chloride (Ag or AgCl) electrode (as a reference electrode). The potential dynamic polarization
tests were performed at a scanning rate of 1 mV s−1 with a range from −250 mV versus open circuit
potential (OCP) to the final potential of 250 mV versus OCP. The potentiodynamic tests were started
after about 15 min of immersion in 3.5% NaCl. Immersion tests were performed during 14 days in
3.5 wt.% NaCl naturally aerated solution to study the surface appearance. Basically, each sample was
mounted in epoxy that was aired for 24 hours. Finally, these samples were smoothened using up to
1200-grit SiC before each corrosion test.
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3. Results and Discussion

3.1. The Effect of Cooling Slope

Figure 2 shows the microstructure of the as-cast A356 alloy sample, before and after the cooling
slope casting process. Typically, the primary α-Al phase (bright phase), which is surrounded by
eutectic phase (dark phase), is formed during the initial solidification phase.
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Figure 2. Microstructure of as-cast (a–c) and cooling slope casting samples (d–f). (a) coarse dendritic
and rosette shape of α-Al phase at thin wall zone; (b) and (c) dendritic shape in the middle and center
zone in as-cast samples; (d) rosette shape of α-Al phase at thin wall zone; (e) and (f) nearly globular
shape at the middle and in the center zone of cooling slope samples.

The morphology of primary α-Al phase in three zones was found to be mostly dendritic for
the as-cast sample, before the cooling slope casting process, as displayed in Figure 2a–c. However,
the evolution of the coarsen dendritic to finer dendritic could be observed from the center zones
approaching the thin wall zone. The variation in cooling rate depends on the location in the mold and
affects the morphology of the primary α-Al phase. Considering that the mold itself has a relatively
low initial temperature, the cooling rate is more rapid near the wall of the mold, thus leading to the
nucleation of numerous grains of random orientations in the thin wall zone area [33]. During the
pouring of molten alloy, the presence of forced convection detaches the dendritic arms that developed
in the thin wall zone area. However, the dendrites start to form in the middle zone due to the lower
cooling rates in this zone. They later grew and become ripened as coarse dendrites as a result of the
lowest cooling rate in this center zone [34].

The non-dendritic microstructures of the as-cast A356 sample, after the cooling slope casting
process, are shown in Figure 2d–f. However, in particular, the morphology of the primary α-Al phase
in the thin wall zone appeared rosette-like Figure 2d and almost globular-like in the middle zone and
center zone Figure 2e–f. In the center zone, the primary α-Al phase was found to be coarser than that
in the middle zone. This may be because the temperature gradient across these three sections during
solidification contributes to the variation in the morphology and size of the primary α-Al phase in
these three zones. The slowest cooling rate in the center zone allows the α-Al phase to grow courser,
as the cooling time is prolonged.

3.2. The Heat Treatment Solution

Alloy A356 is a heat-treatable hypoeutectic Al–Si alloy. Figure 3a–b shows optical micrographs of
the both the primary α-Al phase and the eutectic Si particles in both alloy samples, before the heat
treatment process. As for the primary α-Al phase (bright phase), grains with a globular structure could
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be observed in the cooling slope-cast alloy sample, while large grain, surrounded by coarse eutectic
constituents (dark phase), appeared in the as-cast alloy sample. The flake and acicular morphology
of Si particles in as-cast and in cooling slope samples were transformed into a spheroidized shape
after T6 heat treatment, as shown in Figure 3c–d. In a solution heat treatment sample, the eutectic Si
particles were fragmented and spheroidized during the coarsening processes [35,36]. It was observed
that the eutectic Si particles were refined and had fewer sharp angles edges, as in the as-cast alloy
before heat treatment. The same behavior was reported by previous studies, which found that the T6
heat treatment process initiated the spheroidization of Si particles [37,38], but a considerable amount
of acicular shapes remained after the T6 heat treatment process.
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3.3. Process of ECAP

The microstructures of the as-cast-T6 and cooling slope-cast-T6 alloy samples, subjected to four
passes of route A, were displayed in Figure 4a–b. Meanwhile, following route A, the microstructure
of cooling slope-cast-T6 alloy samples, which was subjected to six passes of ECAP, is shown in
Figure 4c. The primary α-Al phase and eutectic constituents were elongated into plate-like shapes
for the as-cast alloy sample [39], but fibrous-like shapes, for the latter samples. As shown in Table 1,
the Si particles and eutectic phase appeared to be finer in both as-cast and cooling slope-cast alloy
samples, after ECAP processing. Due to ECAP processing, the distribution was observed to be more
uniform in the cooling slope-cast alloy sample. The result determined agrees with our earlier study,
which reported that refine Si particles were observed through the cooling slope casting of alloy [40].
Nonetheless, the spheroidization and fragmentation of Si particles in this study were acquired through
the T6 heat treatment process, coupled with the ECAP process.



Metals 2019, 9, 303 6 of 15

Metals 2018, 8, x FOR PEER REVIEW  6 of 16 

 

  
Figure 4. Microstructure of ECAPed-T6 A356 alloy (a) as-cast after 4 passes, (b) cooling slope after 4 
passes, (c) cooling slope after 6 passes and (d) surface of microscopic ECAPed sample. 

Based on the microstructures of both samples, following route A, the refining and the 
distribution of both primary the α-Al phase and eutectic constituents in the ECAPed cooling slope-
cast sample became more homogeneous. Thus, the microstructure changes may lead to changes in 
the mechanical and electrochemical properties of the alloy [28,41–43]. This is due to the reduction 
and distribution of cathodic to anodic phases. The straining led to the formation of dislocated cell 
structures, with a high dislocation density. The dislocation remains within the cell structures, which 
do not affect the remaining cell boundaries or develop walls that separate these cells into smaller 
cells. However, persistent shear straining processes may lead to a saturated dislocation density 
within these cell structures, which could be significantly reduced through (i) enhanced dynamic 
recovery (which would stabilize the creation and annihilation of dislocations) and (ii) the conversion 
of cells to well-defined grains (which would cause severe movement of cell interior dislocations to 
cell boundaries). In fact, this suggested that the process of grain refinement depends on the level of 
straining or in other words, the generation of dislocations [44–46]. 

3.4. Scanning Electron Microscope (FESEM) 

Table 1 shows the grain refinement and Si particles fragmentation after ECAP processing. Figure 
5a–b shows the scanning electron microscope (SEM) micrographs of the ECAPed as-cast and cooling 
slope-cast samples. The Si particles appeared finer in the ECAPed cooling slope than in the ECAPed 
as-cast. With the continuous passes, the Si particles and eutectic mixture were broken down and 
fragmented into finer particles, as shown in Figure 5c–d. 
  

Figure 4. Microstructure of ECAPed-T6 A356 alloy (a) as-cast after 4 passes, (b) cooling slope after
4 passes, (c) cooling slope after 6 passes and (d) surface of microscopic ECAPed sample.

Based on the microstructures of both samples, following route A, the refining and the distribution
of both primary the α-Al phase and eutectic constituents in the ECAPed cooling slope-cast sample
became more homogeneous. Thus, the microstructure changes may lead to changes in the mechanical
and electrochemical properties of the alloy [28,41–43]. This is due to the reduction and distribution of
cathodic to anodic phases. The straining led to the formation of dislocated cell structures, with a high
dislocation density. The dislocation remains within the cell structures, which do not affect the remaining
cell boundaries or develop walls that separate these cells into smaller cells. However, persistent shear
straining processes may lead to a saturated dislocation density within these cell structures, which could
be significantly reduced through (i) enhanced dynamic recovery (which would stabilize the creation
and annihilation of dislocations) and (ii) the conversion of cells to well-defined grains (which would
cause severe movement of cell interior dislocations to cell boundaries). In fact, this suggested that
the process of grain refinement depends on the level of straining or in other words, the generation of
dislocations [44–46].

3.4. Scanning Electron Microscope (FESEM)

Table 1 shows the grain refinement and Si particles fragmentation after ECAP processing.
Figure 5a–b shows the scanning electron microscope (SEM) micrographs of the ECAPed as-cast
and cooling slope-cast samples. The Si particles appeared finer in the ECAPed cooling slope than in
the ECAPed as-cast. With the continuous passes, the Si particles and eutectic mixture were broken
down and fragmented into finer particles, as shown in Figure 5c–d.
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Table 1. Average size of grain size and Si particles before and after ECAP.

Samples Si Size (µm) Grain Size (µm)

As-cast 4.22 170.51
ECAPed as-cast-T6, 4 passes 0.761 40.40

Cooling slope 3.01 53.55
ECAPed cooling slope-T6, 4 passes 0.74 29.34
ECAPed cooling slope-T6, 6 passes 0.71 23.12
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3.5. Hardness

Figure 6a shows the Vickers microhardness of as-cast and cooling slope samples, measured
after a combination of heat treatment and ECAP processing via route A. It shows that the hardness
increased from 61 HV to 125 and 129 Hv, after four passes of ECAPed as-cast and cooling slope
samples, respectively. After six passes, the as-cast sample failed to reach six passes, without surface
cracks, while the cooling slope sample successfully reached six passes, with a 134 HV microhardness.
After heat treatment, the microhardness was enhanced for the as-cast and cooling slope samples by
26% and 36%, respectively.
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The spheroidization of eutectic Si after T6 heat treatment was found to increase the hardness of
samples. Essentially, the spheroidization of Si particles after T6 heat treatment, and the precipitation of
magnesium silicide (Mg2Si) particles during the aging process, tend to increase the ultimate tensile
strength as well as hardness [47,48].

Since shear force could break down the dendrite arms of the α-Al phase, leading to grain
refinement, its microstructure in the rheocasting condition became smaller and denser, where the
rheocast sample recorded the highest microhardness, compared to the as-cast sample [12], as well as
a change in the morphology of Si particles, from a flake shape in the as-cast to acicular shapes in the
cooling slope, which contributed to the microhardness of A356 alloy, as mentioned in Section 3.2.

Four passes of ECAPed-T6 for the as-cast and cooling slope casting samples increased the hardness
of both samples due to the fragmentation of globular heat-treated eutectic Si particles, the reduction in
grain size, and increase in the density of dislocations. High strain, induced through six passes within
the cooling slope sample during the process of ECAP, increases both the dislocation density and grain
refinement as well as the fragmentation of eutectic Si particles, which led to a greater improvement in
hardness, which is in line with other studies [39,49,50].

The homogenous distribution of fragmented eutectic Si particles and primary α-Al phase of the
cooling slope-cast sample plays an integral role in improving the hardness of ECAPed materials.
As shown in Figure 4c, the homogeneity of the distribution of the primary α-Al phase and Si
particles within the eutectic mixture phase, for the microstructure of ECAPed cooling slope-cast
sample, surpassed the homogeneity of a similar distribution of the ECAPed as-cast sample. Figure 6b
displays the EDX map of the distribution of Si particles, after the ECAP process for the cooling slope
sample. Due to the microstructural evolution, after the processes of semisolid casting, coupled with
ECAP, it was expected that the finer formation and homogeneous distribution of α-Al and eutectic
mixture phase enhanced the mechanical properties of the material [51].

3.6. Corrosion Resistance

3.6.1. Surface Morphology

Figure 7 reveals optical micrographs of the surface morphology, before and after the processes of
ECAP, after immersion in 3.5% NaCl solution for ten days, for both the as-cast and cooling slope-cast
samples. Overall, the size and the number of pitting corrosions, as well as large corrosion rings products
around pits, before and after the process of ECAP, for the cooling slope-cast sample, were found to
be lesser than those for the as-cast sample due to reduction and redistribution of cathodic phases
after the ECAP process. Larger localized corrosion pits were found to be noticeable, for the as-cast
sample. The surface morphology indicated the formation of stable pitting [52], which was attributed
to a localized corrosion attack between the active particles and noble particles in a eutectic phase [53].
Essentially, the non-presence of corrosion products within the corrosion rings indicates that the cathodic
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reaction occurs on rings, while the anodic reaction occurs inside the stable pit instead. Applied strain
during the ECAP process reduces the grain size and develops crystalline defects, including dislocations
of the grain boundary. An increase in both the area of grain boundaries and dislocations led to the
formation of passive films and the corrosion of ultrafine grains, improved by the rapid formation
of passive films at surface crystalline defects, including grain boundaries and dislocations [54,55].
In Al alloy, Al oxide film, containing eutectic Si particles, improved the pitting corrosion resistance
by increasing the ECAP pass number, which was related to the decrease of the size of Si-containing
impurities, because Si is the major cause of pitting corrosion. The decreases of the cathodic area led to
a consequent decrease of the anodic current density [56].
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3.6.2. Potentiodynamic Test

The electrochemical behavior of A356 alloy was evaluated through the exposure of these samples
to a corrosive environment, based on a simulation of sea water, using 3.5% NaCl electrolyte solution at
room temperature [57]. The rate of corrosion was measured using the linear polarization technique
through the Tafel extrapolation method to identify the corrosion resistance of both as-cast and cooling
slope-cast samples. To compare these samples, Figure 8a–c depicts the polarization curves for the
as-cast and cooling slope-cast samples, before and after the ECAP process. The corrosion performance
of A356 alloy in 3.5 wt.% NaCl solution are tabulated in Table 2.

Based on the curves presented, the estimated average corrosion potentials were found to be
approximately similar, with trivial differences. The results further revealed that the reduction in the
corrosion rate and increment of polarization resistance, after the T6 heat treatment process for both
as-cast and cooling slope-cast samples, could be attributed to the modification in the shape of certain
Si particles, where these particles became substantially finer after the processes of ECAP and cooling
slope casting [40]. Therefore, this could be associated with a reduction in the area ratio of cathodic
to anodic phases. The corrosion rate of the as-cast alloy was 0.042 mmpy, reduced to 0.0015 mmpy
after T6-4 passes route of A. Additionally, the corrosion rate of the cooling slope casting alloy was
0.019 mmpy, reduced to 0.0014 and 0.00125 mmpy after 4 and 6 passes, respectively.
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Essentially, the polarization resistance depends on the microstructural state. After the ECAP
process, the polarization resistance for both samples increased with more ECAP passes. Nevertheless,
after the ECAP process, the polarization resistance for the as-cast sample was found to be inferior to
that of cooling slope-cast sample, which positively affected the reconstruction of the metal protective
layer, as shown in Table 2. However, the rate of corrosion for the heat-treated as-cast and cooling
slope-cast samples decreased with more ECAP passes.

The cooling slope-cast sample mainly demonstrated an exceptional corrosion resistance,
which was greater than that of the as-cast sample. The fine-grained structure, with higher grain
boundaries, reduces the concentration of chloride per grain boundary, which reduces the current
density [58,59], and this provides the advantage of forming more a stable and intact passivation film,
improving the corrosion resistance. The obtained result in this study is in line with [60–62].

Table 2. Average of corrosion rate (CR), polarization resistance (Rp) and current density (Icorr).

Samples Ecorr
(V)

Icorr
(A/cm2)

Rp
(Ω·m2)

βc
(V·dec−1)

βa
(V·dec−1)

CR
(mmy−1)

As-cast (A-C) −0.698 3.894 × 10−6 5.212 × 103 0.642 0.0504 0.0424
A-C-T6 −0.713 8.432 × 10−7 2.035 × 104 0.443 0.0499 0.0160

A-C-T6, 4 passes −0.751 1.369 × 10−7 9.147 × 104 0.268 0.0286 0.0015
Cooling slope (C.S) −0.769 1.790 × 10−6 9.690 × 103 0.333 0.0480 0.0195

C.S-T6 −0.702 7.258 × 10−7 2.180 × 104 0.321 0.0474 0.0079
C.S-T6, 4 passes −0.717 1.285 × 10−7 8.516 × 104 0.280 0.047 0.0014
C.S-T6, 6 passes −0.709 1.145 × 10−7 9.525 × 104 0.259 0.0466 0.00124
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3.6.3. Pitting Corrosion Appearance

In the eutectic mixture phase, the initial corrosion stages of the as-cast sample revealed localized
corrosion, whereas the silicon particles and α-Al interfaces were unaffected [8,32,33,49]. Figure 9
reveals a side view of the pitting corrosion of A356 alloy. Figure 9a,b displays the pitting corrosion of
(a) the as-cast and (b) cooling slope-cast of A356 alloy samples. It should be noted that the presence of
the enlarged area in the eutectic mixture phase in Figure 9a,b would eventually lead to a wider area of
corrosion on the surface of alloy.

This implied that the microgalvanic corrosion between impurities of high Si and Al matrix could
contribute to the occurrence of pitting corrosion within the area that contains impurities of high Si.
Meanwhile, Figure 9c,d displays the pitting corrosion, after a potentiodynamic test for the heat-treated
(c) as-cast sample (after four passes of ECAP process) and (d) cooling slope-cast sample (after six
passes of ECAP process). The difference in the area of the α-Al separated grains and depth of corrosion
in the eutectic mixture phase, between both the as-cast and cooling slope-cast samples, before and after
the ECAP process, was evident, as revealed in Figure 9a,b. The reduction in the size of Si particles,
as previously shown in Figure 5 and Table 1, the refined grain in an elongated shape, as well as the
microstructure homogeneity of eutectic mixture phase surrounding the elongated α-Al phase led to
the reduced rate of corrosion for the ECAPed A356-T6 cooling slope-cast alloy sample, compared to
that of the as-cast alloy sample, as displayed in Figure 9c,d.
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Figure 9. Pitting corrosion of (a) as-cast, (b) cooling slope, (c) as-cast-T6,4 passes and (d) cooling
slope-T6, 6 passes route A of A356 alloy.

In summary, the corrosion resistance of ECAPed A356-T6 alloy sample was significantly improved
due to the reduction in the galvanic potential difference, which the reduced area ratio of the noble
phase to less-noble eutectic mixture phase contributed to.
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The shape of Si particles influences the formation of a firm oxide film. In particular, coarsened Si
particles impede the development of a protective oxide layer in the aqueous solutions and weakens
the protective passive film [8]. The reduction in the area ratio of noble Si particles to less-noble
eutectic Al phase around these Si particles significantly improves the resistance of pitting corrosion [5].
Furthermore, localized mechanical damage or the chemical changes of the environment may damage
the protective oxide film. The increase of the applied voltage on the side of the cathodic curve, as shown
in Figure 8, contributes to the rapid reduction of current to the extent that its value remains unchanged
before achieving the value of Icorr.

The steep increment in the anodic current, with the increment in the applied potential in the
positive direction, breaks the developed oxide layer and causes pitting corrosion. Here, the chloride
ion attacks and dissolves the aluminum surface to form an aluminum chloride compound. The SEM
image and EDX of the Al2O3 oxide layer of the ECAPed A356 alloy after the corrosion test, are shown
in Figure 10. The highest corrosion resistance with the lowest corrosion rate were obtained for the
aluminum A356 alloy, which was subjected to the ECAP process, as tabulated in Table 2.
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4. Conclusions

In this study, the microstructural evaluation of A356 alloy using heat treatment and cooling slope
followed by ECAP process was successfully carried out. The effect of grain refinement on the hardness
and the corrosion resistance was investigated and the results obtained can be summarized as follows:

• The as-cast samples were successfully subjected to ECAP for up to four passes, while the samples
from cooling slope casting, six passes.

• The latter also showed finer and more homogeneous distribution of α-Al grains and Si particles.
As a result, their hardness values were also higher.

• The combination of cooling slope casting and ECAP had given the lowest current density to the
A356 alloy, at 1.145 × 10−7 A/cm2 when experimental using 3.5 wt.% NaCl solution. The favorable
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corrosion resistance was attributed to the refined Si particles that impeded the occurrences of
microgalvanic cells on the protective layer of the alloy surface.
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