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Abstract: Ultrafine-grained(UFG) hypereutectic Al-23%Si (mass fraction) alloy was achieved through equal-channel angular 
pressing(EACP) procedure. And the electrochemical properties after various ECAP passes were investigated in neutral NaCl solution. 
Potentiostatic polarization curves show that the corrosion potential of the ECAPed sample after 4 passes decreases markedly, while 
the corrosion current density reaches 1.37 times that of the as-cast alloy. However, the φcorr and Jcorr values after 16 passes are 
improved and approach those of the as-cast alloy. Immersion tests also show that the mass-loss ratio of ECAPed alloy decreases with 
increasing the pressing pass, which is lowered to 28.7% with the increase of pass number from 4 to 16. Pitting susceptibility of the 
ECAPed alloy after initial 4 passes is boosted, due to the presence of biggish voids resulted from the breakage of brittle large primary 
silicon crystals during ECAP. Increasing ECAP pass makes the voids evanesce and results in the homogeneous ultrafine-grained 
structure, contributing to a higher pitting resistance. These results indicate that enough ECAP passes are beneficial to increasing 
corrosion resistance of the hypereutectic Al-23%Si alloy. 
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1 Introduction 
 

Casting Al-Si alloys are found wide application for 
lightweight components in the automotive, aerospace and 
construction industries due to their good amenability to 
casting, high specific strength, superior corrosion 
resistance and low cost[1]. However, hypereutectic Al-Si 
alloy has a shortcoming, that is, its toughness remarkably 
decreases with increasing Si content. It is reasonable to 
anticipate that the toughness and wear resistance of 
hypereutectic Al-Si alloys with fine grains are 
improved[2−4]. So, one admitted approach is to fabricate 
ultrafine-grained(UFG) hypereutectic Al-Si alloy with 
fine primary silicon crystals and dispersed eutectic 
silicon particles. 

ECAP is one of the most effective techniques for 
fabricating UFG metallic materials[5−8], which could 
endow exceptional mechanical or/and physical 
advantages without remarkably changing the geometry 

of a bulk material[9−14]. Our previous study[15] 
indicated that the impact toughness of Al-23%Si (mass 
fraction) alloy after severe plastic deformation(SPD) by 
using an equal channel angular pressing with a rotary-die 
(RD-ECAP) was significantly increased, maximum 18 
times higher than that of the as-cast alloy, due to the 
refinement of the grains (about 150 nm in diameter) and 
breakage of the primary and eutectic silicon crystals 
during ECAP. However, it was also noticed that some 
voids were presented after initial ECAP passes and 
evanesced with further more passes, which may affect 
the corrosion behavior and potential application of UFG 
Al-23%Si alloy. 

It is noteworthy that recent investigations of ECAP 
processed(ECAPed) material mainly concerned 
structural characterization[5−8], mechanical properties 
[9−10], fatigue[11], creep[12], superplasticity[13], 
magnetic properties[14], etc. The corrosion behavior of 
the ECAPed materials has received only limited attention. 
Furthermore, these available results indicated that the 
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UFG effect on corrosion resistance varies in various 
alloy systems, such as UFG Cu[16], Ni[17], Ti[18] and 
Fe[19] alloys. Therefore, the systematic investigation 
and characterization of corrosion behavior for the 
ECAPed hypereutectic Al-Si alloy is important both for 
its possible engineering application and for the extension 
of current knowledge of the ECAP process. In the 
present work, an UFG Al-23%Si alloy processed by 
RD-ECAP was used for investigating the corrosion 
behaviors by electrochemical method, and the results 
were discussed and compared with the as-cast alloy. 
 
2 Experimental 
 

A hypereutectic Al-Si alloy (AC9A) was used with 
the composition of Al-23%Si-1%Cu-1%Mg-1%Ni (mass 
fraction). Except for the as-cast sample, three kinds of 
Al-23%Si samples with various ECAP pass number 
(N=4, 8 and 16, respectively) were obtained to 
investigate the effect of changing microstructures on 
their corrosion behavior. Multi-pass ECAP was 
conducted using a rotary-die having a channel angle of 
90˚ through Route A[20]. The RD-ECAP method is very 
easy to continuously process a bulk material sample[9] 
and one ECAP pass only needs 30 s. Considering the 
poor plasticity of Al-23%Si alloy even at elevated 
temperature, the samples for 4 and 8 passes were 
continuously pressed at a high temperature of (673±6) K 
and another sample for 16 passes was processed at 
(623±6) K, which are the same as those used in the 
previous work[15] for investigating its impact toughness. 
After multi-pass RD-ECAP, Al-23%Si alloy could obtain 
ultrafine grain or grain fragment (about 150 nm) [15]. 
Herein, microstructures of these samples were observed 
on a Nikon Eclipse ME600 optical microscope and the 
silicon particle size distribution was investigated by an 
image analysis system. 

Corrosion samples were cut from the as-cast and 
as-ECAP billets (20 mm in diameter and 36 mm in 
length), and subsequently molded in epoxy resins of 20 
mm in diameter and ground with 600-grit SiC paper. 
Referring to the various corrosion test standards[21], 
potentiostatic polarization tests were conducted at room 
temperature in 0.6 mol/L sodium chloride solution using 
an advanced electrochemical system of PARSTAT2273. 
This system was equipped with a reference electrode 
Hg-Hg2Cl2/ saturated KCl (SCE), Pt counter electrode 
and Luggin capillary one. Prior to the potentiostatic 
polarization tests, each sample was immersed in the test 
solution to remove the natural oxide film for achieving a 
steady open circuit potential(OCP), which was measured 
as the corrosion potential(φcorr). Polarization curve was 
obtained by potential sweeps of 1 mV/s, from which 
corrosion current was determined using the Tafel 

extrapolation procedure. After polarization test, these 
corroded samples were observed by means of scanning 
electron microscopy(SEM) to analyze the corrosion 
mechanism of this alloy with and without ECAP 
processing. According to immersion method, the mass- 
loss ratio of ECAPed alloy was measured at room tem- 
perature in a 0.6 mol/L NaCl aqueous solution for 80 h. 
 
3 Results and discussion 
 

Fig.1 illustrates the optical micrographs of 
Al-23%Si alloy in various states, with (a), (b), (c) and (d) 
for the as-cast, 4-pass, 8-pass and 16-pass ECAPed 
sample, respectively. The size distribution of the silicon 
crystals in these samples is illustrated in Fig.2. It is 
obvious that many large polygonal primary silicon 
crystals with occasional voids (marked by arrows) are 
presented in the microstructures of the as-cast alloy 
(Fig.1(a)), except for many aluminum crystal dendrites 
and eutectic silicon dispersed in aluminum dendrite arms. 
After 4 passes, a large number of brittle primary silicon 
crystals are broken and many voids (with average size of 
about 50 µm) are formed around them (Fig.1(b)). After 8 
passes of ECAP, the fragmentized primary silicon 
crystals and eutectic silicon included in the fine 
aluminum crystal are dispersed homogenously; 
meanwhile, the average size of voids is noticeably 
decreased (Fig.1(d)). Evidently, most of the large 
primary silicon crystals are broken into relatively small 
particles after multi-pass ECAP (Fig.2). The refinement 
and homogenization of primary silicon particles lead to 
the gradual elimination of voids, since these voids are 
derived from the primary silicon particles (Fig.1(e)). 
Therefore, although some biggish silicon particles and 
small voids remain in the sample after 16 passes, their 
fraction is possible to be decreased through more passes 
of ECAP. Fig.1(f) presents that the number of voids and 
their average size are noticeably decreased after 32 
passes, compared with the 4-pass sample (Fig.1(e)). The 
results indicate that a large pass RD-ECAP may weaken 
the pitting susceptibility of ECAPed Al-23%Si alloy, 
attributed to the gradual elimination of voids and the 
uniform distribution of fine secondary-phase particles on 
UFG Al matrix. CHUNG et al[22] found out that 
ECAPed AA1050 had smaller Si-containing impurities 
and reduced micro-galvanic currents due to its 
ultrafine-grained microstructure; and this alloy in 
ECAPed state had increased corrosion resistance with 
increasing ECAP pass number because of its small 
cathodic impurities. Likewise, for the ECAPed Al-23%Si 
alloy without voids, the uniform distribution of fine 
silicon particles in UFG Al matrix may reduce general 
micro-galvanic current and improve its corrosion 
resistance. 
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Fig.1 Optical micrographs of Al-23%Si alloy in various states: (a) as-cast; (b) ECAPed with 4 passes; (c) ECAPed with 8 passes;   
(d) ECAPed with 16 passes; (e) High magnification image of (b); (f) High magnification image of 32-pass ECAPed sample 
 

 

Fig.2 Distribution of silicon particles in Al-23%Si alloy in 
various states 

The potentiostatic polarization curves of as-cast and 
ECAPed samples in 0.6 mol/L NaCl solution are shown 
in Fig.3, from which the corrosion potential(φcorr) and 
corrosion current density(Jcorr) are calculated and 
presented in Fig.4. Several interesting features can be 
deduced from these curves in Fig.3. 1) After 4 passes, 
corrosion potential of Al-23%Si alloy is lower than that 
of as-cast sample with coarse primary silicon crystals 
and its value of Jcorr is 1.37 times higher than the latter, 
which is very different from the results obtained by 
BALYANOV et al[18], HADZIMA et al[19], and 
CHUNG et al[22]. 2) For the ECAPed Al-23%Si alloy 
with ultrafine-grained microstructure, φcorr shifts toward 
the noble direction with increasing ECAP passes, while 
its corrosion current density declines accordingly. 3) 
After 16 passes, the values of φcorr and Jcorr for ECAPed 
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sample are close to those of as-cast alloy. These results 
clearly demonstrate that the corrosion resistance of 
ECAPed Al-23%Si alloy decreases in the initial pressing 
stage but is gradually improved after multi-pass ECAP. 
Corrosion resistance of ECAPed sample after 16 passes 
is close to that of the as-cast alloy. It can be deduced that 
corrosion resistance of the ECAPed Al-23%Si alloy 
would be further improved with increasing passes, due to 
homogeneous distribution of silicon particles in 
ultrafine-grained matrix and gradual elimination of voids 
around silicon particles. 
 

 
Fig.3 Potentiostatic polarization curves obtained from as-cast 
and ECAPed Al-23%Si alloy with various passes (N=4, 8, 16) 
in 0.6 mol/L NaCl solution 
 

 
Fig.4 Corrosion characteristics of as-cast and ECAPed 
Al-23%Si alloy with various passes 
 

The corrosion data of ECAPed samples obtained 
from immersion are listed in Table 1. It is clear that the 
mass-loss ratio of ECAPed samples obviously decreases 
with increasing the pass number of ECAP. The mass-loss 
ratio of the 16-pass ECAPed sample is lowered to 28.7% 
that of the 4-pass ECAPed sample and 36.4% that of the 
8-pass ECAPed sample. This is consistent with the 
foregoing results of potentiostatic polarization tests in 
neutral NaCl solution. 

Table 1 Mass-loss ratios of ECAPed samples in 0.6 mol/L 
NaCl solution at room temperature 

Pass number 4 8 16 

Mass-loss ratio/(mg·m−2·h−1) 91.5 72.2 26.3 

 
Fig.5 shows the SEM morphologies of the corroded 

surface of the ECAPed Al-23%Si alloys after immersion 
for 80 h, with (a), (b) and (c) for 4-, 8- and 16-pass 
ECAPed samples, respectively. It is obvious that the 
4-pass ECAPed sample has much more corroded spots 
on the surface and higher pitting tendency than others. 
With increasing the ECAP passes to 16, the corroded 
spots of the ECAPed sample become smaller in size and 
less in quantity. Fig.5(d), a high magnification image of 
the pitting corroded area signed in Fig.5(a), shows that 
the corrosion occurs in the congregation area of silicon 
particles. During the primary ECAP passes, large 
primary silicon particles are broken into smaller particles, 
but these particles are still assembled around the primary 
silicon particle. In addition, there are many biggish voids 
produced due to the primary silicon breaking during 
ECAP processing, as shown in Figs.1(b) and (e). These 
areas containing biggish voids are very weak in the 
corrosion solution. This should be the reason that the 
corrosion occurs in the silicon congregation areas. With 
increasing ECAP passes, the assembled silicon particles 
are dispersed homogenously into aluminum alloy matrix 
and the voids gradually become less, as shown in 
Figs.1(c), (d) and (f). Therefore, the corrosion resistance 
of this alloy is improved, as shown in Figs.5(b) and (c), 
and the corroded spots become less and smaller with the 
increase of ECAP passes. 

From the results of electrochemical analysis, 
immersion test and SEM observations, corrosion 
resistance of ECAPed Al-23%Si alloy decreases after the 
first 4 passes, then is improved gradually by increasing 
pressing passes. Clearly, these features are attributed to 
microstructure characteristics of the ECAPed samples. 
As shown in Fig.1, the as-cast Al-23%Si alloy consists of 
large aluminum dendrites, eutectic silicon crystals and 
large primary silicon crystals with polygonal shapes. 
When this alloy is immersed in neutral NaCl solution, its 
natural alumina film would be dissolved to a certain 
degree and induce the formation of localized galvanic 
cells between cathodic silicon crystals and anodic Al 
matrix. Therefore, the as-cast sample is generally eroded 
with coincident pitting corrosion due to its 
inhomogeneous microstructure. 

During 4-pass ECAP, a large number of primary 
silicon particles are broken while many biggish voids are 
formed around the brittle silicon particles, which results 
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Fig.5 SEM images of corroded surface morphologies of ECAPed Al-23%Si alloy after immersion test for 80 h: (a) 4 passes, (b) 8 
passes; (c) 16 passes; (d) High magnification of pitting area in (a) 
 
in higher pitting susceptibility and general galvanic 
corrosion rate. With increasing ECAP passes, the 
primary silicon particles are progressively broken into 
fine particles and homogeneously dispersed in the 
ultrafine-grained aluminum matrix while the voids 
noticeably evanesce. Obviously, the small size of cathode 
phases promotes micro-galvanic cells to be established 
more numerously and uniformly, which reduces the 
susceptibility of pitting corrosion in “small cathode, 
large anode” mechanism. That is to say, the UFG sample 
with fine particles and few small voids inclines to 
general corrosion. Therefore, it is feasible to improve the 
corrosion resistance of Al-23%Si alloy, even go beyond 
that of as-cast alloy, by increasing the ECAP passes for 
getting ultrafine aluminum grains and fine silicon 
particles in homogenous distribution without voids. The 
result indicates that, besides excellent mechanical 
properties[15], enough ECAP passes are beneficial to 
increasing corrosion resistance of hypereutectic 
Al-23%Si alloy. 

Noticeably, some available investigation, such as 
BALYANOV et al[18], HADZIMA et al[19] and 
CHUNG et al[22], did not find out the disadvantage of 
ECAP in initial passes to corrosion resistance because 
those materials are more plastic than Al-23%Si casting 
alloy. 
 
4 Conclusions 
 

1) As-cast Al-23%Si alloy was processed through 

multi-pass ECAP to determine the corrosion behavior of 
UFG microstructure after severe plastic deformation. The 
corrosion resistance of ECAPed alloy is decreased after 
the initial 4 passes and then is improved with more 
pressing passes. The 16-pass ECAPed sample has the 
φcorr and Jcorr values similar to the as-cast alloy, and a 
quite low mass-loss ratio compared with the 4-pass 
ECAPed sample in neutral NaCl solution. 

2) Higher pitting susceptibility of the ECAPed 
Al-23%Si alloy after initial 4 passes is due to the 
presence of biggish voids around the brittle primary 
silicon crystals broken during ECAP. After more ECAP 
passes, the voids become less and the congregated silicon 
particles are homogenously dispersed. This indicates that 
the pitting resistance of the 16-pass ECAPed sample is 
higher than that of the 4-pass ECAPed sample, in 
accordance with SEM images of the corroded surface 
morphologies. 

3) UFG aluminum alloy with many fine silicon 
particles and few small voids inclines to general 
corrosion. Besides excellent mechanical properties, 
enough ECAP passes are beneficial to increasing 
corrosion resistance of hypereutectic Al-Si alloy with 
homogenous distribution of fine silicon particles on 
ultrafine matrix grains and gradual elimination of voids 
derived from the primary silicon particles. 
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