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The present study compares the corrosion behavior of Al-Sn, Al-Si and Al-Sn-Si alloys processed by spray
forming with that of the conventional chill cast ones in aqueous 0.1 N NaCl solution. Spray forming resulted
in finer microstructural features with uniform distribution of second-phase particles. The spray formed
Al-Si samples showed improved corrosion resistance as compared to the chill cast ones. The Sn containing
alloys showed inferior corrosion resistance in the neutral electrolyte. The addition of 12.5 wt.% Si to Al-Sn
alloys improves the corrosion resistance.

Keywords bearing alloys, corrosion, potentiodynamic polariza-
tion, chill casting, spray forming

1. Introduction

Al-based systems with Sn and Si additions possess good
tribological and mechanical properties and are widely used in
engineering applications, such as plain bearings, internal
combustion engine pistons and cylinder liners (Ref 1).
Although Al-Sn alloys exhibit good anti-frictional characteris-
tics, they lack the ability to support heavy loads due to the soft
nature of Sn. In contrast, Al-Si alloys exhibit excellent wear
resistance due to the presence of hard Si phase. However, these
alloys have poor seizure resistance. To overcome these
problems, there has been an increasing trend of adding Si into
Al-Sn alloys to improve their ability to support load and
resistance to fatigue (Ref 2).

The processing of these alloys by conventional liquid
metallurgy routes results in coarse grain microstructure with
large degree of segregation of alloying elements. In recent
years, spray forming process has proven to be effective in
achieving better microstructural control (Ref 3). Rapid solid-
ification effects, inherent in spray forming process due to high
rate of heat transfer at the droplet gas interface and deposition
surface, ensure considerable chemical and microstructural
homogeneity of the spray deposit. Rapid solidification pro-
cessing results in non-equilibrium structure and hence improves
properties. In addition, spray forming is capable of producing

refined and segregation-free structures by the modification of
growth morphology of the constituent phases (Ref 4).

The influence of structural morphology of the micro-
constituents as a result of processing routes and solute
distribution on the corrosion behavior has been reported by
various researchers (Ref 5-9). Ośorio et al. (Ref 10) have
demonstrated the effect of dendrite arm spacing and solute
redistribution on the corrosion resistance of directionally
solidified samples of Al-10wt.%Sn and Al-20wt.%Zn alloys.
They have reported that coarser dendritic structure is beneficial
in improving the corrosion performance of Al-Zn alloys,
whereas a finer dendritic structure results in lower corrosion
rates in Al-Sn alloys. Also, some contradictory results regard-
ing the microstructural refinement on corrosion resistance were
reported by earlier researchers (Ref 11-13). However, there is
not much literature available on the corrosion response of the
spray formed Al alloys in particular Al-Si-Sn alloys.

The present study investigates the effect of processing routes
(spray forming and chill casting) on the corrosion behavior of
Al-Sn, Al-Si binary alloys and Al-Sn-Si ternary alloy in
aqueous 0.1 N NaCl solution. Potentiodynamic polarization
studies were carried out on the spray formed Al-25wt.%Sn,
Al-12.5wt.%Si, and Al-25wt.%Sn-12.5wt.%Si alloys and the
corrosion behavior was compared with the conventional chill
cast alloys of similar compositions.

2. Experimental Procedure

The nominal composition of the alloys used for corrosion
studies were Al-25wt.%Sn, Al-12.5wt.%Si and Al-25wt.%Sn-
12.5wt.%Si. Table 1 lists the chemical compositions of the base
alloy ingots used for both spray forming and chill casting. The
alloy ingots were melted in a graphite crucible under argon
atmosphere in a resistance heating furnace. The temperature of
the melt was measured within a variation of ±2 �C using a
chromel-alumel thermocouple connected to a temperature
recorder. Melt superheat of 200 �C was ensured in all the
experiments to achieve homogeneity of the melt. The melt was
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atomized employing a convergent-divergent nozzle into a spray
of micron-sized droplets, using nitrogen as an inert gas at an
atomization pressure of 1.0 MPa. In this process, high-velocity
gas jet interacts with liquid stream at the tip of the flow tube,
centered concentrically in the gas flow channel of the nozzle,
and disintegrates the liquid into fine droplets. The spray of
droplets was collected over a copper substrate at a deposition
distance of 350 mm, leading to a bell-shaped bulk deposit. The
details of the spray deposition process employed in the present
work have been described elsewhere (Ref 14). In another set of
experiment, cylindrical-shaped chill cast samples were pro-
duced by pouring the melt at 750± 4 �C into a cast iron mould.
The samples for corrosion studies were collected from the
central region of the spray deposited perform and core of the
chill cast alloys.

The electrochemical evaluation was carried out in a freely
aerated 0.1 N NaCl (pH value: 6.8) solution at a constant scan
rate of 1 mV/s at room temperature using a flat cell with
standard three-electrode (reference, counter, and working)
configuration. The reference electrode used for the present
experiment was calomel electrode (SCE) saturated with satu-
rated KCl and the polished surface of the sample under
investigation was chosen as the working electrode. A platinum
mesh acted as a counter electrode. The potentiodynamic
polarization scans were performed using potentiostat (model:
PC4; supplier: Gamry Instruments, Inc., USA). All polarization
tests were repeated three times to verify the accuracy and to
confirm the final results. Prior to the polarization test, each
sample was stabilized for about 3600 s in the solution in order
to obtain a stable open circuit potential (OCP). From the
polarization curves icorr was measured by the Tafel extrapola-
tion (i.e., extrapolating the linear segments of the cathodic and
the anodic curves). The extrapolation results obtained from the
polarization curves are summarized in Table 2. From the value
of icorr the corrosion rate is calculated using the following
expression:

Corrosion rate mmpyð Þ ¼ 0:0033� e

q
� icorr ðEq 1Þ

where e is the equivalent weight, q is the density, and icorr is
the corrosion current.

3. Results and Discussion

Figure 1 shows the microstructural differences between the
spray-formed and chill-cast samples. In Fig. 1(a), the micro-
graph of spray formed Al-12.5Si alloy revealing a uniform
distribution of fine globular-shaped eutectic Si phase, with a
size in the range of 1-3 lm, within Al matrix is evident.
Whereas coarse needle and flake-like eutectic Si appeared in the
cast alloy. Figure 1(b) shows the micrographs of Al-25Sn alloy,
indicating dendritic and equiaxed grain morphologies of the
primary a-phase for cast and spray formed alloys respectively.
In Fig. 1(c), the microstructure of the spray formed Al-12.5Si-
25Sn is showing a highly refined eutectic Si phase in dark gray
contrast and Sn in light gray contrast. The eutectic Si and Sn are
uniformly distributed within the Al-matrix. At some places, Sn
seems to nucleate either at the Si surface or fully envelope the
Si particles. These features are in contrast to those in the cast
alloy which show both dendritic needle-like Si and platelet-
shaped Si particles with a maximum size of 30 lm.

The Al-Sn alloy system is an immiscible binary system with
a solid solubility limit of Al lies below 0.09 wt.% Sn (0.02 at.%
Sn) (Ref 15, 16). Therefore, Al-Sn alloys, with higher Sn
contents (above 0.09 wt.%), are form two kinds of structures:
either as �a continuous network of Sn at grain boundaries of Al
solution� or as �Sn particles distributed uniformly over a
continuous Al-rich matrix� solely based on the mode of
solidification. The microstructural features generally observed
with spray-formed materials are due to the rapid solidification
effect achieved during atomization and deposition stages of the
process. In addition, high-impact velocity of the droplets and
the turbulent fluid flow conditions on the growing deposit also
give rise to fragmentation of dendrite arms and thus the
refinement of the primary phases and homogeneity in the
microstructure (Ref 17-19). The last solidifying phase Sn is
segregated at the grain boundaries of primary a-Al phase along
with eutectic Si in the cast Al-Si-Sn alloy (Ref 2). In addition,
Sn content is high at chilled zones rather than other portion of
cast ingots due to inverse segregation (Ref 20). However,
during spray deposition, a turbulent condition on the deposit
surface gives rise to refinement of Sn particles. The high
temperature in the preform after deposition leads to segregation

Table 1 Chemical composition of base alloys (wt.%)

Alloy Sn Si Fe Mg Zn Mn Al

Al-25Sn 25.1 0.01 0.02 <0.01 … 0.01 Balance
Al-12.5Si … 12.49 0.14 … 0.01 <0.01 Balance
Al-25Sn-12.5Si 24.93 12.51 0.15 <0.01 0.01 0.01 Balance

Table 2 Tafel extrapolation data for both chill-cast and spray-formed Al-alloys

Composition

Ecorr, mV icorr , 10
26 A/cm2 Corrosion rate, mmpy

Chill cast Spray formed Chill cast Spray formed Chill cast Spray formed

Al-12.5Si �656 �712 2.492 0.96 0.027 0.01
Al-25Sn �895 �1160 12.58 37.44 0.148 0.44
Al-25Sn-12.5Si �885 �857 4.46 6.26 0.051 0.053
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of Sn on Si phase. Whereas a moderately high cooling rate in
the deposit does not allow full segregation of Sn around the Si
particles. It is therefore concluded that a highly refined
microstructural feature is obtained during spray forming that
constitutes uniform distribution of Sn in Al matrix.

The variation of open circuit potential with time for both
spray-formed as well as chill-cast samples in 0.1 N NaCl
solution is shown in Fig. 2. The stabilization of OCP occurs
immediately after immersion of all compositions investigated
except Al-25Sn alloy. There is no appreciable change in the
OCP values between the spray-formed samples and the chill-
cast ones. However, a drop of about 200 mV in OCP is
observed for the Sn-added sample as compared to the Al-12.5Si
alloy.

The cathodic and anodic polarization scans for the chill-cast
as well as spray-formed samples of Al-25Sn, Al-25Sn-12.5Si
and Al-12.5Si are given in Fig. 3. None of the samples
exhibited active-passive transition in 0.1 N NaCl environment.
Al in neutral pH is known to possess stable passive film
(Ref 21) and is therefore quite likely the reason for no active-
passive behavior noticed as Al is the primary phase (OCP falls
in the passive region). The kinks in the curves indicate pit

formation that is also evident from the micrographs. Pitting
represents the most common form of corrosion for Al alloys
particularly in solutions containing chloride ions (Ref 22).

The Ecorr values reported in Table 2 followed the same trend
as that of the open circuit potentials. Higher value of Ecorr

observed for the Al-Si alloy is a thermodynamic indication of
nobler behavior than that of the Al-Sn alloy. Addition of Si to
the Al-25Sn alloy results in nobler Ecorr values than those of
Al-25Sn alloys and hence suggests an improvement in
corrosion resistance. From the micrographs of corroded alloy
shown in Fig. 4, it is evident that the attack has been initiated at
the Al-Si interface on the Al phase. This could be attributed to
the possible formation of galvanic coupling between Al and Si
phases. As Al is more active (�1.66 V versus SHE) than Si
(�0.9 V versus SHE), Al acts as anode and corrodes prefer-
entially. Elsewhere, Fratila-Apachitei et al. (Ref 23) have
reported the possibility of galvanic coupling at the Al-Si
interface on the basis of scanning Kelvin probe force micros-
copy studies conducted on Al-10wt.%Si alloy. Osorio et al.
(Ref 12, 13) also reported the occurrence of localized (galvanic)
corrosion in case of Al-Si cast alloys. And also mentioned that
�although Si is nobler than Al, Si particle grows from the liquid

Fig. 1 Optical micrographs of (a) Al-12.5wt.%Si, (b) Al-25wt.%Sn and (c) Al-25wt.%Sn-12.5wt.%Si alloys processed by conventional chill
casting (left) and spray forming (right)
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in a faceted manner (smooth growth interface) while the Al-rich
phase solidifies with surfaces that are rough�. These dissimi-
larities in growth behavior lead to localized deformations at
Al-Si interface. Further, such localized deformation between Al
(rough) and Si particle (smooth) could be more susceptible to
corrosion when compared with the �Al-rich matrix regions
which are not close to the Si particles (minimizing the galvanic
cell effect)�.

When galvanic coupling is the main cause of corrosion, the
area ratio between noble and less-noble phases is one of the key
factors in determining the severity of corrosion (Ref 24). As
shown in Fig. 4(a), the severity of the attack is less for spray-
formed alloys in comparison with chilled-cast alloys which lead
to less icorr values and hence exhibited lower corrosion rate.
This could be attributed to the extended solid solubility of
second phase in Al phase, which is a common phenomenon in
rapid solidification process. Together this solid-solubility is
accompanied by microstructural refinement of both eutectic Si
and eutectic Al. The enhanced corrosion resistance of Al-Si
alloy with spray-forming process is therefore believed to be
associated with the reduced effective area ratio between these
two phases compared to that of the chill cast counterpart.

From the Tafel extrapolation data reported in Table 2, it is
evident that addition of Sn decreases the corrosion resistance.
Elsewhere, Kliskic et al. (Ref 25) also reported that the
corrosion resistance decreased with increasing Sn content. The
presence of alloying elements such as Sn produces some point
defects in the oxide layer (Al2O3). In neutral solutions, Sn has
been reported to be in passive state. In the neutral pH solutions,
both Stannous oxide and Stannic oxide can coexist as the
potential difference between the two equilibria is just 2 mV.
Elsewhere, the presence of both Sn2+ and Sn4+ ions in the oxide
layer of the Al-3wt.%Sn alloy in 3.5 wt.% NaCl solution has
been confirmed by XPS studies as well (Ref 26). The
incorporation of these ions into the Al2O3 film increases
the anionic as well as cationic vacancies. These defects help the
aggressive ions such as Cl� ions to reach the metal/metal-oxide
interface and thereby lead to the thinning of the oxide film and
bulk metal (Al) corrosion. The thinning of the oxide film
accounts for the lowering of the OCP as well as corrosion
resistance of the Sn-added Al alloys.

The addition of 12.5wt.%Si to Al-25wt.%Sn alloy decreases
the corrosion rate. The improved corrosion behavior of
Al-25wt.%Sn-12.5wt.% Si alloy as compared to that of
Al-25wt.%Sn alloy can be attributed to the possible incorpo-
ration of Sn in SiO2 structure as Sn4+ that leads to decrease in
defect concentration of the oxide layer.

The Sn-containing alloys produced by chill casting
showed better corrosion resistance than those produced by

Fig. 2 Open circuit potential stabilization curves for spray-formed
and chill-cast Al alloys

Fig. 3 Potentiodynamic polarization curves for the Al alloys pro-
cessed by (a) chill casting and (b) spray forming

Fig. 4 Corroded microstructures of (a) Al-Si and (b) Al-Si-Sn
alloys processed by chill casting (left) and spray forming (right). The
arrow mark shows the corroded regions
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spray-forming process. One of the major possible reasons apart
from other metallurgical aspects (cooling rate, immiscibility of
Sn in Al lattice, ternary eutectic, dendrite spacings into the
eutectic ternary lattice, etc.) might be the variation of Sn
content in the cast samples unlike the spray-formed ones. As
the samples were selected from the core of the cylindrical chill-
cast alloys, the Sn content might be lower than the nominal
composition because of the inverse segregation (Ref 20) effect.
Whereas spray-formed liquid-phase-immiscible alloys in earlier
studies were also reported uniform distribution of second-phase
elements (Ref 17-19).

4. Conclusions

• Al-Si alloys show better corrosion resistance irrespective
of the processing routes. Spray-formed Al-Si alloys pos-
sess better corrosion resistance in comparison to chill-cast
Al-Si alloys.

• The addition of Si to the Al-Sn alloy system improves the
corrosion resistance.
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