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Abstract: Pitting behavior of thixoformed A356 alloy, with different reheating temperatures, was evaluated. Linear sweep
voltammetric tests were used to study the pitting behavior of thixoformed, rheocast and gravity-cast A356 alloy in a 3.5% NaCl
solution. A simulation method was also used in order to identify local galvanic corrosion current density between local galvanic
couples. The results obtained show that the resistance to pitting corrosion of the thixoformed samples formed at 600 °C is higher than
that of the samples formed at 610 °C as well as rheocast and gravity-cast samples. These results could be explained by morphological
aspects of silicon phase as well as the area effect as related to galvanic corrosion between silicon particles and eutectic aluminum

phase.
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1 Introduction

After more than 30 years development, the
semi-solid metal process has now been accepted as an
excellent net shape metal forming method[1]. Semi-solid
metals and processing techniques are entering into the
commercialisation  stage for various industrial
applications, including automobile and electronic
industries, owing to the extensive research efforts in the
last 10 years[1-5].

Semi-solid A356 and A357 alloys are susceptible to
pitting corrosion in chloride media[5—7]. Pitting is the
most common form of aluminum corrosion, particularly
in solutions containing halide ions, of which Cl is the
most frequently encountered[8—12]. The presence of
chloride ions causes the localized breakdown of the
passive film, which leads to initiation and growth of
corrosion pits[13]. The resistance of aluminum to pitting
depends significantly on its purity[8, 14]. This is because
localized corrosion such as pitting is caused by a
difference in corrosion potential in a local cell formed in
or on the metal surface by the presence of anodic or
cathodic  microconstituents such as  insoluble
intermetallic compounds or single elements, such as
CuAl,, FeAls and silicon[8].

Corrosion properties of semi-solid alloys were

largely unexplored. Corrosion properties of thixoformed
A357 alloy with different reheating temperatures as well
as corrosion properties of permanent mold cast A357
alloy have been studied during the last 5 years[5—6]. It
has been reported that corrosion properties of A357 and
A356 alloys were greatly improved by thixoforming
process compared with permanent mold and rheocast
processes[5—6]. PARK et al[2] and YU et al[5] related

the improvement of corrosion properties to
microstructural changes by thixoforming process
qualitatively.

The purpose of this work is to study the effect of

microstructural  features on pitting behavior of
thixoformed A356 alloy, with different reheating
temperatures, quantatively. The results are then

compared with those of rheocast and gravity-cast A356
alloy.

2 Experimental

In this study, A356 alloy was produced by melting
high purity aluminum and mixing with high purity
silicon and magnesium. Table 1 shows the chemical
composition of the alloy used in this study. All the
samples were rheocast using a mechanical stirrer type
rheocaster machine. For this purpose, A356 alloy was
heated to 50 °C above its liquidus temperature(623 °C)
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and then cooled down to 620 °C, where mechanical
stirring at 1 000 r/min was started. Mechanical stirring
was continued within the temperature range of 620—578
°C. When the semi-solid mixture reached to 578 °C,
corresponding to 60% solid fraction, the slurry was
bottom-poured into a metallic mold. In order to
homogenize the composition, the ingots were reheated to
435 °C, held for 5 h and then quenched into water[5].
The specimens were consequently reheated to 600 °C or
610 °C in an electric muffle furnace with £2 °C
temperature accuracy and held at these temperatures for
10 min.

Table 1 Chemical composition of A356 alloy used in this study
(mass fraction, %)
Si Fe Cu Mn Mg Ti Zn Al
6.97 0.15 <0.05 <0.02 0.3 0.01 0.04 Bal

Temperature of the specimens was measured using a
calibrated K-type thermocouple located near the centre
of the top surface of the specimens. The holding time
was measured from the moment that the furnace reached
the required temperature. The holder with the die and
specimens were then transferred from the furnace to the
platform on the press and 50% hot working was applied.
In order to prevent the specimens from cooling during
hot working, the forming die and the holder were all
heated to the same temperatures as the specimens in the
furnace.

In order to study the pitting behavior, linear sweep
voltammetric (LSV) tests were performed on the
thixoformed, rheocast and gravity-cast A356 samples in
a 3.5% NaCl solution at a scanning rate of 1 mV/s.
Measurement of galvanic corrosion current versus time
as well as LSV test was performed using an EG&G
model 273 A potentiostat.

The following parameters were determined for each
sample using image analysis techniques:

1) Area equivalent diameter (D): equivalent
diameter of a particle whose area is equal to the average
area of silicon particle.

2) Anode area to cathode area ratio (4./A,) was
calculated using Eq.(1):

A,/ Ay = AP-W) (M

where A is the silicon area, P is the silicon perimeter and
W is the mean width of corroded zone around silicon
particle. The mean width of corroded zone around silicon
particles was calculated using high magnification
microscopy. Calculations of area equivalent diameter and
anode area to cathode area ratio of all samples were
performed on at least 5 images. The surface of all tested
specimens was examined using a Nikon optical
microscope (OM) model Epiphoto300 and a Philips-XH3

scanning electron microscope (SEM).
3 Results and discussion

Fig.1 shows the optical microstructures of A356
samples produced by gravity-casting (Fig.1(a)) and
rheocasting (Fig.1(b)) processes. In the case of
gravity-cast samples, typical dendritic shape of primary a
phase is observed, whereas in the case of rheocast
samples, equiaxed primary a phase is found to be
distributed throughout the matrix. Fig.2 shows the optical
microstructures of thixoformed samples at the reheating
temperatures of 600 °C (Fig.2(a)) and 610 °C (Fig.2(b)).
Optical microstructures of the eutectic zone in the above
specimens are also documented. Figs.] and 2
demonstrate a substantial microstructural difference in
the shape and size of eutectic silicon particles.

Fig.1 Optical microstructures of A356 samples produced using
different processing routes: (a) Gravity-cast; (b) Rheocast

Quantitative metallographic evaluation of the
various microstructural features and defects was carried
out to compare the various cast microstructures produced.
These results are shown in Table 2. Compared with
gravity-cast and rheocast processes, thixoforming
process decreases area equivalent diameter of silicon
particles and porosity.

Table 3 shows the results of LSV test on the
thixoformed, rheocast and gravity-cast A356 samples. It
is clearly demonstrated that thixoforming process is
extremely beneficial for improving corrosion resistance
of A356 samples compared with that of rheocast and
gravity-cast samples. In the case of thixoformed samples,
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Fig.2 Optical microstructures of thixoformed A356 samples
50% hot-worked at different temperatures: (a) 600 °C; (b) 610
°C

Table 2 Results of quantitative metallographic evaluation for
microstructures under investigation

Area equivalent .
Porosity volume

Sample diam.eter of Si fraction/%
particles/um
Gravity-cast 11.4+0.21 13.21+1.4
Rheocast 7.99+0.23 3.00+0.3
Thixoformed at 600 °C 3.99+0.21 0.24+0.11
Thixoformed at 610 °C 4.11+0.15 0.41+0.14

Table 3 LSV test results of thixoformed, rheocast and
gravity-cast A356 samples after exposure in 3.5% NaCl

solution
e . Passive film
Pitting potential .
Sample stability range
(vs SCE)/mV
(vs SCE)/mV
Gravity-cast —848+11.01 71.1£9.11
Rheocast —690+8.21 77+6.12
Thixoformed at 600 °C —599+3.99 300+5.74
Thixoformed at 610 °C —610+6.11 205+7.32

passive film stability range (PFSR) and ¢p are increased,
implying the impediment to pit initiation.

Fig.3 shows the SEM image of corroded sample
after LSV test in a 3.5% NaCl solution (thixoformed
sample formed at 610 °C). As it is seen, the pitting
corrosion occurs selectively in the eutectic area, while

primary o phase (the composition of which is almost
100% pure aluminum) is mostly protected, regardless of
processing route. In the eutectic area, corrosion mostly
occurs around the silicon particles. So, silicon particles
act as local cathodes with respect to the eutectic
aluminum phase and contribute to localized corrosion of
surrounding matrix areas. When galvanic coupling is the
main cause of corrosion, the area ratio of noble to
less-noble phase is one of the key parameters in order to
determine the severity of corrosion[5—6].

Fig.3 SEM image of corroded surfaces of thixoformed A356
samples formed at 610 °C after LSV test in 3.5% NaCl solution

In the case of thixoformed samples, area equivalent
diameter of silicon particles (as cathode) is less than that
of rheocast and gravity-cast A356 samples. Therefore,
the enhanced corrosion resistance of thixoformed
samples is believed to be associated with the reduced
area ratio of eutectic silicon particles to eutectic
aluminum phase around eutectic silicon particles
compared with rheocast and gravity-cast A356 samples.
Since corrosion has been occurred between eutectic
silicon particles and eutectic aluminum phase, ratio of
silicon particles area (as cathode area, A.) to eutectic
aluminum phase area around eutectic silicon particles (as
anode area, A,) is important. These values are reported in
Table 4.

Table 4 Ratio of cathode area to anode area (4./4,) in
thixoformed, rheocast and gravity-cast A356 samples

Sample AJA,
Gravity-cast 3.67+0.73
Rheocast 3.10+£0.31
Thixoformed at 600 °C 0.89+0.54
Thixoformed at 610 °C 1.774£0.39

Different processing routes cause different area
equivalent diameter of silicon particles and consequently
different A./A, ratios. Table 5 shows the PFSR in
thixoformed, rheocast and gravity-cast A356 samples in
different A./A4, ratios. As it is seen, in low A4./A4, ratios the
PFSR is high. Therefore, an increase or decrease of the
areas occupied by these phases leads to a decrease or
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increase in corrosion current density, respectively. In
order to identify galvanic corrosion current density
between local cathode and anode in the specimens,
particles of silicon and particles of aluminum are coupled
with each other in a corrosion cell and values of current
as a function of time were registered. For each sample,
these particles considered in such a manner that the ratio
between them is equal to values shown in Table 4.

Table 5 PFSR in thixoformed, rheocast and gravity-cast A356
samples in different 4./4, ratios

AJA, (Pp=@ocp)/mV
0.89 288
1.77 195
3.10 68
3.67 49

By this simulation, galvanic corrosion current, /,
and consequently, local galvanic corrosion current
density, J., between silicon particles and eutectic
aluminum phase around silicon particles can be
calculated. The results of this simulation and galvanic
corrosion current between silicon particles and eutectic
aluminum phase are shown in Table 6. Compared with
the thixoformed samples, the increase in galvanic
corrosion current (Fig.4) and galvanic corrosion current
density in the rheocast and gravity-cast samples is related

Table 6 Local galvanic corrosion current density between
silicon particles and eutectic aluminum phase in gravity-cast,
rheocast and thixofromed A356 alloy with different 4./4, ratio

AJA, Corrosion current/pA
0.97 17.85
1.58 26.23
2.90 56.96
3.97 65.19
100
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Fig.4 Corrosion current between galvanic couples of silicon
and aluminum as function of time in 3.5% NaCl solution

to the higher area equivalent diameter of silicon particles
or A,/A4, ratio.

The coarsened silicon particles make difficult the
growth of the protective oxide layer in aqueous solutions
and act as weak points in the passive film[15]. Weak
points in the passive film are the origin of localized
corrosion, as at these points the corrosion proceeds with
a higher rate than elsewhere[15—16]. In the case of
thixoformed samples formed at 610 °C as well as
rheocast and gravity-cast samples, the area equivalent
diameter of silicon particles is higher than that of the
thixoformed samples formed at 600 °C. Therefore, the
possibility of formation of a firmly passive film is
decreased.

In the case of rheocast and gravity-cast samples,
another parameter must be considered. Pitting occurs
preferentially in pre-existing casting defects[9, 17]. As it
is seen in Table 2, porosity in the rheocast and
gravity-cast samples is higher than that in the
thixoformed samples. The collective effects of higher
porosity level as well as higher 4./A, ratio of silicon
particles in rheocast and gravity-cast samples, compared
with the thixoformed samples, are responsible for the
reduction of PFSR and ¢p.

4 Conclusions

In this study, the pitting behavior of the thixoformed
A356 alloy was studied and compared with of the
rheocast and gravity-cast samples with the same
composition.

By thixoforming process, the resistance to pitting
corrosion is largely improved due to the reduced area
ratio of noble silicon particles to less-noble eutectic
aluminum phase around silicon particles. Moreover, local
galvanic corrosion current density between local
galvanic couples decreases due to the reduction of 4./4,
ratio. Compared with the thixoformed samples, high
levels of porosity as well as higher A./4, ratio in the
gravity-cast and rheocast samples are responsible for the
reduction of PFSR and ¢p. In the case of gravity-cast and
rheocast samples, silicon particles with high area
equivalent diameter act as weak points in passive film,
implying the higher rate of pitting corrosion.
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