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This study compares the electrochemical behaviour of three aluminium-silicon alloys in acidic and alkaline
media by employing chemical, polarization and electrochemical impedance spectroscopy measurements in
addition to scanning electron micrography. In general, aluminium-silicon alloys corrode at a rate higher
than pure aluminium in these media. The corrosivity of the media was in the order of NaOH > H;PO,
> oxalic acid > H,80, > tartaric acid > succinic acid. The corrosion susceptibility of the alloys decreased
in any of the study media as follows: Al - 11%, Si > Al - 7% Si > Al - 22% Si. The results were
discussed taking into account the microstructural features of the alloys. While capacitive control was
observed in H,S0,, resistive control was apparent in NaOH medium.
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INTRODUCTION

Aluminium alloys have been recognized as
excellent fuel materials for electrical power
production [1]. While alloying improves the
mechanical strength of aluminium, it can degrade
the surface resistance or passivity. However,
corrosion rates can be significantly lowered by
choice of the proper alloy. Aluminium in solution
exhibits significant resistance to corrosion because
of the formation of a passive oxide layer. However,
in the passive region pitting corrosion may occur,
especially when chloride ions are present. In
water, aluminium is covered by an oxide film,
whose stability is well established between pH 4
to 8.5 [2-3].

Corrosion of aluminium alloys is often closely
related to the type, amount and properties of
intermetallic phases present in the matrix.
Aluminium silicon is a simple eutectic system, the
composition of the eutectic is 12.2 £ 0.1 at % Si.
The solidification structures depend on many
factors, the most important is the cooling rate [4].
Aluminium-silicon alloys are among the most
important commercial alloys, especially where high
pressure endurance is required.

The corrosion and pitting rates of aluminium
alloys in aqueous solutions are dependent upon

the concentration and type of anions present [5-7].
Anions participate in metal dissolution by
formation of metal-anion species at the interface
which aid metal dissolution when unstable and
hinder further dissolution when stable [8].

The pH of zero charge for aluminium oxide is 9
to 9.1 [9]. The surface will be positively charged
at pH < 9 and aggressive anions are likely to be
adsorbed. While chloride ions attack the
aluminium electrode surface [10], sulphate ions
are non-aggressive as established by studies
indicating the passivating character of H,SO, [11].
In strongly alkaline solutions, OH™ dissolves the
protective oxide film and the aluminium metal
surface establishes a very negative potential, with
formation of aluminate ions [12].

Studies on the electrochemical behaviour of
aluminium-silicon alloys [13] are somewhat scarce.
It is the purpose of this work to elucidate the role
of some anions on the corrosion of aluminium
alloys containing different additions of silicon and
the degree of attack in the media under study.

EXPERIMENTAL

The composition of the three aluminium-silicon
alloys and commercially pure aluminium used in
the study is given in Table L
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TABLE I: Composition of Aluminium-silicon alloys and pure aluminium

Sample Si Cu Zn Pb Co Ni Fe Cr Al
Al 7 % Si 7.0 0.048 0.004 0.001 < 0.02 0.023 0.163 0.006 Remainder
Al 11% Si 11.0 0.123 0.014 0.002 < 0.05 0.073 0.113 0.025 Remainder
Al 22% Si 22.0 0.282 0.021 0.007 < 0.05 0.385 0.179 0.056  Remainder
Pure Al — 0.002 0.003 0.100 < 0.05 0.011 0.179 0.082 Remainder

All chemicals used were AR grade (BDH) except
HCl (Fluka) and oxalic acid (Merck). Deionized
water was used in the preparation of the solutions
and for washing. Samples used in chemical
measurements were in the form of rods 5 cm long
and 1 cm in diameter. Electrodes used in
polarization  or  electrochemical  impedance
spectroscopy, EIS, measurements were in the form
of rods, embedded in glass tubes and fixed by
Araldite adhesive (Ciba product, Switzerland). The
reference electrode was Ag/AgCl. The auxiliary
electrode was a Pt sheet. Before immersion in the
test solution the surface was mechanically polished
using finer grades of emery papers upto 4/0 and
then washed with deionized water. For
polarization  measurements, solutions were
deaerated with 99.999% pure nitrogen gas. The
temperature was adjusted by using an ultra
thermostat (Julabo U3 No. 8311) at 303 + 2 K.

Potentiostatic polarization was conducted by an
AMEL potentiostat (Model 533, Italy) with positive
feed back for IR drop compensation.
Electrochemical impedance spectroscopy (EIS) was
carried out by the use of an impedance spectrum
analyzer (Thales IM6, Germany) connected to a
Samsung computer (Sync Master 15 GLi). All
experiments were in the frequency range 100 KHz
to 0.1 Hz. The input signal amplitude was 10 mV
peak to peak in both high and low frequency
ranges. Scanning electron microscopy (SEM) was
employed to study the surface morphology by
JEOL/JSM (T20 Japan) scanning electron
microscope. The samples were studied after
etching or 90 minutes immersion in the test
solutions, in both cases after mechanical polishing.

RESULTS AND DISCUSSIONS

Fig. 1 shows the microstructural features of the
alloy surfaces as well as pure aluminium. Al-11%

Si is observed in the form of eutectic dendrites.
Al - 7% Si contains aluminium grains surrounded
by the eutectic and Al - 22% Si contains primary
Si (H shaped) surrounded by the -eutectic.
Aluminium grains are observed in case of the pure
aluminium sample.

The results of potentiostatic polarization, EIS and
chemical measurements will be discussed in the
following for each of the studied media.

H,S0, medium

Polarization was conducted after immersion of the
electrodes in the test solution till stable potential,
open circuit potential (OCP) was reached. The
electrodes were polarized in the anodic or cathodic
direction starting from OCP. The sweep rate was
2 mVs?,

Polarization curves for the three alloys as function
of H,SO, concentration are shown in Fig. 2. On
anodic polarization, the curves exhibit an active
region which reaches limiting currents, i,. The
values of i; are proportional to acid concentration.
This is a result of film thickening with increasing
polarization which leads to a constant electric field
and slow transport of the acid molecules [14]. At
these potential regions, the process is thus
diffusion controlled. Some anions, among which ‘is
sulphate and oxalate, allow some anodic
dissolution resulting in formation of porous oxide
layers of significant thickness and rather regular
structure [15]. The shift in the current at which
i, is attained to higher values with increase in
acid concentration is attributed to attack of the
film by the acid.

On cathodic polarization there is a shift to higher
current densities with increase in acid
concentration. This is followed by a shift in the
opposite direction at higher concentrations, for
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Fig.1: Micrographs for the etched samples
(a) pure Al: showing Al grains attacked by the etchent (b) alloy 7% Si: Al grains surrounded by acicular eutectic
(c) alloy 11% Si: structure is completely formed of the eutectic with very fine Al grains
(d) alloy 22% Si: primary Si surrounded by acicular eutectic
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Flg. 2: Polarization curves as function of H,S0, concentration
for the alloys (a) 7% Si, (b) 11% Si and (c) 22% Si

alloys 11% Si and 22% Si which indicates a
decrease in the rate of the cathodic process.

The dependence of OCP, E; on the concentration
of the acid, c is represented by

E, = Eg+Kloge ()

where Eg is the value of E; at unit concentration,
K is a constant dependent on the alloy, Fig. 3a.

The corrosion current, i, was obtained by the

Tafel extrapolation. The relation between i, and
log ¢, Fig. 3b is represented by:
iy = a+bloge )

where a and b are constants dependent on the
characteristic of the corroding surface [16].
Decrease in i, values after the inflection point
is attributed to oxide film growth.

The results of chemical measurements for the
alloys and pure aluminium in the same
concentration range of the acid (ie. 0.5 to 9 N
H,S0,) are shown in Fig. 4. The rate of corrosion
from hydrogen evolution measurements (R) and
the rate of corrosion from mass loss experiments
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Fig. 3: Dependence of (a) OCP and (b) -

concentration for the three alloys

(1) 7% Si, (2) 11% Si and (3) 22% Si

on H,S0,
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(R) were determined for each specimen in the
concentration range under study. Values of both
R and R’ increase with increase in concentration
for 7% Si, while 11% Si and 22% Si reach critical
values after which both R and R’ decrease with
concentration. The highest values obtained for R
and R’ correspond to the same concentration at
which the highest i, value was recorded for each
alloy.

The decrease in i, R and R’ at high H;SO,
concentrations is explained by the fact that low
concentrations of sulphate ions catalyze the HER,
while at higher concentrations inhibition sets in
due to the presence of the inner highly resistive
~ layer which is not hydrated appreciably by
sulphate ions [17]. The primary process in
electrochemical corrosion of aluminium at pH < 3
is the formation of [Al (H,0)e)*" [18]. It has been
reported that increase in concentration of SO~
suppresses the chemical dissolution in aluminium
in H,S0, containing sulphate salts, the surface
becoming more even and the porosity near the
outer surface reduced [19].

To compare the electrochemical properties of the
three alloys, EIS measurements were carried out
under open circuit conditions in 0.5 N aerated
H,S0, solutions after 60 minutes immersion. The
plot for pure aluminium is not included in Fig. 5
since it was out of scale of the figure. In the
Nyquist plot, Fig. 5 the three alloys show a high
frequency capacitive loop, together with a small
inductive loop for 7% Si (at 697.8 mHz) and 11%
Si (at 365.2 mHz). The high frequency capacitive
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Fig. 4: Dependence of R and R’ on
H,SO, concentration for three electordes.
(1) 7% Si (2) 11% Si (3) 22% Si (4) Pure aluminium
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loop is correlated with the dielectric properties of
the oxide film, ie. thickness and dielectric
properties of the barrier oxide film [20]. The well
defined capacitive semicircle suggests that the
corrosion process occurs under activation contrel
[6]. The inductive loop is correlated with the
localized process of corrosion. The polarization
resistance, R, can be determined from the
diameters of the semicircles. It is highest for 22%
Si and lowest for 11% Si, as observed from
polarization measurements. The semicircles are
depressed below the axis due to surface
inhomogenities [20].

The oxide layer on aluminium alloys is viewed as
both a primary resistor and a dielectric of the
condenser [21]. From the Bode plot shown in
Fig. 6 the capacitance of the oxide layer is
determined from C = 1/2 nfR, where f is the
frequency at which the imaginary part of the
impedance lay at the maximum at f = 0.16 Hz
(or log ® =log 2nf = zero) and R, is the
polarization resistance at this frequency.

The value of the impedance, z at f = 0.16 Hz was
in the order 0.942, 1.199, 1.831 and 4.17 K Q
for 11% Si, 7% Si, 22% Si and pure aluminium
respectively.

The highest value for the capacitance C was that
recorded for 11% Si. This is due approximately to
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Fig. 5: Nyquist plot for the three alloys in 0.5 N H,80,
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decrease in the effective thickness of the oxide
layer, since the capacitance of a dielectric medium
is given by [21].
A
C=keg, = 3)
where K is the dielectric constant of the oxide
layer, €, is permittivity of free space (8.8 x
10* Fem?) [22]. A and o are the area and
thickness of the oxide layer, respectively.

The impedance in the medium frequency range in
the Bode plot is determined by the capacitance C
and for a pure capacitive behaviour the slope of
log Z vs log f should be equal to -1 and 6 rising
towards 90° which is observed in the present case
in H,S0,. Values of 8, are in the order 22% Si
> T% Si > 11% Si, in agreement with polarization
and chemical measurements which indicated that
22% Si has the best electrochemical properties
among the three alloys. Values of R, are in the
same order as 9 ..

H,PO, medium

Polarization measurements for the three alloys
were conducted in HgPO, solutions in the
concentration range 3 x 102 to 3 N. For all alloys,
increase in concentration leads to a systematic
shift of both the cathodic and anodic branches to
higher current density values. The anodic branch
is limited by a limiting current, i, which increases
with acid concentration. The potential at which
i, is attained shifts meanwhile to more positive
values. The i, is reached at a current density
value much higher than that attained at the same
concentration in H,SO, for the same alloy, which
indicates that phosphate ions can accelerate
corrosion by retarding film repair, thus decreasing
the protective nature of the oxide film on the
alloy.

OCP for each alloy shifted to more positive values
with increase in acid concentration and the
corrosion currents, i, increased. Determination of
R and R for the alloys over the same
concentration range revealed a systematic increase
in all cases. These values were higher than those
obtained in H,SO, under the same conditions.
However, the same order for corrosion
susceptability was obtained for the alloys and pure
aluminium, i.e. 11% Si > 7% Si > 22% Si > pure

aluminium. Values of R x 10 in 0.5 N H,PO, for
this order are 1, 0.829, 0450 and
0.117 (mlcem® min?) while R’ x 10° values were
0.732, 0.674, 0.389 and 0.101 (gcm® min™).

The dissolution of aluminium in HPO, was
considered in view of the values of the three step
dissociation constants of H PO, The possible
reactions with dissociated H,PO, proceeds as
follows:

AP* + 3H,PO; —> Al (H,PO), @)

)

Practically PO? ions do not exist in the solution
initially, as the value of the dissociation constant
of this step is extremely low. Since Al, (HPO,), is
less soluble than Al (H,PO,);, the corrosion of
aluminium proceeds thus [23].

or AI* + 3HPO; — Al (HPO,),

3
Al+3HPO, — AIHPO)+5H, o

Organic acid media

The polarization behaviour of the alloys was
studied in three organic acid media, namely oxalic,
tartaric and succinic acids in the concentration
range 107 to 2 N. There is a systematic increase
in cathodic and anodic currents for all alloys in
the presence of any of the three acids as the acid
concentration increases. Limiting values of the
current were reached on anodic polarization at
potentials which became progressively more
positive as the acid concentration increased.
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Fig. 6: Bode plot for the alloys in 0.5 N H,SO,
(1) 7% Si (2) 1% Si (3) 22% Si
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TABLE II: Variation of R, (K Q cmz) for the alloys with organic acid concentration

C Oxalic acid Tartaric acid Succinic acid

(N) 7% Si 11% Si 2% Si 7% Si 1% Si 2% Si T% Si  11% Si  22% Si
0.10 0.978 0.673 1.401 25.36 24.53 41.10 90.92 86.83 96.73
0.25 0.422 0439 0.821 21.51 14.93 22.08 68.97 46.37 88.33
0.50 0.359 0.331 0.449 19.22 14.59 19.36 60.07 58.70 70.06
1.00 0.342 0.291 0.378 - 13.94 — 5353 39.68 50.77
2.00 0.336 0.259 0.331 15.99 0.64 16.05 — — —_

In general, low corrosion in these acids is reflected
in the low i . and high R, values (Table II), if
compared with the values obtained in inorganic
acids. The exception is oxalic acid, where i
values are higher than in H;SO,. For one and the
same alloy, i, values decrease in the order oxalic
> tartaric > succinic acid, at the same acid
concentration. This is the same order of K, values
[24] indicating that as a first approximation,
corrosion increases with availability of H ions. A
similar observation on the relation of corrosion
rates with K, values of organic acids were
reported [25].

The polarization behaviour of the alloys was
compared with that of pure aluminium in each
acid, at a concentration of 0.5 N. For all alloys
and aluminium, values of i; are higher in oxalic
than tartaric or succinic acids. In all cases, the
highest i, values were those recorded for 11%
Si. From i, values, the order of corrosion
susceptibility obtained was 11% Si > 7% Si > 22%
Si > pure aluminium as in inorganic acids. When
aluminium metal is submitted to high positive
potentials, a porous oxide layer of significant
thickness and regular structure is formed which,
in presence of sulphate or oxalate anions,
undergoes some anodic dissolution [25]. The outer
porous layer was shown to be formed of two zones,
the outer zone in contact with the solution
incorporates the anions from the solution and has
a higher rate of dissolution. This outer layer
covers the inner thin barrier layer which resists
dissolution [26]. The low corrosion rates observed
in case of succinic and tartaric acids are related
to formation of the high resistance anodic films in
these media and therefore their low solubilities.

Alkaline medium

Studies in NaOH were carried out by polarization,
chemical and EIS measurements. It is well known
that corrosion of aluminium is relatively higher in
alkaline than acid media [27]. The metal
undergoes violent corrosion according to [28].

Al+OH +H,0 — A]O;+%H2 )
Polarization measurements of the three alloys as
function of NaOH concentration, which was
limited by the previous considerations, was carried
out, Fig. 7. A major difference as compared with
acid media is the shift of OCP to more negative
values with concentration. During corrosion of
aluminium in alkaline solutions the metal
establishes very negative potentials [12,29]. On
anodic polarization and at high current density
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Fig. 7: Polarization curves for the alloy 7% Si as
function of NaOH concentration
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values there is deviation from the Tafel relation
with appearance of limiting currents which
increase with NaOH concentration, in accordance
with the proportionality reported between 1; and
pH observed during anodic dissolution of
aluminium [30].

Since the current in the anodic region increases
with NaOH concentration (increase in pH) OH~
ions are assumed to participate in the anodic
process. The anodic reaction in the potential
region less positive than that at which i, appears,
leads to formation of AlO, or AIl(OH), (which is
equivalent to AlO; [31] by

Al +40H —s> AlOj + 2H,0 + 3¢ 8)

®

Both AlQ, and AI(OH); are soluble products. The
slow step in the anodic reaction is either
formation of ANOH); or its transfer from the
surface to the bulk of solution. A change in the
diffusion layer thickness at the electrode will
cause the anodic current to increase if the mass
transfer is the slow step [32]. It is apparent,
therefore, that mass transfer of Al(OH); is the
slow step at potentials less positive than i,.

or Al+40H™ — AI(OH), + 3e

At high concentrations, a small hump is detected
which is associated with formation of an insoluble
product, probably Al(OH),. At these potentials and
with increasing polarization the interfacial OH"
concentration will decrease leading to precipitate
formation even at pH values more than 12 [33]
leading to passivation at these potentials. The
reaction occurs as follows

Al+30H —> AI(OH);, + 3e (10)

Linear relations were obtained between either
OCP or i, and log ¢, in the former case having
a negative slope.

Chemical measurements were conducted in the
same NaOH concentration range. Values of R and
R’ increased regularly with concentration. Also,
both R and R’ values decreased in the same order
obtained by polarization measurements for the
three alloys and pure aluminium at the same
measurements for the three alloys and pure
aluminium at the same NaOH concentrations,
showing that alloy II has the lowest corrosion
resistance, while pure aluminium has the highest.

An observation, however, was made that at low
NaOH concentrations and on prolonged immersion
times the corrosion rate slows down. On initial
immersion, aluminium dissolution proceeds at flaw
sites or at more cathodic phases. The OH  ions
penetrate the air formed film, causing dissolution
and desaggregation behind the penetration front.
This assists outward ionic migration of the mobile
A* ions and inward mobile O ions [34]. The
outward mobile AI** ions will be ejected directly
into the solution without assisting in film
formation. On prolonged immersion the outer film
undergoes aging phenomena which leads to a
reduction of porosity in the initially formed film
or at the surface of the inner film. This leads to
blocking of solution access to the metal/film
surface and decrease in corrosion rate [27].

EIS measurements in aerated 10% N NaOH
solutions were carried out on the three alloys after
60 minutes immersion. The Bode plot is shown in
Fig. 8. The log Z relation for any alloy develops
a number of plateaus over the frequency range
studied, indicating different time constants. This
may be connected with the stepwise addition of
OH' ions that has been reported during formation
of Al(OH),; [35]. The absence of linear log Z
relations with a slope of -1 and the departure of
sy at intermediate frequencies from 90° which
is expected in case of purely capacitive behaviour
shows that the circuit tends to the resistive
behaviour.
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Fig. 8: Bode plots for the three alloys in 10% N NaOH
(1) 7% Si (2) 11% Si (3) 22% Si
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Even under severe conditions of corrosion observed
in NaOH, there is still consistency in values of
the impedance, Z at low frequencies with those
observed in H,SO,, i.e. Z for the alloys follows the
order 22% Si > 7% Si > 11% Si. 0, for the alloys
are in the same order. These results confirm that
as in acid media, alloy 11% Si corrodes more than
the other two alloys in alkaline media.

Scanning electron micrography

Fig. 9 shows micrographs of alloy 11% Si after
80 minutes immersion in different solutions. This
alloy is mainly formed of the eutectic. The points
of high stress are in the eutectic net which is the
region where attack initiates. When subjected to
a highly corrosive medium (102 N NaOH) severe
corrosion of all types was apparent, while in less
corrosive media (3 N HySO, or 2 N oxalic acid)
the mild attack produced weak general corrosion.

General remarks

The results of EIS, polarization and chemical
measurements have indicated that the alloys 7%
Si and 22% Si have better corrosion resistance
than alloy 11% Si. This is probably due to the
stabilization of the oxide film by incorporation of
elemental aluminium (in case of alloy 7% Si) or
Si (in case of alloy 22% Si) [36].

The difference in corrosion rates obtained in
< b} presence of different anions is explained by the
chemical nature of the corrosion reaction which
involves metal anion species which direct the
breakdown or formation of a protective reaction
product on the surface [8,37]. The difference in
corrosion rates obtained for a certain alloy in acid
media in presence of the different anions is due
to the difference in the bonding strength of these
ions on different sites on the surface. The higher
rates of corrosion observed in NaOH are due to
the decrease in thickness of the thin inner barrier
layer covering aluminium when the pH is
increased [38]. this layer is responsible for
protecting the metal from corrosion and as it
e becomes thinner, attack by NaOH is facilitated,
( CB since the outer layer is of the non barrier type.

Fig. 9: Micrographs for alloy 11% Si after immersion in

(a) 102 N NaOH: severe corrosion of all types CONCLUSION
(b) 3 N H,SO,: weak general corrosion and x Aluminium-silicon alloys corrode in aqueous
(c) 2 N oxalic acid: weak general corrosion media more than pure aluminium. Presence of
(White spots in (b) and (c) are corrosion products) elemental silicon or aluminium probably causes
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stabilization of oxide films on alloys 22% Si or
7% Si, respectively, as compared to alloy 11%
Si, which is formed nearly completely of the
eutectic.

The corrosion rate for any alloy in the media
investigated decreases in the order NaOH >
H,PO, > H,SO, > oxalic acid > tartaric acid >
succinic acid.

Corrosion rates in organic acids fall with
decrease in their K, values. However, a detailed
study of the adsorption of the anions on the
surface film or their incorporation therein is
required to clarify the role of organic anions in
the corrosion process.

Capacitive behaviour controls the circuit in
Hy,SO, medium, in contrast to resistive control
in NaOH medium.

Acknowledgement: A A Mazhar thanks the Alexander
Von Humboldt Foundation for providing the equipment
used in EIS measurements.
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