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HIGHLIGHTS

» Al-Zn—Ga and Al-In—Ga as sacrificial anode.
» Ga does activate Al in ternary alloys.

» Ga homogenous distribution produce Al activation by amalgam formation.

» Al-In—Ga alloy as a more active anode.
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The influence of Ga content on the electrochemical behaviour of Al-Zn—Ga and Al-In—Ga alloys in
chloride acid and acetic acid media was studied. The presence of Ga in concentration greater than
2.5 wt.% causes an open circuit potential (OCP) shifts of Al—Zn—Ga alloys in chloride solution towards
more negative values (—1.38 V(SCE)). The OCP for Al-In—Ga alloys in chloride solution varies
between —1.62 and —1.73 V(SCE). The anodic behaviour of these ternary alloys can be interpreted in
terms of an amalgam mechanism.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Aluminium sacrificial anodes are used to prevent corrosion of
iron and steel structures in marine environments. The standard
reversible potential of aluminium (E°ap+/a1) is —1.90 V(SCE) [1] and
it has a high capacity (2980 Ahkg™!). However, pure aluminium
and its alloys exposed to the air rapidly form a layer of protective
oxide. Breakdown of the protective oxide results in seawater pitting
attack at a potential of —0.80 V(SCE) [2] and this causes a decrease
of anode efficiency.

Aluminium as an anodic material is of interest both in cathodic
protection system and in energy storage systems, like primary
batteries [3], fuel cells [4,5] and in secondary batteries that utilise
non-aqueous electrolytes [6].

The addition of alloying elements such as Hg, In, Ga, Bi, Zn or Sn
changes the pitting potential of aluminium towards more electro-
negative values in the presence of chloride ions [7—9]. Some
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alloying elements (Hg, Ga and In) result in more uniform dissolu-
tion in solutions containing aggressive ions. However, the toxicity
of Hg means that other low melting point elements such as In and
Ga are more acceptable additions.

Several studies on the activation of Al-In [8], Al-Ga [10—16] and
Al—Zn [8,17] alloys have been carried out and various different
mechanisms have been proposed to explain the activation effect of
these elements. Alloys such as Al-Zn—Hg [18], Al-Zn—Sn [19],
Al—Zn—In [20—23] and Al-Zn—Ga [10] have received particular
attention due to the operating potential and their high current
efficiency associated with a lower hydrogen evolution reaction.

Aluminium activation by Ga has been related to the increased
adsorption of chloride ion at more negative potentials [13,14]. Tuck
et al. have proposed that Ga particles at the metal/oxide interface of
Al—Ga alloy cause local thinning of the oxide film [11]. In previous
work we have proposed an amalgam-activation mechanism where
a minimum amount of liquid Ga in true metallic contact with Al is
needed for surface activation [24]. Liquid Ga diffusion on an Al
surface undermines and detaches the oxide, increasing the active
area. An active potential (—1.50 V(SCE)) was reported at the
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amalgam/solution interface. The presence of Zn as alloying
component in the Al-Zn—Ga alloy helps the development of
a critical surface concentration of Ga to produce the amalgam [25].

In the present study the electrochemical behaviour of
Al-Zn—Ga and Al-In—Ga ternary alloy has been analysed by
considering the influence of Ga concentration onto the activation
mechanism using potentiodynamic, open circuit potential (OCP)
versus time and Tafel measurements. Surface characterisation was
carried out using scanning electron microscopy (SEM) and quan-
titative energy dispersive X-ray analyser.

2. Material and methods

The ternary Al-Zn—Ga and Al-In—Ga alloys were prepared with
nominal compositions of Al—4.0 wt.%Zn—xwt.%Ga (x = 0.5, 2.5 and
5.0) and Al-0.2 wt.%In—y wt.%Ga (y = 0.5, 2.5 and 5.0), from pure
Al, Zn, Ga and In (Aldrich Chemical Co.), which were etched in 2%
nitric acid in ethanol and then placed into a cylindrical graphite
crucible. The samples were melted above 660 °C under an inert
atmosphere of Ar gas and then were stirred until reach a homoge-
neous mixture of elements. After that, the crucible was then
quenched into water at room temperature to maintain a homoge-
neously distribution of alloying components in solid solution. The
Zn and In contents correspond to those of the most important
commercial Al alloys used as sacrificial anodes.

After chemical etching, the microstructure of Al ternary alloys
was characterised with scanning electron microscopy (SEM) and
the elemental composition was estimated with a quantitative
energy dispersive X-ray analyser. The Al—4.0 wt.%Zn—5.0 wt.%Ga
alloy was etched with Keller reagent (1 ml HF, 1.5 ml HCI, 2.5 ml
HNO3 and 95 ml H,0). Due to the higher reactivity observed for the
Al—-0.2 wt.%In—5.0 wt.%Ga alloy, its microstructure was revealed by
chemical etching with diluted fluoride acid (1 % (v/v)) solution.

Samples of the cast alloys embedded in a Teflon holder with an
exposed area of 0.070 cm? were used as the working electrodes.
The exposed surface area was abraded with 1000 grade emery
paper followed by 1 um grit alumina suspensions, then degreased
with acetone and rinsed with triply distilled water. The electrode
was then immediately transferred to a three electrode compart-
ment electrochemical cell (250 mL). All potentials were measured
against a saturated calomel electrode (SCE) connected through
a Luggin—Haber capillary tip and a Pt sheet was used as the
counter-electrode.

Electrochemical measurements were carried out by means
a potentiostat-galvanostat PAR Model 273A using a SoftCorr™ II
software. A dual stage ISI DS 130 SEM and an EDAX 9600 quanti-
tative energy dispersive X-ray analyser were used to examine the
electrode surface characteristics.

Linear anodic polarisation curves in acid chloride solution were
recorded at a scan rate of 0.001Vs~! from —1.80 V(SCE) until
a current density value of 30 mA cm™2 was reached. The anodic
polarisation curves in acetic acid solution were registered at the
same scan rate in the potential range between —1.80 and —0.70
V(SCE).

Tafel plots were used to determine the electrochemical param-
eters (anodic Tafel slope (8,), cathodic Tafel slope (8¢), corrosion
potential (Ecorr) and corrosion current density (icorr)). The icorr Was
obtained by extrapolation, to Ecop, from the linear part of anodic
and/or cathodic branches of the Tafel plots.

The test solutions (0.5 M NaCl and 0.5 M HAc) were prepared
from analytical grade chemicals and triple-distilled water. The pH
of the chloride solution was adjusted with HCl to 3. Measurements
were made under a purified nitrogen gas saturated atmosphere at
25°C. Each experiment was repeated three times to ensure
reproducibility with variations below +5%.

Fig. 1. Microstructure of the Al-4.0 wt.%Zn—5.0 wt.%Ga revealed after chemical
etching with Keller reagent for 60 s.

3. Results
3.1. Microstructure characterisation of ternary alloys

EDX analysis of the abraded Al-Zn—Ga alloy showed the pres-
ence of the following elements: 2.10 wt.% Zn, 5.08 wt.% Ga and rest
Al. After chemical etching with Keller reagent for 60s, the
Al—4.0 wt.%Zn—5.0 wt.%Ga alloy presents a chill structure consist-
ing of small equiaxed (equal-sized) crystals homogeneously
distributed and randomly orientated in the matrix phase (Fig. 1). It
was observed that an increment in the etching time produces
a smoother matrix surface with a more number of small crystals
(0.5 um in diameter) but with an increase in spherical holes as
aresult of chemical dissolution. EDX analysis performed in different
small crystals always showed an increasing contain of Ga
(6.32 wt.%) in comparison with the matrix phase (4.38 wt.%). The
presence of Zn was not detected due to its preferential dissolution.

In the case of Al-4.0 wt.%Zn—0.5 wt.%Ga and Al-4.0 wt.%
Zn—2.5 wt.%Ga alloys, the revealed microstructure was similar to
that obtained for the alloy with more concentration of Ga
(5.0 wt.%), although with a less amount of small crystals (0.5 um in
diameter) enriched in Ga content with respect to the matrix phase.

The chemical etching of the Al-0.2 wt.%In—5.0 wt.%Ga alloy with
diluted fluoride acid solution for 15 s, also revealed a chill structure
although a greater density of small crystals in comparison with the

Fig. 2. Microstructure of the Al-0.2 wt.%In—5.0 wt.%Ga revealed after chemical
etching with diluted fluoride acid (1 % (v/v) HF) aqueous solution for 15s.
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Fig. 3. Open circuit potential (OCP) vs. time in 0.5M NaCl, pH 3 solution: (a)
Al—4.0 wt.%Zn, (b) Al—4.0 wt%Zn—0.5 wt.%Ga, (c) Al—4.0 wt.%Zn—2.5 wt.%Ga and (d)
Al-4.0 wt.%Zn—5.0 wt.%Ga.

Al—4.0 wt.%Zn—5.0 wt.%Ga alloy was observed (Fig. 2). The crystals
had a microtube appearance and they were preferential oriented.
The number of these crystals decreased as the Ga content dimin-
ished. EDX analysis of the Al—0.2 wt.%In—5.0 wt.%Ga alloy surface
after chemical etching showed the presence of the following
components: 6.02 wt. % Ga, 7.70 wt.% O and rest Al. The presence of
In was not detected before and after chemical etched by EDX ana-
lyser due to its weight percentage is lower than the detection limit.

Fig. 4. (a) SEM micrograph of attacked areas onto Al—4.0 wt.%Zn—5.0 wt.%Ga alloy
surface obtained after OCP measurement during 3600 s in 0.5 M NaCl, pH 3 solution;
and (b) magnified SEM image of the attacked area.
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Fig. 5. Open circuit potential (OCP) vs. time in 0.5M NaCl, pH 3 solution: (a)
Al-0.2 wt.%In—0.5 wt.%Ga, (b) Al-0.2 wt%In—2.5wt%Ga and (c) Al-0.2wt%
In—5.0 wt.%Ga.

3.2. Studies in the acidified sodium chloride solution

3.2.1. Open circuit potential (OCP) — time measurements

The activation process can be studied by analysing the open
circuit potential (OCP) against time for the different ternary alloys.
The OCP value for Al—4.0 wt.%Zn alloy (Fig. 3, curve a) was more
negative than the OCP value measured for Al—4.0 wt.%Zn—0.5 wt.%
Ga alloy (Fig. 3, curve b). It is possible that the Ga present in the
ternary alloy is oxidised to Ga,03 imparting some sort of passivity.

100 um
100 |

Fig. 6. (a) SEM micrograph of attacked areas onto Al—0.2 wt.%In—5.0 wt.%Ga alloy
surface obtained after OCP measurements during 3600 s in 0.5 M NaCl, pH 3 solution;
and (b) magnified SEM image of the attacked area.
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A similar result was obtained by Aragon et al. [10] who found that
additions of Zn to Al—Ga alloys containing 0.2 or 0.5 wt.% of Ga
produced a positive shift in the free potential compared with the
binary Al-Ga alloys. The OCP values of the higher gallium
Al—Zn—Ga alloys were shifted in the negative direction (Fig. 3). For
Al—4.0 wt.%Zn—2.5 wt.%Ga and Al—4.0 wt.%Zn—5.0 wt.%Ga alloys
the OCP reached a constant value of —1.36 and —1.38 V(SCE) (Fig. 3,
curves c and d), respectively. The higher amplitude of the potential
spikes observed for Al—4.0 wt.%Zn—5.0 wt.%Ga alloys suggests
a more active condition.

After OCP measurements, the SEM micrograph of the
Al—4.0 wt.%Zn—5.0 wt.%Ga alloy in Fig. 4a shows attacked areas
distributed homogenously over the surface. The higher magnifi-
cation image of the attacked area (Fig. 4b) shows a mud-cracked
film of corrosion products.

For the case of Al-In—Ga alloys the OCP value decays to values
of —1.62, —1.73 and -1.76 V(SCE) for Al—0.2 wt.%In—0.5 wt.%Ga,
Al—0.2 wt.%In—2.5 wt.%Ga and Al—-0.2 wt.%In—5.0 wt.%Ga, respec-
tively (Fig. 5). Thus, the OCP was displaced to more negative poten-
tials as the Ga content increased. The more negative value of the OCP
indicates a more active state compared to the Al-Zn—Ga alloys.

The active state of the ternary Al—4.0 wt.%Zn—5.0 wt.%Ga and
Al—0.2 wt.%In—-5.0 wt.%Ga alloys was maintained for longer
immersion times (7 days). On the other hand, the pH of chloride
solution practically did not change during this period.

Pits as well as general corrosion appear onto the Al-0.2 wt.%
In—5.0 wt.%Ga alloy surface after OCP measurement (Fig. 6a). The
higher magnification SEM image (Fig. 6b) shows a deep cavity
surrounded by corrosion products.

Hydrogen evolution was observed for both Al-Zn—Ga and
Al-In—Ga alloys, but the rate of evolution was higher for the
Al—In—Ga alloys compared to the Al-Zn—Ga alloys with the same
Ga content. The volume of hydrogen produced after 24 h at OCP
conditions was measured with a eudiometer. The volume collected
was 0.4 mL for Al—4.0 wt.%Zn—5.0 wt.%Ga alloy and 8.6 mL for
Al-0.2 wt.%In—5.0 wt.%Ga alloy, respectively.

OCP measurements were also performed in acidified chloride
for a liquid Ga—4.0 wt.%In amalgam and also for an In electrode
with a Ga particle (50 mg) mechanically attached. In both cases the
OCP was coincident with those of the pure metals, Ga and In,
respectively [26,27]. This suggested that there is no formation of an
intermetallic compound between In and Ga that modified the OCP
value of the pure metals.
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Fig. 7. Linear polarisation curve registered at 0.001 Vs~ in a 0.5 M NaCl, pH 3 solution

for: (a) Al-4.0 wt.%Zn, (b) Al-4.0 wt.%Zn—0.5 wt.%Ga, (c) Al—4.0 wt.%Zn—2.5 wt.%Ga
and (d) Al-4.0 wt.%Zn—5.0 wt.%Ga.
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Fig. 8. (a) SEM micrograph of attacked areas onto Al—4.0 wt.%Zn—5.0 wt.%Ga alloy
surface after linear anodic polarisation in a 0.5M NaCl, pH 3 solution, and (b)
magnified SEM image of the attacked area.

3.2.2. Polarisation measurements

The influence of Ga content in the Al-Zn—Ga ternary alloy was
analysed by linear anodic polarisation (Fig. 7). The onset of active
dissolution for Al—4.0 wt.%Zn—0.5 wt.%Ga alloy was produced at
a more positive potential than for the Al—4.0 wt.%Zn alloy (Fig. 7,
curves a and b). When the Ga content of the Al-Zn—Ga ternary
alloy was greater than 2.5 wt.%, the beginning of active behaviour
was produced at more negative potential (c.a. —1.30 V(SCE)) (Fig. 7,
curves c and d) with a considerable reduction of the passive region.
According to Frumkin et al. [28] the potential of zero charge (Ep,c)
measured for Ga in 1.0 M KCl solution was —1.10 V(SCE). This means
that CI~ ion adsorption onto Al-Zn—Ga surface will be produced
when the Ep, of Ga is overcome, that is, when the potential is more
positive than —1.10 V(SCE). Thus, the onset of the depolarised
pitting process of Al—4.0 wt.%Zn—x wt.%Ga (x=2.5 and 5.0) alloy
near to —1.30 V(SCE) could be associated with the amalgam acti-
vation mechanism, as was proposed in a previous paper [25].

Fig. 8 shows a SEM image of the Al—4.0 wt.%Zn—5.0 wt.%Ga alloy
surface after a linear anodic polarisation to a current density value
of 10 mA cm 2. Irregular pits were uniformly distributed onto the
electrode surface (Fig. 8a), in agreement with previous results
obtained for Al-5.6 wt%Zn—3.0 wt.%Ga ternary alloys [25]. A
magnified image of the attacked area (Fig. 8b) shows that the attack
started in the enriched Ga zone of the alloy (small crystal observed
in Fig. 1).

Fig. 9 shows the potentiodynamic anodic polarisation for
Al-In—Ga alloy at 0.001 Vs~ in 0.5M NaCl, pH 3 solution. The
active state of Al-In—Ga alloys initiates at more electronegative
potentials compared to the Al-Zn—Ga alloys. The dissolution
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Fig. 9. Linear polarisation curve registered at 0.001 Vs~! in a 0.5 M NaCl, pH 3 solution for: (a) Al-0.2 wt.%In—0.5 wt.%Ga, (b) Al—0.2 wt.%In—2.5 wt.%Ga and (c) Al-0.2 wt.%

In—5.0 wt.%Ga.

process of Al-In—Ga starts at —1.25, —1.50 and —1.60 V(SCE) for 0.5,
2.5 and 5.0 wt.% of Ga content, respectively. The presence of both In
and Ga as alloying elements in the Al matrix produces a reduction
of the passive region. A similar activation processes was obtained
previously with Ga—Al amalgam electrodes [26].

Fig. 10 shows a SEM image of the Al-0.2 wt.%In—5.0 wt.%Ga
alloy surface after a linear anodic polarisation to a current density
value of 10 mAcm~2. A more attacked surface was observed for
Al—In—Ga alloys compared to Al-Zn—Ga alloys (Fig. 10a vs. Fig. 8a).
Deep cavities (Fig. 6b) were found on the Al-In—Ga alloy surface.

Tafel plots were obtained after OCP stabilisation (3600 s) start-
ing from —0.20 V(SCE) to 0.20 V(SCE) vs. OCP and the potential scan
rate was 0.001Vs~ L For Al-40wt%Zn and Al-4.0wt%
Zn—0.5 wt.%Ga alloys, the ic values were estimated by Tafel
extrapolation of anodic and cathodic Tafel lines to the E.q (Fig. 11,
curves a and b). For an accurate extrapolation, at least one of the
branches of the polarisation curve should exhibit Tafel behaviour.
The icorr values of Al—4.0 wt.%Zn—x wt.%Ga (x = 2.5 and 5.0) alloys
were estimated by extrapolation of the anodic Tafel lines back to
the corresponding values of E.o (Fig. 11, curves ¢ and d). In both
cases, the anodic branch showed a considerable increase in current
density for a small increase in potential indicating that active
depolarised alloy dissolution was occurred. The anodic Tafel slope
(84) decreases with Ga content (Table 1). Moreover, the presence of
a mud-cracked film of corrosion products formed after OCP stabi-
lisation (3600 s) hinders the cathodic reduction reaction. Thus, the
cathodic limiting current can be attributed to the diffusion of
proton ions in the corrosion products layer (Fig. 11, curves c and d).

An appreciable displacement of Eco in the negative direction
and a higher icor value were observed for Al-Zn—Ga alloys, only
when the Ga content was between 2.5 and 5.0 wt.% (Fig. 11 and
Table 1). For Al-0.2 wt.%In—0.5 wt.%Ga alloy, the icor value was also
estimated by Tafel extrapolation of anodic and cathodic Tafel lines
to the Ecor (Fig. 12, curve a). Nevertheless, the ico values of

Fig. 10. (a) SEM micrograph of attacked areas onto electrode surface of Al—0.2 wt.%
In—5.0 wt.%Ga alloy after linear anodic polarisation in a 0.5 M NaCl, pH 3 solution, and
(b) magnified SEM image of the attacked area.
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Fig. 11. Tafel curves registered after OCP measurements during 3600 s in 0.5 M NaCl,
pH 3 solution at 0.001 Vs~! for: (a) Al-4.0 wt.%Zn, (b) Al—4.0 wt.%Zn—0.5 wt.%Ga, (c)
Al—4.0 wt.%Zn—2.5 wt.%Ga and (d) Al—4.0 wt.%Zn—5.0 wt.%Ga.

Al-0.2 wt.%In—y wt.%Ga (y = 2.5 and 5.0) alloys were estimated by
extrapolation of the cathodic Tafel lines back to the corresponding
values of E¢o,y. In both cases, the anodic branch did not present Tafel
behaviour (Fig. 12, curves b and c).

The displacement of Eco Values was more evident in the Tafel
plots for the Al-In—Ga alloys (Fig. 12), where less Ga content is
required (>0.5wt.%) to reach the active state in comparison to
Al—Zn—Ga alloys. The electrochemical parameters for Al-In—Ga
alloys in chloride acid media are summarised in Table 1, showing
that an increase in the Ga content produces more negative Ecorr and
higher icor values.

3.3. Studies in acetic acid solution

3.3.1. Open circuit potential (OCP) — time measurements

In order to analyse the influence of a non-aggressive anion on
the activation process of Al-Zn—Ga and Al-In—Ga alloys, the OCP
of these ternary alloys was measured in 0.5 M HAc, pH 3 solution.

The OCP value of the Al-Zn—Ga alloy depended on the Ga
content. The OCP value for Al—4.0 wt.%Zn alloy (Fig. 13, curve a) was
more negative than the OCP value measured for Al—4.0 wt.%
Zn—0.5 wt.%Ga alloy (Fig. 13, curve b). As the Ga concentration
increased, the OCP value was shifted to more negative potentials.
The Al-4.0 wt.%Zn—5.0 wt.%Ga alloy reaches an OCP value
of —1.05 V(SCE) in acetic acid solution (Fig. 13, curve d), which is
less active in comparison to that obtained in chloride acid media
(Fig. 7, curve d). This potential value was previously measured using
a Ga—Al saturated amalgam formed on Al surface with Ga
mechanically attached [29].

The SEM micrograph of the Al—4.0 wt.%Zn—5.0 wt.%Ga alloy
after OCP measurements in acetic acid media showed an attacked

Table 1
Electrochemical parameters obtained from Tafel plots Al-Zn, Al-Zn—Ga and
Al-In—Ga alloys in 0.5 M NaCl, pH 3 solution.

Electrode material Ecorr Ba 1Bl icorr
(V(SCE)) (mVdec™') (mVdec™!) (pAcm2)
Al—4.0 wt.%Zn -1.02 311 219 6
Al—4.0 wt.%Zn—0.5 wt.%Ga -0.97 227 180 7
Al—4.0 wt.%Zn—2.5 wt%Ga —1.26 17 - 11
Al—4.0 wt.%Zn—5.0 wt.%Ga —1.27 11 - 38
Al-0.2 wt%In—0.5 wt.%Ga —1.64 105 126 25
Al-0.2 wt.%In—2.5 wt.%Ga —1.78 - 74 95
Al—-0.2 wt.%In—5.0 wt.%Ga —1.78 - 120 236
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Fig. 12. Tafel curves registered after OCP measurements during 3600 s in 0.5 M NaCl,
pH 3 solution at 0.001Vs~' for: (a) Al-0.2wt%In—0.5 wt.%Ga, (b) Al-0.2 wt.%
In—2.5 wt.%Ga and (c) Al-0.2 wt.%In—5.0 wt.%Ga.

area surrounded by corrosion products distributed homogenously
over all surface (Fig. 14a). The higher magnification SEM image of
the attacked area (Fig. 14b) shows the mud-cracked corrosion
product consisted of aluminium oxide/hydroxide inside and
outside the cavity. The presence of the corrosion product film
formed on the Al-Zn—Ga alloy surface in acetic acid media could be
responsible for the lower activation potential as has previously
been suggested for Al-Zn alloy in the presence of In>* [30].

Very active OCP values were measured for Al—0.2 wt.%In—ywt.%
Ga (y=0.5, 2.5 and 5.0) alloys even in acetic acid media (Fig. 15). A
similar OCP value was previously reported for Ga mechanically
attached to the Al surface in contact with HAc solution at 50 °C [26].
This very negative potential was associated with a physical corro-
sion process (amalgamation) followed by an electrochemical
corrosion reaction with vigorous hydrogen evolution at the
amalgam/solution interface.

A smoother surface was observed for the Al-In—Ga alloys
compared to the Al-Zn—Ga alloys after OCP measurements in
acetic acid media (Fig. 16 and Fig. 14). The presence of liquid Ga on
the Al surface facilitates the Ga—Al amalgam formation by mean of
a wetting action to produce this type of attack morphology.
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Fig. 13. Open circuit potential (OCP) vs. time in 0.5 M HAc, pH 3 solution: (a) Al-4.0 wt%
Zn, (b) Al-4.0 wt%Zn—0.5 wt.%Ga, (c) Al—4.0 wt.%Zn—2.5 wt.%Ga and (d) Al-4.0 wt.%
Zn—5.0 wt.%Ga.
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Fig. 14. (a) SEM micrograph of attacked areas onto Al—4.0 wt.%Zn—5.0 wt.%Ga alloy
surface obtained after OCP measurement during 3600 s in 0.5 M HAc, pH 3 solution;
and (b) magnified SEM image of the attacked area.

3.3.2. Polarisation measurements

Potentiodynamic anodic polarisation was also performed in
acetic acid media for the Al-Zn, Al-Zn—Ga and Al-In—Ga alloys
(Figs. 17 and 18, respectively). Anodic dissolution of the Al—4.0 wt%
Zn alloy started at —0.80 V(SCE) (Fig. 17, curve a). No electro-
dissolution process takes place for Al-4 wt.%Zn—0.5 wt.%Ga in the
potential range analysed (Fig. 17, curve b). An active dissolution of
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Fig. 15. Open circuit potential (OCP) vs. time in 0.5M HAc, pH 3 solution: (a)

Al-0.2 wt.2In—0.5 wt.%Ga, (b) Al-0.2wt%In-25wt%Ga and (c) Al-0.2wt%
In—5.0 wt.%Ga.

the Al-Zn—Ga alloys were produced at —0.92 V(SCE) (Fig. 17, curve
c) and —1.00 V(SCE) (Fig. 17, curve d) for a Ga content of 2.5 and
5.0 wt.%, respectively. An increase in the anodic slope for the
Al-Zn—Ga alloy was observed as a consequence of higher Ga
content (Fig. 17).

Fig. 18 shows the linear anodic polarisation for the Al-In—Ga
alloys containing different amounts of Ga. A linear current increase
was observed and much higher currents were measured for the
higher Ga content. On the other hand, the onset of anodic current
increase was shifted to more negative potential in concordance
with the OCP displacement.

20 pm

Fig. 16. (a) SEM micrograph of attacked areas onto Al—0.2 wt.%In—5.0 wt.%Ga alloy
surface after OCP measurement during 3600s in 0.5M HAc, pH 3 solution; (b)
magnified SEM image of the attacked area and (c) amplified SEM image inside the
cavity obtained.
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Fig.17. Linear polarisation curve registered at 0.001 Vs~ in a 0.5 M HAc, pH 3 solution
for: (a) Al-4.0 wt%Zn, (b) Al—4.0 wt%Zn—0.5 wt.%Ga, (c) Al—4.0 wt.%Zn—2.5 wt.%Ga
and (d) Al—4.0 wt.%Zn—5.0 wt.%Ga.

The polarisation measurements in acetic acid media confirm
that the activation process of the Al ternary alloys was produced
without the presence of an aggressive ion like chloride.

4. Discussion

According to the Pourbaix diagram of pure Ga, the theoretical
value of the reversible potential of the Ga/GayO3 couple
is —0.904 V(SCE) for a pH 3 [31]. Thus, this theoretical reversible
potential (Ega/ca,0,) is more negative than the corrosion potential
(Ecorr) of the Al—4.0 wt.%Zn—0.5 wt.%Ga alloy. Therefore, it would
be possible that the Ga present in this alloy is oxidized. This does
not occur for the Al-4.0 wt.%Zn—2.5wt.%Ga and Al-4.0 wt.%
Zn—5.0 wt.%Ga alloys, where the Eg,/ca,0, value is more positive
than the E.qrr. Then, it is possible according to thermodynamic data
the formation of Gap0s3 in the Al—4.0 wt.%Zn—0.5 wt.%Ga alloy
which contributes to attain a more passive state with respect to the
Al—4.0 wt.%Zn alloy (Fig. 3).

The experimental results also show that for the Al—4.0 wt.%
Zn—x wt.%Ga alloy a concentration greater than 2.5 wt.% of Ga is
required to reach an active state in chloride acid solution.

5.0
(c) -
2.5 R
(b)\\,\/',‘

E 0.0

<«

E
2.5
-5.0 / . . ; ,

-2.0 -1.8 -1.6 -14 -1.2 -1.0 -0.8 -0.6
E (V vs. SCE)
Fig. 18. Linear polarisation curve registered at 0.001 Vs~' in a 0.5 M HAc, pH 3 solu-

tion for: (a) Al-0.2 wt.%In—0.5 wt.%Ga, (b) Al-0.2 wt%In—-2.5wt.%Ga and (c)
Al-0.2 wt.%In—5.0 wt.%Ga.

It was reported that the presence of Zn in the Al-Zn—Ga alloys
resulted in higher efficiencies due to the better metallurgical homo-
geneity distribution of alloyed component [10]. The homogeneous
distribution of attacked areas over the Al—4.0 wt.%Zn—5.0 wt.%Ga
alloy surface (Fig. 4a and Fig. 8b) and can be explained considering its
microstructure (small crystals with high Ga content (Fig.1)).

The OCP measured in HAc solution was more positive than in
chloride acid media due to the formation of a more passive film as
a result of reaction between oxidised Al and acetate ion, according
to the previous results obtained for an Al surface with Ga
mechanically attached [29] and Al—Zn alloy with deposited In [30].

With respect to Al-In—Ga ternary alloys, no matter the amount
of Ga used in the nominal composition (between 0.5 and 5.0 wt.%),
the presence of a minimum quantity of In (0.2 wt.%) produces an
active state in both chloride and acetic acid media. The OCP
measured for the AI-0.2 wt.%In—5.0 wt.%Ga alloy was —1.76
and —1.50 V(SCE) in chloride and HAc solution, respectively. The
displacement of OCP towards very negative values was not found
by other authors who also investigated the electrochemical
behaviour of Al-In—Ga alloys [32]. The discrepancy could be
explained by considering the difference in the casting techniques
used which determines the alloying elements distribution. The
quenching of the melted sample in water at room temperature as
was done in this work resulted in a homogenous distribution of
alloying components. A partial segregation of active metals (In and
Ga) at the grain boundaries is expected for the Al-In—Ga alloy
obtained after cooling in air as was reported in Ref. [32].

Until now, the most active potentials in aqueous media were
measured for Al-Hg alloys or for Al in solutions containing Hg3"
ions (—1.60 V(SCE)) [733]. Our results demonstrate that small
percentages of In in Al-In—Ga alloys significantly shift the OCP
value. Likewise, the measured activation potentials coincide with
those previously reported for Ga—1.0 wt.%Al amalgam and Ga-
wetted Al electrodes immersed in chloride and HAc solutions
[26], although for the latter systems the very reactive interface is
not maintained for longer times. It has been postulated that the
activation effect exerted by Ga on Al is due to the formation of
a Ga—Al amalgam which detaches the Al oxide. The process is
favoured by the exothermic Al ion hydrolysis reaction. It therefore
appears that for the Al-In—Ga alloys the formation of a Ga—Al
amalgam is also responsible for the activation process. It has been
suggested that amalgam saturation due to Ga losses and the build-
up of Al oxide contribute to the loss of activity.

The effects of heat treatment on activation of Al by In have been
recently analysed [34]. It was considered that the activation of Al in
chloride solution is a result of segregation of In in the alloy surface
and that In particles may form an amalgam with Al On the other
hand, a very negative potential was measured for the Al—5.0 wt.%
Zn alloy in an aerated 3.5% NaCl electrolyte containing In>* ions
[35]. It was suggested that the incorporation of In* or In?* inter-
mediates into the passive film leads to an increase in anionic
vacancies and a decrease in the number of electrons, promoting
active Al dissolution. Thus, for the activation of Al-In—Ga alloys it is
possible that segregated In contributes to oxide destabilisation
because it forms an amalgam with Al [29,34] and also because it
modifies the oxide film properties. A smoother attack and more
generalised corrosion were observed in all the cases studies in this
paper by comparing with the pitting morphology obtained for pure
Al in chloride solution. This kind of attacked morphology supports
the theory of Ga—Al amalgam formation. The chill microstructure
revealed for both alloys explains the homogeneous distribution of
the attacked areas. Moreover, the amalgam activation mechanism
is produced in both ternary Al alloys in acetic acid media without
presence of aggressive anion like chloride, although at more posi-
tive corrosion potential.
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5. Conclusions

Very negative potential were measured for Al—4.0 wt.%
Zn—x wt.%Ga (x > 2.5) and Al—0.2 wt.%In—y wt.%Ga (y > 0.5) alloys
in chloride and acetic acid media. The improvement of this active
state is due to the oxidation of oxide free aluminium at the
amalgam/electrolyte interface. The amalgam activation mechanism
of the ternary alloys investigated takes place at potentials where
adsorption of chloride is not feasible. The homogeneously distrib-
uted gallium in the alloys ensures the formation of the Ga—Al
amalgam. The attacked areas are uniformly distributed on the
electrode surface in ternary alloys, although smoother attack was
observed for the case of Al-In-Ga alloys.

Al—0.2 wt.%In—x wt.%Ga alloys have a more negative corrosion
potential (Ecorr) and a higher corrosion current density (icorr) values
compared to Al-4.0 wt.%Zn—ywt.%Ga alloys, for the same Ga
composition. We consider that the Al-In—Ga alloy is a promising
candidate alloy for further developments of sacrificial anodes.
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