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bstract

Aluminium alloys containing small additions of both tin (∼0.1 wt%) and gallium (∼0.05 wt%) are shown to dissolve anodically at high rates
n sodium chloride media at room temperatures; current densities >0.2 A cm−2 can be obtained at potentials close to the open circuit potential,
−1500 mV versus SCE. The tin exists in the alloys as a second phase, typically as ∼1 �m inclusions (precipitates) distributed throughout the

luminium structure, and anodic dissolution occurs to form pits around the tin inclusions. Although the distribution of the gallium in the alloy

ould not be established, it is also shown to be critical in the formation of these pits as well as maintaining their activity. The stability of the alloys
o open circuit corrosion and the overpotential for high rate dissolution, both critical to battery performance, are shown to depend on factors in
ddition to elemental composition; both heat treatment and mechanical working influence the performance of the alloy. The correlation between
lloy performance and their microstructure has been investigated.
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. Introduction

The overall goal of our programme is to develop an Al/air
attery with a brine electrolyte to power a small unmanned air-
raft. The specification calls for a battery weighing less than
0 g and capable of delivering an average power of 20 W and a
aximum power of 34 W throughout a flight duration of 1 h in

mbient conditions. This represents a substantial enhancement
n performance compared to presently available Al/air batteries
1–5].

In an Al/air battery using either alkaline or brine electrolytes,
he positive electrode reaction is

2 + 2H2O + 4e− → 4OH− (1)
and the negative electrode reaction

l − 3e− → Al(III) (2)
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and it is essential to the battery performance sought that both
he Al anode and air cathode can operate at a current density

100 mA cm−2. With a neutral brine electrolyte, the Al(III) is
argely formed as a solid oxide and/or hydroxide and the per-
ormance of the battery depends critically on the form of this
recipitate; it must not form a passivating film on the aluminium
urface nor inhibit the air cathode. In addition, the Al material
sed as the negative electrode must be stable to corrosion during
attery storage, i.e. the chemical reactions

Al + 3O2 + 6H2O → 4Al(III) + 12OH− (3)

Al + 6H2O → 2Al(III) + 3H2 + 6OH− (4)

should not occur during either at the open circuit potential
r during anodic discharge (if all the Al is to be converted into
lectrical energy). It is the competing demands of stability to
orrosion and rapid anodic dissolution that makes difficult the

dentification of appropriate aluminium alloys.

In an early study of aluminium alloys for batteries in both
ydroxide and chloride media, Reding and Newport [6] surveyed
everal thousand alloys. More detailed investigations were ini-
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iated by Despic et al. [7] who investigated aluminium alloys
ith small additions of gallium, indium and thallium in NaCl
edia; they considered the influence of both composition and

eat treatment on the aluminium dissolution rate and Faradaic
fficiency and discuss models to relate alloy structure to their
roperties. The corrosion of such alloys in alkaline electrolytes
t several temperatures was studied by MacDonald et al. [8]
hile Tuck et al. [9] reported a further study of Al–Ga alloys

n both alkaline and brine media. During the 1980s, it is clear
hat Alcan, along with its subsidiary companies, investigated a
umber of multi-element alloys such as Al–Mg–Sn–Ga [2,10];
n a series of conference presentations, they reported that appro-
riate alloys ‘activated’ to give greatly enhanced rates of anodic
issolution and demonstrated superior performance in battery
onditions. Indeed, a number of batteries based on these alloys
ave been described using both KOH [11–13] and NaCl elec-
rolytes [14] although that with a brine electrolyte operated only
t relatively low current density. More detailed reports of the
lectrochemistry of these alloys were, however, never published.
oreover, the past 15 years have seen relatively little extension

o these studies although we would note two further papers on
he dissolution of Al–In and Al–In–Ga alloys [15,16], a paper
hat includes studies of the corrosion of Al–Sn [17] in brine and
wo that discuss the cathodic activation of Al–Sn alloys [18,19].

In this paper, we describe further studies of pure aluminium
nd aluminium with additions of magnesium, tin and/or gallium
n 2 M NaCl with a focus on defining alloys that are stable to cor-
osion on open circuit (i.e. during battery storage) and dissolve
nodically at high rate with a high current efficiency. Relevant
ackground information on the pitting of aluminium films and
he influence of alloying elements may be found in a review by
zklarska-Smialowska [20]. The phase diagrams of the binary
lloys may be found in a book [21] while there have been reports
n the structure of Al–Sn alloys [22] and the influence of heat
reatment on several binary alloys [23,24].

. Experimental

Brine solutions were prepared using deionised water from
Whatman Analyst water purification system and Analyti-

al Grade sodium chloride (Fisher Scientific). Keller’s reagent
190 cm3 H2O + 2 cm3 HF (48%) + 3 cm3 HCl (36%) + 5 cm3

NO3 (70%)) was prepared with high grade chemicals (Fisher
cientific).

Pure aluminium (99.999%) and nine alloys were investigated.
he pure aluminium and the AlMg alloys were obtained from
oodfellow Metals. The AB50V was a preferred alloy at the

nd of the Alcan programme in the 1980s [10]. I0 is an alloy
f similar composition prepared by Innoval Ltd. while B0–B4
ere a series of alloys prepared in the Department of Metallurgy

nd Materials, University of Birmingham. The compositions of
ll these alloys are reported in Table 1. Samples of these alloys
ere also subjected to heat treatments as indicated in the text.

All the electrochemical experiments were carried out in a

hree electrode, two-compartment cell. The working electrodes
ere long strips of the aluminium/aluminium alloys immersed to
depth of 5 mm and having an active area of 0.25 cm2; this sim-
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le electrode design allowed rapid removal of damaged alloy and
eplacement by a fresh sample for repeat experiments. For elec-
rochemical experiments where data are reported, the Al/alloys
ere not polished or etched beforehand although experiments
ere carried out to confirm that surface preparation made lit-

le difference to the results. The counter electrode was a Pt
ire in the same solution and the reference electrode was a

aboratory fabricated saturated calomel electrode (SCE) with
fine porous tip and separated from the working electrode by
Luggin capillary. The tip of the Luggin capillary was placed

s close as possible to the surface of the working electrode.
he experiments were controlled either with a EG & G model
73 Potentiostat or a Bio-Logic model VMP2 Electrochemical
orkstation and data were analysed using standard software.
pen circuit potentials were measured with a Fluke 83 Mul-

imeter. Experiments used 25 cm3 of air-equilibrated, aqueous
M NaCl at room temperature (293 ± 2 K).

For electron microscopy, the strips of Al/Al alloy were
ounted in epoxy resin (Struers Epofix Resin) so that only the

nd was exposed. The exposed surface was then (i) polished suc-
essively with 600, 1200 and 4000 grade emery paper, each for
min until examination of the surface by optical microscopy

howed only fine scratches in the same direction (ii) polished
ith 6 �m diamond paste on a OP-mol cloth for 3 min (iii)

epeatedly polished with 1 �m diamond paste on a DP-mol
loth for 3 min until scratches could not be seen with the optical
icroscope. Between each stage, the surface was washed with

oap solution and then water before being dried. At the end of
he preparation, the sample was cleaned with water in an ultra-
onic bath. Scanning electron images were obtained with either
Jeol JSM 5910 or a Jeol FEG 6500F microscope; both allowed

maging by secondary electrons and backscattered electrons and
ere fitted with an Oxford Inca 300 EDX for elemental analy-

is. Samples for electron backscatter diffraction analysis were
lectropolished in 20% HNO3 in methanol at 243 K.

. Results

.1. Stability to corrosion

A small sample (surface area ∼0.2 cm2) of each of the alu-
inium materials were placed in ∼10 cm3 of 2 M NaCl within
closed phial at 293 K and then observed for evidence of cor-

osion. The first visual sign of corrosion was the formation of
mall bubbles of hydrogen on the surface of the metal. This
as followed by the observation of a gelatinous cloud of white
recipitate (presumably alumina and/or aluminium hydroxide)
round the alloy sample. With continued corrosion, the materials
ost their reflective surfaces and extensive damage to the surface
ould be seen by scanning electron microscopy. The stability of
he materials are compared in Table 1 and this table also reports
he open circuit potentials measured in separate experiments
along with their elemental compositions). The pure aluminium

nd the alloys AlMg3 and AlMg5 (containing only additions of
g to pure Al) quickly took up an open circuit potential close

o −800 mV versus SCE and appeared to be indefinitely stable
o corrosion. The alloys B1 (containing Sn but not Ga) and B3
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Table 1
Composition of alloys investigated together with open circuit potentials in 2 M NaCl and observations of corrosion for alloys immersed in 2 M NaCl at 293 K

Alloy Mg (wt%) Sn (wt%) Ga (wt%) Open circuit potential (mV) vs. SCE Observations

99.999% Al – – – −800 No evidence of corrosion over weeks
AlMg3 3 – – −820 No evidence of corrosion over weeks
AlMg5 5 – – −890 No evidence of corrosion over weeks
B0 0.5 0.1 0.05 −1530 Corrosion evident after ∼1 h
B1 0.4 0.1 – −850 Corrosion evident after ∼1 day
B2 0.4 0.4 0.03 −1510 Corrosion evident after ∼1 h
B3 0.4 – 0.03 −800 Corrosion evident after ∼1 day
B −150
A −153
I −153
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4 – 0.1 0.03
B50V 0.6 0.1 0.05

0 0.4 0.07 0.05

containing Ga but not Sn) also took up an open circuit poten-
ial close to −800 mV but showed signs of corrosion after ∼1
ay. There was, however, one difference in their behaviour; the
lloy B3 took up stable open circuit potential within a few sec-
nds while the alloy B1 initially took up an initial open circuit
otential of ∼−1300 mV but then drifted to −850 mV over a
eriod of an hour. In contrast, all the alloys containing both Sn
nd Ga had an open circuit potential close to −1500 mV ver-
us SCE, including one with no added Mg. These observations
uggest that tin has a critical role in initiating a different mecha-
ism for the corrosion of the aluminium materials while gallium
ay be important in preventing passivation once corrosion has

tarted. While all the materials studied showed only a low rate
f corrosion, it was also apparent that their stability to corro-
ion depended on factors additional to their nominal elemental
omposition. Indeed, three of the alloys (B0, AB50V and I0)
ave almost an identical composition (but come from different
ources) but they show significant differences in their stability to
orrosion. This was confirmed by examining the surfaces of the
hree materials using SEM after they had been exposed to a 2 M
aCl solution for a day. The image in Fig. 1(c) shows evidence
f a thick film of alumina on the surface of the alloy I0 and this
lm is cracked and potentially porous. In strong contrast, the

mage of the surface of the alloy AB50V, Fig. 1(a), suggests the

resence of only a very thin film of the oxide and there is no
vidence of porosity. The surface of the alloy B0, Fig. 1(b), has
n intermediate appearance.

s
t
a

Fig. 1. SEM images of the three AlMgSnGa alloys after standing for 24
0 Corrosion evident after ∼1 h
0 No evidence of corrosion over weeks
0 Corrosion evident after ∼1 h

The different properties of the three alloys containing both
n and Ga and with identical compositions appears to indi-
ate that the corrosion stability may depend on the history of
he alloy including heat treatments and perhaps mechanical
orking. Hence, the three alloys (B0, AB50V and I0) were
eated at 873 K for 2 h before being quenched by dropping
nto a volume of water. There was no change to the open cir-
uit potentials in 2 M NaCl but there were marked changes to
he corrosion stabilities. In fact, all three alloys showed signs
f corrosion after ∼1 day, a substantial increase in corrosion
esistance for B0 and I0 but a decrease in corrosion resis-
ance for AB50V. This may imply that AB50V had already
een heat treated at a lower temperature and 873 K is above
he optimum temperature (see later). Certainly, the structure of
he alloys and distribution of the minor elements appears to
e critical in determining the properties important to battery
erformance.

To confirm this conclusion, samples of the alloy I0 were heat
reated at 373, 473, 573, 673 K, 773 and 873 K, each for 2 h
nd then examined for corrosion resistance in 2 M NaCl at room
emperature. The samples heated at 373–673 K all formed a fine
lumina deposit within 1 h of placing them in 2 M NaCl at room
emperature and the film continued to form with time. In con-
rast, the samples heated at higher temperature showed little

ign of corrosion after 1 day and the most stable appeared to be
he sample heated at 773 K which showed no change in visual
ppearance even after several days.

h in 2 M NaCl at room temperature. (a) AB50V (b) B0 and (c) I0.
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such factors could be avoided by using fresh samples of alloy
for each current density and applying the higher current density
immediately after the activation pulse. Indeed, this approach was
ig. 2. Potential vs. time response to the imposition of an anodic current density
f 50 mA cm−2 to the alloy AB50V in 2 M NaCl at room temperature.

.2. Anodic dissolution

During preliminary experiments with the alloy AB50V in 2 M
aCl where the potential was scanned positive from −1500 mV
ersus SCE, it was noted that during a second scan without
epolishing the alloy surface, the overpotential for aluminium
issolution was much decreased compared to the first scan.
his led to the concept that the alloy could be activated by a
eriod of anodic oxidation. Fig. 2 reports the chronopotentio-
etric response when an anodic current density of 50 mA cm−2

s applied to this alloy. It can be seen that instantaneously the
otential shifts from the open circuit potential to a much less
egative value and then relaxes back to a value close to the open
ircuit potential over a period of some 100 s. Apparently, in the
teady state the alloy can dissolve at a high rate close to the open

ircuit potential. It will be shown below that at the end of this
activation period’, the alloy surface is highly pitted. Fig. 3 shows
oltammograms on fresh and activated samples of AB50V and
t can be seen that, after the anodic treatment, the voltammo-

ig. 3. Voltammograms for the alloy AB50V in 2 M NaCl (a) before and (b)
fter activation by the imposition of an anodic current density of 50 mA cm−2

or 600 s.
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ram was shifted to more negative potentials by some 200 mV.
hile this is equivalent to a substantial improvement in battery

erformance, it can also be seen that the performance indicated
y the data in Figs. 2 and 3 are not identical. In the constant cur-
ent experiment at 50 mA cm−2, the steady state potential was
−1530 mV while during the voltammetry, this current density
as not achieved until −1290 mV. The rate of electrochemi-

al dissolution of the aluminium alloy is clearly sensitive to the
xact experiment, probably because the experiment determines
he surface condition.

In consequence, the current/potential characteristics were
etermined in a different way. A current density of 50 mA cm−2

as applied to the alloy AB50V for 600s and then the current
ensity was reduced to 1 mA cm−2 before being stepped to 2,
0, 50, 100, 200, 500 mA cm−2 at 600 s intervals. At each cur-
ent density, the potential was monitored. Fig. 4 shows a typical
et of data while the inset reports the resulting current density
ersus potential characteristic. It can be seen that a dissolution
ate of 0.1 A cm−2 was possible at a potential of −1440 mV
ersus SCE, only 90 mV positive to the open circuit potential.
igher dissolution rates were also possible although the poten-

ials measured become increasingly unreliable because of both
ncorrected IR drop and changes to the alloy sample during the
xperiment. During the period of 600 s at each potential and
articularly at the higher current densities, a substantial fraction
f the Al alloy sample dissolved anodically (as shown by Fara-
ay’s law calculations and visual observation) and, in addition,
onsiderable oxide in the electrolyte could be seen. In conse-
uence, the surface of the alloy must have changed dramatically
uring the experiment and, for example, the real surface area
ill have become ill-defined. To some extent, the influence of
sed for some of the data in Table 2. Overall, it is clear that the

ig. 4. Potential vs. time response for the alloy AB50V in 2 M NaCl in an
xperiment where (a) the surface was activated by the imposition of an anodic
urrent density of 50 mA cm−2 for 600 s (b) the anodic current densities was
tepped to 1, 2, 10, 50, 100, 200 and 500 mA cm−2 at 600 s intervals. The inset
hows the resulting j vs. E characteristic.
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Table 2
Current density/potential characteristics for the alloys in 2 M NaCl at 293 K

Alloy Potential vs. SCE (mV)

1 mA cm−2 4 mA cm−2 10 mA cm−2 50 mA cm−2 100 mA cm−2 200 mA cm−2

99.999% Al −775 −770 −750 −660 −530 −230
B0 −1540 −1520 −1480 −1450 −1440 −1390
B1 −860 −800 −790 −770 −740 −680
B2 −1530 −1490 −1440 −1380 −1260 −1120
B3 −810 −790 −760 −720 −700 −620
B4 −1530 −1520 −1510 −1500 −1490 −1460
AB50V −1540 −1530 −1510 −1470 −1440 −1380
I0 −1540 −1530 −1500 −1490 −1480 −1450

Heated to 873 K for 2 h
B0 −1530 −1520 −1490 −1480 −1460 −1390
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studies were carried out with the objectives of understanding
the mechanism by which (a) the alloying elements Sn and Ga
combine to promote rapid anodic dissolution and (b) the open
circuit corrosion rate varied with alloy fabrication.
AB50V −1530 −1520 −1500
I0 −1550 −1530 −1500

ata obtained potentiometrically (current varied at 600 s intervals) following ac

lloy AB50V could be dissolved at very high rates, >0.2 A cm−2,
lose (i.e. within 200 mV) to the open circuit potential. In further
xperiments, it was also shown that the alloy AB50V could be
ctivated with an anodic current in brines containing 0.2 M to
aturated NaCl and the activation time decreased with increas-
ng current density. In all the solutions, high steady state current
ensities could be achieved close to −1500 mV versus SCE.

The current/potential characteristics for a series of the alloys
n 2 M NaCl were determined using the controlled current tech-
ique following activation with an anodic current density of
0 mA cm−2 and the data are reported in Table 2. Pure alu-
inium and the alloys B1 and B3 did not show a negative

otential shift during the passage of 50 mA cm−2 and at all cur-
ent densities, the potential was positive to −800 mV. All the
ther alloys examined showed a negative shift in potential to
−1500 mV versus SCE during the initial 600 s polarisation

t a current density of 50 mA cm−2 and dissolved at high rates
lose to the open circuit potential. It should be noted that the
hree alloys with the same elemental composition (B0, AB50V
nd I0) had similar current/potential characteristics. The alloy
2 (high Sn) showed poorer performance at high current densi-

ies. While the alloy B4 (no Mg) gave similar current/potential
ata in Table 2 to other alloys containing Sn and Ga, at very high
urrent densities, it could be seen by eye to show a significantly
igher level of physical disintegration. Hence, the magnesium
oes appear to have a beneficial role in the battery material.

Table 2 also reports the current/potential characteristics for
he three alloys with the same elemental composition (B0,
B50V and I0) after a heat treatment. The heat treatment at
73 K for 2 h leads to a small negative shift in the potentials at
ll current densities for each of the alloys. To further define the
nfluence of heat treatment, samples of the alloy I0 were heated
t a series of temperatures between 373 K and 873 K for 2 h.
he samples were then activated with an anodic current density
f 50 mA cm−2 for 600 s before a current/potential character-

stic was recorded using the stepped current procedure. With
ll samples, small negative shifts in potential were observed
t each current density. The data is illustrated in Fig. 5 by the
otentials with a current density of 120 mA cm−2 for the alloy I0.

F
w
2

−1490 −1470 −1400
−1490 −1480 −1450

on at 50 mA cm−2 for 600 s.

lthough the differences are small, it would appear that the opti-
um temperature for the heat treatment is 573 K. These results

re discussed further later in the paper.

.3. Microstructural studies

The results in Section 3.2 clearly confirm that alloys contain-
ng Mg, Sn and Ga are capable of electrochemical dissolution
t the high rates necessary to serve as the negative electrode
n a high power density aluminium/air battery with a sodium
hloride electrolyte [2,10,14]. Indeed, the greatest difference
etween the materials was in their stability to open circuit cor-
osion, as described in Section 3.1, and this is relevant to battery
erformance particularly if the batteries are to be stored filled
ith electrolyte. In this section, a number of microstructural
ig. 5. Influence of the temperature for heat treatment on the potential observed
hen the alloy I0 was dissolved employing a current density of 120 mA cm−2.
m NaCl. Room temperature. Heat treatment time 2 h.



450 M. Nestoridi et al. / Journal of Power Sources 178 (2008) 445–455

F after

s
d
n
s
F
o
s
t
m
t
p
W
f
s
s
t
c
1
w
i
f
s
e
B

F
a

m
t
a
l

a
5
s
s
h
i
s
o
t
e
d
p
a
c
o
i

ig. 6. SEM images, using the backscatter electron detector, of the three alloys

Scanning electron micrographs were recorded for polished
amples of AB50V, B0, and I0 using the backscatter electron
etector in order to define the distribution of the higher atomic
umber elements in the alloys. With all three alloys, the images
howed bright spots, distributed over the whole surface, see
ig. 6, and EDAX confirmed that tin was a major component
f these particles. Some of the particles also contained magne-
ium. Hence, it is confirmed that the tin is largely present in
he alloys as small inclusions, i.e. as separate phases within the

ain aluminium structure; the Al–Sn phase diagram shows that
in is poorly soluble in aluminium and it is therefore expected to
recipitate as a different phase during preparation of the alloys.
ith the alloys AB50V and B0, the tin particles were quite uni-

orm in size, typically ∼1 �m and scattered across the whole
urface. With the alloy I0, however, there were fewer tin inclu-
ions less uniformly scattered across the surface and some of
he inclusions are significantly larger, ∼8 �m. This conclusion
ould be confirmed by etching the alloys in Keller’s reagent for
0 s. This etching procedure led to a surface with rounded pits
here tin inclusions could be seen within many of the pits; Fig. 7

llustrates such a surface (in fact, for AB50V). The etched sur-

aces of AB50V and B0 appeared similar but the surface of I0
howed many fewer but much larger pits. In contrast, a similar
tch of pure aluminium did not lead to pitting while etching of
1 (no gallium) led to pits with a different form—the pits were

ig. 7. SEM image using the backscatter electron detector of the alloy AB50V
fter etching a polished surface with Keller’s reagent.
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polishing. (a) AB50V (b) B0 (c) I0. The white spots are the tin inclusions.

ore angular and seldom associated with a tin inclusion. Unlike
in, it was not possible to locate the gallium, either before or
fter etching but this is not surprising since it is present at very
ow levels in all the alloys.

Fig. 8 shows SEM images of the surface of the alloy AB50V
fter it had been subjected to an anodic current density of
0 mA cm−2 for 10 s. The low magnification image, Fig. 8(a)
hows that the passage of only 0.5 C cm−2 has led to exten-
ive surface damage and that a large number of rounded pits
ave been formed. Fig. 8(b) and (c) show higher magnification
mages together with EDAX analysis at various points on the
urface. The pits are again rounded and the EDAX mapping
f the low magnification image shows that a large fraction of
he pits contain a Sn or SnMg inclusion. The others are large
nough to postulate that a tin inclusion had been physically lost
uring the expansion of the pit. Indeed, the distribution of the
its appears to reflect the distribution of the tin inclusions. It
ppears that the facile dissolution of the aluminium at potentials
lose to −1500 mV versus SCE is associated with the formation
f the rounded pits and, again, the tin inclusions have a key role
n the formation of these pits. The highest magnification image,
ig. 8(c), shows a typical ‘dissolution centre’; it can be seen to be

arge enough to consist of overlapping pits and each of the pits is
round a Sn inclusion. In further experiments, it was confirmed
hat the number and the size of the pits increased with both the
issolution current density and dissolution time. Also similar
mages could be obtained with B0 and I0 and also by etching
ny of the three alloys in Keller’s reagent. Hence, it appears that
he Sn inclusions are critical to the mechanism promoting a high
ate of dissolution with alloys that support dissolution close to
1500 mV versus SCE.
Again, the EDAX did not identify the presence of gallium

nd hence direct evidence for its role could therefore not be
etermined. Hence, an indirect approach had to be employed.
he alloy B1, containing Mg and Sn but not Ga, was subjected

o the passage of an anodic current density of 50 mA cm−2 for
0 s. Since the charge passed is 0.5 C cm−2, the same as that
mployed above for the anodic dissolution of the alloys con-
aining both Sn and Ga, substantial surface damage or oxide
ormation must again be expected. With B1, however, the poten-
ial during oxidation remained ∼−800 mV, i.e. a much higher

verpotential was necessary to form the pits in B1 than in the
lloys containing both Sn and Ga. Fig. 9 shows SEM images of
he surface of the alloy B1 after the period of anodic dissolu-
ion. It can be seen that the pits in the surface of B1 are angular,
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ig. 8. SEM images of the surface of the alloy AB50V after the passage of a
agnification image with EDAX analysis at selected points and (c) high magnifi

s atomic %—only the metal components are shown.

ot rounded; rather the pit morphology is crystallographic in
ature and there are many linked cavities. This pattern is very
imilar to that reported recently for AlFe alloys [24]. A similar
xidation charge with pure aluminium also led to angular pits
lthough with a lower number density suggesting that oxide film
ormation is a more important reaction in the absence of alloy-
ng elements. Moreover, a higher magnification image of a pit
n B1, Fig. 9(a) suggests that the aluminium oxide/hydroxide
ithin the pit has a more crusty appearance than observed for

he AlMgSnGa alloys. In addition, in contrast to the experiments
ith AB50V, B0 and I0, an SEM image using the backscatter

lectron detector revealed (a) no evidence that the pits were asso-
iated with Sn inclusions and (b) many Sn inclusions remained
ormant. These differences certainly imply that the gallium has
role in activating the tin inclusions for pit formation. The gal-

ium may also be important in preventing passivation by alumina
eading to termination of pit growth.

The as-received conditions of three alloys with the similar
omposition (AB50V, B0 and I0) were examined by electron

ackscatter diffraction (EBSD) in SEM. Fig. 10 shows the grain
oundary maps, the grain orientation maps and the {1 1 1} pole
gures [25,26] for the three alloys. The shades in the grain ori-
ntation maps represent different orientations of the grains and

w

p
e

ig. 9. SEM images of the surface of the alloy B1 after the passage of 50 mA cm−2

ith EDAX analysis at selected points. The EDAX analyses are shown as atomic %—
t density of 50 mA cm−2 for 10 s. (a) Low magnification image, (b) medium
n image with EDAX analysis at selected points. The EDAX analyses are shown

ence discloses the grain sizes. In the grain boundary maps, the
ark and grey lines represent misorientation angles >15◦ (i.e.
igh Angle Grain Boundaries or HAGB) and 2–15◦ (i.e. Low
ngle Grain Boundaries or LAGBs), respectively. Clearly, the
rain boundary maps are also indicative of grain size. For the
lloys of interest, the grain sizes in the three alloys (with the
ame elemental composition) are significantly different. Both
0 and I0 consist of large grains separated by HAGBs with

hese large grains containing relatively few LAGBs. The pat-
ern for AB50V is quite different. It has much smaller, band like
rains and there is an intricate pattern of grain boundaries, both
AGBs and LAGBs. This is the pattern expected for an alloy

hat has been cold worked, probably by rolling. These conclu-
ions are confirmed by the {1 1 1} pole figures. That for AB50V
hows a typical rolled structure with mixtures of three textures:
1 1 2}〈1 1 1〉,{1 2 3}〈6 3 4〉, and{0 1 1}〈2 1 1〉 as was expected.
n contrast, those for B0 and I0 show a random distribution of the
rains; the only difference between (iii) b and (iii) c in Fig. 10
s that the grains are more dense in (iii) b and this is consistent

ith a smaller grain size for B0 than I0.
Electron backscatter diffraction (EBSD) was also used to

robe the influence of heat treatment on the alloys. In the first
xperiment, the grain boundary and orientation maps were col-

for 10 s. (a) Secondary electron detector and (b) backscatter electron detector
only the metal components are shown.
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ig. 10. EBSD analysis (i) grain boundary map (ii) orientation maps (iii) corre
ars.

ected for a sample of the alloy I0 before and after heat treatment
t 573 K for 2 h. The maps were remarkably similar confirming
hat the grain size and orientation were not changed by the heat
reatment. Since the alloy I0 was in the as-cast condition and had
ot been cold worked, this is to be expected [25]. It was, how-
ver noted above, see Fig. 5, that the dissolution of aluminium
ccurred at lower overpotential after heat treatment. One can
nly speculate that this improvement in performance is due to a
edistribution of a minor element, most likely gallium, leading
o higher concentration at the dissolution sites that enhances the
inetics of aluminium oxidation or modifies the properties of
he oxide film at these locations.

With AB50V, the influence of heat treatment on alloy struc-
ure was more interesting. Samples were heat treated at 573
nd 873 K for 2 h and analysed by EBSD. Fig. 11 compares

he grain boundary maps, the grain orientation maps and the
1 1 1} pole figures for the heat treated samples with the as-
eceived sample. It can be seen that after the heat treatment
t 573 K, the rolling textures have degraded to some extent.

s
r
r
r

ing {1 1 1} pole figures for (a) AB50V (b) B0 and (c) I0—note different scale

fter heat treatment at 873 K, major changes have occurred. The
ole figure indicates a scattered cubic structure of {1 0 0}〈0 0 1〉.
ven at 573 K, the grain boundary and orientation maps indi-
ate that the grains are bigger than in the as-received alloy
nd most of the grain boundaries are HAGBs. After heat treat-
ent at 873 K, the grain orientation map shows less contrast in

hades and the grain boundary map, by and large, shows only
network of LAGBs. The sample is tending towards a single

rain at 873 K. This is also consistent with the pole figure. A
ecent paper reports similar changes in structure for a AlMg
lloy [27] while the literature [28] confirms that cold work-
ng is a necessary prerequisite to structure changes during heat
reatment.

Overall, it may be concluded that, within the limited num-
er of materials examined, there is a correlation between the

tructure of these AlMgSnGa alloys and their resistance to cor-
osion; the band like, small grained structure resulting from
olling without heat treatment seems to give the lowest corrosion
ate.
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ig. 11. EBSD analysis (i) grain boundary map (ii) orientation maps (iii) corr
73 K and quenched (c) heat treated for 2 h at 873 K and quenched—note differ

. Discussion

There is strong evidence that the presence of both Sn and Ga in
he alloy facilitates a new mechanism for the dissolution of alu-

inium in the brine medium at room temperature. This is clear
rom the shift in the potential for dissolution from ∼−800 mV
n the absence of both elements to ∼−1500 mV when both are
resent. In addition, the morphology of the pitting changes with
his shift in dissolution potential. The pits become rounded and
entred around the tin inclusions.

In the chemical etching of the alloys, it is relatively easy to
nvisage a role for the tin inclusions—tin is far superior to alu-
inium as a catalyst for hydrogen evolution [29] and it is to

e expected that the tin inclusions will act as cathodic centres
uring the corrosion process. In the anodic dissolution reaction,
he need for cathodic centres does not arise and the role of the
in cannot be the same in steady state anodic dissolution as that

ccurring during corrosion. There remains, however, the possi-
ility that a ‘corrosion mechanism’ is involved in the initiation of
he pit formation and consequent Al dissolution, thereby fixing
he site of later dissolution; we therefore plan attempts to use

c
t
f
o

ding {1 1 1} pole figures for AB50V (a) as received (b) heat treated for 2 h at
ale bars.

ptical microscopy to observe pit formation during the initial
tages of the dissolution to see whether hydrogen gas is formed.

The distribution of the gallium in the alloys could not be deter-
ined during this investigation but this element, present in low

mounts, has an essential role in the low overpotential Al disso-
ution process. Gallium has a very low melting point, 303 K, and
s therefore likely to be very mobile within the alloy structure
ven at room temperature while the Al–Ga phase diagram reveals
o intermetallic compounds and very limited mutual solubilities.
oreover, several recent papers have shown that liquid gallium

ecorates the grain boundaries in polycrystalline aluminium and
onfirm that this is a rapid process [30–33]. Hence, it is to be
xpected that the gallium accumulates in the grain boundaries
long with the tin inclusions. With another relatively low melt-
ng point metal, lead, it was certainly found that heat treatment
f AlPb alloys close to the melting point of lead leads to accu-
ulation of the lead at the surface [34,35]. The same authors
onclude that Mg increases the movement of the Pb within
he alloy structure. Similar accumulation of gallium at the sur-
ace of the AlMgSnGa alloys could have a significant influence
n the electrochemistry of the system. Particularly mixed with
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ther metals, even at room temperature the gallium could form
‘liquid-like’ film within the grain boundaries and this would
ave similar properties to amalgam films, i.e. much enhanced
ates of electron transfer and a substantially reduced tendency
o form passivating films.

It is also possible that both Sn and Ga activate the alloys
o anodic dissolution via their influence on the properties of
he alumina film on the alloy surface. This could either be the
esult of Sn or Ga permitting the pitting of the native alumina
ayer present before the dissolution is commenced and certainly,
he Sn within this alumina layer is likely to reflect the distribu-
ion of the tin inclusions within the alloy. Equally, the elements
ould locally prevent the repassivation by an alumina layer after
issolution has commenced.

It has also been found that alloys with the same elemental
omposition from different sources show different properties
robably because of mechanical working or different tempera-
ures of preparation and/or cooling regimes as well as post-heat
reatments. In particular while the overpotentials for Al dissolu-
ion are similar, there is a marked difference in their stability to
orrosion on open circuit. The alloy, AB50V, with the smallest
rain size showed the greatest stability and this is contrary to
onventional wisdom. It was, however, concluded that this alloy
ad been subjected to cold rolling and perhaps a low temperature
eat treatment and it was also found that some heat treatments
f the alloy, I0, increased its stability to corrosion and also led
o a decrease in overpotential for Al dissolution. The differ-
nces in the alloy properties could, however, also result from
ifferences in the temperature of mixing of the metals during
lloy preparation or differences in cooling regimes. Certainly,
n view of the results with AlPb alloys [34,35], the heat treat-
ents used would be expected to lead to diffusion of Ga into the

ntergranular boundaries and this may be critical to the corrosion
esistance. The experiments with I0 showed that the grain size
id not change with temperature.

The EBSD studies on the heat treated AB50V confirmed that
here was a correlation between the grain structure and stability
o corrosion with the band like, small grained structure resulting
rom rolling giving the best performance. It would be interesting
o see whether similar correlation exist with related alloys.

Unfortunately, in all programmes where low levels of alloy-
ng elements are being investigated, it is always possible that
race contaminants determine the results. This study cannot
scape this difficulty. Hence, in considering the difference in
he behaviour of the three alloys with the same nominal compo-
ition, a role for very minor contaminants such as iron cannot
e ruled out. Such impurities could well be below the lowest
lemental detection limit and arise either from an impurity in
he aluminium starting material or contamination during alloy
reparation or processing. Low levels of such metals could influ-
nce the electrochemistry and corrosion resistance of the alloys;
fter all, it is a conclusion of this paper that a low level of gal-
ium has a large influence on the electrochemistry of the alloys.

ince the contaminants are likely to be in the grain boundaries,

heir level in the grain boundaries should correlate with grain
ize. Indeed, with the alloys, AB50V, B0 and I0, their stability
o corrosion decreases with increasing grain size.
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We believe that each of the alloys AB50V, B0 and I0, as well
s related compositions are likely to be suitable anodes for a
igh power density aluminium/air battery. We would, however,
ecommend that the anode alloy should contain Mg, Sn and Ga
nd be prepared from the highest purity metals. For a battery to
e stored containing electrolyte, we believe that the alloy should
e rolled but not subjected to heat treatment.
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