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6 Abstract The electrochemical response of Al–Zn–Ga

7 alloy in chloride medium was studied. For this purpose,

8 linear sweep voltammetry and open circuit potential (OCP)

9 measurements were employed and surface characterisation

10 was performed by scanning electron microscopy (SEM) and

11 energy dispersive X-ray (EDX) analysis. The presence of Ga

12 whether as alloyed element in the ternary alloy or deposited

13 from the electrolyte solution onto pure Al or onto Al–Zn

14 alloy causes a displacement of the onset of the process of

15 dissolution towards more negative potential in a chloride

16 solution. The anodic behaviour of the Al–Zn–Ga alloy can

17 be interpreted in terms of an amalgammechanism, where the

18 homogeneously distribution of Ga in the alloy assures the

19 formation of a superficial Ga–Al amalgam.

20

21 Keywords Al–Zn–Ga alloy � Aluminium � Gallium �

22 Activation mechanism � Amalgam

23

24 1 Introduction

25 Aluminium is unsuitable as a sacrificial anode in cathodic

26 protection systems as well as anode material in batteries

27 due to the spontaneous formation of a passivating oxide.

28 The incorporation of alloying elements such as Hg, Zn, In

29 and Ga is used to shift the potential towards sufficiently

30 electronegative values. Some work has been conducted to

31 study the effects imparted by Ga when alloyed with Al or

32 when present as an ion in solution [1–4].

33There is general agreement that Ga accelerates anodic

34dissolution of Al and several mechanisms have been pro-

35posed to account for this. It has been suggested that Ga

36allows chloride adsorption at more negative potentials

37[3, 4]. It has also been proposed that Ga particles at the

38metal/oxide interface cause local thinning of the passive

39oxide film [1]. In a previous paper an amalgam-activation

40mechanism was proposed which needs a minimum amount

41of quasi-liquid Ga in true metallic contact with Al [5].

42Gallium surface diffusion undermines and detaches the Al

43oxide, increasing the active area. Al oxidation at the

44amalgam/solution interface gives an active potential. The

45presence of Zn electrodeposited from the solution or as

46an alloying component assures that the critical surface

47concentration of Ga needed to activate is reached.

48Although several studies have been carried out on the

49corrosion of Al–Zn–In alloys [6–8], the electrochemical

50behaviour of the Al–Zn–Ga alloy has received little

51attention [9]. Continuing the work on the activation process

52of Al in the presence of Ga and Zn, the electrochemical

53behaviour of the Al–Zn–Ga alloy is reported here. Potentio-

54dynamic and open circuit potential (OCP) measurements

55are employed and surface characterisation is performed by

56scanning electron microscopy (SEM) and energy dispersive

57X-ray analysis (EDX). Electrochemical impedance spec-

58troscopy (EIS) was used to comparatively study the

59corrosion behaviour of pure Al and Al–Zn in chloride

60media in the presence of Ga3+ with that of the ternary alloy.

612 Experimental details

62Disc electrodes made from pure Al, Al–3.9%Zn and

63Al–5.6%Zn–3.0%Ga alloys embedded in a Teflon holder

64were used as working electrodes. Alloys were obtained
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65 using pure metals (99.99%, Aldrich Chemical Co.). The

66 discs were polishedwith 1000 grit SiC emery paper followed

67 by 1 lm and 0.3 lm grit alumina suspensions and then

68 cleaned with triply distilled water. The auxiliary electrode

69 was a large Pt sheet. Potentials were measured against a SCE

70 reference electrode connected through a Luggin–Haber

71 capillary tip and are thus given throughout this work.

72 Linear sweep voltammetry at 0.005 V s-1, initiating at

73 themore negative potential, were applied to electrodes either

74 still or under rotation. Electrochemical experiments were

75 carried out using a potentiostat–galvanostat (PAR Model

76 273 A) and a potentiostat–galvanostat (Voltalab 40 Model

77 PGZ 301). A dual stage ISI DS 130 SEM and an EDAX 9600

78 quantitative energy dispersive X-ray analyser were used to

79 examine the electrode surface characteristics. Ac impedance

80 spectra were recorded when the open circuit potential was

81 stabilised, using an excitation voltage of 10 mV. The fre-

82 quency range studied was between 10 kHz and 10 mHz.

83 Chloride solutions (0.5 M NaCl) containing 0.01 M

84 Ga3+ were prepared and the pH was adjusted to 2.5 with

85 HCl. All chemicals were reagent grade and solutions were

86 freshly made in triply-distilled water. Measurements were

87 performed in a purified nitrogen gas saturated atmosphere.

88 3 Results and discussion

89 The voltammogram of Al–Zn–Ga in 0.5 M NaCl, pH 2.5

90 solution between -2 V and -1.2 V at 0.005 V s-1 is pre-

91 sented in Fig. 1, curve a. A current peak can be observed at

92 the more negative potentials. This peak may be due to the

93 summation of hydrogen evolution and Al dissolution which

94 occur at the same electrode potentials [10]. At more positive

95 potentials, a passive region is observed followed by a sharp

96 current increase. The anodic current begins at -1.36 V,

97 consistent with the OCP (Fig. 2a). The active behaviour

98 initiates practically at the same potential in the pH range

992.5 B pH B 6. The response corresponding to the Al–Zn–

100Ga alloy in the presence of Ga3+ is also included (Fig. 1,

101curve b). An increased cathodic current is measured which is

102associated with the deposition of Ga. Although the anodic

103current initiates at practically the same potential as in the

104absence of the activator, the anodic dissolution is signifi-

105cantly depolarised when Ga3+ is added to the solution.

106The influence of temperature was also analysed. It was

107found that the OCP vs. time plot (Fig. 2b), as well as the

108voltammogram (Fig. 3) at 60 �C in a 0.5 M NaCl, pH 2.5

Fig. 1 Voltammogram of Al–Zn–Ga alloy at 0.005 V s-1 in a 0.5 M

NaCl, pH 2.5 solution: (a) without Ga3+ and (b) with 0.01 M Ga3+

Fig. 2 Open circuit potential vs. time plot of Al–Zn–Ga alloy in a

0.5 M NaCl, pH 2.5 solution at (a) 25 �C and (b) 60 �C

Fig. 3 Voltammogram of Al–Zn–Ga alloy at 0.005 V s-1 in a 0.5 M

NaCl, pH 2.5 solution at 60 �C
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109 solution, are almost identical with those obtained at 25 �C.

110 In the case of Al–Zn–In it is postulated that the exothermic

111 hydrolysis reaction of the Al3+ ions provides a sufficiently

112 high temperature to promote the presence of quasi-liquid In

113 [8]. This fact and the low melting point of Ga explain the

114 independence of the electrochemical behaviour of the Al–

115 Zn–Ga alloy with solution temperature.

116 If the electrode is rotated during the potential scan

117 the shape of the polarisation curve is similar to that

118 obtained without rotation but higher currents, both anodic

119 and cathodic, are measured as the rotation rate increases

120(Fig. 4). Moreover, the corrosion potential is independent

121of the rotation rate.

122Figure 5 shows the SEM/EDX examination of the ter-

123nary alloy surface polarised from -2 V to -1 V at a scan

124rate of 0.005 V s-1. The attacked areas are uniformly

125distributed (Fig. 5a). A close view of these areas shows

126irregular, non-crystallographic, probably tunnel-like pits

127(Fig. 5b). This morphology is similar to that found for the

128Al–Zn alloy [11], although for the ternary alloy investi-

129gated here pits are not deep. Moreover, the cavities are

130covered with a cracked film. In the case of the Al–Zn–In

131alloy the attack initiates and propagates in those zones

132enriched in In and Zn during the solidification process, i.e.,

133grain boundaries and interdendritic zones [8]. The low

134solubility of In in the Al matrix according to the binary

135alloy phase diagrams (0.19 wt% In) explains this segre-

136gation [12]. Conversely, the higher solubility of Ga in Al

137(2 wt%) [12] explains the homogeneous distribution of the

138attacked areas. The more uniform pitting distribution

139ensures higher current efficiency, which constitutes a

140requirement for a sacrificial anode. EDX analysis per-

141formed inside the damaged areas (Fig. 5c) showed

142increasing amounts of Ga (7.72 wt%) and Zn (18.83 wt%)

143compared to the rest of the electrode surface (Fig. 5d). This

144accumulation indicates that preferential Al dissolution

145takes place in the attacked area.

146The average corrosion potential of the ternary alloy under

147study in acid chloride solution (-1.34 V) indicates an active

Fig. 4 Voltammogram of Al–Zn–Ga alloy at 0.005 V s-1 in a 0.5 M

NaCl, pH 2.5 solution at different rotation rates: (a) 0 rpm, (b)

500 rpm, (c) 1000 rpm and (d) 1500 rpm

Fig. 5 (a) SEM micrograph

showing the attacked areas

uniformly distributed onto

electrode surface of Al–Zn–Ga

alloy, (b) magnified SEM image

of the attacked area, (c) EDX

spectrum inside of the attacked

area and (d) EDX spectrum

outside of the attacked area
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148 state. A nominal composition of 2.6% Ga was used because

149 this percentage assures an activated Al–Ga alloy [13]. The

150 onset of anodic currents in the i/E curve of the ternary alloy

151 presented in Fig. 1 practically matches that of the Al–Zn

152 alloy in the presence of Ga3+. Figure 6 shows the voltam-

153 mogram in the anodic direction at 0.005 V s-1 for an Al–Zn

154 alloy after different polarisation times at -2 V. The

155 voltammetric curves show an anodic peak which is attrib-

156 utable to an activation process by amalgam depassivation

157 control [5], where Al incorporation and diffusion within

158 the amalgam is followed by its oxidation at the amalgam/

159 solution interface. The agreement between the onsets of the

160 anodic currents for both systems suggests that in the case of

161 the ternary alloy the Ga–Al amalgam is also responsible for

162 activation. The presence of Ga as an alloying component

163 promotes and maintains the active state. At higher anodic

164 potentials, around -1.1 V, the presence of Ga facilitates

165 chloride adsorption and then the pitting process ensues.

166 For a better assessment of the activation process addi-

167 tional information was obtained by using EIS. The Nyquist

168 diagram for the ternary alloy without electrode rotation

169 shows a slightly depressed semicircle followed by a tail in the

170 low frequency range (Fig. 7, curve a). In principle the

171 impedance spectra in the high frequency range can be

172 interpreted by a simple Randles circuit comprising a parallel

173 combination of a resistor representing the charge-transfer

174 resistance (Rct) and a capacitor representing the electrode

175 capacitance (C), in series with a resistor representing the

176 ohmic drop in the electrolyte solution. (Rs). The Rct is

177 directly associated with the rate of the electrochemical cor-

178 rosion reaction [14]. Because of the low value of Rs, Rct can

179 be determined by extrapolation of the semicircle up to the

180 real axis. The semicircle depression in the Nyquist plot is

181 attributable to surface heterogeneity and/or roughness.

182According to Fig. 7, curve a, Rct is 2.21 kX cm2 and is

183smaller in the presence ofGa3+ (0.9 kX cm2) (Fig. 7, curve b)

184demonstrating that Ga3+ causes enhanced corrosion. When

185Ga3+ is dissolved in solution, greater amounts of the metal

186are deposited facilitating amalgam formation.

187Under rotation the impedance of the Al–Zn–Ga alloy in

188chloride solution reduces to a semicircle with diameter

189equal to 0.4 kX cm2 (Fig. 7, curve c) indicating a higher

190corrosion rate compared with that obtained under stagnant

191conditions. This result agrees with that obtained under

192potentiodynamic polarisation.

193To gain a better understanding of the role of Ga and Zn

194on the corrosion behaviour of Al, impedance data were

195obtained for Al and Al–Zn electrodes in chloride solution

196with and without addition of the activator. The effect of

197varying the cathodisation time at -2.0 V on the polarisa-

198tion behaviour of Al in chloride solution containing Ga3+

199was first analysed (Fig. 8). The pitting process initiates at

Fig. 6 Voltammogram of Al–Zn alloy at 0.005 V s-1 in a 0.5 M

NaCl, pH 2.5 solution with 0.01 M Ga3+ at different cathodic

polarisation times at -2.0 V: (a) 60 s, (b) 600 s and (c) 1200 s. The

voltammogram of Al–Zn alloy in a 0.5 M NaCl, pH 2.5 solution

without Ga3+ after cathodic polarisation at -2.0 V during 10 min is

also included (curve d)

Fig. 7 Nyquist plots for Al–Zn–Ga alloy at open circuit potential

condition in a 0.5 M NaCl, pH 2.5 solution: (a) without Ga3+, (b) with

0.01 M Ga3+ and (c) without Ga3+ under electrode rotation (500 rpm)

Fig. 8 Voltammogram of pure Al at 0.005 V s-1 in a 0.5 M NaCl, pH

2.5 solution with 0.01 M Ga3+ at different cathodic polarisation times

at -2.0 V: (a) 60 s, (b) 600 s and (c) 1200 s. The voltammogram of

pure Al in a 0.5 M NaCl, pH 2.5 solution without Ga3+ after cathodic

polarisation at -2.0 V during 10 min is also included (curve d)
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200 more negative potentials as the cathodisation time increa-

201 ses because higher amounts of Ga are deposited. A

202 decrease in the semicircle diameter is observed when the

203 Al electrode is held at-2.0 V (Fig. 9, curves a and b). This

204 is explained by the oxide hydration/elimination by local

205 alkalinisation produced during hydrogen evolution on the

206 Al surface. On the other hand, there are clear differences

207 between the Nyquist plot obtained for bare Al and for the

208 Al electrode with deposited Ga after cathodisation (Fig. 9,

209 curves b and c). Rct is reduced by almost an order of

210 magnitude in the presence of deposited Ga, which is con-

211 sistent with enhanced Al dissolution sustained by chloride

212 adsorption produced by the presence of Ga at more nega-

213 tive potentials [3, 4, 15].

214 Figure 10 illustrates the EIS data of Al–Zn alloy with

215 and without the activator. The overall impedance is

216 significantly smaller for the alloy compared with that

217 obtained for pure Al in agreement with enhanced Al dis-

218 solution in the presence of Zn [11, 16]. The Nyquist plot

219 for the Al–Zn alloy in chloride solution shows two

220 capacitive loops. The Rct increases when Ga is deposited

221onto the binary alloy. The reason for this change can be

222explained considering that different mechanisms are oper-

223ative and consequently, different corrosion rates are

224expected. As already mentioned, the oxidation mechanism

225of the bare alloy is a chloride pitting process while it is

226possible to activate Al–Zn alloy via Ga–Al amalgam for-

227mation that occurs at more negative potentials. On the

228other hand, it is reasonable to suppose that the true elec-

229trochemically active areas are different for both processes.

230The appearance of the second capacitive loop at the low

231frequency values in the plot corresponding to the binary

232Al–Zn alloy may be related to the precipitation of Zn(OH)2
233on the electrode surface [17]. It is reasonable to assume the

234same for the Al–Zn–Ga alloy, considering the similarities

235between the diagrams from the binary and ternary alloys.

236The suppression of the second capacitive loop under

237electrode rotation for the ternary alloy (Fig. 7, curve c),

238supports this because, in this case, corrosion product

239accumulation is hindered. Likewise, polarisation resistance

240is reduced under rotation, and this decrease is attributable

241to the difficulty in forming protective corrosion products.

2424 Conclusions

243Activation of the Al–Zn–Ga alloy investigated takes place

244at potentials where adsorption of chloride is not feasible.

245This process can be interpreted in terms of an amalgam

246mechanism. The alloyed Ga homogeneously distributed

247assures the formation of the Ga–Al amalgam. The attacked

248areas are uniformly distributed and are not deep. The

249material is able to provide higher currents when the amount

250of Ga deposited at the interface is increased by electro-

251deposition from the solution. Accumulation of corrosion

252products is reduced under rotation, giving higher corrosion

253rates.

Fig. 9 Nyquist plots for pure Al at open circuit potential condition in

a 0.5 M NaCl, pH 2.5 solution: (a) without previous cathodisation, (b)

after cathodic polarisation at -2.0 V during 10 min and (c) after

cathodic polarisation at -2.0 V during 10 min in the presence of

0.01 M Ga3+

Fig. 10 Nyquist plots for Al–Zn alloy at open circuit potential

condition in a 0.5 M NaCl, pH 2.5 solution after cathodic polarisation

at -2.0 V during 10 min: (a) without Ga3+ and (b) with 0.01 M Ga3+
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254 EIS measurements allowed comparison of the activating

255 effect exerted by Ga and Zn on the electrochemical

256 behaviour of Al and confirmation of the mechanisms out-

257 lined previously for activation. The corrosion currents for

258 the ternary alloy as well as for the Al–Zn alloy with Ga

259 deposition are smaller than that of the bare Al–Zn alloy.

260 This may be explained considering that the oxidation

261 reaction changes from an amalgam-controlled dissolution

262 to a pitting process.
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