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Summary 

The effect of surface preparation and amalgamation on the corrosion 
and polarisation characteristics of pure zinc and two battery zinc alloys 
(Zn-Pd-Cd) and (Zn-Pb-Cd-Fe) has been compared and contrasted in con- 
centrated NH&l solution. Polished metal surfaces have been used to simulate 
the surface condition of the anode materials during initial battery storage 
periods and etched surfaces have been used to simulate conditions after high 
rate discharge. The investigation highlights the extreme sensitivity of the 
corrosion behaviour to small changes in regard to the high (Pb, Cd) or low 
(Fe) hydrogen overvoltage components. In order to explain the corrosion 
characteristics of the etched alloys consideration must be given to the effect 
of surface accumulation of minor alloying constituents in addition to surface 
roughness changes. Amalgamation of the polished specimens produces a 
significant reduction in their corrosion rate. Amalgamation of the etched 
metals removes the effect of the accumulated minor alloying components 
Pb and Cd, probably by surface amalgam formation. In the case of the Fe 
containing alloy, however, the deleterious effects of the surface accumula- 
tion of Fe cannot be removed. 

Introduction 

Although zinc is used as the anode material in a wide variety of primary 
batteries, it is only comparatively recently that the corrosion and polarisa- 
tion characteristics of this metal have been systematically examined in 
relevant electrolyte systems. These investigations have involved studies of the 
corrosion behaviour of zinc in neutral/acid media [ 1, 21, the pitting charac- 
teristics of zinc in Leclanche and related electrolytes [3,4], and the effect of 
amalgamation on the corrosion and polarisation characteristics of zinc in 
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battery electrolyte analogues [ 5,6]. To facilitate an understanding of the 
basic corrosion mechanisms, pure zinc electrodes were predominantly uti- 
lised in these studies [l, 5,6]. Practical anode materials, particularly in the 
case of Leclanche batteries, however, are invariably zinc alloys. 

In this paper we present the results of an examination of the corrosion 
and polarisation characteristics of two such alloy systems (Zn-Pb-Cd) and 
(Zn-Pb-Cd-Fe) which are compared and contrasted with those of pure zinc 
to reveal specific contributions from the minor alloying constituents Pb, Cd, 
and Fe. It is emphasised that a detailed quantitative surface analysis of the 
electrodes was beyond the scope of the present investigation, which was 
undertaken principally to define the main trends in the electrochemical and 
corrosion parameters. 

The composition of the zinc alloy cup used in Leclanche batteries is 
dictated by metallurgical considerations. Lead is added as a grain refiner, 
reducing the grain size to a level which facilitates acceptable and consistent 
extrusion characteristics. It also prevents deep penetration of the mercury in 
the amalgamation process, alleviating the likelihood of cup perforation and 
ensuring a high concentration of mercury at the zinc surface exposed to the 
electrolyte. Cadmium is added to the zinc as a hardener which imparts suffi- 
cient strength to the extruded cup to withstand resistance to distortion 
during battery assembly. 

The third metal of importance is iron which is used as a high temperu- 
ture grain stabiliser, preventing grain growth during certain anode processing 
stages employing high temperatures (2 200 “C). 

Clearly, the choice of Pb and Cd as agents for controlling grain size and 
hardness, respectively, has been influenced by the fact that these metals do 
not evolve hydrogen as easily as does zinc and, therefore, they impart a 
degree of corrosion protection. Iron additions, however, do not give such 
corrosion resistance and, by contrast, accelerated corrosion is expected. 

In order to magnify the deleterious or beneficial effects of minor 
alloying constituents in the present investigation, corrosion and polarisation 
measurements have been made on etched metal surfaces as well as on 
polished surfaces. The etching process, although producing an increase in 
surface roughness, concentrates the minor alloying components at the metal 
surface; a process which also occurs during anodic discharge. Since battery 
zinc is amalgamated to facilitate a low corrosion rate, amalgamated elec- 
trodes have also been studied. Scanning electron microscopy has been used 
to observe and characterise the metal surface textures and obtain informa- 
tion as to the surface distribution of minor alloying constituents and 
mercury. Electron probe microanalysis of the etched surfaces has also been 
carried out. 

Experimental 

The three working electrodes used in the present work were pure 
zinc (99.999% supplied by Koch-Light), a Zn-Pb-Cd alloy (Zn-OS%Pb- 
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O.O6%Cd) and a Zn-Pb-Cd-Fe alloy (Zn-0.2%Pb-O.O8%Cd-0.014SFe). 
These electrode materials, in the form of rods (circular cross-sectional area 
0.283 cm’), were sheathed in tightly fitting Teflon and polished in the 
manner described previously. Electrodes were etched; if necessary, for 1 min 
in 15% HCl at a rotation speed of 20 Hz. They were then thoroughly rinsed 
in triply-distilled water. Amalgamation was accomplished by electrolytic 
deposition of mercury from 1M KOH saturated with yellow HgO. About 
20 pg of Hg cmp2 was reproducibly deposited. The amalgamated electrodes 
were thoroughly rinsed in deoxygenated, triply distilled water before being 
transferred to the polarisation cell. 

The electrochemical cell, instrumentation and procedure have been 
described previously [ 11. The cell and electrode assemblies were situated 
inside a thermostatically controlled enclosure at 30 + 0.1 “C. The working 
electrolyte was 6.0 mol cme3 of NH&l prepared from AnalaR grade salt and 
thrice distilled water. The reference electrode was Hg/Hg2C12/KCl (sat). 

Corrosion currents were determined by the Tafel line extrapolation and 
polarisation resistance methods [l]. All experiments were duplicated and 
conducted under de-aerated conditions. 

Results and discussion 

(i) Electron microscopy 
Figures 1 - 3 show optical and scanning electron micrographs of the 

pure zinc, (Zn-Pb-Cd), and (Zn-Pb-Cd-Fe) electrode surfaces, respectively, 
prior to the electrochemical measurements. In each Figure, (a) is an optical 
micrograph showing the grain structure and general texture over a broad area 
of the surface and (b) - (e) are scanning electron micrographs showing elec- 
trode surfaces in the case of polished, etched, polished amalgamated, and 
etched amalgamated specimens, respectively. 

Figures (1 - 3) (a) illustrate the influence of alloying on the grain size. 
Although additions of Pb and Cd do not appear to affect this to any appre- 
ciable extent, the addition of Fe clearly reduces the grain size by well over 
an order of magnitude. 

A comparison of Figs. (1 - 3) (b) and (c) reveals the effect of etching. 
Clearly, there is a considerable increase in surface roughness on all speci- 
mens, as would be expected, but other deductions can be made. In the case 
of the Zn-Pb-Cd alloy it is clear that the segregation of components other 
than Zn occurs (cf. Figs. 2(c) and l(c)), and these seem to be concentrated 
at grain (or sub-grain) boundaries. Judging by the alloy composition it was 
thought that this was predominantly Pb. This was confirmed by electron- 
probe microanalysis which also revealed the presence of Cd. It is therefore 
possible that the particles consist of a Pb-Cd alloy, although further work 
would be necessary to elucidate this point in more detail. In the case of the 
Zn-P&Cd-Fe alloy, however, the situation is much less well defined 
(Fig. 3(c)) although qualitatively similar. Despite the fact that Fe would be 



(b) 

(d) @I 
Fig. 1. Optical and scanning electron micrographs of pure Zn electrode surfaces. (a) Opti- 
cal micrograph (x11) showing entire electrode area and grain structure after etching; (b) - 
(e) SEMS (x750) showing; (b) polished surface; (c) etched surface; (d) polished, amalgam- 
ated surface; (e) etched, amalgamated surface. 
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(b) 

(d) (e) 
Fig. 2. Optical and scanning electron micrographs of Zn-Pb-Cd electrode surfaces. (a) 
Optical micrograph (X11) showing electrode grain structure after etching; (b) - (e) SEMS 
(x750) showing: (b) polished surface; (c) etched surface; (d) polished, amalgamated 
surface; (e) etched, amalgamated surface. 



302 

(a) 

(b) : 

(d) @I 
Fig. 3. Optical and scanning electron micrographs of Zn-Pb-Cd-Fe electrode surfaces. 
(a) Optical micrograph (X11) showing entire electrode area and grain structure after 
etching; (b) - (e) SEMS (X750) showing: (b) polished surface; (c) etched surface; (d) pol- 
ished, amalgamated surface; (e) etched, amalgamated surface. 
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expected to be segregated at grain (or sub-grain) boundaries a large number 
of particles consisted of Pb/Cd. 

A comparison of Figs. (1 - 3) (b) and (d) reveals the effect of amalgam- 
ating the polished electrode surfaces. In all cases it can be seen that the 
deposit appears to be localised. These results indicate that deposition occurs 
by a mechanism involving progressive nucleation and growth of three dimen- 
sional centres which would overlap to produce a coherent amalgam layer if 
larger quantities of mercury had been employed [ 5,6]. 

In the case of pure zinc, deposition occurs preferentially onto certain 
grains (Fig. l(d)). In the case of the Zn-Pb-Cd-Fe alloy, however, it is clear 
that grain boundary deposition is preferred (Fig. 3(d)). The Zn-Pb-Cd 
situation appears to be intermediate (Fig. 2(d)). It is important to note that 
in the region between the visible deposits the zinc is not devoid of mercury. 
It has been postulated from electrochemical evidence that a solid solution of 
Hg in Zn is formed (the (II phase) which penetrates below the surface to the 
extent of several monolayers [l]. Thus, it is likely that the appearance of 
gross localised deposits only occurs after some saturation of the zinc surface 
region by the (Y phase has been accomplished. 

A comparison of Figs. (1 - 3) (c) and (e) illustrates the effect of amal- 
gamating the etched electrode surfaces. In contrast to the situation on the 
polished surfaces, mercury deposition is considerably less localised. This 
effect is demonstrated very clearly in the case of pure zinc from a compar- 
ison of Fig. l(d) and (e). Observation of etched, amalgamated, pure zinc at 
higher magnifications (X5000) confirmed that the deposits were, indeed, 
localised, but that the number of nuclei had increased by well over an order 
of magnitude. A comparison of Figs. (2, 3) (c) and (e), however, shows that 
this deduction does not appear to apply in the case of the Zn-Pb-Cd and 
Zn-Pb-Cd-Fe alloys, where there is no evidence of localisation. All that can 
be concluded is that amalgamation induces a redistribution in, and possibly a 
modification to, the layer of accumulated minor alloying constituents. 

(ii) Anodic dissolution characteristics 
Figures 4 and 5 display the anodic branches of the current-potential 

curves for dissolution of the various metals for the different surface condi- 
tions. Figure 4(a) shows the effect of etching the unamalgamated polished 
electrodes, Fig. 4(b) the effect of amalgamating the polished electrodes, 
Fig. 5(a) the effect of amalgamating the etched electrodes and Fig. 5(b) the 
effect of pre-etching on the behaviour of the amalgamated electrodes. The 
anodic slopes are very similar and lie in the range 25 - 32 mV per decade, 
with a mean value of 28 mV per decade. This is very close to the theoreti- 
cally predicted value of 30 mV per decade (2.3 RT/BF) indicative of a 
solution controlled (Nernstian) 2 electron exchange process. Thus, for a 
given electrode material (or range of alloys which differs in its com- 
position to only a limited extent), the rate of dissolution is determined 
by the rate of diffusion of soluble zinc products away from the electrode 
surface. 



304 

100 

10 

N 

'E 

4 
> 

(a) 
1 

1000 

loo 

10 

1 (b) 
1.10 1.15 1.20 

-E/V 

Fig. 4. (a) Anodic polarisation characteristics in 6.0 mol drn-j NH&l showing the effect 
of etching on the namalgamated electrodes. 0, Pure Zn; X, Zn-Pb-Cd alloy; n , Zn-Pb- 
Cd-Fe alloy. 

3 

, Polished surfaces ; - - - -, etched surfaces. (b) Anodic polarisation char- 
acteristics in 6.0 mol dmh3 NH&l showing the effect of amalgamation on the polished 
electrodes. 0, e Zn; X, Zn-Pb-Cd; n , Zn-Pb-Cd-Fe. -, Unamalgamated surfaces; 
- - - -9 amalgamated surfaces. 

Despite the similarities in the slopes of the polarisation curves depicted 
in Figs. 4 and 5, it is clear that considerable variations in the magnitude 
of the dissolution current occur. In order to clarify the situation and to 
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Fig. 5. (a) Anodic polarisation characteristics in 6.0 mol drnd3 NH&l showing the effect 
of amalgamation on the etched electrodes. 0, Pure Zn; X, Zn-Pb-Cd; n , Zn-Pb-Cd-Fe. 
-, Unamalgamated surfaces; - - - -, amalgamated surfaces. (b) Anodic polarisation char- 
acteristics in 6.0 mol dmv3 NH&l showing the effect of pre-etching on,the amalgamated 
electrodes. 0, Pure Zn; X, Zn-Pb-Cd; n , Zn-Pb-Cd-Fe. -, Polished electrodes; - - - -, 
etched electrodes, 

quantify the increases or decreases in the dissolution current, Table 1 sum- 
marises the trends in the form of anodic current ratios determined at 
-1.14 volts. The observations in Table 1 can be explained with the aid of 
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TABLE 1 

Dissolution current ratios showing the effect of etching and amalgamation 

Metal or alloy Ratio 1 Ratio 2 Ratio 3 Ratio 4 
iE/iP iAh iAh iE/iP 

unamalgamated polished etched amalgamated 

Zn 2.9 5.5 2.7 
Zn-Pb-Cd 0.5 1.8 4.2 
Zn-Pb-Cd-Fe 2.2 3.4 0.8 

E = etched, P = polished, A = amalgamated, U = unamalgamated. 

1.4 
1.2 
0.5 

information gained from the analysis of the micrographs of Figs. 1 - 3, dis- 
cussed previously. This explanation follows. 

Figure 4(a) illustrates the effect of etching on the dissolution character- 
istics of the unamalgamated metals and the results are summarised in Ratio 1 
of Table 1. As can be seen from the electron micrographs of Figs. (1 - 3) (b) 
and (c), a considerable increase in surface roughness is produced, as 
expected. In the case of pure zinc (Fig. l(b) and (c)), an increase in the dis- 
solution current by a factor of about 3 is clearly,evident from Table 1, which 
can be correlated directly with the increase in the roughness factor for this 
electrode. Increases of a similar magnitude would be expected for the etched 
alloys. Double layer capacitance measurements determined for polished, pure 
zinc [5] indicate that the roughness factor is about 2.5. Thus, it can be 
deduced that the etched analogue has a roughness factor of about 7.5. 
Despite this, however, the dissolution current for the Zn-Pb-Cd alloy 
decreases significantly as a result of etching (iE/ip = 0.5). This can be attrib- 
uted to a considerable “blocking” action achieved by the a’ccumulation of 
Pb, or Pb(Cd) particles (Fig. 2(c)). 

It is interesting to note that this effect, although present, is very much 
less severe in the case of the Zn-Pb-Cd-Fe alloy, where the anodic current 
ratio i,/ip is 2.2, which is closer to that of pure zinc. This suggests that it is 
the Pb content which is important in this respect since this differs by a 
factor of 4 in the two alloys, whereas the Cd contents are approximately 
equal (see Experimental section). 

Figure 4(b) shows the effect amalgamation has on the discharge charac- 
teristics of the polished electrodes and the results are summarised in Ratio 2 
of Table 1. It is clear that the dissolution curves for the unamalgamated 
metals are virtually identical, as would be expected, since the polished 
surfaces are clean and devoid of any accumulation of minor alloying constit- 
uents. Amalgamation produces a significant increase in the dissolution cur- 
rent on all electrodes. This, however, is largest for pure zinc (iA/iu = 5.5) and 
smallest for the Zn-Pb-Cd alloy (iA/iU = 1.8) with the Zn-Pb-Cd-Fe alloy 
being intermediate (iA/& = 3.4). Again, these results suggest that it is the lead 
content which is important. Thus, the activating effect of Hg on zinc dissolu- 
tion is apparently reduced by the presence of Pb within the alloy structure. 
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Although this activating effect of mercury is conclusively demonstrated 
in the present paper, and has been shown previously [ 5,6], the exact mecha- 
nism of this process is unknown. Nevertheless, it is clear that very small 
quantities of mercury (<lo c(g cmp2) produce very large, almost an order of 
magnitude, increases in zinc dissolution current. These results suggest that 
the activation energy for zinc dissolution is considerably less from a 
mercury-in-zinc solid solution than it is from the pure metal. 

Figure 5(a) illustrates the effect of amalgamation on the dissolution 
characteristics of the etched metals and the results are summarised in Ratio 3 
of Table 1. On etched, pure zinc amalgamation increases the anodic dissolu- 
tion current by a factor of 2.7, which is only half that for. the polished 
analogue (5.5). The reason for this becomes clear from a comparison of the 
micrographs in Fig. l(b) and (d) and Fig. l(c) and (e). The geometrical area 
of the polished electrode is considerably increased as a result of amalgama- 
tion whereas that of the etched electrode appears to be little changed. The 
effect of amalgamation on the dissolution current of etched pure zinc 
(iA/iu = 2.7) contrasts with that observed in respect of the Zn-Pb-Cd alloy 
(iA/iU = 4.2) and the Zn-Pb-Cd-Fe alloy (iA/iU = 0.8). These results can be 
understood when it is remembered that the etched alloy surfaces are covered 
with an adhered layer of the minor alloying constituents Pb, Cd and Fe. In 
the case of the Zn-Pb-Cd alloy it can be assumed that Pb and Cd are 
partially removed into a surface amalgam phase, thereby permitting far 
greater discharge currents than would otherwise occur. In the case of the 
Zn-Pb-Cd-Fe alloy it can be assumed that the surface is also deactivated 
with respect to the accumulation of Pb and Cd. Since the latter alloy also 
contains Fe, which does not form an amalgam, however, then the Fe 
particles will still provide a blocking action to zinc dissolution which cannot 
be removed by amalgamation, and the dissolution current will remain largely 
unchanged. These results provide further proof that the effect of amalgam- 
ation on zinc dissolution is conditioned by small changes in the composition 
of the alloy both for polished and etched electrodes. 

Figure 5(b) shows the effect of preetching on the discharge character- 
istics of amalgamated electrodes and the results are summarised in Ratio 4 of 
Table 1. Comparing Fig. 5(b) with Figs. 4(a), (b), and 5(a), reveals the close- 
ness of the curves, reflecting the fact that the amalgamation process has the 
effect of removing dissimilarities caused by the presence of the alloying con- 
stituents which participate as discussed previously. 

(iii) Cathodic hydrogen-overvoltage characteristics 
Figures 6 and 7 display the cathodic branches of the current-potential 

curves for hydrogen evolution on the various metals for the different surface 
conditions. Figure 6(a) shows the effect of etching the unamalgamated, 
polished electrodes, Fig. 6(b) the effect of amalgamating the polished elec- 
trodes, Fig. 7(a) the effect of amalgamating the etched electrodes, and 
Fig. 7(b) the effect of pre-etching on the behaviour of the amalgamated 
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Fig. 6. (a) Cathodic polarisation characteristics in 6.0 mol dmW3 NH&l showing the effect 
of etching on the unamalgamated electrodes. 0, Pure Zn; X, Zn-Pb-Cd alloy; n , Zn-Pb- 
Cd-Fe alloy. -, Polished surfaces; - - - -, etched surfaces. (b) Cathodic polarisation 
characteristics in 6.0 mol dmp3 NH&l showing the effect of amalgamation on the pol- 
ished electrodes. 0, Pure Zn; X, Zn-Pb-Cd; n , Zn-Pb-Cd-Fe. -, Unamalgamated 
surfaces; - - - -, amalgamated surfaces. 
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electrodes. The cathodic slopes are, in general, very similar, with mean values 
for each metal lying in the range 156 - 164 mV per decade when the anoma- 
lous slope for the etched, amalgamated Zn-Pb-Cd-Fe electrode (230 mV 
per decade) is removed from the analysis. These values are very similar to 
those observed previously for both amalgamated (20 pg cm-*) and unamal- 
gamated, pure zinc electrodes, and may be interpreted in terms of a pre- 
dominantly charge-transfer controlled hydrogen evolution process involving 
the reduction of ammonium ions [6]. Despite the similarities in the slopes of 
the polarisation curves depicted in Figs. 6 and 7, very considerable variations 
in the magnitude of the hydrogen evolution current occurs. These trends are 
similar to those observed for zinc dissolution. 

Table 2 summarises the cathodic polar&&ion characteristics in the form 
of current ratios determined at -1.155 volts by extrapolation. (This proce- 
dure was adopted in order that the ratios were determined at a potential 
close to the corrosion value, thus making them more relevant than those 
determined at higher cathodic potentials where changes can be expected due 
to variations in Tafel slope.) As with Table 1, the observations in Table 2 can 
also be explained with the aid of information gained from the analysis of the 
micrographs of Figs. 1 - 3, discussed previously. 

TABLE 2 

Hydrogen evolution current ratios showing the effect of etching and amalgamation 

Metal or alloy Ratio 1 Ratio 2 Ratio 3 Ratio 4 
iE/iP iAh_J iAh iE/iP 
unamalgamated Polished Etched Amalgamated 

Zn 3.0 0.5 0.2 
Zn-Pb-Cd 0.4 0.3 1.3 
Zn-Pb-Cd-Fe 1.4 0.8 1.2 

E = etched, P = polished, A = amalgamated, U = unamalgamated. 

1.0 
1.4 
2.2 

Figure 6(a) indicates that the magnitude of the hydrogen evolution cur- 
rent on the polished electrodes differs widely, being in the order: 

Zn-Pb-Cd-Fe > Zn S Zn-Pb-Cd (1) 

From this sequence it can be deduced that the inhibiting effect of Pb and Cd 
on the rate of hydrogen evolution is heavily outweighed by the accelerating 
effect of Fe, despite its relatively smaller concentration. The ratio of the 
rates of hydrogen evolution on the three metals is 2.8:2.3:1 in sequence 
(1). Thus the capability of the Zn-Pb-Cd-Fe alloy to evolve hydrogen is 
almost 3 times as large as that for the Zn-Pb-Cd alloy. These differences are 
attributable to catalytic effects of the minor constituents on the rate of 
hydrogen evolution. 

Figure 6(a) also illustrates the effect etching has on the hydrogen 
evolution characteristics of the unamalgamated metals, and the results are 
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summarised in Ratio 1 of Table 1. As can be seen from the electron micro- 
graphs of Figs. (1 - 3) (b) and (c), a considerable increase in surface rough- 
ness is produced. In the case of pure zinc, an increase in the rate of hydrogen 
evolution by a factor of 3.0 is shown in Table 2 which can be correlated with 
the increase in the roughness factor of the electrode. This value is almost 
identical with that obtained from a consideration of changes in the zinc 
dissolution current for pure zinc (Ratio 1, Table 1). Increases of a similar 
order would be expected for the etched alloys. 

Despite this, however, the hydrogen evolution current for the Zn-Pb- 
Cd alloy decreases significantly as a result of etching (i& = 0.4). This 
demonstrates that any increases in current resulting from area changes are 
heavily outweighed by the surface accumulation of Pb or Pb (Cd) particles 
which reduce the current as a consequence of both a blocking action and 
by reducing the catalytic activity of the zinc with respect to hydrogen 
evolution. 

In the case of the Zn-P&Cd-Fe alloy, however, the rate of hydrogen 
evolution is not significantly affected by etching. The factors which influence 
the ratio for this alloy are more numerous. Thus, it is possible that the effect 
of the increase in electrode area, in addition to the increase in surface Fe 
content, is almost counterbalanced by the blocking action of Pb or Pb (Cd) 
particles and their reduced catalytic activity with respect to hydrogen evolu- 
tion. Such a situation is complex and beyond further resolution at present. 

Figure 6(b) shows the effect amalgamation has on the hydrogen evolu- 
tion characteristics of the polished metals and the results are summarised in 
Ratio 2 of Table 2. It can be seen that the efficiency with which amalgama- 
tion reduces hydrogen evolution decreases in the order: 

Zn-Pb-Cd > Zn > Zn-Pb-Cd-Fe (2) 

The efficiency values are 68%, 54% and 24%, respectively. The relatively 
greater effectiveness of mercury for reducing hydrogen evolution on the 
Zn-Pb-Cd alloy, compared with that on pure zinc, may be attributed to a 
more even distribution of mercury on the former, perhaps facilitated by the 
presence of the minor alloying constituents in which mercury is more soluble 
(cf. Figs. (1 - 3) (d)). The poorer effectiveness of mercury for reducing 
hydrogen evolution on the Zn-Pb-Cd-Fe electrode can be attributed to the 
fact that the gas is evolved, in part, from Fe inclusions which are not amal- 
gamated. The sum total of these effects is that the amalgamated Zn-Pb-Cd- 
Fe alloy is capable of producing about 7 times more hydrogen than the 
amalgamated Zn-Pb-Cd alloy under similar conditions. 

Figure 7(a) illustrates the effect amalgamation has on the cathodic 
polarisation characteristics for the etched metals and the results are sum- 
marised in Ratio 3 of Table 2. It is clear that for etched, pure zinc, amal- 
gamation is highly effective in reducing hydrogen evolution and considerably 
more so than on the polished surface (cf. Ratios 2 and 3). The hydrogen 
evolution inhibiting efficiency of mercury on the etched surface is 85% com- 
pared with only 54% on the polished analogue. This result can be explained 
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by the mercury both reducing the surface roughness of the etched electrode 
and also acting as inhibitor (cf. Fig. l(d) and (e)). These results contrast 
sharply with those for the Zn-Pb-Cd and Zn-Pb-Cd-Fe alloys, where it 
appears that mercury accelerates the gassing rate (iA/iU = 1.3 and 1.2, respec- 
tively ) . 

The results can be explained if it is assumed that the Pb or Pb (Cd) 
layer formed on the alloys as a result of etching is at least as effective as 
mercury as an inhibitor, since the hydrogen overvoltages of these metals are 
of a very similar order. The slight acceleration in the rate of hydrogen evolu- 
tion can be explained in terms of the partial removal of this layer and sub- 
sequent loss of protection. 

Figure 7(b) shows the effect p-e-etching has on the polarisation charac- 
teristics of the amalgamated electrodes and the results are summarised in 
Ratio 4 of Table 2. In the case of pure zinc it is conspicuous that the curves 
are coincident, reflecting the ability of mercury to remove surface roughness 
induced by etching, as discussed previously. Despite this, however, the rate 
of hydrogen evolution on the etched, amalgamated Zn-Pb-Cd-Fe electrode, 
in particular, is considerably higher than that on the polished analogue 
(i& = 2.2). It is clear from the preceding discussion that this is due to the 
accumulation of Fe particles of low hydrogen overvoltage on the alloy 
surface during etching which cannot be removed by amalgamation. The dele- 
terious effect of Fe in the alloy composition is shown clearly in Fig. 7(b), 
where it can be seen that very large variations of almost an order of magni- 
tude exist for the hydrogen evolution rate on the etched electrodes. 

The order is: 

Zn- Pb-Cd-Fe S Zn > Zn-Pb-Cd (3) 

(iv) Summary of corrosion rates 
Tables 3 - 5 summarise the important corrosion parameters obtained on 

the three electrodes for all surface conditions. The corrosion currents are 
quoted in respect of both Tafel line extrapolation (icorrEXt) and polarisation 
resistance ( icorrR p) methods. Figure 8(a) - (c) summarises the linear polarisa- 
tion plots in the vicinity of the corrosion potential from which the R, values 
were deduced. A comparison of corrosion currents obtained on repeat exper- 
iments shows that, in general, reproducibility is quite good. Also, the agree- 
ment between icorrEXt and icorrR P values provides further confidence for the 
quoted parameters. 

Tables 6 and 7 provide more insight into the effect of the specific sur- 
face changes on the corrosion rate of the various metals. The quoted param- 
eters were derived from i,.,, GM values taken from Tables 3 - 5. It must be 
emphasised, however, that since the corrosion currents contain contributions 
from both the anodic and cathodic polarisation characteristics discussed 
earlier, no original information concerning the nature and rate of these 
electrode processes can be obtained from additional analysis. Furthermore, 
it is primarily the rate of hydrogen evolution which determines the corrosion 
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Fig. 8. Linear polarisation characteristics in the vicinity of the corrosion potential for: (a) 
pure zinc, (b) Zn-Pb-Cd alloy, (c) Zn-Pb-Cd-Fe alloy electrodes in 6.0 mol dme3 
NH&l. -, Polished, unamalgamated surface; l - - - -0, polished, amalgamated sur- 
face ; n A, etched, unamalgamated surface; m- - - -H, etched, amalgamated surface. 
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TABLE 6 

Effect of amalgamation on the corrosion rate 

Surface preparation Change in corrosion rate 
WI 

Zn Zn-Pb-Cd Zn-Pb-Cd-Fe 

Polished 
Etched 

-37 -58 +16 
-69 +90 +19 

N.B. + signifies an increase. 
- signifies a decrease. 

TABLE 7 

Effect of etching on the corrosion rate 

Surface preparation Change in corrosion rate 
(%I 

Zn Zn-Pb-Cd Zn-Pb-Cd-Fe 

Unamalgamated 
Amalgamated 

+157 -72 +77 
+24 +27 +81 

N.B. + signifies an increase, 
- signifies a decrease. 

rate since bc S- b, (cathodic control) and, therefore, a satisfactory explana- 
tion of the trends depicted in Tables 6 and 7 can only be obtained from a 
consideration of changes in the rate of this reaction. These changes and their 
causes have been discussed previously. 

Conclusion 

The present investigation highlights the extreme sensitivity of the polar- 
isation characteristics of zinc to small changes in composition with respect to 
high (Pb and Cd) and low (Fe) hydrogen overvoltage components. It also 
emphasizes the need to examine different methods of electrode surface 
preparation if an understanding of the corrosion behaviour of zinc alloys in 
batteries is to be obtained. 

In addition to its significance in the application of zinc as an anode 
material in battery systems, it is suggested that the information discussed in 
respect of zinc dissolution could also be of value in the field of cathodic 
protection using sacrificial zinc anodes. 
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