OXYGEN FORMATIONS ON THE SURFACE OF LEAD,
INDIUM, AND THEIR ALLOYS
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Series of cathodic charging curves, recordedafterten-secondpolarizations at various spec-
ified potentials, are used in order to identify various oxygen containing compounds develop-
ing on the surface of lead, indium, and Pb~In alloys during anodic polarization in dilute
alkali. The mechanism underlying the formation of such compounds and their role in pas-
sivation processes are discussed, due allowance being made for the composition of the
alloy and the easy diffusion of its components in the metallic phase.

The corrosion and electrochemical properties of comparatively refractory solid solution (Cu-Ni,
Sb-Bi) [1,2] vary sharply over narrow ranges of composition (1-2 at.%). A measurement of the work func-
tion before and after the brief action of a corrosive medium confirms {3] that this variation is associated
with a change in the surface composition of the alloys in the electrolyte.

A study of the Bi-Sb system [2] shows that the individual oxides of the components only exist on the
oxidized surface of the alloys for specific ranges of composition; this state of affairs is only possible if the
internal diffusion of the alloy components is impeded, i.e., if the "resorption" of surface changes in com-
position is severely retarded.

In order to verify this proposition, we studied a series of In-Pb alloys; these yield an almost continuous
series of solid solutions [4] and are characterized by high coefficients of internal diffusion of the com-
ponents. The smooth change observed in the rate of corrosion of these alloys in 20% H,SO, on passing from
In to Pb* supports the foregoing comments as to the negative influence exerted by diffusion processes in the
alloy on the possible formation of a protective corrosion structure.

Oxide formations on Pb, In, and Pb-In alloys were studied by a potentiogalvanostatic method in an
oxygen-free 0.01 N solution of KOH (pH 11.86). The rate of spontaneous lead dissolution under these con-
ditions was no greater than 3.6 10~ g-atom/m?-h (7.6-10~%4 g/m?-h), while indium was absolutely stable
and no loss of weight could be detected.

Electrodes (cylindrical samples with a working end surface area of 0.05 cm?) were prepared from in-
dium of the In-00 type and S-1 lead using the method described in [5]. Reproducible results were obtained
if the working surface was first brought to a specular luster by flattening on a plate of polished chromium.

The specified potential (pg,) of between -1.50 and -0.34 V (relative to the normal hydrogen equivalent)
was usually held for 10 sec by means of a potentiostat, after which the cathodic charging curve was im-
mediately recorded at a current density of 1.4 1073 A/cm?,

The number and duration of the arrests formed on the charging curve gave a fair idea of the number of
compounds formed and the amount of each of these present; the minimum anodic potential after the holding

*The experiments were carried out by I. A, Kravtsova.

M. I. Kalinin Leningrad Polytechnic Institute. Translated from Zashchita Metallov, Vol. 9, No. 3
pp. 257-263, May-June, 1973. Original article submitted October 6, 1971. ' Y

235



-9, Vin.he,]

ads Py

Fall

Py
Fig. 1. Charging curves of lead (a)
and indium (b) in 0.01 KOH. ¢gp
= anodic polarization potential; Py
= potential of hydrogen evolution.
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period for which any particular arrest became noticeable on the cathodic curve (i.e., the potential cor-
responding to the initial formation of the arrest ¢jn) gave an idea of the thermodynamic potential of for-

mation of the corresponding compound.

Lead. After a holding period at ¢gp = -0.415 the cathodic charging curve of lead (Fig. 1la) showed

three arrests of potentials of ¢ = ~0.544 V;

= =0.962 V and ¢y = -1.326 V. Usingthe m%ﬁxod described

earlier [6] it was found that the potential for "the initial formation of the third compound ¢jn~ equalled -0.424
+0.005 V, in close agreement with the equilibrium potential of formation of Pb(OH), (calculated on the basis

of thermodynamic data [7] for pH 11.86) in the reaction ‘ ,
Pb + 2H,0 = Pb(OH). + 2H* + 2e. _ _ Q)

The thickness of the layer* of Pb(OH), at gun = -0.34 V extends to 8 A in 10 sec (the density of Pb-

(OH), equals 7.59 g/cm® [8]).

The experimentally determined potential <piIr{ for the arrest II equals-0.4'52‘:b 0.005 V, agreeing with

the calculated value of ggq for the reaction

Pb + H.Q == PbO + 2H* + 2e. - ’ (2)

The thickness of the PbO layer for ¢un = -0.34 V reaches 4 A in 10 sec (the density of PbO is 9.53 g/cm?
[8]). The small amount of lead oxide PbO on the surface is probably associated with a certain dissolution

of this in alkalis [9].
‘alkalis (0.1 N KOH), ~
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Fig. 2. Oscillograms of Pb, In, and their
alloys (pgn = -0.34 V).

There is accordingly no II arrest on the charging curve of lead recorded in stronger

The close agreement between the equilibrium poten-
tials for the formation of PbO 'and Pb(OH), (and also bismuth
[5], antimony [6], and copper [10] oxides) calculated from
thermodynamic data and the ¢in of the arrests on the cath-
odic charging curves suggests that the properties of the
compact oxides and the thin oxide layers observed on the
metal surface are very similar. In this case, we may with-
out serious error consider that ¢in is equal to the ¢geq of the
oxide formation process. :

Arrest I has <p{n =-0.502 + 0.005 V.

i Judgingbyexisting data [7], at such negative potentials
lead should not form any oxygen-containing compounds. The
first arrest is practically horizontal, i.e., it should corre-
spond to a phase of constant composition. The correspond-
ing amount of electricity (4.4 1073 ¢/cm?) is sufficient to

"reduce 120/f monolayers of oxygen (f being the roughness
factor). This is three times as great as the total charge of

* Here and subsequently the calculation is based on the ear-
lier [6] assumption that the roughness factor is equal to
three, while the oxides are distributed uniformly over the
whole surface.
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Fig. 3. Dependence of ¢, (1-4) and the reduction potentials (5-6)
of the oxides onthe compositionof the alloy: 1, 5) In,05; 2, 6)
Pb,0; 3, TYPbO; 4, 8) Pb(CH),.

Fig. 4. Dependence of the total amount of electricity used in the
reduction of oxygen compounds fromthe surface on the composi-
tion of the alloy. >

the lead ions, which, judging by parallel corrosion measurments, might pass into solution during the pre-
vious anodic polarization. In addition to this, HPbO, ions artificially introduced into the solution (to a
concentration of 1.25 1073 g-ion/liter) are reduced at a smaller negative potential (-0.49 V). Hence the
first arrest cannot be explained by reduction of small quantities of oxygen dissolved in the surface layers
of the metal [10], nor by the reduction of lead ions which have passed into solution.

We might well believe that the first arrest is the result of the penetration of a potassium ion into the
lead, with the formation of a solid solution or intermetallic compound [11]. This phenomenon is quite pos-
sible in the present case for hydrogen evolution potentials of -1.6 V. Then the intermetallic compound of
potassium may decompose at ¢j, Wwith the formation of Pb(OH),, as occurs in the case of PbyNa {11]. At
a potential of ¢f = -0.544 V, however, the hydrate oIf lead oxide is reduced as in reaction (1). The latter
is thermodynamically possible even at ¢in (since Peq = -0.424 V), but it evidently experiences kinetic hin-
drances. Thus Pb(OH), is reduced at two potentials (¢r and ¢rp» which may be presumably associated
with the different structures of the hydroxide obtained by the direct oxidation of lead and by the decompos-
ition of the intermetallic compound.

However, this explanation for the nature of the first arrest is not the only one possible. An increase
in the time of anodic polarization at (ph{ should reduce the length of the first arrest in view of the possi-
bility of Pb(OH), being reduced at this potential. Actually an increase in the time from 10 sec to 5 min
increases the amount of electricity expended in the first arrest from 4.4 - +10-% t0 49,2 -10-3 C/cm?. The
latter is possible if two conditions are satisfied simultaneously: 1) the rate of decomposition of the inter-
metallic compound at gjp is much greater than the rate of reduction of Pb(OH),; 2) the amount of the in-

termetallic compound is so great that it is sufficient for the formation of the hydroxide over a period of
min,.

It would appear more reasonable to suppose that the first arrest corresponds to the reduction of lead
suboxide, the existence of which was mentioned in [8, 9], although no published data as to the work of for-
mation of PbZO are to be found. The calculated thickness of the proposed layer of Pb,O (for a density of

8.342 g/cm [8]) reaches ~100 A in 10 sec at g =-0.34 V. Subsequently we shall regard the first arrest
as being associated with the reduction of Pb,O.
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In accordance with the results obtained, we must therefore assume that the oxides formed on the
surface of the lead are reduced with considerably different overvoltages. The reduction of Pb,O at i = 1.4
.10-3 A/em? requires Ag = 0.042 V; PbO Ap = 0.51 V; and Pb(OH), A¢ = 0.873 V. In view of this, both the
formation and the reduction of the oxides take place in the following order: Pb,O, PbO and Pb(OH),. This
is quite feasible when the oxides are disposed on the surface, not in layers, but in individual "outgrowths"
[12]. Otherwise it is difficult to conceive the initial reduction of the relatively thick {up to 100 A layer
of Pb,0, lying underneath a layer of PbO and Pb(OH),. , _

Indium. The cathodic charging curve of the indium electrode (Fig. 1b) shows one arrest correspond-
ing to the reduction of a certain compound at -0.940 V. The @in of this compound is -0.884 + 0.005 V.

At this potential it is possible for In,O; to be formed by the reaction

2In + 3H.0 == In.0; + 6H* + Be,

the calculated equilibrium potentials of which (for pH 11.86) [7] equals -0.890 V.

The onset of the reduction of InQ; is accompanied by a considerable additional polarization, reach~
ing as much as 150 mV, as indicated by the presence of 2 maximum preceding the reduction of In,O; on the
charging curve, Similar maxima observed earlier [6] may have been associated with hindrances to the
decomposition of the oxide lattice in its reduction.

In contrast to the lead oxides, a change of ¢y, from -0.87 to -0.34 V does not alter the thickness of
the In,O, layer, which remains practically constant and equal to 3 A.

Such a slight thickness (determined by calculation) indicates that the oxide only covers the surface in
individual regions [12]. The fact that the thickness of the In,O; layer remains’ independent of ®an is pro-
bably associated with the extremely slow formation of this oxide., An increase in the time of anodic polari-
zation at @an = -0.34 V from 10 sec (the holding period which we usually adopted) to 5 min showed that the
amount of reduced oxide In,Q; remained unchanged (q = 4.107% C/ cm?). Yet the amount of PbO and Pb(CH),
increases from 0.6-10-% to 3.10-3 C/cm?, and Pb,O from 4.4.10-3 to 49.2-10-3 C/cm?. This indicates
the highly protective properties of In,O; (low ionic or low electron conductivity, or both together).

Lead—Indium Alloys. Figure 2 illustrates some oscillograms '(with an indication of the compositions)
for each of the alloys of the Pb-Sn system studied, these being obtained after 10 sec of anodic polarization
at gg, = -0.34 V. According to the character ofvthe cathodic charging curves, the whole ‘system may be

divided into two regions,

The first (mixed) region includes lead-base alloys containing 100-81.5 at.% Pb, on the surface of which
all the lead oxides (Pb,0, PbO, and Pb(OH),) may be formed; starting from 94 at.% Pb or under, indium
oxide may be formed as well. This may be seen from Fig. 3, which shows the change taking place in the
potential of the initial formation (curves 1-4) and reéduction (5-8) of the oxides on varying the composition

of the alloys.
The second region embraces alloys from 81.5 at.% Pb to pure indium, and is ch'aré.cterized;by the
presence of solely In,O; on the surface. ' ;

None of the alloys examined had any other oxides on their surface but those alfeady formed on the
pure lead and indium. No mixed oxides occurred in, this system, in contrast to the Bi-Sb system of alloys

[2].

It is an interesting fact that In,O; is formed on the surface .of all the alloys studied. The Pb,O and
PbO appear on alloys containing more than 81.5 at.% Pb, 'and Pb(OH), only on the alloy with 96 at.% Pb.
An analogous effect takes place in the Cu-Ni system. \ L o

The variation in the total amount of oxygen combined with the surface of the alloys is illustrated in
Fig. 4. The amount of oxygen falls sharply from pure Pb to the alloy containing 81,5 at.% Pb, this change
being associated with a reduction in the quantity of lead oxides, which are predominant on the surface of the
alloys in this region., The amount of oxygen on all the other alloys, however, remains practically constant,
indicating a constant and very small (~ 3A)amount of In,O;, since only this oxide is formed on the alloys
in this region. o ' SR ¥

The sharp reduction in the quantity of lead oxides ‘on the alloy surfaces as the indiu'_m'content‘ in-
creases may be explained by using earlier [13] developed ideas, to the effect that groups (assemblies) of
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atoms of the corresponding alloy component (sufficient to form the oxide of this component) have to be
present at a single point on the surface of the alloy..

A calculation based on the principles of [13] shows that the minimum assembly required for the for-
mation of the hypothetical Pb,O (which constitutes the chief surface constituent on the alloy) should con-
tain 14 lead atoms, i.e., it must be extremely large. For comparison, we may note that the formation of
8b,0; on the surface of Bi-Sb alloys would require an assembly of four antimony atoms, which for the for-
mation of Bi,O; on alloys of the same system six bismuth atoms would be needed [13].

Such a large number of lead atoms lying together in one place on the surface of the alloys is only
possible when the indium content is very low. This clearly explains the sharp fall in the amount of lead ox-
ives on passing from pure lead to the Pb-In alloys, and the impossibility of these being formed on alloys
containing less than 81,5 at.% Pb,

At all points at which, as a result of the oxidation of the lead (under conditions in which it is unable
to form an oxide phase), indium atoms come to the surface, In,O; is formed. The small amount of this
oxide on the indium-rich alloys (and on indium itself) indicates the validity of the oft-reiterated opinion
that the oxides are formed, not in the form of a continuous layer, but in that of individual "outgrowths"
and in places at which the structure of the surface is favorable toward this configuration. The preparation
of the alloy surfaces ensured a low roughness coefficient, so that the number of asperities promoting the
formation of indium oxide should have been small. It may well be that in the present case the roughness
factor (which we did not determine directly) was smaller than three, and possibly close to unity.

It is reasonable to assume that the surface of the alloys was slightly enriched with indium (this being
the component with the greater stability under present conditions) relative to the main volume. This sur-
face enrichment, like the enrichment of the surface with copper in the Cu-Zn system [14], evidently pro-
ceeds up a certain constant composition, and this is why there is a constant amount in In,O; on the alloys
between 0 and 81,5 at.% Pb. The increase in the total amount of oxygen in the alloys which begins at 81,5
at.% Pb (Fig.4) shows that change in the surface composition of even low-melting-point alloys may well
occur if, after a brief anodic polarization (10 sec), the cathodic charging curve establishing these changes
is recorded immediately. The diffusion of the atoms in the alloy cannot then render the composition of the
main volume and the surface of the alloy uniform. Nevertheless, the change in the composition of the sur-
face is not particularly sharp (1-3 at.%), while the total content of lead oxides varies widely, over a range
of some 20 at.%.

The authors are grateful to V. M. Novakovskii for valuable comments and interest in this work.
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