Oxidation of indium in gold-indium alloys
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The oxidation in air of Auln alloys with low indium content (1 ppm, 0.1 and 1.0 at. %) was

investigated with the help of the time-differential perturbed angular correlation technique. From
the results it is concluded that the oxidation is external and is independent of solute concentration.
Whilein the concentrated alloys, the oxide formed was In,0,, in the cases of the dilute ones, In-O-
Au complexes appeared. From the oxidation rate in the temperature range 300-1000 °C values of
the frequency factor A = 0.006(10) cm?/s and the activation energy Q = 29.0(5) kcal/mot for the

diffusion of indium in gofd were obtained.

I. INTRODUCTION

Although internal oxidation processes in gold-based bi-
nary alloys seem to be very unlikely because of the low solu-
bility of oxygen in gold, the existing experimental informa-
tion is not conclusive.

In studies performed on gold alloys with Ni,"* Cu,* and
Pd,”* external oxidation of the solutes was observed. In these
cases the solute concentration was greater than 0.5 at. %
and, as far as we know, no studies on more dilute alloys have
been reported. But there are some studies of the oxidation of
impurities in nominally pure gold:

(i) Auger electron spectroscopy has given evidence of
surface segregation of trace bulk impurities when gold sur-
faces are heated in the presence of oxygen.*®

(ii) A conductivity increase of gold samples after anneal-
ing in oxidizing atmosphere has been reported in several
cases.” In this context Svoboda’ identified the process in-
volved in the improvement of effective purity of gold sam-
ples with the internal oxidation of impurities. His interpreta-
tion was mainly based on the fact that after subsequent
hydrogen annealings the initial impurity content was again
observed in the matrix.

One of the aims of the present study was to establish
whether an internal oxidation process could take place in
very dilute gold alloys. AuIn alloys were studied by means of
the time-differential perturbed angular correlation
(TDPAC) technique using '''In atoms as probes. With this
technique it is possible to determine the type of the oxide
formed and estimate the fraction f of the probe atoms oxi-
dized in the annealing process. This application of the
TDPAC technique has been discussed in the literature.*®
Unfortunately, this technique is not sensitive to the location
of the probe atoms (whether they are on the surface or in the
bulk sample}. In order to decide whether the oxidation has
been external or internal, a comparison of the experimental f
values with those calculated assuming each possibility is nec-
essary.

In Sec. II we will present different approaches to the
oxidation problem. The experimental procedure and the re-
sults will be presented in Secs. III and IV. Discussion and
conclusions will be given in Sec. V. Finally, the main conclu-
sions will be summarized in Sec. VI.
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il. OXIDATION MODELS

Annealing of binary alloys, based on a noble metal, in
the presence of oxygen leads to the growth of solute oxide if
the free energy of formation of the oxide is negative. It can be
found dissolved in the matrix {internal oxidation) or consti-
tuting a surface layer {external oxidation), depending on the
oxygen solubility and diffusivity in the alloy as well as on the
concentration and diffusivity of the solute.

In the literature,'® oxidation is discussed assuming that
the alloy is a semi-infinite medium. As far as we know, there
are no calculations for the internal oxidation of finite sheets.
So, we will consider the expressions describing the kinetics of
internal oxidation of a semi-infinite medium and discuss its
applicability for the case of finite samples.

The internal oxidation occurs by diffusion of oxygen in
the base metal. An oxidation front is established at the depth
x = £. As a result, the free-oxygen concentration at depth
x> £ is zero, while the concentration of nonoxidized solute
N, (x, t}iszeroforx > £. According to Wagner’s theory'! the
advance of the oxidation front is a parabolic function of time
t expressed as

§2=kt’ (1)

if the oxidation process is controlled by diffusion.

It is possible to establish a relation between the constant
k in Eq. (1) and the parameters that rule the oxidation pro-
cess, that is, with the oxygen concentration in the surface
N3, the solute concentration in the alloy N = N,(x, 0),
and the diffusivity D, and D, of oxygen and the solute, re-
spectively, in the alloy. In the present case it can be assumed
that, due to the extremety low solubility of oxygen in gold, '?
the oxygen concentration in the surface is much smaller than
the initia} solute concentration. Further, since the small oxy-
gen atom should diffuse interstitially in gold, it can be as-
sumed that its diffusivity is much larger than that of the
substitutional solute.

Now, two limiting cases can be distinguished. If the con-
ditions

D,/Dy¢N3/N9<l (2)

are valid, the concentration profiles will be like those drawn
in Fig. 1{a} and the oxidation constant will be given by
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FIG. 1. {a) and (b), concentration profiles under the conditions of Eqgs. (2)
and (4), respectively. The full lines show the concentration of unoxidized
solute and the dashed ones the concentration of free oxygen. N j is the oxy-
gen concentration at the surface. N § is the solute concentration in the alloy.
The oxidation front is located at distance £ from the surface.

k=2N3Dy/vN§, {3)
where v is the number of oxygen atoms per solute atoms in

the oxide.
On the other hand, if the relations

N3/NS <D, /Dy« (4)
hold, then the rate of internal oxidation is dependent upon
the rate of outward diffusion of the solute atoms and the rate
of inward diffusion of oxygen. In this case the concentration
profiles are as shown in Fig. 1{b), and the coefficient k is
given by

k=mDX(NP/"V* (NS D,. (5)

In the second situation, an enrichment of the solute as
oxide in the oxidized zone and a depletion of the same from
the unoxidized alloy will result, especially when N and D/
D, are relatively small.

When conditions {2) are satisfied it is possible to use the
expression (3) for the case where the oxidation occurs from
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FIG. 2. Fraction of oxidized solute f vs the dimensionless parameter 5.
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FIG. 3. Fraction of oxidized solute £ vs [t /7). 7 is the time for a solute
oxidation of 70%. The dots were obtained from Eq. (7) with S =exp( — ¢/
7). The solid line is a graph of Eq. (8).

both faces of a finite sheet of thickness d. The relation
between the depth £ and the fraction f of oxidized atoms is

f=2£/d. (6)

There is no such obvious relation if condifions (4) are
valid. Furthermore, it is not possible to extend expression (5)
to the case of interest here, but it seems reasonable that in the
finite case also a solute concentration dependence of the oxi-
dation rate can be expected.

Now we will consider the case of external oxidation in
the finite sheet geometry. The oxidation will occur by the
diffusion of the solute towards the surface. The kinetics of
this process will be given by the solution of the diffusion
equation with uniform solute distribution and with infinite
sinks at the sheets surfaces, as initial and boundary condi-
tions, respectively. The fraction f of solute which has dif-
fused to the surfaces after a time ¢ is"?

f=1—@®/m)3 (B "/2n + 1), 7

where 8 =exp( — D, 7 t/d?).
In Fig. 2 f is plotted versus 8. Figure 3 shows the de-

pendence of f on (¢ /7)and it can be seen that for f < 0.7 fis
given in a good approximation by

f=At/27). (8)
Here 7 is the time required to oxidize 70% of the solute.

So, both models lead to a parabolic dependence of fon
the time of oxidation 7. But only the external oxidation mod-
el shows that f'is independent of the solute concentration.

. EXPERIMENT

The samples were prepared by doping gold and Auln
foils with ' In. The composition and purity of the specimens
studied are shown in Table I. The foils were rolled to ade-
quate thicknesses (5-110 um) and were then annealed in
vacuum (500~700 °C) for { h.

Oxidation treatments were carried out by heating the
samples in air, the temperature range was 300-1000 °C, and
oxidation time was chosen long enough so as to get a suffi-
cient fraction of oxidized solute atoms.
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TABLE I. Composition and purity of the samples used.

Specimen type Gold purity Indium content
(at. %) (at. %)

A 99.90 1074

B 99.99 10—*

C 99.99 0.1

D 99.99 1.0

The oxidation of the solute atoms was detected by the
TDPAC technique. This method is based on the observation
of the electric quadrupole interaction (QI) between the elec-
tric field gradient tensor (EFG), described by its main com-
ponent V, and the asymmetry parameter 77, and the nuclear
quadrupole moment Q of the intermediate state of a y-y cas-
cade in the decay of the radioactive probe atom. Before the
oxidation the probe atoms occupy substitutional lattice sites
with cubic symmetry and the EFG vanishes. After oxidation
a QI due to the existence of EFG’s created by the oxygen
present in the neighborhood of the probe atoms appears. The
characteristics of these QI's were determined by measuring
the perturbation of the angular correlation of the 171-245-
keV y-y cascade emitted in the decay of '''In. The measure-
ments were performed using a standard slow-fast coinci-
dence system with either 3 NaI(T1) or 4 CsF detectors."

A description of the data analysis can be found in Ref. 9.
Experimental anisotropy ratios were evaluated and fitted
with theoretical functions of the form 4,G,(¢ ) folded with the
measured time resolution curve.

The assumed perturbation factor was of the form:

-0.1 D.t_

~0124

000 | . . . , :
0 20 40 60 80 100
t(ns)

FIG. 4. A4,G,(t) curves obtained with a type B sample (thickness d = 29
fmy}. (a) Before oxidation. (b} After oxidation in air {75 min, 550 °C}).
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FIG. 5. Histograms of hyperfine interaction parameters measured in sam-
ples of types A and B. o, values are in Mrad/s. % and & are dimensionless
parameters.

Got) = o+ 113, 5w expl — 8,0,t)c08 (@it (9)

where f; are the relative fractions of probe atoms that exper-
ience a given perturbation and f;, corresponds to unper-
turbed probes. The frequencies w,, are related to the quadru-
pole interaction frequency wgy(=eQV, 7/20h) by the
relation @, = F,(n)wy. The coefficients F, and s, are
known functions'® of 7. The exponential function accounts
for a Lorentzian frequency distribution of relative width &
around o, .

IV. RESULTS

In Fig. 4 TDPAC spectra for a very dilute sample taken
before and after oxidation are shown. Figure 4{a) corre-
sponds to 100% of the In-probe atoms on unperturbed sub-
stitutional lattice sites. The electric quadrupole interaction
observed in all the very dilute samples (types A and B) after
oxidation has the same characteristic: a broad distribution of
electric field gradients at the probe sites [Fig. 4(b)]. The val-
ues of the parameters w, 7, and § characterizing the hyper-
fine interaction of the oxidized probes are not sensitive to the
temperature and duration of the oxidation process. There is
some spread in those values as shown in Fig. 5, where their
distribution over 26 independent measurements is present-
ed.

The effect of annealing a previously oxidized very dilute
sample in vacuum (p < 10™° mbar) can be seen by comparing
the TDPAC spectra shown in Fig. 6 and one finds that more
than 90% of the probe atoms are again in unperturbed lattice
sites.

The oxidation of the alloys with larger solute concentra-
tions {types C and D) leads to TDPAC spectra that are de-
finitively different. A typical one is displayed in Fig. 7. In
this kind of spectra the two following static interactions

(1) wg = 18.1(1.0) Mrad/s 7 = 0.74(0.02)

5 = 0.05(0.01)
(2) wp = 24.7(1.0) Mrad/s 7 = 0.25(0.05)
& = 0.01{0.0)

are observed with an amplitude ratio of 3 : 1.
In some of the samples with indium concentration of
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FIG. 6. 4,G,{t ) curves obtained with a type A sample (d = 32 um). (a) After
oxidation in air (30 min, 750 °C). (b) After subsequent annealing in vacuum
{90 min, 950 °C, 10~ mbar).

1 at. % (type D) the presence of a time-dependent interac-
tion was observed. In general this effect was not very impor-
tant and the values of the oxidized fractions remain practi-
cally the same when it was taken into consideration in the
fitting procedure.

In all the measurements performed on samples with 0.1~
at. % In content a third static component appeared and was
characterized by the following parameters:

A,G,
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FIG. 7. A,G,(t ) curve obtained with a type D sample (d = 70 z2m) after oxi-
dation in air (4 min, 1000 °C).
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FIG. 8. Fraction of oxidized probes vs the square root of time of oxidation
for a type A specimen. (T = 550 °C). The straight line corresponds 1o a para-
bolic rate of oxidation.

wgo = 35.5(1.0) Mrad/s % = 0.39(0.05) & =0.11(0.02).
In Fig. 8 the fraction of oxidized probe atoms versus the
square root of the time of oxidation for a very dilute sample
has been plotted. It can be seen that the fraction f shows a
nearly parabolic time dependence. In order to investigate
whether the process corresponds to an internal oxidation it is
convenient to analyze the following data combination

z=In(fd /). (10)

If the oxidation is internal, z [then proportional to In(4k ), as
can be seen from Egs. (1) and (6)] should show a linear depen-
dence with the reciprocal oxidation temperature:

z={a(10°/T] + b. (11)
In Fig. 9 the values of z are plotted as a function of the

L 1
08 1.0 1.2 14 1.6
10007 (™)

FIG. 9. z values vs 10°/T. z was calculated with expression {10), using the
thickness d in m and ¢ in minutes. Data for specimens of type A (O), B (CJ),
C(A\), and D (@) are shown with the corresponding scales shifts. The arrows
indicate the different zero points.
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TABLE IL Results of least-square fits for constants a and b in Eq. (11).

Specimen type aK™") b
A 13.3(0.2) 17.500.9)
B 14.6(0.3) 19.1(L.1)
C 13.9(0.5) 18.1(1.5)
D 15.2(0.3) 19.3(1.0)

reciprocal oxidation temperature for the whole set of ana-
lyzed samples. In those cases in which more than one inter-
action was present, f was taken as the sum of the individual
fractions. The straight lines are the result of least squares fits
of the expression (11) to the z values. In Table II results for
constants g and b are shown. a should be related to the acti-
vation energy for internal oxidation and b should be a linear
function of In(vV,, ), as can be seen from Eq. (3).

In order to consider the possibility of external oxidation
we can treat the data according to Eq. (7) or the graph plotted
in Fig. 2. Thus, it is possible to associate one value of the
diffusivity D to each set {f, d, T, ¢ ). The values obtained for
In D are plotted in Fig. 10 as a function of reciprocal tem-

~ perature. The straight line results from a least squares fit of

the expression D = de ~ 2’7 to the data. For the parameters
the following values are obtained: 4 = 0.006(10) cm?/s and
© = 29.0(5) kcal/mol.

V. DISCUSSION AND CONCLUSIONS

Although the measured values of the frequency for the
samples with low indium content are, in average, higher than
those reported in the oxidation of the system 4gIn with com-
parable indium concentration,®' it seems reasonable to as-
sume that the interaction arises from the formation of sever-
al configurations of indium-oxygen complexes. These
complexes are similar to those already observed in silver ma-
trices, which also dissociated upon annealing in vacuum at
high temperature. The multiplicity of configurations is evi-
denced by the broadly distributed interaction. The differ-
ence between the frequencies associated with complexes in
silver and gold can be related to the infiuence of the matrix
and also to the fact, as we will show below, that in the gold
matrix the Au-O-In complexes form in the sample surface
while in the Ag case the Ag-O-In complexes are in bulk.

The results obtained for the samples with higher indium
content correspond to the formation of indium sesquioxide
(In,0;). Indeed, the hyperfine parameters we measured with
samples of high indium content are characteristic for this
oxide.”'” The fact that we observe only a weak time-depen-
dent interaction can be related to the infiuence of the metal-
lic matrix on the oxide conductivity.'®

The third static component present in samples of 0.1-
at. % indium content has not been observed previously in
TDPAC experiments of oxidation involving indium. Its am-
plitude corresponds approximately to 25% of the probe
atoms and is independent of the fraction of atoms that exper-
ience the interactions associated with In,0,. The involved
fraction has been added to the fraction of oxidized probes.
The validity of this procedure will be justified below. As can
be seen from Fig. 9 and Table ¥ the values of the slope are
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FIG. 10. Arrhenius plot of the diffusivity D vs 10°/T.

nearly independent of solute concentration. Therefore, we
can exclude different oxidation processes for samples with
low and high In content.

The result of Svoboda concerning the recovery of oxi-
dized samples upon annealing in reducing atmosphere has
been confirmed by our observation. Annealing in vacuum
leads to the appearence of an important fraction of probe
atoms dissolved in the matrix as can be seen from the nearly
unperturbed result shown in Fig. 6(b). However, this fact is
not sufficient to conclude that the oxidation was internal.
Furthermore, the present results indicate the opposite con-
ciusion. The values of the parameter & displayed in Table I}
are independent of solute concentration ¥, and this fact is
not consistent with what is expected for an internal oxida-
tion process since b should then depend on the product vN,,.
Although the mean stoichiometry of the complexes formed
in the very dilute alloys is unknown, it is improbable that the
variation of v compensates that of N,. Thus, we can con-
clude that our results are described better by an external
oxidation process.

The deoxidation experiment is compatible with an ex-
ternal oxidation process since both temperature and dura-
tion of the annealing, being comparable to those of the exper-
iment of Svoboda, allow the dissociation of external oxide
and the inward diffusion of the solute.

We now will discuss the third static component that
appears only in the samples with 0.1-at. % indium. The con-
nection of this interaction with a surface effect in the film of
In,0O; cannot explain that the amplitude of this component is
nearly independent of the thickness of the foils. This behav-
ior can be explained if the existence of some impurity in the
samples is assumed. The concentration of this impurity must
be so low that it is only relevant in the case of samples with
medium In content. This impurity must diffuse faster than
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indium in order to explain the observation that the ampli-
tude of the third component is independent of the oxidation
times used in these experiments. The interaction is then
caused by the trapping of this impurity in the In,O; layer. In
the case of the very dilute samples, the In concentration is
not high enough to build such a trapping layer. The impurity
involved could be carbon, possibly introduced into the sam-
ple during preparation. These assumptions will be checked
in further experiments.

If the argumentation above is valid, the third fraction is
due to the oxidation of the probe atoms. If not, the consisten-
cy of the diffusivity results obtained with samples with 0.1-
at. % In content with those obtained with the other samples
{see Fig. 10) shows that this third fraction arises from an
oxidationlike reaction, in the sense of an infinite sink without
changing the rate of the process. In both cases it is justified to
add the third fraction to the oxidized probes one.

The model assumed in order to explain the rate of oxida-
tion does not take into account the influence of the oxide
layer but the low In concentrations involved in our experi-
ments justify this approximation. Besides, it is assumed in
the model that the solute has the same mobility throughout
the whole material, though a more realistic approach should
take into account that the solute diffuses through the bulk
and grain boundaries while moving outward. Therefore,
without a knowledge of the grain size it is impossible to dis-
cuss the coupling between bulk and grain boundary diffusion
that results in the measured value of the diffusivity.

Finally, it is shown in this work that it is possible to
apply the TDPAC technique to determine diffusivities of
radioactive impurities in metatlic matrices by measuring the
increase of the oxide signal as it has been done with Auger
electron spectroscopy in permeation studies. '

Vi. SUMMARY

The oxidation of the solute In in gold-based binary al-
loys 1s external.

The formed indium oxides have structures similar to
those found in the oxidation of silver-indium alloys. The dif-
ference in the quadrupole interaction frequencies associated
with equivalent In-O complexes may be due to the fact that
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the oxide is external in this case and to the influence of the
different base metal.

Finally, values for the diffusivity of indium in gold are
obtained in a broad temperature range, showing that the
TDPAC technique can be used to get information about dif-
fusion processes.
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