PHYSICAL REVIEW B

VOLUME 28, NUMBER 10

15 NOVEMBER 1983

Kinetics studies and oxide characterization in the internal oxidation of AglIn alloys
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The internal oxidation of Agln alloys has been investigated by time-differential perturbed angular
correlation technique on !!'In probes. We studied the oxidation kinetics of dilute (a few ppm) 4gIn
alloys at 300°C under different annealing conditions and 1 at. % indium alloys at 300°C and 550°C.
In some cases, the time dependence of the oxidation-front advance was ruled by a power law with an
exponent different from 0.5. We determined the hyperfine parameters of In,O; and studied the in-
fluence of the oxidation temperature on the indium sesquioxide precipitation in the silver matrix. A
consistent description of the oxides formed at different temperatures is given.

I. INTRODUCTION

Under certain conditions of concentration, oxygen pres-
sure, and temperature, metal alloys based on a noble-metal
solvent with a non-noble-metal solute undergo internal ox-
idation processes, i.e., oxidized solute particles appear in
the noble-metal matrix. This leads to an oxidized rim
whose border, called the oxidation front, progresses in
depth as the oxidation proceeds. The internal oxidation
process, particularly the oxidation kinetics, has been exten-
sively studied mainly by microscopy. Recently we have
applied time-differential perturbed angular correlations
(TDPACQ) to study this kind of phenomena.!> The major
advantage of this technique is its sensitivity to the charge
distribution in the neighborhood of the ion probe through
the quadrupole hyperfine interaction, being in this way
capable of distinguishing the different probe-oxygen con-
figurations. If the hyperfine parameters that characterize
a given oxide were known, then its presence in the studied

matrix could be recognized. )
We have already shown that the system AgIn is ap-

propriate to internal oxidation studies.! In previous work
we dealt with very diluted alloys whose oxidation led to
several configurations of Ag-In-O complexes, evidenced
by the presence of a rather broadly distributed interaction.
However, we found that the concept of a sharp oxidation
front remains valid, the oxidation kinetics at 400°C and
500°C being well described by a parabolic law.? In these
studies, the low indium concentration, compared with
those of other oxidizable impurities present in the matrix,
precludes the determination of the average composition of
the indium oxides formed.

In the present work, in addition to an extension to lower
temperatures (300°C) of the TDPAC studies of dilute
AglIn alloys, we performed experiments on AgIn alloys of
definite concentration, namely 1 at. % In, with the aim of
studying its oxidation kinetics as well as characterizing the
resulting oxides. This concentration was chosen in the
hope that it was sufficiently large to produce the forma-
tion of oxide precipitates with a well-defined composition.
The TDPAC measurements were done on alloys that had
different previous treatments, were oxidized at various
temperatures, and followed several sequences of anneal-
ings for the purpose of studying the conditions for the for-
mation of a given oxidized compound and its stability.

In order to understand the obtained results, complemen-
tary measurements were performed on alloys with 4 and 7
at. % In. For these concentrations, x-ray determinations
by Dietrich and Koch?® revealed the presence of In,O; pre-
cipitates. On the other hand, we studied the hyperfine in-
teractions in chemically prepared In,O;. These experi-
ments might also show if there is any influence of the
silver matrix on the structure of the oxides.

The results presented here allow a characterization of
the In,O; hyperfine parameters and detection of In,Oj3 in
the silver matrix as well as a reasonable description of the
internal oxidation processes that occur, depending on the
oxidation temperatures. Recent results of Wodniecki and
Wodniecka* concerning AgIn alloys at concentrations
lower than 1 at. % In are also discussed in connection with
ours.

II. EXPERIMENTAL

The ''Cd obtained from the decay of !'In (r=2.81 d)
was used for the TDPAC measurements. The !!In activi-
ty was produced by the reaction '®Ag(a,2#)!!!In on silver
foils (99.99% purity) with 56-MeV «a particles. The minor
influence of other activities that were also produced was
discussed elsewhere.? The !''In concentration always
remained below 10 ppm. The alloys were prepared by
melting the irradiated silver foils together with appropri-
ate amounts of inactive high-purity indium metal in
quartz capsules filled with Ar at a pressure of 120 mm
Hg. Afterward, the samples were rolled down to their fi-
nal thickness and, in some cases, thermally annealed at
800°C in Ar and C for about 2 h. Then, TDPAC spectra
were taken before any oxidation treatment.

The oxidation treatments were performed by heating the
samples in silica tubes open to the air in a conventional
electric oven, stable to within 4°C, at the proper tempera-
ture. The kinetics of oxidation was followed by cumula-
tive oxidation treatments on each sample. When the
TDPAC measurements were made above room tempera-
ture a conventional electric heater, stable to within 5°C,
was used.

The measurements of the In,O; were performed on
powder doped with '!!In prepared in the following way:
A natural cadmiun foil was irradiated with 28-MeV deute-
rons and then dissolved in HNOj; together with some indi-
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um metal. Then, H,S was bubbled into the solution, and
the yellow precipitate of CdS was eliminated by centri-
fugation. This process was repeated until no visible CdS
was present. The solution was then evaporated, and the
In,0O; was obtained by calcination of In(NO;); at about
500°C. The suitability of the described process was
checked by x-ray analysis of the resulting product, whose
Debye-Scherrer pattern only showed the characteristic
lines of In,O;3 (80B) reported by Swanson, Gilfrich, and
Ugrimic.’

A description of the electronic equipment and data
analysis used for the TDPAC experiments can be found in
Ref. 2. Experimental asymmetry ratios R (#) were evaluat-
ed and fitted with theoretical functions of the form
A,G,(t) folded with the measured time-resolution curve
(full width at half maximum of 2.4 ns). The proposed per-
turbation factors were of the form

3
Go()=fo+ 2 fi 2, Sn,i€XP(—8;@p,i1)c0s(@y, ;1) ,
i n=0

where f; are the relative fractions of nuclei that experience
a given perturbation and f, corresponds to unperturbed
probes. The frequencies w, are related by w,=F,(n)og
to the quadrupolar frequency wg=eQV,27/40h. The
coefficients F, and s, are known functions® of the axial
asymmetry parameter 7 defined by n=(Vy —V,,)/ V.
The exponential function accounts for a Lorentzian fre-
quency distribution of relative width 8 around w,,.

III. RESULTS

For the kinetics at 300°C three samples were used.
Their thicknesses, concentrations, and previous thermal
treatments are given in Table I. In Fig. 1, TDPAC spec-
tra taken on sample 3 are shown, labeled according to the
time of oxidation. In all these samples we found a quite
broadly distributed electric quadrupole interaction,
characterized by the parameters

wo=10, 7=0.5, =04,

with @ in MHz, that could be assigned to the oxidation of
the probes. In the case of 1-at.% In alloys a low-
frequency component (wg~1 MHz) associated with the
loss of cubic symmetry of the matrix can also be seen.
This interaction originated in the higher concentration
range of indium, and it was found to be already present in
the TDPAC spectra of the nonoxidized samples.

The TDPAC results for the kinetics at 550°C (sample 4,
see Fig. 2) show clearly the presence of two well-defined
hyperfine interactions, whose typical parameters are
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FIG. 1. TDPAC spectra after successive oxidation treatments
at 300°C of a 0.035-mm 1-at. % In sample preannealed at 700°C
for 30 min. All measurements were done at room temperature.
The cumulative time of oxidation, in minutes, is indicated. Solid
lines show the curves fitted to the data.

wg,=18.5, 1,=0.75, 8=0.08,
CL)Q2:245, ’)']2:022 5 82——_—004 ,

where w is given in MHz. The amplitudes of these in-
teractions are in a ratio f:f, of about 3:2. The low fre-
quency of about 1 MHz is also present.

In Figs. 3 and 4, the evolution of the fraction f of oxi-
dized probes as a function of the duration ¢ of the oxida-
tion process is shown. The expression

TABLE I. Characteristics of the four samples used for kinetics studies in this work. Thermal treatments are described. The ex-
ponent m resulting from fits of expression (1) to the experimental data is also given.

Oxidation
Indium Annealing temperature Thickness
Sample concentration treatment (°C) (mm) m
1 diluted 70 min X 800°C 300 0.290 0.61,
2 diluted 300 0.165 0.88,
3 1 at. % 30 minXx700°C 300 0.035 0.74;,
4 1 at. % 550 0.250 0.58,
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l FIG. 3. Logarithmic plot showing the evolution of the frac-
-cos || tion f of oxidized probes (T,,=300°C) as a function of the time
of oxidation: (a) sample 2, (b) sample 1, and (c) sample 3.
L
- o010 lines of In,O3; showed up in x-ray analyses performed on
128 these samples.
In order to determine the necessary conditions for estab-
-005 lishing these well-defined interactions, TDPAC measure-
ments on l-at. % alloys, oxidized at temperatures ranging
l from 300°C to 700°C, were performed. In Table II the re-
000 sults of a least-squares fit to these measurements are
50 150 shown. As can be seen, the above-mentioned interactions
t(ns) of frequencies wg =18.5 MHz and wg =24.5 MHz ap-

FIG. 2. TDPAC spectra after successive oxidation treatments
at 550°C of a 0.250-mm 1-at. % In sample. All measurements
were done at room temperature. The cumulative time of oxida-
tion, in minutes, is indicated. Solid lines show the curves fitted
to the data.

f=constXxt™ (1

was fitted to the experimental results, and the obtained m
values are shown in Table I. The fraction f of oxidized
probes is connected with the depth £ of the oxidation front
by f=2&/d, where d is the sample thickness.

The presence of two well-defined interactions, when the
oxidation is carried out at 550°C, suggests the existence of
either two different oxides or one oxide with two ine-
quivalent indium sites. We investigated the nature of
these interactions as well as the temperature range in
which they are established. For this purpose we per-
formed TDPAC measurements (Fig. 5) on In,O;3 prepared
according to the method described in the preceding sec-
tion. The result consists essentially of the same two in-
teractions already found (f;=0.32, wg, =18.5; o MHz,
71=0.74;, 8;=0.020,, and f,=0.16, wp =24.5,  MHz,
7,=0.114, 6,=0.010,) plus an important time-dependent
perturbation contribution. In addition, these interactions
were obtained from samples with 4 and 7 at. % In oxi-
dized at 550°C (see also Fig. 5). Only the characteristic

peared only at oxidation temperatures above 400°C,
whereas a more distributed interaction of 18.5 MHz is al-
ready present at lower temperatures.

Further experiments showed that samples that had been
oxidized at low temperatures (T, <400°C) do not show
the above-mentioned well-defined interactions when reoxi-
dized at 500°C, but these two interactions clearly appear
when reoxidized at very high temperatures or melted in Ar
atmosphere.

In order to study the nature of the time-dependent in-
teraction we performed measurements on In,0; at 300°C

5.0+

Inf(36)

: +
4.0 5.0
Int (min)
FIG. 4. Logarithmic plot showing the evolution of the frac-
tion, f of oxidized probes as a function of the time of oxidation,
for sample 4, oxidized at 550°C.
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TABLE II. Fitted values of the parameters characterizing the observed interactions. Quadrupolar frequencies wg, are given in MHz. Parameters associated with nonoxidized probes

are omitted for simplicity.
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FIG. 5. TDPAC spectra at room temperature of (a) In,O3, (b)
AglIn, 1-at. % alloy oxidized at 1000°C, and (c) AgIn, 7-at. % In
alloy oxidized at 550°C.

and 550°C (Fig. 6) and on oxidized 7-at. % alloys at 300°C
(Fig. 7). The results show primarily that the time-
dependent perturbation gradually decreases with tempera-
ture. More information related to aftereffect phenomena
to which it seems to be connected could be probably ob-
tained. For this purpose further experiments are in pro-
gress and will be presented shortly.

IV. DISCUSSION

The kinetic behavior of the internal oxidation at 300°C
was studied for three different cases: diluted alloys with
and without previous annealings and 1-at. % In alloys
with previous annealing. In all cases the hyperfine in-
teraction parameters were similar. Therefore they could
be attributed to the same Ag-In-O complexes. At this
temperature the obtained m values for samples 2 and 3 are
clearly greater than the value of 0.5, which corresponds to
a diffusion-controlled process with a constant effective
diffusion coefficient. The exponent close to 1 obtained for
sample 2 may be related to the lack of annealing previous
to the oxidation, since an annealed sample (sample 1)
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! FIG. 7. TDPAC spectra of Agln 7-at. % In alloy measured at
0.00 { (a) room temperature and (b) 300°C.
measured hyperfine interactions.
-010 In order to discuss the nature of these oxides let us con-
(c) sider the results we obtained with In,O; chemically
prepared. The two static interactions that we found in
—005 this compound at room temperature must be associated
with two inequivalent indium sites in the oxide, in agree-
| ment with the two sites reported in the literature.® Indeed,
000 | th7e unit cell of the In,O; that belongs to Fhe bixbyite-type
Ty(Iay) space group has 16 molecules, with two different
50 t(ns) 150 indium sites d and a with relative populations 3:1. Essen-

FIG. 6. TDPAC spectra of In,O; measured at (a) room tem-
perature, (b) 300°C, and (c) 550°C.

shows a nearly parabolic kinetics. It is not clear yet how
the fissures and other imperfections introduced by the
cold work may affect the oxidation kinetics. In the case
of sample 3 (1-at. % In alloy) this argument should not
apply, and another mechanism must be invoked to explain
the observed kinetics. The high concentration of isolated,
internally oxidized indium atoms could produce an inho-
mogeneous strain field that enhances the oxygen diffusion
through short-circuit diffusion paths. These strain fields
were observed by Huffman and Podgurski’ in AgSn 0.33-
at. % Sn alloys.

The kinetics at the rather high temperature of 550°C,
sample 4, has a behavior close to a parabolic time depen-
dence of the progress of the internal oxidation front (see
Fig. 4). Here, we expect that the lack of previous anneal-
ing becomes less important due to the recovering produced
by the oxidation treatment itself. Furthermore, it seems
that the oxidation process does not introduce a noticeable
number of short-circuit diffusion paths in this case, prob-
ably indicating that there is nucleation of oxidized indium
atoms. This difference in the oxide structures, depending
on the oxidation temperature, is clearly manifest in the

tially, this structure consists of In ions coordinated by six
O ions in two different geometries. The symmetry of
these sites is such that, from point-charge calculations, an
axially symmetric electric field gradient (EFG) is expected
for site a and an asymmetric EFG (n=0.7) for site d. The
same calculations lead to VZ/VZ2~2. Therefore we as-
cribed the more intense interaction (a)Ql =18.5 MHz,

171=0.74) to site d and the other interaction (wg,=24.5

MHz, 17,=0.11) to site a, although their measured relative
amplitude ratio is 2:1. This discrepancy could be correlat-
ed with the existence of a fraction of nuclei that experi-
ence a time-dependent interaction if both sites contributed
in a different extent to this interaction. Support to this ar-
gument is given by the measurements at high tempera-
tures, 300°C and 550°C, where the amplitude of the time-
dependent interaction decreases, and the ratio between the
static interactions tends gradually to 3:1.

Earlier TDPAC measurements of Salomon” on indium
sesquioxide also show an admixture of a static perturba-
tion and a time-dependent perturbation even though the
oxide was prepared in a different way. The overall aspect
of his TDPAC pattern is similar to ours, but a distinction
between two different indium sites is masked by the re-
duced time range that he observed (50 ns).

Comparing the results for w, 1, and & obtained in our
experiments of internal oxidation in 1-at. % In alloys (see

9
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Table II) with those of In,0;, it is clear that at oxidation
temperatures above 450°C precipitates of this oxide are
formed. A dispersion in the ratio f:f, and a deviation
from the expected value are observable. Anyway, it is pos-
sible to fix the ratio f,:f, at the ideal value of 3 without
any significant loss in the quality of the fit and also
without change in the parameters that define the two ob-
served interactions or in the total amplitude f| + /5.

At this point we would like to comment on recent
TDPAC results of Wodniecki and Wodniecka.* They
studied the internal oxidation of the Agln system at con-
centrations ¢ <0.5 at. % In and also found, for oxidation
temperatures above 500°C, two well-defined interactions
of 18.3 and 24.6 MHz, but these were ascribed to two dif-
ferent kind of oxides. While this assignment is incon-
sistent with the existence of two different lattice sites in
the In,O; structure, their experimental results support our
interpretation. In effect, above 600°C the reported ampli-
tudes for the mentioned 18.3- and 24.6-MHz interactions
are in good agreement with the 3:1 ratio expected for the
relative site populations in In,O; precipitates.

We can now interpret all the interactions we observed
according to the following mechanism of oxide formation.

(a) The interaction of 10 MHz, predominant at
T,,=300°C and gradually decreasing with increasing
temperatures (see Fig. 8), can be assigned to the oxidation
of isolated atoms since the parameters that characterize
this interaction are similar to those already observed in di-
luted alloys.?

(b) The interaction of wg =18.5 MHz, 7=0.60 that ap-
pears at oxidation temperatures between 350°C and 450°C
should not be ascribed to In,O; precipitates due to the ab-
sence of the 24.5-MHz interaction. In addition, this in-
teraction is much more broadly distributed than the in-
teraction that appears in In,O;. We think that it can be
assigned to clusters of oxidized indium. Nevertheless, it
seems that the similarity between these parameters and
those of site d in In,O; is not mere coincidence. We think
that these clusters, where the In ions are probably sixfold
coordinated, are the origin of the indium sesquioxide.

(© The two well-defined interactions of wg =18.5

MHz, 1, =0.74, §,=0.08 and wg, =24.5 MHz, 1,=0.22,
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FIG. 8. Relative amplitudes of the individual hyperfine in-
teractions observed at different oxidation temperatures.
B:0p=10 MHz, 7~0.5. X: wg=18.5 MHz, 7=0.6. A;
wg=18.5 MHz, 7~0.74. ®: wgp=24.5 MHz, 7~0.22.
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8,=0.04 that appear at T, >450°C correspond, as dis-
cussed above, to In,O; precipitates.

This interpretation is consistent with simple theoretical
predictions!® about the relative size of precipitates formed
at different temperatures of oxidation. For AgIn alloys
the precipitates formed at 500°C are 15 times larger than
those formed at 400°C. Therefore we can expect the pre-
cipitate size will enlarge, tending to the proper crystal
structure of In,O; when the oxidation temperature is in-
creased. This interpretation accounts for the quasipara-
bolic kinetics observed at 550°C, since in this case the oxi-
dized zone consists mainly of precipitates, about 40000
times larger than those formed at 300°C, in a nearly
undistorted silver matrix.

It should be noted that the results of Wodniecki and
Wodniecka on 0.5-at. % alloys reveal sesquioxide precipi-
tation for T, >500°C instead of 450°C in this work.
This difference can be accounted for by the different indi-
um concentrations involved. Calculations similar to those
referred to above predict that precipitates of the same
average size form at 500°C in 0.5-at. % alloys and at
450°C in 1-at.% alloys for the involved sample
thicknesses.

The composition of the oxides formed at a given tem-
perature can also be extracted from a parabolic kinetics re-
sult. If we plot the fraction of oxidized probes versus 7172,
a straight line can be fitted. Its slope depends on the tem-
perature, sample thickness, solute concentration, and the
number v of oxygen atoms per solute atom in the oxide.
Applying Wagner’s theory, outlined in Ref. 2, we obtain
from the 550°C kinetics results v=1.3. This result is in
good agreement with the expected value for In,O;. In ef-
fect, In,O; is a compound whose stoichiometry depends
on the preparation method, and the [O]/[In] ratio is gen-
erally lower than 1.5.

From the results of the reoxidation experiments report-
ed in the preceding section it is clear that In,O; precipita-
tion will not occur at 500°C if the sample has been previ-
ously fully oxidized at low temperature (T, <400°C).
Obviously this is connected with the stability of the low-
temperature complexes. However, when the reoxidation
temperature is sufficiently high (900°C) these complexes
decompose, allowing indium migration to form In,0;.
This internal oxide does not decompose under annealing at
900°C in a reducing atmosphere.

V. CONCLUSIONS

At oxidation temperatures of 300°C a quasiparabolic ki-
netics is observed in dilute preannealed alloys. When the
solute concentration is increased (1 at. % In) a deviation
from this behavior is observed and tentatively attributed to
the existence of short-circuit diffusion paths created by
the oxidation process. When the oxide precipitation is
favored (T,,=550°C) an almost parabolic kinetics is
found again.

Depending on the oxidation temperature and alloy com-
position different kinds of internal oxides are detected in
the silver matrix, ranging from isolated oxidized In atoms
to In,O; precipitates.

Finally, the possibility of having In,O; precipitates of
variable size embedded in a highly conducting metallic en-
vironment could be useful in understanding the observed
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time-dependent perturbation and its possible connection
with aftereffect phenomena.
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