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The first quantitative results on internal oxidation of impurities in a r.oble-metal host,

using the time-differential perturbed angular-correlation technique, are reported here. The

system studied was indium-silver, with a few ppm of indium. The existence of a well-

defined oxidation front is found for this highly dilute alloy. The kinetics of oxidation were

determined for oxidating temperatures of 400 and 500'C. Our results are in good agree-

ment with a parabolic dependence of the depth of the internal oxidation front on the

elapsed oxidation time. No unique indium-oxygen configurations were found in the range

280—900'C.

I. INTRODUCTION

Some alloys undergo internal oxidation processes
during annealing treatments in the presence of oxy-

gen, i.e., besides a possible external scale of oxide of
the alloy components, an internally oxidized zone
can be observed, where oxidized solute particles ap-
pear embedded in the matrix. The existence of this
zone mainly depends on the solubility of oxygen in

the alloy and on the higher free energy of formation
of the solute oxides. Optical microscopy observa-
tions' showed that there is a well-defined boundary
between the internally oxidized zone and the alloy.
This boundary, parallel to the metal surface, is
called the oxidation front. Several authors' have

interpreted the kinetics for the formation of the
internal oxide in the absence of external scale. Ex-
perimental results are well described by their theory.
Part of this evidence was obtained on silver-based

alloys but information about the behavior at low

temperatures as well as on very diluted alloys is

missing. To our knowledge, available values corre-

spond only to oxidation temperatures higher than
450'C and to concentrations of the oxidizable metal

above 1%.
In recent publications' " we showed that the

time-differential perturbed angular correlation

(TDPAC) technique is adequate to investigate the

interactions between the nuclear quadrupole mo-

ment of the radioactive ions (probes) and the

electric-field gradients existing at the sites of the

metallic lattice. The electric-field gradient vanishes

at those sites with cubic symmetry. In a cubic no-

ble metal containing internal oxidation, the presence

of the oxygen in the neighborhood of the probe (im-

purity ions) alters the charge distribution symmetry,

creating an electric-field gradient. The information

obtained experimentally is the perturbation factor
which consists in this case of two components, one

corresponding to the oxidized ions and the other to
the nonperturbed ones. Their amplitudes are direct-

ly proportional to the respective ion fractions. In
addition, from the interaction parameters it could

be possible to identify the formed oxides. These

parameters are the components of the electric-field

gradient tensor at the site of the nuclei of the probe
ions. Another advantage of this technique shared

also by the residual-resistivity ratio (RRR) measure-

ments' is the possibility of extending the internal

oxidation studies to very diluted alloys. But in con-

trast to the RRR technique, the sensitivity of
TDPAC technique is not reduced by the nonprecip-
itation of the oxides. In the following we present

the first quantitative TDPAC results about the ki-

netic of internal oxidation of impurities in silver.

II. INTERNAL OXIDATION

The internal oxidation of alloys occurs due to the
diffusion of oxygen in the base metal. An oxidation
front is established at the depth x =g. As a result

the free-oxygen concentration at depth x & g is zero,
and the concentration of the nonoxidized impurities

Nq(x, t) is zero for x &g. According to Wagner's

theory, if the oxidation process is controlled by dif-
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holds, the concentration changes are illustrated in

Fig. 1. The value of the factor k in Eq. (1) is given,
to a good approximation, by

2No Dok=
»Ip

(3)

where v is the number of oxygen atoms per solute
atom in the oxide.

III. EXPERIMENTAL PROCEDURE

The "'Cd used in the TDPAC measurements is
obtained from the decay of "'In (r=2.81 d). The
"'In activity was produced by the ' Ag(a, 2n)"'In
nuclear reaction on 99.99 at. % pure and 250-pm-
thick silver-foil targets with 56-MeV a particles in
the cyclotron of the Comision Nacional de Energia

N(, NO

NO

FIG. 1. Concentration profiles under the conditions
of expression (2). The full line shows the concentration
of unoxidized impurities and the dotted one the concen-
tration of free oxygen. Eo is the oxygen concentration
at the surface. Xl is the impurity concentration in the
alloy. Distances are measured from the surface. The
oxidation front is located at x =g.

fusion, the advance of the oxidation front is a para-
bolic function of the time t expressed as

P=kt .

It is possible to establish a relation between the fac-
tor k in Eq. (1) and the parameters that rule the oxi-
dation process. These are the oxygen concentration
at the surface No (which according to Sievert's law
depends on the square root of the oxygen partial
pressure and on the temperature), the solute concen-
tration in the alloy NI NI(x——,0), and the diffusion
coefficients of oxygen Do and of solute DI in the
alloy. In our case, where the relation

Atomica (CNEA), Buenos Aires. During irradia-
tion other nucleides are also produced but almost all
of them decay faster than "'In. Since we wait
about 24 h before collecting data, the only undesir-
able remaining activity is '

Ag (r=8.5 d). The
presence of '

Ag affects only the first two chan-
nels of the TDPAC spectra through the contribu-
tion of prompt cascades of its daughter ' Pd. This
contribution increases with time due to the longer
half-life of '

Ag as compared to that of "'In. %e
estimate that all these impurities amount to less
than 50 ppm. The "'In concentration determined
from the activity remained always below 5 ppm.

In order to perform internal oxidation kinetic
studies it is necessary to assure a uniform distribu-
tion of the indium activity (and that of the other
impurities) as well as the absence of oxygen contam-
ination. Both requirements were satisfied by melt-
ing the irradiated foils in quartz capsules filled with
Ar at a pressure of 120-mm Hg. The resulting
homogeneity was checked for some samples
through y radiation measurements as a function of
the residual weight after successive etchings in
HNO3. The absence of oxygen contamination was
verified by TDPAC measurements after thermal
treatments in inert atmospheres.

After melting, the samples were rolled into foils
whose widths were carefully measured. Typical di-
mensions were 150 mm &1 mm. The oxidation
treatments were performed under air in open quartz
tubes in a conventional electric oven. The tempera-
ture was controlled by the use of a thermoelement
in close contact with the samples. The temperature
fluctuation was never larger than 2'C. When the
measurements were performed above room tem-
perature an electrically heated quartz oven was
used.

The TDPAC measurements were performed with
the (173—247)-keV y-y cascade of "'Cd. A con-
ventional automatic two-detector apparatus, with
one NaI(T1) and one CsF scintillator, was used. The
movable detector changed its position every 1800 s
between 8=90' and 8=180' with respect to the
fixed one.

The time spectra of coincidences N(180', t) and
N (90', t) were stored in subgroups of a multichannel
analyzer. We evaluated from these time spectra,
corrected for accidental counts, the asymmetry ratio

2
N(180', t) —N(90', r)
N(180;t)+2N(90', r)

'

which is to good approximation (because the A4
coefficient of this angular correlation can be
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R (t)~2""'G,(t),
where A2" ' is the measured angular correlation
coefficient and G2(t) the perturbation factor, which
contains the relevant information about the interac-
tion between the nuclear quadrupole moment Q of
the intermediate nuclear state and the principal
component of the electric-field gradient V at the
nuclear site.

Theoretical functions of the form

3

G2(t) =fo+fi g s2„exp( —5co„t)costa„t
n=0

folded with the measured time resolution curve (full
width at half maximum of 2.4 ns) were fitted to the
experimental data. Here fo is the fraction of nuclei
at unperturbed lattice sites and fi the fraction of
nuclei subject to the interaction characterized by the
quadrupole frequency

~g eQV 2'——/40 h,

which is related to co„by co„=F„(g)co~. The coef-
ficients F„and s2„are functions' of the axial
asymmetry parameter il, defined by il = ( V~
—V~~)/V . The exponential function accounts for
a Lorentzian frequency distribution of relative
width 5 around co„.

R(t}

Results obtained for one sample annealed under
nitrogen and subsequently under oxygen atmo-
spheres are shown in Figs. 2(a) and 2(b), respective-
ly. It can be seen how the presence of the oxygen
alters the cubic symmetry of the environment of a
certain fraction of the probe nuclei. This fraction
depends on the temperature and on the length of the
oxidation treatment. However, neither the parame-
ters that characterize the interaction (co~ and il) nor
the distribution 5, seem to depend on the length of
the treatment. In spite of some dispersion of the
values of the parameters for each temperature a
temperature dependence can be seen in Fig. 3, where

we plot mean values of to~ and 5 obtained from
more than 60 measurements. Owing to the relative-

ly large frequency distribution in the spectra, it is

very hard to draw a conclusion from the fitted
values for il

In order to establish whether a sharp oxidation
front exists (such as that described in Sec. II), in the
case of very diluted alloys, the following experiment
was done. One sample of 1-mm width was oxidized

during. 80 min at 500'C. The TDPAC results

showed that 68% of the indium ions were oxidized.
Two more TDPAC measurements were performed
after two successive etchings with HNO3. In Table
I the values of the sample weights and widths and
the fraction of oxidized ions determined after each
etching are shown. From the 68/o of oxidized ions
found in the first measurement we calculated the
depth g of the oxidation front assuming its ex-

istence, and taking into account that oxygen dif-
fuses through both faces, from

. I ili alt&, ilit & I, ilhI . .
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FIG. 2. R (t) curves at room temperature. (a) after a
treatment of 90 min at 450'C and 0.5 atm Nq, and (b)

after a similar treatment in Oz. The full line shows the

curve fitted to the data.
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FIG. 3. Mean values for the interaction parameters

co& and 5, corresponding to several measurements at
each temperature.
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TABLE I. The weights are given just to give an idea
of the size of the samples. The first value of g is calcu-

lated from Eq. (4) and the others according to the loss of
mass after each etching. f(estimated) is calculated from

Eq. (4).

(g) (mm) (mm)

f(estimated)
(%)

f(measured)
(%)

1.540)
0.819'
0.408'

1 000& 0 340io
Oi 0 165&o

0.327' 0.003io
513

04

682

50'
03

where the penetration through the edges of the sam-

ple is neglected. This value and those correspond-
ing to g after the successive etchings are also shown
in Table I, as well as the remaining fractions of oxi-
dized ions calculated from them. Within the sensi-

tivity of the method and taking into account the ap-
proximation done in the calculation, the agreement
is excellent.

In order to investigate the evolution of the oxi-
dized ion fraction with the duration of the oxida-
tion processes, sequences of oxidation treatments at
400 and 500'C were performed. Figure 4 shows the
sequence of the TDPAC spectra at 500'C. The f,
values obtained for each temperature are shown in
Fig. 5 as a function of t' . A least-squares fit of a
straight line to the data gives 0.044029 and 0.055042
for the slopes at 400 and 500'C, respectively. A
parabolic dependence of the progression of the oxi-
dation front is apparent. In fact, a least-squares fit
of the expression f=at to the experimental data
yields respectively m4oo ——0.534 and msoo ——0.494..
The different values of the slopes in Fig. 5 are con-
nected to the different oxidation temperatures, sam-

ple width, and purity. This arises from Eqs. (I), (2),
and (4). From these slopes we estimate the vN
values involved in both oxidation processes. To do
this we calculated the diffusion coefficient Do for
oxygen in silver using 3.66X 10 cm /s for the fre-
quency factor and 45980 J/mol for the activation
energy as given in Ref. 14. Also the oxygen concen-
tration No was calculated using 49575 J/mol for
the activation energy and 6.69X10 atoms oxygen
per total atoms for the pre-exponential factor as
given in Ref. 14, appropriately corrected using
Sievert's law. In this way we obtained

vN =1.82X 10

vN =4.77X10

for 400 and 500'C, respectively; the units of vN be-

ing bonded oxygen atoms per initial alloy atoms in

-o.&»,»!!i„,!I!!IIII'!II„IIII!!III i, ! E„II»h!i, , iI iilll

M.&30 I I I l

'"j
I III'IIIlj 'll"jIjllI

np
I"'

iI
-Oo160-

-o.no-

-0.150-

-0.130-
-0.110-,

~ ~

-0.150-
-0.130-
-0.110-

-0.150-
-0.130-

-0.110-

„I I, .irl Iii rill II I i!III!!!II I 14 IIIlllil III I IIII III. I I!III!
"I'!«"I" '! 'iiPI II!!""IIlt!t!'Ijrlljjjl

~jjI j

"

-0 130-
-0.110-

0.090-

+)

Mo1 20-

-0.100-

-0.080-
-0 060-

l!ll!lIii. I!ill!I!Ill&,!IL. !l,li, !!IjI!, oo'l' "'III'!! l'"[I'III!"liI'j'I 'll'I
If

IIIIIIII!!IIII&l II!i!III!II lilJ i.l! ~2oI n
~

~

! I
!

~ ~

~

I

! !

~

~

~ ~

~

~ I20

40 os

t(ns)

FIG. 4. TDPAC spectra after successive oxidation
treatments at 500 C. All measurements were done at
room temperature. The cumulative oxidation time, in
minutes, is indicated. Full lines show the curves fitted
to the data.

V. DISCUSSION AND CONCLUSIONS

In the previous sections we have indicated that
the presence of the oxygen in the neighborhood of

FIG. 5. Fraction f, of oxidized ions obtained for 400
and 500'C as a function of t'

the oxidized zone. These different values may be
attributed to different oxide stoichiometries (dif-
ferent v) or to the fact that more impurities can be
oxidized at the higher temperature.
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the indium ion is responsible for the observed elec-
tric quadrupole interaction. We can now argue
about which kind of In-0 complexes are formed.
The behavior of the interaction frequency shown in

Fig. 3 suggests that above 400'C these complexes
have a different nature than those formed below
300'C. Although indium can form different oxides,
TDPAC measurements have been performed only
for In203 (Refs. 15 and 16) and show like ours a
high attenuation. Salomon' reports a well-defined
static interaction (co~-30 MHz) only if the mea-

surement is performed at 280'C. Though we do not
expect formation of In203 due to the high indium

dilution of our samples and the high velocity of the
oxidation front, we carried out measurements on a
sample fully oxidized at 450'C at the following
measurement temperatures: 280, 450, and 610'C,
but we did not observe the removal of the attenua-
tion. The high distribution we measured could be
explained taking into account the building up of
In-0-Ag complexes. These complexes may involve

different numbers of oxygen ions, with the indium

ion, perhaps, shifted from its original substitutional
position and with electronic bonds of different char-
acter as suggested by Huffman and Podgurski for

the internal oxidation of Sn in silver.
From our experimental results there is evidence

of the existence of an oxidation front in the case of
these very dilute alloys. The parabolic rate of the
internal oxidation has been shown for 400 and 500
C. From the vX values given in Sec. IV not very

much can be said, since v is a mean value over all
oxidized impurities. But the method is capable of
giving information about the number of oxygen
atoms per solute once there is prevailingly one kind
of oxide. Therefore, experiments at different tem-
peratures are being carried out to determine the
stoichiometry of the oxides in 1% Incog alloys.
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