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Indium Diffusion in Aluminum
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Six measurements of !4In diffusion in single crystals of 99.999% pure Al have been made
in the range 440—-660°C. A least-mean-squares analysis of the data leads to the expression
D=1.16¢™1.2"V /2T om25ec=!, The activation energy is similar to that found for the diffusion
of other nontransition solutes in Al and does not therefore appear to reflect an exceptionally
large In-vacancy binding energy in Al, such as was found by quenching experiments.

The choice of In for the present study was dic-
tated largely by consistent reports of a relatively
large binding energy between vacancies and In
atoms in Al. "2 (Further references are listed
in Ref. 1.)

It is expected, on general grounds, that a large
solute-vacancy binding energy will be reflected in
the difference between the activation energies
AQ for diffusion of the solute (Q,) and for self-
diffusion (Q,) in a given solvent. *

In the present work, single crystals of 99.999% 1.
pure Al were used. Disks, 1 cm diam by 5 mm
thick, were prepared metallographically and
annealed under vacuum for 24 h at 620 °C. They

were then implanted with 40-keV *In ions in the
CRNL mass separator. The advantages of this
technique as a means of forming source layers
for diffusion experiments are discussed else-
where. *° Diffusion anneals were carried out under
vacuum. The samples were subsequently sectioned
and analyzed for "In by y-ray counting techniques.
Details of the sample preparation, sectioning, and
counting techniques are described in Refs. 4 and 5.
The results are presented in Fig. 1 and Table
Gaussian profiles were found for all samples,
although an anomalous “wiggle” appeared in the
first few sections of each sample. For clarity
this has been omitted; however, the insert in Fig.
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FIG. 1. Penetration profiles for 1In diffusion into

Al single crystals. Inset: anomalous near surface distri-
bution for 14m diffusion into Al at 626 °C.

1 is characteristic of the phenomenon. An appar-
ently similar effect has been observed and discussed
in relation to Co diffusion in Zr.® It may be a
precipitation phenomenon associated with a rapidly
diffusing solute of limited solubility.

A least-mean-squares analysis of the data of
Table I, plotted in Fig. 2, leads to the equation

D=1. 16e'\1.27 oV) /rT sz sec-l

for In diffusion in Al.

The activation energy is similar to values found
for other nontransition solutes in Al (see Table II
and Refs. 7-9) and does not appear to reflect the
presence of a large In-vacancy binding energy.

The constancy of the activation energies for

TABLE I. Diffusion coefficients of In in Al.
Temperature Diffusion period D
cC) (sec) (cm?sec)

656+1 5.20x10° (1.9+0.2)%x1077
6261 8.4 x10° (9.8+0.4) x107
608,51 3.6 x103 (6.8+0.3) x10-8
574 x1 1.46x104 (3.5 +0.1) x1078
531+1 7.6 x10° (1.7+0.1) x108
442+ 2 8.9 x104 (1.55%0. 05) % 10
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diffusion of nontransition solutes in Al and the adop-
tion of @,=1.26 eV for Al self-diffusion has led
Peterson and Rothman” to speculate that since the
resulting AQ values are near zero, solute-vacancy
binding energies in Al are also likely to be small.
However, there is doubt about the best value to use
for @,. Suggested values tend to lie between a
minimum of 1.25 eV, based on NMR measure-
ments, ° and an upper limit of 1.49 eV from tracer
diffusion studies. !

In addition to questions arising from the best
value to adopt for Al self-diffusion there is also a
large uncertainty associated with solute-vacancy
binding energies in Al.

Concerning the present work, the least ambiguous
values for the In-vacancy binding energy in Al
should perhaps come from studies on the simplest
possible systems. Using this criterion, the in-
vestigations of Plumbridge'! and Duckworth and
Burke? on dilute binary alloys of In in Al should be
considered. The quantitative agreement between
the findings of these examinations seems poor.

Duckworth and Burke® find the In-vacancy binding
energy in Al to be 0.42+0.04 eV, while Plumbridge'
estimates the binding free energy to lie between
0.18 and 0.21 eV. Some aspects of these studies
are discussed below.

Because of the scatter of experimental points

106 650 600 550 500 450
T T T T

TC°C)

T T T

10°7

(em2Sec-!)

COEFFICIENT
T T
/

3
o

DIFFUSION

10°9 | | | 1 | 1
.10 1.20 1.30 140

103/10°K)

FIG. 2. The temperature dependence of the diffusion
of 1y in Al.
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TABLE II. Parameters for nontransition solute dif-
fusion in Al.
Solute Q 2Do
Solute valence (eV) (cm®sec™) Ref.
Cu 1 1.40 0.65 7
Zn 2 1.25 0.26 7
Ga 3 1.27 0.49 7
Ge 4 1.26 0.48 7
1.21 0.12 7
Ag 1 1.22 0.13 8
cd 2 1.29 1.04 8
In 3 1.27 1.16 This
work
Sb 5 1.26 0.09 9
1.21 0.13 7
Au 1 1.17 0.077 7

shown in Fig. 1 of Ref. 2, any estimate of the In-
vacancy binding enthalpy, or entropy, based on the
data, must be subject to a very large error. How-
ever, a value for the In-vacancy binding free energy
G2,., may be estimated within a reasonable degree
of accuracy. By considering the data at the lower
quench temperature, where possible effects of
multivacancy complex formation should be mini-
mized, a figure of 0.35+0.05 eV has been estimated
for G,., at 380 °C.

The interpretation of the experimental work of
Ref. 1 depends, in part, on single vacancies being
able to migrate rapidly in Al at 0 °C. This is not
consistent with the low-temperature quenching
experiments of De Sorbo and Turnbull. !* They in-
dicate that the main recovery stage to be associated
with a quench from 500 °C is probably due to di-
vacancy migration. The interpretation of the re-
sults should then include an allowance for this
effect.
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If the values for Gf,,_,, obtained from Refs. 1 and
2 are compared, i.e., 0.35 eV at 380 °C (Ref. 1)
and 0.20 eV at 0 °C (Ref. 2), then the corresponding
values for the binding enthalpy and entropy are 0.1
eV and 4. 5%, respectively. Although the value for
the binding enthalpy seems reasonable, the large
value for the entropy would be expected to make a
big contribution to the D, factor for In diffusion in
Al. The apparent absence of any such contribution
probably points to an inconsistency between the
findings presented in Refs. 1 and 2. Possibly some
of the effects discussed above have some bearing
on the discrepancy.

Compared to other solutes listed in Table II, the
relatively high diffusivities of In and Cd (two solutes
with apparently large binding energies'?** to va-
cancies in Al)may indicate that in Al, solute-vacan-
cy binding energies are more obviously related to
absolute D values than to individual @ or D, param-
eters. However, the value of such comparisons is
questionable when one considers the uncertainty of
reported solute-vacancy binding energies in Al.

Obviously further work, aimed at producing
reliable and reproducible solute-vacancy binding
energies and an unambiguous @, value for Al self-
diffusion is required. Additional measurements
of solute diffusion parameters, including isotope
effects, '® would also contribute to an understand-
ing of solute-vacancy interactions in Al. A study
of the isotope effect for Zn diffusion in Al has
recently been made!® which seems to indicate that
the Zn-vacancy interactions in Al may be in excess
of 0.1 eV.

Our thanks are due to Dr. D. Santry and O.
Westcott for their cooperation with regard to the In
implantations and to Dr. M. L. Swanson for use-
ful discussions and comments.
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