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Measurements are reported for a-axis and c-axis self-diffusion in tin from 0 to 10 kbars and

for temperatures in the range 160-228°.

At zero pressure, D, = 10.7 exp(—25,100 =+

800)/RT and D, = 7.7 exp(—25,600 = 1000)/RT. The activation volume is 5.3 =% 0.3
cm.? g.-atom ! (339, of the g.-atomic volume) for both principal directions and appears to

be independent of temperature.

The data are most simply interpreted in terms of a

vacancy mechanism, in which two distinet kinds of jumps occur.

Introduction

Activation energies AH determined from the tempera-
ture dependence of the diffusion rate in single crystals
of the elementary metals are most satisfactorily cor-
related with theoretically calculated activation energies
for a vacancy diffusion mechanism.! Recent work on
the pressure dependence, which leads to the activation
volume AV, has supported this mechanism.? The work
of Simmons and Balluffi* provides near-conclusive
evidence for the existence of high concentrations of
vacancies in the noble metals and aluminum near their
melting points. Hence, a vacaney diffusion mechanism
is reasonable in these and similar metals.

Solid-state diffusion has been considered an
activated process, with a Gibbs free energy of activa-
tion AG. For the vacancy mechanism, it is natural
to distinguish between contributions to AG from the
formation of sessile vacancies at equilibrium in the
lattice, AGy, and from the additional free energy AG:,
necessary to move the vacancy from the equilibrium
position to the midpoint of the diffusive jump. The
activation enthalpy and volume have analogous
components; diffusion studies yield only their sum.
For close-packed hard spheres, AV¢ should be 1 molar
volume, and AV, should be of this order.? Other
crystal structures will have smaller motional contri-
butions. Measured values of AV range from about
259, of an atomic volume (lithium) to 909, (silver),
and are greater than 509 for close-packed structures.?

Rice and co-workers*—® have developed a dynamical
theory of diffusion which, while formally equivalent
to activated state theory, avoids the least tenable
assumptions of the activated state, and which identi-

fies the important microscopic contributions to the
diffusive process. The activation energy is replaced

by
AH=U0+ZU1+I§!HA:I+AH1' (1)
J

where U, is the translational energy a diffusing atom
must obtain to successfully effect the jump, Z: U, is

J
the excess energy over the thermal average for any
atoms hindering the motion of the diffusing atom to
move sufficiently aside for that atom to pass, and

> H,, accounts for adjustments of the surrounding
k>l
atoms not specifically included in the jump process.

AH is the formation enthalpy of a vacancy.

Using this approach, Rice and Nachtrieb’ conclude
that a correspondence between diffusion and melting
should exist in the form

[o In (D/va»)

= 2
oTw)T ]Tm constant (2)

and that
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AHm
AH = AV, AV 3)

where the subscript m refers to fusion. While (2)
and (3) hold remarkably well for a large number of
metals to 10 kbars” Hudson and Hoffman® have found
large deviations for lead at higher pressure. The cor-
respondence between diffusion and melting probably
exists only in the limit of zero pressure.

From the foregoing it is evident that vacancy dif-
fusion occurs in metals which crystallize in close-packed
structures in which the void volume is a minimum.
Anisotropic structures typically have larger void
volumes; and if interstitial self-diffusion occurs in
metals, those with anisotropic structures should be
relatively favored. Since no theoretical calculations
for activation energies have been made for such
systems, it is necessary to determine the activation
volumes, as well as activation energies, to form reliable
conclusions about the diffusion mechanism. White
tin is anisotropic, with a void volume at 25° of 46.59,
and is thus a favorable metal. Self-diffusion studies
in tin at zero pressure have been reported by Fensham®
and by Meakin and Klokholm.? The results of Fens-
ham are anomalous, giving activation energies which
disagree with results for similar metals. Meakin and
Klokholm found close agreement with other low
melting metals, but could show only that a vacancy
mechanism was consistent with their results, not that
it was required. This study was undertaken to de-
termine unequivocally the diffusion mechanism in
tin.

It is perhaps desirable to ask at this point what is
the significance of the quantity (0 In D/0P), in an
anisotropic system. Girifalco and Grimes!! have
analyzed the effect of strain on the diffusion relations
as developed by Vineyard.'> Their results are general-
ized to anisotropic systems in the Appendix, and it
is clear that the measured quantity is indeed a volume,
related to the usual activation volume in isotropic
systems. This result adds confidence in the conclusions
drawn from this study.

Experimental

Large single crystals were grown from 99.9999%,
tin'® by a modified Bridgman technique. Crystal
quality was checked with a modified Laue back-
reflection technique, in which the only collimation of
the X-ray beam was a 0.10-in. diameter pinhole. This
gave a beam which struck about 1 em.? of the crystal
surface. Any crystal defects in this area appeared
as irregularities in the X-ray film spots. Only crystals
which gave nearly perfect spots were accepted for
diffusion studies.
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The large crystals were oriented by the usual Laue
back-reflection technique. Cubes approximately 1
cm. on an edge and with their faces oriented close to
perpendicular to the (100) or (001) axis, principle
axes for diffusion, were cut out with a Servomet spark
cutter. These cubes were again checked for quality
with large-spot X-rays. No difference in quality of
faces perpendicular or parallel to the tetragonal (001)
axis was detected. Once again only the best crystals
were retained. Two faces of each cube were oriented
on a small goniometer head by X-rays so that the de-
sired erystal axis and the goniometer axis were parallel
to 0.5° of arc. The goniometer head was then
aligned optically in a microtome to cut the ecrystal
face perpendicular to the desired axis. Microtoming
gave a plane basal surface flat to within 2 p.
The crystal was annealed for 24 hr. to remove the
slight cold work introduced by the microtome.

Sn!' in carrier metal was vapor deposited on the
diffusion faces at pressures less than 10— mm. Typi-
cally, films less than 1 u thick and having an activity of
close to 10° counts per min. were achieved.

The crystal was sealed in a Pyrex ampoule under
vacuum and placed in a wire-wound resistance furnace
at the desired temperature for the zero pressure an-
neals. Temperature was measured with a carefully
calibrated iron—constantan thermocouple positioned
near the ampoule at the center of an aluminum bronze
block which minimized temperature gradients around
the ampoule. Temperature was measured to 0.15°
and absolute temperature at the crystal was probably
correct to within 1°. Correction for finite warm-up
rate was applied, in no case being greater than 0.5%,
of the anneal time. No cooling correction was needed.

High pressure was generated by a liquid hydraulic
system of the Bridgman type.'* Pressure was trans-
mitted by Dow—Corning 200 silicone fluid and measured
with a manganin wire coil calibrated against the freez-
ing point of mercury (7640 kg./cm.2at 0°). Automatic
pressure control, plus a continuous pressure record,
was obtained by monitoring the imbalance of a Wheat-
stone bridge with a recording potentiometer. Pres-
sure was maintained to within 10 kg./em.2 of the mean
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