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The absorption of H and D into a palladium sphere of precise radius and density is examined ex-
perimentally with use of pressure-volume-temperature measurements and control techniques to
achieve the stepwise boundary condition and constant pressure assumed in the common solutions to
Fick’s second law. Measurements were made at temperatures over the range of 298 to 1373 K after
preparing the Pd by cyclic baking of the sphere in vacuum and in very pure H, or D,. Near 473 K
and higher temperatures, excellent agreement with Fick’s-second-law solutions were obtained.
Below 473 K, deviations from simple diffusion in the metal were observed and explained by postu-
lating a surface conductance. From known solutions for diffusion in a sphere with a surface con-
ductance, the diffusion coefficients (D) and the minimum achievable surface conductances (%) were
determined to be Dy =3.512X 10" 7e "7 K/ T 21 D =2.219X 10 7e 23380 K/T ;2 ~1 and

hH :hD :4.056*(4995.3 K)/Tms—l.

I. INTRODUCTION

The diffusion of hydrogen isotopes in metals, and in Pd
in particular, has been studied extensively using a host of
techniques. These studies cover a broad range of in-
terests from the characterization of the H point defect in
Pd to mass transport of H in Pd and have been summa-
rized by Volkl and Alefeld"? and by Kehr.® VGIkl,
Alefeld, and co-workers* very precisely measured the
diffusion coefficients for hydrogen (Dy) and deuterium
(Dp) over the temperature range of 230 to 473 K by
Gorsky-effect measurements and demonstrated clearly
the inverse isotope effect whereby, at low temperatures,
Dy, is greater than Dy. At higher temperatures these
values appear to cross as the diffusion coefficient must ap-
proach classical behavior in the limit as temperature goes
to infinity. Katsuda et al.® reported very precise values
of Dy at higher temperatures, using permeation tech-
niques, and Sicking et al.%’ reported diffusion
coefficients for tritium in Pd (Dy) near room tempera-
ture. The definition of the transition of hydrogen
diffusion from a quantum-mechanical process at low tem-
peratures to a classical one at very high temperatures is
of considerable theoretical interest, as is the possibility of
predicting Dy from Dy and Dp. There is also a wide
range of surface effects that may result in discrepancies
between gas-solid mass-flow measurements of diffusion
and those not involving hydrogen transport across a sur-
face. These effects may result from surface contamina-
tion by such common species as CO and S (for example,
see Ratajczykowa® and Peden et al.’) or from intrinsic
properties of the Pd surface and hydrogen (for example,
see Comsa et al.'® and Kay et al.!!).

The present work began as part of the transformation
of a simple-expansion pressure-volume-temperature ap-
paratus for measuring the solubilities of hydrogen iso-
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topes in metals'> " !* into one that would continuously

dispense hydrogen gas from a known volume while main-
taining a constant hydrogen pressure over a metal speci-
men maintained at constant temperature. Pd was chosen
as the metal specimen to test this experimental approach
because its hydrogen solubility is well known and not too
strongly dependent on temperature, '* because Pd is less
sensitive to surface passivation than most metals, and be-
cause a sound sphere of Pd could be fabricated. The as-
sumption of equilibrium across the surface of the Pd al-
lows the boundary-condition concentration to be calcu-
lated from the pressure. The relatively minor surface
effects support this assumption, and a specimen that was
physically and geometrically sound simplifies the solution
to Fick’s second law. The main experimental challenges
of this technique dealt with the discontinuous nature of
the diffusion process associated with the more tractable
solutions to Fick’s second law that are based on the
boundary condition changing stepwise at t=0 from O to
some finite value, i.e., very fast valve opening with little
overshoot and good pressure control (better than 1%)
thereafter. The related discontinuity in the absorption of
hydrogen by the specimen is that the initial hydrogen
sorption is parabolic in time and has an infinite absorp-
tion rate at t=0 and at long times has a very slow ex-
ponential approach to equilibrium. This paper reports
the experimental and analytical approaches to this prob-
lem, involving corrections for surface effects near am-
bient temperatures that yielded precise values for Dy and
Dy over a wide temperature range as well as values for
the surface “film” conductance (%) that can be interpret-
ed as the velocity at which H atoms cross the Pd surface.
Parameters that may be interpreted as activation energies
are reported in units of degrees Kelvin and may be con-
verted to other energy units by taking the product with
the gas-law constant in the appropriate units.
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II. EXPERIMENT

The Pd sphere used in these experiments was 99.98%
pure. It was melted in an aluminum oxide crucible in an
UHYV all-metal tungsten mesh furnace to produce a cast-
ing having a test-tube shape 18 mm in diameter and 40
mm long. This casting was radiographed to determine a
region free of voids from which to machine a sphere hav-
ing a radius of 6.36 mm accurate within 10 um. The
sphere was lapped to be spherical within one part in
5000. The finished sphere was reexamined radiographi-
cally for cracks or voids that might compromise it as a
macroscopically uniform diffusion medium. The hydro-
static density of the sphere was determined to be 11.990
Mg m 3 by liquid immersion weighing compared to 12.00
determined from the Pd x-ray lattice parameter. The Pd
sphere weighed 12.948 g yielding a calculated mean ra-
dius of 6.364 mm. The H, was 99.999% H high-purity
gas that was filtered through 200 g of UH; powder (1
m?/g surface area) that had been formed by reacting
uranium with the supply gas in situ. The D, was 99.8%
D, 99.999% hydrogen isotopes filtered through UD;,
similar to the H,.

The ultrahigh-vacuum apparatus for determining the
equilibrium constants for hydrogen isotopes in uranium
alloys'>!® and in palladium'* was used to expand H, or
D, from a known volume (¥'1) with a precision pressure
sensor (MKS 94H-1000, 160 kPa f.s.—0.05% accurate)
into a volume containing the metal sample (¥V2), calibrat-
ed relative to V1 for its effective volume as a function of
sample temperature. This apparatus was modified by re-
placing the valve between V1 and V2 with an automatic
pressure control valve (APC, Granville-Phillips Model
216), adding an absolute pressure sensor to V2 (MKS
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94H-10, 1.6 kPa f.s.—0.05% accurate) for feedback to
the APC valve controller, and removing the alumina rod
used to reduce V2 (Ref. 12) to give better gas conduc-
tance between the APC valve and the sample. A
differential input voltage, the difference between the out-
put of the V2 pressure gauge and a set voltage, to the
APC valve controller was used to enhance the perfor-
mance with respect to instantaneously fixing the pressure
over the sample. First, the valve was opened manually at
a high rate. As the set point was approached, the valve
was switched to automatic and partially closed with
manual controls that overrode the automatic controls.
At the same time, the gain of the controller was increased
by two orders of magnitude. The amount of gas that
reacted with the sample is the difference between the
moles of gas dispensed from V1 and that remaining in V2.
The pressure-gauge outputs were monitored with 1-mV
resolution, 12-V full-scale digital voltmeters that were in-
terfaced to a teletype and paper-type printer that could
write at a rate of one measurement per second. Figure 1
shows the pressure response for the pressure sensors on
V1 and V2 during an experiment using a uranium rod 7
mm in diameter by 76 mm long at 1073 K for which the
time and pressure responses are typical of the Pd-sphere
experiments. The APC-valve opening was typically start-
ed at the sound of the teletype. The initial pressure
overshoot seldom exceeded 2% of the set point and was
rapidly damped out after a few 10-s cycles. The time base
was chosen to limit the number of data points collected
from the pressure sensor in V1 to approximately 1000
and the pressure sensor for V2 was not recorded on this
time base to simplify data processing, since the high-
temperature experiments were over in less than 1 ks and
the 25°C experiments lasted about 1 Ms. The standard
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FIG. 1. Typical instrument response for producing a constant pressure over a reacting metal specimen. The solid curve is the con-
trol pressure. The dotted curve is the supply pressure. The specimen is a 7-mm-diam, 76-mm-long uranium rod at 1073 K.
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deviation of the controlled pressure was typically 0.1% of
the setpoint or better over the entire experiment and the
set-point pressure was used for calculating the moles of
gas in V2. Any experiment having an initial overshoot of
5% of the set point or greater was aborted.

After a soap and water wash and rinsing in distilled
water followed by absolute ethanol, the Pd sphere was
loaded into a 17-mm-internal-diameter aluminum silicate
tube with a closed end that was connected to the ap-
paratus by an aluminum silicate-to-Pyrex-to-Kovar-to-
stainless-steel seal as part of V2. An ungrounded
Chromel-Alumel thermocouple mounted in a grounded
steel sleeve was placed next to the sphere on the outside
of the tube and wrapped with an aluminum silicate
sheath inside a quartz cloth-wrapped platinum heat
shield mounted within a 1-in. combustion tube furnace.
The heat shield extended 75 mm in each direction to en-
sure a uniform sample temperature, and the
temperature-control system with its sensor located in the
platinum heat shield maintained the specimen tempera-
ture to within 1 K. The sphere was maintained at 1173 K
for 10 days while alternately being exposed to 50 kPa H,
and UHYV conditions in one- or two-day cycles. At 473 K
and higher temperatures, the experiments were straight-
forward exercises in setting the temperature, achieving 1
uPa vacuum levels, isolating V2, turning on the servo-
valve, and waiting for equilibrium. Below 473 K, a single
experiment required days to acquire the data, after which
the sphere was heated to 573 K to facilitate removal of
the hydrogen. Once the 1-uPa vacuum was achieved, the
specimen was cooled to the appropriate experimental
temperature overnight. Most experiments were carried
out at 665 Pa H, as an optimum level for meeting the
conditions of optimum experimental accuracy and dilute
hydrogen concentrations (<2 mol % [H]/[Pd] atom ra-
tio). At 298 K, experiments were done at several pres-
sures ranging from 13 Pa to 1.3 kPa to evaluate any con-
centration dependence of the diffusion process. Care was
taken not to expose the Pd sphere to pressures above
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FIG. 2. Hydrogen-uptake data calculated for a 298-K experi-

ment with a control pressure of 1.346 kPa on a Pd sphere (6.36
mm radius). See Run 1 in Table I.
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equilibrium pressures for palladium hydride formation
that would probably destroy the physical and geometrical
soundness of the sphere. The quantity of H (U, uptake in
moles) is shown in Fig. 2 for an experiment at 298 K and
671 Pa H,. The data were then fitted to mathematical
models to determine values for solubility (cg,
molHm ™ 3), the diffusion coefficient (Dy, m?s~1), and
surface conductance (hy, ms™!).

III. MATHEMATICAL FORMULATION
OF THE UPTAKE PROBLEM

The uptake problem is one of time-dependent, one-
dimensional spherical diffusion. The solution to this
problem with no surface conductance is well known and
may be found in many references. The solution for the
slightly more complicated case, which adds the surface
conductance, may be found in, among others, Carslaw
and Jaeger.!> Graphs of the solution to the mathemati-
cally equivalent heat transfer problem may be found in
numerous places in the conduction heat-transfer litera-
ture.!'® The differential equation for the concentration in-
side the sphere is

A% 2 3c
3% r or

_a—C=

<
a1 (0<r<a) (1a)

with the surface conductance boundary condition

Di-kh(c —¢,)=0 (r=a) (1b)
or

and the initial condition

c=0 (t=0), (1c)

where c is the concentration of the diffusing hydrogen in
the solid metal in units of mol m ™3, r is the radial coordi-
nate, ¢ is time, D is the diffusivity of the hydrogen atoms
in the solid metal in units of m?s ™!, % is the surface con-
ductivity in units of ms™!, ¢, is the solubility of the gas
in the metal in units of molm 3 that can be calculated
from the hydrogen pressure assuming equilibrium at the
surface, '* and a is the outer radius of the sphere. Equa-
tions (la)—(1c) use a somewhat changed notation from the
equations presented in Carslaw and Jaeger, but the
mathematical form is the same. The desired result for
the present application is not the concentration of the
diffusing hydrogen, but rather the total amount of gas ab-
sorbed by the solid as a function of time, i.e., the integral
of the concentration over the volume of the sphere. We
refer to this as the “‘uptake” with the symbol U.

The units of 4 are those for velocity, which are rather
unusual units for conductance. However, 4 may be inter-
preted as a limiting velocity for hydrogen crossing the Pd
surface, yielding, when multiplied by c,, the limiting flux
across the Pd surface. An integral form of the surface
flux boundary condition, which relates the total rate of
uptake to the solubility and surface concentrations, is as
follows:

4y

— 2 —_
ar 4mah(c,—cC)p—y . (2)
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The mathematical problem readily lends itself to nondi-
mensionalization. The nondimensional forms for uptake,
time, and surface conductance are as follows:

Und = U/Utotal ’ (3a)
Ina =tD/a 2:I\JFourier ’ (3b)
hnd Eha/D :NBiOt N (30)
where
4
Uital = Tﬂa 3, . (3d)

As noted in Eq. (3b) and (3c), the nondimensional time
and surface conductance are the mass transfer
equivalents of the Fourier (Ngyui..) and Biot (Ng;,)
numbers which are well-known parameters used to
characterize the equivalent problem in the conduction
heat-transfer literature. After some algebraic manipula-
tion, the solution to the uptake problem becomes
2 ap+(hyg—1?

U,y =6h2 1—exp(—a2t,y)
nd T ,21[ P ¢ ]a3+hnd(h,,d—1) a?

Xsin%(a,) , (4a)
where a,, is the nth root of the following:
a,cot(a,)+h,4—1=0. (4b)

In the limit as time approaches zero, the ultimate short-
term solution is the integral of Eq. (2) with ¢=0, which
may be written in nondimensional form as follows:

Und:3hndtnd . (5)

In the case of a low surface conductance, i.e., 1 —0, the
solution to Eq. (1) is

Uy g=1—exp(—3h4t.4) . (6)

In practice, the curve of U 4 versus ¢ 4h, 4 for any case
which A, 4 < ~1072 is indistinguishable from that given
by Eq. (6). In the case of very high surface conductance,
i.e., h — oo, the solution to Eq. (1) is

Ua=(6/m) 3 n"?{1—exp[ —(nm)t,4]} . 7N
n=1
In practice, the curve of U, 4 versus t,4 for any case for
which A,y > ~10* is indistinguishable from one with an
infinite surface conductance. In the limit as time ap-
proaches zero, the ultimate short-term solution to Eq. (7)
may be written

U =6Vt /7. (8)

IV. MATCHING THE DATA TO
THE MATHEMATICAL MODEL

The curve of uptake versus time, using Eq. (4) from the
preceding section is defined with up to four free parame-
ters. The first three are the diffusivity (D), the solubility
of hydrogen in the metal (c,), and the surface conduc-
tance (k). The fourth is the initial time (¢,), which
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represents the initial appearance of the gas. This initial
time is not necessarily the same as the zero in the time
base for the experimental data. Rather, the zero time is
typically assigned as the last data point before a measur-
able pressure drop in the supply volume V1. In effect, for
the matching process, the time ¢ in Eq. (4) is replaced by
t—t,.

Given ¢;, which is the time at which data point i was
taken, plus the fit parameters D, c,, h, and t,, one may
calculate the analytical value of uptake for that time from
Eq. (4) (with ¢ replaced by #,—t,). The best match of the
analytic expression to the data is found by minimizing
the standard deviation of the data points from the analyt-
ic values over the range of possible values of four fit pa-
rameters. In other words, one wishes to minimize

o= E{[U(ri)—Ui]Zwi]/zwi]1/2, (9a)
where o is our symbol for the standard deviation, U (¢;)
is the calculated uptake from Eq. (4) for time ¢;, U; is the
uptake data point at ¢;, and w; is a weighting term for
point i. For our standard deviation, we weighted the
points by the interval in uptake data, i.e.,
w,=(U; 1 —U;_1)/2. (9b)

1

The uptake data used for these data-matching computa-
tions were those taken after the initial valve opening time
and included all data up to 99.5% of the uptake-data
maximum.

The estimation of the set of parameters that best fit the
data was done using a computer program written by one
of the authors (J.R.K.). The program uses the automatic
optimizer subroutine UO4ECF from the NAG Fortran li-
brary. The program will run on either a Cray Research,
Inc. X-MP computer or a Digital Equipment Corpora-
tion VAX 8650 computer. However, most of the optimi-
zation cases in this study were run on the X-MP, which
ran many times as fast as the VAX 8650.

V. RESULTS

The results of the matching of the experimental data to
the models are given in Table I for hydrogen and Table II
for deuterium. Excellent agreement between the surface
resistance model and the data is indicated in the U 4
standard deviation and, furthermore, the U, 4 data had
little noise at the 0.1% level. The predicted values of c,
using the equations by Lisser and Powell'*!7 agreed with
those found by matching, with the standard deviation, of
the ratio of these values found to be 2.0% for hydrogen
and 1.8% for deuterium. Initial attempts to match the
data to the simple diffusion model, Eq. (7),'® detected the
surface resistance problem as the lack of parabolic char-
acter at early times for experiments run below 473 K.
The problem was dealt with by discarding early time data
until a match was obtained. A comparison of the
diffusion coefficients and conformance to the model, i.e.,
the standard deviation of U4, determined with and
without surface conductance, is given in Tables I and II.
Figure 3 compares the description of U4 by the two
models at early times for a 298-K experiment. Below 473
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FIG. 3. A comparison of the early-time behavior in terms of
the measured data (circles), the surface-conductance model
(solid curve) and the diffusion-only model (dashed curve) for the
298-K experiment with a control pressure of 1.346 kPa on a Pd
sphere (6.36 mm radius). See Run 1 in Table I.

K, the simple diffusion model overestimated ¢, and mean-
dered back and forth across the experimental data at ap-
proximately 100-ks intervals well outside the experimen-
tal error yielding low values for Dy and Dp. At these
low temperatures, the surface resistance model was essen-
tial to a precise description of the data, yielded
significantly higher values for Dy and Dy, and yielded
values of ¢, within 60 s of the valve opening time. At 473
K and higher temperatures, both models yielded essen-
tially identical values for c¢;, Dy, and Dp; values for ¢,
that were within the valve opening time and the time be-
tween data points was equal to or less than the valve
opening time; but the surface conductance model con-
sistently yielded a lower value for the U, 4 standard devia-
tion.

Figure 4 shows an Arrhenius plot for A. The solid line
was determined by linear regression using pooled / data
for both hydrogen and deuterium for temperatures at or
below 373 K to be

hy=hp=4.05¢ 431/ T mg=t (10)

Equation (10) defines the data with standard deviations of
17.2% of its value and 195.6 K for the activation energy
below 373 K, where obvious surface conductance effects
occur over a long time compared to the valve opening
time. Equation (9) also defines the values of 4 at higher
temperatures, where the selection of A may be suspect
since the diffusion coefficients could be determined equal-
ly well by both models. The lower values for the stan-
dard deviation for U,y at the higher temperatures and
the “reasonable” values chosen for 4 for the higher tem-
peratures suggest that the surface conductance
significantly affects the overall shape of the uptake curve
even at high temperatures. Values for 4,4, were ~40 at
296 K and approached ~ 10* only for temperatures above
1000 K.

Figure 5 shows an Arrhenius plot for Dy and Dy,.
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FIG. 4. Surface-conductance measurements obtained from
hydrogen (squares) and deuterium (circles) gas-uptake experi-
ments using a Pd sphere (6.36 mm radius). The solid line was
determined by matching the pooled H and D data at 373 K and
lower temperature to a linear relationship.
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FIG. 5. Diffusion coefficient measurements obtained from
hydrogen (squares, solid line) and deuterium (circles, dashed
line) gas-uptake experiments using a Pd sphere (6.36 mm ra-
dius).
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Equations (11) describe Dy and Dy, with standard devia-
tions

DH:3512X 10*‘76 —(2759.9 K)/T m2s*1 ,
DD:2.219X10_7e_(2538'0 K)/Tmls‘l , (11)

of 2.0% and 2.5% of their respective values and 5.5 and
7.7 K for their respective activation energies. Figure 6
shows good, but not perfect, agreement with other mea-
surements by VGlkl et al.* and Katsuda et al.> In Fig. 6,
data and curves have been rotated by (2600 K)/T to
better display their precision. The ‘“inverse-isotope-
effect” crossing of Dy and Dy, is well defined with both
the coordinate of intersection and the angle of intersec-
tion, i.e., the difference between the activation energies of
H and D, being the same as that of Volkl et al.* within
experimental error.

The values for Dy at 298 K were matched to a linear
dependence on ¢, for hydrogen and were found to be de-
scribed by

D(298 K)=3.540X 10" 11—2.369 X 10" 15¢c, m?s™!
(12)

within a standard deviation of 0.42% in estimating Dy
and 10.6% in the concentration dependence where the
concentration is in units of mol Hm ™3, Equation (12)
represents an 8% decrease in the diffusion coefficient over
a hydrogen concentration range of 0 to 0.010 57 [H]/[Pd]
atom ratio. This concentration dependence is quite small
and was not detected by the diffusion-without-surface-
conductance model.
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FIG. 6. A comparison of the diffusion coefficients obtained
from hydrogen (squares, solid line) and deuterium (circles, solid
line) gas uptake experiments using a Pd sphere (6.36 mm ra-
dius). All of the data have been rotated by (2600 K)/T to make
the relative valves and agreement more apparent. The boxes en-
compass the experimental error of each experiment. Boxes A4
and B are the hydrogen and deuterium results of Gorsky-effect
measurements by VOIkl ez al. (Ref. 4). Box C is the permeation
results for hydrogen by Katsuda et al. (Ref. 5). Box D are the
tritium permeation results obtained by Sicking et al. (Refs. 6
and 7) using electrochemical and tritium tracer techniques. The
dotted curves are the predicted range of tritium diffusion
coeflicients based on the present work.
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VI. DISCUSSION

The surface conductance is a significant contributor to
the macroscopic transport of H and D in Pd, even when
extreme steps have been taken to ‘“‘clean” the hydrogen
gas and the Pd surface. Given the duration of the experi-
ment and the low levels of impurities necessary to effect
monolayer coverages of the Pd surface by CO from the
residual gas or S segregated to the surface from the Pd
bulk, the cleaning process is far from perfect and mono-
layer quantities of surface impurities may well be present
during these experiments. However, the application of
the surface resistance model to yield diffusion coefficients,
in good agreement with the Gorsky-effect measurements
of V6Ikl et al.,* measurements independent of surface
effects, clearly supports the validity of the modeling. The
surface resistance model is derived as a special case of
diffusion into two concentric spheres in the limit that the
thickness of the outer sphere approaches zero. This
outer layer is commonly referred to as a “film” and the
surface conductance (k) as the “film coefficient.” This
lends itself nicely to the interpretation of the surface film
as a monolayer-type effect and may be the traplike poten-
tial well on the surface or between the first and second Pd
monolayers, as described by Comsa et al.,'° Peden
et al.,’ I. Ratajcykowa,® Kay ez al.,'! and Stulen et al.'®
Since a diffusion coefficient may be interpreted as the
product of a jump distance and a jump velocity, the prod-
uct of the cube root of the atomic volume of Pd
(2.45X107'° m) and the surface conductance yields the
diffusion coefficient (D) of the “film” given below:

D;=9.92X 10710 ~495:3 K)/T y2g=1 | (13)

The surface film diffusion coefficient is 350 times smaller
than that for bulk Pd at infinite temperature and has an
activation energy that is a factor of 1.81 greater than that
for H in bulk Pd (1.97 for D) compared with a factor of
2.6 for D given by Comsa et al.'° This would indicate
that the surface potential well for Pd is 2457+391 K
below the ground state for D in Pd compared with 4172
K given by Comsa et al.'® for the (100) face of single-
crystal Pd and 3680 K for H on the (111) surface of Pd
given by Engel and Kuipers.?® Thus the depth of the sur-
face potential is reduced by approximately 1000 K by the
peculiar surface conditions of this sample, which includes
saturation by hydrogen, and, unless the high hydrogen
potential has the effect of displacing CO at six or more
orders of magnitude lower potential and reducing segre-
gated S from the surface, CO and S contamination. The
lower value for the preexponential part of the D is that
the “film” coefficient is a velocity derived from a limiting
flux using an assumption that the “film” has the same c;
as the bulk. This is almost certainly not the case for a
one-monolayer film having a potential twice as deep rela-
tive to the diffusion barrier as the bulk. Saturation of the
monolayer-type surface film may occur and may be con-
sidered as a surface “hydride” phase. Transport of hy-
drogen across such a “hydride film” no longer resembles
impurity diffusion through a host metal, an assumption in
the derivation of the model. Another interpretation of
the film is that it is a separate metal phase with hydrogen
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solubility c¢,, diffusion coefficient D’, and thickness L,
such that L is much greater than atomic dimensions yet
is negligibly thin compared to the radius a of the sphere.
This film can be treated as a slab and, assuming steady-
state diffusion of hydrogen through the film is estab-
lished, the hydrogen flux F is given by

F=¢,D'/L =ch , (14)

where ¢,D' is the permeability coefficient of the film.
Equation (14) emphasizes the importance of interpreting
the film in terms of the flux of hydrogen across the film,
which is rigorously determined as the product c;h. Sepa-
ration of this flux into a solubility and film coefficient in-
volves assumptions about the nature of the film.

The introduction of the surface resistance model to this
problem was to reconcile these data with those of Vo6lkl
et al.,* since within experimental error, they have the
same isotope effect and the same values at the crossing
point for the “inverse” isotope effect. The surface resis-
tance correction changed the low-temperature diffusion
coefficients in the appropriate direction, but not
sufficiently to complete the reconciliation that would
have given the diffusion coefficient curves a slight positive
curvature at low temperatures. At high temperatures,
some negative curvature was expected in order for the
diffusion coefficients to converge to Dy /Dp =12, the ex-
pected classical behavior. The “inverse” isotope effect is
well understood® in that it is mainly a zero-point-energy
effect. If the zero-point energy at the top of the diffusion
barrier is greater than that of the ground-state vibrational
potential, then the barrier, thus the activation energy, is
higher for D than for H. Since H in Pd has a very low vi-
brational frequency or Einstein temperature (®y=2800
K) relative to most metals, '* it is not surprising that the
saddle point over which the jump occurs may have an
Einstein temperature larger than that of the ground state.
The inversion, the crossing of the curves for H and D, is
imposed by the convergence to classical behavior at very
high temperatures. Transition-state theory developed by
Vineyard?! and applied to hydrogen isotope effects by
Katz et al.?> and Ebasuzaki et al.?® describe the
diffusion coefficient as

O*Y1—c ~®*/T)—2e —20* 2T
v

D= e /T (15)

®3(1_e—®/T)—3e—3®/2T

where v is proportional to the frequency of the saddle-
point crossing, ® and ®@* are the Einstein temperatures
of the ground state and the transition state normal to the
jump  direction, respectively (®p =@H/\/2 and
Or=0y/V'3, vp=vy/V'2 and vi=vy/V'3), and ¢ is the
energy gap between the ground-state vibrational potential
minimum and the transition-state vibrational potential
minimum. The denominator in Eq. (15) is the vibrational
partition function for the ground state of hydrogen in Pd.
The results of this treatment applied to the present data
are given in Fig. 7. The values ®*=1840 K,
v=1.165X10"% cm?s™!, and €=2200 K were selected
to effect the crossing at the appropriate diffusion-
coefficient-reciprocal-temperature coordinates. The iso-
tope effect is described very well, but the negative curva-
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ture and poor extrapolation to lower temperature result
from the assumption of a single value for v, which implies
that transitions from all vibrational energy states are
equally probable. This assumption is an obvious
oversimplification, but nevertheless, the positive curva-
ture in the Arrhenius plot is inherent in any process
whereby the high-energy vibrational states are involved
in the diffusion process. Changing the partition function
to the more accurate description by Lisser and Powell'*
only exaggerates the positive curvature. The rigorous fit
of the data to a constant value of the activation energy
strongly argues against a role for the thermal distribution
of vibrational energy states in the diffusion process. In
order to predict values for tritium, the simple assump-
tions that the intercept values are proportional to the
classical relationship and that the slope, i.e., the activa-
tion energy, also scales inversely as the square roots of
the relative isotopic masses, as a sole result of zero-
point-energy effects, yielded the upper dotted curves in
Figs. 6 and 7, having an intersection point with the H
data, in common with that for D. Assuming that some
phenomena such as the thermal distribution of excited
states in transition-state theory compensates for half of
this slope effect yields the lower dotted curves in Figs. 6
and 7. These curves are given by

D;=2.002X 10" 7e ~(2303+15 K)/T 2 o= 1 (16)

The two dotted curves for T generally represent curves
that differ from D by slightly more than twice the experi-
mental error of the D data and embrace the range of pre-
dicted intersection angles and coordinates from the mod-
els given above. These curves are also consistent with the
observations of Sicking et al.®7 obtained using electro-
chemical methods.

-14.9 7 1 I 1 | |

—15%
—15.1%
-15.2—:

-15.3

In [D (m*/8)] rotated by 2600/T

-15.5 T ™ L T T
0.5 1 1.5 25 3 35

FIG. 7. A comparison of the present results for the diffusion
coefficients for hydrogen (squares), deuterium (circles), and triti-
um (dotted lines) with transition-state-theory predictions
(dashed lines). The data have been rotated by (2600 K)/T to
make the relative comparison more apparent.
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VII. CONCLUSIONS

The uptake of H and D by reaction of pure H, and D,
with the surface of a sound Pd sphere ‘“cleaned” by
thermal cycling in the reacting gas is very precisely de-
scribed by the surface conductance model for diffusion.
The surface “film” is consistent with the monolayer trap-
like potential at the Pd surface that is a factor of 2 deeper
than that of the normal hydrogen site in bulk Pd. Escap-
ing this trap into the bulk of the Pd by diffusion appears
to be much less probable than escaping the normal bulk
hydrogen site by diffusion. The resulting surface conduc-

G. L. POWELL AND J. R. KIRKPATRICK 43

tance affects the diffusion process even at elevated tem-
peratures. Equations describing the diffusion of H, D,
and T in Pd are in general agreement with diffusion
coefficients determined by mechanical, electrochemical,
and permeation measurements. There appears to be a
small concentration dependence on the diffusion
coefficient for H in Pd at 298 K.
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