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Narrowing of the palladium-hydrogen miscibility gap in nanocrystalline palladium
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In situ x-ray-diffraction studies of the hydriding behavior of coarse-grained and nanocrystalline palla-
dium samples at ambient temperature are descibed. A previously observed narrowing of the miscibility
gap in nanocrystalline palladium was reproduced. The present results, however, demonstrate that this
change in the palladium-hydrogen phase diagram for nanocrystalline material is not related to an inabili-
ty to form the hydride phase in highly disordered grain boundary regions as previously proposed. In-
stead, the entire volume of nanocrystalline samples was observed to transform to P-PdH upon exposure
to hydrogen. This behavior indicates that the entropy and/or enthalpy of mixing for the palladium-
hydrogen system differs in nanocrystalline and coarse-grained materials. Because of these changes in
thermodynamic quantities, the phase boundary of the palladium-hydrogen miscibility gap is predicted to
be shifted to lower temperatures for nanocrystalline samples.

I. INTRODUCTION

Nanocrystalline materials with typical grain sizes of
less than 20 nm possess many properties that differ from
those of conventional coarser-grained material (for recent
reviews, see Refs. l and 2). One example where the prop-
erties of a material have been reported to change
significantly with decreasing grain size is the hydriding
behavior of palladium. Property differences between
nanocrystalline and coarse-grained materials, including
differences in hydriding behavior, have generally been at-
tributed to the fact that a very large fraction of the atoms
in nanocrystalline materials are located quite close to
grain boundaries (approximately 50% of the atoms in 5-
nm-grained-sized material are within 0.5 nm of one or
more grain boundaries). Thus, to understand property
modifications in nanocrystalline materials, it is important
to characterize the structure of their grain boundaries.

Studies of grain-boundary structure in nanocrystalline
materials have been controversial. Early reports, based
on x-ray-diffraction investigations of nanocrystalline
iron and extended x-ray-absorption fine-structure
(EXAFS) investigations of copper and palladium, pro-
posed that interfaces in nanocrystalline materials are
highly disordered. In the case of nanocrystalline iron, it
was concluded that grain-boundary atoms are displaced
in random directions from normal lattice sites by up to
50% of a nearest-neighbor distance. More recent stud-
ies, using high-resolution microscopy and x-ray
diffraction, ' demonstrated that this structural model
does not hold for grain boundaries in nanocrystalline pal-
ladium. Instead, the evidence suggests that the atomic
displacements in nanocrystalline palladium grain-
boundary regions are extremely small in magnitude and
may be constrained by the close proximity of other boun-
danes.

The palladium-hydrogen phase diagram contains a
miscibility gap below 570 K. Recently, Mutschele and
Kirchheim reported that the width of this miscibility gap
at 333 K differs for nanocrystalline and coarse-grained
palladium samples. They observed that the dilute hy-

drogen concentration e-PdH phase has a maximum solu-
bility (a,„)that is increased by approximately a factor of
2 in 8-nm-grain-sized nanocrystalline palladium com-
pared to that in conventional coarse-grained palladium,
while the minimum hydrogen concentration of the P-PdH
phase (P;„)is reduced by approximately 25%%uo in nano-
crystalline palladium compared to coarse-grained materi-
al. The increase in a,

„

for nanocrystalline palladium
was explained in terms of an increase in hydrogen solubil-
ity at the grain boundaries, while the decrease in P;„
was proposed to be due to a highly disordered grain-
boundary structure previously suggested for nanocrystal-
line materials. ' lt was postulated that the grain-
boundary regions, which were estimated to occupy 27%
of the sample volume, could not be transformed to P-PdH
because of their disordered structure. If the grain interi-
ors had the same f3;„hydrogen concentration as coarse-
grained material but the grain boundaries were restricted
to have hydrogen concentrations equal to the grain
boundary a-phase solubility, this model would predict a
decrease in the average hydrogen content in a sample at
P;„with decreasing grain size or increasing total grain-
boundary volume, as observed. Support for this model
was provided by comparison with the observed resistance
to hydriding of amorphous metals. ' There was, howev-
er, no direct microstructural evidence that a portion of
the sample remained untransformed to the P phase.

The disordered grain-boundary structural model
offered by Miitschele and Kirchheim to explain their ob-
servations is inconsistent with recent studies in which it
has been demonstrated that nanocrystalline palladium
grain-boundary regions are not highly disordered.
Therefore it is important to determine whether an alter-
native explanation exists for the differences in the hydrid-
ing behavior of nanocrystalline and coarse-grained palla-
dium. Since x-ray diffraction gives structural informa-
tion, this technique can be used to monitor the sample
microstructure directly during the hydriding phase tran-
sition. The goals of the present work were to use in situ
x-ray-diffraction measurements to (1) verify the existence
of a change in the miscibility gap of the palladium-
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hydrogen system, (2) determine whether a significant
volume fraction of nanocrystalline palladium samples
resists transformation to the P-PdH phase upon exposure
to hydrogen, and (3) develop a self-consistent theory to
explain any observed changes in hydriding behavior for
nanocrystalline palladium. Preliminary results have been
described in a previous report. "

II. EXPERIMENTAL METALS

Three nanocrystalline samples (denoted Nl, N2, and
N3) and one coarse-grained reference sample (denoted
CCx) were examined in this study. The nanocrystalline
samples were produced by evaporating 99.997%-pure
palladium wire from a ceramic, resistance-heated eva-
poration source in an environment consisting of 500 Pa of
99.9999%-pure helium. This process results in the con-
densation of ultrafine particles' ' that are collected and
consolidated under vacuum conditions, as first suggested
by Gleiter. ' A consolidation pressure of 1.4 GPa was
applied at ambient temperature, resulting in typical sarn-
ple densities of 80—95% of the literature value for palla-
dium [12.02 g/cm (Ref. 16)]. The samples were disk
shaped with 9 mm diameters and typical thicknesses of
0. 1 —0.3 rnrn. The coarse-grained palladium reference
sample was cut from a 0.1-mm-thick 99.9957%%ug-pure foil
into a 9-mm-diameter disk. The coarse-grained sample
was annealed for 18 h at 580 K in fiowing oxygen to ac-
tivate its surfaces for dissociation of hydrogen mole-
cules. The nanocrystalline samples were used as pro-
duced, without any annealing treatment.

Ambient-temperature x-ray-diffraction measurements
of samples N1, N2, and CG were made using nickel-
filtered copper radiation (A, =0.1542 nm for copper ICa)
produced by a 2-kW tube source operated at 45 kV and
30 mA. A standard Rachinger correction' was applied
to the data to account for asymmetric intensity-peak
shapes due to the presence of strong Ka& and Ka2 com-
ponents of differing intensities. Scans (8-28) were collect-
ed in refiection mode with the scattering vector aligned
approximately perpendicular to the sample surface. A
scintillation detector was used, with typical counting
times of 40—200 s and step sizes of 0.08' (20). For sam-
ple N1, x-ray data were typically collected over the angu-
lar range 20=30'—100', such that the first five Bragg
peaks were sampled (111—222). A wider angular range
20=30' —130' was scanned for samples N2 and CG such
that the eight Bragg peaks up to and including (420) were
observed.

The samples were mounted inside a cryostat used in
this experiment as a room-temperature controlled-
environment chamber. Steps in the typical data-
collection procedures included (1) placing the sample into
the environmental chamber, (2) evacuating the sample
surroundings to a pressure of approximately 1.3X10
Pa, (3) collecting a scan from the sample prior to any hy-
drogen exposure, (4) backfilling the sample surroundings
with a desired pressure of hydrogen, and (5) collecting x-
ray scans during and following incorporation of hydrogen
into the sample. Steps (4) and (5) were repeated at several

hydrogen pressures for each sample.
The samples were exposed to hydrogen at pressures

less than or equal to 1 atm. Most scans were obtained at
pressures of 0—6 kPa. For samples N1, N2, and CG,
hydrogen-pressure-composition relationships were deter-
mined for pressures below the minimum required to in-
duce the transformation to the hydride phase. From
these data an estimate could be made of the Sievert's con-
stant k in the relationship H/Pd=kp', where H/Pd is
the hydrogen concentration in the sample and p is pres-
sure. The minimum hydrogen pressure required to in-
duce the a-to-P phase transition at room temperature was
also noted for these three samples. For sample N1 only,
the hydrogen was removed from the sample by evacuat-
ing the cryostat each time the hydrogen pressure was
changed. For samples N2 and CG, the hydrogen pres-
sure in the cryostat was increased or decreased stepwise
by simply increasing or decreasing the hydrogen pressure
in the sample chamber.

X-ray data from sample N3 were obtained at the Na-
tional Synchrotron Light Source (NSLS) using Beamline
X7A. In this case, x rays of wavelength X=0.07848 nm
were selected using a Ge(111) monochromator. This
sample was also mounted in a cryostat so that it could be
exposed to a controlled pressure of gaseous hydrogen.
Data were acquired using a straight-wire position-
sensitive detector (PSD). The PSD spanned approximate-
ly 6.5, but only the central 2.6 were used because of an
observed sensitivity variation along the wire. A linear
correction factor was applied to correct the intensities in
the retained portion of the spectra. The PSD was used to
obtain L9-2t9 scans with step sizes of 2.0' and counting
times at each position of 60 s. Data were collected over
an angular range of 20=28 —68, such that the eight
Bragg peaks from (220) to (511,333) were sampled.

Because of beam-time limitations, sample N3 was not
allowed to equilibrate at several hydrogen pressures
below and above the transition pressure, as was done for
the other samples in this study, but instead was exposed
only to a pressure significantly above that needed to in-
duce the a-to-P transformation. This sample was held at
300 K and a pressure of 10 kPa. Scans were acquired re-
peatedly as it transformed to P-PdH. This procedure al-
lowed a determination of the phase boundaries of the
miscibility gap at 300 K, as discussed below, but not a
determination of the minimum hydrogen pressure re-
quired to induce the a-P phase transition or a determina-
tion of the hydrogen-pressure —concentration dependence
for this sample. Sample N3 was also thoroughly charac-
terized prior to hydrogen exposure in two other x-ray-
diffraction studies. ' Following its complete transforma-
tion to the P-PdH phase, the sample was cooled rapidly
to 40 K and then scanned at several temperatures from
40 to 300 K to determine the thermal properties of nano-
crystalline P-PdH. The results of the temperature study
will be published separately. '

The x-ray data obtained in this study were analyzed us-
ing kinematical x-ray-diffraction theory, as described in
Ref. 8. In this analysis the locations of the intensity
peaks for each sample and hydrogen pressure were deter-
mined by y minimization techniques. ' From this infor-
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III. RESULTS

Plots of diffracted x-ray intensity versus scattering vec-
tor ~, where ~=4m. sinO/A, , are shown in Fig. 1 for the
four samples examined in this study. The solid curves in
each case represent the best fit to the data. In Fig. 1(a)
the ~ range containing the first three Bragg peaks is seen
for sample CG prior to any hydrogen exposure (top) and
following exposure to hydrogen for 10 days (bottom).
The hydrogen pressure during this time had been in-
creased in eight increments from 0 to 5 kPa. This expo-
sure resulted in a partial transformation of the coarse-
grained sample to the P-PdH phase, as evidenced by the
expected appearance of additional intensity peaks at
smaller ~ than that of the original palladium peaks. Al-
though the coarse-grained sample had been annealed in
oxygen to activate its surfaces for dissociation of hydro-
gen molecules, it was found to be impossible to convert
this sample completely to the hydride phase at room tem-
perature, even after exposure to 1 atm of hydrogen for 3
weeks. This is not surprising, since it is well known that
the hydrogen dissociation reaction can easily be poisoned
at room temperature by adsorption of surface contam-

inants. The transformation observed was sufficient,
however, for determining the change in the a-phase lat-
tice parameter with increasing hydrogen pressure, as well
as the lattice parameters of the a and P phases in the
mixed-phase regime (a,„and f3;„),which are the pa-
rameters that correspond to the phase boundaries of the
miscibility gap.

Diffraction scans from the three nanocrystalline sam-
ples N 1, N2, and N3 are shown in Figs. 1(b), 1(c), 1(d) re-
spectively. In each case the top scan was acquired from
the sample prior to any exposure to hydrogen, the rniddle
scan was obtained in the mixed-phase regime during
transformation from a-Pd to P-PdH, and the bottom scan
is from the same sample following complete conversion to
the P-PdH phase. For all three samples, it was observed
that the a-PdH intensity peaks were completely
transformed to P-PdH intensity peaks after exposure to
hydrogen at room temperature for times of less than 1

day at pressures above the minimum hydrogen pressure
required to induce the a-to-13 phase transition. This ap-
parent improved resistance to poisoning of the hydrogen
dissociation reaction for nanocrystalline palladium com-
pared to coarse-grained palladium is consistent with simi-
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FIG. 2. Apparent lattice parameter for each intensity peak vs the cos (8)/sin(H) extrapolation function prior to any hydrogen ex-
posure ( o ) and at o. ,„(). (a) Sample CG, (b) sample N 1, (c) sample X2, and (d) sample N3.
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TABLE I. Lattice-parameter data and corresponding hydrogen concentrations.

Sample Pd

0
Lattice parameter (A)

Pd-H (a,„) Pd-H (P;„) max min

Hydrogen concentration (H/Pd)

CG
%1
X2
X3

3.8972+0.0009
3.8952+0.0015
3.8943+0.0008
3.8917+0.0010

3.9006+0.0003
3.9079+0.0020
3.9014+0.0008
3.9018+0.0021

4.0387+0.0019
4.0167+0.0024
4.0220+0.0031
4.0208+0.0030

0.014+0.004
0.052+0.010
0.029+0.004
0.041+0.009

0.573+0.030
0.493+0.028
0.518+0.030
0.524+0.030

lar reported improvements for coarse-grained samples
coated with a thin layer of ultrafine palladium powder
(palladium black).

Lattice parameters were derived by measuring
intensity-peak positions and plotting the apparent lattice
parameters for each intensity peak versus cos O/sinL9.
This procedure is recommended for removing possible er-
ror due to specimen displacement from the axis of rota-
tion. The actual lattice parameter of a sample was ob-
tained by extrapolating a linear fit through the data
points to cos 8/sin8=0 (8=90 ). Lattice parameters pri-
or to hydrogen exposure and at a,„were derived from
Figs. 2(a), 2(b), 2(c), and 2(d) for samples CG, Xl, N2,
and X3, respectively. In Figs. 3(a)—3(d) the lattice pa-
rameters prior to hydrogen exposure and at P;„are

s own, againh again for samples CG, N1, X2, and X3. The lat-
le Itice parameters from Figs. 2 and 3 are given in Tab e

along with the hydrogen concentrations derived using

A comparison of the miscibility-gap phase boundaries
obtained from the present data with values from the
l rature3, 22, 25, 26 is seen in Fig. 4. The coarse-grained
data points from the present study show a slightly nar-
rower room-temperature miscibility gap than the litera-
ture values. The phase-boundary compositions for the
nanocrystalline samples indicate a significant narrowing
f th iscibility gap compared to both the literature

values and the present coarse-grained data. n t e
present case, the a „concentrations for the nanocrystal-
line samples increased by 200—370%, while the P~;„con-
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centrations decreased by 9—14%%uo compared to the
coarse-grained sample. This is in qualitative agreement
with the observations of Miitschele and Kirchheim.

The hydrogen-pressure —concentration dependences in
the a phase were determined for samples N1, N2 and CG
and are plotted in Fig. 5. Literature values for coarse-
grained palladium at 303 and 363 K are also plotted for
comparison. Sievert's constant is obtained from the slope
of a linear fit to the data in this figure. The values of
Sievert's constant derived for samples CG, N1, and N2
are given in Table II along with the literature values for
coarse-grained samples at three temperatures. Sievert's
constant for the coarse-grained sample of the present
study at room temperature was found to be approximate-
ly 30%%uo smaller than the literature value for coarse-
grained palladium at 303 K. The two nanocrystalline
samples have Sievert's constants that are 2.2 (N2) and 3.7
(Xl ) times larger than that of the coarse-grained sample

5QQ
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450

400

350
CL
E

300—

250

200 I I I I I
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i
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TABLE II. Sievert's constant k=(H/Pd)/p', for samples
Nl, N2, and CG from the present study, compared with litera-
ture values (Ref. 27) for coarse-grained palladium at 273, 303,
and 363 K.

Sample

N1
N2
CG

273 K'
303 K'
363 K'

0.0223+0.0020
0.0127+0.0008
0.0059+0.0002

0.0123
0.0084
0.0044

'Reference 27.

at the same temperature.
The minimum hydrogen pressure required to induce

the a-to-f3 phase transition to occur at room temperature
was observed to be larger for nanocrystalline sample N1
than for either sample N2 or the coarse-grained sample
CG. Values of 2.9+0.3 kPa for sample CG, 4.7+0.4 kPa
for sample N1, and 3.3+0.4 kPa for sample N2 were ob-
tained. The literature value for coarse-grained palladium
at 303 K is 2.4 kPa.

Dark-field TEM images were used to construct grain-
size histograms of the nanocrystalline samples. Sample
N3 was observed to have a median grain size of 8.3 nm.
Because of extensive cracking of sample N1 as a result of
the hydriding experiment, TEM samples could not be
successfully prepared from this sample. However, an
analysis of the width of x-ray intensity peaks indicated
that samples N1 and N3 were very similar in terms of
both grain-size and strain distributions and thus sample
N1 is also believed to have had a mean grain size of ap-
proximately 8 nm. Sample N2 was found to contain a bi-
modal grain-size distribution. As seen in Fig. 6, this sam-
ple contained nanocrystalline regions also having a mean
grain size of approximately 8 nm, as well as other regions
that contained micrometer-sized grains. An analysis of
the x-ray intensity-peak breadths in Fig. 1(c) indicated
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3 r r r r
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r r r r
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FIG. 4. (a) Low- and (b) high-hydrogen-concentration por-
tions of the miscibility gap in the Pd-H phase diagram. The
phase-boundary positions derived in the present study for sam-
ples CCx (~ ), N1 ( 0 ), N2 (Cl), and N3 (0 ) are compared with
the results of Miitschele and Kirchheim (Ref. 3) for coarse-
grained (+) and nanocrystalline ( X ) Pd at 333 K and with
literature results for the phase boundaries in coarse-grained Pd
given by Kuji et al. (Ref. 25) (~ ), Wicke, Brodowsky, and
Ziichner (Ref. 22) ( A ), and Lasser (Ref. 26) (f).
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Composition (H/Pd)

FIG. 5. Square root of the hydrogen pressure vs composition
for samples N1 (0), N2 (U), and CG (4). Lines representing
fits to the data points for coarse-grained palladium at 303 K (~ )

and 363 K (~ ) are also shown for comparison.
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that the bimodal grain-size distribution was present in
sample N2 prior to any hydrogen exposure and thus was
not caused by the hydriding that preceded the TEM ob-
servations. This type of bimodal grain-size distribution
has been seen in other nanocrystalline palladium sam-
ples. Whether the large-grained regions in sample N2
were due to subtle differences in the sample production
process or were due to post-production room-
temperature grain growth in portions of the sample is not
known. The coarse-grained sample CG had a grain size
larger than the —50X50 pm electron transparent area
in this sample, indicating that the grain size of this sam-
ple was at least three to four orders of magnitude larger
than that of samples N1 and N3.

IV. DISCUSSION

~ .

F

FIG. 6. (a) Bright-field and (b) dark-field TEM micrographs
from sample X2 indicating the presence of a bimodal grain-size
distribution. Cxrains with an average size of approximately 8
nm are seen in the lower portion of the figures, while
micrometer-sized grains are seen in t..e upp ph er ortion of the
figures.

Mutschele and Kirchheim proposed that the decrease
in I3;„concentration in nanocrystalline palladium is due
to the presence of disordered grain-boundary regions that
cannot be transformed to the hydride phase. If grain
boundaries in nanocrystalline materials had highly disor-
dered structures as suggested, this would result in in-
creased diffuse background intensities in x-ray-diffraction
scans since the grain-boundary volume in these materials
is a signi6cant fraction of the total sample volume. How-
ever, recent quantitative comparisons of nanocrystalline
and coarse-grained palladium samples revealed no
significant grain-size-dependent differences in x-ray back-
ground intensities, indicating that the grain-boundary re-
gions in nanocrystalline Pd scatter into the intensity
peaks. ' The present observation that a-phase x-ray in-
tensity peaks from nanocrystalline samples are complete-
ly transformed to P-phase peaks after hydrogen exposure
demonstrates that the entire volume of nanocrystalline
palladium samples, including the grain-boundary regions,
transforms to the hydride phase. This again indicates
that there is no large disordered volume in nanocrystal-
line palladium samples, and therefore the explanation
offered by Mutschele and Kirchheim to explain their ob-
servations cannot be correct.

The fact that the narrowing of the miscibility gap can
be observed by measuring changes in the x-ray intensity-
peak position is further evidence that the microstructural
features responsible for the change in the palladium-
hydrogen phase diagram have structural order that pro-
duces x-ray intensity peaks at normal Bragg positions
rather than simply diffuse background intensity as would
be expected from a highly disordered structure.

An alternative explanation for this difference in
behavior of nanocrystalline and coarse-grained palladium
can be proposed by examining the thermodynamics of
systems containing a miscibility gap. The free energy of
mixing, AG, is given by AG =AH —TAS, where
hH is the enthalpy of mixing, T is the temperature, and
AS is the entropy of mixing. Since AS is always a pos-m

itive quantity, a miscibility gap occurs only when AH
is positive and sufficiently large. The free-energy of
mixing components for a system containing a miscibility
gap are shown qualitatively in Fig. 7(a), which for simp i-
city is drawn for the case of a regular solution. Curves in
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this figure designated 2 and B represent two possible en-
ergy states of the system at constant AH . The composi-
tions of the miscibility-gap phase boundaries are denoted
a and b for energy state 2, and c and d for energy state B.

One way of narrowing the miscibility gap shown in
Fig. 7(a) from the phase-boundary compositions corre-
sponding to state A to that of state B is to increase the
temperature while keeping AS and AH constant. This
is the normal temperature behavior of the Pd-H miscibili-
ty gap, which, for coarse-grained or single-crystal sam-
ples, narrows with increasing temperature until a critical
temperature of 570 K is reached.

In the present case the width of the Pd-H miscibility
gap differs for coarse-grained and nanocrystalline Pd at
constant temperature. This indicates that ES and/or
AH differ in nanocrystalline and coarse-grained sam-
ples. Qualitatively, from Fig. 7(a), it can be seen that a
larger AS at constant temperature and hH could yield

a c

-TAS (B)

Composition
d b

(b)

a c

Composition

FIG. 7. Qualitative form of an energy-composition diagram
for a system containing a miscibility gap. Curves designated A
and B represent two possible energy states of the system. Ener-
gy state B exhibits a narrower miscibility gap than that for A, as
a result in this illustration of either a higher temperature or
larger hS at constant AH . (b) A schematic description of the
predicted effect of reducing grain size on the palladium-
hydrogen miscibility gap. The dashed curve represents the
phase boundary for nanocrystalline palladium, while the solid
curve is the phase boundary for conventional coarse-grained
material.

the same narrowing of the miscibility gap that a tempera-
ture increase at constant AS and bH produces. The
present results indicate that the ratio AS:AH must be
larger for a nanocrystalline sample than for a coarse-
grained one, but it is not possible to tell from these data
whether both or only one of these quantities change, or
even whether they increase or decrease in magnitude.
For example, both quantities could increase in magnitude
if AS increases more than AH . Likewise, both could
decrease in magnitude as long as AS decreases less than
AH

Nanocrystalline materials have been shown to possess
different thermodynamic properties compared to those in
coarse-grained or single-crystal materials. To date,
however, there have been no reported measurements or
calculations of enthalpies or entropies of mixing for nano-
crystalline solutions. Since atoms have different sur-
roundings in grain-boundary regions than in grain interi-
ors, it is conceivable that grain boundaries exhibit
different thermodynamic mixing quantities than perfect
crystal regions. These differences would not have a
detectable effect on the width of a miscibility gap in nor-
mal coarse-grained samples where the total grain-
boundary volume is insignificant, but could modify the
behavior of nanocrystalline materials where grain boun-
daries constitute a large volume fraction of the material.

The large strain distributions known to be present in
nanocrystalline materials ' could also lead to significant
changes in thermodynamic properties and thus be re-
sponsible for the observed changes in the Pd-H miscibili-
ty gap. Since these strains are observed in unconsolidat-
ed nanocrystalline powders prepared by the gas-
condensation techniques used in the present experiment,
as well as in compacted samples, the strains are not
necessarily associated with grain boundaries, but may in-
stead result from defects produced during the powder
production process. Strain in coarse-grained samples has
previously been associated with enhancements of
ambient-temperature a-phase hydrogen solubility,
but there have been no reports of reductions in the P;„
concentration in strained samples. It is not clear whether
this effect has been investigated, however.

A narrowing of the Pd-H miscibility gap in nanocrys-
talline samples due to an increase in the ratio AS:hH
would shift the phase boundary to lower temperatures at
constant composition and reduce the critical tempera-
ture, as shown qualitatively in Fig. 7(b). The present data
indicate that the palladium-hydrogen miscibility-gap
phase boundary for the three observed nanocrystalline
samples is lowered by AT=70' —100 compared to that
for coarse-grained palladium. Repeating the experiment
at several temperatures with different grain-sized samples
and different strain contents would be necessary to deter-
mine the detailed dependence of the miscibility gap on
these variables. Reports of reduced melting temperatures
for nanometer-grain-sized thin films of lead, tin, and
bismuth and small particles of gold are other exam-
ples of known reductions in phase-transformation tem-
peratures with increasing interfacial area.

While the present results indicate that both decreasing
grain size and increasing temperature affect the Pd-H
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phase diagram in the same way, these two variables have
opposite effects on the pressure-composition diagram
shown in Fig. 5. For fixed grain size, an increasing tem-
perature results in a diminished n-phase solubility at con-
stant pressure. In contrast, the present results indicate
that decreasing grain size at fixed temperature increases
solubility. This is consistent with grain boundaries hav-
ing a higher hydrogen solubility than the bulk.

terpretation is consistent with the present observations
that nano crystalline samples could be completely
transformed to the hydride phase, as well as with previ-
ous reports indicating that the grain-boundary regions in
nanocrystalline palladium are not highly disordered com-
pared with boundaries in normal coarse-grained palladi-
um.
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