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Abstract

Thermodynamic properties of hydrogen in nanocrystalline Pd (Pd-n) were determined by pressure–composition (P–C) isotherms. Pd-n
was prepared by repeated compression–extrusion cycles in the die cavity of a high speed forging apparatus. It was found that Pd obtained
was composed of nano-sized Pd grains, i.e. |10 nm, which were strained in k111l and k100l by 1.3 and 2.4%, respectively. From P–C
isotherm measurements over the temperatures from 298 to 373 K, it was found that the hydrogen solubility in the a phase region for Pd-n
was significantly larger than that for coarser grained Pd. On the other hand, Pd-n showed lower plateau pressures than coarser grained Pd.
In addition to the above, the maximum hydrogen solubility of Pd-n was almost 50% lower than that for coarser grained Pd. The
differences in the hydrogen solubility and plateau pressure between Pd-n and coarser grained Pd will be discussed under the consideration
of the structure of nano-sized Pd grains. The drastic reduction in the maximum hydrogen solubility for Pd-n could be related to the
viewpoint of strain of the octahedron in f.c.c. Pd.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Pd is a typical f.c.c. metal which can absorb a large
amount of hydrogen. For this system, thermodynamic

Recently, great interest has focused on nanophase properties, i.e. plateau pressures and phase boundary
materials with ultrafine microstructures resulting in sig- envelopes, are substantially affected by the reduction in
nificantly different properties compared to conventional grain size. Even micro-scaled grains show quite different
materials with coarser grains, implying the importance of thermodynamic behavior compared to coarser grained Pd
not only the intrinsic properties but also of the extrinsic [14]. In the nano-scaled region, Mutschele and Kirchheim
properties of materials. In this research field, a large [9,10] have suggested that the hydrogen absorption and
number of studies concerned with the mechanical and diffusion behavior in Pd-n can be understood by the
magnetic properties of nanophase metals has been re- existence of highly disordered grain boundary with large
ported, demonstrating a remarkable improvement due to volume fraction in Pd-n. According to their model, a
both grain-size and grain-boundary effects [1–4]. significant amount of hydrogen segregates in the grain

For hydrogen–metal systems, the effect of nano-scaled boundaries and the segregated hydrogen could not be
grains on the hydrogen absorbing behavior is also a very transformed into the b phase. However, recent inves-
interesting research topic from both industrial and fun- tigations on Pd-n by Thomas et al. [15,16] using high-
damental points of view. Nanostructural control could lead resolution electron microscopy concluded that the Pd-n
to a drastic improvement of the hydrogen absorption grain boundary is not highly disordered, contrary to the
properties. For example, many previous works on results of earlier X-ray studies [17].
Mg Ni (x5021)–H systems have pointed out the More recently Eastman and co-workers have reported22x x

importance of nano-sized structure control to improve the narrowing of the Pd–H phase envelope in Pd-n and
hydriding and dehydriding properties [5–8]. From the anticipated that strain in ultrafine grains could be respon-
academic point of view, most research has focused interest sible for the change in the thermodynamic quantities [13].
on Pd–H system in ultrafine structured Pd [9–13] because However, clear interpretation of the thermodynamic prop-

erties of hydrogen in Pd-n has not been available yet. In
this study, the thermodynamic properties obtained from*Corresponding author.
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]

0925-8388/02/$ – see front matter  2002 Elsevier Science B.V. All rights reserved.
PI I : S0925-8388( 01 )01597-3



T. Kuji et al. / Journal of Alloys and Compounds 330 –332 (2002) 718 –722 719

viewpoint of strain of the interstitial octahedron in f.c.c. Pd with ultrafine grains was located at slightly lower
Pd. diffraction angles than that for Pd with coarser grains. In

fact, calculated lattice parameter of nano-grained Pd, a5
˚3.927 A is slightly larger than the value for coarser grained

˚2. Experimental Pd, a53.891 A. Fig. 2 shows the high-resolution transmis-
sion electron micrograph (TEM) of Pd with ultrafine

Nanocrystalline Pd (Pd-n) investigated in the present grains. From the lattice image it can be said that the highly
study was prepared by repeatedly extruding and compres- disordered grain boundary phase, as suggested by
sing Pd in a die cavity of high speed forging apparatus. Mutschele and Kirchheim [9,10], could not be observed in
This apparatus was originally designed for bulk mechani- TEM micrograph. It was difficult to confirm the existence
cal alloying (BMA) as a new conceptual mechanical of the highly disordered grain boundary phase but if the
alloying instead of the conventional MA based on ball fraction of highly disordered phase is significant in the
milling or attrition. Pd fragments by cutting Pd sheets with total volume of Pd-n, it could be said that the background
99.99% purity were poured into a die cavity of 25-mm intensity in X-ray diffraction should be more diffuse.
diameter. The amount of Pd to be processed was |25 g. In this study, the grain size for Pd with ultrafine grains
The Pd fragments were repeatedly extruded and com- was determined by X-ray diffraction analysis of line
pressed by maximum applied load of 500 kN in the die broadening. Calculated grain size was 8 nm, in good
cavity. One extrusion–compression cycle took |8 s. In this agreement with value from TEM observations, which was
study, the Pd fragments were processed for 1500 extru- estimated to be more or less 10 nm. The internal strain in
sion–compression cycles. The forging facilities and cyclic ultrafine grain was also calculated from the X-ray diffrac-
loading schedule have been described in detail elsewhere tion peak broadening. It was found that lattice strains in
[8,18]. From the above process, the Pd sample with k111l and k100l directions are 1.3 and 2.4%, respectively.
ultrafine Pd grains was prepared in bulk shape with |80% It is believed that these anisotropic strain values are not
of Pd ingot density. affected by the presence of the highly disordered grain

The compacted materials were characterized by X-ray boundary.
diffraction using Cu radiation at room temperature. The Fig. 3(a,b) shows P–C isotherms for Pd-n and conven-
microstructures were investigated using transmission elec- tional coarser grained Pd at 298–373 K. The phase
tron microscopy (TEM). The P–C isotherms were de- boundary of the Pd–H miscibility gap is significantly
termined using a Sievert’s apparatus at 298–373 K. narrower for Pd-n than for coarser grained Pd. The

hydrogen solubility at a /(a1b) phase boundary is sig-
nificantly increased and the hydrogen solubility at (a1b) /

3. Results and discussion b phase boundary is drastically reduced in Pd-n. Moreover,
the maximum hydrogen concentration in b phase for Pd-n

Fig. 1 shows X-ray diffraction patterns of ultrafine is reduced by almost 50%. This means that 50% of
grained Pd used in this study. Each diffraction peak from available interstitial sites disappeared in Pd-n or the

Fig. 2. High resolution transmission electron micrograph of nanocrystal-
Fig. 1. X-ray diffraction pattern for the nanocrystalline Pd. line Pd.
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Eqs. (1)–(3) varies continuously with temperature and/or
0 Ehydrogen concentration. The values of Dm and m can beH H

separately obtained by plotting the left hand side of Eq. (3)
against r [14,19]. In the present work, in order to simplify
the above thermodynamics without losing the generality,
the regular solution approximation was applied for the a

solid solution region so that Eq. (2) can be rewritten as

1 / 2 0RT lnhP ((b 2 r) /r)j 5 Dm 1 W r (4)H H HH2

where W is coefficient determined from the zerothHH

approximation of the excess chemical potential of hydro-
gen. The Curie temperature, Tc of miscibility gap can be

2 2obtained from the condition ≠mH/≠r50 and ≠ mH/≠r 5

0, as

T 5 2 bW /4R (5)c HH

where b is the maximum hydrogen solubility in Pd. In the
case of Pd–H system, hydrogen atoms occupy the octahed-
ral sites of f.c.c. Pd so that b 51.0. The ratio of T (nano) toc

T (coarse) can be written asc

T (nano) /T (coarse) 5 b W (nano) /b W (coarse) (6)c c n HH c HH

where b and b are values of b for Pd-n and coarsern c

grained Pd, respectively. T (coarse) is well known asc

T 5570 K [20–22]. At temperatures below T , the hyster-c c

esis appears in plateau region on isotherms because of the
existence of the difference phase boundary during the
hydride formation and decomposition processes, but it
should disappear at temperatures above T . In this study,c

T (nano) was, therefore, determined from the logarithmicc

plots of absorption and desorption plateaus against re-
ciprocal temperature. Two straight lines were obtained as

Fig. 3. Pressure–composition isotherms for coarser grained Pd (a) and shown in Fig. 4. The intersection of the two straight lines
nanocrystalline Pd (b). should correspond to T . In the present work, T (nano) wasc c

estimated to be |435 K, which is far below T (coarse), soc

that Eq. (6) can be rewritten asdistribution of interstitial site energy was broadened to
higher energy region. b W (nano) 5 0.76b W (coarse) (7)n HH c HHThe chemical potentials of hydrogen in gas and Pd, mH2

where 0.755T (nano) /T (coarse)5435 K/570 K. If Eq.and m , are given by c cH

(6) is valid with b ,1 for Pd-n, (12b ) interstitial sitesn n0 1 / 21 /2m 5 1/2m 1 RT ln P (1)H H H per Pd-n would be no longer available for hydrogen2 2 2

occupation in Pd-n. In the present work, when b .0.9 forn0 E
m 5 m 1 RT ln(r /(b 2 r)) 1 m (2)H H H Pd-n, both sides of Eq. (7) gave almost same value,

0 although accuracy of hydrogen solubility at low hydrogenwhere r5(mol H/mol Pd), m is the chemical potential ofH concentration region is relatively low. Fig. 5 shows thehydrogen in the hypothetical infinitely dilute solution and 1 / 2
E plot of xbRT lnhP ((b 2 1) /r)j against r at 373 K,H2m is the excess chemical potential of hydrogen. FromH where x 51.0, b 50.9 for Pd-n and x 50.76, b 51.0 forn cEqs. (1) and (2) at equilibrium between metal and

coarser grained Pd. The slope of each line corresponds tohydrogen gas, we obtain
the value of either left- or right-hand side of Eq. (7). It can

1 / 2 0 E be seen that slopes of both lines are almost identical,RT lnhP ((b 2 r) /r)j 5 Dm 1 m (3)H H H2
indicating 0.9W (nano)50.76W (coarse). This meansHH HH

0 0 0where Dm 5 m 1 1/2m , which is the chemical po- that T for the Pd-n is lower by 135 K than T for theH H H c c2

tential of hydrogen at r→0. The hydride formation for the coarser grained Pd and almost all interstitial sites in Pd-n
Pd–H system takes place in the miscibility gap type of are still available for hydrogen occupation because the
transformation so that each thermodynamic parameter in value of b for Pd-n is close to 1.0. This suggests thatn
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grained Pd as discussed above. Fig. 6 shows a schematic
illustration of the octahedron for hydrogen occupation in
f.c.c. Pd. As mentioned previously, Pd nanograins are
strained by 1.3 and 2.4% along k111l and k100l directions,
respectively. In the present study, the interstitial volume
was defined as the diameter of largest sphere inscribed in
the octahedron which is 0.828r where r is the atomicPd Pd

radius (CN12) of Pd. The value of 0.828r can bePd

calculated from the inter-atomic distance between Pd
atoms under the consideration of the Pd atomic radius. If
the octahedron is elongated along k100l direction, Pd
atoms on (0,0,2) plane, perpendicular to k100l direction,
move towards the center of the octahedron due to the
existence of Poisson’s ratio. Consequently, the b–d and
a–f distances become shorter, with the result that effective
volume of octahedron becomes smaller. Therefore, it can
be concluded that the k100l elongation yields reduction in
the effective octahedron volume, which means that the site
energy for hydrogen occupation is higher, so that hydrogen
occupation is expected to become more difficult. In the
case of shrinkage along k100l direction, the effective
volume again becomes smaller even though the b–d and
a–f distances are longer, which is the reverse of the case

Fig. 4. Van’t Hoff plot of absorption and desorption plateaus for for the k100l elongation, so that hydrogen occupation
nanocrystalline Pd.

becomes more difficult (higher site energy) after the
shrinkage. On the other hand, k111l elongation yields the

r51.0 of the maximum hydrogen solubility in Pd-n should increase in the distance between planes ‘cdf’ and ‘abe’,
be obtained at higher equilibrium hydrogen pressure. resulting in the increase in the b–d distance. Therefore, the

In this study, the strain of the octahedron in f.c.c. Pd octahedron volume increases so that the site energy
was considered to interpret the difference in the thermo-
dynamic properties between nanocrystalline and coarse

1 / 2Fig. 5. Plot of RT lnhP ((b 2 r) /r)j against r5H/Pd. Fig. 6. Schematic illustration of octahedron in f.c.c. Pd.H2
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