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H-induced phase separation in Pd–Pt alloys as studied by high resolution
electron microscopy
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Abstract

Pd Pt and Pd Pt alloys were exposed at 673 K to a hydrogen pressure of 100 MPa for 4 h, which is called hydrogen heat80 20 85 15

treatment (HHT). After HHT the pressure composition isotherms at 273 K change remarkably and H-diffusion is enhanced. The change
can be interpreted by a decomposition into a continuous Pd-rich and an embedded Pt-rich alloy. Direct evidence for this hypothesis is
provided for the first time from high resolution electron microscopy. It will be shown that coherent platelets are formed after HHT which
are two atomic layers thick and have an average diameter of |10 nm. Simulating the contrast observed in the electron microscope shows
that the plates are Pt-rich.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction 3 h); if not stated otherwise, most of the results are similar
for the Pd Pt alloy which was also investigated. In the85 15

From interpreting pressure composition isotherms it has first case the plateau pressure after HHT corresponded to a
been concluded by Flanagan et al. [1,2] that Pd–Pt alloys composition of Pd Pt , i.e. in the framework of the93 07

decompose into Pd-rich and Pt-rich phases after hydrogen interpretation provided in Ref. [2], this corresponds to the
heat treatment (HHT), i.e. exposure of the alloy to high composition of the Pd-rich phase. From the length of the
temperatures and high hydrogen pressures. Some addition- plateau a volume fraction of 0.6 was evaluated and,
al evidence was provided [2] by transmission electron therefore, the Pt-rich phase should be present with a
microscopy (TEM) and small angle neutron scattering volume fraction of 0.4 and a composition of Pd Pt . The60 40

(SANS). Direct imaging of the morphology of the de- decomposition after HHT is accompanied by the formation
composed alloy has not been achieved so far and it is the of dislocations and additional strain, probably stemming
subject of the present paper. from the misfit of coherent precipitates. High resolution

The detailed analysis in Ref. [2] demonstrates that Pd– TEM (HREM) and analytical TEM also revealed consider-
Pt alloys with Pt-contents between 0 and 30 at.% de- able strain and Pt-rich regions, however, no direct images
compose at 673 K into two phases if hydrogen is added as of the two phases were obtained. By using SANS a
a third component. Besides its role as a third component particle /particle correlation peak was measured for a
providing the driving force for the decomposition, hydro- Pd Pt alloy after HHT yielding an average distance of75 25

gen also enhances the lattice mobility of the substitutional the particles of 3.7 nm.
components Pd and Pt and, therefore, the kinetics of the In this work we used HREM to analyze the morphology
decomposition become fast enough to take place at the of the phases formed in Pd Pt and Pd Pt as prepared80 20 85 15

rather low reduced temperatures of T /T ¯0.35 (where T and after HHT. In addition H-diffusion coefficients werem m

is the melting temperature of the metal). measured in these samples by the electrochemical tech-
In the present study we will mainly discuss the alloy nique previously employed by Kirchheim [3].

Pd Pt as prepared and after HHT (at 673 K, 1000 MPa,80 20

2. Experimental procedure and results*Corresponding author. Tel.: 149-551-395-001; fax: 149-551-395-
012.

E-mail address: rkirch@umpa03.gwdg.de (R. Kirchheim). Samples were prepared as thin foils of 60–100-mm
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thickness as described in Ref. [2]. Discs with a diameter of
3 mm were punched out of these foils and thinned by ion
milling. The ions had an energy of 6 kV with an angle of
incidence of 208 to the sample surface. After electron
transparency had been reached the parameters were
changed to 3.5 kV and 158. In order to remove near surface
regions damaged by the high energy ions, the samples
were electropolished in perchloric and acetic acid (1:3) for
4 min at 275 K. HREM was performed with a CEM 200
FEG Philips electron microscope (point resolution: 0.18
nm) in a symmetric five beam configuration using the four
(200) diffracted beams.

In Fig. 1 the microstructures of the as received and the
HHT sample of Pd Pt are shown at a relatively low80 20

magnification. Whereas the untreated sample contained a
few dislocations only, the HHT sample had a large number

11 12 22corresponding to a density of 10 to 10 cm . At higher
magnification (Fig. 2) the untreated sample shows the
contrast of atomic columns corresponding to an f.c.c.-
lattice for both beam directions along [001] and [011].

Fig. 2. HREM image of an untreated Pd Pt sample. (a) Parallel to the80 20

[001] zone axis; (b) parallel to the [011] zone axis.

After HHT and projection along a [011] zone axis (Fig. 3),
elongated plates can be observed with an angle of 1098 in
the plane perpendicular to the [011] zone axis. The plates
have a diameter of |8 nm and a thickness of about two
(111) lattice planes, i.e. 0.45 nm. Estimating the density of
plates leads to a volume fraction of 0.2(60.05). These
observations are consistent with coherent precipitates
formed as plates with their large interface parallel to h111j
lattice planes. Two of these planes are parallel to the zone
axis and intersect the (011) plane yielding the observed
angle of 1098. The remaining two h111j planes are inclined
so much with respect to the beam that they do not give
enough contrast to be visible.

In Fig. 4 the same sample is examined in the close
neighborhood of the [001] zone axis. Again elongatedFig. 1. TEM micrograph of an untreated (a) and a HHT (b) Pd Pt80 20

sample revealing the increase in dislocation density. plates are detected with an angle of 908 in the plane
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Fig. 3. HREM image for the HHT Pd Pt sample with an illumination80 20

parallel to the [011] zone axis and for two different magnifications. Plate
like features form an angle of 1098.

perpendicular to the [001] zone axis. The contrast is
especially pronounced for dark field imaging using one of
the (200) diffracted beams. The diffraction pattern reveals
streaks inclined 458 to one of the k002l directions in
reciprocal space corresponding to a reduced thickness
along a k111l direction in real space. The plates are shown
in Fig. 5 at a higher magnification. Again these observa-
tions are in agreement with thin plates lying parallel to the
h111j planes of the matrix. For the [001] zone axis all four
h111j planes intersect the (001) plane with the same angle
(cf. Fig. 6) and, therefore, can be observed. All lines of
intersection form an angle of 908 in agreement with
experiment. Because the plates are not parallel to the
electron beam (along [001], cf. Fig. 6) their projection
increases in thickness by a factor of |2 under these
imaging conditions when compared with Fig. 3 for the
[011] zone axis.

About ten diffusion coefficients were measured for each
of the four samples at 298 K at different H-concentrations Fig. 4. Bright field (a) and dark field (c) image of a HHT Pd Pt sample80 2024 22ranging from 10 to 10 (H-atoms) /(Me-atoms), i.e. in a with an illumination parallel to the [001] zone axis. The corresponding
dilute region where the diffusion coefficients do not diffraction pattern is shown in (b) revealing streaks.
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|1535.5310 nm in size and contained |70,000 atoms. In
the middle of the cell the composition of two (111) planes
forming a disc with a diameter of 11 nm was changed from
Pd- to Pt-rich compared to the surrounding matrix. Thus
plate like precipitates are generated and relaxation was
allowed inside the supercell with free surfaces normal to
[011], whereas periodic boundary conditions were applied
in the remaining two directions. Image simulations with
102431024 plane electron waves are shown in Fig. 8,
which reveal that the dark appearance of the plates in Fig.
3 is obtained with Pt-rich precipitates. The concentrations
used for the two phases were chosen according to the
values estimated from the pc-isotherms (see below). Simu-
lations with 2.5 and three layers of the second phase
yielded dark regions which were thicker than the ex-
perimentally observed features. In addition the contrast of
dislocation loops of the same lateral extension as the
precipitates was simulated for the loops being either
formed by vacancy or self-interstitial condensation. In both
cases the contrast was totally different when compared
with the observations in the HHT samples. Details of the
whole procedure are described elsewhere [5].

The volume fraction of the precipitates of 0.260.05
obtained from TEM is smaller than the value of 0.4
estimated from the isotherm. However, one has to take into
account that the first one relates to substitutional sites and
the latter to interstitial sites. For a thickness of the
precipitates corresponding to two h111j-lattice planes of
the metal atoms, three h111j-lattice planes of the lattice of
octahedral sites (f.c.c. as well) will have a Pt-rich nearest
neighborhood being unfavorable for H-occupancy. Thus a
volume fraction 33(0.260.05) /2¯0.360.08 affects theFig. 5. HREM of an area shown in Fig. 4. The plate like features form an

angle of 908. isotherms as defined in Ref. [2].
For a random distribution of circular plates of a radius

depend on H-concentration. The average values of the of 4 nm, a thickness of 0.45 nm and a volume fraction of
diffusion coefficients are given in Table 1. 0.2, their centers have an average distance of 4.8 nm which

Inspection of Table 1 clearly shows that the diffusion is close to the value of 3.7 nm observed by SANS [2]. An
coefficients increase after HHT. In all cases the values are exact comparison of the two results is difficult because the
in-between those for pure Pd and pure Pt. SANS correlation peak stems mostly from neighboring

plates with a well defined orientation relationship.
Finally the same conclusion can be drawn as in Ref. [2]

that HHT leads to phase separation with Pt-rich regions
3. Discussion surrounded by a continuous Pd-rich matrix; however,

compared to the indirect reasoning in Ref. [2] it is proven
By assuming reasonable interaction potentials between directly in this study. The changes of the H-diffusion

the constituents, Pd and Pt, the contrast observed in Fig. 3 coefficients provide additional support for this morpholo-
was simulated. The supercell used and shown in Fig. 7 was gy. The increase of diffusion after HHT shows that it takes

Table 1
H-diffusion coefficients averaged over about ten different H-concentrations in Pd Pt and Pd Pt at 298 K before and after HHT85 15 80 20

Sample Pd Pt Pd Pt Pd Pt Pd Pt Pd Pt85 15 85 15 80 20 80 20

untreated HHT untreated HHT
27 2 21D (10 cm s ) 1.3460.04 2.0660.06 1.286016 1.5160.46 3.7 1.0

Values for pure Pd and Pt are shown [4] for comparison.
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Fig. 6. Visualization of the arrangement of h111j lattice planes for the two zone axes z5[001] and z5[011] and for top view (a and c) and side view (b and
d).

place in a Pd-rich phase which is continuous and where the
Pt-rich inclusions act as obstacles which have to be
circumvented. Although the latter effect counteracts the
faster diffusion in Pd-richer alloys, it is reasonable to
assume that it will not play a major role, because an
excluded volume does not affect diffusivity very much [6].
For Pd-rich inclusions in a Pt-matrix, the lower site
energies in the first phase would give rise to trapping and,
therefore, a decrease of H-diffusivity would be expected in
contradiction to the experimental findings.

Taking all experimental observations into consideration,
the microscopic scenario of HHT may be as follows. After
reaching a certain H-activity in Pd–Pt alloys, hydrides
form as nuclei and grow. As in pure metals [7] the
associated large volume increase leads to the formation of
interstitial type dislocation loops. In this way extra matter
is removed from the forming hydride to accommodate the
local volume misfit. If Pt- and Pd-atoms have a certain
mobility which may be enhanced in the presence of the
dislocations (defines the onset temperature of HHT), Pt-
atoms are preferentially expelled from the forming hydride
because Pd-rich hydrides have a lower free energy [8]. The
interstitial loop may be the precursor of the observedFig. 7. Supercell employed and the arrangement of the disc shaped
Pt-rich precipitates with the corresponding dislocationprecipitate.
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being annihilated during hydrogen desorption at room
temperature, where the mobility of Pd and Pt is too low to
annihilate the non-homogeneous metal atom distribution. It
may also be that the Pt-atoms expelled from the forming
hydrides arrange themselves in the form of discs to reduce
the overall strain energy.
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Fig. 8. Simulated contrast for a Pd-rich (a) and a Pt-rich (c) layer in
comparison with the experimentally observed contrast (b).


