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ABSTRACT

The initial development of hydrides on polycrystalline gadolinium (Gd), as on some other hydride forming
metals, is characterized by two sequential steps. The first step involves the rapid formation of a dense
pattern of small hydride spots (referred to as the “small family” of hydrides) below the native oxidation
layer. The second stage takes place when some of the “small family” nucleants (referred to as “growth
centers”, GCs) break the oxide layer, leading to their rapid growth and finally to the massive hydriding
of the sample.

In the present study, the texture of the two hydride families was studied, by combining X-ray diffraction
(XRD) analysis with a microscopic analysis of the hydride, using scanning electron microscopy (SEM) and
atomic force microscopy (AFM). It has been observed that for the “small family”, a preferred growth of
the (1 00), plane of the cubic GdH, takes place, whereas for the GCs, a change to the (11 1), plane of the
cubic hydride dominates. These preferred growth orientations were analyzed by their structure relation
with the (00.1), basal plane of the Gd metal.

It has been concluded that the above texture change is due to the surface normal compressive stress
component exerted by the oxidation overlayer on the developing hydride, preventing the (00.1),,,/|(11 1),
growth orientation. This stress is relieved upon the rupture of that overlayer and the development of the
GCs, leading to the energetically favorable mode of growth.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

When a hydride-forming metal is exposed to hydrogen under
proper pressure-temperature conditions, development of hydride
precipitates starts at the near-surface region. The incipient stages
of this process were defined in previous publications [1,2] and
include hydrogen chemisorption on the oxide surface, permeation
of the hydrogen atoms in the oxide and their diffusion towards the
oxide-metal interface and build-up of the hydrogen concentration
in the metal, nearby the interface. The formation of hydride nuclei
was often characterized by two sequential steps [1-4] especially
for binary M-H systems under “real life” conditions (i.e., polycrys-
talline metals coated by some thin oxidation overlayers).

During the first stage, a dense pattern of tiny (sub-micron)
hydride spots are formed beneath the oxidation overlayer that
coats the metallic surface [1-4]. The appearance of these spots
is very rapid, within a few seconds after the exposure to hydro-
gen. The spots grow with an exponentially decelerating rate, reach
their final size (in the range of about 0.5-1 wm), and practically
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cease a noticeable further development [4]. Following the above
stage, after a certain “induction time” (which depends on the
pressure-temperature conditions) certain hydride spots start fur-
ther development. Those spots, referred to as growth centers (GCs),
grow rapidly at a roughly constant rate, thus spreading over the
surface and finally leading to the massive hydriding of the sample.
The development of those GCs also depends on the experimental
pressure-temperature conditions and this dependence has been
accounted for by a proper kinetic model [2]. It has been proposed
[1-3] that the transition between the initial hydride spots and the
formation of GCs involves the rupture of the oxide layer, thus reliev-
ing the stress field exerted on the hydride spot and enabling its
further development [5].

The characteristics of the hydride nuclei (location, density and
growth kinetics) depend both on the microstructure of the metal
from which they develop and on the coating oxidation overlayer.
The former contribution has been evidenced by measurements per-
formed on the U-H system in which the uranium hydride nuclei
were found to form on grain boundaries or twin boundaries of
the metal [6,7] or at inclusion sites [8]. In addition, the contribu-
tion of the metal texture on hydride nucleation has been pointed
out regarding the different number densities of hydride nuclei
observed on different metal grains of the Gd [4]. The underlying
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metal microstructure therefore seems to have an influence on the
location of the initial hydride nucleation sites and on their densi-
ties. On the other hand, the surface oxidation overlayer may affect
the nucleation and growth characteristics of the hydride through
several factors:

(i) Chemisorption related effects: Some functional groups (such
as hydroxyls) present on the topmost surface layer of the oxide
may impede the dissociative chemisorption of the gaseous
H, molecules, thereby affecting the ingress flux of H atoms
[9,16,17].

(ii) Diffusion related effects: The thickness, composition, and
microstructure of the oxidation overlayer may affect the dif-
fusion rate of H atoms across that layer, thereby affecting the
build-up of dissolved H concentration at the oxide-metal inter-
face region, which leads to hydride nucleation (e.g. ref. [10]).

(iii) Mechanical related effects: The compression of an intact oxi-
dation overlayer on the expanding hydride nuclei (developing
beneath that layer), may affect the growth rates of these nuclei
[5] and their geometry [11].

Yet, another mechanical related effect, that so far has not been
pointed out, is the texture of the growing hydride nuclei. It is well
known that some growth planes of hydrides are preferred for cer-
tain habit planes of the parent metal (e.g. the (11 1) plane of the
8-ZrHy that precipitates on the (00.1) plane of the Zr [12-15]). Such
orientation relations which usually originate from minimization of
misfit strain energies at the interfaces between the original metal
and the formed hydride product may be altered by an additional
stress field parameter exerted by the oxidation overlayer. The tran-
sition between a mechanically stressed process that characterizes
the “small family” development, and a “stress-free” process that
controls the GCs development [5], may in turn not only affect the
growth rates of the two families [5] but may also be manifested in
some texture changes displayed by these families.

In the present study, X-ray diffraction (XRD) measurements
were performed on polycrystalline Gd surfaces, with different
quantities of the two precipitated hydride families. The amount of
the GCs relative to the small spots family was monitored through
the reaction temperature (in the range of 295-623K), keeping
the pressure-time conditions constant (6 mbar H,, 480s expo-
sure). Under these experimental conditions, appearance of the GCs
started at temperatures above ~473 K, concurrent with differences
in the texture patterns of the hydride. In the following discussion
these observations are interpreted in terms of preferred orienta-
tion relations between some planes of the formed hydride (cubic
cF12-CaF, type-GdH;) and the hexagonal basal plane of the parent
metal (hP2 Mg type-Gd) and by the stress related characteristics of
these growth orientations.

2. Experimental

Polycrystalline Gd samples, of grain size in the range of 50-100 pm, cut from an
as-casted rod were polished down to 1 wm roughness. Hydrogen exposure experi-
ments of the Gd samples were performed in a so-called hot stage microscope (HSM),
enabling in-situ monitoring of the reaction between the heated sample and hydro-
gen using a small magnification microscope. This system was used in previous
studies and described in detail in reference [4]. After introduced into the high-
vacuum chamber (base pressure of about 10-% mbar), the samples were activated
under vacuum for 1h at 473K [16,17] and finally cooled down or heated to the
pre-determined exposure temperature. The effect of the heat activation process on
the sample’s reactivity has been recently studied [17] and attributed to desorp-
tion of surface hydroxyl species present on top of the native oxidation layer. Auger
depth profiling performed on the samples before and after the pre-heating process
indicated that the thickness of the oxidation layer slightly increased (from 3-4 nm
to 8-10nm) following the heat pretreatment, due to oxidation by residual vapor
present in the reactor.

After the activation stage, ultra-pure hydrogen produced by heating a uranium
hydride bed was admitted to the chamber at the given reaction temperature and

evacuated after reaching a pre-determined exposure time. In the present study,
experiments were performed in the temperature range of 295-623 K. The hydrogen
pressure and exposure time were chosen so as to focus on the initial development of
the hydride. Therefore, alow hydrogen pressure of 6 mbar and rather short exposure
time of 8 min were applied.

The characteristics of the hydride nuclei thus formed on the sample surface were
analyzed using optical microscopy, scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The pictures obtained using the latter method were used to
determine the dimensions (width and height) of each of the hydride spots observed
and to evaluate the average area covered by the hydride phase. Histograms repre-
senting the distribution of the hydride nuclei height and diameter were thus built
from each of the experiment. In addition X-ray diffraction measurements were per-
formed on these samples after these exposures. The X-ray diffraction system was a
6-26 Philips PW3020 Bragg-Brentano powder diffractometer, powered by PW1730
generator. The diffraction data was collected by step scanning between 10° and 70°
260 with a step equal to 0.02° and a count time of 10 s/step. The experimental condi-
tions were: diffracted-beam graphite (00.2) monochromator, Cu Ko radiation, and
45KkV and 40 mA, divergence and anti-scattering slits 1°, receiving slit 0.2 mm. For
data processing, SRM 1976 (corundum) was used as line position standard. Rietveld’s
method [18-20] was applied for data processing using the public domain program
powder-cell [21]. Integrated intensities were retrieved from the diffractograms by
using line profile fitting (LPF) from PC-APD Philips software.

3. Results

3.1. Characteristics of the hydride nuclei as a function of
temperature

In the whole temperature range studied, sub-micron hydride
spots were observed on the sample surface. As reported previously
[4], the density of these spots varied for different grains. However,
the average surface coverages were quite reproducible, and ranged
between 5 and 8% for the whole temperature range. The dimensions
of the hydride spots (mean height and area) as well as their average
surface coverage as deduced from the AFM analysis are listed in
Table 1. In a previous work [4], these small hydride spots were
found to appear within a few seconds of exposure to hydrogen and
to rapidly reach their final size.

As can be seen from Table 1, the average lateral size of the spots
as well as the spread in their lateral size distribution increased
with increasing temperature. At temperatures above about 498 K,
hydride spots of rather high diameter (1 wm and more) could be
discerned. This can be seen in the histograms representing the
distribution of the hydride nuclei diameter at those temperatures
(Fig. 1) in which a “tail” extending to high diameter values appears.
This is also evident in the data listed in Table 1, displaying higher
values of the nuclei mean diameters and of the diameter’s stan-
dard deviations at temperatures higher than ~498 K. In addition,
in those conditions, hydride “GCs” of ~10 um diameter and more
were observed in optical and scanning electron microscopic pic-
tures, as shown in Fig. 2. The latter strongly differ from the hydrides
belonging to the “small family”: they appeared at very low densi-
ties and were not distributed uniformly on the surface. In addition,
they apparently caused breaking of the oxide layer whereas the
sub-micron hydride nuclei grew under the intact oxidation layer
coating the metal.

3.2. X-ray diffraction results

The diffractograms recorded form the polycrystalline Gd sam-
ples after exposure to hydrogen at several temperatures are
exhibited in Fig. 3. A (200) preferred orientation of the hydride
nuclei formed upon Gd can clearly be seen at the lower temper-
ature range. We attempted to perform a quantitative analysis of
the hydride orientations versus temperature. The Rietveld method
is a strong tool for quantitative and qualitative phase analysis of
crystalline powders. However, in the present system, the Gd sub-
strate is a bulk solid sample whereas the hydride and oxide are
thin transparent layers. Therefore, only the relative amounts of the
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Summary of the data concerning the “small family” hydrides deduced from analysis of the AFM pictures.

T [K] Average area covered Nuclei mean height (um) Standard deviation Nuclei mean diameter (jpum) Standard deviation
by hydride spots (% of
surface area)
297 7 0.08 0.04 0.5 0.2
323 7 0.10 0.07 0.6 03
338 8 0.09 0.05 0.8 04
373 8 0.10 0.07 0.7 03
383 8 0.10 0.05 0.7 0.4
413 7 0.08 0.06 0.7 0.5
473 6 0.10 0.05 0.7 0.3
498 8 0.10 0.05 13 0.7
523 7 0.10 0.04 13 1.1
0.35
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Fig. 1. Histograms representing the distribution of the hydride nuclei diameters obtained from the AFM measurements at different temperatures (298 K, 393 K and 523 K).

polycrystalline hydride and oxide phases could be evaluated. It was
found that for hydriding performed up to 473 K, no crystalline oxide
was observed and the hydride had a strong preferred orientation
in which only the 200 line appeared in the diffractogram (Fig. 3).
Above about 498 K, a randomly oriented crystalline oxide appeared
and the 11 1reflection of GAH, was detected. When the hydrogena-
tion was performed at higher temperatures, the dominant growth
direction of the hydride normal to the surface turned from (1 0 0) to

S0 um-
- Feg B

(111) (Fig. 3). The data deduced from the Rietveld and LPF analyses
is summarized in Table 2. As can be seen, the normalized relative
ratio of the 111/200 hydride intensities is negligible below 473 K
and starts to increase for temperatures above ~498 K.

The GCs coverage was estimated at the different temperatures
from the metallographic pictures. The estimated coverage thus
obtained also appears in Table 2. A good correlation was obtained
between the hydride orientation intensity ratio 111/2 00 deduced

Fig.2. Metallographic (left) and SEM (right) pictures showing the bigger hydride precipitates above which the oxide layer has been ruptured. These are the initial development
centers of the so-called “growth centers” (GCs). The main GCs on the metallographic picture are indicated by arrows.
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Intensities of selected reflections from GdH, and Gd,0s in the X-ray diffractograms at the different temperatures studied.

101

T [K] Intensities of Intensities of Ratio of intensities Estimated coverage of
all GdH, reflections mainGd, 03 reflections between111and 200 Growth Centers on
reflections for GdH, samples’ surfaces [%]
200 111 222 400
297 17 0 - 0 0
323 18 0 - 0 0
338 30 0 - 0 0
373 18 0 - 0 0
383 36 0 - 0 0
413 16 0 - 0 0
473 8 0 - 0 2
498 29 118 0 21 4 3.5
523 14 73 106 25 5 4
573 4 38 79 33 9.5 7
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Fig. 3. Rietveld diagrams of Gd samples after exposure to H, at 6 mbar for 8 min at the following temperatures: 373 K, 473K, 498 K, and 573 K (up to bottom). The reflection
intensity is given in arbitrary units versus 26.
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Fig. 3. Continued

from the Rietveld and LPF analyses and the GCs coverage estimated
from the metallographic pictures. This correlation may substanti-
ate the assignment of the (11 1), orientation to the formation of
the GCs.

4. Discussion

4.1. Orientation relations between the (001), and (11 1), planes
of the cubic hydride and the (00.1)n, plane of the hexagonal metal

X-ray powder diffraction is not a tool for determination of
orientation relations. However, it is reasonable to assume that the
observed preferred planes of the cubic hydride (i.e., the (001),
plane at the lower temperature regime and the (111), plane
at the higher temperature range) form preferentially upon the
hexagonal (00.1), habit plane of Gd (as in other hexagonal
close-packed-HCP-metals). A preferred growth of the (111)
plane of FCC hydrides on the similar structure of the metal atoms
- the hexagonal (00.1);, plane of parent HCP metals — have been
reported for similar metal-hydride systems (e.g. [5-8]). Hence,
the fact that GdH, grows with M-H orientation relationship
of (00.1)R]|(111), needs no further explanation. Nevertheless,
the appearance of a single (001), GdH, reflection in the low
temperature range calls for supplementary discussion.

Before proceeding further, it is worthwhile to refer to the term
“preferred orientation” in the context of polycrystalline systems.
This term means that for some parent grains, the growth of the
product nuclei takes place preferentially with a certain orientation

relation relative to the parent plane. For some given parent grains
having those preferred planes parallel to the surface, the XRD reflec-
tions related to the corresponding product orientation are prefer-
entially counted compared to the random product growth mode.

Any hydride nucleus, forming initially as a single crystal on the
parent metal grain, may grow to be polycrystalline due to the emer-
gence of new nucleation points in the metal or when transpassing
metal grain boundaries (especially for the larger GCs). The hydride
phases should therefore be regarded as textured polycrystalline
phases.

In the present case, the only hydride planes that were appar-
ent in the XRD, were the (00 1), at the lower temperature range,
and a mixture of (001), and the (111), at the higher temper-
ature range, indicating that other hydride growth modes had a
relatively small contribution (below the detection limit of the XRD
measurements). The (00 1), line, arising from the “small family”
hydride, results from the reflections of the whole population of
small hydride nuclei. The width of the diffraction lines indicates
that the upright size of the hydride is ~0.05-0.1 um (consistent
with the AFM result) while its width is 0.5-1 wm according to the
AFM results.

In order to depict the structural relation between the (001),
plane of the GdH, FCC unit cell and the (00.1);;, plane of Gd, let
us use an orthorhombic base central lattice as a presentation of
the Gd unit cell. For such orthorhombic presentation, the hexag-
onal (00.1)y, basal plane of the HCP presentation is also assigned
as the (00 1)y, plane of the orthorhombic cell, but with the rectan-
gular cell constants given by a=0.364nm, b=a,/3=0.629 nm and
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Fig. 4. Gd-HCP as orthorhombic base centered unit cell. Full spheres are for z=0;
Other spheres are for z=1/2. Red and green spheres represent the position of Gd
atoms in Gd and GdH, respectively. (For interpretation of the references to colour
in Fig. 4 legend, the reader is referred to the web version of the article.)

c=0.5873 nm. Fig. 4 illustrates this structure, and its relation to the
(001)p, plane of the hydride.

On the (00 1)y, plane of the metal within this orthorhombic pre-
sentation (which actually corresponds to the (00.1),, basal plane
in the HCP presentation) the Gd atoms are stacked in two layers.
Let us place the first layer of Gd atoms in the lattice points (0,0, 0)
and (1/2,1/2,0) (full blue) and the second one (open red) in posi-
tions (0,1/3,1/2) and (1/2,5/6,1/2), 0.2937 nm above the centroids
of equilateral triangles of Gd atoms in the first layer. The average
Gd-Gd interatomic distance in the Gd structure is Ry = 0.36 nm. For
the GdH; on the (00 1), plane the Gd atoms are also stacked in two
layers. The first layer of Gd in GdH, is similar to that in Gd (0, 0, 0)
and (1/2,1/2,0) positions (full blue). However, the second layer is
in (0,1/2,1/2) and (1/2,0,1/2) 0.29 nm above the first one (open
green). The Gd-Gd inter atomic distance in the GdH, structure is
Rc =0.375 nm. The shift in the atomic position between the Gd and
the GdH, structures is only Ry/(2./3) in the Gd lattice. In order to
complete the Gd to GdH, transition, where (00 1),; Gd parallel to
(001), GdHa, all three cell parameters should become equal in Gd
to those of GdH; (0.53 nm) by expansion along [1 0 0] direction and
contraction along [010] and [001] directions in the orthorhom-
bic Gd unit cell. Hence, a small shift of Gd atoms is required for
the transformation to the hydride, with the orientation relations
of (00.1)]/(001), namely, (001), hydride plane parallel to the
basal plane of the hexagonal metal. This transformation involves
anisotropic distortion of the corresponding metal lattice param-
eters, with a contraction in the [010], [001] direction, and an
expansion in the [100] direction. In this case the ratio between the
hydride and metal inteplanar distance normal to the surface is 0.92.
Consequently, the growth of hydride along [0 0 1] direction normal
to the surface does not apply a pressure on the oxide overlayer.

On the other hand, the growth of the (11 1), hydride plane par-
allel to the hexagonal (00.1),; metal plane, as depicted in Fig. 5,
requires a larger shift of Gd atoms, and results in an almost isotropic
expansion of the metallic unit cell, by about 5.2%. In this case the
ratio between the hydride and metal inteplanar distance normal
to the surface is 1.06. Consequently, the growth of hydride along
[111] direction normal to the surface applies a pressure on the
oxide overlayer.

4.2. Possible explanation of the texture change observed with
increasing temperature

It has been observed that under some given hydriding condi-
tions (hydrogen pressure of 6 mbar and exposure time of 4805s),
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Fig. 5. Gd-HCP as hexagonal unit cell. Full spheres are Gd atoms for z=0; Red
spheres are position of Gd atoms in Gd for z=1/2. Green spheres are position of
Gd atoms in GdH; at z=1. (In Gd at z=1, the atoms are at the same positions as in
z=0). (For interpretation of the references to colour in Fig. 5 legend, the reader is
referred to the web version of the article.)

increasing the reaction temperature above a certain value (473 K)
causes a change in the texture characteristics of the precipitated
hydrides (from a preferred (001), orientation into a mixture of
(001), and (11 1), with the latter orientation prevailing). Concur-
rent with this texture change, hydrides of the GCs “family” start to
appear.

From other publications on similar structure M-H systems (an
hexagonal parent metal converting into a cubic FCC hydride), it
seems that the thermodynamic preference of precipitated hydride
is to grow with its (111), plane parallel to the (00.1),; basal
metal plane [5-8]. The question which may be addressed is: why
at the lower temperature regime (below about 470K), the pre-
ferred observed hydride growth plane is the (001), and not the
anticipated (111), one?

There are two possible alternative explanations for the above
observations. One explanation relates to the kinetic versus ther-
modynamic parameters that control the hydride precipitation. As
discussed in Section 4.1, the growth of the (100), parallel to
the (00.1)y, requires a smaller displacement of Gd atoms than
the corresponding growth of the (11 1), plane (compare Fig. 4 to
Fig. 5). Hence, even though the total misfit strain energy may be
lower for the (00.1)m,(|(111), growth, the activation energy for
the (00.1),]/(100), process may be lower. Consequently, at the
lower temperature range, the kinetic parameters dominate over
the thermodynamic ones, leading to the growth of the energetically
less favorable, but the kinetically more favorable route. According
to this view, the increase of temperature induces the change of
hydride growth texture (by overcoming the kinetic barrier) which
in turn causes the rupture of the oxidation overlayer and GCs for-
mation.

Yet, if this was the case, we could anticipate that at tempera-
tures above the initial temperature of the texture change (i.e., 470 K
in our case), the preferred reflection from the GdH, (100); plane
would decrease with increasing temperature decaying totally well
above the transition temperature. In that temperature range, the
(111)p, reflections would prevail the XRD patterns (since accord-
ing to this view, also the small family spots should grow at that
preferred orientation). This, however, is not obtained experimen-
tally (as described in Section 3) and noticeable reflections of the
(100), planes still appear at the high temperature range, above
the temperature of the texture change.

It is thus more likely that the different modes of preferred
hydride growth are related to the different “families” of hydrides.
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At the lower temperature range where only the small spots fam-
ily forms, the compression of the overcoating oxidation layer
prevents the development of the (00.1),]|(111), mode, due to
the surface normal stress component that is associated with the
isotropic expansion of this growth mode. In this regime, only the
(00.1)m]1(1 00), growth takes place, and is typical to the small spot
family that develops under an intact oxidation overlayer. Increas-
ing the temperature above a certain value enables the initiation of
rupture at specific locations in the oxidation layer, which allows the
development of the underlying hydride GCs, with the common pre-
ferred orientation. It is not clear why increasing the temperature
induces cracking of the oxidation layer. This may be due to some
mechanical changes induced in that layer (e.g. different thermal
expansion coefficients of the oxide and the metal). An additional
explanation, supported by the XRD results shown in Table 2, is
that oxide crystallization occurs at the higher temperatures. This
change in oxide structure leads to a less tough oxide layer, which
breaks more easily than the thin, and probably amorphous, oxide
layer that coats the metal before exposure (see Experimental sec-
tion). In addition, oxide crystallization may induce oxide cracking
at particular locations. In any case, the appearance of the preferred
(00.1),]1(11 1), growth relation is apparently caused by the for-
mation of the GCs (and not inversely like in the first view). And as
long as the surface is composed of the two families, both texture
patterns (i.e., the (001), and the (111),) should be observed, as
indeed obtained experimentally.

5. Conclusions

1. As reported in previous publications [1-4], exposing polycrys-
talline Gd samples to hydrogen, initiates hydride formation at
the surface region by two sequential steps: (i) Rapid forma-
tion of small (sub-micrometric) hydride spots, which are formed
beneath the thin oxidation overlayer that coats the surface. This
“family” attains an almost constant size in the range of 0.5-1 pm,
and practically ceases to grow. (ii) After a certain “induction
time”, some of the formed hydride spots (GCs) break the oxida-
tion layer and start to grow at constant velocity. The induction
time for the initiation of stage is dependent on the specific
hydriding conditions, decreasing with the increase of both pres-
sure and temperature.

2. A preferred orientation of the hydride (001), plane develops
for the “small family” precipitation and converts to a preferred
(111), plane for the GCs development.

3. Assuming both hydride planes grow parallel to the (00.1)y
metal hexagonal basal plane, a different expansion isotropy
characterizes the two above texture modes. For the

(00.1),]I(100)y, a contraction occurs along the surface normal
direction (and expansion in one of the surface parallel direc-
tions), whereas for the (00.1),|/(111),, an almost isotropic
expansion occurs for all directions.

4, The stress component that is exerted by the oxidation over-
layer on the developing hydride (normal to the surface) thus
seems to prevent the (00.1),,(/(11 1), growth mode, leading to
the (00.1),]/(100), preferred orientation. This stress compo-
nent vanishes as the oxidation layer is ruptured, leading to the
energetically favored growth of the (00.1);,(| (11 1), for the GCs.
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