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a b s t r a c t

The formation of a metal hydride is associated with a large increase of volume relative to the parent
metal and therefore in large strain energies. Effects of elastic energy on the hydriding of metals are
revealed in the microstructural evolution and kinetics of hydride growth on free surfaces. In the present
work, we study in detail the elastic fields set up by a semi-spherical hydride particle growing at a free
surface of metal with cubic symmetry, with and without an oxide layer. These systems combine geometric
(structural) and material anisotropies.

Three stages along the microstructural evolution on the surface of some hydride forming metals
exposed to hydrogen at constant pressure were described experimentally. For these stages along hydride
growth, correlations with the elastic fields are suggested as follows. (a) A hydride particle at the free
surface generates regions of tensile and compressive hydrostatic stress in the surrounding matrix. This
iffusion
omputer simulations
hermodynamic modeling

may induce a preferred nucleation of new hydrides and formation of clusters of hydrides precipitates,
which is indeed observed experimentally. (b) Clustering, on the other hand, may contribute to the cease
of growth due to competition on hydrogen. In addition, as the particle grows, changes in the stress fields
may retard further diffusion from the surface and be another contribution to the cease of growth. (c) A
growing hydride increases the stress in the oxide layer and may finely break it. Then the elastic energy per

inim
t hyd
unit volume drops to its m
center” is favored for tha

. Introduction

The formation of a metal hydride is associated with a large
ncrease of volume relative to the parent metal. It is possible to mea-
ure this volume change from the difference between the lattice
arameters of the metal and the hydride. Recently the bending of
hin films of palladium was utilized to directly measure the internal
tresses due to this volume change [1]. The elastic energy accom-
anying the hydride particles growth on metal surfaces may be
f the same magnitude as that of the chemical driving force of
ydride formation and therefore it may have a significant effect
n the reaction characteristics. The influence of the strain energy
n hydriding of metals is manifested by several phenomena. The

wo most common effects are the pulverization of bulk metals
uring repeated hydriding/dehydriding cycles and hysteresis of
he pressure-composition absorption/desorption isotherms. Sur-
ace relief, buckling and cracking [2,3] that lead to the pulverization

∗ Corresponding author. Tel.: +972 8 6472493; fax: +972 8 6472946.
E-mail address: roni@bgu.ac.il (R.Z. Shneck).
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um value and the growth may accelerate. The formation of such “growth
ride precipitate that grow alone and not in a cluster.

© 2011 Elsevier B.V. All rights reserved.

[e.g. [4,5]] are means to relieve the elastic stresses that are set up by
the hydrides. The hysteresis is attributed to the suppression of the
absorption of hydrogen by the additional strain energy effect. There
is a long standing controversy whether it is the plastic energy [6–9]
or the elastic energy [2,10,11] that is responsible for the hystere-
sis and whether the measurements reflect a real thermodynamic
equilibrium or a kinetic effect [12,13]. Fundamental, yet less stud-
ied aspects of the influence of the strain energy are its effects on
the microstructure evolution and on the kinetics and dynamics of
the hydriding and dehydriding processes. Theoretically, the elas-
tic energy of a dilating second phase on a free surface is minimal
when the shape of the particle is semi-spherical [14]. This predic-
tion is apparently confirmed by experimental observation at the
early stages of hydriding [15]. In the case of ZrH1.5 definite orienta-
tion relations and texture of hydrides were observed that indicate
an effect of elastic stresses [16]. A much more complicated aspect is

the kinetics and dynamics of the hydriding and dehydriding. These
processes are associated with diffusion through three phases: sur-
face oxides, the reacting metal and the hydride, under the effects
of significant stress fields. Several kinetic models of the hydrid-
ing/dehydriding disregard these stress effects [17–19]. Recently

dx.doi.org/10.1016/j.jallcom.2011.01.010
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:roni@bgu.ac.il
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Fig. 1. Displacements of isotropic infinite and semi-infinite systems. Comparison of
the displacements due to the formation of a semispherical hydride particle: (a) in an
infinite matrix (left half), compared to the reference state before the reaction (right
half), (b) on a free surface (left half), compared to the reference state before the reac-

of PdH0.6 were used for the hydride. The constants of the oxide
layer were those measured for PdO. The linear misfit value was
calculated from the hydride and metal densities [27] and found to
be ε0

L = 0.034.

Table 1
The elastic constants of the materials used in the models, calculated from the cited
references.
026 Y. Greenbaum et al. / Journal of Alloy

phase-field model was developed to simulate the morphology
volution of hydride precipitation that considers the elastoplastic
ehavior of zirconium bulk matrix [20]. The kinetics of hydriding of
etal nanoparticles where the stresses are already small was ana-

yzed by Zhdanov [13]. In a recent study [21] a complete wave-like
ynamics of adsorbed hydrogen were attributed to stress related
henomena.

Several experimental observations [15,22,23] described the
icrostructural evolution and kinetics of hydrides growth on sur-

aces. Initially, many small sub-micron hydride precipitates are
ucleated and tend to cluster. These precipitates are formed rapidly
ut their growth rate strongly decelerates. Following this stage a
ew of these hydrides are observed to start growing very fast in an
rregular manner (referred to as “growth centers”) [23] until they
over the whole surface.

In the present work, we describe and analyze the elastic fields set
p by a semi-spherical hydride particle growing on a free surface of
metal with a cubic symmetry and try to interpret their influence
n the evolution of the microstructure and on some kinetic charac-
eristics of the growing hydride precipitates. The elastic anisotropy
urns to have an important effect on the elastic fields, and the cubic
ymmetry was chosen for its simplicity and abundance. This system
ombines geometric (a free surface) and material (cubic symmetry)
nisotropies; therefore, we develop our understanding gradually.
irst, a spherical particle growing in an infinite isotropic matrix is
escribed and compared to a semi-spherical particle on a free sur-
ace. Second, a spherical particle growing in an infinite matrix with
ubic symmetry is described and compared to a semi-spherical par-
icle growing on a free surface of the same cubic material. Third, the
ontribution of an oxide layer coating the surface on the stress fields
et up by the hydride that grows underneath is studied.

The interaction of the hydride with solute hydrogen atoms in
he metal matrix is proportional to the hydrostatic stress set by
he hydride on its surroundings [24]. This stress component will
ffect the supply of hydrogen by diffusion to the hydride and the
reference for nucleation of other hydride particles near the initial
recipitate [25]. Therefore, in the following analysis emphasis will
e given first to find and understand the variation of the hydrostatic
tress component around the hydride and second to determine the
ariation of the total elastic energy with varying of the size of the
ydride relative to the thickness of the covering oxide layer.

The outcome of the above analysis is the understanding of the
ontribution of the mechanical energy to the initial stages of devel-
pment of hydrides. This includes the very initial nucleation and
rowth processes where dense hydride “spots” are formed, with
ecaying growth rates, a clustering tendency [15] and the following
evelopment of fast growing hydride “patches” (“growth centers”)
hat finally coat the surface [23]. It is shown that these develop-

ent characteristics can be accounted for by the mechanical energy
ontributions.

. Method of calculation

The calculations were performed by the FEM applying the
SC.NASTRAN [26] code. A 180◦ spherical segment was modeled.
hydride is assumed to have a semi-spherical shape (see Fig. 1).

oth isotropic and cubic symmetries are considered. For anisotropic
ystems, the crystallographic axes of the matrix and precipitate are
ssumed parallel to each other. Pure dilatational (misfit) transfor-
ation strains are assumed (εT

ij
= ε0ıij) and represented as thermal
trains in the hydride.
The elastic constants selected for the specific model system of

d–H are listed in Table 1. For the isotropic cases, the properties
f polycrystalline palladium are used for both the metal and its
ydride. For the system with cubic symmetry, the elastic constants
tion and (c) displacement profiles uz along the z-axis for infinite and semi-infinite
systems, for isotropic and cubic materials. The negative displacement indicates dis-
placement out of the free surface, positive one creates compression relative to the
stress free state.

of single crystal palladium were chosen for the matrix and those
Material C11 (GPa) C12 (GPa) C44 (GPa) A

Pd single cryst. [27] 224 173 71.25 2.8129
PdH0.6 [27] 211 156 63.45 2.4720
PdO [28] 339.1 216.8 61.15 1
Pd polycrystal [29] 241.36 154.31 43.52 1
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ig. 2. Stress maps of the matrix affected from a spherical hydride particle embedded
tresses ��� = ��� (negative stress values indicate compression, positive ones indic
bove ±3.0 GPa, in order to keep uniform scale in all the stress figures in this work.

. Results

.1. Isotropic material

.1.1. Kinematics of a hydride
The formation of a hydride particle is associated with volumet-

ic dilation relative to the metal matrix. In the following discussion,
t is assumed that all the misfit strains induced by the hydride
evelopment are within the elastic regime and that a coherent

nterface is maintained between the hydride and the surrounding
etal matrix. Within these assumptions, if the hydride is formed in
spherical cavity in an infinite matrix – a state of pure hydrostatic

tresses prevails in the hydride [24]. In the following, we shall study
he kinematics of a hydride particle that grows in a semi-spherical
avity at a free surface (Fig. 1) and compare the displacement’s set
p in a hydride that grows on a free surface of a metal matrix to
hat in an infinite matrix. All the lattice lines in the hydride particles
longate during the dilations accompanying the hydrogenation of
he matrix. Fig. 1a shows that all the radial lines within a spher-
cal hydride embedded in infinite matrix are elongated radially
utwards. Fig. 1b shows that the elongation near a free surface is
chieved by bending of the lines toward the free surface. The bend-
ng out becomes possible by two complementary properties of a
alf space relative to an infinite matrix: the elimination of half of
he matrix removes constraints on displacements at the free sur-
ace, mainly normal to that surface and the tractions on the free
urface vanish due to the free boundary conditions.

Two competitive effects govern the kinematics of the matrix
oints below the hydride: (a) the dilatation of the new phase causes
ompression of the surrounding matrix and (b) the dilatation in the
ydride is obtained by bending of its lattice lines. Due to the second
ffect, the hydride pulls the surrounding matrix material outwards,
oward the free surface. Since the hydride near a free surface is rela-
ively relaxed, its compression is of a moderate magnitude and of a
horter range than the pulling effect. Fig. 1c describes the radial dis-
lacements along the axis normal to the surface z, in infinite and
emi-infinite systems. Line 1 shows the displacements in infinite
atrix. The displacements are always negative, meaning outwards

rom the center of the sphere toward the matrix. Line 2 shows
he displacements in semi-infinite matrix. They are always posi-

ive, meaning that all the hydride points along the z-axis below the
ree surface are displaced outwards, toward the free surface. At the
ydride–metal interface, the compression and the pulling effects
re found to nearly balance each other, so that the displacement of
he interface relative to its position before the phase transformation
nite matrix, assuming isotropic material behavior. (a) Radial stress �rr, (b) tangential
lation). The hydrostatic pressure is zero in the matrix. The stress map is truncated

is minimal. Further in the matrix, all the displacements are oriented
outwards, namely the matrix is pulled toward the free surface. The
displacements reach a maximum and then decrease, meaning that
in this region the matrix is elongated in the radial direction. This
situation is contrary to the intuitive view of a compressive radial
field set up by an embedded particle on the surrounding matrix.

3.1.2. Stresses
Figs. 2–4 compare the stresses set up by a hydride in an infinite

matrix (Fig. 2) to those at a free surface (Fig. 3). Fig. 3a shows that the
radial stress �rr is compressive in the hydride at a free surface and in
the adjacent matrix, but this component quickly decays and turns
into tensile stress further along the z axis, as expected from the
variation of the radial displacements. We interpret this as a result of
the steeper decay of the compressive effect relative to the bending
or pulling effect that becomes dominant. Parallel to the free surface,
the radial stresses within the hydride are greatly relaxed (Fig. 4a).
This is an indication that the hydride material has undergone large
elongation near the surface. This elongation of the hydride cause
large radial compression in the ring-shaped region of the matrix,
peripheral to the hydride (Fig. 3a). Due to the continuity of the
radial stress component through the hydride–matrix interface, the
radial stress along the free surface is gradually building up from
the hydride into the ring shaped region in the matrix, and it decays
away farther from the hydride (Fig. 4a).

In the interior of the matrix, the tangential stresses ��� and
��� are everywhere tensile and since the compressive term �rr

is small, the hydrostatic stress (which is the sum of these normal
stress components) is tensile (Figs. 3b–d and 4). On the free sur-
face, the tangential stress ��� appears similar to this component
in an infinite matrix (Figs. 2b and 3c), whereas ��� that is normal
to the free surface, decays to zero to conform to the boundary con-
ditions (Fig. 3d). The hydrostatic stress is compressive only near
the free surface, governed by the compressive radial stress in the
ring-shaped region around the hydride.

3.2. Anisotropic cubic material

3.2.1. Radial stresses
The response of materials with cubic symmetry is different
along different directions. The elastic fields associated with a dilat-
ing hydride in an infinite matrix is modified to a small extend
by the cubic anisotropy. Most metals have anisotropy factor
A = 2C44/(C11 − C12) > 1. In these metals the elastic constant C11 is
minimal along <1 0 0> directions, maximal along <1 1 1> directions
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ig. 3. Stress maps generated by a semi-sphrical hydride particle tangent to the f
ressure – P, (c) tangential stresses – ��� and (d) ��� .

nd have saddle points along the <1 1 0> directions. Thus, if identical
trains have been enforced on all the material elements at equal dis-
ances from the hydride particle, then the stresses were not equal.
arger normal stresses would be created along the harder directions
hat have the larger elastic constant C11, and smaller stresses would
e created along the soft directions, those with smaller elastic con-
tant. Therefore the material response is to have smaller radial
ompressive strains along the hard <1 1 0> and <1 1 1> directions
nd larger strains along the soft <1 0 0> directions.

Beginning with an infinite system, the radial strains in the
atrix accommodate the ‘hydride dilation’. Along the soft direc-

ions, large radial compressive strains allow accumulating most
f the hydride boundary displacement within a small region of
he matrix near the hydride boundary (Fig. 5a), therefore the out-
ard displacements in the matrix shortly diminish. Along the hard

1 1 1> and <1 0 1> directions in the matrix smaller strains are
llowed but they have to accommodate similar displacements of the
ydride boundary. In order to accommodate these displacements,
he small compressive strains along the hard directions have to
ustain a longer distance from the interface. Therefore, the radial
isplacements sustain farther from the interface. This anisotropy of
he radial elastic strain in an infinite cubic matrix has already been
escribed [30].

The anisotropy on the free surface that is parallel to the crystal-
ographic plane (0 0 1) looks very similar to this plane in an infinite

atrix (compare Figs. 6–8Figs. 6a and 7a and 8). The radial stress is
arge and sustain for a long range along the hard <1 1 0> directions. It
as a smaller range along the soft <1 0 0> direction. The radial stress

istribution along the normal to the free surface (Fig. 7a) has been

nterpreted in the previous section as an outcome of two competing
ffects: compression due to the dilatation and pulling out due to line
ending and relaxation. The radial stress is largely relaxed in the z
irection normal to the free surface already in isotropic materials
rface, assuming isotropic material behavior. (a) radial stress – �rr, (b) hydrostatic

(Fig. 3a). In cubic materials, the compression effect decays quicker
along the normal to the free surface, since it is also a soft direction.
Hence, the remaining pulling out effect appears closer and stronger,
compared with an isotropic material (Figs. 2a, 3a, 6a and 7a).

3.2.2. Tangential stresses
The tangential stresses around the spherical precipitate embed-

ded in an infinite matrix with cubic symmetry are shown in Fig. 6c
and d. They are due to the elongation of the particle–matrix inter-
face. A spherical dilating particle remains spherical when it is
embedded in an infinite matrix [24], therefore, the elongation of the
hydride–matrix interface is uniform. Fig. 6c shows the ��� compo-
nent of stress in the (0 0 1) plane. Despite the uniform elongation of
the interface, ��� depends on its crystallographic orientation: it is
large when oriented along a <1 1 0> hard direction and small when
it is oriented along a <1 0 0> soft direction. Fig. 6d shows the ���
component. It is oriented along the [0 0 1] crystallographic direc-
tion all over the (0 0 1) the plane (shown by an arrow in Fig. 6d).
��� is related to the strain ε�� by the elastic modulus C11, which
has a constant value in the [0 0 1] orientation. Yet the stress is not
uniform around the particle in the (0 0 1) plane. This demonstrates
a non-local variation of the stresses in anisotropic materials: the
stresses are influenced by neighboring material elements as well,
as will be shown in the next section.

Along the soft <1 0 0> directions, there are small tensile tangen-
tial stresses near the hydride–matrix boundary, but they sustain a
long distance from the hydride. Along the hard <1 1 0> directions
the stresses are larger at the boundary but sustain a shorter range

(Fig. 6c and d). As explained in Section 3.2.1, along the hard direc-
tions the material is displaced radialy outwards more than along a
soft <1 0 0> direction. One notes that each <1 0 0> direction is sur-
rounded by four hard <1 1 0> directions and four hardest <1 1 1>
directions (Fig. 5c). Therefore along these soft <1 0 0> directions the
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ig. 4. Profiles of the stress components for infinite and semi-inifinte (surface)
ystems and isotropic material behavior. (a) X direction and (b) Z direction (the
emi-infinite, surface case, is denoted by S, wheres the infinite case by ∞).

aterial is stretched toward the hard directions in the tangential
lane, normal to the <1 0 0> direction. This stretching is nearly uni-
orm in the (0 0 1) plane and has a long range, related to the range
f the radial displacements along the hard directions. According to
ewton’s third law, the material along the hard directions is also

tretched toward the soft <1 0 0> directions (see arrows in Fig. 6c).
owever, each hard <1 1 0> direction is close only to two soft direc-

ions (Fig. 5c), therefore the tangential stresses are smaller and
ave shorter range. Only in certain regions, the tangential stresses
re large. In these regions, the ��� component is oriented along a
ard <1 1 0> crystallographic direction and in addition, is oriented
oward the two close soft directions.

When a semi-spherical hydride is formed on a free surface half of
he matrix is removed relative to an infinite matrix and the hydride
s largely relaxed. This gives rise, on the one hand, to a great reduc-
ion of the radial stresses in the particle and on the other hand to
n increase of the particle diameter and of the tangential strains it
mposes on the matrix (Fig. 7). The radial stresses are relaxed by a
actor of 10 as shown in Fig. 8a. ��� is zero on the free surface and
t is slightly reduced inside the matrix to cope with these boundary
onditions (Fig. 7d). The increased tangential strains are appar-
nt by the increase of magnitude of ��� and its range increases
long all the hard directions, both on the free surface and inside the
atrix.

Along the <1 0 0> soft directions on the free surface ��� signif-

cantly decreased. This is due to the elimination of half of the hard
irections that surround each soft direction in an infinite matrix
hat eliminates the tangential stretching of the soft directions.
Fig. 5. (a) Displacements associated with a dilating hydride in an infinite matrix. (b)
A stereographic projection along the [0 0 1] axis shows the mutual relations of the
<0 0 1>, <1 1 0> and <1 1 1> directions in a cubic crystal.

Fig. 8 allows a quantitative comparison between all the stress
components.

3.2.3. Hydrostatic stresses
Summing the three normal stress components shows that the

ring of compressive pressure at the free surface is less compres-
sive than that of the isotropic case (Figs. 3b and 7b) and has lost its
cylindrical symmetry. However a wide envelop of tensile hydro-
static stress exists around the hydride below the free surface. It is
generally assumed that the hydrostatic stress component derives
the stress-assisted diffusion of hydrogen in solids. Thus, Fig. 7b
shows the preferred path for diffusion of hydrogen toward grow-
ing hydrides. Hydrogen is usually absorbed through the free surface
but the diffusion of the hydrogen toward the hydride is preferred
also from the interior of the matrix. The nearly uniform hydrostatic
tensile stress also favors a conservation of the shape of the hydride.
Interestingly it coincides with the fact that a semi-spherical parti-
cle is the shape associated with both minimum elastic energy [5]
and minimum surface energy.

3.3. A surface covered with oxide layer
3.3.1. Stress fields
It is well known that in “real” systems the metallic surface is

coated by an oxidation overlayer with a thickness and composition
that depend on the chemical reactivity of the metals, the history
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1 1 0] directions and (d) ��� , arrow indicates the [0 0 1] direction.

Fig. 7. Stress maps generated by a semi-spherical hydride at a free surface
nisotropic material behavior. (a) �rr, (b) P, (c) ��� , arrows indicate the [0 1 0] and

with anisotropic material behavior. (a) �rr, (b) P, (c) ��� and (d) ��� .
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reaches less than about 1 �m. Many of the initial hydride precip-
ig. 8. Profiles of the stress components in infinite and semi-inifinte (surface) sys-
ems of anisotropic material. (a) X direction and (b) Z direction (the infinite case by

, the surface case is denoted by S).

f its preparation and storage. These oxidation overlayers often
mpose a barrier for either the dissociative chemisorptions of H2
n the surface or the penetration of the H atoms across the layer.
hese effects are manifested by “induction” periods preceding the
nitiation of the hydride. The chemical or diffusion related effects
f oxidation overlayers are of common knowledge (e.g., Ref. [3]
nd references therein). However, the fact that oxidation overlay-
rs may significantly affect the mechanical energy of hydride nuclei
nd consequently play an important role in the kinetics and mor-
hology of the development, is scarcely pointed to or treated in the

iterature.
Oxides are usually stiff elastic materials, thus the existence of a

hin oxide layer on a metal surface is expected to constrain the dila-
ion of hydride particles, and to place them closer to the situation of
hydride in an infinite matrix. The tangential stresses in the matrix
re determined by expansion of the hydride–matrix interface,
herefore the tangential stresses set in the matrix are smaller rela-
ive to unoxidized surface (compare Figs. 6, 7 and 9Figs. 6c, 7c and
c). On the other hand, the radial stresses in the matrix are continu-

us across the interface. As the compressive stresses in the hydride
ncrease – so do the radial stresses in the matrix that are shifted
oward the state of infinite matrix (compare Figs. 6a, 7a and 9a).The
dditional constraints on the hydride are due to 2D tensile stresses
et up in a disk shaped region of the oxide layer on top of the
Compounds 509 (2011) 4025–4034 4031

hydride. The hydrostatic pressure in the matrix around a hydride
at an oxidized surface is more anisotropic than at unoxidized sur-
face, which resemble more to the pressure distribution in infinite
anisotropic matrix (compare Figs. 6b, 7b and 9b). The dilatation in
the oxide in a disk-shaped region above the hydride sets up com-
pressive strains in the surrounding oxide. Thus, the ring shaped
region of large compressive radial stress that exists around the
hydride on a free surface (Fig. 7a), is shifted into the oxide layer. This
ring gradually disappears when the oxide is relatively thick. In this
way, around the hydride a broader tensile pressure ring appears
and moves up toward the oxide layer. It has maximum dilation
regions at short distances from the hydride–matrix interface along
the <1 0 0> axes.

3.3.2. Energetic considerations
Linear elasticity has a linear scaling property. The total elastic

energy of the substrate, oxide layer (of thickness t) and a semi-
spherical hydride on a free surface (of radius R)with a constant
R/t is linearly increasing with the volume of the hydride. The elas-
tic energy of the hydride–metal-oxide system varies with the R/t
ratio. This variation is plotted in Fig. 10c. As the hydride grows, it
is gradually relaxed and the elastic energy of the system reduces,
ultimately when the thickness of the oxide becomes negligible, the
energy reduces to the energy of a system containing a hydride on
a free surface. Thus, a small hydride particle is constrained to the
largest extent and contains large elastic energy. This energy has
a maximum retarding effect on the hydride growth. If however it
succeeds to grow, the elastic energy per unit volume of the hydride
gradually decreases. In other words, when the hydride grows, the
ratio R/t, t increases and the oxide can no longer constrain the
hydride. Moreover, when the uniform 2D tensile stresses in the
oxide disk increase, the elastic strain energy density in the oxide
disk increases. One may assume that at some critical size of the
hydride the elastic energy will exceed the toughness of the oxide
layer and it will break. It is easy to show that the elastic strain energy
density in the 2D hydrostatic field is:

E

V
=

∑

ij

�ijεij

2
= �2

rr(1 − �)
E

.

The increase of the stress and the energy with increasing the
ratio R/t are described in Fig. 10d.

4. Discussion

We first summarize the experimental evidence and the main
results of the theoretical calculations of the elastic fields and ener-
gies. Then we shall try to correlate the experimental and the
theoretical findings.

4.1. Experimental observations

A few publications [15,22,23] described three stages along the
microstructural evolution on the surface of some hydride forming
metals exposed to hydrogen at constant pressure. On gadolinium
and uranium, many small hydride precipitates (“spots”) are nucle-
ated but their growth rate decays and ceases when their diameter
itates were found to be typical clusters of small precipitates [15].
Sometime after the growth ceases, a few hydrides are observed to
grow very rapidly (referred to as “growth centers” [15,22,23]), until
they overlap and cover the whole surface.
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.2. Mechanical aspects

.2.1. Stress fields
The stress fields that are generated by a small hydride precip-

tate that grows below an oxide layer contain in addition to the
xpected compression regions also regions of tensile hydrostatic
ressure. These tensile regions are located beneath the hydride par-
icle, penetrating into the metal matrix along the z axis and in side
obes around the hydride. The location and shape of these regions
epend on the symmetry of the metal matrix and on the thickness
f the oxide layer. They also contain a ring shaped region of com-
ressive hydrostatic stress in the oxide layer. When the hydride
rows and the oxide layer thickness becomes negligible, the tensile
ide lobes expand toward the inner metal space (in the z direc-
ion, Fig. 3b) and the slight compressive ring penetrates the matrix
round the hydride at the surface region (compare Fig. 7a and b to
ig. 9a and b).

The state of stress in the oxide is a 2D hydrostatic tension. The
agnitude of the stress set up in the oxide is smaller, the smaller

s the hydride size relative to the oxide thickness (Fig. 10d). The
tresses in the oxide are concentrated around the center of the
ydride and decay quickly before the hydride–matrix interface is
eached (Fig. 9). If two hydrides are growing close to each other, the
verlap of the stresses in the oxide due to the two hydrides is small
Fig. 11) thus only if a single hydride particle grows large enough –
t may break the oxide.
.2.2. Energy
When the hydride precipitate is small relative to the oxide thick-

ess (R/t small) it is constrained by the matrix and the relatively
igid oxide and its energy per unit volume is large. As it grows the
nergy per unit volume of the hydride decreases up to a factor of
coated with oxidized film (R/t = 2.5). Anisotropic material behavior. (a) �rr, (b) P, (c)

2 (Fig. 10c, Section 3.3.2). This property should enhance the growth
rate with increasing size of the hydride – but this is contrary to
the experimental observations that most of the very initial hydride
“spots” cease to grow [15,21]!

4.3. Microstructural implications

4.3.1. Initial growth stage-clustering
Unlike the intuitive view, a semispherical dilating hydride par-

ticle near a free surface generates lobes of tensile stresses around
itself (as explained in Section 3.1.1). The tensile stresses should
enhance incoming diffusion of hydrogen toward the hydride and
thus enhance its growth rate [25]. The tensile hydrostatic stresses
may also serve as traps for hydrogen and favor nucleation of new
hydrides at the vicinity of the growing one. Indeed, it has been found
that hydrides favorably grow in clusters (Fig. 12).

4.3.2. Cease of growth stage
Cluster formation may, in conditions of limited supply of hydro-

gen, slow down the growth of the individual hydride precipitates
in the colony due to competition on hydrogen. This is probably the
case when an oxide layer hinders the incoming diffusion. Another
contribution to the slow down of growth is that for a small initial
hydride particle, nucleated below a relatively thick oxide layer, a
dilative field exists near the topmost metal surface and enhances
incoming hydrogen diffusion from the free surface (Section 3.3.1).
As the particle grows, the tensile regions move toward the inte-

rior and a compressive radial and hydrostatic stresses prevails
near the surface that retards further diffusion from the surface
(Figs. 7a,b and 9a,b). The deceleration of the growth rate of the ini-
tial hydride “spots” may also be due to chemical changes induced by
the H2 gas on the surface of the oxidation overlayer (e.g., formation
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Fig. 10. Evolution of a hydride growing on a free surface, below an oxide layer. (a)
A semispherical hydride growing on a free surface. (b) A similar particle growing
below an oxide layer. (c) Variation of the total elastic energy of the system, between
the limits of the energy of a system without oxide and an infinite matrix. (d) The
radial stress and elastic energy density in the disk-shaped oxide above the hydride.
R is the growing hydride radius, t is the thickness of the oxide layer. Horizontal lines
indicate the stress and energy density when the hydride is infinitely large relative
to the oxide film.

Fig. 11. The profiles of the radial stress generated by two tangent hydride particles
in the oxide layer. The overlap of the stresses does not increase the stress beyond
the stress at the center above each particle.
Fig. 12. AFM image of hydride formation on free surface of gadulinium following
exposure to 6 mbar H2 at 250 ◦C for 8 min. Two clusters are observed in (a), (b) is a
line profile of the height across the cluster at the bottom of (a).

of some functional groups such as hydroxyls that impede the dis-
sociative chemisorptions of H2 [15]). Such changes have not been
studied so far, but their occurrence should be considered. Hence the
present mechanical analysis just provides one possible mechanism
for the slowing down of the growth.

4.3.3. Accelerated growth stage: formation of “growth centers”
As the initial hydrides tend to grow in clusters, no one precip-

itate grows large enough to break the oxide layer alone and the
stress overlap between near hydrides cannot enhance the stress
(Fig. 11). Thus which hydride particles continue to grow into a
“growth center”? It is observed that hydride particles that grow
below incidental defects in the oxide happen to break the oxide
and continue to grow [15,22,23]. We suggest that additionally, in
most cases only the few hydrides that happen not to grow in a clus-
ter – can grow to a size that is large enough to generate the critical
stresses in the oxide necessary to break it. Breakage of the oxide
gives rise to an abrupt relaxation of the stresses and may restart
the growth of a “growth center”.

5. Summary

We have calculated and analyzed the elastic fields generated by

a hydride particle developing at the near surface region of a metal.
Three situations were compared: a spherical hydrides in infinite
matrix, a semi spherical hydride on a free surface and the same
hydride under an oxide layer. On metal surfaces coated with oxide
films, the elastic energy per unit volume of the hydride is maximal
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hen the hydride is small. The elastic energy per unit volume grad-
ally decreases when the hydride grows relative to the oxide layer
hickness, this should in principle, enhance the growth rate of the
ydride. Contrary to that, it is observed experimentally that small
ydride precipitates nucleate and initially grow rapidly and then
ease to grow at some stage. After a while, some of the precipitates
tart to grow fast in an irregular manner. For these three stages, cor-
elations with the elastic fields are suggested: (a) a hydride particle
t a free surface sets up a combination of tensile and compressive
ydrostatic stress in the surrounding matrix. This may induce pre-

erred nucleation of new hydrides in the regions of tensile stress
nd the formation of clusters of hydrides precipitates that is indeed
bserved experimentally. (b) Clustering, on the other hand, may
ontribute to the cease of growth due to competition on hydrogen.
n addition, as the particle grows, the tensile regions move toward
he interior and compressive stresses are set near the surface. This

ay retard further diffusion from the surface and be another con-
ribution to the cease of growth. (c) A growing hydride increases the
tresses in the oxide layer and may finely break it. Then the elastic
nergy per unit volume of hydrides drops to its minimum value and
he growth may accelerate. This formation of a “growth center” is
avored when a hydride precipitate grows alone, not in a cluster.

The present work is relating the kinetic and morphological
haracteristics of the initial hydrides development to the associ-
ted mechanical effects. The elastic energy of hydrides and the
ydrostatic stress distribution around the hydride may provide the
equired data for quantitative kinetic analysis (e.g., development of
D diffusion models). Such analysis is, however, beyond the scope
f the present work.
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