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We use the Nosé and Rahman-Parrinello molecular-dynamics formalism to study the equilibrium
structure and elastic properties of bulk Pd as a function of temperature and hydrogen concentration.
Introducing tensile stress as an independent variable into this formalism enables us also to study the
elastic breakdown and crack formation as a function of a uniaxially applied load. The calculations are
performed using a model many-body alloy Hamiltonian based on ab initio density-functional results
for Pd-H systems. Our results indicate that the microscopic origin of “hydrogen embrittlement” is an
increased ductility and plasticity in regions saturated by hydrogen, in agreement with the postulated

hydrogen-enhanced local-plasticity mechanism.

I. INTRODUCTION

Studies of the mechanical stability of transition metals
that are exposed to hydrogen are of great interest to both
basic sciences and technology. On most transition metals
of interest, hydrogen molecules adsorb dissociatively. Hy-
drogen atoms diffuse relatively freely into the bulk metal,
where they can reduce the mechanical stability of the sys-
tem significantly.! The microscopic origin of this effect,
which is known as hydrogen embrittlement,? is presently
not well established. Nevertheless, hydrogen embrittle-
ment causes extensive engineering difficulties, e.g., when
considering hydrogen storage in metals, construction of
stable fusion reactors and underwater structures, and
space technology. Several fundamental questions have
remained unanswered. Very little is known about the
atomic-level response to applied tensile stress, to temper-
ature changes, and to hydrogen loading of bulk metals.
The study of these effects is expected to answer some key
questions related to macroscopic materials properties, es-
pecially hydrogen embrittlement.

The most straightforward way to address the above
questions is to use a molecular-dynamics (MD) tech-
nique. Such a calculation describes the evolution of the
system with time, based on a direct numerical solution
of the equations of motion for individual atoms. This
procedure goes beyond lattice dynamics® which is lim-
ited to small atomic displacements and cannot address
problems such as the melting transition or fracture. The
appropriate MD technique for these questions will de-
scribe the dynamics of the system at constant nonzero
temperatures using a canonical ensemble and can model
the response of a system to an externally applied tensile
stress.* Such a simulation provides microscopic informa-
tion about the dynamics of the system, including struc-
tural changes during phase transitions (such as melting
or stability breakdown due to increased temperature or
the presence of hydrogen). Of critical importance for a
successful description of these phenomena is a precise and
computer efficient description of interatomic interactions.

Different kinds of model potentials have been used in
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MD simulations, including simple isotropic pair poten-
tials, more complex parametrized potentials with angu-
lar forces, and many-body potentials.# Clearly, the most
desirable approach would be to use first-principles total
energy functionals directly.® Since realistic MD simula-
tions are to consider large ensembles over long-time pe-
riods, it is imperative to emphasize simplicity and mini-
mize the reduction of accuracy. Recently, the embedded-
atom method® (EAM) has been used in MD studies of
the structure and dynamics of metals.” Owing to its effi-
ciency and universal set of parameters describing a given
element in the periodic system, EAM has proven to be a
very successful method to generate interatomic potentials
which can be used in MD studies. While the EAM works
best in single-component systems for which the element-
specific parameters have been optimized, the correspond-
ing results for multicomponent systems are generally less
reliable. More recently, we developed a model many-
body alloy (MBA) potential,® which is quite general in
nature, easy to handle numerically, and which is based on
ab initio calculations for alloy systems. We have used this
potential successfully to predict the equilibrium structure
and dynamics of bulk Pd and clean as well as hydrogen-
covered Pd surfaces at zero temperature.®

In the present paper, we will use the MBA potential
in a MD study of the effect of hydrogen and temperature
changes on the mechanical properties of metals. As in
Ref. 8, we will focus on Pd. This transition metal shows a
large variety of interesting effects when exposed to hydro-
gen, such as hydride formation and surface reconstruc-
tion, and has been studied extensively by first-principles
techniques.® ! We will show that both temperature and
H loading affect the elastic constants of bulk Pd signifi-
cantly. This is true especially for the critical tensile stress
required to form a crack, which decreases steadily with
increasing temperature and hydrogen concentration.

This paper is structured as follows. In Sec. II, we
briefly review the method used to evaluate the total en-
ergy of the Pd-H system and summarize the molecular
dynamics formalism as applied to this system under ten-
sile stress. In Sec. III, we present results for the equi-
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librium structural and elastic properties of Pd at differ-
ent temperatures and hydrogen concentrations, and show
quantitative results for the elastic breakdown and crack
formation in hydrogen-free and hydrogen-loaded Pd as
a function of uniaxially applied load. These results are
discussed in Sec. IV. Finally, in Sec. V, we summarize
our results and present general conclusions.

II. THEORY

A. Evaluation of the potential energy

We determine the potential energy of the Pd-H system
using the many-body alloy Hamiltonian.® This is a com-
putationally efficient scheme, which has been successfully
used previously to study the electronic and structural
properties of small clusters, surfaces of metals, and dilute
metal alloys.12715 As discussed earlier,12714 the total po-
tential energy V of the crystal can be decomposed into
individual atomic binding energies Econ(i), which have
an attractive part EZ5(i) due to the hybridization of or-
bitals, and a part E®(i) describing repulsive interactions.
We obta.in

V= Z Eecon(i)
=ZEBS(1') + ER®3). (1)

We base the expression for EBS on a parametrized tight-
binding Hamiltonian and the second-moment approxima-
tion, and assume an exponential distance dependence for
both the hopping integrals and the pairwise repulsive in-
teractions in EF. For systems with more than one com-
ponent (such as alloys and compounds), the binding en-
ergy of atom i in Eq. (1) is given by

1/2
coh {Z&O ap €XP [ 2q0¢ﬁ ( )] }
J#i 70,28
R _ Tij
+)_efapexp [ Dap (ro,aﬂ 1)] : (2)

J#i
Here, we assume that the atom i is of type a and that
the summation extends over its neighbors j of type 8.
ri; is the distance between these atoms and 79 o3 is the
corresponding equilibrium distance. We use the Greek
indices to denote the atom type, i.e., Pd or H.

In the MBA Hamiltonian, each of the H-H, H-Pd, and
Pd-Pd interactions is characterized by a set of five pa-
rameters. These are the hopping integral £ and the
pairwise repulsive energy €&, both given at the equilib-
rium distance r9. The distance dependence of £ and of

B is described by the parameters q and p, respectively.
The values of these parameters have been obtained by a
careful fit® to corresponding ab initio calculations!! for
bulk Pd and PdH and are listed in Table I. The formal
simplicity of Eq. (2) makes it easy to determine the sen-
sitivity of the results on these parameters. The energy
depends in a linear fashion on & and €. The param-
eter ro fixes the lattice constant, and the bulk modulus
B is proportional to the product gp. The assumption of

W. ZHONG, Y. CAI, AND D. TOMANEK 46

TABLE 1. Interaction parameters used in the many-body
alloy Hamiltonian for the Pd-H system.
Interaction gus  Pas  Taso () €5 (eV) Eap (eV)
Pd-Pd 340 148 2.758 0.08376 1.2630
H-H 3.22 528 2.300 0.1601 0.9093
H-Pd 2.20 5.50 1.769 0.6794 2.5831

isotropic hopping integrals in Eq. (2), which is justified
for the near noble-metal electronic configuration of Pd,
simplifies our calculations considerably. While it does
not affect the stability of close-packed structures such as
Pd and PdH, it may result in too low values of the shear
moduli in metals with an open d shell.®

We found the results for the lattice constants, cohesive
energies, and the bulk moduli of the bulk systems, as ob-
tained using the MBA method, to be in good agreement
with the LDA results and experimental data.® This indi-
cates that Eq. (2) has sufficient flexibility to describe the
energy and the dynamics of the Pd-H system accurately.

B. Molecular-dynamics formalism

The dynamics of an isolated N-particle system in
three-dimensional space is governed by the Lagrangian

N
L=Y $midG® - V({a}) - (3)

i=1

Here, q; is the position vector of atom 7 in the system and
V({ai}) is the total potential energy, given by Egs. (1)
and (2). The dynamical evolution of the system is de-
scribed by Euler-Lagrange equations derived from the
above Lagrangian. This procedure yields statistics for
a microcanonical ensemble. Unfortunately, the simula-
tion of a realistic microcanonical system requires a very
large number of particles which imposes unrealistic re-
quirements on the computation.

A more natural choice is the canonical ensemble, which
considers the temperature (rather than the total energy)
to be constant, and which allows for a free-energy ex-
change with the external heat bath. We use an algorithm
due to Nosé!” to describe a canonical ensemble. In the
Nosé scenario, the fixed temperature canonical ensemble
can be simulated by considering a single additional vari-
able s. In this extended phase space, the net effect of
the heat bath is assumed to be a scaling of the velocities
as v; = sqj. Nosé interpreted the scaled velocity v; as
the true velocity resulting from the heat exchange with
the external heat bath. The canonical ensemble can be
described in an augmented Lagrangian of the form

N
L= imis’a® - V({ai}) + 3Q4° — (Ny + 1)TeqIns .
=1

(4)

Here, Ny = 3N is the number of degrees of freedom
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of the system. Q is the mass associated with the new
variable s which describes the coupling to the external
heat bath. Teq is the temperature of the heat bath and
consequently the equilibrium temperature of the system.
The optimum choice of Q provides an efficient damp-
ing of the equilibrium state. Overdamping is avoided by
choosing @ in such a way that the oscillation period of
s is much smaller than the damping time constant. The
Lagrangian in Eq. (4) contains a logarithm of s in the
potential-energy part which makes this extended system
equivalent to the canonical ensemble describing the orig-
inal N-particle system. This new Lagrangian is justified
by the correct statistics it yields for the system. In other
words, when integrating the partition function over the
new dimension in phase space, we regain the partition
function for the canonical ensemble. Consequently, the
microcanonical ensemble of the augmented Lagrangian,
described by Eq. (4), generates precisely the canonical
ensemble of the original N-particle system.

In order to describe the effect of mechanical coupling
between the ensemble and the outside world, Andersen
applied molecular dynamics to systems under constant
hydrostatic pressure.l® In this technique, the variable
space is extended by an additional quantity which scales
all the atomic coordinates in the unit cell, thus allowing
the volume to change uniformly. This method can be
combined with Nosé’s treatment of the canonical (T'N)
ensemble to describe the behavior of that system at con-
stant tensile stress (or tension) ¢ (TtN ensemble). This
method has been further generalized by Parrinello and
Rahman?!? to allow for anisotropic stress and correspond-
ing shape changes of the unit cell.

The mechanical stability of Pd and PdH systems is in-
timately related to the dynamics of these systems under
uniaxial tensile stress. In this paper, we study this pro-
cess using the method of Parrinello and Rahman.!® In our
molecular-dynamics calculations, we consider a unit cell
which is spanned by the three Bravais lattice vectors a, b,
and c. These vectors define a shape matrix h = (a, b, c)
which is used to describe the response of the system to
applied stress. This matrix maps the true atomic coordi-
nates onto reduced coordinates q; which lie in a cube of
unit length, so that the true coordinates are obtained by
the scaling transformation hq;. The Lagrangian describ-
ing the Tt N ensemble is then given by

N
L=Y 3mis*(diTGai) - V({ai})
=1

+1Q$% — (Nf 4+ 1)Teqlns
+AW,Tr(B" h) — VoTr(te). (5)

The first term describes the kinetic energy of the system,
and the matrix G is given by G = hTh. W, is the mass
of the “piston” which exerts the external tension on the
system. The equilibrium volume of the MD unit cell at
zero tension is denoted by Vp and the equilibrium shape
by hg. In the case of nonzero tension, we define a strain
matrix € by
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e=3lko™)Ghy ™ - 1) (6)

The quantity ¢ in Eq. (5) is the thermodynamic tension
tensor which gives the work dW due to an infinitesimal
distortion of the system as dW = VyTr(te). t is related
to the stress tensor g by!?

@ = Voh(hy ™ Mt(he™Y)TRT/V, (7)

where h is the average value of the shape matrix and
V = det(h) is the average volume.

Once the Lagrangian L is established, the equations of
motion are given by

d(oLY_(oL)_,
dt \ 8Gie 0¢ia -
d { 0L oL
— : - =0, 8
dt <a@aﬁ) (abaa) ®
4 (0L _ (L)
dt \ 85 s )

Here, we have used Greek indices to denote the vector
and matrix components of q; and h, respectively.

The dynamics of the system is obtained by integrating
the equations of motion in real time using a predictor-
corrector method of fifth order.?® The typical time step
in the MD calculation of bulk Pd is 2 x 10~1% s. For hy-
drogen loaded Pd, the time step is reduced to 5 x 10~16 s
due to the high vibration frequency and large-scale diffu-
sion of the light hydrogen atoms. The generalized energy
of the system is a constant of motion. We control the
numerical fluctuations of this quantity (due to the finite
time steps) to lie within a small error margin of 10~4,
which is indicative of a precise integration. In order to
avoid overdamping, we tune the mass Q associated with
the temperature and the mass W; associated with the
tensile stress in such a way that the fluctuations of tem-
perature and volume occur over large periods of ~50-100
time steps. In a typical MD calculation, we consider a
periodic arrangement of unit cells (with originally cubic
shape) which contain 500 Pd atoms and a fixed number
of hydrogen atoms. When studying the properties of the
system at a specific temperature or pressure, we first let
the system equilibrate over a period of 230000 time steps
and only then start collecting data for statistics. We find
this time period to be sufficient for excellent statistics
with negligible error bars.

In the derivation of the algorithm, Nosé has assumed
the system to be ergodic.!?” Doubts have been raised
about the validity of this assumption,?! especially in the
case of small systems. There are two reasons why this
criticism should not affect our results. First, we consider
a very large system with more than 1500 degrees of free-
dom. Second, the many-body alloy potential contains
anharmonic terms which gain importance at interatomic
distances substantially different from ry. Especially at el-
evated temperatures, this fact contributes to a fast onset
of chaotic behavior.
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III. RESULTS
A. Thermal expansion and melting transition in Pd

The first nontrivial application of our formalism is to
determine the equilibrium volume of Pd as a function of
temperature, and to study the melting transition. In the
corresponding molecular-dynamics simulation, we con-
sider an originally cubic volume (or simulation box) con-
taining 500 Pd atoms on a fcc lattice. Periodic boundary
conditions are used to eliminate surface effects, and the
external pressure is set to zero. We start our simulation
by first equilibrating the system for 10000 time steps
(corresponding to 2 x 10711 s) in a VT'N canonical en-
semble which is in contact with a heat bath at 7" = 300 K.
This simulation is followed by another 20 000 time steps
in the Tt N canonical ensemble at zero external pressure.
The equilibrium volume V per atom is related to the vol-
ume of the simulation box, and is obtained from a run-
ning average during the simulation. The statistical error
based on the last 10 000 time steps is found to be negligi-
ble. After V has been determined for the given temper-
ature, the heat bath is gradually warmed up to another
temperature, and the equilibrium volume per atom is ob-
tained from a statistical average over 10000 time steps
at the new temperature.

Our results, presented in Fig. 1(a), indicate a thermal
expansion of the lattice in the whole temperature range
studied. In the temperature range between T' = 2000-
2050 K, the equilibrium volume per Pd atom shows a
discontinuous increase, indicative of a first-order phase
transition. This phase transition corresponds to the melt-
ing point, as can be verified by inspecting the trajecto-
ries of individual Pd atoms at temperatures below and
above the critical temperature, shown in Figs. 2(b) and
2(c). Near the melting point, our calculations show a
narrow hysteresis describing an overheated solid or an
undercooled liquid, depending on whether the system is
being heated or cooled. The difference of < 10% between
the calculated melting temperature and the experimen-
tal value?? of Ty = 1827 K is impressively small in view
of the fact that our interaction potentials are based on
T = 0 static properties of Pd. A small positive difference
between the calculated and the observed melting point is
also expected due to the finite size of the unit cell.

In the temperature range 7' < 1500 K, the thermal
expansion of the lattice is nearly linear, correspond-
ing to a thermal (linear) expansion coefficient of oy =
1.7x10~% K~1. While we could not find any correspond-
ing experimental results for Pd, our value lies very close
to oy = 1.89%10~% K~! which has been observed in Ag,??
a neighbor of Pd in the periodic system. At higher tem-
peratures, the volume-temperature relation shows strong
deviations from linearity. This relationship bears infor-
mation about the Pd-Pd interaction potentials at large
interatomic separations. Above the melting point, the ex-
pansion coefficient of the system experiences an abrupt
increase above the solid phase value, correlated with a
sharp increase of the interparticle distance at Tas.

In order to illustrate the effect of temperature on the
dynamical behavior of the system, we showed the trajec-
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FIG. 1. (a) Equilibrium volume V of a Pd atom in bulk
Pd as a function of temperature T. The dashed line is a guide
to the eye connecting the calculated data points. Observed
linear expansion of Ag (Ref. 22), the neighboring element of
Pd, is shown by the dotted line. (b) Equilibrium volume V
per Pd atom in bulk PdH., as a function of the hydrogen
concentration z. The dotted line corresponds to the observed
(Ref. 23) expansion coefficient of Pd as a function of z. Our
molecular-dynamics results are given by solid circles in (a)
and (b).

tories of individual Pd atoms [projected onto the (100)
plane] in Figs. 2(a)-2(c) at different temperatures. At
T = 300 K, all atoms appear to be pinned to their equi-
librium site and show negligible fluctuations about this
position, reflected in a very small Debye-Waller factor.
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FIG. 2. Atomic trajectories in bulk Pd at the tempera-
tures (a) T = 300 K and (b) T = 1800 K below the melting
temperature Tas, and (c) at T = 2050 K above Tps. Cor-
responding pair correlation functions g(r) at T' = 300, 1800,
and 2100 K are shown in (d), (e), and (f), respectively.
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At T = 1800 K, the fluctuations of Pd atoms about their
equilibrium sites are already quite appreciable. The size
of these fluctuations is a considerable fraction of the lat-
tice constant, which, according to Lindemann’s criterion,
is indicative of the proximity to the melting point. A sta-
tistically negligible fraction of atoms is also seen to diffuse
far away from their site, but the crystalline order still ex-
ists. Above the melting point, all atoms diffuse relatively
freely throughout the sample, as shown in Fig. 2(c), and
the long-range order is destroyed.

A more quantitative measure of the crystalline order
is the pair correlation function g(r) which is shown in
Figs. 2(d)—2(f) for the above temperature values. Clearly,
the validity of conclusions related to the long-range order
in the crystal is limited by the finite size of the simula-
tion box. At T = 300 K, g(r) consists of a set of sharp
peaks which will result in a sharp diffraction pattern. At
T = 1800 K, g(r) still shows a substantial amount of
structure even for large interatomic distances r, indica-
tive of long-range order, but the peaks are smeared out
and begin to overlap. Above the melting transition, the
most characteristic feature in the pair correlation func-
tion is a peak at the nearest-neighbor distance. For larger
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FIG. 3. Distribution of atomic binding energies E.op in
bulk Pd at (a) T = 300 K and (b) T = 2100 K at zero
pressure. (c) Corresponding data for Pd at T = 300 K at
the point of critical uniaxial tensile stress p. for breakdown
[compare with Fig. 4(b)]. The solid lines give the probability
distribution, the dashed lines show the integrated probability.

8103

interatomic distances, g(r) contains almost no informa-
tion about the atomic structure and approaches the con-
stant value g(r) = 1 very rapidly. This would justify a
treatment of the liquid as a continuous medium beyond
the nearest-neighbor distance.

As we will discuss later on in connection with frac-
ture, interesting details about the cohesion of the system
under different conditions can be learned from the distri-
bution of atomic binding energies. In Figs. 3(a) and 3(b),
we compare the binding energy distribution for bulk Pd
atoms at T = 300 and 2100 K, just above the melting
point. In absence of applied tensile stress, our simula-
tions indicate that binding energies in the system can be
characterized by a rather featureless single-peaked dis-
tribution function indicating that most atoms have an
indistinguishable environment. The small width of this
peak at T' = 300 K, shown in Fig. 3(a), reflects an almost
perfect crystalline order at this temperature. Above the
melting point, this peak is strongly broadened and shifted
towards smaller binding energies, as shown in Fig. 3(b).
The former effect comes from the large variety of bind-
ing sites in the liquid; the latter one reflects the loss of
cohesion mainly due to a uniform lattice expansion.

B. Mechanical stability of Pd under tensile stress

One of the most challenging problems related to the
mechanical stability of metals is to obtain a quantita-
tive understanding of the fracture process due to uni-
axially applied tensile stress. We address this problem
by studying the deformation of a metal block (the sim-
ulation box) under a uniaxial load, as shown schemati-
cally in Fig. 4(a). We expect the length z of the metal
block first to increase monotonically with increasing load.
Once a critical value of the tensile stress p. is reached,
the material can no longer support the load and breaks
into parts. In the following, we describe the molecular-
dynamics simulation of the elastic and plastic deforma-
tions in the Pd metal block which is exposed to increasing
uniaxial tensile stress, as a function of temperature and
— in the following subsection — as a function of hydro-
gen concentration.

In our MD simulation, we consider a canonical (TtN)
ensemble of 500 Pd atoms in a simulation box which has
cubic shape at zero applied stress, but which can vary
its shape freely in the case of anisotropic pressure. For
a given temperature of the heat bath, we determine the
shape changes [especially the elongation of the cell Az,
see Fig. 4(a)] in response to uniaxial tensile stress which
is described by the stress matrix

000
cg={000]. (9)
00p

Our results for the elongation Az of the MD unit cell
as a function of p are shown in Fig. 4(b) for temper-
atures between 77 and 1800 K. In our simulation, we
increased the uniaxial stress p in finite steps of initially
Ap = 2.0 GPa from zero to a load just below the point of
fracture. From there on, we decreased Ap to 0.5-1 GPa
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FIG. 4. (a) Schematic picture of Pd deformations under

tensile stress, showing the length z and deformation Az of the
unit cell. (b) Deformation Az of bulk Pd as a function of the
external tensile stress p, for different temperatures. (c) De-
formation Az of hydrogen-loaded bulk Pd at T = 300 K, as a
function of the external tensile stress p, for different hydrogen
concentrations. Our molecular dynamics results are given by
the data points. The lines are guides to the eye.

in order to increase the accuracy of the calculated critical
tensile stress p.. At each value of p, the system has been
allowed typically 5000 time steps (or 1071! s) to equili-
brate. We observed that the equilibration takes longer
near the point of fracture and extended the simulation
accordingly. The equilibrium shape of the MD unit cell
has been obtained by averaging over the last 5000 time
steps.

The first important result of our simulation is the order
of magnitude for the critical tensile stress p. to initiate
fracture, typically a few GPa. As shown in Fig. 4(b), p.
decreases with increasing temperature, from 11 GPa at
T=T77K to1l GPa at T = 1800 K. On the other hand,
we find an increase in 8z/8p with increasing temperature
at constant load. We conclude that Young’s modulus
Y, defined by Y = 8p/0z, decreases as the temperature
rises. Both effects indicate that the material becomes
softer and easily deformable with increasing temperature,
which agrees with our everyday experience. Microscopi-
cally, this softening corresponds to the increased proba-
bility of activated atomic diffusion leading to a new equi-
librium geometry (plastic deformations to a “thin wire”
and fracture under excessive uniaxial load). In the elas-
tic region p < p., the Az—p relationship is nearly lin-

ear for all temperatures. This Hooke’s-law-type behavior
is expected based on our interaction potential which is
dominated by harmonic terms close to the equilibrium.

It is interesting to note that our above MD simulations,
performed under uniazial stress, contain the information
about the bulk modulus B which describes the elastic
response to isotropic pressure. For a cubic crystal, the
elastic response to a very small applied uniaxial stress p
is

p = Ci1€1 + 2C12¢2 (10)

along the direction of the load. Here, €; and €3 are the
strain components along the load direction and perpen-
dicular to the load direction, respectively, and Ci; and
C)2 are elastic stiffness constants. No stress occurs per-
pendicular to the load direction [see Fig. 4(a)], so

0 = Ci2€1 + Cr162 + Ch2ez . (11)
From Egs. (10) and (11) we get

V(p)—V(p=0)
Vip=0)

Using B = (1/3)(Cy1 + 2C42) for a cubic crystal, we
finally get

B=1v (?6%)_1 ‘ (13)

p=0

p = (C11 +2Cy2) (12)

As shown in Fig. 5(a), our results for the absolute value
of B and the temperature dependence of B are in good
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FIG. 5. (a) Temperature dependence of the bulk modulus
B of Pd. The dashed line is a guide to the eye connecting the
calculated points, given by solid circles. The dotted line shows
the experimental data of Ref. 25. (b) Dependence of the bulk
modulus of PdH; on the hydrogen concentration z.
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agreement with the experimental data of Ref. 25. At low
temperatures, we find the bulk modulus to be essentially
independent of temperature. With rising temperature,
however, our results indicate a strong decrease of B.

We found it instructive to inspect the distribution of
binding energies for a signature of atomic fracture at very
large tensile loads. In Fig. 3(c), we show the distribution
at the point of critical tensile stress p., for a developed
fracture. As compared to the stress-free situation shown
in Figs. 3(a) and 3(b), the distribution of binding energies
shows several distinctive peaks. The lowest binding en-
ergies correspond to sites at the surface of the crack and
the highest binding energies, the same as in the stress-
free sample shown in Fig. 3(a), correspond to bulk sites
in the intact fragments.

C. Mechanical stability of H-loaded Pd
under tensile stress

Hydrogen is well known to dissociate at transition
metal surfaces and to penetrate easily into the bulk
metal, releasing the heat of hydride formation in many
systems such as Pd.! This process makes such metals an
ideal medium for hydrogen storage. On the other hand,
the presence of hydrogen is known to have an adverse
effect on mechanical properties of metals, specifically fa-
cilitating the formation of cracks under tensile stress.? In
order to obtain a microscopic understanding of the pro-
cesses associated with hydrogen-assisted crack formation,
we simulated the response of hydrogen-loaded Pd to uni-
axial tensile stress in a molecular-dynamics calculation.

We have chosen a cubic simulation box containing 500
Pd atoms as the initial MD unit cell, and occupied the
500 octahedral interstitial sites in the lattice at random
with hydrogen atoms. We have considered three different
H concentrations in PdH,, namely, z = 0.1, 0.25, and
0.6, and performed all simulations at room temperature,
T = 300 K. At each H concentration, we first let the
system equilibrate over a period of more than 30 000 time
steps (corresponding to 1.5 x 10~11 s).

First, we study the volume changes due to hydrogen
at zero pressure. The free volume V(z) of Pd atoms in
PdH., shown in Fig. 1(b), has been determined for each
H concentration x by averaging over 10000 time steps af-
ter reaching the equilibrium. We found the free volume
to increase almost linearly with increasing hydrogen con-
centration z, which agrees with the observed relation23
V(z) = V(0)(1 + 0.19z).

In order to understand the effect of dissolved hydro-
gen on the mechanical stability of Pd, we studied the
response of the system to uniaxial tensile stress using
molecular dynamics. As in the hydrogen-free samples,
we first allowed the system to equilibrate under fixed ex-
ternal tensile stress p and kept the temperature of the
heat bath constant at T' = 300 K. Then, we determined
the stress-induced elongation Az of the simulation box
by averaging over 10000 time steps (corresponding to
5x 10712 5). Our results, presented in Fig. 4(c), show an
almost linear relationship between p and Az. We found
the slope of the Az(p) curves to be almost independent
of z at low values of p, indicating that changes of the hy-
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drogen concentration have little effect on Young’s mod-
ulus Y. Our results also indicate that the critical tensile
stress p. for the onset of fracture, corresponding to the
“end points” of the Az(p) curves, decreases with increas-
ing hydrogen concentration. We find that hydrogen can
reduce the critical tensile stress for fracture p. substan-
tially when compared to the hydrogen-free system, but
that the order of magnitude of p. in the different sys-
tems is the same. This hydrogen-induced reduction of
the mechanical strength is sometimes called “hydrogen
embrittlement.”? As we discuss later on, our microscopic
results indicate that this is a misnomer; we find hydrogen
to enhance the ductility and plasticity of the metal ma-
trix locally, thereby weakening the structure as a whole.

We can also use our MD calculations for uniazial ten-
sile stress to estimate the bulk modulus of the system,
following the procedure outlined in the preceding sub-
section. Our results, presented in Fig. 5(b), indicate that
the bulk modulus B decreases strongly in the presence of
hydrogen. Another quantity of interest is the Poisson’s
ratio u which is the ratio of the unit cell deformations
along the direction of the applied load Az and perpen-
dicular to it Az. In a cubic system, u relates Young’s
modulus and the bulk modulus as B = Y/(3—6u), which
defines u as

1 Y
kF=37%B"
Our above results for Y (z) and B(z) indicate that Pois-
son’s ratio decreases strongly with increasing hydrogen
concentration in the metal.

As in the hydrogen-free system, we investigated the
distribution of binding energies for a signature of atomic
fracture at different tensile loads. Our results for the
PdHg 25 system are summarized in Fig. 6(a) for zero
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FIG. 6. Distribution of binding energies of Pd atoms
Econ(Pd) in bulk PdHo.25 at T = 300 K (a) at zero pres-
sure and (b) at the point of critical uniaxial tensile stress p.
[compare with Fig. 4(c)]. The solid lines give the probability
distribution; the dashed lines show the integrated probability.
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tensile stress and in Fig. 6(b) for critical tensile stress.
The structure of the binding energy distribution in the
stress-free case reflects the distribution of inequivalent
Pd atoms with 0-6 H nearest neighbors. The relatively
featureless distribution of binding energies at the point
of critical tensile stress p = p,, displayed in Fig. 6(b),
is in sharp contrast to the hydrogen-free case shown
in Fig. 3(c), and is more reminiscent of the results for
molten Pd, shown in Fig. 3(b). The absence of distinct
fracture-related features in the binding energy distribu-
tion in Fig. 6(b) indicates that all Pd atoms reside in a
relatively homogeneous atomic environment. This envi-
ronment is close to the molten system; it has an amor-
phous structure and can easily be plastically deformed.
We conclude that increased hydrogen concentration has
a similar effect on the mechanical properties of Pd as a
temperature increase, namely, an increased ductility and
plasticity.

An independent microscopic signature of fracture on
the atomic scale can be often found in the distribution
of Wigner-Seitz volumes associated with the individual
atoms in the crystal. The statistical presence of large
atomic volumes indicates the occurrence of fracture with
no additional assumptions about the number, position,
or morphology of one or more simultaneous cracks. This
information is displayed in Fig. 7 for Pd and H atoms in
PdHg. 25 at p = p.. The volumes of Pd atoms, given by
the solid line, show a distribution which is characterized
by a sharp peak near 15 A3, corresponding to atoms in
bulklike environment, and a wide structureless tail to-
wards larger volumes, associated with atoms near the
crack surface. This finding again confirms our previous
conclusion that Pd atoms have no preferential binding ar-
rangement in the hydrogen-loaded sample, which shows
a plastic behavior under critical tensile stress.

The preferential hydrogen sites in this structure are de-
termined in the following way. We enlarged the original
Wigner-Seitz volumes of Pd atoms by a factor of 1.5 in

Volume distribution (87%)
@

v (£%)

FIG. 7. Distribution of atomic volumes in bulk PdHo.25 at
T = 300 K. The solid line shows the distribution of atomic vol-
umes associated with Pd atoms, obtained using the Wigner-
Seitz cell construction. The dashed line is obtained by first
determining which Pd sites are associated with each of the H
atoms in the lattice, and displaying the distribution of these
Pd volumes. The dotted line gives the ratio of the values given
by the dashed and the solid lines, divided by the volume and
multiplied by 3.
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each direction and for each hydrogen atom in the crystal;
we generated a list of Pd sites which contain this atom in
their enlarged unit cell. This definition allows for more
than one Pd site to be associated with a given hydrogen
atom. Next, we combined the lists of Pd sites associated
with each H atom and plotted the distribution of the
corresponding Pd Wigner-Seitz volumes. The results are
given by the dashed line in Fig. 7. A comparison with the
solid line for the Pd atoms shows no strong preference of
hydrogen atoms for specific sites in the metal structure.
The dotted line in Fig. 7 represents the probability that
a Pd atom, characterized by its atomic volume, is likely
to have one or more hydrogen atoms as its closest neigh-
bors. In case that there would be no preferential sites for
hydrogen atoms, this curve should be flat. Our results
indicate a strong preference of hydrogen atoms for sites
near highly coordinated Pd atoms in the bulk. From the
position of the peak in the dotted curve, which lies at
a slightly larger volume than that of bulk Pd atoms, we
infer that hydrogen atoms are more likely to occupy sub-
surface sites or sites close to the crack tip than sites in
the bulk of Pd.

IV. DISCUSSION

Our molecular-dynamics calculations, based on the
Nosé and Rahman-Parrinello formalism, provide us with
a useful and consistent picture of the atomic-scale pro-
cesses which occur in PdH, at different temperatures
and hydrogen concentrations z, specifically in response
to large uniaxial tensile stress. Even though our interac-
tion potentials are obtained from static T' = 0 ab initio
calculations, the finite temperature results of our sim-
ulations are in good agreement with experimental data.
This increases our confidence that the MBA Hamiltonian
describes the interactions in the Pd-H system correctly
to a large degree. Since this Hamiltonian has a solid the-
oretical background, it can provide microscopic insight
into the nature of interatomic interaction under different
conditions.

Our simulations show that the introduction of hydro-
gen into bulk Pd at room temperature has a similar effect
on the structural properties and elastic behavior as a tem-
perature increase in the hydrogen-free metal. Increased
hydrogen loading and increased temperature both in-
crease the free volume linearly, decrease the bulk modu-
lus, and reduce the critical tensile stress for fracture. It
is plausible to some degree that the presence of hydro-
gen simulates a temperature increase, since the light H
atoms have a much faster dynamics than Pd atoms and
can easily excite Pd vibrations in elastic collisions. This
effect is enhanced by the fact that hydrogen atoms re-
duce the bonding strength between Pd atoms and soften
the vibrational modes of the Pd lattice.® We find that
hydrogen-induced changes of structural properties and
elastic response increase with increasing x, as shown in
Figs. 1(b), 5(b), and 4(c). At the point of fracture, we
find that the presence of hydrogen enhances the plastic-
ity of the system significantly, causing hydrogen-assisted
“melting” even at T = 300 K, which is associated with
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a substantial diffusion of Pd atoms. We found it use-
ful to compare our results for hydrogen-loaded Pd under
critical tensile stress to hydrogen-free Pd at the melting
point in an animated video movie, and found Pd diffu-
sion at the crack surface of the hydrogen-loaded system
to be comparable with the atomic diffusion in melting Pd
metal.

As mentioned above, a fundamental difference between
the effect of hydrogen loading and temperature increase
lies in the fact that hydrogen modifies the interaction be-
tween Pd atoms. This difference is most obvious in the
response to uniaxial tensile stress, shown in Figs. 4(b)
and 4(c). In the hydrogen-free system, we observe both
the bulk and Young’s moduli to decrease with increasing
temperature, while Poisson’s ratio p is nearly constant,
consistent with Eq. (14). On the other hand, increasing
the hydrogen concentration in Pd at a constant tempera-
ture T = 300 K still causes the bulk modulus to decrease,
but has little effect on Young’s modulus. In this case,
Poisson’s ratio decreases with increasing hydrogen load-
ing, indicating an increasing resistance against shape de-
formations. This effect could also assist in the initial for-
mation of cracks. Based on our results shown in Fig. 4(c),
we find that the critical values of tensile stress p. drop
at an increasing rate with increasing hydrogen concen-
tration, indicating a continuous reduction of the Pd-Pd
bond strength with increasing number of H atoms in the
vicinity of the metal bonds.

The microscopic origin of the reduced Pd-Pd bond
strength in the presence of hydrogen is the rehybridiza-
tion of Pd orbitals in the hydrogen-loaded metal. As
we found in our previous ab initio calculation of atomic
binding in bulk Pd and PdH,° the hydrogen-induced de-
cohesion of Pd stems mainly from a filling of antibonding
states in the Pd4d band, accompanied by a depletion of
the partly filled Pd5s band and a small charge trans-
fer towards hydrogen. These effects are considered, al-
beit in a very approximate way, in our many-body alloy
Hamiltonian. Unlike in models based on pairwise inter-
actions, we do consider the different electronic hopping
processes to neighboring atoms from the point of view of
electronic band formation when calculating the attrac-
tive part of our total energy. Hence the binding energy
of a Pd atom is not simply proportional to the number of
nearest neighbors, but depends in a more complex way
on the hybridization with the neighboring atoms and the
band filling, which appears to be essential for the under-
standing of bonding changes in this system.

Our calculated values for the critical tensile stress are
about one order of magnitude too high when compared to
experimental data for single and polycrystalline samples.
There are two reasons which cause this overestimate of
pc. First, it is impossible to study the dynamics of the
fracture process in a molecular-dynamics calculation for
realistic time scales and large systems. The time spans
presently accessible by such simulations fall at least ten
orders of magnitude short of a realistic time for the for-
mation of a crack, which is typically seconds. Second,
in a realistic system, the fracture process is assisted and
proceeds by dislocation motion in the crystal. Our unit
cell containing 500 Pd atoms, which is large for MD stan-
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dards, is clearly too small to show the spontaneous for-
mation and motion of dislocations.

We addressed the effect of dislocations in a somewhat
artificial way, namely, removing a single atom from the
unit cell, thus creating a defect site and a possible seed
for a dislocation or a crack. The corresponding MD sim-
ulation did not show a reduction of p. as compared to
the initially “perfect” systems. Obviously, the typical
atomic fluctuations near the point of fracture are large
and comparable to the size of a single atomic vacancy.

In hydrogen-loaded Pd, the local decohesion and struc-
tural relaxations are mediated by hydrogen which has
a very large diffusion constant. We studied the inter-
play between the time scales for structural changes and
the diffusion of hydrogen by considering isotope substi-
tution. We found that replacing H by D atoms in PdH,
has no effect on p., probably due to the large difference
between the time scales for hydrogen motion and struc-
tural relaxation, and possibly also the incoherent motion
of hydrogen atoms in the metal which averages out local
changes of elastic properties.

Our microscopic results for the elastic response of
hydrogen-loaded Pd under uniaxial tensile stress strongly
support one of the previously postulated mechanisms
for “hydrogen embrittlement,” namely, the hydrogen-
enhanced local-plasticity (HELP) mechanism.?® This
mechanism, which has been used to interpret experimen-
tal data, postulates that hydrogen concentrates preferen-
tially near the tip of a starting crack. Hydrogen subse-
quently locally softens the metal matrix in the vicinity of
the crack tip, which leads to an increase in the velocity of
dislocation motion. This process can lead to a softening
over microns over very short time scales. The system will
become microscopically ductile, but will appear as brittle
on macroscopic length scales.

While our calculations have been performed for a spe-
cific system, namely hydrogen loaded Pd, we expect that
the effect of hydrogen on the stability of other fcc met-
als will be qualitatively the same. The situation in bcc
metals (such as Fe) may be somewhat different, since
hydrogen is observed to stiffen rather than soften these
structures.? These questions are presently being ad-
dressed in corresponding MD simulations.?”

V. SUMMARY AND CONCLUSIONS

We have used the Nosé and Rahman-Parrinello molec-
ular dynamics formalism to study the equilibrium struc-
ture and elastic properties of bulk Pd as a function of
temperature and hydrogen concentration. The inter-
atomic interaction in the Pd-H system has been described
by a many-body alloy Hamiltonian based on ab initio
density-functional calculations. We have used this for-
malism first to predict the elastic constants, thermal ex-
pansion, and melting temperature of hydrogen-free bulk
Pd. We found our results to be in good agreement with
available experimental data.

Introducing uniaxial tensile stress as an independent
variable into this formalism has enabled us also to study
the elastic deformations as a function of the applied load
at different temperatures and hydrogen concentrations.
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At small applied loads, we found that the bulk and
Young’s moduli decrease with increasing temperature in
hydrogen-free bulk Pd. Increased hydrogen concentra-
tion at constant temperature has a very similar effect as
the temperature increase in the hydrogen-free metal: The
system gets softer, which is reflected in a decreased bulk
modulus. While hydrogen softens the Pd-Pd bonds, its
presence does not affect Young’s modulus. Consequently,
Poisson’s ratio decreases with increasing hydrogen load-
ing, indicating an increasing resistance against shape de-
formations. This behavior might assist in the formation
of cracks.

At large values of the uniaxial tensile stress, we ob-
serve the onset of crack formation. We find that the
critical tensile stress for fracture decreases both with in-
creasing temperature and increasing hydrogen concen-
tration. Near the point of fracture, however, the elas-
tic response of hydrogen-free and hydrogen-loaded Pd
are vastly different. Following the fracture, Pd atoms
can be found in well-defined sites in the ordered bulk
of the fragments or at the crack surface in Pd which
is free of hydrogen. In hydrogen-loaded Pd, no such
well-defined sites exist any more at the point of frac-
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ture. We rather find a broad distribution of Pd sites
in an amorphous system which can easily be deformed
plastically. We conclude that the hydrogen-induced re-
duction of the mechanical stability of Pd (and likely also
other metals) originates from an increased ductility and
plasticity in parts of the sample with a large hydrogen
concentration, such as regions near grain boundaries and
dislocations. These conclusions agree with one of the
previously postulated mechanisms for “hydrogen embrit-
tlement,” namely, the hydrogen-enhanced local-plasticity
mechanism.?® More detailed studies will be necessary to
confirm this behavior also in bce metals (such as iron).
A comparison with corresponding experimental studies,
preferentially on single crystals and showing atomic res-
olution, would be highly desirable.
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FIG. 4. (a) Schematic picture of Pd deformations under
tensile stress, showing the length z and deformation Az of the
unit cell. (b) Deformation Az of bulk Pd as a function of the
external tensile stress p, for different temperatures. (c) De-
formation Az of hydrogen-loaded bulk Pd at T'= 300 K, as a
function of the external tensile stress p, for different hydrogen
concentrations. Our molecular dynamics results are given by
the data points. The lines are guides to the eye.



