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Abstract

A new model that explains the deviation from Arrhenius law of the diffusion coefficient of hydrogen in amorphous
metals is suggested. This model relates the deviation to the temperature dependence of the short-range order. The suggested
model is applied to simulate the diffusion behavior of hydrogen in dilute amorphous Fe–H alloy. q 1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction

The interaction of hydrogen with amorphous met-
als and alloys has been studied extensively during

Ž w x.the last two decades e.g., Refs. 1–23 . These
studies were motivated by either scientific or techno-
logical interest. Hydrogen in amorphous metals may
be used as a probe to study the structure of the
amorphous state. In addition, the study of hydrogen
transport processes in the amorphous structure may
enable to better understand the diffusion of hydrogen
through grain boundaries and its interaction with

Ž .structural defects trapping in crystalline metals.
Various potential applications of amorphous metals

Žare concerned with exposure to hydrogen e.g., alloy-
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ing with hydrogen of components for the micro-elec-
tronic industry in order to improve the electrical
properties, materials for hydrogen storage, devices

.for fusion reactors, etc. . Therefore, the study of
hydrogen embrittlement, hydrogen diffusion, charac-
teristics of hydrogen absorption and desorption and
hydrogen effects on the electrical and magnetic prop-
erties is of great importance.

w xMany structural models 1–9 have been sug-
gested in order to explain hydrogen diffusion and
absorption in amorphous alloys. Kirchheim et al.
w x1–4 suggests that hydrogen atoms might occupy a
wide variety of interstitial sites, resulting from both
chemical and geometrical configurations in the
amorphous structure. Hence, a broad continuous dis-
tribution of interstitial site energies is used to explain
the concentration dependence of the chemical poten-
tial of hydrogen and its diffusivity in amorphous

w xmetals. Due to theoretical considerations 10 , the
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shape of this energy distribution can be related to the
shape of the first peak of the radial distribution

Ž .function RDF , which is usually assumed to be of a
Gaussian form for amorphous metals.

The idea that hydrogen might occupy in amor-
phous alloys interstitial sites, which are similar to the
octahedral and tetrahedral interstitial sites in crys-

Žtalline alloys, was suggested in various papers see,
w x.for example, Refs. 3,11 . This idea is based on

measurements of similar values of hydrogen solubil-
w x Ž .ity 11 , frequency factor D and activation energy0

Ž . w xfor diffusion Q 3 in amorphous and in fcc struc-
tures.

Techniques that can monitor motion over wide
Ž .temperature ranges above 100 degrees often exhibit

very anomalous temperature dependencies of the dif-
fusion coefficient of hydrogen in amorphous metals,

w xwhich simple Arrhenius models cannot describe 19 .
NMR measurements, for example, have revealed
non-Arrhenius character for amorphous TiCuH1.41

w xand Zr PdH hydrides 19–22 .2 x

Numerous theoretical concepts and computer
modeling, mainly based on Monte-Carlo simulations,
have been used to forecast the diffusion of hydrogen

w xin amorphous metals. Ahmadzadeh and Cantor 12
were probably the first ones to use the concept of
varying site and saddle-point energies for light inter-
stitial atoms diffusion and to run Monte-Carlo calcu-
lations for amorphous metals. Kirchheim and Stolz
w x13 used similar simulations to study the effect of
presencerabsence of distributions of site and
saddle-point energies on the characteristics of hydro-
gen diffusion in amorphous metals. Assuming no
distribution of site energies, either with or without
distribution of saddle-point energies, the linear be-
havior of the Arrhenius plots for the diffusion coeffi-
cient was obtained. Allowing for a distribution of
site energies, however, resulted in a pronounced
negative curvature that was related to trapping. It
should be noted, however, that many inconsistencies
arise from Gaussian distribution models, trying to
explain the deviation from the Arrhenius behavior
w x19,22 .

The non-Arrhenius behavior may be also ex-
plained by assuming that the microscopic diffusion

Ž .processes consist of two basic kinds of jump: 1
relatively rapid motion within localized regions of

Ž .the lattice; and 2 jumps that permit movement of

hydrogen between these regions, which will deter-
mine the long distance diffusion properties. Exam-
ples of this descriptive scheme are presented in Refs.
w x19,23 .

w xBelyakova et al. 14 combined computer model-
Ž .ing Molecular-Dynamics and experiments in order

to study the effect of hydrogen on the structural and
thermodynamic properties of iron and its alloys in
amorphous, liquid and solid states.

The main objective of this paper is to describe the
deviation from Arrhenius law of hydrogen diffusivity
in amorphous metals, based on the short-range order
of the structure and its temperature dependence. To
illustrate the applicability of our model, the results
on hydrogen diffusion in amorphous iron are pre-
sented. We show that accounting for the temperature
dependence of the structure of amorphous metals
leads to pronounced temperature dependence of the
activation energy for diffusion processes. This effect
reflects itself in the non-Arrhenius behavior of the
diffusivity of small-atomic-volume impurities in
amorphous metals.

The metal that was chosen to illustrate our model
is iron. The reason for this is the comprehensive data
that exists in the literature on the local structure of

Žiron in its solid, amorphous and liquid states e.g.,
w x.Refs. 24–28 , as well as on hydrogen diffusion in

crystalline iron and in amorphous Fe-base alloys
Ž w x.e.g., Refs. 15–18 .

2. Modeling procedure

Experimental measurements of the RDF are often
used to characterize the local atomic arrangement in
materials, including amorphous metals and alloys.
Amorphous metals may be assumed as ‘frozen’ liq-
uids, with a RDF similar to that of liquid metals,
though showing a characteristic splitting of the sec-

w xond peak 24 .
Making use of the experimental RDF of amor-

phous iron and its temperature dependence, one can
calculate the coordination number as a function of
temperature. However, since this information was
unavailable for us, we referred to the similarity
between the first peak of the RDF of amorphous and
liquid metals and used the experimental density func-

w xtion of liquid iron from Ref. 27 . We assume that
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atom distribution varies with temperature according
to a Boltzmann relation:

g r sexp yf r rk T 1Ž . Ž . Ž .B

Ž . Ž .where g r is the density function, f r is the
average potential between a certain origin atom and
all neighbor atoms located at a distance r from it
Ž w x.see, for example, Ref. 29 , k is Boltzmann con-B

Ž y23 y1.stant 1.38=10 J K and T is the absolute
Ž .temperature. Eq. 1 may be treated also as the main

contribution to the Percus–Yevick or Born–Green
equations, which define the fine structure of liquid
metals.

Ž .From the experimental data for g r at fixed
Ž .temperature we can extract f r and use it to model

Ž .g r at different temperatures. The radial distribution
function of the mono-atomic amorphous solid can
now be expressed by the following equation:

RDF r s4p r 2r r , 2Ž . Ž . Ž .
Ž . Ž .where r r sg r rV is the local atomic density

and V is the mean volume per atom. We neglect the
small changes in the value of V at varying tempera-

˚3 3Ž .tures and use the value of 13.44 A 90.79 a.u.
w x27 .

Ž .The coordination number CN can now be calcu-
lated by the routine integration procedure:

r2 2CNs4pr g r r d r , 3Ž . Ž .H0
r1

where r and r are the limits of the relevant peak1 2

of the RDF and r s1rV is the mean atomic0

density. Practically, one can either integrate directly
the first peak of the RDF or run a Gaussian fitting

Ž .for g r in order to calculate the first-shell coordina-
Ž . Ž .tion number CN . Using the first option and g r1

at different temperatures, we receive the temperature
dependence of the first-shell coordination number
that is displayed in Fig. 1.

The observed decrease of the coordination num-
ber with temperature can be explained by substantial
decrease and small broadening of the intensity of the
density function at increased temperatures. It should
be mentioned that the values of coordination number
presented herein are in accordance with the experi-

w xmental results of Ruppersberg and Seemann 28 ,
who used X-ray testing of liquid iron to estimate the
first-shell coordination number.

Fig. 1. The dependence of the first-shell coordination number of
Ž .amorphous iron on temperature, calculated from Eq. 3 .

The second peak of the RDF of iron is not well
defined. However, on the basis of experimental mea-

w xsurements it was concluded 28 that liquid iron has a
Ž . Žfcc g structure near its melting temperature 1809

.K . Hence, we choose to calculate the second-shell
Ž .coordination number CN in the amorphous state2

from the ratio between the first- and second-shell
coordination numbers in the crystalline fcc structure.

The above mentioned considerations are used to
model the diffusion process of small-volume-atoms
in an amorphous metal. We assume these atoms to
occupy the octahedral interstitial positions in a fcc
structure because the volume of these positions is
larger in comparison with tetrahedral ones. Now, the
diffusion process of atoms of small atomic radius,
for example hydrogen, can be described as the result
of their jumps over the ‘sublattice’ of octahedral
sites. Any tunneling, phonon assisted or otherwise, is
neglected further in our work. The activation energy
for this process may be calculated if the energies of
hydrogen atom in the interstitial position, u , and ino

the saddle-point, u , are defined. Taking into ac-p

count only the first- and second-nearest neighbors,
we present these energies in the following form:

4CN T 1CN TŽ . Ž .1 1
u sy 1q q V ar2Ž .o FeH½ ž /12 24

4CN T 4CN TŽ . Ž .1 1 'q q V a 3 r2Ž .FeH 5ž /6 12

4Ž .
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1CN TŽ .1 'u sy 1q V a 2 r4Ž .p FeH½ ž /12

4CN TŽ .1 'q V a 6 r4 , 5Ž .Ž .FeH 5ž /12

where CN is the first-shell coordination number, a1

is the quasi-fcc-lattice parameter and V is theFeH

interatomic interaction potential between a hydrogen
atom and an iron atom at different distances between
one another.

Ž . Ž .In Eqs. 4 and 5 , we refer to the first- and
second-nearest neighbors around an octahedral inter-

Žstice and a saddle-point 6 first-nearest neighbors at
w xar2 001 directions and 8 second-nearest neighbors

w x w x w xat ar2 111 , 2 at ar4 011 and 4 at ar4 211 ,
.respectively in terms of their position in the quasi-

fcc-lattice of amorphous Fe. We take into account
the ratio between the first- and second-shell coordi-
nation numbers in crystalline fcc structures, as previ-
ously explained.

Ž . Ž .Eqs. 4 and 5 reflect also the temperature de-
pendence of the coordination numbers of a quasi-fcc
amorphous metal in the vicinity of the ‘interstitial’
impurity. It is easy to see that the activation energy

< <for the diffusion process, Dus u yu , becomesp o

temperature-dependent, describing thus the deviation
from the Arrhenius law.

For quantitative estimations, the model of inter-
atomic interaction has to be chosen. The Fe–H inter-
action may be modeled by one of several flexible
schemes, including the familiar Lennard–Jones and

Fig. 2. The effective interatomic interaction potential Fe–H, calcu-
lated for extremely dilute Fe–H solid solution.

Fig. 3. Arrhenius plot of the diffusivity of hydrogen in amorphous
Fe. Solid line was calculated using the temperature-dependent
activation energy. Dotted line allows to see the deviation from the
linear dependence.

Ž .Harmonic Hook’s law potentials as well as general-
ized tabular functions. As follows from simple pseu-

Ž w xdopotential calculations see, for example, Ref. 30
.and references therein , the A–B type interaction is

repulsive in systems with extremely limited solubil-
ity and with no tendencies to intermetallic phase
formation. It reflects the tendency to the decomposi-
tion of the alloy. To treat the interatomic interactions
one may use the perturbation series on potentials in

Ž .reciprocal space PSP RS-method . It is evident that
this approximation will only roughly describe the
basic peculiarities of the electronic spectra of solu-
tions. This is especially true for the solutions with
transition metals. But as thermodynamic quantities
are always obtained as a result of averaging over the
spectra, they are less sensitive to its particularities

w xthan, for instance, optical characteristics 31 . This is
why the PSP RS-method can be applied to materials
science problems that determine the quantities, which
are not too sensitive to details of electron energy
spectra of metals and alloys. Making use of the PSP
RS-method we calculate the Fe–H interatomic inter-
action potential with soft-core pseudopotentials. The
results of these calculations are presented in Fig. 2. It
should be noted that we consider only very low

Ž .concentrations of hydrogen less than 0.1 at.% in
order to ensure conditions of dilute solid solution
and to avoid interactions between hydrogen atoms.

Ž .Exploring this effective potential and Eqs. 4 and
Ž .5 we calculate the activation energy Du as a func-
tion of temperature.
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Fig. 3 presents the Arrhenius plot of the diffusion
coefficient of hydrogen diffusion in amorphous Fe. It
clearly demonstrates the non-Arrhenius behavior that
is characterized by a negative curvature of the plot.
This can be explained by temperature dependence of
the activation energy for diffusion, which results
from taking into account the temperature dependence
of the local short-range order of the amorphous
metal. This behavior is similar to the one reported by

w xKirchheim and Stolz 13 for small concentrations
andror high temperatures, when assuming a Gauss-
ian distribution of site energies.

In conclusion, we showed that the deviation from
Arrhenius law for the diffusion in amorphous metals
may be related to the temperature dependence of the
short-range order. The latter enters the activation
energy in a natural way by means of coordination
numbers, which appear to vary with temperature.
This simple model may be used to study the tenden-
cies in the diffusion behavior in amorphous metals
under alloying, instead of using complicated and
time-consuming Molecular-Dynamics or Monte-
Carlo simulations. The temperature dependence of
activation energy may influence also the other mech-
anisms of mass transfer in amorphous metals, for
example the tunneling or phonon-assisted transport

Ž .of light hydrogen atoms.
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