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A model is proposed for interstitial diffusion in a disordered alloy. Diffusion is described in terms

of single-jump processes with an activation energy and a prefactor depending on the chemical and

physical structure of the initial and final sites. Site-dependent activation energies, prefactors, selec-

tive blocking factors, and attractive interstitial-interstitial interactions are taken into account. Us-

ing the site energies and the density-of-sites function as measured by Feenstra et al. , we calculate
for the first time the temperature and concentration dependence of the diffusion coefficient for hy-

drogen in the complete Nb& y Vy alloy system without any further fit parameter. The agreement be-

tween calculated and experimental activation energies is excellent by taking the same saddle-point

energy as for pure Nb and V over the complete Nb& y Vy alloy system. By combining data extracted
from pressure-composition isotherms with diffusion data, it is possible to obtain information on the

density of sites, the site energies, and the saddle-point energies of a complete binary alloy system.

I. INTRODUCTION

Diffusion of interstitials (H,D,T,O,N, C) in metals has
been a subject of intensive theoretical and experimental
research for many years. '

Most of the theories proposed so far have dealt with
the motion of a single light interstitial in a pure metal.
For example, Flynn and Stoneham gave a quantum-
mechanical treatment of interstitial diffusion in metals in
the nonadiabatic, Condon, and Born-Oppenheimer ap-
proximations. Because of the light mass of hydrogen and
its isotopes, quantum effects are expected, especially in
the bcc metals with a small jump distance of approxi-
mately 1.1 A between the interstitial sites (Fig. 1). Hy-
drogen tunneling ' has indeed been observed in Nb

I I

FICx. 1. Structure (bcc) of the Nbl yVy alloy system. The
Nb and V atoms are randomly distributed among the lattice
sites. Hydrogen atoms diffuse through the lattice by "jumping"
from one tetrahedral site to another. Two neighboring
tetrahedral sites have three nearest-neighbor metal atoms in

common (0, metal atoms; 0, metal atoms of two neighboring
tetrahedral sites; o: tetrahedral sites).

doped with N or O. Furthermore, the existence of local
modes ( —110 and —170 meV in the bcc metals V, Nb,
and Ta) and the low activation energy for diffusion

( —100 meV) indicate that even around room temperature
quantum effects are important. At high temperatures
the diffusion process becomes classical and hydrogen will

diffuse by over the barrier jumps. Emin et al. showed
the importance of hydrogen atoms following metal atoms
adiabatically. Teichler and Klamt' went beyond the
Condon approximation in showing that the transition
matrix element could be dependent on the host-lattice
configuration. Sugimoto and Fukai calculated the transi-
tion matrix element for hydrogen atoms in bcc met-
als."" Recently, Kondo calculated the jurnp rate of in-
terstitials in the regime where the electron-screening
cloud cannot follow the motion of the interstitial adiabat-
ically. '

A relatively small number of theoretical works have
focussed on diffusion in pure metals at high interstitial
concentration. Kehr, Kutner, and Binder treated the
problem of diffusion in concentrated lattice gases with an
attractive as well as a repulsive interaction between parti-
cles. ' ' These theoretical results are important for the
concrete interpretation of diffusion experiments which
are commonly carried out on samples with a finite con-
centration of interstitials (such as nuclear-magnetic reso-
nance or quasielastic neutron scattering) or with a con-
centration gradient (such as in resistance-relaxation or
Gorsky-relaxation experiments).

To our knowledge, only little attention has been given
to diffusion of interstitials at finite concentrations in ran-
dom alloys. Diffusion of interstitial atoms at low concen-
trations in dilute alloys without any interstitial-interstitial
interactions was described by Oriani and Koiwa. ' '
McLellan and Yoshihara treated the diffusion of intersti-
tials in terms of a cell model in concentrated alloys, not
taking into account blocking and interstitial-interstitial
interactions. ' ' Kirchheim demonstrated the effects of
site filling, blocking, correlation, and varying saddle-

38 10 217 1988 The American Physical Society



10 218 R. C. BROUWER, E. SALOMONS, AND R. GRIESSEN 38

point energies in various papers. None of models
presented so far take into account interstitial-interstitial
interactions in concentrated alloy systems. They are,
strictly speaking, only applicable to real systems at low
interstitial concentrations. Another problem in the appli-
cation of these models is the many unknown parameters
which cannot be determined from diffusion experiments
alone.

In this paper we shall show that a relatively simple
model which incorporates a distribution in site energies
and site-blocking effects as well as effective interstitial-
interstitial interactions is able to describe quantitatively
the variation of the diffusion coefficient of interstitials in
disordered alloys as a function of alloy composition and
interstitial concentration. As a test case, we have chosen
hydrogen in disordered Nb, yVy alloys. This choice is
motivated by (i) the detailed knowledge available on hy-
drogen in the constituent metals V and Nb, (ii) the simple
metallurgy of these alloys, and (iii) the remarkable con-
centration dependence of the hydrogen diffusion
coefficient measured by Peterson and Herro in

Nb& V, as shown in Fig. 2. With increasing vanadium
concentration the hydrogen diffusion coefficient decreases
sharply, reaches a minimum around y-0.4, and in-
creases towards the diffusion coefficient of V. Another
very interesting feature is the hydrogen concentration
dependence of the diffusion coefficient in the Nb& y Vy al-

loy system. Whereas the diffusion coefficients of hydro-

72—
373 K

gen in Nb and V decrease sharply with increasing hydro-
gen concentration (Fig. 2), the diffusion coefficients of the
alloys with y-0.4 show merely a very weak concentra-
tion dependence.

This paper is organized as follows. In Sec. II we
present a macroscopic model of diffusion in concentrated
alloys, taking into account interstitial-interstitial interac-
tions, to relate the results of diffusion experiments to
site-dependent activation energies E;. and prefactors D; .
In Sec. III we calculate the temperature and hydrogen
concentration dependence of the diffusion coefficient for
various alloys in the Nb] yVy system. In Sec. IV we
compare our calculations with experimental diffusion
data. We show that the interstitial diffusion process is
sensitive to the microscopic chemical and physical struc-
ture of an alloy and that, in principle, one can use hydro-
gen as a probe for the local structure of an alloy (Sec. V).

II. THE MODEL

The starting point in the analysis of macroscopic
diffusion experiments is Fick's first law:

J= D'n Vc, —

with J the current density (in m s '), c the interstitial
concentration (the number of interstitial atoms, N, divid-
ed by the number of interstitial sites, M), n (in m ) the
site density (the number of interstitial sites, M, per unit
volume), and D' the macroscopic or chemical diffusion
coefficient determined experimentally. The individual
jump process is described by the mobility M(c ) defined as
the velocity per unit force. The nobility is a function of
concentration due to blocking and to the concentration
dependence of the potentials surrounding the interstitial.
The relation between the mobility M(c ) and the current
density is

J= —M(c )ncVp, (2)

where p is the chemical potential. The macroscopic
diffusion coefficient D' is related to the inobility M(c ) by
Eqs. (1) and (2). If p is a function of position only
through the concentration, Eqs. (1) and (2) yield

D'=M(c)c RIM

C
(3)

0—
I

0
Nb

0.2
I

0.4 0.6 0.8 1.0
V D=M(c)RT . (4)

To find the tracer diffusion coefficient D, interstitial-
interstitial interactions are eliminated by dividing D* by
the so-called thermodynamic factor f= ( c /R T )(r}pIr}c )

and, neglecting correlation effects, we find

FIG. 2. Chemical diffusion coefficients D at 373 K for hy-
drogen in the Nb, ~ V~ alloy system as a function of the vanadi-
um concentration. Solid circles, diffusion coefficients extrapo-
lated to zero hydrogen concentration (e=0); open squares,
c =0.02 with e equal to the number of hydrogen atoms (N) di-
vided by the number of tetrahedral sites (M). As there are six
tetrahedral sites per metal atom in a bcc structure, the atomic
fraction is equal to 6e. The diffusion coefficients for the alloys
are from Peterson and Herro in Ref. 26; the data for Nb and V
are from Ref. 2.

The tracer diffusion coefficient D is experimentally found
to follow an Arrhenius relation, with a prefactor D (c)
and an activation energy E(c). Combining this experi-
mental information with Eq. (4), we obtain

M(c) = exp
D (c) E(c)—

RT

The concentration dependence of the mobility contains a
factor (1—sc), which is the probability of finding a free-
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(6)

interstitial site. The blocking factor s is the number of in-
terstitial sites blocked by one interstitial atom. Boureau
derived an analytical expression for the blocking factor s
in a pure metal and showed that s is concentration depen-
dent. However, for hydrogen atoms in a bcc metal a
good agreement with experimental entropies is obtained
by taking a constant value s=4 for the blocking factor,
which is, in fact, the same value as calculated by Boureau
for high hydrogen concentrations. Writing D (1—sc ) for
D (c) and combining Eq. (5) with Eq. (3), we obtain

D' = c(1—sc)exp
Do E(—c)

Bc

0
LIJ
Z
4J

POS I T ION

SITE k SITE i SITE j

The physical meaning of the various terms in Eq. (6) is as
follows. The probability of finding an interstitial atom on
a certain site is c and the probability of finding a free site
(next to an interstitial} is 1 —sc. The Boltzmann factor
exp[ E(c)/—RT] is the probability that an interstitial
jumps to another site. The gradient in the chemical po-
tential ju is the driving force for diffusion.

In random alloys the many different local surroundings
of an interstitial atom result in a distribution of prefac-
tors D, and of a"ctivation energies E;,(c ), with i denoting
the type of the initial site and j the type of the final site
(see Fig. 3). The probability that interstitial atoms occu-
py sites of type i with energy c.; is given by a Fermi-Dirac
distribution function as we assume that multiple occupa-
tion of a given state is forbidden,

Pi.

s, +expI [e;+f(c ) p]/RT )— (7)

where c; is the number of interstitial atoms, n;, on sites of
type i divided by the total number of interstitial sites, M,
and p; is the number m; of interstitial sites of type i divid-
ed by the total number of interstitial sites, M (so
c, = n, /M and p, =m, /M; thus c, /p, is the fractional oc-
cupation of sites of type i ). c, depends on the total con-
centration c through the effective interstitial-interstitial
interaction term f(c ) for reasons discussed in Refs. 29
and 30. The selective (site-dependent} blocking factor s,
is the number of sites of type i blocked by one interstitial
atom on a site of type i. As mentioned above, in the pure
metals V and Nb the exact value of the blocking factor s
is not very important at low interstitial concentrations
and a good agreement with experiment is obtained by
taking for s the limiting value for high interstitial concen-
trations (s =4 for hydrogen in a bcc metal).

In analyzing interstitial diffusion experiments in con-
centrated a/loy systems, it is of importance to use site-
dependent (selective) blocking factors s, If, for example,
in an Ap 9pBp ~p alloy a given interstitial atom blocks on
the average four interstitial sites, the blocking factor for
an interstitial on an A4 site is -4, but the blocking fac-

FIG. 3. Schematic representation of site energies c., and
saddle-point energies g;, . The activation energy E„ for
diffusion from a site of type i to a site of type j is the difference
between the site energy c,, and the saddle-point energy g„.
Note that Q„=g,„but, in general, E;,&EJ, . The saddle-point
energy is correlated with the site energy: if the site energy de-
creases, the saddle-point energy is also lowered. Due to this
correlation the lowest barrier E„ for diffusion is always found
near a trapping site.

tor for an interstitial on a B4 site is —1 (the probability of
finding another B4 site next to the interstitial is small).

Assuming local equilibrium between the interstitial
sites and averaging over all possible jumps from sites of
type i to sites of type j, Eq. (6) for an alloy becomes

D
c q,, 1 — s, exp[ E,, (c)/RT—]

with c; the probability of finding an interstitial atom on
sites of type i, 1 —(c /p )s the probability that sites of
type j are empty, and q; the probability of finding sites of
type j next to sites of type i.

The coefficients q; are equal to p in other models for
diffusion in concentrated alloy systems. ' In a real
metal the probability of finding sites of type j next to sites
of type i is not equal to the probability p of finding sites
of type j in the alloy, but depends on the configuration of
both sites of type i and sites of type j (q; ). For example,
in a bcc metal with tetrahedral sites (Fig. 1) two neigh-
boring interstitial sites have three nearest-neighbor metal
atoms in common, and it is impossible (q,~

=0) to jump
from an A4 site to a B4 site. By means of Eq. (7) we can
express Bp/Bc in terms of ck, pk, sl„and the effective
interstitial-interstitial interaction f(c) in the following
way:

T

D'= g QD,,c,qj 1 ——s, exp[ E, (c)/RT—) pc„ 1—
k

cl&

Sk
Pk

' 1 Bf(c)
RT Bc

(9)
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In Eq. (9) the diffusion coefficient for interstitial atoms in

an alloy is expressed in terms of single jumps from sites of
type i to sites of type j with site-dependent activation en-
ergies E,, (c) and prefactors D; . Interstitial-interstitial
interaction [f(c)] is taken into account, as well as selec-
tive blocking factors s and correlation between two
neighboring sites (q;, ). Equation (9) reduces almost to
Eq. (29) derived by Kirchheim in Ref. 22 by setting

q;J
—=p~, s~ = 1, and f(c ) =0.
In Eqs. (8) and (9) correlation effects between succes-

sive jumps are neglected. Lattice-gas effects and a disor-
der in the transition rates in some cases cause strong
correlations. "' ' ' Correlation effects due to lattice-gas
effects can be incorporated into the model by a
concentration-dependent correlation factor. For c &0.03
this factor is approximately 1. ' In the next section we
calculate diffusion coefficients for hydrogen diffusion in

Nb& V alloys using data from pressure-composition
isotherms for the parameters in Eq. (9).

III. CALCULATION OF D
IN THE Nb

& y Vy ALLOY SYSTEM

Until recently it was necessary to make rather drastic
simplifications in using equations such as Eq. (7) or (9) be-
cause of the many unknown parameters which enter
these expressions. Fortunately, Feenstra et al. ' ' re-
cently determined the site energies c.; and the density of
sites p; for hydrogen in the Nbi V system (for

y =0,0. 1,0.25, 0.5,0.75,0.90, 1.0) from pressure-
composition isotherms. In the approximation that only
first-nearest-neighbor metal atoms determine the energy
of a hydrogen atom on a tetrahedral site, a good fit to the
isotherms was obtained by using five energy (c,, ) delta
functions and a binomial site distribution p, . The site en-

ergies c; are tabulated in Table I. Some of these energies
are extrapolated values, as it is, for example, not possible
to determine the site energy c., of a V4 site in a NbQ 9QVp &p

alloy from pressure-composition measurements due to
the small fraction of V4 sites (0.0001) in the alloy. Con-
sidering the monotonous variation with alloy composi-
tion of the lattice parameter, bulk modulus, and elec-
tronic specific-heat coefficient, and the uniformity of the
hydrogen-induced lattice expansion in the group-VB
metals, the interaction energy f(c) is simply linearly in-

terpolated between the energy for hydrogen-hydrogen
(H-H) interactions in V and Nb using the values of Table
II. A monotonous variation of the interaction energy be-
tween Nb and V is also indicated by the smooth variation
of the partial molar enthalpy at high hydrogen concen-

trations in Ref. 28. The probability of finding a certain
site as a neighboring site (q, ) is calculated for a binomial
distribution and tabulated in Table III.

In calculating the selective blocking factors s, (Table
IV), a repulsive interaction is assumed up to second-
nearest-neighbor hydrogen atoms. At high hydrogen
concentration (c, /p;~1) one hydrogen atom blocks on
the average four tetrahedral sites. ' As the calculation
of the selective blocking factors may be found in the Ap-
pendix, we consider here only a special case. As an illus-

tration, for example, at low concentrations (c &0.02) a
hydrogen atom in a Nbp 9pVp &p alloy on a traPPing site

(V4 site) has a probability of 0.1 to block another V4 site
(0.1 is the probability of finding a V4 site next to a V4 site
in a Nb090VO io alloy; see Table III). Each site has four
nearest-neighbor sites, yielding a blocking factor of ap-
proximately (I+4X0.1=) 1.4 for a hydrogen atom on a

V4 site, but a hydrogen atom on a Nb4 site in a

Nbp 9QVQ, Q alloy has a blocking factor of aPProximately 4
because the probability of finding only Nb4 sites as neigh-
bors is large. The exact values of the blocking factor s,.

determine when sites of type i are filled completely. This
is important in diffusion experiments where the diffusion
coefficient is very sensitive to the number of trap sites.

The activation energies E;~(c) depend on the site ener-

gy s;, the saddle-point energy Q; between sites of type i
and of type j, and the total concentration c (see Fig. 3).
The hydrogen concentration dependence of E, is due to
the changing potentials around a hydrogen atom by the
expansion of the lattice. For the calculation we interpo-
late between the concentration dependence of the activa-
tion energy for diffusion of H in Nb and V on the same
arguments as for the interaction energy. The values
used in the calculations are Ev (c ) =4.3+83.3c and

Ezb(c)=10.2+65. 1c in kJ/molH and with c=N/M.
From values for the site energy in pure Nb and V (Table
I) and the activation energy for diffusion (Table V), we

find the same saddle-point energy of —25.2 kJ/mol H in

both Nb and V. For Nb, yVy alloys we shall take the
same value for the following reasons. Although the
saddle-point energies are expected to vary with the site
energies (e.g. , the saddle-point energy decreases when the
site energy is lowered), the variation in the saddle-point
energy is only a fraction of the variation of the site ener-

gy. Furthermore, Kirchheim ' showed by Monte Car-
lo simulations that correlated saddle-point energies result
only in a relatively small increase in the diffusion
coefficient because all the easy diffusion paths are direct-
ed to trap sites (Fig. 3). A constant saddle-point energy
was also found by McLellan and Yoshihara ' in fitting

TABLE I. Site energies (in kJ/molH) for various sites in the Nbl JVy alloy system. (Data from
Feenstra and Griessen, Ref. 33.)

Site Nb Nbo 9oVo lo Nbo 75Vo 25 Nbo 5oVo 5o Nbo 25Vo 75 Nbo loVo 9o

Nb4
Nb3V
Nb2V~
NbV3
V4

—35.3 —32.0
—37.8
—46.0
—54.0
—61.8

—26.8
—32.5
—40.5
—49.0
—56.5

—17.7
—23.5
—31.5
—39.8
—47.3

—9.0
—14.8
—22.5
—30.8
—38.5

—3.6
—9.0

—17.4
—25.0
—33.0 —29.6
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TABLE II. Parameters 3, (in units of J/molH) entering the
expression f(c)= A, c+ A2c'+ A3c'+ A4c for the effective
H-H interaction f(c) as calculated from data of Feenstra er al.
(Ref. 28). The concentration c is given by the number of hydro-
gen atoms per tetrahedral site. The agreement with values from
Veleckis and Edwards (Ref. 41) is excellent.

Nb
V

—1.93 X 10'
—2.22 X 10'

2.10X10'
4.35 X 10

A3 A4

—2.36 X 10 1.09 X 10
—7.78 X 10 5.55 X 10

IV. COMPARISON WITH EXPERIMENT

The solid lines in Figs. 4 and 5 are calculated diffusion
coefficients for Nb, V alloys, with y =0,0. 1,0.25,
0.5,0.75,0.9, 1.0, between 200 and 1000 K. The lines are
calculated for a hydrogen concentration of 0.001(N/M)
(0.6 at. % H). The calculated diffusion coefficients for
pure Nb and V are in agreement with data published by
Volkl and Alefeld and are plotted for the temperature
range where experimental data exist. Dashed lines in
Figs. 4 and 5 are diffusion coefficients as measured by
Peterson and Herro (PH) using the Matano interface

their cell model to activation energies for hydrogen
diffusion in various Ti~ yVy alloys. This alloy system is
on the vanadium-rich side, in many respects comparable
with the Nb] yVy alloy system.

The prefactors D; contain a constant depending on the
geometry of the system, the jump distance k, between
two sites, and the attempt frequency v; of hydrogen on a
site of type i. The variation in the jump distance is rela-
tively small and is interpolated between Nb and V. The
attempt frequency v; depends on the exact configuration
of the surrounding shell of nearest-neighbor metal atoms.
There are no measurements available giving values of v;
for different sites, so we take a constant value for D'j for
all the different sites, and interpolate D; between
3.1g10 rn /s for V and 5&(10 m /s for Nb, depend-
ing on the alloy concentration.

We have now assigned values to all the parameters
entering Eqs. (7) and (9) and are in a position to calculate
the chemical diffusion coefficients D* as a function of
temperature and hydrogen concentration for any
Nb ] y Vy al loy without any fit parameter. The results are
shown in Figs. 4, 5, and 8.

method. For the comparison of experimental and calcu-
lated data, the slope of the curves (the mean activation
energy) in Figs. 4 and 5 was determined and plotted in
Fig. 6 as a function of the alloy concentration. The open
squares correspond to the experimental mean activation
energies found by PH and the solid dots to the mean ac-
tivation energies of the calculated curves. As the calcu-
lated curves in Figs. 4 and 5 are not straight lines, the
averaged value of the mean activation energy was calcu-
lated between 225 and 500 K. In alloying V with Nb an
almost linear increase in the mean activation energy up to
NbQ 7VQ 3 is observed, followed by a sharp decrease on the
Nb side. Qualitatively, this behavior of the activation en-

ergy can be explained by assuming that hydrogen occu-
pies only the most favorable sites (V4 sites). In alloying V
with Nb the energy of the V4 sites decreases linearly with
the Nb concentration (Table I) and the activation energy
increases. On the Nb side of the alloy system the number
of V4 sites is so small that many hydrogen atoms occupy
NbV3 sites with higher site energy and correspondingly
lower activation energy. The slope of the calculated and
experimental curves agree within the experimental errors,
except for the Nbo 75Vo zs and Nbo 9QVQ to alloys (Table
V).

The reason for the deviation between calculated and
measured activation energies for these two alloys is best
discussed by considering the concentration dependence of
the diffusion coefficients in detail. Consider Fig. 7, in
which the diffusion coefficient of H in NbQ 9QVQ JQ at 373
K is plotted as a function of the hydrogen concentration
(curve c ). Its concentration dependence is mainly deter-
mined by two competing effects: site filling and attractive
H-H interactions. As a result, D'(c) is a highly non-
linear function of c. These two contributions, which are
shown separately in Fig. 7, are now brieAy discussed.

(a) Site Piling Adist. ribution in site energies leads to
an increasing diffusion coefficient with increasing H con-
centration. This is due to the fact that with increasing
hydrogen concentration more and more hydrogen atoms
occupy NbV3 sites which have a higher energy than the
already filled V4 sites. The activation energy for jumps
out of the NbV3 sites is lower than that of the trapping
V4 sites and, consequently, D' increases with c.

(b) E+ectiue H Hinteraction T-o illustrat. e the role of
the inclusion of the effective H-H interaction f(c), we
calculated D*(c) for an average perfect crystal with the
same mean activation energy as in NbQ9QVQ ~Q at low H

TABLE III. Probability (q„) of finding a site Nb, V, as the nearest-neighbor site of a given site
Nbm Vn in a Nbl yVy alloy.

Site

Nb V„ V4 NbV3

Nearest-neighbor site: Nb, V,
Nb2V2 Nb3V Nb4

V4

NbV3

Nb2V2

Nb3V

Nb4

y

4y

0

1 —y
1 1-+-y
4 2

2y

3 3———y4 4
1

2
1 1———y2 2

3 1———y4 2
1

4 4

1 —y
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TABLE IV. Selective blocking factors s~ for different sites in various Nb& yVy alloys. The sites
below the dashed lines have a low probability of being occupied up to a hydrogen concentration
e =0.03, i.e., hydrogen —to —metal-atom ratio of 0.18. Details of the calculation of the selective block-
ing factors are given in the Appendix.

V4

o.Qo o. 10

1.3

Nbp. 75Vp. 25

1.75

Nbo. soVo. so

2.5

Nbp 25Vp 75

3.25

Nbo. ioVo. Qo

3.7

NbV3 1.9 2.13 2.5 2.88 3.1

Nb~V2 2.5 2.5 2.5 2.5 2.5

Nb3V 3.1 2.5 2.13 1.9

Nb4 3.7 3.25 2.5 1.75 1.3

concentrations. D* decreases because of the negative
contribution of Bf/dc, see Eq. (9). Peterson and Herro
extrapolated their experimental data to zero hydrogen
concentration as indicated by the dashed line in Fig. 7.
By means of this extrapolation they find a diffusion
coefficient at zero concentration which is systematically
too high. The difference between extrapolated and the
real diffusion coefficients increases strongly at lower tem-
peratures. Correction of the extrapolated results of PH
led to the dotted lines in Fig. 5. The resulting corrected
activation energies (Table V) are plotted in Fig. 5 (open
diamonds) and are in excellent agreement with the calcu-
lated mean activation energies. This is rather remarkable
as the model does not involve any fit parameters.

Although there is a good agreement in the mean ac-
tivation energies of the calculated and experimental
diffusion coefficients in Figs. 4 and 5, the experimental
(dashed or dotted) lines are all shifted downwards by ap-
proximately the same factor for the alloys. The diffusion
coefficients of PH for the pure metals Nb and V are also
shifted slightly downwards from the calculated and the
best literature values. It is not clear at present what the
origin of this shift is. It might arise from a systematic ex-
perimental error, but could equally well point to a de-
crease in the attempt frequency v, which determines the
prefactors D'j More experimental data will be required
to elucidate this point.

At present, for the comparison of the calculated con-
centration dependence of the diffusion coefficients with
the experimental data (Fig. 8), we shall simply shift the
calculated curves down by a constant factor. These fac-

tors are determined by the differences between the calcu-
lated and experimental curves in Figs. 4 and 5 at 460 K
(c =0.001), because at high temperatures deviations due
to extrapolation (as discussed above) of the measured
diffusion coefficients are small. The concentration depen-
dence of the diffusion coefficient of the Nb, V alloys at
373 K is displayed in Fig. 8. Solid lines are calculated
curves and dashed lines experimental data from PH. The
concentration dependence of the diffusion coefficient in

Nbp &pVp 9p is 1 order of magnitude larger than in

Nbp 5pVp 5p or Nbp 9pVp &p. The calculated and experi-
mental curves are parallel to each other, indicating that
there is probably only a change in the prefactor D; by a
constant factor as a function of temperature and hydro-
gen concentration.

V. CONCLUSION

The agreement in the temperature and concentration
dependence&of the calculated and experimental chemical
diffusion coefficients D' indicates that diffusion in the
ternary alloy system Nb, V H„can be described by
single-jump processes with site-dependent activation en-
ergies, prefactors, and blocking factors when the
interstitial-interstitial interaction is included. Using a
constant saddle-point energy of —25.2 kJ/mol H for the
various Nb] y Vy alloys, we find a reasonable quantitative
agreement between calculated and experimental mean ac-
tivation energies. The concept of an approximately con-
stant saddle-point energy is supported by calculations of
McLellan and Yoshihara for hydrogen diffusion in

TABLE V. Mean activation energies (e =0.001) for hydrogen diffusion in the Nb& ~V alloy system (in kJ/mol H). The calculat-
ed values for pure Nb and V are in agreement with the best values from literature (Ref. 2).

Expt. '
Expt. b

Model'

Nb

7.9+1.2
7.9+1.2

10.2

Nbp Qp p ]p

16.4+0.9
20.4+0.9
21.6

Nbp 75V0. 25

21.9+0.3
24.9+0.3
25.6

Nbp. soVo. so

20.9+0.5
20.9+0.5
20.9

Nbp 25Vp 7g

13.9+1.2
13.9+1.2
13.4

Nbp Ip p Qp

8.8+1.3
8.8+1.3
8.0

4.1+0.6
4.1+0.6
4.3

'Activation energies as determined experimentally in Ref. 26.
"Activation energies of Ref. 26 corrected for extrapolation to zero hydrogen concentration.
'Calculated activation energies.
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FIG. 4. Chemical diffusion coefficients D* as a function of
temperature for c =0.001, with c the number of hydrogen atoms
(N) divided by the number of tetrahedral sites (M). [Solid
lines, diffusion coefficients calculated by means of Eq. (9)-the
solid line for V stands also for the best experimental diffusion
coefficients from Ref. 2; dashed lines, experimental diffusion
coefficients from Ref. 26.]

FIG. 6. Mean activation energy E for diffusion in the

Nb& ~V~ alloy system between 225 and 500 K (c =0.001). The
mean activation energy E is the activation energy for diffusion

as determined by the slope of the Arrhenius plots of the
diffusion coefficients in Figs. 4 and 5. (Solid circles, calculated
values; open squares, experimental values of Ref. 26; open dia-
monds, experimental values corrected as described in the text.
The line is a guide to the eye. )
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FIG. 5. Chemical diffusion coefficients D as a function of
temperature for c =0.001 (solid lines, diffusion coefficients cal-
culated with the same model as in Fig. 4—the solid line for Nb
stands also for the best experimental diffusion coefficients from
Ref. 2; dashed lines, experimental diffusion coefficients from
Ref. 26.)

FIG. 7. Chemical diffusion coefficients D for H in
Nbp 9pVp, p as a function of hydrogen concentration at 373 K.
Curve a, diffusion coefficients without H-H interactions, but in-

cluding the effect of site filling. Sites with low energy c., and low
diffusion coefficients are filled first. Curve b, average crystal ap-
proximation: diffusion coefficients in a crystal with sites of con-
stant energy c, and a constant activation energy. No site-filling
effects, but including an effective H-H interaction. Curve c, cal-
culated diffusion coefficients for Nbp 9pVp &p including both site-
filling and interaction effects. (Dashed line: extrapolation made
by Peterson and Herro in Ref. 26.)



10 224 R. C. BROUWER, E. SALOMONS, AND R. GRIESSEN 38

10

373 K

10 especially to the number and the energy of trap sites,
while pressure-composition measurements are most sensi-
tive to sites with higher densities.
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FIG. 8. Chemical diffusion coefficients D at 373 K as a
function of hydrogen concentration for various alloys. [Solid
lines, calculated curve shifted by a constant factor (see text);
dashed lines, experimental data from ref. 26.]

Ti& V alloys and by independent measurements on H

trapping in NbQ95MoQQ5 alloys by Matsumoto et al.
The trap energy for hydrogen in NbQ 95MoQ Q5 is found to
be —8 kJ/mol H and the increase in the activation energy
for diffusion to be -7 kJ/mol H.

The deviation of the experimental data at low tempera-
tures in the Figs. 4 and 5 for the NbQ 75VQ 25 and

NbQ 9QVQ &Q alloys was shown to be due to an inadequate
extrapolation of the experimental data to zero hydrogen
concentration. The agreement between corrected experi-
mental values and the calculated values is remarkably
good considering the fact that the present model does not
involve any further fit parameters.

The most critical test for Eq. (9) is the prediction of the
concentration dependence of the hydrogen diffusion
coefficients in the Nb& zV alloy system (Fig. 8). Figure
7 demonstrates the importance of site filling as well as
H-H interactions. Using a constant blocking factor of 4
instead of the variable selective blocking factors would
result in a much more nonlinear concentration depen-
dence of curve c, especially at low temperatures. More
experimental data at low temperatures as a function of
hydrogen concentration are needed to study in detail the
importance of variable blocking factors.

The model shows the sensitivity of the interstitial
diffusion process to different parameters, such as the site
distribution, site energies, blocking factors, and
interstitial-interstitial interactions. By comparing calcu-
lated and experimental diffusion coefficients as a function
of temperature and interstitial concentration, one can ob-
tain information on these parameters and, therefore, on
the microscopic chemical and physical structure of an al-
loy. In this way hydrogen diffusion experiments can be
used as a local probe for the alloy structure, sensitive

APPENDIX

Hydrogen atoms on interstitial sites have a short-range
repulsive interaction between them due to Coulomb
repulsion of the protons. A tetrahedral site has four
first-nearest-neighbor sites and two second-nearest-
neighbor sites. In V the distance between first-nearest-
neighbor sites is 1.07 A (1.17 A in Nb) and 1.52 A be-
tween second-nearest-neighbor sites (1.65 A in Nb). As
shown by comparison of experimental entropies with
analytical approximations and Monte Carlo experi-
ments, ' a hydrogen atom on a tetrahedral site in a bcc
metal effectively blocks its first- and second-nearest-
neighbor sites, resulting in a blocking factor of
(4+2+ 1 = ) 7. At finite concentrations, however, each
Hydrogen atom does not block seven sites, as hydrogen
atoms share blocking sites with each other. Boureau
derived an analytical expression for the concentration
dependence of the blocking factor s in a pure metal. The
blocking factor changes almost linearly from 7 at low hy-
drogen concentration (c =0) to 4 at high hydrogen con-
centration (c =0.25, with c =N/M the number of hydro-
gen atoms divided by the total number of interstitial
sites). However, a good agreement between calculated
and experimental entropies is obtained by taking the
constant value s =4 for all hydrogen concentrations in a
pure metal, indicating that the exact value for s at low
hydrogen concentrations is not very important.

In an alloy the occupation of the different sites is de-
scribed by Eq. (7). The factor s; is the number of sites of
type i blocked by hydrogen atoms occupying the same
type of sites i. In a pure metal the blocking factor s is ap-
proximately 4. The number of sites of type i blocked by a
hydrogen on a site of type i depends (in an alloy) on the
probability of finding a site of type i next to the hydrogen
atom. In the limit of a very dilute alloy with a small
number of trap sites of type i (e.g. , the V4 site in

Nb, V ), the selective blocking factor s, —1 because the
probability of finding two sites of type i (two V4 sites) as
nearest neighbors is negligible. The selective blocking
factors in an alloy vary between 1 and 4, depending on
the fraction of the sites of type i.

In order to estimate the selective blocking factors, the
probability f, of finding a site of type i not occupied by
hydrogen shall be calculated. Taking into account only
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TABLE VI. The probability f, of finding a free site of type i (the index i in f„c„p, stands for 1—=V„2=NbV„3—=NbzVz,
4=—Nb3V, 5—=Nb4 sites) in Nb, V as a function of the alloy composition.

V4

NbV3

Nb2V2

Nb3V

NB4

Nbp Qp p Ip

1 —1.3(c, /p& )

0.94—1.9(c2 /p2 )

0.93—2.5(c3/p3 )

0.92—3. 1(c4/p4 )

0.91—3.7(c, /p, )

Nbp 7sVp ps

1 —1.75(c 1 /p, )

0.89—2. 13(c2/p2 )

0.84—2.5(c3/p, )

0.81 —2.88( c4/p4 )

0.79—3.25(c /p )

Nbo. soVo. so

1 —2. 5(c, /p, )

0.85 —2.S(c,/p, )

0.75 —2.5(c3/p3 )

0.66—2. 5(c4/p4 )

0.60—2.5(c, /ps )

Nbp psVp 7s

1 —3.25(c& /p, )

0.83 —2. 88(c2/p2 )

0.68 —2. 5(c3/p3 )

0.54 —2. 13(c /p )

0.43 —1.75(cs /ps )

Nbp &oVp Qp

1 —3.7(c 1 /p I )

0.82 —3 ~ 1(c2/p2 )

0.65 —2.5(c3/p3 )

0.47 —1.9(c4/p4 )

0.33—1.3(cs /ps )

C) C2f, =1—( I+3y) ——,'y
Pi

C2 C] C3f2 =I —( —„'+—', y ) —(3—3y ) ——'y
P2 P2 P2

5 C3 C2 C4

(Al)

(A2)

(A3)

C4 C3 C5f4=1 (
". ,'3 )———-

P4 P4 P4
(A4)

fs = 1 —(4—3y ) ——,
' (1—y )

Ps P5
(A5)

with f~ the probability of finding a free V4 site in a
Nb& V alloy, p& the fraction of V4 sites, and c& the
number of hydrogen atoms on V4 sites divided by the to-

blocking of first-nearest neighbors, the blocking of first-
nearest-neighbor sites must be renormalized by a factor
0.75 in order to get the experimentally observed total
blocking factor (4=1+4X0.75). In general, there are
three contributions to the blocking of sites of type i, e.g. ,
NbV3 sites: NbV3 sites are blocked by hydrogen atoms
on NbV3 sites. Secondly, NbV3 sites are blocked by hy-
drogen atoms on V4 sites, and the third contribution is
due to blocking from hydrogen on Nb2V2 sites. Calculat-
ing the probability of finding a free site, we find

tal number of sites. (The index i in f, ,p;, c; stands for
1
—=V4, 2 =Nb V3, 3 =NbzV2, 4—:Nb3V, 5 —=Nb4 sites. )

Blocking of a site of type i depends on the alloy concen-
tration y, the hydrogen concentration on sites of type i,
and the concentration of hydrogen on two other sites.

The energy difference between different sites in the
Nb& V alloy system is —8 kJ/mol H. It is a reasonable
assumption that hydrogen atoms fill up the lowest-energy
states and therefore, that, blocking of lower-energy sites
by hydrogen on higher-energy sites can be neglected [the
last terms in Eqs. (Al) —(A5)j. The probability of finding
a free site is now calculated and is shown in Table VI.
There are two contributions. A concentration-dependent
blocking of sites of type i by hydrogen on sites of type i,
and the blocking from hydrogen atoms on lower-energy
sites, which effectively reduces the number of free sites of
type i by a constant amount. The dashed line in Table VI
is the border line between (partly) occupied and (almost)
unoccupied sites up to a total hydrogen concentration of
0.03 (and still higher).

The constant blocking by hydrogen atoms on lower en-

ergy sites is small because either the number of lower-
energy sites is small (for small y) or there are no lower
sites filled with hydrogen (large y ). The probability f, of
finding a free site of type i can now be approximated by
1 —(c;/p;)s;, and Eq. (7) can be used to describe the site
occupation in the alloy. The factors s; used in the calcu-
lations are tabulated in Table IV.
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