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The influence is considered of effects due to the nonlinear hydrogen distribution 
and the interaction of diffusion fluxes of different gas mixture components on the 
hydrogen permeability of plane metallic membranes. 

i. Hydrogen membrane technology (HMT) [i], based on the possibility of obtaining ultra- 
pure hydrogen from gas mixtures by diffusion penetration through metallic membranes has 
acquired great value in modern engineering. In particular the scales of HMT application 
in the production of high-quality steels [2] have grown. At present processes of hydrogen 
penetration have been studied sufficiently extensively ([1-3]; a detailed bibliography of 
research between 1981-1983 is presented in [4]; out of these later we note [5, 6]), however 
existing methods of analyzing the penetration process in the diffusion mode are constrained, 
as a rule, to the case of low hydrogen concentrations when the following two approximations 
are valid [i, 3]: I) the assumption about linearity of the stationary hydrogen distribution, 
and 2) independence of the fluxes of different insertion components from each other is 
ordinarily assumed in considering hydrogen penetration from gas mixtures. Under these con- 
ditions the hydrogen penetration through a membrane (diffusion flux density) is determined 
by the relationship [i, 3] 

Jo = Dco/~! (1) 

which is ordinarily written in the form P = DL/~ [i, 3], where the hydrogen permeability P 
can differ from J0 by a numerical factor while L ~ c o and is often used to determine the 
equilibrium solubility L of the hydrogen in the membrane material by means of experimentally 
established values of P and D. 

Meanwhile, as theoretical computations and experimental investigations show, in the 
general case of arbitrary concentrations the hydrogen distribution over the membrane thick- 
ness is substantially nonlinear [7, 8], the effects of mutual influence of their diffusion 
fluxes [9-11] cannot always be neglected by far during the simultaneous diffusion of several 
insertion components. 

A method of description is elucidated in this paper and the concentration dependence 
(i.e., the relation with the equilibrium solubility) of the hydrogen permeability is inves- 
tigated under conditions free of the mentioned constraints. When examining the diffusion 
of atoms of one component attention is concentrated on the consequences of the nonlinearity 
of the atom distribution over the membraned, and for the hydrogen diffusion from a gas mix- 
ture, on the crossover effects due to the influence of the concentration gradient of the 
second insertion component on the hydrogen flux. It is assumed that the limiting stage of 
the penetration process is atom diffusion in the membrane volume. The domain of such 
temperatures and concentrations is considered when the system is a solid insertion solution. 
This condition is known to be satisfied in the 500~ temperature range for which industrial 
filters are exploited to obtain ultrapure hydrogen [2]. It should also be stipulated that 
the membrane crystal lattice deformations are not taken into account that are associated 
with the presence of dissolved hydrogen. However, it can be shown [7] that their influence 
on hydrogen diffusion in the elastic deformation domain reduces mainly to renormalization 
of the effective interaction energy in (2) but does not alter the form of the expressions 
utilized below. 

2. Let us first examine the rate of hydrogen penetration for arbitrary drops in the 
concentration (under the mentioned constraint). Membranes based on palladium alloys [i, 2] 
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are of greatest practical interest, consequently, we duscuss here the case of hydrogen pene- 
tration through a palladium membrane. 

The nonlinear distribution of hydrogen over the membrane thickness is due to the depen- 
dence of the chemical diffusion coefficient on the concentration, which is in turn associated 
with the interaction of the diffusing atoms and results in a nonlinear diffusion equation 
[7]. Correspondingly, the nonlinear effects can be characterized by the deviation of the 
ratio between the stationary hydrogen flux computed with interatomic interaction j taken 
into account and the flux J0 calculated from (i), from one. According to [7], for c < CmZ 
0.6 

](.r) = D 1 + 1 - -  
- -  "-fl-- kT c . ,  - ~ - x '  ( 2 )  

where  c = c ( x ) ,  0 < x < s The f o l l o w i n g  b o u n d a ry  c o n d i t i o n s  a r e  t a k e n  

e (0) = Co = c o n s t ,  c (1) - -  0 .  ( 3 )  

We o b t a i n  t h e  s t a t i o n a r y  h y d r o g e n  d i s t r i b u t i o n  f rom t h e  c o n d i t i o n  j ( x )  = c o n s t  o r  

dx (4) 

S o l v i n g  t h i s  e q u a t i o n  w i t h  t h e  b o u n d a r y  c o n d i t i o n s  (3 )  we o b t a i n  t h e  c o n c e n t r a t i o n  d i s t r i b u -  
t i o n  in  t h e  i m p l i c i t  fo rm 

where 

c -- -~- 3c,,, 
(5) 

e = c 0 - ~ c ~ +  6 c~. (6) 
BCm 

I t  f o l l o w s  f rom (5 )  t h a t  t h e  h y d r o g e n  d i s t r i b u t i o n  c ( x )  i s  n o n l i n e a r  in  t h e  g e n e r a l  c a s e  
~c # 0. Only  f o r  ~c + 0 ( -Uc /kT  + 0 )  does  t h e  d i s t r i b u t i o n  t e n d  t o  t h e  l i n e a r ;  t h e n  d c / d x  = 
const = -c0/s correspondingly and (2) goes over into (i). 

Differentiating (5) and comparing the result with (2), we find 

( 1  c o ) .  (7 )  i = g = l - - ~ C o  ~ 3c~ 
]o Co 

Because the interaction between the H atoms in Pd is of the anture of attraction (U < O, 
> 0) [7, 12] in the concentration domain c < Cm, we have j < J0: the H-H interaction re- 

suits in diminution of the diffusion flux through the membrane. The greatest deviation of 
j from J0 occurs for c o = 3Cm/4, then (J/J0)min = i - 0.11258. Therefore, neglecting the 
nonlinearity of the distribution c(x), i.e., extension of the relationship (i) to the do- 
main of arbitrary vlaues of Uc0/kT is not justified. 

The results of computing the quantity J/J0 by means of (7) for different temperatures 
and concentrations at the input side are presented in the table (the values U = -0.36 eV, 
c m = 06.6 [7, 12] were taken for the parameters). As is seen from the table, the nonlinearity 
of the hydrogen distribution due to the interaction (attraction) of the H-H atoms substantial 
retards the rate of its penetration through the membrane; this effect is magnified when the 
temperature is lowered.* This deduction is evidently valid for not only palladium but also 
for all hydride-forming metals where the interaction between the hydrogen atoms is of the 
nature of attraction. In the case of a repulsion interaction of H-H, the situation would be 
opposite, i.e., there would be j > J0- 

3. Let us now examine the case when a mixture of two diatomic gases is delivered to 
the input side of the membrane, where one of the gases is hydrogen. Here the question of 
interest is the influence of mixture composition and degree of interstice population at the 
input side of the membraned on the rate of hydrogen penetration. As is shown in [9-11], 
in the case of diffusion of two insertion components with arbitrary concentrations cross- 

*The influences of processes on the membrane surface grow when the temperature is lowered; 
we do not take the influence of these processes into account here. 
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TABLE i. Ratio of Hydrogen Fluxes Through a 
Palladium Membrane J/J0 Computed with (j) and 
Without (J0) Taking Account of Hydrogen Atom 
Interaction 

Degree of 
interstice 
population 

% 

0,01 
0,05 
.q,1 
0,2 

0,3; 0,6 
0,4; 0,5 

600 

0,965 
o, 835 
O, 690 
0,458 
0,304 
O, 226 

Temperature, K 

700 800 

0,970 0,974 
0,859 0,877 
0,735 0,768 
0,536 0,594 
0,403 0,478 
0,337 0,414 

900 

O, 977 
0,890 
0,793 
0,639 
O, 536 
0,484 

I000 

0,979 
0,901 
0,814 
0,675 
0,582 
O, 532 

over effects occur in the sense that the flux of component i is determined by the concentra- 
tion gradients of both atoms of species i and species 2 

de1 D dc~ 1 D n  -]- lg - - T - - ]  �9 ( 8 )  
h - a ~ x  ax , 

The influence of the mixture second component on the rate of penetration of the first (hy- 
drogen, here) is characterized by the quantity j1(c2)/jl(0). Further computations were exe- 
cuted in an example of diffusion of inserted atoms over the octahedral interstices of a bcc 
lattice of a metal-solvent [ii]; such a diffusion mechanism can apparently be realized in 
Nb-O-H and Nb-N--H systems where the oxygen or nitrogen atoms located at the octahedral inter- 
stices block out the tetrahedral positions surrounding them and the hydrogen is "displaced" 
to the octahedral interstices of the Nb lattice [12, Vol. 2, p. 383; 13]. We have for the 
diffusion mechanism mentioned. 

Dn = D1 [cl --k (1 - -  c) ( 1 .  ~1c,)] [ (c~, c~, T), ( 9 ) 

D12 = D ~ c l [ 1 - - y ( 1 - - c ) ] [ ( c ~ ,  cz, T). (10)  

Furthermore, let us idealize the situation and consider that a stationary distribution 
is successfully established over the membrane for not only the hydrogen but also for the 
slightly mobile insertion components (N, O, etc.) because of their diffusion. Taking the 
same boundary conditions as in the preceding section, ci(0) = ci0, ci(s = 0 (i = i, 2) and 
taking into account that ji(c2) is independent of x in the stationary case, we obtain from 
(8)-(10) 

]i(c2)-- DI ( dcl I " 
fi ~ dx /x=l (ii) 

In the absence of a second component j1(0) and taking into account that this quantity corre- 
sponds to the flux j in Sec. 2 (see (2)-(7) for c m = i), we find from (8) and (9) 

]1(0)--  DI~ ( 1 - - 6 1 c 1 ~ 1 c ~ )  dc---!-i - - d x  DIQI (c1~ C~o--~---~61 C~o) . (12) 

Therefore, the influence of the second component of a gas mixture on the rate of hydrogen 
penetration under the mentioned idealized conditions is described by the expression 

j1(c2) (dcl/dz)z=l 
-- [ ( 1 Clo)] ' (13) 

]1(0) c10 1--~1c,0 2 3 

where  t h e  d i m e n s i o n l e s s  c o o r d i n a t e  z = x / s  h a s  been  i n t r o d u c e d .  

The method  o f  c a l c u l a t i n g  t h e  f u n c t i o n s  c l ( z )  and % ( z )  and t h e  r e s p e c t i v e  q u a n t i t y  
( d c l / d z ) z =  1 f o r  a r b i t r a r y  c o n c e n t r a t i o n s  when i t  i s  i m p o s s i b l e  t o  n e g l e c t  t h e  i n t e r a c t i o n  o f  thE: 
f l u x e s  o f  c o m p o n e n t s  1 and 2 i s  p r e s e n t e d  i n  [ 1 1 ] .  F o l l o w i n g  t h e  p r o c e d u r e  e l u c i d a t e d  in  
[ 1 1 ] ,  we e v a l u a t e d  t h e  v a l u e s  o f  j l ( % ) / j l ( 0 )  f o r  d i f f e r e n t  v a l u e s  o f  t h e  c o n c e n t r a t i o n  o f  
t h e  s e c o n d  componen t  on t h e  i n p u t  s i d e  o f  t h e  membrane cz0 f o r  a g i v e n  d e g r e e  o f  i n t e r s t i c e  
p o p u l a t i o n  c o = c10 + c20 u n d e r  t h e  a s s u m p t i o n  t h a t  f ( c l ,  c2 ,  T) = 1. The a p p r o p r i a t e  c u r v e s  
a r e  r e p r e s e n t e d  in  t h e  f i g u r e .  I t  was assumed in  t h e  c o m p u t a t i o n s  t h a t  U l l  = - 0 . 3  eV, U12 = 
- - 0 . 5  eV, which  i s  c h a r a c t e r i s t i c  f o r  h y d r o g e n  (1 )  and n i t r o g e n  o r  oxygen  (2 )  in  n i o b i u m  [12,  
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Fig. i. Dependence of the rate of hydrogen penetration 
on the relative concentration of the second insertion 
component: i) c o = 0.1; 2) 0.2. 

Vol. 2, p. 382]; the value of U22 was taken as U22 = -0.3 eV. The calculations were per- 
formed for the temperature T = 800 K. Phase transitions [ii] are absent in the system for 
selected values of the parameters. 

It is seen from the figure that the hydrogen flux diminishes monotonically as the frac- 
tion of the second component grows at the membrane input, where as the degree of interstice 
population increases the retarding action of the second component is magnified. These results 
are qualitatively in agreement with the experimental data [14] obtained for the measurement 
of the rate of hydrogen penetration through structural materials from nitrogen-hydrogen mix- 
tures. 

The case can analogously be considered when a quasistationary distribution of the second 
component is realized near the input side of the membrane because of its low mobility while 
the remaining part of the membrane is free of it. Then the hydrogen flux is calculated from 
(8)-(10) for a given second component distribution. Estimates show that under such conditions 
the second component atoms act as traps and also diminish the rate of hydrogen penetration. 

NOTATION 

c(x), hydrogen cocentration determined from the ratio to the quantity of interstices 
it occupies; co, hydrogen concentration at the input side of the membrane; s membrane thick- 
ness; D, hydrogen diffusion coefficient in the membrane material as c + 0; ~, is the volume 
per interstice; k, Boltzmann's constant; T, temperature; ~ = -U/kT; D11 and D12, components 
of the diffusion coefficient tensor; ci, concentration of the i-th insertion component (i = i, 
2); ji(c2), flux density of the first insertion component in the presence of second component 
atoms; c = c~ + c2, probability of occupation of a given interstice by atoms of some com- 
ponent (degree of interstice population); f(c I, e 2, T), a function whose value is almost 
one in the domain of ci, c2, T, ordinarily under consideration; z = x/s Uik, parameters of 
interaction between atoms of the components i and k; 61 = -U11/kT; ~ = -UI2/kT. 
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STATISTICAL CALCULATION OF THE SELF-DIFFUSION COEFFICIENTS OF 

DISORDERED SUBSTITUTIONAL BINARY SOLID SOLUTIONS 

~. T. Bruk-Levinson and L. P. Orlov UDC 538.9:548.526 

We obtain and analyze approximate analytical expressions for the self-diffusion 
coefficients of a disordered substitutional binary solid solution. 

A topical problem of the theory remains the microcopic justification for the phenomeno- 
logical values of the transport coefficients including also the diffusion coefficient. All 
realistic substances are, in practice, solutions, i.e., to some degree, they must contain 
impurities. It is known [i, 2] that in this case, the diffusion coefficient is determined 
by the self-diffusion coefficients of the components. Consequently, the above problem re- 
duces in practice to a statistical calculation of the self-diffusion coefficients. 

In disordered substitutional binary solid solutions, the dominant mechanism of the dif- 
fusion processes is the monovacancy mechanism [3]. Noting the earlier results concerning 
self-diffusion in pure crystals with vacancies [4] and the structure of binary solid solu- 
tion with vacancies [5, 6], this fact makes it possible to construct and realize an algorithm 
for the required statistical mechanical calculation of the self-diffusion coefficients of 
the components of the disordered substitutional solid solution. The starting premises of 
this algorithm are contained in the statistical method of conditional distributions [7] and 
in the random-walk theory in its statistical interpretation [8, 9]. 

SELF-DIFFUSION COEFFICIENTS OF A BINARY SYSTEM 

For a crystalline binary system which consists of components A and B for the case of 
isotropic cubic lattice the self-diffusion coefficients are [8] 

DL=(1/6)kL Rz (L=A, B), (1) 

where k L is the jump frequency of atoms of type L, and R is the length of the jump (the 
nearest neighbor separation in the lattice). The elementary self-diffusion act in the mono- 
vacancy mechanism is a jump of an atom from an occupied site to a neighboring vacant site. 
This jump requires the overcoming of a potential barrier which is associated with the force 
field of other atoms. Consequently, the elementary acts of self-diffusion of an atom takes 
place only if the i-th site is filled, the j-th site is vacant and the atom on site i is 
activated with a sufficiently high kinetic energy which makes it possible for the atom to 
leave its site. This situation can be described by the probability density of observing 
in the neighborhood of site i near a point with coordinates qi L an atom of type L with 
momentum in the interval from P# to p#~-dp~ in the neighborhood of site i near a point 
with coordinates Fi;(q#, p#) under the condition that the neighboring site j is vacant. 
We denote this probability density by Sij. The self-diffusion process contains contributions 
only from atoms which reach the boundary Sij between the unit cells containing the filled 
and empty sites with a positive projection of the momentum piz L onto the z axis which passes 
through the full and empty sites. Therefore, the jump frequency can be written as 

j=l --~ --~ 0 Si] 

where ML is the mass of an atom of type L, and z x is the number of nearest neighbors. 
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