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Abstract  

In "real" metal-hydrogen systems the reacting metal (which is exposed to hydrogen at 
a given pressure and temperature) is initially coated by a thin passivation layer (referred 
to as an "oxide"). The initial penetration of hydrogen through this surface layer into 
the metal is a complex process consisting of different possible elementary steps. The 
nucleation of a hydride phase at the oxide--metal interface region initiates when the local 
concentration of hydrogen exceeds a certain solubility limit value. In the present work 
model calculations of the hydrogen concentration build-up at the oxide-metal interface 
were performed. In these calculations the permeation of hydrogen through the oxide 
was treated on a microscopic-atomic level, considering dissociative H2 chemisorption 
on the surface, atomic hydrogen jumps between adjacent oxide atomic layers and hydrogen 
transitions across the oxide-metal interface. The respective set of coupled differential 
equations was solved numerically, yielding the corresponding hydrogen penetration flux 
across the interface. The subsequent diffusion process of hydrogen into the metal was 
treated on a macroscopic level, solving numerically a diffusion equation for a semi-infinite 
medium. These calculations yielded the time required for the build-up of the limiting 
concentration value (at the interface region), i.e. the so-called "nucleation induction 
period", as a function of the different dynamic parameters involved in the process (e.g. 
H~ sticking probabilities, hydrogen jump rate constants and hydrogen diffusion constants 
in the metal). A detailed analysis of surface-related parameters and diffusion parameter 
effects is presented. The results are applied to account for the qualitative trends observed 
in the initial nucleation and growth stages of some metal-hydrogen reactions. 

1. Introduct ion  

In "real" metal-hydrogen systems the reacting metal (which is exposed 
to hydrogen at a given pressure and temperature) is usually coated by a 
thin non-metallic passivation layer referred to as an "oxide".  This layer is 
formed by the reaction of the metal with the ambient atmosphere and besides 
oxygen may consist of additional elements, e.g. carbon and hydrogen. Thus 
the term "oxide"  does not  characterize accurately this layer, which may be 
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composed of a mixture of real oxides, hydroxiles, oxicarbides and more. 
The composit ion of  the layer and its thickness may also differ at different 
locations on the surface, i.e. display lateral as well as depth inhomogeneity. 
Owing to this inhomogeneity, the chemisorption of hydrogen on the "oxide" 
surface and its permeation rate through the layer into the metal may vary 
across the surface. Hence some locations on the "oxide" may be more 
"active" towards hydrogen than other locations, enabling a faster build-up 
of hydrogen concentration in the metal (near the oxide-metal  interface). 
These locations may thus be preferred for the initial precipitation of  a hydride 
phase (which precipitates when the local hydrogen concentration exceeds 
a certain solubility limit). 

The existence of such oxide layers thus strongly affects the kinetics and 
morphology of  hydride development, especially during the initial stages of 
the hydrogen-meta l  reactions. Two examples are given by vacuum heat 
pretreatments and gas phase impurities. 

It is well known that vacuum heat treatments prior to the hydriding 
reactions greatly facilitate the initiation of these reactions. This effect has 
been reported for many metal-hydrogen systems, e.g. cerium [1], titanium 
[2] and uranium [3, 4]. 

The kinetic parameters  which are most  affected by these heat pretreatments 
are the initial induction times for the precipitation of the hydride and the 
nucleation rates. Higher pretreatment temperatures  induce shorter induction 
periods and higher nucleation rates (i.e. producing a denser hydride "spot"  
pattern developing on the surface). In some cases  not only are the nucleation 
parameters  affected but  also the growth rates of  the hydride nuclei. 

It has qualitatively been proposed [4 ] that the pronounced heat treatment 
effects on the nucleation parameters of the hydride are associated with 
surface modifications of the passivation layer, e.g. desorption of water. The 
outermost  surface of  the layer is then more active towards hydrogen, i.e. 
attains a higher sticking probability for hydrogen dissociative chemisorption, 
thus accelerating the accommodat ion of hydrogen at the "ox ide"-meta l  
interface and nucleation of the hydride. 

Another example of "oxide"-related effects is given by the impediment 
to hydride nucleation and growth induced by impurities (e.g. O2 and CO) 
existing in the reacting hydrogen gas (e.g. ref. 5 and references cited therein). 
These effects are also related to the chemisorption of the gas phase impurities 
on the surface of the coating oxide layers. 

This view of the role of surface oxide layers, however, has not been 
substantiated so far by quantitative calculations to estimate the relative 
contribution of surface (chemisorption) and bulk (e.g. diffusion) effects on 
the initial nucleation process  of  hydrides on "oxide"-coated metals. 

Some model  calculations applying the atomistic picture of H2 chemi- 
sorption and H atom permeation into the bulk have been presented in the 
literature [6, 7]. Nevertheless, the assumptions utilized in these calculations 
(e.g. steady state conditions and a homogeneous distribution of hydrogen 
in the metal) axe not  valid in the present case. 
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In the following sections a model  describing the process  of hydrogen 
concentration build-up at the oxide-metal  interface is presented. The model 
couples a microscopic (atomistic) view of the chemisorpt ion-oxide permeation 
steps with a macroscopic  approach to hydrogen diffusion in the metal. The 
induction periods derived from the model are numerically calculated as a 
function of intrinsic rate parameters associated with the different elementary 
steps. In the present  paper  we focus on two rate parameters only, associated 
with surface chemisorption and with diffusion across the oxide. The sensitivity 
of  the induction time values to variations in these parameters is checked 
and compared with observed experimental data. 

2 .  T h e  m o d e l  

The precipitation of a hydride phase resulting from a gas-sol id  reaction 
occurs when the local concentration of hydrogen in the metal exceeds a 
certain value Cs(T) referred to as the "solubility limit" (a temperature- 
dependent  parameter).  For  an oxide-coated metal the build-up of hydrogen 
concentration near the oxide-metal  interface involves a sequence of micro- 
scopic (atomic) elementary steps, starting with the dissociative chemisorption 
of Hz on the oxide surface then surface-to-subsurface penetration, diffusion 
of  H atoms through the oxide layer and H atom transitions across the 
oxide-metal  interface. The hydrogen concentration in the metal near this 
interface is governed by the net difference in the fluxes of the incoming H 
atoms passing the oxide-metal  boundary and the outgoing H atoms diffusing 
into the bulk of the metal. 

In the following treatment we shall separate the dynamic problem into 
two parts. 

(1) The sequence of elementary steps involved in the permeation process  
of hydrogen through the oxide layer: this part  is treated on a microscopic 
(atomic) level within a simplified one-dimensional model. 

(2) The diffusion of hydrogen into the bulk of  the metal: this part is 
treated on a macroscopic level, solving the corresponding diffusion equation 
(assuming a semi-infinite medium). 

These two parts are coupled through an oxide-metal  boundary condition 
as described later. 

Adapting a simplified picture, the oxide is visualized as being composed 
of n identical atomic layers, each separated by a distance Box. The total 
thickness of the oxide is then given by 

dox - (n  - 1)8ox (1 )  

The rate equation for hydrogen accommodat ion on the topmost  surface layer 
(i .e.  n =  1) may be formulated by assuming a reversible dissociative chem- 
isorption concomitant  with reversible hydrogen fluxes into and from the 
subsurface region (i .e.  the next atomic layer with n = 2 ) :  
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dO1 
Ns - ~  =J~c~- Jdes- Jl2 +J21 (2) 

where 0, is the fractional coverage of the i th layer, N~ is the maximum 
number  of  available hydrogen sites per  unit area and the Js  are the hydrogen 
fluxes associated with adsorption, desorption and layer 1 ~ 2 transitions 
respectively. 

Assuming a random two-site Langmuir chemisorption, the adsorption 
and desorption fluxes may be given by 

Ja~ -- 2kgS0(T)P(1 - 0~) 2 (3) 

Jde, =N,  kde~(T)012 (4) 

where kg is the impingement rate constant  given by the kinetic theory of 
gases (for H2 and P expressed in Tort, k g = 2 . 4 8 ×  1022/TlrZ), So(T) is the 
zero-coverage sticking probability (per  impingement) for H2 (at a given 
temperature T) and kd¢,(T) is the desorption rate constant. 

Similarly, the surface ~ subsurface (i.e. 1 ~ 2) fluxes may be formulated 
a s  

J12 =Nskm (T) O~ (1 - 02) (5) 

J2, =Nsko,t(T)( 1 - 0,)02 (6) 

where km and kout are the corresponding rate constants. 
The diffusion of  the H atoms within the oxide is approximated by 

assuming random jumps of H atoms between adjacent layers. Thus for the 
ith layer the fluxes between that layer and layers i -  1 and i + 1 are considered: 

d0, 
d-t- -- k,_ ,.,(T)(1 - 0,)0,_, + k,+ ~.,(T)(1 - 0,)0~+ ~ 

-k , . ,+l  (T) 0,(1 - 0,+ ,) - k,.,_, (T) 0, (1 - 0,_,) (7) 

By approximating all the rate constants k, j(T) to be  identical, i.e. 

Dox(T) 
k,j(T)=kox(T) = 8o,, 2 (8) 

eqn. (7) takes the form 

d0, 
- ~  - ko~(T)[(1 - 0,)(0,_, + 0,+ ~) - 0,(2 - 0,+1 - 0,_ i)] (9) 

(for i=2 ,  3, ..., n - 1 ) .  kox (s -1) is the diffusion rate constant of hydrogen 
in the oxide and Dox (cm 2 s-1)  is the corresponding diffusivity. 

For the last oxide layer (i.e. i = n )  the forward jumps  of  H atoms are 
across the oxide-metal  boundary. It is assumed that the potential barrier 
for backward jumps (i.e. metal ~ oxide) is much higher than that for forward 
jumps  so that the reversible metal-to-oxide flux is negligible. Thus 
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don = _kom(T)On(l_OMO)+kox(T)(l_On)On_ 1 _kox(T)On(l_O,~_l) (10) 
dt 

where kom (T) is the rate constant for jumps across the oxide-metal  interface 
and 0M ° is the coverage of the first metal layer just  beneath the n th  oxide 
layer. 

The flux of H atoms surmounting the oxide-metal  boundary barrier is 
thus given by 

Jom (t) =Nskom(T) On(t)[1 - OM0(t)] (1 1) 

It is assumed that all the rate constants k3.(T ) in eqns. (4)- (11)  follow 
an Arrhenius-type dependence 

kj(T)= ~ e x p ( -  k~T) (12) 

where uj is a frequency factor, E / i s  the activation energy barrier (for process 
3) and kB the Boltzmann constant. 

The values of the different kinetic parameters appearing in these equations 
can be estimated for some hydrogen-oxide systems. Typically the frequency 
factors are in the range 10'2-10 Is s -1 and the activation barriers in the 
range 7-20 kcal tool -~ (0.3-1 eV). The sticking probability So may vary by 
many orders of magnitude, ranging from high values (about 0.1) down to 
very low values which are below experimental detection limits (usually about 
10-s -10-~) .  It is worth noting that the parameter  which appears in eqn. 
(3) is not  So but rather the product  SoP. The conventional working pressures 
applied in hydriding experiments are about 10 a Tor E hence the numerical 
range of SoP has been chosen to be below 10 z. 

The following part considers the (macroscopic) diffusion of hydrogen 
in the metal. We may approximate the metal as a semi-infmite medium (which 
is justified for oxide thicknesses much smaller than the thickness of the 
metal). The coupling of this bulk diffusion problem with the interface incoming 
flux (eqn. (11)) is analogous to the problem of gas phase dissolution in a 
semi-infinite medium [8]. 

The diffusion equation is 

aC(X, t) ~C(X, t) 
- D m  (13) 

Ot OX 2 

with the boundary conditions 

aC(0, t) 
----Jom(t) (14) 

C(X, 0)=0 (15) 

C(oo, t ) = 0  (16) 

where Dm is the diffusivity of hydrogen in the metal and C(X, t) is the 
concentration of hydrogen at a distance X from the oxide-metal  interface 
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at a given time t. It should be realized that C(X, t) is given in volume 
concentration units whereas NsOM ° in eqn. (11) is given in area concentration 
units. The following relation can then be applied to link these quantities: 

gsoM°(t) 
C(0, t)--  - -  (17) 

where ~m is the average distance between two adjacent atomic layers in the 
metal. 

The solution of eqns. (13)-(16)  is given by [8] 
t 

C(X, t ) =  (4~rDm)1/2 (t_t,)ll  2 exp 4D~-~-- t ' )  d t '  (18) 

The set of coupled equations (2)-(11),  (17) and (18) was solved 
numerically using the third-order open Adams integrator [91 initiated by a 
fourth-order Runge-Kutta integrator for the solution of the differential equa- 
tions (2)-(11),  while eqns. (17) and (18) were solved using gaussian quad- 
rature. This self-consistent scheme was applied for a given array of parameters 
characterizing the oxide thickness (n), its surface properties (So, kdes) its 
transport properties (kin, kout, ko~), the oxide-metal  interface properties (ko~, 
the metal properties (Din, 8~) and the working conditions (P, T). The time 
dependences of the hydrogen distribution in the oxide (i.e. {0i (t)}) and in 
the metal (i.e. C(X, t)) are then obtained. 

As stated before, the precipitation of a hydride phase first occurs within 
the near-interface region when the local concentration of hydrogen within 
that region exceeds the solubility limit C~(T). The time required for the 
build-up of this concentration (the so-called "induction time"), t~, is then 
given by the condition 

C(e, t~) = C~(T) (19) 

where • is a small distance from the interface within which the hydride phase 
precipitation initiates. 

3. Calculated resu l t s  

3.1. Effects of diffusion-related parameters 
By fixing the values of k~, ko,t, kom, e, Din, Cs and SoP, the induction 

time ti can be calculated as a function of the two diffusion-related parameters 
of the oxide film, namely its thickness (or the number  of layers composing 
the oxide, n)  and its diffusion rate constant kox. A matrix of ti (n, ko~) values 
is then acquired. 

It is more convenient to define a characteristic diffusion time Vd as 

n 2 

Vd(n, kox)-  ko---~ (20) 
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For higher rd values (i.e. thicker oxide films or slower diffusion rates in the 
oxide) the permeation process of hydrogen into the metal should be controlled 
mostly by the diffusion parameters; hence the induction time ti should be 
proportional to ~'d. AS rd decreases (i.e. faster diffusion), other rate constants 
start to make a significant contribution and the linear dependence of ti and 
rd no longer holds. 

The results of these calculations for a given set of parameters (summarized 
in Table 1) are presented in Fig. I(A). The calculations were made for three 
chosen values of the chemisorption-related parameter SoP. AS indicated by 
Fig. I(A), the above anticipated behaviour of ti and rd is obeyed within a 
very wide range of SoP values (covering more than six orders of magnitude 
in the range So P= 102-10 -5 Torr). Within this SoP range the dependence 
of t~ on rd is approximately linear for ~'d--> 200. For this diffusion-controlled 
range the slope of log t~ vs. log rd is about 0.93, which is close to unity. 
On the other hand, for rd values below about 100 the dependence of ti on 
ro becomes weaker, as expected when the diffusion is fast relative to other 
rate-controlling processes. 

AS SoP decreases, surface chemisorption starts to dominate the hydrogen 
accommodation rate and the diffusion-controlled range is shifted to higher 
ra values, e.g. as demonstrated in Fig. I(B) (for So P= 10-i°),  where the log 
t~ vs. log rd plot yields a slope of about 0.8 within the rd range where a 
corresponding slope of about unity was displayed for the higher SoP values. 

3.2. Effects o f  surface-related parameters  
The Langmuir-type two-site chemisorption model given by eqns. (3) and 

(4) leads to an equilibrium surface coverage given by 

ka 1/2 
01(eq) = (21) 

k a  1/2 d- k d e s  1/2 

with 

k~= 2kgSoP (22a) 
N. 

TABLE 1 

Set of parameters  utilized for the numerical calculations 

Fixed parameters 

P a r a m e t e r  kin ko~t kom 
U n i t s  s -1  s -1 s -1 

Value 1 1 1 

Variables parameters 
Parameter n 
Units Dimensionless 
Range 1-90 

c m  a m  2 s -  1 c m  a t o m s  c i n -  3 

5 × 1 0  -5  10  -9  3 × 1 0  -8  1)<1015 

ko~ SoP 
s - 1 T o r r  

1 - 1 0 0  1 0 2 - 1 0  -1°  
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Fig. 1. Dependence of the  hydride nucleation induction t ime ti on  the  diffusion-related pa ramete r  
%=n2/ko,: (A) S o P :  102-10 -5 Tort; (B) S o P =  10 -z° Torr. (The different symbols represen t  
different combinat ions  of (n,  ko~); each symbol refers to a certain choice of n.)  The se t  of  
rate parameters  utilized in these calculations is given in Table 1. The solid lines represen t  
the fitted relations indicated on  each  figure. 

which for N s =  1015 sites cm -2 and kg given by eqn. (3) (P given in Torr) 
assumes the form (at 300 IO 

k~= 2.9 × l 0  B ×SoP (22b) 

As long as ka is much larger than the other rate constants, near-equilibrium 
surface coverage is attained much faster than the differential time step applied 
in the numerical solution of  eqns. ( 7 ) - ( 1 1 )  and a time-independent value 
of  8~ (eqn. (21))  can be utilized. On the other hand, when ka is about equal 
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to or smaller than the other rate constants, eqn. (2) should be solved 
numerically, yielding the time dependence of 01(t). The non-equilibrium values 
of 01(t) are smaller than the equilibrium ones, i.e. O1(t) < Ol(eq). In any case, 
as long as ka>> kdes, the 01 values are approaching a value close to unity 
and the change in SoP within that range does not much affect the calculated 
results. This is illustrated in Fig. 2, where the calculated induction times ti 
are plotted vs. SoP for the same set of parameters given in Table 1 and for 
four values of the diffusion parameter ~d (in the range 10-2-8 × 103). It is 
seen that even though 7d affects the absolute values of these curves, the 
qualitative trends are the same. In the range of SoP where ka >> kdes (which 
according to eqn. (22b) and Table 1 corresponds to SOP>_ 10-~), ti attains 
an almost constant value which is only very slightly affected by a change 
in SoP. For lower SoP values ti starts to depend on this surface-related 
parameter, increasing with decreasing value of SoP. It is possible to fit these 
curves to a phenomenological function of the type 

ti=A exp (23) 

where A, B and C are constants (independent of SOP). The fit of eqn. (23) 
to the calculated data is demonstrated in Fig. 2 by the solid curves. The 
values of the fitted parameters are summarized in Table 2. As SOP--* oo, 
ti--*A. The parameter A is thus the asymptotic value of ti when very fast 
surface chemisorption (relative to the other kinetic steps) takes place. The 
parameter A should then depend on the rate-limiting step dominating the 
permeation of hydrogen across the oxide, e.g. for large Vd (diffusion controlled) 

60 

50 i 

40, ! 

 30i 
! 

2O 

0 

1E-10 1E-07 1E-04 1E-01 1E+02 

SoP[tort] 
Fig. 2. Dependence  of the  hydride nucleat ion induction time ti on the surface-related parameter  
Sop: A, 7 d = 10 -2 (displayed on the  curve are the  calculated ti values multiplied by 10); × ,  
rd ffi 1 (ti values multiplied by 10); D, rd=81 ;  m, r d = 8 1 0 0  (ti values divided by 10). The solid 
curves represent  the  fits of eqn. (23) to the  calculated results. The fitting parameters  A, B 
and C are summarized in Table 2. 
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TABLE 2 

Fit of the parameters A, B and C (eqn. (23)) to the calculated data for different Vd (or pairs 
of (n, ko~) values 

Vd (S) (n, kox) A (s) B C 

10 -2 (1, 100) 0.20 0.13 0.12 
1 (1, 1) 0.20 0.10 0.29 

81 (90, 100) 4.16 0.19 0.02 
8100 (90, 1) 2.24)< 102 0.23 4.3)< 10 -3 

it should be affected by the diffusion-related parameter whereas for small 
~d it should no longer depend on this parameter. As seen from Table 2, 
these considerations are indeed fulfilled. The parameter A does not change 
much for Vd in the range 10-2-1 but increases by about an order of magnitude 
for ~d in the range 81-8100. The other two parameters, B and C, are also 
summarized in Table 2. It seems that  B is not sensitive to ~d whereas C 
displays a complex dependence on the diffusion-related parameter. In any 
case it should be realized that the absolute values of these parameters (as 
well as the curves of t~ vs. SoP) depend on the choice of the whole set of 
rate constants involved in the problem. For example, increasing the value 
of kdes results in a stronger variation in 01 starting at larger values of SoP  
(according to eqns. (21) and (22)). Hence the sloping region in the ti vs. 
SoP  curves will be displayed at larger SoP values. Considering the possible 
range of the frequency pre-exponential factors and activation barriers (eqn. 
(12)), the possible range of the different rate constants under conventional 
working conditions (e.g. temperatures in the range 25-400 °C) is very wide 
(about 12 orders of magnitude, 10-2-101°). The present choice of these 
parameters only serves to demonstrate the qualitative behaviour of t~ given 
by a function of the type (23) and not the absolute values of the calculated 
results, as discussed further in the following section. 

4. D i s c u s s i o n  

As mentioned in Section 1, passivation films coating metal samples are 
non-uniform regarding both diffusion-related properties (dox, ko~) and surface- 
related properties (So, kdes). In a simple manner,  if a spread of Ak s around 
a certain average/~j characterizes the film (with k s either a surface- or bulk- 
related rate constant), the corresponding spread in nucleation times at different 
corresponding locations on the sample, Ati, should be proportional to the 
derivative I(dtJdks)] ~. Hence, ff/~s is located in a region where the slope 
of the  ti vs.  k s curve is steep, a wide spread in nucleation times is anticipated. 
On the other hand, the growth rates of the hydride are independent of the 
oxide-related parameter kj, since whenever a hydride nucleus reaches a growth 
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stage, the oxide overlayer at that location had been ruptured [5 ]. Consequently, 
when the initial hydrogen-metal  reaction is allowed to proceed to a certain 
extent (but still at a low reacted fraction), it is anticipated that a larger 
spread in Ati (resulting from a larger I(dti/dkj)I~) will produce a surface 
pattern with fewer (but  larger) hydride "patches",  whereas a smaller spread 
in hti will display a pattern of dense (but small) hydride spots. 

As stated before, vacuum heat treat~nents prior to the hydriding reactions 
result in shorter induction times and a denser pattern of hydride spots 
developing on the surface [4]. Conversely, the presence of gas impurities 
in hydrogen introduces longer induction times and hydride development 
characterized by the growth of a few "patches"  [5]. Also, reducing the 
hydrogen working pressure results in conversion from a homogeneous surface 
reaction into a localized hydrogen attack at certain preferred spots [2]. 

It is evident from either Fig. 2 or the corresponding fit (eqn. (23)) that 
reducing the parameter  SoP shifts the derivative dti/d(SoP) into a s teeper  
region. Actually, from eqn. (23) 

dti ABC ((S-----~P~) 
d(SOP) - (SoP)' +s exp (24) 

o r  

1 dt~ d(ln t~) BC 
t~ d(SoP) - d(SoP) = -  (SOP) I+B (25) 

which indicates not only that dti becomes  more sensitive to a reduction in 
SoP (eqn. (24)) but  also that the relative change dti/t~ attains a higher 
sensitivity to the variation in SoP as this parameter  decreases. 

Vacuum heat pretreatments result in the desorption of chemisorbed 
species (e.g. water and OH), thereby increasing the specific reactivity of the 
oxide surface towards H2 chemisorption (i.e. increasing the average value 
of  So). Conversely, gas phase impurities which chemisorb on the surface 
reduce its activity. It is thus possible to account  for all the experimentally 
observed effects described above by the theoretical behaviour anticipated 
for the corresponding charges in the parameter  SoP. 

Among the three experimental effects described above (i.e. vacuum heat 
treatments, gas phase impurities and working pressure reduction), the first 
may be associated not  only with changes in the surface-related parameters 
but  also with alteration of  the diffusion-related parameter ~d. For example, 
slight changes in the stoichiometry of  the oxide (i.e. its oxygen-to-metal 
ratio) resulting from these heat treatments may strongly affect the diffusion 
rate constant kox. As discussed in Section 3.1, for diffusion-controlled reactions 
tt is proportional to ~d (i.e. inversely proportional to ko~. The relative 
sensitivity of ti to a change in kox (i.e. d(ln t~/dko~) is thus inversely proportional 
to that rate constant, increasing with decreasing value of ko~. The observed 
effects of  vacuum heat pretreatments may thus be associated also with the 
increased diffusivity induced by these treatments. On the other hand, effects 
of gas phase impurities or reduced working pressure are more likely to be 
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associated with the changes induced in the surface-related parameter SoP 
only. 

Finally, it is worthwhile to mention that the assumption utilized above, 
i.e. of an even spread of  a given rate parameter  Akj around an average value 
/cj, is only a crude approximation introduced in order to simplify the above 
discussion. Actually, a certain non-even distribution exists regarding the area 
fraction characterized by a given value of  kj (or, more accurately, by a given 
interval between k s and k s + dkj). Denoting this distribution function by F(kj), 
its relation to the corresponding induction time distribution function F(t~ 
(indicating the area fraction which reacts to form hydride nuclei in a time 
interval between ti and ti ÷ dt~ is given by the material (or area) conservation 
equation 

F(kj) dkj=F(t~ dr1 (26) 

The derivative dtJdk~ is thus involved in the transformation from the kj space 
into the t~ space (the so-called jacobian of the transformation). It can be  
shown that for a given distribution F(kj), the larger [ (dti/dkj)[h is, the broader 
is the F(t~ distribution. 

This is illustrated in Fig. 3 for the surface-related parameter  SoP (eqn. 
(23)). Assuming a gaussian-type distribution for this parameter  around a 
certain average SoP and assuming the standard deviation ¢r2=O.1SoP, the 
corresponding induction time distributions F(t~ are calculated for different 
values of the average SoP (utilizing eqns. (23) and (26)). It is seen that 
even though F(SoP) is assumed to display a width which decreases with 
decreasing SoP, the opposite trend is observed for F(t~, which broadens as 
SoP is reduced. 
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Fig. 3. Distribution functions of hydride nucleat ion times, F(t~, calculated from eqns. (23) 
an__dd (26), assuming corresponding normal  distribution funct ions of SoP (around an  average 
SoP with a s tandard deviation given by  ~2ffi0.1SeP). The constants  A, B and C in eqn. (23) 
were chosen from Tabl.___ee 2 (for Vd=8100). ( A ) S o P = 1 0  -4 Torr; (B) S o P = 1 0  -6 Ton'; (C) 
S ~ =  10 -s  Tort; (D) SoP = 10 -m Tort.  The corresponding widths at half-maximum of F(tO 
are (A) 0.45 s, (B) 1.47 s, (C) 5.26 and (D) 28.3 s. 
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In conclusion, the present model calculations provide a simple analytical 
relation (eqn. (23)) for the dependence of the hydride nucleation induction 
time ti on the surface-related parameter SoP. They also indicate that the 
sensitivity of ti to variations in SoP (and hence the spread in induction times 
associated with different nucleation locations on the heterogeneous surface) 
depends on the average value of this surface parameter (as well as on the 
spread of its distribution). For higher values of SoP (resulting from either 
active oxide surfaces with high sticking probabilities or high hydrogen working 
pressures) a low dtJd(SoP) is anticipated, resulting in a hydride development 
morphology characterized by a dense pattern of growing hydride spots. For 
lower values of SoP the sensitivity factor dti/d(SoP) increases steeply, resulting 
in a pattern of low density "patches" of growing hydrides. 

A similar trend is obtained regarding the effects induced by changes in 
the diffusion-related parameters (for the diffusion of hydrogen in the oxide). 

These calculations thus account for the experimentally observed behaviour 
of hydrogen-metal reactions in the initial stages of the hydriding process. 
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