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Abstract

In the first part of the paper, we describe in more detail the dissociative chemisorption model, presented by Wang for
the gas—metal interaction and then developed by Pick and Sonnenberg for the atom-metal interaction, in order to show
the important factors which were not taken into account by previous authors. One of these factors is the initial sticking
coefficient s, which can be less than unity even for a clean surface and can strongly influence the plasma-driven per-
meation and inventory. Then, we extend the dissociative chemisorption model on the case of the interaction of hy-
drogen molecular gas and fast hydrogen atoms with a multi-layer metal, and we verify the validity of the model by
comparison of experimental data with calculations. Although in recent theoretical papers [Richards; Pisarev and
Ogorodnikova] it was shown that Baskes’ model has an error, many authors apply Baskes’ recombination coefficient for
their calculations till now. Experimental measurements show that the plasma-driven permeation and inventory are a
function of the sticking coefficient which is very sensitive to any surface contamination that is in contradiction with
Baskes’ model. Finally, on the basis of the dissociative chemisorption model, the assessment of the plasma-driven
permeation through martensitic steel MANET covered by some plasma-facing metals (copper, beryllium and beryllium
oxide) is presented. We show that the experimental data of hydrogen isotope permeation and inventory measured for
the gas—metal interaction cannot be applied for the plasma-driven permeation and inventory. The analysis of the ex-
isting database of the sticking coefficient s updates those estimates for endothermic metals which can be applied for the
fusion reactor. © 2000 Elsevier Science B.V. All rights reserved.

Introduction

Understanding the hydrogen escape from the metal is
significant for many applications, especially for predic-
tion of the magnitude of hydrogen desorption, perme-
ation and inventory for materials used in fusion
reactors. Wang [1] was the first who presented the dis-
sociative chemisorption model to describe kinetics of
elementary processes near the interface between hydro-
gen gas and metal. The question of hydrogen-metal in-
teraction was studied in detail by Waelbroeck [2],
Livshitz [3], and Baskes [4]. Later, these models were
improved by Pick and Sonnenberg [5] and Richards [6].

E-mail address: olga@soleil.serma.cea.fr (O.V. Ogorodni-
kova).

In part I of the paper, the careful description of the
dissociative chemisorption model is given to emphasize
some details which did not catch attention in the original
papers. The presented fitting of analytical expressions
can be useful for evaluation of the gas— and plasma-
driven uptake and permeation in both the diffusion-
limited and the surface-limited regimes.

In part II, the comparison of experimental data with
analytical calculations of the permeation and uptake for
several endothermic metals in contact with deuterium
gas, atoms or ions is performed. As it will be shown be-
low, experimental and calculated results are in excellent
agreement that indicates the validity of the model. On the
other hand, the model proposed by Baskes and often
used for the description of the plasma-driven permeation,
leads to the discrepancy with experimental observations.

In part III, on the ground of the dissociative chemi-
sorption model and existing database of the sticking
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factor, the assessment of the gas- and atom-driven per-
meation of tritium through multi-layer metal of interest
in controlled fusion is presented.

Part 1. Model

1. Interaction of molecular gas with metal

1.1. Description of the fluxes near the hydrogen—metal
interface

The hydrogen-solid interaction is usually described
by the potential diagram shown schematically in Fig. 1
[1-7]. The mechanisms of penetration of hydrogen mo-
lecular gas and hydrogen atoms or ions into the metal
are different. In order to penetrate into the bulk, a
molecule needs to dissociate into two atoms. For many
cases, this process is thermally activated. On the other
hand, fast hydrogen atoms or ions penetrate immedi-
ately from the plasma into the bulk of the metal without
being chemisorbed on the surface.

Let us consider the interaction of molecular hydro-
gen gas with metal membrane of thickness L. According
to the kinetic theory of gases, the flux of gas molecules to
the surface is Iy = pu (molecules/m? s), where p is the gas
pressure and p = 1/v2amkT (m is the gas molecular
mass, 7T the temperature, k is Boltzmann’s constant). In
order to describe the fluxes of hydrogen near the metal
surface, two basic types of sites for hydrogen atoms are
considered: chemisorption sites on the metal surface
with concentration n (atoms/m?) and absorption sites in
the bulk of metal with concentration u (atoms/m?). Let
us introduce n, and u, which are the maximum avail-

Jo=J2

Y Hy(g) l

able concentrations on the surface and in the bulk, re-
spectively, v, (s7') and v, (s7!) which are an attempt
frequency for hydrogen atom jumps between positions
in the chemisorption state on the surface and in the
solution state in the bulk of the metal, respectively, and
A (m) which is the jump distance between interstitial sites
in the lattice. The maximum available hydrogen con-
centration in the bulk u, is assumed to be equal to the
atomic density of the metal host N multiplied by the
number of interstitial solution sites u, = Nz (z = 4 for
fcc and z=6 for bcc). The atomic areal density of
chemisorption sites is roughly assumed to be n,, = \’/z-%
The following fluxes to and from the surface are

represented in Fig. 1:

(1) The flux of particles sticking to the surface from

the gas is J; = sly(1 — n/ny)” (molecules/m? s);

s =59 exp(—2E./kT) is the so-called sticking coef-

ficient, where s, is the sticking coefficient at low sur-

face coverage and non-activated sorption and E, is

the activation energy for chemisorption.

(2) The desorption flux is given by

Jy, =kpn*  (molecules/m?s), &, = v.A% exp (—2(E,

— Q.)/kT), where Q. is the heat of chemisorption.

(3) The flux from the chemisorption site to the so-

lution site is

Jy = kn(1 — u/uy) (atoms/m?s), k3 = veexp(—(E;

— 0.)/kT), where E; is the activation energy for

transitions from the surface to the bulk.

(4) The reverse flux from the bulk to the surface is

given by

Jy = kyu(1 — n/ny) (atoms/m?s),

ks = v/ exp(—(Es — Os)/kT).
Pick and Sonnenberg [5] applied the similar description
of fluxes .J; near the gas—metal interface using N~/ (N is
the metal density) instead of A.

Fig. 1. Schematic energy diagram of hydrogen/metal interaction. E., Q., E;, Qs and E,, are the activation energies for dissociative
chemisorption, the heat of chemisorption on the surface, the activation barrier for the jump from the chemisorption site on the surface
to the absorption site in the bulk, the heat of solution and the activation energy for diffusion, respectively.
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1.2. Inventory

At equilibrium the net of inflow and outflow is equal
to zero:

—2kyn® 4 2Uos(1 — n/nw)* + ksu(1 — n/ngy) — ksn =0,
()

—kau(1 — n/ny) + ksn = 0. (2)

Here, it is assumed that hydrogen concentration in the
bulk is much lower than the maximum available hy-
drogen concentration (u# < uy,). These equations yield
the following expressions for the hydrogen concentra-
tions on the surface n and in the bulk u:

n/(1—n/nn) = \/sh/k, (3)
u= (k3/k4)\/S1()/k24 (4)

A similar expression for the bulk concentration, u, was
obtained in [5] by Pick and Sonnenberg. At low surface
coverage (n < ny) Egs. (3), (4) together with s, ky, k3,
and ky yield the following expressions for n and u, re-
spectively:

ng = exp(_Qc/kT) \ SOIO/Vcizv (5)
ug = exp(—Qs/kT)\/solo /vei* v/ Ve vs. (6)

It is not surprising that both concentrations on the
surface n and in the bulk u# depend only on heats of
chemisorption Q. and solution Qy, respectively, and are
independent of activation barriers.

We assume that the lattice is undistorted up to the
surface. In this case, v. and vy have the same order of
magnitude (v, ~ v; =~ 10" s7") and, for simplification,
we will consider v, =vs=v. Using this suggestion,
Eq. (6) can be written as

Us =1/ SO:“/W14 exp (=Os/kT)\/p = Ki/p, (7)
where K, = {/sou/vitexp (—Q,/kT) is Sieverts’ constant

for the material. The relationship of the pre-exponential
factor K, of Sieverts’ constant with v and /1 is given by

Vit = s /K2 (®)
The diffusion pre-exponential factor can be presented as
Dy = gwlz/6, (9)

where g is the geometrical factor which is different for
bee and fee metals [8]. Using together Egs. (8) and (9),
we can derive the sticking pre-factor for a clean metal
surface

50 = (6DoK21?/gp). (10)

50

1.3. Recombination coefficient

The hydrogen release from the metal may be con-
trolled by diffusion- or surface-limited processes such as
adsorption and desorption. In order to provide a de-
scription of surface barrier effects, the knowledge of the
recombination coefficient is required.

It is usually supposed that the rate of hydrogen
thermodesorption from a surface is proportional to the
square of the concentration of atoms chemisorbed on
surface sites: Jy = J> = kon? (molecules/m? s). However,
to simplify the mathematical task, it is proposed that the
desorption rate J, is proportional to the square of the
bulk concentration u of hydrogen under the surface [9].
The proportionality coefficient was named the recom-
bination coefficient:

K, = Jo/u® (m* molecules/atoms” s). (11)

Using Eq. (5) for n and Eq. (6) for u together with
Eq. (11), we derive the recombination coefficient:

K: = kon Ju} = (sope exp (2(Qs — E) /KT) /K3, (12)

which coincides with Pick and Sonnenberg’s recombi-
nation coefficient [5]. It should be mentioned that
Eq. (12) is derived for a low surface coverage. Using
Eq. (10) and assuming E. =0, we can derive the re-
combination coefficient for a metal with a clean surface

KrClean _ (6D0/12/g) exp (20, /kT). (13)

Eq. (13) or, more simple expression K¢l ~ Dyilexp
(2Q,/kT), can be useful for the estimation of the re-
combination coefficient on a clean metal surface.

1.4. Permeation

1.4.1. Diffusion-limited regime

The hydrogen isotope permeation is important from
the point of view of the safety of thermonuclear reactors.
For the first wall materials, the endothermic metals are
usually used. For the metal with Q;>0, the hydrogen
concentration on the front side of the sample in contact
with gas is usually much higher than that on the back
side (up = us > u;) and the permeation flux, J;, is usu-
ally much smaller than the desorption flux (J, < Jj).
Therefore, at steady state the desorption flux, Jp, is al-
most equal to the flux of hydrogen sticking to the sur-
face from the gas, J|,

Jo 2 Jy = 2sIy(1 — ng/ny,)” (atoms/m? s), (14)

while the permeation flux is given by Fick’s law for
diffusion as

J. =Js = D(uy — u;)/L (atoms/m> s). (15)
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For uy > u;, Eq. (15) reduces to
JL :Jd :Du()/L, (16)

or, using Eq. (6) for the concentration of dissolved gas
ug = us, the permeation flux is

JE¥ = (D/L) exp(*Qs/kT)\/m' (17)

Finally, taking vA* from Eq. (8): vA* = so,u/K_fO, we can
write Eq. (17) in the following form:

Ji* = (P/L)V/p, (18)

where the quantity P = DK is defined as the perme-
ability of the material. Eq. (18) is known as Richardson’s
law [10].

1.4.2. Surface-limited regime

Eq. (15) is valid if diffusion through the solid is the
rate limiting factor: for a thick sample at a sufficiently
high pressure, permeation will be diffusion-limited.
Conversely, oxidized or contaminated of metal surface
tends to enhance the importance of the surface effects.
Furthermore, if the thickness of a metal or the pressure
of gas in contact with the metal is reduced sufficiently,
the permeation rate will tend to that of the surface-
limited condition. In this case, using the recombination
coefficient on the inlet K and on the outlet K* sides, the
balance of fluxes near the interface between gas and
metal can be written in the following form:

25°ly — 2K%ud + D(uy — up) /L = 0, (19)
—2K*u? — D(uy — up)/L = 0, (20)
Jy = 2K";. (21)

Solving the system of equations (19)—(21) and taking
into account that K% = s% /K2, we find

JpJTES = /1 = J [200y — /s [sEA/T; /25y, (22)
where JF** = (DK,/L)/p.

2. Interaction of hydrogen atoms with metal
2.1. Inventory

It has been established experimentally [11-16] and
explained theoretically [17-19] that the molecular hy-
drogen adsorption is often activated. On the other hand,
atomic hydrogen can be easily adsorbed on the metal
surface and even absorbed beneath the surface
[11,12,14,16]. Fast hydrogen atoms have enough energy
to penetrate into the bulk of the metal without ther-
malization at the surface. In many practical situations,
the particular case when the projected range of im-

planted hydrogen is much smaller than the diffusion
length (R, < Lp ~ V/Di), is of interest. This situation
arises, for example, under conditions of implantation of
low-energy ions or atoms in the thick membrane.

Assuming that the atomic flux [, penetrating the
metal slows down just beneath the surface, the balance
of particles near the inlet surface layer is given by the
following equations:

—2bon® — ksn + kyu(1 — n/ny) =0, (23)

ksn — kqu(1 — n/ny) + Iy = 0. (24)

From Egs. (23) and (24), the hydrogen concentration, n,
on the surface is

ny = \/ 1o/ 2k, (25)

and the hydrogen concentration, u, in the absorption
state in the bulk of the metal is

Uy = (k}nat +1())/(k4(1 - nm/nm)). (26)
Comparing the expression kzn, = exp((E. — Es)/kT)
\/1ov/2* with I, for any reasonable values of E, and Ei,
for Iy =10'-102 atoms/m’s, K, ~ 10® (atoms/m’
Pa'/?) and in the temperature range from 400 to 1000 K,
we can state that ksn,, is much higher than I,. Therefore,

on the assumptions that kzn, > Iy and ny < ny,
Eq. (26) can be reduced to

Uy = exp((Ec — Qs)/kT)\/mv (27)

and, using Eq. (8) for vi*, we have

Uat = Ks 10/(2‘9/1)7 (28)
where K; is Sieverts’ constant and s = spexp (—E./kT) is
the sticking coefficient.

2.2. Permeation

For the diffusion-limited regime, the steady-state
permeation flux is defined by Eq. (16). Taking u, from
Eq. (28), we define the permeation of hydrogen atoms
through an endothermic metal (Q;>0) as

72t = (DK, /L)oo (29)
or
Ji' = (P/L)exp(Ec/kT)\/Io/ 2504, (30)

where P = DK is the same as in the case of the gas-
driven permeation.

2.3. Recombination coefficient

The recombination coefficient for the atom-metal
interaction is
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K = Io/ 202, = (sopexp (2(Qs — Eo)/kT)/K’
— su/K? (31)

and coincides with the recombination coefficient de-
duced for the gas—metal interaction.

2.4. Baskes’ model

It is easy to find the permeation flux through the
symmetrical membrane, using Baskes’ model [4]. Ac-
cording to [4], the recombination coefficient is

Ky = 2souexp ((20s — E,)/kT) /K.,

(m* molecules/atoms” s), (32)

where E, = Qi+ En if Qs+ Ey, >0 and E, = 0 other-
wise, and sy is the initial zero-coverage, zero-barrier
sticking coefficient. In [4] it was assumed that the de-
sorption flux is equal to the incident flux Jy = Iy. So,
using (11) together with (32), we can derive the hydrogen
concentration near the inlet surface for Baskes” model

ug =/Iy/2Kp (atoms/m?). (33)

For the diffusion-limited regime, the permeation flux is
defined by the diffusion flux J;, = Duy/L and is given in
Baskes’ approximation by

Jp = (D/L)\/1o/2Kp. (34)

Finally, using Eqgs. (32) and (34), the permeation flux
according to Baskes’ model is

JE = (P/L)\/Iy/4souexp (E./2kT) (atoms/m* s),  (35)

where E, = Qs + E,, for endothermic metals.

Comparison of Eq. (30) with Eq. (35) shows that
Baskes’ permeation J2 through the endothermic metal
by a factor of JP/J2 = exp ((Qs + Em)/2 — E.) /kT)//2
differs from the permeation J}* deduced from the dis-
sociative chemisorption model. Even for a perfectly
clean surface, when the activation energy for chemi-
sorption is zero (E. = 0), there is the difference between
JB and J.

3. Interaction of fast hydrogen ions with metal

High-energy hydrogen ions can penetrate into the
metal to a depth of a hundred atomic layers. If the
penetration depth is comparable with the diffusion
length, the expressions derived above for the diffusion-
limited regime become invalid. In this case, the distri-
bution of hydrogen atoms in the bulk of the metal
should be taken into account. The ion source distribu-
tion ¢(x) can be approximated by a Gaussian-function

o(x) = dexp (= (x = By)?/ (2(a¢))), (36)
where 4 =1/ [ exp(—(x — R,)’/(2(Ax2)))dx, R, is the

ion projected range, and (Ax?) is the variance. However,
in order to simplify the calculations, we assume

0(x) = 8(x — Ry). (37)

In the steady state, the net of fluxes is equal to zero [20]

2K%ud + 2K ur = I, (38)
2Kr0u§ = D(up — up) /Ry, (39)
2K;up = D(up —ur)/(L = Ry), (40)

where u, and u, and u; are the maximum hydrogen
concentration on the depth R, and hydrogen concen-
trations on inlet and outlet sides, respectively, I, is the
incoming ion flux, D is the diffusion coefficient, L is the
thickness of the metal and K% = 5% u/K2 (molecules
atoms—> m*s~') is the recombination coefficient on inlet
and outlet sides, respectively. The desorption flux is
Jo = 2K’} (atom m~2 s7!) while the permeation flux is

Jy = 2K"2 (atom/m? s). (41)
Solving the system of equations (38)—(41), we have

JL/JEIZ I—JL/]O—\/K?/K{‘ JL/[O“'(RP\/zKPI())/D

=0, (42)

where J2 = (D/L)\/1,/2K?.
Eq. (42) can be reduced to

ax* + b ex’ —dx+e=0, (43)
where J, =x?, a=2K°K'1?/D?, b=2K"\/2KLL/D,
c = (K? —ALR,I,K'K!/D* + KF), d = 2R,1y+/2KIK? /D
and e = 2R2ZKVK!/D* — KL,

For endothermic metals (Qs > 0), the permeation flux

is usually much less than the incoming flux (/, > J;). In
this case, Eq. (42) can be reduced to

"= (D (8K(L?))

x <\/1 + (8KLL/D?) (D\m/ 2K3+Rp10> — 1)2,

(44)

or, using the expression (12) for the recombination co-
efficient, we define the steady-state permeation flux as a
function of inlet, s°, and outlet, s*, sticking coefficients
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Jim = (D*K2/ (8s-uL?))
2

x (\/1 + (852 uL/D?K?) (DKS\/I_O/\/ZS—ON+RPIU> - 1) .

(45)

For the same sticking coefficients on both sides (s° = s*)
and the large thickness of the metal and not high tem-
perature, the permeation flux is a function only of the
surface condition on the plasma-facing (inlet) side:

Jio" = (DK, /L)\/1o/25° 1 + Ryl /L. (46)

If the diffusion length is larger than the ion range,
Eq. (46) transforms in Eq. (29).

4. Permeation through multi-layer metal in the diffusion-
limited regime

For a composite sample consisting of two or more
layers of uniform thickness Li,L,...,L, with per-
meabilities P, Py, ..., P,, it is convenient to describe the
behavior of the system in terms of the ‘permeation re-
sistance’ [21]. The gas-permeation rate for a multi-layer
sample may be written as

-1
JES = <ZL1-/P,-> P (47)

where L; is the thickness of the ith layer, P, = D;K; the
permeability of 7 layer and p is the pressure on the inlet
side.

For the case of the atom—metal interaction, the per-
meation flux through a multi-layer membrane may be
written as

= (ZL,-/R-) Vo 251, (48)

where [ is the incoming atomic flux and s is the sticking
coefficient on the inlet side (s = s°).

Part I1. Validity of the model: experimental results

5. Comparison of the gas- and atom-driven permeation
and uptake in the diffusion-limited regime

It is convenient to write here the steady-state per-
meation, J;, and hydrogen concentrations in the
chemisorption state, n, and in the absorption state, u, for
the gas-metal and atom-metal interactions for a diffu-
sion-limited regime

I = (P/L)V Do/ u, (49)

th = (P/L)\/1o/2su, (50)

ny = 2K, exp (=0c/kT)V/Io/ 1, (51)
Na = 2K, exp (—0c/kT)\/ 1o/ 2511, (52)
ug = K/Io/ 1, (53)
Uy = Kon/Io) 2511, (54)

where P = DK; is the permeability, u = 1/v/2nmkT, and

s = soexp(—2E./kT) is the sticking coefficient. At pres-

ent, regarding the sticking coefficient it is known that:

e Most chemisorptions on clean metal surfaces are
non-activated (E. = 0).

e The activation energy for chemisorption, E., drasti-
cally depends on the presence of contaminants.

e When pure transition metals are compared, the
chemical nature of the metal seems to have a smaller
influence on sy than its structural properties.

e For a clean surface, the sticking probability s = s is
a function of two factors: (i) the structure of the sur-
face (i.e. whether the solid is a single crystal) and
(ii) the crystallographic orientation of the surface.

e Impurities like O, S or C lower s,.

e The pre-exponential factor sy of the sticking coeffi-
cient increases with the increase of the roughness fac-
tor o. For simplicity, we consider an ideal surface
with o = 1.

Causey and Baskes [22] measured the gas-driven
permeation and the plasma-driven permeation of deu-
terium through nickel (Fig. 2). The data were obtained
for two different amounts of carbon on the nickel

"high carbon"
s "low carbon"

« gasonly p=0.66 Pa
10 12 14 1.6 18 20 22

103/T, K!

E,=0.0eV

Fig. 2. The gas-driven (solid symbols) and plasma-driven (open
symbols) permeation flux of deuterium through nickel as a
function of temperature. The experimental data were taken
from [22]. The deuterium pressure is p = 0.66 Pa, the ion flux of
100 eV deuterium is Jy =3 x 10® D/m?s, the membrane
thickness is L =3 x 10~ m. Calculated values are shown as
solid lines. The deuterium permeation flux calculated by Baskes’
model J? is shown as dotted lines for comparison.



136 0.V. Ogorodnikova | Journal of Nuclear Materials 277 (2000) 130-142

surface: the ‘low carbon’ surface had less 10% C and the
‘high carbon’ surface had 30% C. The calculations were
performed using Egs. (49)-(54). The data of diffusivity
and solubility of deuterium in nickel [23,24] are pre-
sented in Table 1. As a pre-factor of the sticking coef-
ficient, the value of sy < 0.1 evaluated by Eq. (10) is used
which seems to be reliable [25-37] (see Table 2).

The comparison of the experimental data for the
plasma-driven permeation with the theoretical expres-
sion (50) allows the activation energy for chemisorption
E. to be determined. The agreement between calcula-
tions and experimental data is quite good for the surface

barrier E. = 0.2 eV for ‘low carbon’ and E, = 0.25 eV
for ‘high carbon’ surfaces (Fig. 2). In general, the pres-
ence of impurities on the metal surface enhances E.. Due
to the presence of even small amount of contamination
on the inlet surface, the sticking coefficient, s, signifi-
cantly decreases and, from this, the atom-driven uptake
in and permeation through the metal increase. On the
other hand, the presence of impurities on the inlet sur-
face does not influence the gas-driven processes for en-
dothermic metals.

For a clean nickel surface (E. = 0.0 eV), the atom-
driven concentration in the bulk, u,, increases with

Table 1
Data of hydrogen isotope diffusivity and solubility
Metal Diffusivity Solubility Ref.
Dy (m?/s) En (V) K, (atoms/m® v/Pa) 0; (eV)
D,-Ni 4.76 x 1077 0.4 4.71 x10% 0.15 [23,24]
D,-Cu 6.2 x 1077 0.39 4.1 x10% 0.41 [24]
D,-MANET 1.01 x 1077 0.137 3.25 x10% 0.276 [59]
D,-Be 6.7 x107° 0.294 [60]
T,-Be 2.3 x10* 0.173 [61]
D,-BeO 1.31 x107° 1.335 [62]
BeO 9.4 x 107 0.8 [63]
o-Fe 3.87 x1078 0.045 6.14 x 10% 0.27 [64]
Table 2
Pre-exponential sticking factor s
s Temperature (K) Ref.
Ni(100) 0.06 287 [25]
0.06 120 [26]
0.1-0.15 120 [26]
<1072 300 [27]
0.4 300 [28]
0.25 300 [29]
0.6 300 [30]
Ni(110) 0.96 140 [31]
0.4 300 [32]
Ni(111) 0.05 140 [31]
0.1 120 [33]
0.1 287 [34]
<1072 120 [27]
Ni film 0.6-0.9 78 [35]
0.1 300 [36]
0.25 300 [27]
0.3 279 [37]
Fe(110) 0.16 140 [43]
Fe(110) 0.18 200 [44]
Fe(100) 0.03 300 [45]
Fe(100)-c(2 x 2)C (carbon) 1073 200 [45]
Fe(100)-p(2 x2)O (oxygen) 10 200 [45]
Cu <0.1 [65,66]
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w4

E=025eV--—~ - —“__:_:_‘;_1]3 N
1023— Eczo-zev::-:- ————— |
ME \ |
31022_ E,=00eVe __ .
§ \\\\\\

o uat

1021 . | | | I
0,5 1,0 3 o

10°/T, K

Fig. 3. The gas-driven u; (—) and plasma-driven u, (— — —)
deuterium concentration just beneath the surface in nickel as a
function of temperature calculated for various activation en-
ergies for chemisorption E.. The deuterium concentration cal-
culated by Baskes’ model up is shown as dotted lines for
comparison.

temperature, while, for a dirty surface (E. = 0.2 eV), uy
decreases (Fig. 3). It should be noted that u,, increases
with temperature when E; < |Qs| and decreases when
E. > |Qs| (see Eq. (54)). The atom-driven permeation
flux, J}*, can also increase and decrease with temperature
depending on the surface contamination. As follows
from Eq. (50), J{* increases when E. < |Qs + Ey| and
decreases when E. > |Q + En|-

Although the incident molecular flux Iy ~ 3 x 10?2
(atoms/m? s) at pressure p = 0.66 Pa is two orders of
magnitude higher than the atomic flux I, = 3 x 10%
(atoms/m? s), the gas-driven permeation and uptake are
lower than in the case for the atomic-driven ones (Figs. 2
and 3) because of the presence of impurities on the
surface which reduce J?' in the last case. For a perfectly
clean surface (E. = 0), gas-driven permeation and in-
ventory are higher than the atom-driven ones.

For comparison, the permeation flux J? (35) and
concentration in the bulk up (33) based on Baskes’
model are also shown in Figs. 2 and 3, respectively.
According to Baskes’ model, the permeation and uptake
do not vary with surface contamination. This is in dis-
agreement with experimental data, which are very sen-
sitive to the surface composition.

Taking into account the uncertainties involved in the
measurements, the agreement of experimental data with
the results of calculations by Egs. (49)—(54) is excellent.

6. Recombination and sticking coefficients

As it was derived above, the recombination coeffi-
cient, K, = s,u/Ksz, is the same for atom- and gas-driven

processes. According to Eq. (12), K; can be written in
the following form:

K. = Koexp(—E,/kT), (55)
where

Ko = sou/K;, (56)
and

E = 2(E. - 0,). (57)

Knowing the sticking coefticient s = soexp (—2E./kT),
we can define the recombination coefficient. Fig. 4 shows
the recombination coefficient for both ‘low carbon’ and
‘high carbon’ nickel surfaces. The increase of E. (or the
increase of the amounts of carbon on the surface) results
in the reduction of the recombination coefficient. The
recombination coefficient has a maximum value for a
clean metal surface without surface barrier (£, = 0.0
eV). From Eq. (13), the recombination pre-factor for a
clean surface is Ky ~ DyA*> ~ 10726 (m*/s).

From Egs. (55)—(57) it is clear that the recombination
coefficient decreases at E. < |Qs] and enhances at
E. > |Qs| (increase the impurities on the surface) with
the increase of the temperature (Fig. 4).

According to [38], the recombination pre-factor Kj is

Ky = Vnm/ufn7 (58)

where v ~ 10'3 (s7!) [39,40] is the vibration frequency of
hydrogen, n,, ~ 10" (atoms/m?) and u,, ~ 10% (atoms/
m?) are the maximum available concentrations on the
surface and in the bulk, respectively. Then, the pre-fac-
tor of the recombination coefficient can be evaluated as
Ko =~ 10% (m*/s) which is the same as that one estimated
by Eq. (13).
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Fig. 4. The recombination coefficient of deuterium on nickel as
a function of temperature calculated for various activation
energies for chemisorption E.. Calculated values are shown as
lines, while experimental values taken from [22] as open sym-
bols.
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The pre-factor of the recombination coefficient was
measured by Nagasaki KM =1.5x 10" (m*s) for
nickel [41] and by Wampler KI° = 1.2 x 107% (m*/s) for
iron [42]. Consequently, following Eq. (56), the sticking
pre-factors are (s)))"*¢ ~ 0.5 for nickel and (sf¢)V*™ ~
7 x 107 for iron, respectively. The values of s} =
0.1-0.9 for Ni film were measured in sorption/desorption
experiments [35-37] (Table 2) and correspond to the
calculated one. However, the values of sf¢ = 0.16-0.18
for iron were measured in sorption/desorption experi-
ments [43,44] and are about four orders of magnitude
higher than the calculated one from Wampler’s experi-
ment. The observed discrepancy may be due to influence
of impurities on the surface: the value of s, for Fe ranges
from 107° to 1 depending on the surface cleanness
[45,46]. Adlayers of carbon, oxygen or sulfur may result
in restrictive geometric alignment [47] which could ac-
count for the decrease in the sticking probability of
hydrogen on contaminated surface.

Other possible explanation of the observed dis-
agreement may be in different crystallographic orienta-
tion of the surface. On the (11 1) faces of the fcc metals
(Ni) and on the (1 10) faces of the bcc metals (Fe) there
is the general trend that small s have been reported in the
past [32]. The situation is different for crystallographi-
cally more ‘open’ surfaces, namely, the (1 10) faces of the
fcc and (21 1) faces of the bece system. For these surfaces,
the sticking probability is close to unity.

For iron and nickel, the sticking pre-factor, sy, (and,
consequently, Kj) differs by about four orders of mag-
nitude. The sticking pre-exponential factor, s, is the
probability that a molecule or atom which possesses the
necessary activation energy and collides with a vacant
surface site, is adsorbed on the surface. This factor de-
pends on the vibrational (and also rotational and
translational) modes of the molecular activated complex
(adsorbed molecule and metal atoms) on the metal
surface and can be calculated, for example, by the sta-
tistical partition functions [48]. As observed elsewhere
[49], the nickel pre-exponential factor of the sticking
coefficient is consistent with atoms recombining into
molecules which have their full degrees of translational
and rotational freedom, whereas the iron pre-factor is
consistent with an immobile precursor state in which the
molecule has no degrees of freedom than a bound atom.
According to [48], for diatomic molecules, forming an
immobile transition complex, we can put so ~ 1074-1072
(for example, o-Fe) and, forming a mobile transition
complex sy ~ 0.1-1 (for example, Ni). Our estimations
by Eq. (10) for a clean surfaces of Ni and Fe show that
(sN) ~ 107" for nickel and (sf*)™ ~ 102 for iron
which is in agreement with [48].

In contrast to Pick and Sonnenberg’s conclusion [5]
that there is no difference between molecular and atomic
hydrogen interaction with solid in the case of non-acti-
vated sorption, we state that even in the case E. = 0, the

pre-exponential sticking coefficient, so, can be consider-
ably less than unity and enhances the plasma-driven
uptake and permeation compared to the gas-driven
ones.

7. Ion-driven permeation

Let us consider the plasma-driven permeation ex-
periments for nickel and copper performed by Nagasaki
et al. [50,41] and by Wilson et al. [51].

Fig. 5 shows the ion-driven permeation flux as a
function of temperature measured for Ni and Cu. The
agreement between the results of calculations and ex-
perimental data is quite good for the surface barrier
E.=0.0 eV for Ni and E. = 0.32 ¢V for Cu in the ex-
periment of Nagasaki et al. [50,41], respectively, and
E. = 0.41 ¢V for Cu in the experiment of Wilson et al.
[51]. Tt seems, that in the experiment of Wilson, the
copper surface was more dirty than in the experiment of
Nagasaki.

The adsorption of hydrogen isotope on nickel does
not seem to require an activation energy. A small acti-
vation barrier about 0.05 eV was reported in [28]. In
contrast to the case of nickel, copper has a significant
activation barrier for hydrogen isotope chemisorption
[11,52] that is in good agreement with our results. In
general, adsorption of hydrogen at d-metal surface, e.g.
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Fig. 5. The ion-driven deuterium permeation flux through
nickel and copper as a function of temperature. The experi-
mental data for Ni are taken from [50] and for Cu from [41,51].
In the experiments of Nagasaki et al. the ion flux (f, =
1.1 x 10" (D/m?s)) and the membrane thickness (L =
1.2x 107 m) for Ni [50] are similar to those for Cu
(I =1 x 10" (D/m?s) and L = 1.3 x 10~* m) [41]. The exper-
imental conditions of Wilson et al. for Cu [51] are the following:
Iy=1x10* (D/m?s) and L=5.1x 10* m. Calculated by
Eq. (46) values are shown as dashed lines for Ni and as solid
lines for Cu.
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Ni, is non-activated or only slightly activated with bar-
rier less than 0.1 eV, whereas at s-metal surfaces such as
Cu, Al, Be the value of E. is considerably higher ranging
from 0.3 to 1 eV.

From Fig. 5 it follows that the permeation flux
through nickel is lower than through copper. For the
gas-permeation experiment, the permeation flux through
nickel is higher than through copper (see curves for
s = 1 in Fig. 5). We can conclude that from results of the
gas-driven experiment, it is not possible to predict the
plasma-driven permeation and uptake.

An issue to be considered is the influence of the ion
range R, on the permeation flux Jion (Fig. 6).

The influence of the ion range on the permeation
through the endothermic metal (Q; > 0) depends on the
following factors: the thickness of the sample L, the
diffusion coefficient of hydrogen in the metal D,
the value of the incident flux [, and the conditions on
the surface. The smaller the thickness of the mem-
brane, the higher the diffusion coefficient, the higher
the energy of implanted particles or the higher the
activation energy for chemisorption E. on one of
the metal sides, the more significant is the influence of
the ion range on the permeation flux. A good agree-
ment of calculations by Eq. (46) with experiments is
obtained for R, =2 x 10 m for copper and R, =
1 x 108 m for nickel. The influence of the ion range
tends to increase the permeation flux at low tempera-
ture (7<500 K). But at high temperature, since diffu-
sion is a very fast process and the diffusion length
becomes much larger that the ion range (Lp =
VDt > R,), the implantation depth does not signifi-
cantly affect the permeation.
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Fig. 6. The plasma-driven deuterium permeation flux through
Ni [50] (W) and Cu [41] (O) as a function of temperature. Cal-
culated by Eq. (46) values are shown as lines at various
ion range R,. Dashed lines: R, =2 x 107'® m. Solid lines:
RY' =1 107 m for Ni and RS" =2 x 107* m for Cu.

Part III. Assessment of the tritium permeation through
multi-layer metal

8. Influence of various coatings on the tritium permeation
through MANET

From the point of view of safety of thermonuclear
reactors, it is important to know how the different
coatings affect the hydrogen isotope permeation. For
example, it was assumed that the first wall between the
plasma and the coolant represents the martensitic 7-10%
Cr steel such as T91, F82H, MANET or Batman of
thickness 3 mm (water cooled led lithium blanket) [53]
or 5 mm (helium cooled pebble bed blanket) [54]. For
our assessment, MANET (Martensitic steel DIN 1.4914
for NET) of the thickness LMAN = 5 mm is used as ref-
erence. The thickness of Be and Cu layers is the same
and equals to LB = | mm. The thickness of BeO is
LB = 8 x 107> mm. The tritium ion flux is evaluated as
Iy = 1.5 x 10% (atoms/m? s) [55]. The data of hydrogen
isotope solubility and diffusivity are given in Table 1.
The hydrogen isotope extrapolated values for diffusivity
are defined using the classical diffusion theory
D;/D; = \/m;/m;, where i and j are two different hy-
drogen isotopes.

For the diffusion-limited regime, only the inlet
sticking coefficient, s, influences the permeation flux.
The sticking coefficients for various bare metals are
presented in Table 3. It is worth noting that values of s
presented in Table 3 are only rough approximations.
The surface impurities create the activation barrier for
chemisorption which considerably decreases the sticking
coefficient s. As a result, for the same metal, s can vary
greatly with surface composition. As it was mentioned
above, the crystallographic orientation of the surface
and the surface structure also change the value of s. As it
was reported in [39], the experimentally determined re-
combination coefficient and, consequently, the sticking
coefficient, range about five orders of magnitude for Fe,
six for Ni, four for Pd, and six for stainless steel.

It appears that the surface may be cleaned or modi-
fied in some way by the energetic particles [56]. The
sticking coefficient for such an extremely clean surface is
often close to unity (s =2 1) [57,58]. Fig. 7 shows the in-
fluence of various coatings on the tritium permeation

Table 3

Sticking coefficient
Metal Sticking coefficient Ref.
MANET 5% 107% exp(—0.198/kT) [59]
Be 3x 1077 exp(—0.626/kT) [67]
BeO 2.12x 107" exp(—2.18/kT) [68]
Cu 0.08 exp(—0.64/kT) This work
Ni 0.08 This work
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Fig. 7. The atom-driven tritium permeation through a bare
MANET and MANET with Cu, Be and BeO-Be coatings as a
function of temperature for a clean inlet surface (s = 1).

through MANET for perfectly clean plasma-facing
surfaces. The atom-driven permeation, J*', through
BeO-Be-MANET is appreciably lower than that for a
bare MANET. The presence of BeO on the plasma-
facing side results in nineteen orders of magnitude of the
reduction in the tritium permeation. Be and Cu coatings
have smaller effects on the permeation behavior of
MANET: Be coating decreases the tritium permeation
by two and Cu coating by one orders of magnitude
(Table 4). However, the different situation arises when
we consider bare (presence of small amount of con-
tamination) surfaces (Fig. 8). Using the sticking coeffi-
cients presented in Table 3, we see that Be coating can
result in the increase of the tritium permeation compared
to bare MANET! This is obvious if we consider Eq. (32):
J =S (Li/P) " \/Io/2su. For a perfectly clean plasma-
facing surface (s = 1), the permeation flux, J, through
a multi-layer target depends only on the permeabilities,
P;, of metals contained in the target. Due to the per-
meability for Cu, Be and BeO being lower than that for
MANET (Fig. 9), these metals can work as a permeation
barrier if the plasma-facing side will be sputter-cleaned
during plasma operation. For unclean surfaces, the
sticking coefficient, s, is less than unity. With the re-
duction of s, the atom-driven permeation flux, J, in-
creases: Ji'~1/y/s. The sticking probability for

Table 4
Steady-state atom-driven permeation flux (atoms m~2s7!) at
temperature 7=600 K

Metal Unclean Clean surface
surface s=1
MANET 2x 107 7.5%x 10"
Be-MANET 4.3x10"7 5.5x 10"
BeO-Be-MANET 1.9x 10" 6x107°
Cu-MANET 2.8 x 10" 1.6 x 10"
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Fig. 8. The atom-driven tritium permeation through a bare
MANET and MANET with Cu, Be and BeO-Be coatings as a
function of temperature using the sticking probability, s, pre-
sented in Table 3.

MANET is higher than that for Be: sMANET > B From
this, the permeation through bare MANET can be less
than that through Be with usual (unclean) surface. Due
to the fact that s > sMANET gpnd pCu < PMANET - the
permeation flux through Cu is two orders of magnitude
smaller than that through steel: J&* < JMANET Although
s for BeO is much smaller than that for steel, JF is
smaller than JMANET because permeabilities P50 <
PMANET The permeation flux through BeO-Be-MANET
with a clean plasma-facing side is much smaller than
that through BeO-Be-MANET with contaminated sur-
face (Table 4). In general, a lowest permeation flux
corresponds to a highest sticking probability s = 1 (i.e.
for a perfectly clean surface). On contaminated surface
the value of the sticking coefficient can be crucial for the
permeation of atomic hydrogen through the metal.
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Fig. 9. The tritium permeabilities for a bare MANET, Cu, Be
and BeO as a function of temperature.
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Fig. 10. The tritium PRF (permeation reduction factor) for
MANET with Cu, Be and BeO-Be coatings as a function of
temperature.

The permeation barrier can work differently for dif-
ferent temperatures: for low temperature the plasma-
facing coatings decrease the tritium permeation better
than for high temperature. Permeation reduction factor,
PRF, defined as the ration of the tritium permeation
through MANET without coating to the tritium per-
meation through MANET with coating, as a function of
the temperature is presented in Fig. 10.

The gas-driven permeation through bare MANET
and MANET with various coatings is qualitatively
similar to the atom-driven permeation, J, through
metals with clean inlet surface (s = 1) but qualitatively
differs from J;* through the metals with usual (unclean)
surface. As a result, the use of gas-driven permeation
experiments in order to qualitatively predict the influ-
ence of various coatings on J is possible only for metals
with a perfectly clean surface. In other cases, the be-
havior of Ji* and Ji* might deviate significantly.

Conclusions

This work had three objectives. The first was to
describe in detail the model for hydrogen—metal inter-
action. The second was to show the validity of the model
by comparison with experiments. And the third was to
estimate the tritium permeation through martensitic
steel MANET covered by copper, beryllium and beryl-
lium oxide in contact with tritium gas and plasma,
taking into account the present knowledge about the
sticking coefficient which is responsible for the influence
of the surface processes on the hydrogen isotope-metal
interaction.

The conclusions relating to these major objectives are
as follows:

1. The dissociative chemisorption model shows a good
agreement with experimental permeation data. Esti-

mations of the recombination coefficient are in good
agreement with experimental results. The model pro-
posed by Baskes’ is in disagreement with experimen-
tal measurements.

2. In the diffusion-limited regime, which takes place for

the thick endothermic metal proposed to be used for
the first wall of the fusion reactors, only the surface
conditions on inlet side are important. The reduction
of the sticking coefficient on inlet side of the metal
(contaminated surface) drastically increases the at-
om-driven permeation through and inventory in the
metal. Since the sticking coefficient is usually less
than unity even for a clean surface, the atom-driven
permeation and uptake are higher than the gas-driven
ones for the same incident hydrogen flux.

3. The gas-driven permeation through the multi-layer

membrane depends only on permeabilities of mate-
rials contained in the target, whereas the value of
the sticking coefficient s on the inlet surface of
the membrane can be crucial for the plasma-driven
permeation. If the coating can be used as a perme-
ation barrier for the gas-driven permeation, it does
not mean that this coating can be used as the same
permeation barrier for the plasma-driven perme-
ation. To make use of the coating as a permeation
barrier for the plasma—metal interaction, the know-
ledge of the surface composition of the coating is
required.

4. Using the database about the sticking coefficient, the

assessment of the steady-state permeation of tritium
through a bare martensitic steel MANET and MA-
NET coated by beryllium, beryllium oxide and cop-
per has been done. It was shown that both Cu and
BeO-Be coatings decrease the atom-driven perme-
ation while Be coating can increase the atom-driven
permeation.

The presented fitting of analytical expressions can be

useful for evaluation of gas- and plasma-driven uptake

and permeation.
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