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Abstract

The use of protective coatings is one of the most common methods to reduce the hydrogen permeation through

structural materials. Considering the hydrogen permeation through such multilayer membrane it is usually sug-

gested that the ratio of hydrogen concentrations at the interface is equal to that of the hydrogen equilibrium sol-

ubilities in these materials. However, during diffusion permeation the hydrogen concentrations at the interface are

not equilibrium values but they are determined by diffusion input D1=d1 and output D2=d2 rates and by passage

rate through interface which is proportional to the ratio of equilibrium solubilities S1 and S2 ðdi, Di – thickness of

and hydrogen diffusivity in i-layer, respectively). Therefore the ratio of hydrogen concentrations at the interface

can be adopted by the ratio ðS1D1=d1Þ=ðS2D2=d2Þ. By this approximation the analysis of hydrogen permeation

through the duplex membrane in a diffusion-limited regime showed that the coating of the same materials can both

decrease and increase the hydrogen permeability of the system depending on the ratio of these parameters. In this

case it is possible to explain the contradictory results of experiments on hydrogen permeation through duplex

membranes.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The study of interaction of hydrogen isotopes with

two-layer systems has a great interest in the frame of

fusion reactor problems because such systems may be

formed in the tokamak discharge chamber in result of

sputtering of different construction elements. It is nec-

essary to take into account the influence of the forming

coating of sputtered materials on the hydrogen accu-

mulation, reemission and permeation in/from/through

structural materials for the evaluation of hydrogen iso-

topes balance in the tokamak chamber.

It is well-known that the use of the protective coating

is one of the wide-spread methods for reducing of the

hydrogen permeability of structural metals. The mate-

rials with a hydrogen solubility lower than that in

structural metals are usually used as protective coatings

in conditions of interaction with molecular hydrogen.

The low hydrogen solubility of the coating leads to the

reduction of hydrogen permeation through the metal.

However, the experimental results on hydrogen per-

meation through the metals with protective coatings in

conditions of interaction with hydrogen ions or plasma

are contradictory. There is a number of experimental

work [1–3] which had shown that the coatings of the

same material can both increase and decrease the per-

meability of structural material in these conditions.

This work is devoted to consideration of hydrogen

permeation through metal membranes with coating in

non-equilibrium conditions in contact with ionized or

atomic hydrogen. This consideration does not take into

account the isotopic effects and is valid for protium,

deuterium and tritium.
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2. Results and discussion

The experiments on deuterium permeation through

bare nickel and nickel with a tungsten coating at up-

stream side of the membrane in contact with molecular

deuterium and low energy deuterium plasma (ions

and atoms flux ¼ 2:4� 1016 cm�2 s�1, ion energy ¼ 20–

350 eV) were performed in the temperature range 700–

1000 K [1]. The tungsten coating was deposited on the

nickel membrane of a thickness 0.5 mm by a magnetron

sputtering method. The thickness of the tungsten film

was of 0.05 lm. Tungsten was chosen because (i) tung-

sten is one of the advanced materials for fusion reac-

tors and (ii) the hydrogen solubility in tungsten is

very small (much less than in other structural metals).

Nickel is a conventional material for such model ex-

periments.

It was shown firstly that the hydrogen permeation

was in the diffusion-limited regime and secondly, the

tungsten coating really decreases the deuterium perme-

ability of nickel both in contact with molecular deute-

rium and with the plasma (Fig. 1), although this

decrease is not so significant as it might be expected

from the difference of hydrogen solubilities in these

metals.

Let us consider the process of hydrogen permeation

through a two-layer membrane. In the diffusion-limited

regime the steady-state permeating flux P is equal to:

P ¼ DCðc1 � c2Þ=dC ¼ DSðc3 � c4Þ=dS; ð1Þ

here DC, DS, dC, dS – are hydrogen diffusivities in and

layer thicknesses of coating and substrate, respectively;

c1 and c4 – near-surface hydrogen concentrations at

upstream (coating) and downstream (substrate) sur-

faces, respectively; c2 and c3 – hydrogen concentrations

in coating and substrate at the interface between the two

materials.

Usually one suppose that the ratio of hydrogen

concentrations at the interface between the two materi-

als c2 and c3 is equal to the ratio of hydrogen solubilities
in these materials SC and SS (see for example, [2,4]).

However, it seems that it is not always fulfilled for the

permeation process. Equilibrium solubility determines

the hydrogen content in the metal at definite tempera-

ture and pressure under thermodynamic equilibrium

conditions. During the permeation the hydrogen con-

centration at the interface is not the equilibrium value

and it is determined by the ratio of the surface process

rate (which is proportional to solubility) and diffusion

input DC=dC and output DS=dS rates. If the passing rate
through the interface is small and the diffusion output

rate in the substrate is fast then the hydrogen concen-

tration in the substrate at the interface cannot reach the

equilibrium value whereas the hydrogen concentration

at the interface in the coating can exceed the equilib-

rium solubility under conditions of ion bombardment.

Therefore, let us consider that in the first approxi-

mation the ratio of hydrogen concentrations at the in-

terface c2=c3 can be adopted to real situation by the

ratio:

c2=c3 ¼ M ¼ ðSCDC=dCÞ=ðSSDS=dSÞ
¼ ðSCDCdSÞ=ðSSDSdCÞ: ð2Þ

Note that the same term appeared in the analyses

of the �time-lag� constant in the description of the non-

stationary stage of hydrogen permeation through multi-

layer membranes [5,6]. Combining expressions (1) and

(2) and supposing c4 � 0, the expressions for the con-

centration c2 and permeating flux P were obtained after

simple transformations:

c2 ¼ Mc3 ¼ MPðdS=DSÞ; ð3Þ

P ¼ c1ðDC=dCÞð1=½1þ A	Þ; ð4Þ

here

A ¼ ðDCdS=DSdCÞM ¼ ðDCdS=DSdCÞ2ðSC=SSÞ: ð5Þ

When the atomic or ionized hydrogen flux Q interacts

with the membrane the hydrogen concentration c1 is

connected with the reemitted flux JR by the expression

(for example, [4]):

JR ¼ KCc21; ð6Þ

here KC is the recombination coefficient in m4/s.

When the permeating flux P is much less then the

incoming flux Q (not superpermeation regime) then

JR � Q and the concentration c1 is equal to:
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Fig. 1. Temperature dependence of deuterium permeation flux

through bare nickel and through nickel with tungsten coating

under plasma bombardment; incident flux density 2:4� 1020 D/

m2 s, ion energy 50 eV.
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c1 ¼ ðQ=KCÞ1=2 ð7Þ

and the value of the permeating flux (4) may be pre-

sented as:

P ¼ ðQ=KCÞ1=2
n o

ðDC=dCÞð1=½1þ A	Þ: ð8Þ

Based on the ratio of the values in (8) it is possible to

distinguish two limiting cases:

(i) A 
 1 or ðDC=dCÞ2SC 
 ðDS=dSÞ2SS,

i.e. the product of diffusion transfer rate and hydro-

gen solubility in the coating is higher than that for the

substrate.

In this case the steady-state permeating flux P is

equal to:

P ¼ ðQ=KCÞ1=2
n o

ðDS=dSÞ2ðdC=DCÞðSS=SCÞ

¼ ðQ=KCÞ1=2
n o

D2
SdCSS=DCd2SSC

� �
: ð9Þ

(ii) A � 1 or ðDC=dCÞ2SC � ðDS=dSÞ2SS.
In this case the steady-state permeating flux P is

equal to:

P ¼ ðQ=KCÞ1=2
n o

ðDC=dCÞ: ð10Þ

i.e. it is entirely determined by the recombination coef-

ficient and the diffusivities of hydrogen in the coating.

In order to analyse the influence of the coating on

hydrogen permeation through a two-layer membrane let

us compare the permeability of membranes with coating

and without coating. The permeability of a one-layer

membrane in the diffusion-limited regime is equal to:

PS ¼ ðQ=KSÞ1=2
n o

ðDS=dSÞ: ð11Þ

The ratio of the permeability of the membrane with

coating to that without coating in case (i) is equal to:

P=PS ¼ ðKS=KCÞ1=2
n o

ðDSdCSS=DCdSSCÞ ð12Þ

and in case (ii):

P=PS ¼ ðKS=KCÞ1=2
n o

ðDCdS=DSdCÞ: ð13Þ

Let us analyse the experimental results which were

described above taking into account the kinetic factors

for the hydrogen concentrations at the interface between

tungsten and nickel. The calculations were done at 723

K because the analogous experiments were fulfilled at

the same temperature [2] which will be discussed later.

The hydrogen diffusivity DW ¼ 6� 10�10 m2/s and

solubility SW ¼ 4:8� 1016 at/m3 Pa1=2 in tungsten were

calculated on the base of data in [7], the recombination

rate of hydrogen on the tungsten surface KW ¼ 2� 10�21

m4/s was obtained in [1]. The parameters of the inter-

action of hydrogen with nickel were calculated on the

base of data in [8,9]:

DNi ¼ 8:6� 10�10 m2=s;

SNi ¼ 7:8� 1022 at=m3 Pa1=2; KNi ¼ 4:6� 10�27 m4=s:

Using these values the parameter A was calculated

which proved to be 30, i.e. A 
 1. Therefore expression

(12) was used for the calculation of the deuterium per-

meability. After calculation, PWþNi=PNi ¼ 0:3 was ob-

tained, i.e. the permeability of the nickel membrane with

tungsten coating was proved by a factor approximately

3 lower than that of bare nickel. It is practically the same

obtained experimentally (decreasing 2.5 times).

However, Anderl et al. [2] showed experimentally

that the deuterium permeability of a copper membrane

of a thickness 0.5 mm with tungsten coating of 0.5 lm at

723 K is one order of magnitude higher than that of a

bare copper membrane of the same thickness in condi-

tions of 3 keV Dþ
3 -ion bombardment.

These authors investigated also the deuterium per-

meation through the membrane of stainless steel 316

with tungsten coating in conditions of the same irradi-

ation [3]. When the tungsten coating of 1 lm thickness

was produced using the sputter-deposition technique,

the deuterium permeation rate through the composite

sample was higher than that through bare SS 316

membrane of the same thickness 0.5 mm at 770 K.

However, the deuterium permeation through the stain-

less steel membrane with plasma-sprayed tungsten

coating (the coating and substrate thicknesses were

0.021 and 0.564 mm, respectively) was by a factor of

103 and 104, respectively below those through the bare

steel and the sputter-deposited tungsten/steel specimens

(Fig. 2).

Fig. 2. Comparison of measured permeation rates for im-

planted deuterium in speciments at 770 K [3].
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These results do not seem surprising if the kinetic

factor is taken into account. Really, it follows from the

expressions (12) and (13) that the ratio of P=PS can be

both higher and lower than unity depending on the ratio

of parameters which are included in these expressions. It

means that the coating of the same materials can both

increase or decrease the permeability of metals.

Let us consider the system tungsten–copper. As

mentioned above Anderl et al. showed that the tungsten

coating increases the deuterium permeability of the

copper membrane by one order of magnitude. They

pointed out in the discussion that they expected to ob-

tain an increase of P approximately two hundreds times

more as it follows from a model in which it is suggested

that the ratio of deuterium concentrations in copper and

in tungsten at the interface is equal to the ratio of

equilibrium solubilities of deuterium in these metals.

Let us do the same calculations as previously to de-

scribe the deuterium permeation through this system.

The interaction parameters of hydrogen with tungsten

and copper were used from [2] (the hydrogen solubility

in tungsten was calculated on the base of data in [7]):

DW ¼ 6� 10�10 m2=s; SW ¼ 4:8� 1016 at=m3Pa1=2;

KW ¼ 1� 10�22 m4=s;

DCu ¼ 1� 10�9 m2=s; SCu ¼ 1:1� 1021 at=m3Pa1=2;

KCu ¼ 3� 10�24 m4=s:

The value of the parameter A was proved to be 15.5,

i.e. A 
 1 and the same expression (12) was used for the

evaluation of the coating influence. A simple calculation

obtained PWþCu=PCu ¼ 4:7. Thus, the deuterium perme-

ability of the two-layer system tungsten–copper proved

to be higher by a factor of almost 5 than that of the bare

copper membrane of the same thickness. This conclu-

sion correlates quite well with experimental results in [2].

3. Conclusions

The considerations of hydrogen permeation through

a two-layer membrane in the diffusion-limited regime

was carried out taking into account kinetic factors in the

determination of hydrogen concentrations at the inter-

face of two metals. It was shown that in this case it is

possible to explain that the coating of the same materials

can both increase and decrease the permeability of

metal.

This approach was used for describing the hydrogen

permeation through the systems tungsten–nickel and

tungsten–copper. The results obtained are close to the

experimental ones.

The expressions obtained can be used both for the

evaluation of the efficiency of the given protective

coating and for the evaluation of the coating thickness

for changing the hydrogen permeability of structural

materials.
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