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Permeation flux of hydrogen through plasma facing materials

W. M. Shu and K. Watanabe
Hydrogen Isotope Research Center, Toyama University, Gofuku 3190, Toyama 930, Japan

~Received 18 April 1996; revised manuscript received 23 December 1996!

A general formula for simultaneous gas- and plasma-driven permeation of hydrogen~tritium! has been
developed by an electrical circuit analog, in which the permeation potential and resistance are defined for both
diffusion in the bulk and recombination on the surface and the gradient of permeation potential against
permeation resistance is considered to be the general driving force for permeation through a laminate. This
formula is applied to calculate the permeation flux of hydrogen through 316 stainless steel.
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A complete understanding of hydrogen~tritium! transport
is important for characterizing materials used in the com
nents that are directly exposed to the plasma confined
tokamak. The analysis of hydrogen transport through plas
facing materials, therefore, has been carried out so far
many research groups. Waelbroecket al. have developed a
single transport parameter to describe the hydrogen pe
ation flux (Fp) focusing on gas-driven permeation~GDP!.1,2

Doyle and Brice have introduced a similar transport para
eter to describe steady-state hydrogen transport in mate
exposed to hydrogen plasma.3–5 Nagasakiet al. have modi-
fied the formalism of Doyle and Brice.6,7 Shu et al. have
developed coupled parameters to distinguish the regime
plasma-driven permeation~PDP!.8,9 Those models have
mostly focused on distinguishing the specific regimes for o
layer membrane.1–9 However, it is crucial to determineFp

from bulk properties and surface characteristics of mater
as well as the experimental conditions.

Hydrogen permeation consists of both surface process
bulk process. The driving force for diffusion in the bulk h
usually been considered to be the hydrogen concentra
gradient. This idea, however, will encounter two difficulti
when it is extended to permeation through a laminate. F
hydrogen concentration in a laminate is not a continu
function of membrane depth because the concentration a
interface is discontinuous. Second, the surface recombina
cannot be described by a concentration gradient alone
cause the recombination rate is generally proportional to
square of hydrogen concentration.

Therefore, alternative parameters, namely the permea
potential and permeation resistance, have been develop
resolve the two problems mentioned above. The gradien
the permeation potential against permeation resistanc
considered to be the general driving force of permeati
Details of the analog approach have been descri
elsewhere.10 There, the following quantities are defined a
related: permeation resistances per unit area to diffusion
the front and back sidesd f anddb and to recombination on
both sidesr f and rb and permeation potentials at the fro
and back boundaries of thej th ( j51,2,...,n) laminam j f and
m jb and those at the vacuum-membrane~upstream! and
membrane-vacuum~downstream! interfaces mV-M and
mM -V as
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, ~1!

m j f5
Cj f

Sj
, m jb5

Cjb

Sj
, mV-M5AP, mM -V50, ~2!

wherer is the implanted range;L j , Dj , andSj are the thick-
ness, diffusion coefficient, and solubility coefficient for th
j th lamina, respectively;kf andkb are recombination coeffi-
cients on the front and back sides;Sf andSb are solubility
coefficients in the implanted layer and final lamina;Df is
diffusion coefficient in the implanted layer;F f andFb are
fluxes through the front and back surfaces;Cj f andCjb are
concentrations of hydrogen at the front and back bounda
in the j th lamina; andP is the hydrogen pressure at th
upstream chamber. The hydrogen pressure at the do
stream chamber has been supposed to be zero.

It has also been assumed in Eqs.~1! and~2! that hydrogen
dissolves in materials as atoms and the solubility of hyd
gen at constant temperature is proportional to the square
of the hydrogen pressure. As shown in Eq.~1!, the perme-
ation resistances for recombination decrease with an incr

FIG. 1. Schematic representation of the permeation circuits:~a!
gas-driven permeation and~b! plasma-driven permeation.
9348 © 1997 The American Physical Society
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in fluxes through them, while the permeation resistances
diffusion are independent of the fluxes.

With these definitions and relations, the permeation
tential can be seen to be a continuous function of the per
ation resistance from upstream vacuum-membrane inter
to membrane-downstream vacuum interface of a lamin
~for instance,m2 f5m1b!. This approach, therefore, allows
derivation of the general expression of permeation flux
simultaneous gas- and plasma-driven permeation. It lead
a quantitative analysis of the contributions of GDP and P
in simultaneous gas- and plasma-driven permeation an
further examination of the dependencies of permeation
on various parameters.

The permeation circuits of gas- and plasma-driven per
ations in steady states are schematically shown in Figs.~a!
and 1~b!, respectively. The circuit of GDP is considered
be a series connection ofr f , db , andrb . In the series cir-
cuit, Fp

G ~the permeation flux of gas-driven permeation!,
starting at the front surface, goes throughr f , db , andrb into
the downstream chamber. The permeation source in G
eG , is given by

eG5mV-M2mM -V5AP. ~3!

In PDP, the incident fluxF i , diverges at the implanted
range intoF r ~recycling flux! andFp

P ~permeation flux of
plasma-driven permeation!. F r , starting at the implanted
range~corresponding tom r!, flows throughd f andr f to the
upstream vacuum~corresponding tomV-M!. On the other
hand,Fp

P , starting at the implanted range~corresponding to
m r!, goes throughdb and rb into the downstream vacuum
~corresponding tomM -V!. Therefore, the PDP circuit can b

FIG. 2. Comparison between calculated and experimental
sults of permeation flux for 316 stainless steel.
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considered to be a parallel connection of the resistors on
front side (d f1r f) and those on the back side (db1rb) on
the basis of the same permeation potential at the implan
range (m r) for both branches and those at the front and ba
surfaces~mV-M5mM -V50, neglecting the hydrogen pressu
in the upstream chamber!.

On the assumption thatd f1r f!db1rb ~this is valid for
almost all cases because the implanted range is much sm
than the membrane thickness and because the recombin
coefficient on the front side is much larger than that on
back side!, the permeation source in PDP,eP , is given as

eP5~d f1r f !F j5rF i /~DfSf !1AF i /~SfAkf !. ~4!

It should be observed that the permeation source in P
is a function of material properties and material-plasma
rameters on the front side besides the incident flux, wher
the permeation source in GDP is dependent only on gas p
sure.

According to the principle of superposition, the perm
ation flux in simultaneous gas- and plasma-driven perm
ationFp is given by

Fp5Fp
G1Fp

P . ~5!

Considering thatd f1r f!db1rb , Fp is given as

Fp5
eG1eP
db1rp

5
AP1d fF i1AF i /~SfAkf !

db11/~SbAkbFp!
. ~6!

Therefore, the permeation flux in simultaneous plasma-
gas-driven permeation is obtained as

e- FIG. 3. Temperature dependences of permeation sources for
stainless steel.
Fp5
4@AP1rF i /~DfSf !1AF i /~SfAkf !#2

@1/~SbAkb!1A1/~Sb
2kb!14@AP1rF i /~DfSf !1AF i /~SfAkf !#( j51

n L j /~DjSj !]
2
. ~7!
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Thus, the permeation in simultaneous GDP and PDP thro
a laminate is easily calculable for given material propert
such as diffusion coefficients and solubility coefficients a
the experimental conditions such as pressure, incident
and the thickness of each lamina, as well as material-pla
parameters such as implanted range and the recombin
coefficient on the front side. This equation also can be u
to examine the dependences of permeation flux upon
material properties and the experimental parameters. W
broecket al.1 and Brice and Doyle5 have also modeled th
simultaneous GDP and PDP. In the model of Waelbro
et al.,1 however, the implanted range and multiple laye
have not been taken into account and the permeation flux
been given by an implicit function of a dimensionless p
meation number. On the other hand, in the model of Br
and Doyle,5 the permeation flux has been given by an e
plicit expression, but the multiple layers and the effects
solubility coefficients on the permeation flux have not be
considered.
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From Eq.~7!, the relative contribution of GDP and PD
in simultaneous gas- and plasma-driven permeation is ex
ined as follows.~i! When the permeation source in GDP
much larger than that in PDP, i.e.,AP@rF i /(DfSf)
1AF i /(SfAkf), the permeation is simplified to GDP an
Fp in Eq. ~7! becomes

Fp5
4P

S 1/~SbAkb!1A1/~Sb
2kb!14AP(

j51

n

L j /~DjSj !D 2 .

~8!

~ii ! When the permeation source in GDP is much sma
than that in PDP, i.e.,AP!rF i /(DfSf)1AF i /(SfAkf), the
permeation is controlled by PDP; Eq.~7! is simplified to
Fp5
4@rF i /~DfSf !1AF i /~SfAkf !#2

S 1/~SbAkb!1A1/~Sb
2kb!14@rF i /~DfSf !1AF i /~SfAkf !#(

j51

n

L j /~DjSj !D 2 . ~9!
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Figure 2 shows an application of the general formula
the permeation flux of hydrogen through 316 stainless st
The open squares in this figure are the experimental res
of Doyle and Brice under the conditions ofP52.8 Pa,L
5431026 m, r5431028 m, and F i53.131019

atoms/m2 s.11 The curves for ‘‘GAS1PLASMA,’’ ‘‘GAS
ALONE,’’ and ‘‘PLASMA ALONE’’ are calculated with
Eqs. ~7!, ~8!, and ~9!, respectively. In the calculations, th
diffusion and solubility coefficients are taken from Louth
and Derrick12 and the recombination coefficients on bo
sides are cited from Doyle and Brice.11

It can be seen in Fig. 2 that the formula for simultaneo
plasma- and gas-driven permeation@Eq. ~7!# agrees very well
with the experimental results. Both the results calculated
‘‘GAS ALONE’’ @Eq. ~8!# and ‘‘PLASMA ALONE’’ @Eq.
~9!# approximately follow two straight lines on this Arrhen
ius plot. As temperature increases, the former increases
idly, whereas the latter decreases gradually. Below 500
plasma-driven permeation dominates the permeation flux
other words, Eq.~9! is the asymptotic solution of Eq.~7! for
low temperatures. Above 1000 K, on the other hand, plas
driven permeation can be neglected, and Eq.~8! is the
asymptotic solution of Eq.~7! for high temperatures.

The asymptotes can be explained by the temperature
o
l.
lts

s

r

p-
,
In

a-

e-

pendences of permeation sources shown in Fig. 3. The
meation source in GDP,eG , is independent of temperatur
@Eq. ~3!#. On the other hand, the permeation source in PD
eP , decreases with the increasing temperature@Eq. ~4!#. The
total permeation source in simultaneous gas- and plas
driven permeation,eG1eP , approacheseP at the tempera-
tures lower than 500 K andeG at the temperatures highe
than 1000 K.

In conclusion, the gradient of permeation potential agai
permeation resistance is considered to be a general dri
force for permeation through a laminate. The general exp
sion ofFp for simultaneous gas- and plasma-driven perm
ation in a steady state gives a simple way to examine
dependences of permeation flux upon hydrogen pressure
cident flux, sample size, implanted range, recombination
efficients, diffusion, and solubility coefficients on both side
GDP and PDP are distinguished by comparing the per
ation sourceseG andeP . WheneG!eP , gas-driven perme-
ation dominates the permeation. On the other hand, ifeG
!eP , plasma-driven permeation predominates over g
driven permeation.
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