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h  i g  h  l  i g  h  t  s

• Hydrogen  isotopes  transport  parameters  for  sputter-deposited  tungsten  (SP-W)  have  been  evaluated.
• The  obtained  permeability  for  SP-W  is  comparable  with  the literature  data  for bulk  polycrystalline  tungsten  (PCW).
• The  apparent  solubility  and  diffusivity  are  different  from  that  of  PCW  by  several  orders  of  magnitude.
• Trapping  effects  on hydrogen  migration  have  been  discussed.
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a  b  s  t  r  a  c  t

For  a DEMO  reactor,  surface  coatings  made  of tungsten  are  necessary  to protect  the  plasma-facing
wall  made  of  reduced  activation  ferritic  steels  such  as F82H.  In  this  study,  hydrogen  and  deuterium
transport  parameters  for sputter-deposited  tungsten  coatings  have  been  evaluated  by  the  gas-driven
permeation  technique  in the  temperature  range  from  200 ◦C  to 550 ◦C.  The  evaluated  permeability  for
sputter-deposited  tungsten  is comparable  with  the  literature  data for bulk  polycrystalline  tungsten.  How-
ever, the  apparent  diffusivity  and  solubility  are  different  from  that of bulk  polycrystalline  tungsten  by
several  orders  of magnitude,  which  is  attributed  to the  presence  of  trapping  sites  resulting  from  the
characteristic  microstructure  of sputter-deposited  tungsten  coatings.  The  trapping  effects  on  hydrogen
migration  have  been  discussed.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Tungsten (W)  has been proposed as a candidate plasma-facing
material for the divertor of the International Thermonuclear Exper-
imental Reactor (ITER) because of its beneficial properties such as
high melting point, high thermal conductivity and low sputtering
yield [1]. For a DEMO reactor, surface coatings made of W are neces-
sary to protect the plasma-facing wall made of reduced activation
ferritic steels such as F82H (Fe-8Cr-2W) [2]. The characterization
of hydrogen transport in W coated F82H is of crucial importance
to evaluate major reactor design issues including tritium reten-
tion, breeding feasibility and first wall particle recycling. There are
a number of experimental data of hydrogen transport in bulk poly-
crystalline W (PCW) [3–8]. However, only limited experimental
investigations aimed at understanding that of W coatings [9]. The
purpose of this work is to evaluate the hydrogen and deuterium
transport parameters for sputter-deposited W (SP-W) coatings
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using the gas-driven permeation technique. The microstructure of
SP-W has been characterized and the trapping effects on hydrogen
migration have been discussed.

2. Experimental

The samples used in this work are bare F82H and SP-W coated
F82H membranes which are prepared in the same dimensions as
those commercially available conflat flanges with an outer diam-
eter of 70 mm.  The permeation area is 35 mm in diameter. Shown
in Table 1 is the sample list. SP-W coatings are prepared by argon
plasma, sputter-deposition technique at temperature of ∼300 ◦C.
The argon gas pressure is ∼0.19 Pa. F82H substrate is mechanically
polished before sputtering. Dense and pore-free W coatings can be
produced by this technique. The density of W coatings is evalu-
ated from the weight increase and film volume after W deposition,
which is 19.2 g/cm3, ∼99.5% of bulk W.  Small samples with a size of
12 × 12 × 1 mm are also prepared for ex-situ analysis by scanning
electron microscopy (SEM) combined with focused ion beam (FIB),
energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction
(XRD).
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Table 1
Sample list.

Sample Thickness of F82H (mm)  Thickness of W coatings (�m)

1 0.5 0.5
2  1.0 1.5
3  0.2 3.8
4  0.5 /
5  1.0 /

Hydrogen and deuterium gas-driven permeation (GDP) exper-
iments are carried out using the VEHICLE-1 facility. Details of the
experimental setup have already been presented elsewhere [10].
The background pressures of GDP upstream and downstream are
∼10−5 Pa and 10−6 Pa, respectively. Hydrogen GDP flux can be
measured by a quadrupole mass spectrometer (QMS) on the down-
stream side. The gas pressure for GDP upstream is in the range of
103–105 Pa. A resistive heater is located beneath the membrane
to control the sample temperature. All the samples are in-situ
degassed at ∼500 ◦C for 8 h before experiments.

3. Theory

3.1. Diffusion limited GDP

According to the Fick’s law, the one-dimensional hydrogen dif-
fusion rate J is [11]:

J = −D∂C
∂x
, (1)

where D is the hydrogen diffusivity, ∂C/∂x is the hydrogen concen-
tration gradient.

In the rest of the text, the hydrogen permeation through the
membrane is assumed to be limited by hydrogen atom diffusion
in the bulk while the adsorption, dissociation, recombination, and
desorption processes at the upstream and downstream surfaces are
rapid. In such case the hydrogen concentration at the upstream sur-
face C is in equilibrium with hydrogen partial pressure P according
to the Sieverts’ law [12]:

C = S
√
P, (2)

where S is the hydrogen solubility in the membrane material or the
Sieverts’ constant.

The upstream and downstream pressures are denoted by P1 and
P2. The downstream side is normally kept in high vacuum (P2 ≈ 0),
hence the hydrogen concentration at the downstream surface is
almost zero. The solution of Fick’s law is [13]:

J (t) = DS
√
P1

L

[
1 + 2

∞∑
n=1

(−1)nexp

(
−Dn2�2t

L2

)]
, (3)

where L is the membrane thickness. Steady-state permeation rate
J∞ is driven by the difference of the hydrogen concentration at the
upstream and downstream surfaces. Hence, Eq. (3) becomes:

J∞ = ˚
√
P1

L
, (4)

where  ̊ is the permeability and  ̊ = DS.  D and S are assumed to
be independent of hydrogen concentration and time, being only
a material property. The right term in Eq. (4) is valid also for
multi-layer membranes if  ̊ represents the effective permeability
coefficient ˚eff.

Experimental evidence of diffusion limited permeation is J∞ ∝√
P in contrast to J∞ ∝ P which is characteristic for surface limited

permeation regime. In general, the diffusion limited permeation
regime is valid at high driving pressures P. More detailed condi-
tions on validity of each permeation regime can be found in Ref.

[14,15] for single-layer membrane and in Ref. [16] for multi-layer
membranes.

3.2. GDP through a two-layer membrane

Coating the membrane with an additional layer (barrier) always
results in the reduced permeation if diffusion remains the rate
limiting process. The experimental proof of the barrier efficiency
is a relative reduction of the steady-state permeation flux mea-
sured at the identical conditions (P, T). Its definition is the ratio
of the steady-state permeation flux through the uncoated mem-
brane versus the one through the coated membrane, termed as the
permeation reduction factor (PRF):

PRF = Juncoated

Jcoated
. (5)

The larger the PRF, the greater the efficiency of the coating mate-
rial. Such membrane can be modeled as a membrane composed of
two homogeneous layers. Its effective permeability ˚eff is based on
the sum of permeation resistances for each layer. For a two-layer
membrane, the ˚eff can be expressed as [17]:

L

˚eff
= L1

˚1
+ L2

˚2
, (6)

where indices denote layer 1 and 2, while the membrane thickness
L = L1+L2.

In contrast to the heat conduction where the temperature profile
is continuous through the multi-layer membranes, the hydrogen
concentration profile is not continuous through multi-layer mem-
branes. Instead, the hydrogen chemical potential is continuous.
Usually one suppose that the hydrogen concentration ratio at the
interface is equal to the ratio of hydrogen solubilities in these mate-
rials [18]:

C1,i

C2,i
= S1

S2
, (7)

where index i denotes the position at the interface.
By measuring the steady-state permeation fluxes of coated and

uncoated membranes one can obtain the permeability for the
coating material using Eqs. (4) and (6). Further determination of
solubility and diffusivity requires measurements of transient per-
meation fluxes. The time-lag method can be used to evaluate the
diffusivity. For single-layer permeation, the time-lag t1 is directly
related to its diffusivity as [19]:

t1 = L2
1

6D1
. (8)

The time-lag for a two-layer membrane can be described as [20]:

t2 =
[
L2

1
D1

(
L1

6D1
+ ˛L2

2D2

)
+ L2

2
D2

(
L1

2D1
+ ˛L2

6D2

)](
L1

D1
+ ˛L2

D2

)−1
,

(9)

where  ̨ = S1/S2. The effective diffusivity Deff can be obtained
by measuring the time-lag t2 of the two-layer membrane as
Deff = (L1 + L2)2/6t2. Then Eq. (9) can be reformed as [21]:

D1

D2
=

(
1 + 3ˇ�

)[(
1 + ˇ�

)
(1 + �)2 D2

Deff
− �2

(
3 + ˇ�

)]−1
, (10)

where  ̌ = ˚1/˚2 and � = L2/L1. Eqs. (9) and (10) are invariant to
relative position of layers (1 � 2), hence the transient permeation
as well as the steady-state permeation are not influenced by the
order of the layers.

The solubility is usually obtained from the measured  ̊ and D
using  ̊ = DS.
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