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Abstract

This work presents a review of hydrogen isotopes—materials interactions in various materials of interest for fusion
reactors. The relevant parameters cover mainly diffusivity, solubility, trap concentration and energy difference between trap
and solution sites. The list of materias includes the martensitic steels (MANET, Batman and F82H-mod.), beryllium,
aluminium, beryllium oxide, aluminium oxide, copper, tungsten and molybdenum. Some experimental work on the
parameters that describe the surface effects is also mentioned. © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

An extensive research programme has been undertaken
on hydrogen—material systems in recent years, yielding
many interesting results of both commercial and scientific
nature. The technological interest has its basis in the study
of hydrogen embrittlement in many industrial applications
such as petrochemical plants, chemical reactors, pipe lines
and so on. Further, in nuclear plants, the safety aspects
connected with the presence of hydrogen isotopes (tritium)
in the existing fission reactors and in the future fusion
plants require special attention to the evaluation of the
hydrogen isotopes—material interaction parameters. In ther-
monuclear fusion devices, the fuel is a high temperature
deuterium—tritium plasma. Because of their high energy,
deuterium and tritium atoms and ions can enter the con-
finement structures by implantation. It is important to
predict and control the deuterium and tritium Inventory in,
Permeation through and Recycling from (IPR) the reactor
walls, where, in general, inventory and permeation should
be minimised. Numerical codes have been developed to
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simulate possible fusion reactor operation and to predict
and control inventory, permeation and recycling of deu-
terium and tritium. Input data for these codes are details of
the particle flux on the wall, wall material properties, and
parameters describing the interaction of hydrogen isotopes
with the materials. In addition, tritium produced in the
breeder blanket by neutrons interacting with lithium nuclei
can enter the meta structures, and can be lost by perme-
ation to the outside. Tritium IPR in metallic components
should therefore be kept under close control throughout the
fusion reactor lifetime, bearing in mind the risk of acci-
dents and the need for maintenance.

The purposes of the present review are to analyse the
existing data for the hydrogen isotopes diffusivity, solubil-
ity, trap concentration and energy difference between trap
and solution sites for the materials envisaged as structural
and/or armour materials in the first wall and blanket of
the next fusion reactors.

2. Basic theory

The hydrogen concentration of species i, ¢;, in a wall
of thickness d at depth x and time t is composed of a
solute concentration cg; and trapping concentration c;:

& (x1) = cy(x.1) + (XD &
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The value of i indicates protium, deuterium or tritium. c
for one of the hydrogen isotopes is given by the diffusion
equation
0Cg 0Jg ac,
TR G R 2
where J, is the loca diffusive flux and G is the source
term. Trapping is a process that delays the flow of hydro-
gen in a solid via the capture and release of hydrogen
atoms by sites other than the ordinary solution ones. The
parameters that characterise the trapping phenomenon are
the number of trap sites N, and their average energies E,.
The equation for Jg

ocg Q aT
JS=—D(§+CSW8—X) (3)
contains two hydrogen—material interaction parameters,
the diffusivity D which describes the hydrogen transport
in a concentration gradient and the heat of transport Q,
which describes the hydrogen transport in a temperature
gradient. The boundary conditions at the inner and outer
surface of the wall at x=0and x=d are

e T

where k; and k, are the adsorption and release surface
constants, respectively, and p is the hydrogen gas pres-

Table 1

sure. Between Sieverts' constant or solubility at unit pres-
sure K¢ and the surface constants k;, k, exists in the
relation k; =k, K2

Summarising, it is possible to see that numerical codes
for the calculation of recycling, inventory and permeation
of hydrogen in fusion reactor walls need the hydrogen—
material interaction properties: D, K, Q, k; N, and E.
Finaly, in this work, the units for the diffusivity D and
Sieverts constant K, are m? s™! and mol m~2 Pa~ /2
respectively. D and K are expressed as Arrhenius equa-
tions:

D = Dexp( ~ E,,/RT) (5)
Ko = Kopxp( ~ Qu/RT) (6)

(R=8314 J K™! mol™1). The hydrogen solubility is
given by Sieverts' law: S= KS\/E ( p = hydrogen pressure
(Pa)) and the permeability P (mol m~* s™! Pa~'/?) is
given by Richardson’s law: P = DK,

3. Data for MANET, Batman and F82H-mod. marten-
sitic steels

The martensitic steel DIN 1.4914 (MArtensitic for NET,
MANET) is a Nb bearing steel, which has a better swelling

Chemical composition (measured) of MANET |I, F82H-mod. and Batman (wt.%)

MANET 112 (Net-heat No. 50803)

F82H-mod. Heat No. 9741

BATMAN Cast No. Cbis

C 0.11 0.09
Cr 10.3 7.88
Ni 0.65 0.02
Mo 0.58 <0.01
\ 0.19 0.16
Nb 0.14 <0.01
Si 0.18 0.11
Mn 0.85 0.16
S 0.004 0.002
P 0.005 0.002
B 0.0072 0.0002
N 0.03 0.005
Co 0.006 <0.01
Ta — 0.02
Al 0.012 0.01
Cu 0.01 <0.01
W - 2

Ti — 0.01
Zr 0.014 -

Zn 0.001 —

Sb 0.0004 -

Sn — —

pb — —

As 0.01 —

Fe Balance Balance

0.125
8.67
0.021
0.0123
0.2
0.002
0.025
0.52
0.0018
0.006
0.0064
0.0057
0.01

0.0084
0.0048
1.43
0.07

0.0021
0.005

Balance

MANET Il is a further development of MANET.
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resistance, lower sensitivity to helium embrittlement and
more suitable thermophysical properties than the austenitic
stainless steel AlSI 316L. For these reasons, MANET had
been the candidate material for the first wall and structure
for the demonstration fusion reactor DEMO for severa
years. Since 1995, reduced activation martensitic (RAM)
steels belonging to the 7-10% Cr martensitic steel class
that have undergone some modification in order to achieve
better low-activation characteristics compared with those
of MANET have been assumed as reference. The RAM
steels modified F82H (F82H-mod.) and Batman (Japanese
and Italian, respectively) are still undergoing devel opment
and characterisation from the point of view of their me-
chanical and physical properties. In Table 1, the composi-
tions of MANET, Batman and F82H-mod. martensitic
steels are given. The hydrogen diffusivities and Sieverts
constant values are presented in Table 2. These data were
obtained by gas permeation experiments, except the data of
Ref. [5] that were obtained by a gas evolution method.

The hydrogen and deuterium diffusivities in MANET
are shown in Fig. 1. The data spread is not particularly
significant. One reason that probably influenced the results
were the surface conditions of the specimens used during
the measurements. Only in Refs. [6,7], the surface of
samples were kept under control for the presence of oxide
layers. In Refs. [6,7], before the membranes were inserted
into the permeation equipment, both sides were mechani-
caly polished. Thus, only oxide layers resulting from
exposure to air at room temperature should be present in
these experiments. It is known that the diffusion coeffi-
cient can decrease in the presence of impurities on the
surface of the metal. Therefore, the reduction of the diffu-
sion coefficient in Ref. [5] compared to that in Ref. [6] can
be explained by the presence of contamination on the
surface of samples.

A comparison of the deuterium diffusion coefficients
for different martensitic steels, Batman, MANET and

823773 723 673 623 573 523 473 (K)

———- [31H/MANET

............. [4] H/MANET reference
——- [4] H/MANET commercial
—— [5]1 H,/MANET

100}

D(m2 s

109 . . . . .
12 14 1,6 18 20 22

1000/T (K)

Fig. 1. Temperature dependence of hydrogen and deuterium diffu-
sivity in MANET [3-6].

F82H-mod., is given in Fig. 2. As expected, there are only
few differences in the deuterium diffusion coefficient
among these metals because they belong to the same class
of martensitic steels.

The Arrhenius expressions for the deuterium k; and k,
surface constants of bare MANET were measured in Ref.

[8]:

k, = 5.56 X 10~ "exp( — 19093 /RT) mol m~2s™pa~!
(M

k,=7.63x 10 Sexp(—34247/RT) mol "*m*s™ (8)

The trapping process in MANET, F82H-mod. and Bat-
man is very pronounced in the low temperature range up to
523 K. It is evident from the results shown in Fig. 2 that
the measured diffusion coefficients for all martensitic

Table 2

Arrhenius constants of hydrogen and deuterium diffusivities and Sieverts' constant values in the low activation martensitic steels

Material Diffusivity Sieverts' constant Temperature Reference
D, (M?/9) E,(Kkd/mol) Ky (mol/m*/Pa)  Q (ki/mo) T (K)

H,-a-Fe 387x10°8 45 0.51 27 573-873 [1]

H,-a-Fe 6.2x10°8 10.5 17 23 [2]

H ,-F82H-mod. 9.2x10°8 13.7 0.63 274 473-723 [3]

H,-MANET reference 7.17x 1078 13.49 0.409 29.62 523-873 [4]

H,-MANET commercial 8.82x10°8 15.47 0.373 26.89 523-873 [4]

H,-MANET 112 2.28x 1077 18 0.396 284 573-873 [5]

H,-MANET I 27x1077 185 0.52 30 573-723 [3]

D,-MANET I12 146 x 10~ 7 16.8 0.658 32 573-873 [5]

D,-MANET Il 1.01x 1077 13.2 0.27 26.7 573-723 [6]

D,-Batman 1.9x 1077 15.2 0.198 24.7 573-723 [6]

D,-F82H-mod. 1.07x 10~ 7 13.9 0.377 26.8 573-723 [6]

H ,-F82H-mod. 1.8x 1077 14.09 0.3 25.83 573-723 [7]

3Gas evolution method.
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Fig. 2. Temperature dependence of hydrogen and deuterium diffu-
sivity in different martensitic steels [6,7].

steels, in the lower part of the temperature interval (373—
523 K), drop sharply below the lines representing the data
at higher temperatures (633—743 K). The trapping parame-
ters such as the numbers of trap sites N, (sites/m®) and
their average energies E, (kJ/mol) in martensitic steels,
were determined in Refs. [1,9,6,10,11]. The data of the
trap concentration N, and trapping energy E, in iron and
martensitic steels are given in Table 3. Some values for the
trapping energy in various types of traps in ferritic steels
are presented in Table 4. It is worth noting that substitu-
tional elements that are located on the right of iron in the
periodic table, i.e., Ni, should repel hydrogen when present
in the solid solution, while elements on the left of iron
should trap hydrogen. This is confirmed in the literature
[14], which indicates that substitutional Ni atoms are a
repulsive trap in an iron lattice. Single vacancies should
only exist in significant quantities in irradiated materials.
A number of authors, e.g., Ref. [22], has suggested that
lattice defects that have a coherent interface with the
surrounding matrix such as dislocations and fine precipi-

Table 4
Trapping energies of hydrogen in ferritic steels and iron alloys
Type of trap Trapping energy (kJ/mol)  Reference
Single vacancy 50 [12]
46.4and 78.3 [13]
Atomic traps
Cr 26.1 [14]
9.6 [15]
\% 15.4 [15]
Ti 26.1 [15]
Nb 15.4 [15]
Zr 24-36 [16]
Y 130 [17]
Ni 8 [15]
Substitutional Ni —-116 [14]
Ce 154 [15]
(@) 71 [15]
La 94.5 [15]
Ta 94.5 [15]
Nd 129 [15]
Mo 27.1 [14]
C 33 [18]
N 12.5 [18]
Grain boundaries 59 [19]
32 [20]
Second-phase particles (surfaces)
AIN 65 [21]
TiC 94 [22]
80-90 [15]
& —carbide (Fe;C) 65 [23]
87 [24]
MnS 72 [23]
80 [25]
Dislocation 25 [26]

tates in the early stages of formation, have a lower trap-
ping energy than, for example, fully coarsened second
phase particles that have incoherent boundaries with the

Table 3

Trapping parameters of iron and martensitic steels

Material E, (kJ/mol) N, (sites/m?) Method? Temperature (K) Reference
a-Fe 69 42x%x10% GPPT 373-873 [1]
MANET Il AR 22.425 3.4 x 10% EM 298 [9]
MANET Il HT 22.89 3.6 X 10% EM 298 [9]
Batman 43.175 8.6 x 10% GPPT 373-723 [6]
F82H-mod. 55.938 1.6 X 10% GPPT 373-723 (6]
MANET Il 485 15x 10% GPPT 373-723 [6]
MANET II 395 15x 10% DT 310-450 [10]
MANET Il 61.3 6.2 X 10% GPPT 467-728 [11]

3GPPT = Gas-phase permeation technique.
DT = Desorption test.
EM = Electrochemical method.
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Fig. 3. Temperature dependence of hydrogen and deuterium Siev-
erts’ constant in MANET [3-6].

metal lattice. It is useful to compare the data obtained for
MANET using a gas-phase permeation technique method
[6] in the temperature range 373-723 K and the data
obtained using Devanathan’s electrochemical technique [9]
at 298 K. The electrochemical method gives a lower value
of the trapping energy E;, but a higher value of the
concentration of traps N, in comparison to the gas-phase
permeation method. In Ref. [9], traps such as fully coars-
ened particles were ‘irreversible traps because of their
depths, i.e.,, the detrapping rate was too low to allow
equilibrium between the trapped and non-trapped popula-
tions to occur during a measurement. The gas-phase per-
mesation method allowed the characterisation of these kinds

823 773 723 673 623 573 523 473 (K)

102 ‘
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s [6] D/Batman
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v
108

1,2 14 1,6 18 20 22
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Fig. 4. Temperature dependence of hydrogen and deuterium Siev-
erts’ constant in different martensitic steels [6,7].

of traps. It seems that in MANET, F82H-mod. and Batman
trapping is more likely to be associated with the lath
boundaries (martensitic laths) with fine coherent Fe,C
precipitates and with dislocations.

The hydrogen [6] and deuterium [7] diffusivities for
F82H-mod. are also shown in Fig. 2. The factor difference
between the diffusivities of deuterium and hydrogen over
the entire temperature range through F82H-mod., is a
factor 1.6, compared to the expected value of /2 for the
classical diffusion theory. The average factor difference
between the diffusivities of deuterium and hydrogen for
MANET was found to be 1.3 [5] (see Fig. 1).

The hydrogen and deuterium Sieverts constants for
MANET are shown in Fig. 3. The hydrogen and deuterium
Sieverts' constants for different martensitic steels, Batman,
MANET and F82H-mod., are shown in Fig. 4. There is
very good agreement among these data. As expected, there
is no isotopic effect on the solubility in MANET and
F82H-mod. steels.

Hydrogen permesabilities (P = DK,) through MANET
[3-5] are shown in Fig. 5. The comparison of deuterium
permeabilities through MANET and Batman martensitic
steels in the temperature range 373—723 K is given in Fig.
6 [6]. In this figure are shown the permeabilities in the
F82H-mod. steel of both hydrogen [7] and deuterium [6]
that illustrates again the isotope effect. The activation
energies for the permeation of the two isotopes differ by
only 3%, which is not significant. The factor difference
between the permeabilities of deuterium and hydrogen
over the entire temperature range 373-723 K through
F82H-mod. is again a factor 1.6, compared to the expected
value of /2 for the classical theory. In Ref. [4], the average

823 773 723 673 623 573 523 473 (K)
109 T T v T T
———- [3] H/MANET
< [4] HfMANET reference
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N
_ﬂ- TR
‘n \ AN
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E \\\\
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g 10m} NN 1
= N
N
AN
N
R
1012 s L L L L
1.2 1.4 1.6 1.8 2.0 22
1000/T (K)

Fig. 5. Arrhenius plot of hydrogen permeabilities for MANET
[3-5].
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Fig. 6. Arrhenius plot of hydrogen and deuterium permeabilities
for MANET, F82H and Batman stedl [6,7].

factor difference between the permeabilities of deuterium
and hydrogen for MANET was found to be 1.4

4. Data for beryllium

Beryllium is one of the candidate plasma-facing materi-
als for fusion reactors such as ITER. Beryllium has been
proposed because of its low Z and good thermal character-
istics, and it can getter oxygen in a plasma environment.
Data of the solubility and diffusivity of hydrogen isotopes
for Be are summarised in Table 5. In Fig. 7, hydrogen

1073 973 873 773 673 623 573 523(K)
107 T T T
ol \*\'\ —
———- [27]1D,/99.8%Be
109 LI [27] D,/99%Be —— [30]D/Be
——- [291T/Be —— [321HyBe
_ — BTH/AI
T 100l —— [6] D/MANET| |
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——— ~
1072, ‘\t::f\\. ]
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08 1,0 1,2 1,4 1,6 1,8 2,0
1000/T (K)

Fig. 7. Temperature dependence of hydrogen isotopes diffusivity
in beryllium [27,29,30,32], duminium [37] and MANET [6].

isotope diffusivities for Be are shown. The spread of the
diffusion coefficient for Be is very large. The purity of the
beryllium samples used in these experiments strongly af-
fected the results. The influence of surface conditions,
especiadly surface oxides, in the measurements of diffusiv-
ity in beryllium is very strong. In Ref. [27], the authors
used a deuterium gas-driven permeation technique in the
temperature range 620—775 K and eliminated the effect of
surface oxide layersin Be samples, employing a multi-layer
permeation theory. The diffusivity of BeO was taken from
Ref. [35] (see Section 6). It was shown that the contribu-

Table 5
Data of diffusivity and solubility of hydrogen isotopes for beryllium and beryllium oxide, aluminium and aluminium oxide
Material Diffusivity Sieverts' constant T (K) Reference
D, (M?/9) E,(kd/mo)  Kg (mol/m*/Pa)  Q(kJ/mol)
D,—99.8%Be 6.7x10°° 28.4 620-775 [27]
D,—99.0%Be 8x107° 35.1 620-775 [27]
T,-99.8-98.5%Be 59x 10° 96.5 713-783 [28]
T,-Be 3x 1074 18.47 1.964 x 1073 -182x10"%  673-1173  [29]
D,-Be 9x 10712 14.9 673-873 [30]
T,-Be 1.9x 1072 16.7 673-1473  [31]
H,—Be 1.3x 1078 49 1.1x 10? 25 740-1000  [32]
H,—Be 2.25x 1073 —1.819 523-1123  [33]
D,-BeO? 2x107° 202.6 8x 1077 77.2 773 [34]
T,-single-crystal BeQ® 1.1x 1078 220 923-1473  [35]
T,—sintered BeOP 7%x1075 203 773-1223  [35]
H,—Al 21x107° 45,6 8.19 81.2 723-873 [36]
H,—Al 1.1x107° 40.1 05 63.2 623-873 [37]
T,-singlecrystal Al,O8  33x107* 239 873-1273  [39]
T,—sintered Al ,05 735x10°% 1833 873-1173  [35]
D,—Al,0, 5.9 75.7 973-1573  [3g]

#Thermodesorption method (thermal adsorption and desorption experiments).
PThe time rate of tritium release during post-irradiation heating method.



E. Serraet al. / Journal of Nuclear Materials 255 (1998) 105-115

1473 1173 973 873 773 673 623 573 523(K)

10' ‘ ‘ : s ‘
T 28] T/Be
= o [291 T/Be
ol — . [31]Ty/Be
—— [321H/Be
~ — [33] H,/Be
g 1ok —o— [37] HzlAl 3
2 — - [6] D/MANET
‘s 102 ;
= 103 TN T -
M AN
104F a 3
o
*a
105k ‘ ‘ ‘ S ‘
06 08 10 12 14 16 18 20
1000/T (K)

Fig. 8. Temperature dependence of hydrogen isotopes Sieverts
constants for beryllium [28,29,31,33], aluminium [37] and MANET
[6].

tion of a BeO layer to the permeation can be significant.
The influence of surface oxides is quite difficult to predict
in the desorption and permeation experiments. The pres-
ence of a BeO layer on the surface of the sample decreases
the diffusion coefficient. Also in Ref. [29], using a multi-
layer penetration theory (diffusivity of BeO was again
taken from Ref. [35]), the deuterium diffusivity of beryl-
lium was determined. The results are in agreement with the
results of Ref. [29], but in disagreement with the results of
Ref. [27]. A possible explanation of this discrepancy might
be connected with the different purity of Be and the
different sample preparation (a thin-rolled foil significantly
differs from a wafer cut of a rod). In Ref. [39], using a
gas-driven permeation technique, the authors reported a
large variation in permeability depending on the beryllium
grain size. Thus, the diffusion behaviour is strongly depen-
dent on the purity and preparation of the tested material:
the activation energy of diffusion E,, for beryllium varies
from 14.9 kJ/mol [30] to 49 kJ/mol [32].

In Fig. 8, Sieverts' constants for hydrogen isotopes in
Be are shown. The spread also for Sieverts' constant is
significant. The solubility data obtained using the desorp-
tion technique again strongly depend on the surface condi-
tions of the samples. In a charging,/desorption experiment

1473 1173 973 873 773

673 623 573 523(K)
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Fig. 9. Arrhenius plot of hydrogen isotopes permeabilities through
MANET [6], beryllium [27,31], aluminium [37], copper [40],
molybdenum [41] and tungsten [42].

[29], it was found that the tritium Sieverts constant for
beryllium was 1.964 X 1072 (mol m~2 Pa~1/2) and also
independent of temperature. In this work, the achievement
of saturation was not proved. In Ref. [28], the authors
reported a heat of solution for Be of 96.5 kJ/mol. There-
fore, the activation energy of solution for Be can vary from
about 0 to 100 kJ/mol.

The most reliable data for Be are presented in Table 6.
In Fig. 9, the tritium permeability (P =DK,) for pure
beryllium is shown. From this figure, it is possible to see
that the tritium permeabilities through Be are about three
orders of magnitude lower than those through MANET
steel, so that Be can reduce sensibly the permeation flux
through the first wall of fusion reactors.

5. Data for aluminium

Aluminium is a candidate material in order to produce
tritium permeation barriers (TPB) by formation of alu-
minium-rich coatings which form Al ,O; at their surfaces,
in the blanket of the reactor. It is used because it has a
high heat of solution Q, = 63.2 kJ/mol [37] and activation
energy of diffusion E, = 40.1 kJ/mol [37] compared to

Table 6

The most reliable data of diffusivities and Sieverts' constants of hydrogen isotopes in beryllium and auminium

Material Diffusivity Solubility Reference
D, (m?/9) E,,, (kJ/mol) Ky (mol /m3/Pa) Q; (kJ/mol)

D,-Be 6.7x10°° 28.4 [27]

T,-Be 1.8x 1072 16.4 [31]

H,—Al 11x10°5 40.1 05 63.2 [37]
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those of MANET. Moreover (see Section 6), the hydrogen
permeability in duminium oxide is many orders of magni-
tude lower compared to that in the martensitic steels. Data
of the solubility and diffusivity of hydrogen isotopes in
bare Al are presented in Table 5. The most reliable data for
Al are presented in Table 6. In Fig. 9, the hydrogen
permeability (P = DK,) for auminium is shown. At low
temperature, Al has a hydrogen permeation flux of about
six orders of magnitude lower than that of a bare marten-
sitic steel.

In Refs. [43,44], an estimate of the trapping parameters
for Al is reported. Hydrogen trapping in aluminium shows
a number of traps N, of about 3 X 10%” sites/m® and an
activation energy of trapping E, between 130 and 193
kJ/mol. It can be noted that the trapping parameters E,
and N, for Al are higher than those for martensitic steels
(see Table 2). Hydrogen trapped with an energy E, = 100
kJ/mol is usually released from these traps at about 400 K
if it is trapped with an energy E, =200 kJ/mol it is
released at about 800 K, and so on. Therefore, while the
trapping phenomenon in the martensitic steels decreases
rapidly at temperatures above 400 K ( E, = 40-60 kJ/mal),
hydrogen is strongly trapped in Al at about 600 K ( E, = 150
kd/mol).

6. Data for aluminium oxide and beryllium oxide

Two observations can be made regarding permeation
properties of hydrogen in ceramic materials: (1) the perme-
ation rate is much less than that in metals; (2) the activa-
tion energies are very high, 3 to 10 times higher than those
of metals. This suggests that a strong interaction exists
between the diffusing hydrogen isotopes and the host
lattice. For these reasons, alumina is investigated as TPB.

Hydrogen isotopes diffusivities in Al,O; and BeO
were reported in Refs. [34,35]. Measured diffusivities in
Al,O; and BeO are many orders of magnitude lower
compared to diffusion coefficients for bare Be and Al
(Table 5). In general, the solubility data for ceramics are
confusing. The reasons are: (1) the solubility is low and
permestion rate are extremely low, requiring long equili-
bration times; (2) impurity effects become very important
in trapping hydrogen; (3) different physical states of the
material, including the crystalline form, show different
characteristics. The most reliable data for adumina are
reported in Ref. [38].

The permeability through aluminium oxide and beryl-
lium oxide is much less than through pure aluminium and
pure beryllium. A comparison of hydrogen permeabilities
for beryllium metal and beryllium oxide is shown in Fig.
10. It is worth noting that the Arrhenius plots of the
permeabilities for Be and BeO do not follow the tendency
known for other metals: increasing the temperature, the
permeability of all metals tends to the same value and it
does not depend on the temperature any more. These
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Fig. 10. Arrhenius plot of hydrogen isotopes permesabilities through
steels [6], beryllium [27,31], beryllium oxide [34] aluminium [37]
and alumina [35,38].

P (mol m ' s Pa™?)

peculiarities let us suppose that some mistakes affect the
experimental data for Be.

7. Data for copper

Copper metal has a fcc lattice and does not form a
hydride by direct reaction with hydrogen. The diffusivity
and the solubility of hydrogen in copper have been deter-
mined by various investigators over an extended period of
time. The difficulties caused by the presence of oxygen in
obtaining good hydrogen diffusion data have long been
recognised [45,46]. The most reliable data of hydrogen
diffusivity and solubility obtained with high purity samples
of copper are given in Ref. [40] (Table 7) and are shown in
Fig. 9. In Refs. [40,47], it was observed that the isotopic
ratios are less than those predicted by the inverse mass
relationships (my,/m,)*? and (m/m,)*/2. The authors
[40,47] theoretically analysed their observed isotopic ra-
tios. In Ref. [47], the authors conclude that a quantum
mechanical harmonic model is sufficient to describe the
isotope effect for diffusion in copper.

Pure aluminium has a lower permeability than pure
copper (see Fig. 9). Nevertheless, for copper a hydrogen
trapping behaviour was found similar to that of aluminium
[58].

8. Data for molybdenum and tungsten
Because of their refractory nature and good thermal

properties, Mo and W are considered to be aternatives to
graphite as plasma-facing materials, especialy for a diver-
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Table 7

Data of diffusivity and solubility of hydrogen isotopes for copper, molybdenum and tungsten

Material D, (m?/9) E, (kl/mo) Kg (mol/m3/Pa) Q. (ki/mol) T (K) p (Pa) Reference
H,—Cu 115X 10°% 408 703-913 1-9 x 10* [40]
H,—Cu 45 38 703-908 1-9 x 10* [40]
D,—Cu 62x10"7 378 703-913 1-9 x 10* [40]
D,—Cu 5.3 40 703-908 1-9 x 10* [40]
H,—Cu 113x10°¢ 389 723-1198 [47]
D,—Cu 73%x1077 368 723-1073 [47]
T,-Cu 612x 107 365 723-1073 [47]
H,—Cu 0.7 384 1007-1343 9x 10%-10° [4§]
H,—Mo 48x10°7 377 1123-2023 [49]
H,—-Mo 0.72 522 1178-1794  10° [50]
H,—Mo 35%x10°7 586 523-2023 [51,52]
H,—-Mo 2x1076 615 0.18 285 623-1773 [53]
H,—Mo 0.36 39.8 873-1473  10° [54]
H,—Mo 1x10°° 58.6 0.72 522 1173-1773 [37]
H,—Mo 4x10°8 223 33 375 500-1100  1-10° [55]
H,—Mo ~6x10"% 163 ~ 54.7 723-1173  10° [56]
H,—Mo Singlecryst. 2x 10~ 4 75 7-1074 29 673-1473  10°-3x 10* [57]
H,—Mo Polycryst. 2x 104 75 1.8-1073 6.3 673-1473  10°-3x 10* [57]
H,-W 41x1077 377 1.47 100.4 1173-2073 7% 10* [42]
H,-W 6x1074 103.4 12-1074 29 673-1473  102-3x 10* [57]

tor plate operated in the low edge temperature (= 10
eV)/high recycling plasma mode. Both Mo and W are
refractory metals having a bcc lattice, and do not form
binary hydrides with hydrogen [59].

Hydrogen diffusion data for Mo are not in agreement
(see Table 7 and Fig. 11). The selection of a recommended
diffusion coefficient is difficult. The calculated hydrogen
diffusivities of Ref. [49], using the permeation results of
Ref. [60] and the solubility data of Ref. [50], are recom-
mended to be most representative. Very few determina
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Fig. 11. Temperature dependence of hydrogen diffusivity for
molybdenum [37,49,53,55-57] and tungsten [42,57].

tions of the hydrogen solubility in molybdenum exist, and
those that have been reported are of questionable validity
because there is no agreement among different investiga-
tions (see Table 7 and Fig. 12). The solubility data of Ref.
[50] are recommended because these data were obtained
with single crystal samples of very high purity. Extrapola-
tion of these solubility data [50] to lower loading pressures
(=< 10° Pa) is questionable because the solubility in Mo is
expected to show an anomalous behaviour at low pressures
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Fig. 12. Temperature dependence of hydrogen Sieverts constant
for molybdenum [50,53-57] and tungsten [42,57].
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and relatively high temperatures, as reported in Refs.
[60,53].

The best available data for diffusion and solution of
hydrogen in tungsten are those obtained in Ref. [42] (be-
tween 1173 and 2073 K) (see Table 7 and Figs. 11 and
12). As for Mo, the observed solubility at low pressure is
considerably larger than that predicted by extrapolation of
data obtained at a high loading pressure.

The data of hydrogen diffusivity and Sieverts' constant
for Mo and W are presented in Table 7 and are shown in
Figs. 11 and 12, respectively.

Since the oxides of Mo and W are voldtile, surface
oxides can be easily removed by high-temperature anneal-
ing in vacuum. It was found that the presence of water
vapour, included in the hydrogen gas as main impurity,
does not influence the hydrogen permeation in Mo [61].
Therefore, it seems difficult to use, for Mo, an oxide layer
as a permeation barrier. Carbon and sulphur, the main
impurities, are difficult to remove because of the high-tem-
perature solubility of the metal carbide and sulphide. How-
ever, their impact on hydrogen transport properties is
unknown.

In Fig. 9, hydrogen permeabilities (P = DK,) in tung-
sten [42] and molybdenum [41] are shown, which are lower
compared to those for martensitic steels. However, the
hydrogen permeability in Mo [41] is about three orders of
magnitude higher than that in W [42] at 773 K, and the
activation energy for permeation is two times lower in Mo
[41] (72.8 k3/mol) than that in W [42] (138.1 kJ/mol).

From deuterium permeation data analysis in the range
610-823 K, the authors [62] found that trapping affects
significantly the deuterium transport in W, and it was
estimated that trap energies vary from 130 to 150 kJ/mol,
and trap concentrationsfrom 6 X 10%% to 4 x 10%* sites/m®
for unannealed and annealed tungsten, respectively. In the
temperature range 673—1473 K, the trapping phenomenon
can explain the difference for both diffusivity and solubil-
ity data of hydrogen in W between Ref. [42] (extrapolated
data) and Ref. [57].

Very few data exist for deuterium and tritium transport
parameters in Mo and W.

9. Conclusions

The present work summarises the existing data of
hydrogen isotopes transport and inventory parameters for
several materials (metals and ceramics) of potential inter-
est in fusion devices. Asfar as martensitic steels of interest
for the DEMO reactor are concerned, the trapping phe-
nomenon and surface effects are presented and discussed
in addition to the diffusivity, solubility and permeability
data. There are many factors that influence the measured
hydrogen isotopes transport and inventory in materials.
Regarding metals, the determination of these parameters
depends on the surface contamination, the presence of

natural oxide, grain boundaries, the trapping effect, the
experimental method used, etc. On the base of the existing
data it can be observed that there is a large spread in the
database for beryllium, tungsten and molybdenum. Whereas
it appears clear that a large and reliable database for the
martensitic steels exists, the data for several armour mate-
rials such as Be and W are not sufficient.

The hydrogen isotopes permeabilities for the different
materials proposed for fusion reactors are as follows:
martensitic steels> Cu> Mo > Be> Al > W > Al ,0; >
BeO. This means that materials such as beryllium or
beryllium oxide, aluminium or aluminium oxide as well as
tungsten can reduce the hydrogen permeation rate with
respect to martensitic steels. It should be underlined that in
most cases, the permeation rate through the ceramic layer
such as Al,05, used as TPB, seems to depend mainly on
the integrity of the ceramic.
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