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Tritium retention in plasma facing materials such as tungsten is a major concern for future fusion reactors. During ITER
operating mode, the reactor could generate tritiated tungsten dust-like particles which need to be characterized in terms of
amount of trapped tritium, tritium source and radiotoxicity. This study is focused on the preparation and character-ization
of tungsten particles and on a comparative analysis of tritium absorption/desorp-tion kinetics in these particles and in
massive samples. An original gas phase thermal charging procedure was used successfully for tritium incorporation in
tungsten powders and massive samples. Much larger tritium amounts are incorporated in W particles than in massive
samples indicating important surface effects on tritium absorption, desorption and trapping in W. Tritium desorption
from particles occurred at different temperatures related with different interactions on the particles surface and in the
bulk; the tritium behavior in massive samples was also shown to depend on the metal microstructure. According to
these experimental results tritium absorption/desorption in W particles may have important implications on tritium
management in ITER reactor.

research project on energy. Until now, the walls of the
tokamak prototypes consisted mainly of carbon material in
which significant trapping of tritium occurred, inducing the
release of tritiated carbon particles with activities sometimes
higher than 1 GBg/g [1]. Accidental inhalation of such radio-
active particles should thus be harmful for people. More

Introduction

Assessments related to W—H system for applications in
thermonuclear reactors are in demand with the launch of the
ITER international project, the most important international
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recently, from refractory materials, tungsten has been
selected as main suitable plasma facing material in tokamaks
and future nuclear fusion reactors [2]. According to its high
energy threshold for sputtering [3,4], low ability to hydride
formation [5,6], and very low H solubility level [7—10], tung-
sten use in reactors could be of great progress for the solving
of two major safety issues which are tritium trapping and dust
production [4,11].

Nevertheless, during the ?H—°H plasma as in the ITER
project, the reactors could generate tritiated W dust which
need to be characterized and their properties assessed, in
terms of amount of trapped tritium and tritium source. Thus
their radiotoxicity has to be approached in further in-
vestigations. In fact, in case of a loss of vacuum accident
(LOVA), the tritiated particles can go through the different
protection barriers and filters. Consequently, these particles
with a selected size may appear in the working atmosphere,
accessible region for the member staff and machine-
operators. Hence it is necessary to evaluate their toxicity de-
gree, where the data are lacking as the operating tokamak
prototypes with tungsten do not exist yet.

Well before the ITER project attains its operational
framework, an experimental study on tungsten particles tri-
tiation needs to be carried out, so that the desorption kinetics
of tritium from W powders could be described and the
amount of trapped tritium estimated upon particles size and
volume fraction. Existing data on the diffusivity and solubil-
ity of hydrogen and its isotopes in bulk metallic tungsten
could not be used for such estimation. Indeed, these tokamak
W particles-dust usually exhibit very large specific surface
area, and their microstructure and surface state may differ
from massive W samples usually used for the determination
of hydrogen diffusion data. In particular, both barrier effects
of oxide layers and H trapping on microstructural defects are
known to strongly affect the kinetics of H absorption/
desorption and the residual amount of H in metals [12,13].
Numerous researches have been done recently on the tung-
sten/hydrogen system to investigate these phenomena (see
Ref. [14] for a review); however, all the reported studies in
literature deal with massive metallic tungsten. To our
knowledge, besides studies on the hydrogen adsorption on
tungsten [15], there is no study devoted to the kinetics of
tritium absorption/desorption in tungsten powders. Based on
the data reported in the literature, the extrapolation at low
temperature of most of the diffusive transport parameters of
H and its isotopes in W [9—11,16], suggests that H diffusivity,
solubility and permeability is very low in W at room tem-
perature (RT). This is presumably the origin of the large dis-
crepancies reported for H diffusion data in W at RT together
with the important experimental difficulties associated
with the analysis of very low H concentrations in W. But
isotopic tracing of hydrogen with tritium or deuterium is
known to improve the sensitivity in the determination of the
diffusive transport and trapping parameters of H in metals
[13,16—22].

For this reason, complementary analysis of the kinetics
of tritium or deuterium desorption at RT in massive W
have been undertaken (i) to improve our knowledge of
H diffusion in W at RT, (i) to be used, for comparison
purpose, for the assessment of the amounts of tritium that

can be reached in finely divided W particles, (iii) subse-
quently, in order to manage major fusion reactor issues and
safety.

Finally, as a basis for future research on the toxicity of
tritiated “ITER like” tungsten particles, this study is focused
on the preparation and characterization of tungsten
powders and on a comparative analysis of the kinetics of
tritium absorption/desorption in these W particles and in
massive samples. The different questions addressed in this
study are related to the influence on tritium absorption/
desorption in W of (i) the presence of oxide films and their
barrier effect, (ii) the respective contribution of lattice
diffusion and short circuit diffusion along grain boundaries
or dislocation networks, (iii) trapping on surface and
microstructural defects. A volumetric gas absorption tech-
nique was used for tritium insertion at high temperature
in the samples and the tritium desorption (amounts
and kinetics) was recorded according to different experi-
mental conditions. The comparison of the tritium
behavior in W particles and in massive samples is used to
elucidate some of these microstructural and surface
phenomena.

Experimental
Materials characterization

W particles

Two lots L1 and L2 of pure tungsten powders (99.9% purity)
were prepared by milling the commercial powders (99.9%
purity) in ethanol (350 rpm, balls to powder weight ratio 40:1)
for 22 h and 20 h respectively using tungsten carbide balls and
jar. The as milled powders were analyzed by X-ray diffraction
(XRD, not shown) and neither crystallized oxide phase nor
tungsten carbide impurities from the milling media could be
detected.

Using Rietveld refinement, the obtained average crystal-
lites size are 4 and 5 nm for the two lots respectively with
similar micro-strains in both powders which range around
0.3%. The surface area analysis (BET) of the as milled powders
provides the following specific surface area (SSA) 15.5 and
7.5 m?/g and the calculated particles size, assuming spherical
geometry, is 20 and 42 nm for the two lots L1 and L2 respec-
tively. Planetary ball milling, under the conditions used here,
thus produces polycrystalline particles. It should be
mentioned however that polycrystallinity is, stricto sensu,
due to the presence of high angle grain boundaries (HAGB)
that cannot be distinguished from low angle grain boundaries
(LAGB) through XRD.

X-ray photoelectron spectroscopy (XPS) was used to
investigate the presence of oxide films on the surface of W
particles. XPS analysis was carried out with a Thermofisher
Escalab 250 XI spectrometer at the Al-K, radiation (Incident
energy: 1486.6 eV). The binding energy is reported to
the carbon Cy5 peak (285.0 eV). A solid W material was used as
a reference that was sputtered in-situ with 3 keV Ar ions in
order to remove the natural oxide film. Transmission electron
microscopy (TEM) micrographs were obtained with a Philips
CM12 microscope operating at 100 kV.



Massive specimens
Massive specimens of pure W (99.9% purity) were taken from a
0.45 mm thick cold rolled polycrystalline W sheet. These as
received samples (in the following AsR) exhibit a partially
recrystallized microstructure with a mean grain size of 4 pm.
Some of these samples were additionally annealed at high
temperature (1265 °C, 6 h, Ar atmosphere) in order to get a
fully recrystallized microstructure (in the following Rec sam-
ples) with a grain size ranging from 20 to 25 pm. Scanning
electron microscopy (SEM) observations of each microstruc-
ture are reported on Fig. 1. AsR samples exhibit a much higher
microhardness (642 H,) than the recrystallized ones (422 Hy).
This is the consequence of a much higher dislocation density
present in the heavily cold rolled AsR microstructure, besides
a smaller grain size. Some specimens of another cold rolled
“ITER-like” heat (99.97% nominal purity) were also used for
comparison purpose.

These massive specimens were mechanically polished
with abrasive papers and mirror finish with 1 pm diamond
paste in order to remove any preexisting oxide film.

Procedures for tritium charging and analysis

Tritium charging

Tritium (T,) was purchased from TRITEC (purity 99%) and
stored in its delivery container as intermetallic tritide. H,, He
and Ar of a high-purity grade (99.999%) were used as the flow
gas where indicated.

Itis well known that hydrogen or its isotopes can be loaded
into a massive metallic sample by thermal charging, that is
the exposure of the specimen to a pressure of hydrogen gas at
high temperature providing the absence of barrier effect of
oxide films [12]. This requires a two steps approach:

e Firstly the metal surface has to be clean from its oxides and
from adsorbed impurities by a first exposure to a hydrogen
gas pressure at high temperature,

e Once the oxide film has been removed, di-hydrogen mol-
ecules can be dissociated on the metal surface and
hydrogen atoms can diffuse into the lattice and the
metallurgical defects.

Tritium charging of tungsten powders or massive samples
was performed in a glove box using a volumetric gas absorp-
tion method in sealed glass vessels at the temperature 477 °C
and under T, pressure of 0.11 MPa (1.1 bar). Before the tritia-
tion process, all the W samples were annealed at 475 °Cin a
dry hydrogen atmosphere (1.4 bar) in order to reduce preex-
isting oxide layers.

The vessels were loaded with a known amount of W
powders (few tens of mg) or solid (about 1 g) and then
connected to the pumping system and gas inlet. The sam-
ples were first degassed for 20 h at RT in order to remove
any adsorbed impurities. Then, they were given two H,
reduction cycles of 2 h at 475 °C for both powder and solid
samples. In order to keep the atmosphere dry, each cycle
was followed by an outgassing step of 5 h at RT. Cold traps
located near the sample were used to remove any water
vapor from the atmosphere. The small glass vial containing
deoxidized W was then loaded with tritium at a pressure of

p (*°H,) = 450 mbar and sealed in the glove box. It was then
heated at 477 °C for 3 h under a pressure of 1.1 bar of tritium
gas and then quenched at the liquid nitrogen temperature to
avoid any tritium desorption from the charged samples.
According to H diffusion data in W [9—-11,16] and the spec-
imens geometry, these charging conditions are expected to
allow a tritium saturation of both particles and massive
samples. Two different tritium enrichment ratio k = 3H/
(H + 'H) = 1 or 4 x 107>, where used for the preparation of
tritiated samples.

The same method, in which tritium was replaced by
deuterium gas (k = 1) was applied in order to produce
deuterated samples.

Procedure for the determination of the kinetics of >H desorption
at RT

ITER-like particles or massive samples with a large enrichment
ratio (k = 1). Desorption kinetics were determined after
each tritium charging by exposing the samples (powder or
solid) to air or argon flow (500 ml/min) for several days at RT
until reaching a plateau in the cumulated amount of des-
orbed tritium. The outlet flow connected to a tritium
analyzer (MARC 7000, SDEC France 2010) is composed of 4
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Fig. 1 — SEM observations of the microstructure of massive
W samples a) as R specimen, b) Rec specimen.



bubbler flasks in series (Fig. 2). The two first flasks allow the
trapping of tritiated water (called HTO in the following
whatever the existence of HTO or T,O species) released in
the carrying gas. The flow goes then through an oxidation
furnace with a Pd-catalyst for the oxidation of tritium gas
into tritiated water which is trapped again in the two next
flasks. Tritium in the gaseous form will be called HT
whatever the existence of HT or T, species. The accumu-
lated tritium is tracked by liquid scintillation counting at
each time period depending on the desorption kinetic
evolution.

The remaining tritium concentration in ITER like particles
was determined by liquid scintillation counting after dissolv-
ing small amounts (few mg) of tritiated powder in water
peroxide (30%) without additional dilution (1 mg/ml). It was
found that the dissolution is complete within 4 days with
stirring periods. Desorption at high-T (up to 800 °C) was used
for the determination of the remaining tritium in massive
samples.

Massive samples with a low enrichment ratio for liquid
scintillation counting (k << 1). A procedure for liquid
scintillation counting of solid samples was used for a
precise determination of the first step of tritium desorption
at RT from massive samples. This procedure allows a
continuous recording of the time dependence of the
cumulated amount of tritium released from the specimen
in the liquid scintillation cocktail. According to the very
high sensitivity of this technique (LSC-SS technique)
described in detail elsewhere [13], the samples are charged
in a tritiated atmosphere with a very low k value
(k=4 x107°).

Thermal desorption analysis

The total or residual amount of tritium in tungsten particles
and massive samples was measured by thermal desorption.
Two different procedures were used for this purpose.

High temperature desorption tests were conducted by
means of the equipment sketched on Fig. 2. A home made
silica crucible with entry and exit connections for helium
flow (50 ml/min) employed as gas vector was used for
desorbing the samples at variable temperatures. The tem-
perature inside the crucible was monitored using a K-type
thermocouple and the temperature gradient was found to
be less than 1 °C. The downstream outlet is connected to a
tritium analyzer. The crucible is placed in the furnace and
submitted either to isothermal stages with regular step in-
crease of the temperature in agreement with the reach of a
stationary state in the desorption signal, or to a linear
temperature ramp (2.5 or 5 °C min™) that is programmed
from RT to 800 °C. Samples are then taken for analysis after
periodic time steps (5 or 10 min).

TDS experiments were also conducted on deuterated
samples exposed to a heating cycle in a furnace maintained
under high vacuum (1077 mbar) thanks to continuous
turbomolecular pumping. During these experiments,
the temperature of the samples ranges from RT to 800 °C
with a heating rate of 5 °C min~'. The signals associated
with the flux of deuterated species (HD, D,, HDO and D,0)
that desorb from the sample during heating are continu-
ously detected and recorded with a mass spectrometer.
The signal recorded for each deuterated species is
corrected from the associated background that is
measured during a twin experiment involving the sole
sample holder.

Air flow SO R

T
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Furnace

Fig. 2 — Sketch of the equipment used for high-T isothermal desorption: W samples that contain both HTO and HT are
heated in a furnace under ambient air flow. Tritiated water vapor formed is trapped in the first two feeding bottles. To trap
the tritium gas, an oxidation reaction is performed in the oven by a catalyst (Pd/Al,0;) which oxidizes HT to HTO. This
tritiated water is then trapped in the feeding bottles n° 3 & 4. After a given time, the quantity of tritiated water is determined

by liquid scintillation counting.



Results

Tritium absorption/desorption in “ITER like” tungsten
particles

Tungsten particles were first given a reduction anneal in H,
followed by tritium thermal charging in the conditions re-
ported in § 2.2.1. The efficiency of the reduction anneal
was checked by XPS analysis. The incorporation of tritium
into the particles was assessed by several methods. Firstly
qualitatively, by introducing few particles of W into

scintillation liquid and measuring the presence of tritium.
Secondly quantitatively, by dissolving a known quantity of
particles into a solution of hydrogen peroxide and
measuring its radioactive content or by measuring at
different temperature the tritium desorption from the
particles. More than ten different experiments have been
done to check reproducibility. We report here the results
obtained for two different batches of tungsten particles L1
and L2 having two different SSA, respectively of 15.5 and
7.5 m%g, in order to evidence the influence of this
parameter.

(d)

W-4fs/, m
Epinding = 33.

etallic —————————»,
2eV
FWHM = 0.44 eV
W-5p;/, metalllc
Epinding = 36.5 eV
FWHM = 1.7 eV

W-4f;,, metallic——»
Ebinding = 31.0 eV
FWHM = 0.44 eV

(c)

W-4f;/, WO,
Epinding= 33.9 eV
FWHM = 0.80 eV

W-5p;,, metallic E—

W-4f,,, WO,
Epinding = 31.7 eV
FWHM = 0.84 eV

(b)

Photoelectron yield (arbitrary unit)

W-4f5,, WO3

W-4f;,, metallic——»

W-4f,/, WO;

W-4f,,, metallic—>

W-4f,,, WO,
W-4f;,, WO,

(ai

Epinding = 35.6 eV
FWHM=1.1eV

-  —
W-4f5,, WO3

Epinding = 37.8 eV
FWHM = 1.1eV

W-5p;,, metallic

W-5p;,, oxide =3

‘ \ ‘ I
W-4f,,, WO; I

—— W-4f;,, WO,
Epinding = 35.5 eV
FWHM = 0.85 eV

A

W-4f,,, WO,
Epinding = 32.4 €V
FWHM = 0.85 eV|

44 42 40 38

36 34 32 30 28

Binding energy (eV)

Fig. 3 — W 4f and W 5p photoelectrons spectra regions for (a) as milled powder, (b) after surface reduction of the oxide formed
on the milled powder sample, (c) as received polished massive W sample and (d) after Ar ions etching of the massive W

sample.



Fig. 4 — TEM micrographs of tungsten particles: (a) as milled powders, (b) after heat treatment at 475 °C under hydrogen

atmosphere.

Reduction of oxide films on tungsten particles
In order to control the efficiency of the reduction process of
the oxide layers on W powders, the surface chemistry of
tungsten particles has been characterized by XPS. Fig. 3 shows
W-4f and W-5p core levels spectra recorded on W samples for
different surface preparation conditions. The XPS spectra
recorded for tungsten powders before (as milled) and after
annealing under H, atmosphere at 475 °C are reported in
Fig. 3(a and b) respectively. A polished surface of massive W
sample was also analyzed as received (Fig. 3(c)) and after
argon ions sputter cleaning in order to remove the native
oxide layer (Fig. 3(d)). The W-4f core levels spectrum obtained
on the polished W surface prior to etching shows two chem-
ical contributions: metallic W found at 31.0 eV and 33.2 eV for
W-4f;,, and W-4fs, core levels respectively and two peaks at
31.7 and 33.9 eV, which are attributed to the presence of W-4f
in WOy (x < 2) [23]. The in-situ Ar ions etching of the same
sample shows the occurrence of only metallic W contribu-
tions representative of a clean surface and used as a reference
to obtain the fitting parameters e.g. FWHM, asymmetry pa-
rameters (Fig. 3(d)).

The W-4f core levels signal for the as received milled
powders (Fig. 3(a)) revealed the presence of two new contri-
butions at high binding energies side compared to polished W
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surface. The major contributions found are centered at 35.6
and 37.8 eV for W-4f,,, and W-4fs,, core levels respectively.
They were associated with the presence of WOs. In a lower
extent, WO, is found with 4f;/, and 4fs,, located at 32.4 eV and
35.5 eV. Metallic W and WO, contributions are also present.
The annealing under hydrogen of as received milled W pow-
ders lead to a decrease of the WO3; contributions confirming
the powders reduction after the annealing procedure. More-
over, it is expected that very few oxide remains on the surface
after the reduction heat treatment according to the very
limited presence of oxide observed (Fig. 3(b)) after the air
exposure of the reduced W powders before introduction of the
sample in the spectrometer chamber.

As XRD patterns recorded on as milled powders do not
exhibit any crystallized oxide phase (cf. § 2.1), the oxide may
exist in the amorphous state (possibly the hydrated WO,
phase [24,25]).

TEM observations of W particles

According to Fig. 4(a), the as milled powders exhibit a wide
range of shape and of particles size (10—200 nm). These values
are statistically in fair agreement with those derived from BET
measurements. After annealing at 475 °C under H, atmo-
sphere, the massive aspect of some W particles (Fig. 4(b))
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Fig. 5 — Rate of tritium desorption under air and corresponding amount of residual tritium trapped at RT in two tritiated W
powders L1 and L2 (SSA (L1) = 15.5 m?%/g, SSA (L2) = 7.5 m?/g).



suggests the existence of the first step of a sintering phe-
nomenon enhanced by the reduction of oxide layers, in
agreement with previous observations [14].

Room temperature desorption of tritiated tungsten particles
In a first set of experiment the desorption was conducted at RT
under air flow using two batch of tungsten particles: L1 and L2.

The desorption kinetics and the evolution of the amount of
residual tritium are reported on Fig. 5 for both case showing a
desorption plateau reached within 2 days. In both cases most
of the tritium desorbs at RT in the form HTO; the fraction of *H
desorbing as tritium gas is less than 5% under air and almost
negligible under Ar. Whereas the origin of HTO was not
investigated in details in this study, it is anticipated that it
may originate from different sources including (i) isotopic
exchange with moisture in the carrying gas or with adsorbed
water on W particles or on the walls of the analyzer, (ii) tritium
interactions with the hydrated oxide on W particles or with
oxygen gas.

Two tritium concentration levels were measured in the
two powders which stabilize at 34 and 19 MBg/mg for L1 and
L2 respectively. These values correspond to very large con-
centrations (several thousand of at.ppm) when compared to
the expected H solubility in such temperature/pressure con-
ditions (about 1 at.ppm).

It is noteworthy that, after 2 days of RT desorption, the
residual amount of tritium in batch L1 is almost twice more
than in batch L2. This may be related to the SSA ratio that is of
the order of 2.

High-T isothermal desorption

Aiming at the evaluation of residual tritium in these particles
after aging at RT and its dependence on the temperature,
high-T desorption was carried out up to 1000 °C under air flow
(Fig. 6). As expected from the usual behavior of residual
hydrogen in metals, the tritium desorption exhibits a tem-
perature dependence. According to Fig. 6, under isothermal
conditions, a significant fraction of tritium (about 30%) des-
orbed at 200 °C whereas most of the residual tritium would be
released between 300 and 500 °C. Moreover, above 500 °C the
kinetics of tritium desorption does not significantly depend on
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Fig. 6 — High-T isothermal 3H desorption from tritiated L1
powder (after aging) under air flow. Solid line presents the
measured real temperature in the crucible.

the temperature. After annealing at 1000 °C, the residue in the
crucible — mostly in W oxide form-, was analyzed by liquid
scintillation counting after H,0, dissolution. A small residual
concentration of 0.37 MBg/mg was obtained indicating that
most of the tritium introduced in the particles is released after
annealing at 500 °C under air flow.

Thermal desorption analysis of tritiated and deuterated W
particles

In order to obtain further information on the behavior of
tritium in powders (L2) aged at RT, thermal desorption anal-
ysis was performed under a helium atmosphere. The des-
orbed tritium was systematically evaluated as a function of
time with a linear temperature-programmed ramp. Fig. 7
shows the *H thermal desorption for tritiated W powders
where the desorption of HT and HTO species are plotted
separately.

According to the results reported in Fig. 7, a couple of
derived thermal-desorption spectra of HT and HTO are shown
in Fig. 8, in which two heating rates were experienced. In both
cases a large amount of tritium was shown to desorb as HTO
species and a small fraction as HT species.

Moreover, two steps may be distinguished on the HT
spectra. Desorbed tritium as tritiated water at around 300 °C
shows a relatively broad peak whereas the peak associated
with HT is located at a much higher temperature (around
650 °C). All the peaks position demonstrates a reasonable
heating rate-dependence in agreement with the kinetic
models aiming at the determination of the activation energy
[26,27]. Similar observations were made for isothermal
desorption under air flow (Fig. 6): most of tritium desorbs as
HTO species and most of the HT species desorbs at high
temperature. Moreover, even though the two techniques
were carried out in different experimental conditions,
considering the differences in isothermal desorption (§ 3.1.4)
and TDS analysis with a temperature ramp, a fair agreement
can be found between the temperature of the TDS peak
(mean values of 300 and 650 °C, Fig. 8) and the two tem-
peratures of isothermal ®H desorption (200 and 500 °C,
Fig. 6).

The observed desorption behavior for tritiated powder
sample was extended for a deuterated powder which was
prepared in the same conditions i.e. H, heat treatment and
D, charging. However, unlike tritiated samples, thermal
desorption spectra of this specimen were recorded just after
charging using a heating rate of 5 °C/min and reported in
Fig. 9. From RT to more than 300 °C, the fluxes of desorbed
HDO and D,0 decrease continuously. Then, these two fluxes
peak at roughly 360 °C and finally decrease until 800 °C. On
the opposite, fluxes of D, and HD species remain weak until
they peak at a temperature of 680 °C where the desorption
under vacuum comes close to HT desorption peak under He
atmosphere at the same heating rate for a tritiated powder
(Fig. 8). Surprisingly, despite the k ratio of 1 used for the
deuterated samples, the signal corresponding to HD is much
higher than the one obtained for D,. It may be due to a
higher probability of recombination on the surface, thus a
higher kinetics of the reaction H + D — HD than for
D + D — D,. The presence of a large amount of H ad-atoms
on the surface may originate either from the vacuum (at
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1077 mbar, most of the remaining particles are H, or H,0) or
from the H absorbed by the bulk material during the
reduction process.

It can be also pointed out that the HDO desorption peak at
360 °C is close in temperature with the HTO desorption peak
measured for the same heating rate on the tritiated sample.
Nevertheless, the intensities ratios of (i) HD to HDO and (ii) HT
to HTO are clearly different in the two types of samples.
However, the water vapor partial pressure in the atmosphere
in contact with the heated specimen is expected to be much
higher under helium flow than under UHV. During the
desorption process tritium (or deuterium) may interact at the
metal surface with water vapor present in the atmosphere to
form HTO (or HDO). According to the high water vapor partial
pressure in the TDS experiment devoted to tritium analysis,
the amount of collected HTO is expected to be much higher
than the amount of HDO recorded in the TDS experiment used
for deuterium analysis. For this reason, a direct comparison of
the HTO/HT ratio with the HDO/HD ratio is not
straightforward.
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Massive tungsten samples

RT desorption of tritiated massive specimens

Massive samples with k = 1. For the sake of comparison, a
massive cold rolled (AsR) W sample was charged with tritium
and desorbed at room temperature under air flow with the
same procedure as for powder samples (Fig. 10). By comparing
W particles (Fig. 5) and massive sample (Fig. 10), the main
feature observed is a much larger amount of tritium released
from the particles (about 3 orders of magnitude). This is pre-
sumably related to the much larger SSA value of the W par-
ticles specimen. The same massive sample was desorbed at
high temperature and a fairly low residual concentration of
11.5 MBg/g (e.g. 2 at.ppm) was measured at 500 °C under argon
flow.

In order to test the influence of the microstructure of
massive samples on tritium absorption, another experiment
was conducted with three different specimens (Rec, AsR and
ITER-like) with the same geometry (0.4 x 7.5 x 3.5 mm?). In
order to allow a close comparison, they were charged with
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Fig. 8 — Derived desorption rates spectra of tritium and tritiated water gaseous species up to 800 °C using two heating rates:

(@) 5 °C min~* and (b) 2.5 °C min™™.
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after background subtraction.

tritium (k = 1) in the same vessel (same experimental condi-
tions) and stored in liquid nitrogen until measurement of the
total amount of absorbed tritium by thermal desorption at
900 °C under argon flow. The following concentrations
94 MBq/g (16 at.ppm), 126 MBqg/g (22 at.ppm) and 121 MBqg/g
(21 at.ppm) were obtained respectively for Rec, AsR and ITER-
like specimens. These results illustrate the capability of the
cold rolled samples (AsR and ITER-like) to trap additional
tritium on deformation-induced defects as the amount of
tritium desorbed from these deformed microstructures is
almost 1.5 as much the amount recorded for the recrystallized
microstructure. The tritium solubility in pure W expected for
these charging conditions (1.1 bar, 475 °C) from the literature
data [9—-11] ranges from less than 0.01 to 2 at.ppm. The much
larger measured tritium concentration suggests a significant
tritium trapping associated with these charging conditions.

Massive samples with k << 1. Desorption curves recorded for
96 h at RT with the LSC-SS technique (cf. § 2.2.2.2) are reported
on Fig. 11 for the AsR and Rec massive samples. A desorption
plateau is reached within several hours in agreement with the
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Fig. 10 — Rate of tritium desorption in air at RT from AsR W
massive sample.

results reported on Figs. 5 and 10. However, both the rate of
tritium desorption and the amount of tritium released is
strongly dependent on the microstructure of W. In agreement
with the results reported in § 3.2.1.1, the amount of tritium
released from the as received sample is much larger than for
the recrystallized specimen presumably as a consequence of
tritium trapping in microstructural defects formed in the cold
rolled sample. Moreover, taking into account the enrichment
ratio (k =4 x 107°) and assuming a negligible isotopic effect on
the hydrogen desorption, it is interesting to note that the total
amount of tritium released that would be determined by LSC-
SS for the AsR specimen (approximately 0.1 MBg/mg) is
comparable to the total amount of desorbed tritium reported
on Fig. 10 for a similar AsR massive sample.
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Fig. 11 — Influence of the microstructure on the rate of
tritium desorption from massive W samples.



On the other hand, the very short desorption transient
recorded for the recrystallized sample (Fig. 11) suggests a very
fast desorption kinetics which may result from short-circuit
diffusion along grain boundaries.

In order to evidence a possible tritium enrichment of the
surface of massive samples, the surface activity of each
specimen was recorded, after the 96 h desorption at RT, before
and after a slight polishing of the surface used to remove the
natural oxide film present on the surface. Surface activities
determined at t = O on the desorption spectra reported on
Fig. 12 [13], exhibit significant changes associated with the
polishing and the metal microstructure. The important drop
of the surface activity associated with the removal of a very
thin superficial layer (less than 1 um) is a clear indication of an
important tritium enrichment of the close surface. However,
taking into account the low value of k, the surface activity
measured on polished samples demonstrates the presence of
significant amount of residual tritium in the bulk of massive
samples after aging for 96 h at RT.

Discussion

According to the results reported in § 3.1, thermal loading of
“ITER like” W particles has been shown to be efficient. A large
amount of tritium has been incorporated in the particles.
Although the amount of tritium desorbed at RT is difficult to
measure precisely due to the fast release of tritium at the
beginning of the desorption tests, a significant fraction of
tritium (at least several tens of percent) was shown to desorb
at room temperature (Fig. 5). Annealing of the particles at high
temperature is required to desorb another significant fraction
(about 70%) of tritium presumably trapped on the surface and/
or in the bulk of the particles. According to thermodesorption
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Fig. 12 — Surface activity recorded on massive W samples
before and after surface polishing.
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analysis (Figs. 6—-8) part of this residual tritium (about 20%) is
expected to desorb at a moderate temperature (200—300 °C)
whereas another population of trapped tritium was shown to
desorb at a much higher temperature (about 500 °C). Addi-
tional studies are required to identify more precisely the na-
ture and distribution (near surface, with oxide films and in the
bulk) of the different trapping sites interacting with tritium in
W particles. However, according to a previous study on the
role of the annealing temperature on tritium desorption from
a stainless steel [28], the desorption recorded above 500 °C on
W particles (Figs. 8 and 9) is presumably related to a release of
3H or %H from the oxide film present on the surface. Moreover,
when exposed to a deuterium plasma, the deuterium reten-
tion in WO3; oxide film grown on the surface of W was shown
to be much larger than on the oxide free W surface [29,30].

These first quantitative evaluations of the total amount of
tritium released from the particles (Figs. 5—-8), compared to the
amount of tritium incorporated in massive samples (§ 3.2),
indicate that the quantity of H incorporated in powders is
larger by several order of magnitude than the value which can
be anticipated from hydrogen solubility data in massive W
[9,11]. This is in favor of an important role of surface effects in
the incorporation of *H by W particles and confirmed by the
raise in the amount of residual tritium with the SSA value of
the powder (Fig. 5). These results are in agreement with recent
observations of the strong enhancement of tritium retention
[31] in the “fuzz” microstructure formed on the surface of W
exposed to a helium plasma [32] On the other hand, the results
reported for massive sample suggest the existence, for the
selected tritium charging conditions, of a significant trapping
of *Hin W.

Two main species: HTO and HT were shown to be involved
in the process of tritium release from the particles. Tritiated
water seems the major species evolving at low temperature
whereas the release of tritium gas seems to be preferentially
observed at high temperature. However, besides the temper-
ature, the nature of the species involved in the tritium
desorption seems to depend on several factor including the
atmosphere in contact with the metal surface (air, neutral
atmosphere, UHV), the SSA (small particles versus massive
samples) and possibly on the nature of the hydrogen isotope
(tritium versus deuterium). Whereas additional studies are
required to draw precise conclusions, in agreement with a
previous investigation on tritium desorption from stainless
steels [33], these observations suggest that the nature of the
species involved in tritium release from tungsten depends on
tritium interactions with oxygen and or water vapor on the
surface of W. Such interactions are expected to strongly
depend on the SSA, on the presence of oxide films on the
surface, and possibly on the activation phenomena associated
with the ionization capability of the tritium B radiation on the
surface [34].

The measure of the surface activity of massive specimens
before and after polishing (Fig. 12) gives another evidence of
the tritium enrichment of the near surface of W. This effect is
presumably enhanced by the presence of an oxide film [29,30].
However, surface activity measurements also demonstrate
the absorption of tritium in the bulk of massive specimens
and that a significant amount of tritium remains trapped at RT
in the microstructure of W.



Besides surface effects, the incorporation of tritium in W
and the kinetics of tritium release may strongly depend on the
microstructure of the metal. This is clearly evidenced on
Fig. 11 where the cold rolled and recrystallized microstruc-
tures exhibit a very different behavior, in agreement with
previous studies showing the role of strain-induced defects or
irradiation-induced defects on deuterium trapping in W
[35—37]. Such microstructural effects have also to be taken
into accountin the prediction of tritium behavior in “ITER like”
W particles.

Finally, when compared to the available solubility data,
the large amount of tritium incorporated in W particles may
have important implications both on the tritium inventory
in ITER reactor and on the management of the risk assess-
ment associated with tungsten particles. Indeed, according
to the total amount of tritium desorbed at high temperature
from tritiated W powders (Fig. 6), the amount of tritium
trapped in “ITER like” W particles would be approximately
100 g per ton.

Conclusions

An original procedure of thermal charging in gas phase has
been shown to be successful for the incorporation of tritium in
tungsten particles. Different desorption tests were then con-
ducted both at room temperature and high temperature on
well characterized “ITER like” W particles and massive sam-
ples showing a different behavior of tritium in particles and in
massive samples. The following conclusions can be drawn
from the experimental results:

(i) A much larger amount of tritium is incorporated in W
particles than in massive samples indicating important
surface effects on tritium absorption, desorption and
trapping in W. Moreover the behavior of tritium in
massive samples was also shown to depend on the
metal microstructure.

Tritium evolving from tritiated W particles was shown

to desorb mostly as tritiated water — major component

— with minor tritium gas species which occur at

different temperatures revealing different types of

tritium/tungsten interactions occurring either on the
surface or in the bulk of the metal.

(iii) The strong enhancement of tritium absorption/
desorption in W particles may have important impli-
cations on the management of ITER reactor.

(iv) The characterization of tritium absorption/desorption
in “ITER-like” tungsten particles is the basis for future
research on the toxicity of these particles that could be
inhaled in case of accidental contamination.
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