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HIGHLIGHTS

e Deuterium retention was studied in three systems: pure W, W-W,C composite, and WC with some additional carbon.
o The highest d retention was measured in W-W,C composite.
e Formation of blisters and pillars was observed in pure w and in W-W,C composite, but not in the WC.

ARTICLE INFO ABSTRACT

Keywords: The selection of the most suitable material for the EU DEMO divertor is still underway. Current research focuses
Tungsten on the development of tungsten-based materials for plasma-facing applications. In addition to other re-
(di)tungsten carbide quirements, the candidate material must also exhibit low intrinsic hydrogen isotope retention. To verify the
ggenum suitability of the tungsten carbide-containing materials, we examined the effect of carbon in the form of carbide
DS or free carbon on deuterium (D) retention.

The samples were consolidated by Field Assisted Sintering (FAST) and examined in terms of phase composition
and microstructure before the p-retention studies. The Nuclear Reaction Analysis (NRA) technique was used to
determine the depth distribution of D after the exposure to D plasma (fluence of 1.3 x 10%* D/m? and 1.3 x 10%®
D/m? and an exposure temperature of 370 K and 523 K, respectively). Thermal Desorption Spectroscopy (TDS)
was used to measure the D desorption spectra. The surfaces of samples exposed to D plasma were also examined
in terms of microstructure by scanning electron microscopy. The study has shown that apart from the p-fluence
and exposure temperature, the materials’ composition plays a vital role in p-retention, accompanied by blisters
and pillar formation. The lowest p-retention was observed for tungsten and the highest in the W-W,C composite.
The blisters and pillars were formed in these two materials but not in the WC, which also contains free carbon. At
higher D fluence, approximately 15 to 20-times more blisters and pillars were formed in the W-W>C composite
than in the tungsten prepared by the same method. The results suggest that the number of defects causing higher
p-retention is the highest in W-W,C. On the other hand, the absence of surface irregularities in the WC-C sample
after D retention studies indicates that the cause for higher D retention does not lie in the carbides, but, pre-
sumably, the microstructural and crystal lattice defects govern the D retention in tungsten-tungsten carbide
systems.

1. Introduction future generations. To ensure their high efficiency and safe operation,
extensive efforts are being put into developing structural materials

The development and implementation of fusion power plants capable of withstanding the extreme conditions in the reactor. Such as
promise a significant contribution to a clean and safe energy supply for high energy neutron bombardment and hydrogen isotope ion exposure,
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combined with high thermal flux and continuous production of helium
(He) through (n, p) and (n, a) nuclear reactions in plasma-facing com-
ponents (PFCs; first wall and divertor). Within the European demon-
stration power plant (EU DEMO) design, the essential task is to select
suitable material for the divertor, which is a critical in-vessel compo-
nent. The divertor is responsible for heat transfer and impurity removal
via a guided plasma exhaust and is, therefore, subjected to very high
heat fluxes. Although recent decades have seen substantial progress in
the field of fusion-relevant materials, developing improved materials
remains amongst the priorities of fusion research programmes. The goal
is to prepare a low-activation material capable of withstanding high heat
loads of more than 10 MW/m?, with sufficient mechanical and thermal
properties retained even after high neutron irradiation dose and nuclear
transmutations [1-3]. In addition, the material must also exhibit low
intrinsic hydrogen isotope retention [4]. The latter is especially impor-
tant as high levels of radioactive tritium retention in the material could
lead to a fuel-inefficient fusion tokamak operation and other health and
safety risks. Furthermore, such an issue could be promoted even further
by the material lattice displacement damage created throughout the
material by 14 MeV fusion neutrons, as the presence of displacement
damage has been shown to increase hydrogen isotope (HI) retention by
orders of magnitude [5,6].

Tungsten (W) and tungsten with transition-metal ceramic particles
show high thermal conductivity and high melting point [1,7-9]. Rolled
W was chosen in the ITER due to the low hydrogen isotope retention
[10], but current research focuses on developing tungsten-based mate-
rials as pure W deteriorates under operating conditions of the EU DEMO
reactor [2,11]. The currently proposed solutions for the structural sta-
bilisation of tungsten include particle reinforcement by incorporating
oxide (e.g. Y203) or carbide (e.g. TiC, TaC and W»C) particles into the W
matrix that improves the material’s mechanical properties to a certain
extent [12-18]. On the other hand, it is known that various defects can
act as HI trapping sites, which implies that microstructure affects
p-retention in W-materials. Different types and densities of lattice
imperfection, such as dislocations, impurities and vacancies produced
by different material manufacturing techniques, result in different sur-
face morphology and microstructure feature (such as inclusions, pores,
grain structure and grain boundaries). Thus, not only the composition of
the material but also its microstructure has to be considered. In this
work, we present and discuss three types of FAST-consolidated
fusion-relevant W-based materials to verify the effect of tungsten car-
bide inclusions on deuterium retention.

2. Experimental
2.1. Sample preparation

Starting powders used in this study were tungsten powder (average
grain size of < 1.5 pm, Global Tungsten & Powders spol. S r.o., Czech
Republic), tungsten carbide powder (WC with an average grain size of
150-200 nm, >99%, Aldrich, Germany) and graphene flakes (60 nm
flakes, Grade AO-4, Graphene Supermarket, USA). Powders were mixed
according to ratios presented in Table 1, producing three different sets of
samples. The homogenisation was ensured by dispersing powders in
cyclohexane (Sigma Aldrich, Germany), followed by homogenisation
with an ultrasonic processor VCX500 (Sonics & Materials Inc., USA)
freeze-drying. The powder mixtures were sintered in a graphite die with

Table 1
Composition of the samples and as-consolidated relative densities.
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an inner diameter of 10 mm using field-assisted sintering (FAST, Dr
Sinter FAST 515-S, Sumimoto FAST Syntex Ltd., Japan) at either 1700 °C
(samples WC—C) or 1900 °C (samples W and W-W5C) with a heating
rate of 100 °C/min, for 5 min and under an applied uniaxial pressure of
60 MPa. A protective foil was used to separate the powders, and the
graphite die during powder consolidation. Two types of foil were used:
in the case of W and W-WC powder mixture, tungsten foil was used, and
in the case of WC—C, graphite foil was applied. Before the FAST pro-
cessing, the reaction chamber was purged several times with high-purity
argon and evacuated again. During sintering, the pressure inside the
chamber was below 10 Pa.

As-sintered samples were polished, analysed in terms of phase
composition and microstructure and then subjected to b-retention
studies. Two sets of samples were exposed to a well-defined low-tem-
perature D plasma (PlaQ) [19]. The ion flux consists mainly of D3 ions
with a 3% contribution of D and DJ. At a bias voltage of 100 V, the
corresponding ion energy was 38 eV/D. The implantation D ion flux at
these conditions was 1.25x10%° D/m?s. Samples were exposed at 370 K
for 3 h and 30 h corresponding to a D ion fluence of 1.35x10%* D/m? and
1.35x10%° D/m?, respectively. The same set of samples was re-polished
after an analysing procedure and exposed to the same low-temperature
D plasma at a higher sample temperature of 523 K as compared to the
first exposure set for 30 h yielding fluence of 1.35x10%° D/m? Three
different samples were mounted in each batch, and p-plasma was
exposed simultaneously to ease the comparison of experimental results.
After the D plasma exposure, the resulting D depth profiles were
measured using the Nuclear Reaction Analysis (NRA) technique. To
complete the analysis of D retention, the D desorption spectrum was
measured for the large fluence set of samples using Thermal Desorption
Spectroscopy (TDS).

2.2. Characterisation

Before the analysis, the outer layer of the sintered material was
removed by grinding. The phase composition of the sintered samples
was analysed by X-ray diffraction (XRD; AXS U8, Bruker Co., USA)
utilising Cu-Ka radiation at room temperature (step width of 0.02°,
fixed time of 1 s, a scanning range of 20 = 20° to 80°). A Rietveld
analysis was performed using the programme package Topas, Bruker
AXS, Karlsruhe, Germany. Before and after D irradiation, the micro-
structure of consolidated samples was characterised by scanning elec-
tron microscopy (SEM) (FE-SEM, JSM-7600F, Jeol Inc., Japan and
Helios NanoLab 650, FEIL, US). The grain size distribution was obtained
from a planimetric analysis conducted on four SEM micrographs per
sample, considering > 500 grains using image-analysis software
(ImageJ). Additionally, for the sample W-W,C the grain size was also
determined by EBDS analysis.

The relative density of sintered pellets was calculated from
geometrical density, considering that the theoretical density of pure W is
19.25 g/cm?, of pure WC is 15.7 g/cm®, and 17.1 g/cm® for pure W,C,
respectively.

The Nuclear Reaction Analysis (NRA) technique allowed the deter-
mination of the depth distribution of D after exposure to D plasma. The
nuclear reaction D(*He, a)p was used to determine the D depth profile.
The ®He analysing beam was 2 mm in diameter. Six analysing beam
energies ranged from 0.7 MeV to 4.2 MeV. The chosen set of analysing
energies allows us to probe the D depth profile to a maximum depth of

Sample The concentration of added carbon in the starting mixture ~ Composition after sintering determined by Rietveld refinement analysis ~ Relative density
(at.%) (in wt%) (%)

1w 3.7 100% W 95.3 +£ 0.5

2: W-W,C 7.2 96+ 1% W + 4 + 1% W,C 98.4+1

3: WC—C 2 93+ 1% WC+7+1%C 98.6 + 0.3
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around 7 um. A PIPS detector with a solid angle of 26.7 msr was used to
measure the energy spectrum of the protons coming from the D(*He, a)p
reaction. A second PIPS detector was positioned at 165° scattering angle
to detect the Rutherford backscattered projectile (RBS) particles and is
used primarily for dose calibration of the NRA measurement. The raw
proton energy spectra measured with the NRA technique were input into
NRADC [20], which outputs the optimised D depth profile.

The D desorption spectra were measured using Thermal Desorption
Spectroscopy (TDS). The TDS measurement was performed in the TESS
set-up at IPP using a linear heating ramp of 3 K/min up to 1010 K and a
> 30 min hold at the highest temperature. The calibration of Dy was
performed with a D, leak with a leak rate of 1.2234x10'* D, molecules/
sec. The calibration factor for HD was determined by flowing HD
through an orifice of known size from a calibrated volume of known
absolute pressure (measured with a capacitance manometer and spin-
ning rotor gauge) into the mass spectroscopy vessel. To determine the
amount of D desorbed during the measurement, masses 3 amu/q and 4
amu/q, corresponding to HD and D, molecules, respectively, were
summed up. The amount of D desorbed in other species like D,O was
negligible. The sample temperature during the TDS measurement was
monitored directly using a shielded thermocouple in direct contact with
the sample. For more details on the TDS measurement, please see
Ref. [21].

3. Results & discussion
3.1. Characteristics of the as-consolidated samples

The as-synthesised samples were first characterised in terms of phase
composition and microstructure. We examined three types of samples:
1) tungsten without secondary phases, 2) W-W5C composite and 3) WC
with free carbon remains. The as-consolidated samples were first char-
acterised in terms of phase composition and microstructure.

The XRD analysis spectra are shown for all samples in Fig. 1a. From
the XRD analysis of the FAST consolidated sample W, prepared from W
with the addition of 3.7 at.% of carbon in the form of WC nanoparticles,

a)

Intensity (a.u.)

L

20 0 40 5 60
2theta (°)
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only tungsten was detected (see Table 1 and Fig. 1a). Differently, the
sample W-W,C, prepared with larger addition of carbon (7.2 at.%) in the
form of WC, is composed of W reinforced by 4 wt% W,C. The third
examined sample, WC—C, prepared from WC nanopowder with the
addition of 2 at% of graphene (to prevent the formation of W5C)
[22-24], revealed the presence of free carbon in the WC matrix. The
unreacted carbon remained in the form of aggregated graphene flakes,
which can be seen in Fig. 1d (graphene flake is marked with an arrow).

The microstructure of the polished surface of W (Fig. 1b) shows pores
(visible at the W grain boundaries as black features and marked with
ellipses) in W-matrix. The W-W,C composite and WC—C both exhibit
denser bodies. From the XRD structural data (Fig. 1a) and SEM paired
with EBSD analysis, we can assume that the W5C phase in W-based
samples inhibits W grain growth during powder consolidation. Namely,
the average tungsten grain size in the W sample was determined to be
10.8 pm, while the average W grain size in the W-W,C sample was 7.5
pm?. The role of W,C as a W grain growth inhibitor was described in
detail in a paper by Novak et al. [18]. In the case of WC—C, the grain size
remains below one micron (average WC grain size was determined to be
0.6 pm) as in the starting powder. The latter can be attributed to FAST’s
rapid consolidation, which enables the densification of materials at no or
with a minimum grain growth [26,27].

3.2. Deuterium retention

The measured depth profiles and desorption spectra for deuterium
are shown in Fig. 2. The D depth profiles measured after both fluence
exposures at 370 K and the high fluence exposure at 523 K are plotted in
Fig. 3a-c with blue, black and red, respectively. The D desorption spectra
were measured only for the high fluence samples exposed at 370 K and
450 K.

In Fig. 2a, we can see that the D depth profile for W is relatively
homogeneous throughout the entire probing depth with a concentration
equal to 0.05 at.% and 0.04 at.% for an exposure temperature of 370 K
and 523 K, respectively, for the high fluence of 1.3 x 10%° D/m>. A small
but measurable difference in D concentration arises because, at higher

Fig. 1. a) XRD diffraction patterns of investigated samples and SEM-BSE micrographs of polished surfaces of as-consolidated pieces. b) W, ¢) W-W,C, and d) WC-C

(the arrow indicates unreacted carbon).
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Fig. 2. Deuterium depth profiles and desorption spectra: a)-c) D depth profiles for all three samples for an exposure temperature of 370 K for two different fluences
(dashed blue and black) and for an exposure temperature of 523 K (red); (d) the D desorption spectra for all three samples exposed at 370°K (circles) and 523°K

(solid line).
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Fig. 3. Total D retention measured in the samples after exposure to a fluence of
1.3 x 10%° D/m? at 370 K and 523 K. The D retention is shown for NRA and TDS
measurements as black circles and red stars, respectively. D retention is also
shown for W produced by Plansee, where the material was before plasma
exposure in one case heated to 1700 K (W stress) and in the other case heated to
2000 K (W recryst.) [10].

exposure temperatures, D de-trapping from lattice defects is more
probable compared to lower exposure temperatures. A significant peak
in the D depth profile is measured directly at the surface with a depth of
0.1 um and a D concentration of approximately 0.3 at.% in both cases.
Such a rise is often observed in D depth profile measurements and is

usually attributed to D surface adsorption [28-30]. The D depth profile
for the low fluence (1.3 x 10%* D/mz) sample at 370 K shows a smaller
penetration depth than the high fluence depth profile at the same tem-
perature. This is due to the time dependence of the transport of deute-
rium atoms into depth. With D transport, we mean the combination of
trapping and de-trapping in defects and diffusion, since when defects are
present in a sample, the diffusion does not occur only through interstitial
sites but also over substitutional sites where defects are present. How-
ever, the D concentration down to 4 um depth is similar for both
exposure fluences.

The D depth profiles of the W-W3C composite are shown in Fig. 2b.
The D depth profile measured after the 370 K exposure extends to only
approximately 4 um but has a much higher D concentration of roughly
0.5 at.% compared to a ten times lower concentration measured on the
W sample. The higher D concentration indicates the presence of more
lattice defects capable of retaining D compared to the W sample. The
penetration depth for the two fluences at 370 K does not differ much. We
see only a slight increase in D concentration with a longer exposure time.
From the shallower depth of D penetration compared to W and slight
increase with longer exposure time, i.e. fluence, we can infer that not all
of the lattice defects in the probing depth could be saturated with D with
the chosen D fluence. At an exposure temperature of 523 K, the D depth
profile is more homogeneous and goes deeper but with a slightly lower
average D concentration of 0.4 at.% compared to the 370 K case. Higher
exposure temperature promotes D de-trapping and diffusion, thus
making D transport faster with lower D concentration. The D concen-
tration of 0.4 at.% is again ten times higher than the average D con-
centration measured in W.
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The D depth profiles measured in WC—C for exposure fluences and
temperatures show similar behaviour to the D depth profiles measured
in the W-W,C composite. At 370 K, the D has penetrated only to a depth
of about 2.2 ym with a steeped D depth profile for the two exposure
fluences with a slight increase in D concentration with a longer exposure
time. The maximum concentration near the surface is 0.15 at.% which is
higher than in the case of the W sample but lower than in the W-W,C. At
523 K, the D depth profile is homogeneous down to analysing the depth
of 5 ym with a concentration of 0.1 at.%, which is approximately two
times higher than the D concentration measured in W and four times
lower than in the case of W-W5C.

The D desorption spectra of the samples exposed at 370 K and 523 K
at a fluence of 1.3 x 10%° D/m? are shown in Fig. 2d. The D desorption
starts at around 400 K for the 370 K set of samples, which is consistent
with the exposure temperature. The D desorption has a significant peak
at about 500 K in all three samples. In the case of W-W,C, a second
desorption peak is formed at 650 K, while the other two samples do not
show this characteristic. Still, a long D desorption tail and shoulder are
found in all three samples centred around 700 K, which extends D
desorption up to a temperature of 850 K. The overall D desorption is the
highest in W-W,C, consistent with NRA’s highest D concentration levels.
The overall D desorption is similar in W and WC—C samples, even
though a higher D concentration was measured in WC—C. The presented
result implies that the D has penetrated beyond the NRA analysing depth
in W. For the 523 K exposure temperature, the D desorption also starts
close to the exposure temperature except for the WC—C sample, where
desorption begins at about 450 K. In all cases, the main desorption signal
shifts to the higher temperature of about 750 K for the W sample and
700 K for the W-W5C and WC—C samples. The transition to higher
temperatures could be due to deeper penetration depths for the W-W,C
and WC—C samples. In the W sample, D depth profiles were similar for
both exposure temperatures, but the D desorption spectra were
different. A high-temperature peak for the 523 K exposure is observed,
which looked more like a tail in the 370 K case, and the low-temperature
peak is diminished.

Finally, the cumulative D retention obtained by NRA and TDS in all
three samples is shown for both D exposure temperatures in Fig. 4. The
NRA D retention was calculated by summing up the area under the D
depth profiles shown in Figs. 2a)-c). The TDS was obtained by summing
the area under the desorption signal divided by the sample’s surface
area. We can observe that the agreement between NRA and TDS re-
tentions is good. For W-W,C and WC—C, the TDS retention is above the
NRA retention meaning that D penetrated deeper into the material, as
was the analysing depth of the NRA.

D retention is expected to fall with rising D exposure temperature
because the probability of D de-trapping from the lattice defects in

1.3x10% D/m?

10 pm

1.3%10% D/m?

10 pm

Journal of Nuclear Materials 581 (2023) 154455

which it is captured rises with D exposure temperature. Such behaviour
is observed in W, where NRA D retention is (18.9 + 0.7) 10'° D/m? and
(14.1 + 0.5) 10 D/m? fora D exposure temperature of 370 K and 523
K, respectively. In the other two samples, this generally valid behaviour
is not observed. In the case of W-W5C, NRA D retention is (78.7 + 2.9)
10'° D/m?and (148.4 £1.5) 10'° D/m?fora D exposure temperature of
370 K and 523 K, respectively. In the case of WC—C, NRA D retentions
are (21.3 £ 0.8) 10'° D/m? and (47.2 + 1.1) 10'° D/m? for a D exposure
temperature of 370 K and 523 K, respectively. For comparison, we also
show D retention in W material produced by Plansee, purity 99.97%,
where in one case, W material was before plasma exposure heated to
1700 K, the so-called stress-relieved material, marked as “W stress” and
in the other case, W was heated to 2000 K which results in recrystalli-
sation of W material, marked “W recryst” [10]. The D exposure was
performed in the same plasma device at the same bias voltage and 370 K,
with a D ion fluence of 6 x 10%* D/m?2 We compare our materials to
Plansee W since this is the most often used material in the community
and we take it here as a reference. The D retention in the W-W»C samples
is similar to the W Plansee, only stress-relieved, whereas the D retention
in the other two samples is still high but closer to the W recrystallised.
The higher D retentions measured at 523 K compared to the ones
measured at 370 K can be explained by the fact that D had penetrated
deeper into the samples when the exposure was done at a higher
exposure temperature. We expect that if a larger D fluence were used
during the D exposure, which would be sufficient to populate all defects
up to our maximum NRA analysing depth of 7 um, overall D retentions in
all samples would fall with rising exposure temperature. This observa-
tion is important when extrapolating our D retention experimental re-
sults to possible future use of the investigated materials in tokamak
reactors like EU DEMO.

After the D exposure and NRA analysis, samples were analysed by
SEM to check if the D plasma exposure affected the surfaces’ structure.
The microstructural analysis after D exposure revealed the formation of
blisters and pillars in samples W and W-W>C but not in sample WC—C.
The difference in the occurrence of blisters and pillars (marked with
circles in Fig. 4) between samples W and W-WC is not evident at fluence
1.3 x 10%* D/m? but the contrast becomes apparent at the higher flu-
ence. Namely, in the sample W-W,C, approximately 15-20-times more
blisters and pillars were formed than in W. Blisters are approx. 0.5—2
um in diameter and 100—200 nm in height on both samples. A pro-
nounced W grain orientation dependence can be observed after irradi-
ation in the form of a spongy-like surface structure at certain grains, as
previously reported by Xu et al. [31]. However, we cannot conclude that
surface damage caused by the sample preparation influenced the for-
mation of blisters since they formed in both damaged an un-damaged
grain. The intrusion of hydrogen isotopes under high flux introduces

W-w,C

| p—

¢
10 pm S 1opm

Fig. 4. The microstructural comparison between W, W-W,C and WC—C samples, 1.3 x 10?* D/m? and 1.3 x 10%® D/m?2. The scale bar is 10 pm, and it is the same for

all six figures.
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crystal defects such as vacancies in the near-surface region [32]. Pillar
formations after D irradiation have been previously described by Shu
et al. [33]. They observed two types of blisters; high-dome blisters
approximately 1 pm in diameter and larger ones which appeared flat-
tered and were predominantly caused by voids and holes along the grain
boundary beneath, but no hollow cover formed. In the case of our
samples, the blisters never exceeded 2 pym in diameter and always
retained a flat-dome shape. The cavity formation was also not specific to
the microstructure features, such as grain boundary. Although more
blisters and pillars were formed in the W-W5C, we did not observe their
formation of them on the W,C grains. No irradiation defects were
observed on the WC—C sample (Fig. 4c and f) apart from initial porosity
due to graphene flake segregation at any temperature of fluence. Our
experimental observations can be correlated with a recent paper by
Salehin et al. [34] in which they were studying hydrogen trapping in
transition metal oxides. They have found that the lower the carbon
concentration, the more hydrogen the transition metal can store. Also,
they have shown that VIB group of metal carbides (amongst which, both
WC and W,C are) are either weak, or do not trap hydrogen at al. So, if we
correlate the formation of blisters and pillars with the phase composition
and its capability to store hydrogen, then we can presume that tungsten
carbides will be less likely to form blisters and pillars than pure tungsten.

A cross-section by focused ion beam (FIB) cut offers insight into
blister morphology. Blisters on the W sample formed close to the surface,
as shown in Fig. 5. The surface morphology of the blisters on samples W
and W-W5C are undistinguishable, but defects that result in blisters
generally originate deeper within the W-W,C sample, as represented in
Fig. 5d. The height-to-diameter ratio of the cavities also varies consid-
erably, from approximately 0.2 for W and 0.7 for W-W,C samples,
respectively. In the case of W, an elliptic-shaped cavity forms as a crack
under the dome.

As mentioned above, plasma-induced surface modification was pre-
viously reported in rolled W and recrystallised W [31]. Here we show
this is also the case in W and W-W,C produced by FAST, although the
materials’ microstructure is quite different. From the total D retention
study (Fig. 3), we can see that the higher concentration of defects is
present in W-W-C, followed by W stress (rolled W stress relieved at 1700
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K), W (FAST) and W recryst. (rolled W-recrystallized). By introducing
W,C in W-matrix (Fig. 1), matrix grain-refinement was observed, caused
by the formation of the W»C phase but simultaneously, the amount of D
trapping sites at microstructural features and defects increases [25].
Even if the grain size is further reduced and the material changes its
nature from metal (W) through metal-based material (W-WyC) to
ceramic WC (WC—C), the overall amount of defects that can trap D is
still high. Lasa et al. did molecular dynamics (MD) simulations on
deuterium bombardment of W, WC and W5C [35]. Their simulations
showed that in WC and W»C the trapped D is forming Dy molecules,
while in W D is mostly present in atomic form. They also suggest that the
higher the C content (e.g. in WC) the formation of D, is promoted, while
when there is lower C content present in the system (e.g. W5C) carbon
acts as a trapping centre for larger Do molecules. Later results in a
relatively high D retention, which is in W-W,C four times higher
compared to W recrystallised.

Conclusions

Here the FAST consolidated W, W-W,C composites and WC samples
were examined in terms of D retention at D fluence of 1.3 x 10%* D/m?
and 1.3 x 10% D/m? at 370 K and 523 K. The results have shown that
the lowest D retention was in sample W, where it retained (18.9 + 0.7)
10'° D/m? and (14.1 + 0.5) 10'° D/m? of D for a D exposure temper-
ature of 370 K and 523 K, respectively. The second highest D retention
was observed in the sample WC—C with D retention of (21.3 & 0.8) 101°
D/m? and (47.2 + 1.1) 10'° D/m? for a D exposure temperature of 370 K
and 523 K. The highest D retention was displayed by the sample W-W,C,
in which W was reinforced by 4 wt% of W»C, and it was (78.7 + 2.9)
10" D/m?and (148.4 +1.5) 10'° D/m? foraD exposure temperature of
370 K and 523 K, respectively. The microstructural examination
revealed the formation of blisters and pillars in samples W and W-W5C
but not in sample WC—C. At the higher D fluence, approximately 15-20-
times more blisters and pillars were formed in the sample W-W,C than in
sample W. Although there were more blisters and pillars formed in the
W-W,C composite than in pure W, there is no clear evidence that the
tungsten carbides are trapping sites for hydrogen isotopes, mainly since

Fig. 5. Top-side (a and c) and cross-section (b and d) view of blisters and cavities on W (a and b) and W-W,C (c and d) samples at fluence 1.3 x 10%° D/m>
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no surface irregularities were observed in WC—C sample. The latter
indicates that in the tungsten-tungsten carbide system, the microstruc-
tural and crystal lattice defects presumably govern the D retention.
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