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ABSTRACT

In this work, pure W and W-0.5wt%HfC alloy (WHC05) were fabricated by sintering and hot-rolling
following the same processing route. After exposing to a high flux deuterium plasma irradiation with
the D* flux to three fluences of 6.00 x 10?4, 2.70 x 10% and 7.02 x 10%> D/m?, the evolution of surface
morphology, deuterium retention and hardening behaviors in pure W and WHCO5 has been studied. The
SEM results show the formation of D blisters on the irradiated area, and with the increase of D im-
plantation, the size of these blisters increases from 200 ~ 500 nm (2.70 x 10%° D/m?) to 1 ~ 2 pm
(7.02 x 10%° D/m?) in WHCO5 and from 1 ~ 2 pm (2.70 x 10?°> D/m?) to > 3 um (7.02 x 10%> D/m?) in pure
W, respectively. A higher D retention and obvious hardening are observed in pure W than that of the
WHCO5 alloy, indicating an improve radiation resistance in WHC05 compared to pure W.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Controlled thermonuclear fusion energy is currently recognized
as one of the important ways to finally solve energy and environ-
mental problems. Magnetically confined tokamak is a most likely
method achieving the controlled thermonuclear fusion. The
extremely harsh service environment in the magnetic confinement
fusion reactor places extremely high demands on advanced mate-
rials. Especially for plasma facing materials (PFMs), it not only has to
withstand high-fluence 14 MeV fusion neutron radiation, but also
suffers from hydrogen isotope and helium plasma bombardment
with a flux of 10?2 - 10> m2s~! and an energy of < 500 eV [1,2].
Strong hydrogen plasma will interact with the reactor PFMs and stay
in it, causing hydrogen embrittlement, blistering, and swelling,
leading to the failure of PFMs. In particular, tritium is expensive and
radioactive, and its retention in PFMs would cause fuel loss [3].
Therefore, how to increase the resistance to hydrogen irradiation and
reduce the retention of hydrogen isotope are key issues that need to
be solved urgently for PFMs in future fusion reactors.
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Tungsten (W) and its alloys have many excellent properties such
as high melting point, high thermal conductivity, low tritium
retention, low sputtering yield, and high self-sputtering threshold
[4—6]. They have been regarded as the most promising PFMs to be
used in tokamak fusion reactors [7]. However, it has been indicated
that the low tritium retention characteristic of W are gradually lost
after intense irradiation. For example, after irradiation by heavy ion,
the hydrogen retention in the irradiated W samples are signifi-
cantly increased by 2—3 orders of magnitude [8,9]. Actually, the
irradiation environment in fusion device is more rigorous, and it
can be predicted that the retention of hydrogen isotopes will in-
crease significantly within the operation, which seriously threatens
the safe and stable operation of fusion reactors [10]. Therefore, it is
important to improve the radiation resistance of W materials, and
thus to reduce the retention of hydrogen isotopes.

It has been indicated that the radiation resistance and hydrogen
retention behavior of W materials are closely related to their mi-
crostructures [11—13]. The introduction of nanosize second phase
particles to W matrix can improve radiation resistance and reduce
the hydrogen retention. For instance, fine-grained W-(0-1.5)%TiC
has better resistance to high-energy neutron irradiation and to
high-flux hydrogen plasma bombardment than that of pure W [11].
Compared with pure W materials, W-3.3wt%TaC alloy exhibits a
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relatively lower hydrogen retention after hydrogen plasma bom-
bardments [12]. These improved performances are indicated from
the refined micro-structures including fine grains and the high-
density of nanophase interface boundaries, which could effec-
tively absorb and disperse irradiation defects, thus reduce the
retention of hydrogen by coarse irradiation defects, and inhibit the
generation of hydrogen to form voids and bubbles [13].

In our recent work, it has been indicated that a small amount of
nano HfC addition to the W matrix not only improve the low
temperature ductility of the WHCO5 alloy, but also increase its high
temperature creep strength [14]. For W materials exposed to low-
energy, high flux hydrogen plasmas, local plastic deformation
caused by hydrogen super-saturation within the near-surface layer
is suggested as a mechanism for formation of intergranular and
intragranular cracks [15—18]. Thus, it is possible to suppose that the
optimization of microstructure and mechanical properties in our
WHCO5 can improve the irradiation resistance and reduce the
hydrogen retention. In this work, we bombard the pure W and
WHCO5 to high flux deuterium plasma irradiation to perform a
comparative study on the evolution of surface morphology and D
retention in these two W materials. Systematic investigations
including SEM characterization, thermal desorption spectroscopy
(TDS) analysis and nano-indenter tests were conducted.

2. Experimental detail
2.1. Materials preparation

The bulk materials of pure W and W-0.5%wt HfC alloys (desig-
nated as WHCO05) were fabricated through an identical route of
powder metallurgy including sintering and rolling processes which
was detailed in our previous work [14]. In this work, the samples
were annealed at 1273 K for 1 h in a high vacuum chamber with a
vacuum condition of 1 x 107> Pa for stress relief as the standard
step before storing or grinding and polishing. Specimens with the
size of 10 x 10 x 1.5 mm? were cut from the stress-relieved WHC05
plate. Then these specimens were mechanically polished, cleaned
and electrochemically polished in an aqueous 1.5% NaOH solution
at a constant voltage of 11 V to obtain a stress-free surface.

2.2. D plasma irradiation

D plasma exposure experiments were carried out in a linear
plasma device of Simulator for Tokamak Edge Plasma (STEP) at
Beihang University. Based on the previous results of deuterium
irradiation on tungsten materials, in terms of the bubble formation
thresholds (ion incident energy and irradiation fluence) [19], we set
the irradiation conditions with a constant D* flux of 5.0 x 10?! D/
m?s by applying Bohm criterion, an incident energy of ~ 90 eV by
negatively biasing the sample, and three fluences of 6.00 x 10%4 D/
m?, 2.70 x 10%°> D/m? and 7.02 x 10> D/m? as listed in Table 1.
During the deuterium plasma exposure, the surface temperature of
the target sample was monitored by a thermocouple press at the
rear of the samples, staying around 453 ~ 503 K. The specimens of
pure W and WHCO5 were exposure to the same deuterium irradi-
ation conditions.

Table 1
List of conditions for ion irradiation. Noting that the temperature variance of +50 K
came from a short time (tens to hundreds of seconds) fluctuation of D" flux.

Flux (D*/m?s) Time (s) Fluence (D*/m?) Bias(eV) Temperature (K)
5.00E+21 1200 6.00E+24 90 453 + 50

5400 2.70E+25 90

14400 7.02E+25 90
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2.3. Microstructural analysis, TDS and nanoindentation tests

The surface modification was investigated using a field emission
scanning electron microscopy (FESEM, SU8020 Hitachi, Japan).
Deuterium (D;) release characteristics were measured by thermal
desorption spectroscopy (TDS) with a quadruple mass spectrom-
eter (QMS). Specimens were linearly heated up to 1273 K at a
constant heating rate of 0.5 K/s. Nanoindentation (Nano Indenter
G200, Agilent, USA) tests were conducted at room temperature to
investigate the irradiation hardening induced by deuterium irra-
diation. The nanoindentation test was carried out using a contin-
uous stiffness mode through a depth-controlled testing method
with a maximum testing depth of 2000 nm after pre-calibration on
the standard silico. The indenter is a dedicated Berkovich diamond
indenter with a guaranteed radius of curvature of 20 nm, and
during tests the displacement resolution is set as 0.05 nm.

3. Results and discussion
3.1. Microstructural analysis

Fig. 1 shows a contrast of the D plasma bombardment area with
unirradiated peninsula on the surface of pure W and WHCO05
specimens after D plasma exposure to a fluence of 6.00 x 10?4 D/
m?. There is a clear boundary between the irradiated and unirra-
diated areas, and the former is covered by vast blisters. The blisters
on the irradiated area of pure W are larger in the size but fewer in
the number density compared to the case of WHCO5. This result
forebodes the large amount of hydrogen isotope retained in pure W,
and the easy merge of small blisters to form large ones.

Fig. 2 presents the surface morphology after D plasma exposure
with fluences of 2.70 x 10?°> D/m? and 7.02 x 10%° D/m?. When the
irradiated fluence is 2.70 x 10%° D/m?, the irradiated surface of the
WHCO5 is mainly composed of 200 ~ 500 nm blisters, while the
rolled pure W is covered by 1 ~ 2 pm coarse blisters, as shown in
Fig. 2a and b, respectively. Further increasing the irradiation fluence
to 7.02 x 10%> D/m?, the size of blisters on the WHCO5 increased to
1 ~ 2 um (Fig. 2c), whereas most blisters on the pure W further
increased to 2 ~ 3 pm in size as shown in Fig. 2d. From the
morphology result, it could be concluded that the size of the blis-
ters increases with the increases of D fluences, and the mergers and
acquisitions of small blisters could generate large ones. Compared
to the pure W, WHCO5 exhibits higher resistance to the coarsening
of blisters. As a result, the irradiated area of pure W has large and
few blisters, while the WHCO5 has smaller but dense blisters. It has
been indicated that the WHCO5 has fine sub-grains (~1 pm) and
well dispersed nano-scale HfC particles (average size ~ 51 nm) [18].
These refined sub-grains and nano HfC particles offer abundant
boundaries to absorb and disperse these implanted D™ ions, and
thus reduce the D generation. A similar result of high-dense and
fine-sized D blisters has been reported in the W—Y>03 composite
which also has refined grains and abundant Y,03/W phase
boundaries [20].

3.2. TDS test

After SEM characterization, the hydrogen retention in the
specimen is then measured by thermal desorption spectroscopy
(TDS), and the results are presented in Fig. 3. After the D irradiation
to a relatively high fluence of 7.02 x 10?°> D/m?, the D retention in
pure W is much higher than that of WHCO05. The temperature
dependent D desorption peaks appear roughly the same positions
for pure W and WHCO5 specimens. From the previous work [21],
we know that the ultra-fine sub-grains and uniformly dispersed
nano particles provide sufficient boundaries, which works as fast
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Fig. 2. SEM images showing the surface of pure W and WHCO5 specimens after D plasma irradiation to various fluences of 2.70 x 10?°> D/m?: (a) WHCO05, (b) pure W, and 7.02 x 10%

D/m?: (c) WHCO05, (d) pure W.
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Fig. 3. TDS spectrums of pure W and WHCO5 specimens after D irradiation to a fluence
of 7.02 x 10%° Djm>
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channels for hydrogen isotope diffusion. During the 453 ~ 503 K D
plasma irradiation, most D ions may release from the WHC05
through these fast channels, resulting in a lower amount of D
retention in the material. The result indicates that the optimization
of microstructure through addition of nano HfC is beneficial to
improve the resistance to D radiation.

Intuitively, the TDS profiles display a weak peak and a relatively
strong peak in the pure W specimen, located at about 560 K, and
830 K, respectively, as shown in Fig. 3. In addition, some sudden
spikes were observed in a wide temperature range of 500 ~ 700 K in
the pure W specimens. These spikes come from the sudden release
of deuterium gas from the bursting of some coarse bubbles during
the heating process [22,23]. It’s known that the desorption peak at ~
560 K is related to D trapping at intrinsic defects which include
dislocations, grain boundaries and/or mono-vacancies and D-
plasma-induced point defects [24,25]. And the peak at ~ 830 K was
considered from the chemisorption of deuterium gas in large voids
[26]. The relatively strong D desorption peak at ~ 830 K, together
with the obvious spikes, suggests that deuterium exists mainly in
molecular form and stays at coarse bubbles and voids in pure W
[22,27,28].

The WHCO5 has similar high temperature desorption peaks to
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Fig. 4. TDS spectrum of WHCO05 specimens after D irradiation to various fluences.

the pure W after D irradiation to a fluence of 7.02 x 10?> D/m? as
shown in Fig. 3. To further indicate the retention of D in WHC05
with the increase of D" ion implantation, three TDS profiles of the
irradiated WHCO5 after exposure to 6.00 x 10?4 D/m?, 2.70 x 10%
D/m? and 7.02 x 10%° D/m? D™ irradiation are presented in Fig. 4. In
the case of 6.00 x 10** D/m? fluence, the desorption profiles of
WHCO5 show a weak and broad peak which contians two main
humping signals at about 580 K and 700 K, as shown in Fig. 4. The
peak at ~ 580 K was suggested to be related to D trapping at
intrinsic defects [24,25]. The peak at ~ 700 K was considered to be
the D trapped at plasma-induced blisters [29]. With increasing the
D fluence up to 2.70 x 10%> D/m?, the dominant desorption peak
appears at ~ 800 K, which indicate the formation of large aerated
voids in the matrix of WHCO5 specimen [26].

3.3. Nanoindentation hardness test

Fig. 5a and b shows the nanoindentation hardness as a function
of the indentation depth for unirradiated and irradiated specimens.
The data in the depth less than 10 nm was sifted out due to the
uncertainty from indenter tip complexity. Compared to the unir-
radiated specimens, the irradiated ones show an evident hard-
ening. This hardening behavior is observed for both the pure W and
WHCO5 specimens. For the pure W, the hardening can be observed
from the surface up to a depth of 2000 nm, indicating that the
irradiation defects such as dislocation loops and atom clusters may
be distributed throughout the depth of ~ 2000 nm. It has been
indicated that the implanted D in tungsten materials is mainly
retained near the surface layer, and the D concentration decreases
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with the increase of depth [30]. A result of radio frequency-glow
discharge optical emission spectroscopy analysis presented that
the implanted D was detected under the sample surface in a depth
range of 0.1 ~ 0.46 um [22], confirming the possible existence of
irradiation defects along the depth range of hundreds of nanome-
ters or even microns. However, the WHCO5 has no obvious radia-
tion strengthening below the depth of 1500 nm as shown in Fig. 5b,
as compared to the pure W. This may come from the effective
dispersion of irradiation defects in WHCO5, thus reducing their
penetration along the depth.

The deviation of hardening becomes unconspicuous with the
increase of the D fluence from 6.00 x 10%* to 7.02 x 10%> D/m? in
pure W. For instance, the hardness of the unirradiated pure W is ~
6.5 GPa. After D irradiation to various fluences, almost the same
hardness value of ~ 7.9 GPa is observed in irradiated pure W
specimens, resulting in ~ 1.4 GPa hardening value and a corre-
sponding hardening rate of 21.5%. In this work, the average hard-
ness data was calculated basing on the data in depth from 200 to
1000 nm. In the case of WHCO5, the hardness of unirradiated
specimen is ~ 7.1 GPa, and increases to ~ 7.7 GPa after D irradiation
to a fluence of 2.70 x 10> D/m?, and then to ~ 8.5 GPa after D
irradiation to a fluence of 7.02 x 10% D/m?. That's to say, the
hardening rate is less than 9% if the D irradiation fluence is below
2.70 x 10% D/m?, and reaches up to 19.7% when D irradiation
fluence increases to 7.02 x 102> D/m?. The difference in irradiation
hardening with the increasing D irradiation fluence between pure
W and WHCO5 specimens will investigated systematically through
FIB-SEM and TEM analysis, to uncover the factors such as interstitial
defects, the type and density of dislocations, which affect the
irradiation hardening.

4. Conclusion

In this work, surface blistering and D retention behaviors in pure
W and WHCO5 exposed to high fluence D plasma irradiation have
been investigated. It is found that the irradiated surface areas are
covered by vast blisters after D plasma exposure with a fluence
above 6.00 x 10?4 D/m? for both the pure W and WHCO5. The
irradiated area of pure W has large and few blisters, while the
WHCO5 has smaller but dense blisters. The temperature dependent
D desorption peaks appear roughly the same positions for pure W
and WHCO5 specimens: two main desorption peaks of ~ 560 K and
~ 800 K, corresponding to D release from the intrinsic defects and
plasma-induced voids, respectively. While the D retention in pure
W is much higher than that of the WHCO05. The D irradiation in-
duces an evident hardening in pure W and WHCO05. However, due
to the effective dispersion of irradiation defects in WHCO05, no
obvious hardening has been observed in WHC05 beneath the depth
of 1500 nm from its surface. After D irradiation to various fluences,

(a)l 4t * unirradiated (b)l 4t * unirradiated
. 6.00x10" D/m* . © 6.00x10" D/’
E 121 + 270¢10% D/m? g 127 + 2.70x10% D/’
g 10 -i + 7.02%10% D/m? E’IO - + 7.02%10" D/m’®
= 8 g 8t
g £
=
= 6 E 6 ;
= 4f 41
pure W \ WHCO05
2 1 1 1 1 1 2 1 1 1 1 1
0 500 1000 1500 2000 0 500 1000 1500 2000

Indentation depth, h(nm)

Indentation depth, h(nm)

Fig. 5. Indentation depth dependence of nanoindentation hardness of pure W and WHCO5.
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a hardness value of ~ 7.9 GPa is observed in irradiated pure W
specimens, corresponding to a hardening rate of 21.5%. In the case
of WHCO5, there is a distinct hardening behavior responding to the
increase of D fluence: the hardness of unirradiated specimen is ~
7.1 GPa, while increases to ~ 7.7 GPa after D irradiation to a fluence
of 2.70 x 10%> D/m?, and then to ~ 8.5 GPa after D irradiation to a
fluence of 7.02 x 10%> D/m?, corresponding to hardening rates of 9%
and 19.7%, respectively.
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