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Blister formation on tungsten damaged by high energy
particle irradiation
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Abstract

In order to investigate the effect of radiation damage on hydrogen behavior in tungsten, tungsten samples with radiation damage of up
to 3.5 dpa were irradiated by a mixed hydrogen–carbon ion beam. The radiation damage was produced with 700 keV negative hydrogen
ion beam irradiation. The number density of blisters produced by the mixed ion beam irradiation decreased with increasing radiation
damage. This was especially observed for blisters with diameters of 20 lm or less. This result showed that radiation damage produced
by high-energy particle irradiation suppresses blister formation on tungsten surfaces.
� 2008 Elsevier B.V. All rights reserved.

PACS: 28.52.Fa; 52.40.Hf; 61.80.Jh
1. Introduction

Tungsten is one of the candidate materials for plasma
facing components (PFCs) of future fusion devices because
of its high melting temperature, low sputtering yield, and
low solubility for hydrogen. Studies of hydrogen isotope
ion irradiation of tungsten have been performed with ion
beam devices and plasma simulators [1–3]. These studies
showed blistering occurring on the tungsten surface due
to trapping of irradiated hydrogen isotopes at grain bound-
aries. In the case of adding carbon ions of more than 0.3%
to a hydrogen ion beam, blister formation on the tungsten
surface was enhanced [4]. These studies were performed for
tungsten with no prior radiation damage.

In D–T fusion reactors, fast neutrons generated by D–T
nuclear reactions will bombard plasma facing materials
(PFMs) and produce radiation damage. Therefore, the
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effects of radiation damage in tungsten on hydrogen iso-
tope behavior and embrittlement need to be studied. In
order to simulate the effects of fast neutron damage, radia-
tion damage produced by high-energy ions has been used in
some previous studies [5–8]. In these studies deuterium
retention and distribution in some materials (nickel, vana-
dium, copper, and tungsten) damaged by high-energy ion
beam were investigated by exposing to pure deuterium
plasma. These studies showed that post-irradiated deute-
rium was trapped at radiation damage produced by high-
energy ion beam pre-irradiation. Oliver et al. also reported
that radiation induced defects in tungsten produced by
800 MeV proton irradiation were removed by annealing
at 1273 K for 6 h [8]. However, blister formation and
embrittlement of tungsten damaged by high-energy particle
irradiation are still not fully understood.

In this study, effect of radiation damage on blistering
was investigated. Radiation damage was produced by a
high-energy negative hydrogen ion beam. In order to form
blister even at low fluences, a high flux mixed hydrogen and
carbon ion beam was used in this study. From the previous
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study, blistering was promoted by the mixed hydrogen and
carbon ion beam irradiation while this was not observed by
a hydrogen ion beam irradiation. This is due to reduction
of hydrogen recombination rate on the WC surface formed
by mixed hydrogen and carbon ion beam irradiation and
decrease of hydrogen desorption. Details were discussed
elsewhere [4].
2. Recovery of radiation damage of tungsten

The recovery of tungsten defects induced by neutron
irradiation (En > 1 MeV) at reactor ambient temperature
(about 373 K) have been studied via isochronal annealing
resistivity recovery and field ion microscopy (FIM) [9–
14]. These studies showed that there are three principal
recovery stages above 343 K. The Stage III recovery, the
intermediate one, and the Stage IV recovery occurred at
�0.15Tm, �0.22Tm, and �0.31Tm, respectively, where Tm

is the melting temperature of tungsten in K. For the Stage
III recovery region Attardo et al. concluded that the self-
interstitials produced by neutron irradiation migrate and
recombine with vacancies [11]. The intermediate recovery
region occurring at �0.22Tm is considered to be due to
divacancies, impurities, impurity defect complexes, or
interstitials which escaped from shallow impurity traps
[12]. The Stage IV recovery is attributed to migration of
the excess vacancies [13,14]. FIM studies by Jeannotte
et al. indicated that irradiation-produced vacancies are
the effective sinks in the vacancy annihilation process [14].
Fig. 1. Depth profile of radiation damage (vacancy production per one
lattice atom) calculated by TRIM-88 [19] for a negative hydrogen ion
beam of 700 keV energy and of �1.6 � 1022 H�/m2 fluence.
3. Experimental

In this study, polycrystalline tungsten samples with a
purity of 99.99 at.% obtained from Allied Material Corpo-
ration were used. These samples were hot-rolled and
annealed at 1173 K for 0.5 h in a hydrogen atmosphere
to relieve internal stresses. The samples were cut into pieces
with dimension of 20, 10, and 1 mm thickness. These sur-
faces were mechanically mirror-polished to a surface
roughness of less than 0.1 lm.

Radiation damage in the tungsten samples was pro-
duced by a high-energy negative hydrogen ion beam in
the MeV Test Facility at the Japan Atomic Energy Agency.
Details of this facility were reported elsewhere [15]. Tung-
sten samples were fixed on a sample holder made of copper.
Carbon sheets were inserted between the sample holder and
the tungsten samples in order to increase heat conduction
and to reduce temperature increases during high-energy
negative hydrogen ion beam irradiation. The cesium oven
in the ion source was heated to reduce the oxygen impurity
in the vacuum chamber. The beam energy and fluence were
700 keV and �1.6 � 1022 H�/m2, respectively. According
to studies of isochronal resistivity recovery by Keys et al.
the radiation damage in tungsten was recovered rapidly
above 473 K [10]. Therefore, in the present study the
high-energy negative hydrogen ion beam pre-irradiation
was performed repeatedly for 0.2–1.0 s every 60 s to limit
the highest surface temperature to below 473 K.

Following damage creation, the samples were post-irra-
diated with a high flux ion beam of mixed hydrogen and
carbon in the HiFIT device [16,17]. The hydrogen beam
energy, flux, fluence, and sample temperature were
1.0 keV, �2.2 � 1020 H+/m2 s, �7.5 � 1024 H+/m2, and
473 K, respectively. By using this device, hydrogen and car-
bon ions were simultaneously irradiated onto the sample
with no mass selection. The hydrogen ions were produced
by an electron cyclotron resonance (ECR) discharge. Car-
bon ions were added by placing carbon plates in the hydro-
gen ion source chamber. Carbon ion concentration in the
irradiation beam was �0.8%. Therefore, the effect of
implanted carbon ions on blister formation is the same
for all tungsten samples, since same fractions of carbon
ions were irradiated to all tungsten samples. The hydrogen
ion species in the beam were H3

+ (�65%), H2
+ (�10%),

and H+ (�25%). The respective energies per hydrogen
atom were 0.3, 0.5, and 1.0 keV when the ion acceleration
voltage was set to 1.0 kV. Since the carbon ions in the beam
were contained in CHx

+ and C2Hx
+ molecular ions, the

energy of the carbon atoms was roughly 0.5 and 1.0 keV.
The oxygen impurity in the beam was less than 0.05%.
Details of the mass spectrum of the mixed H+–C+ ion
beam were reported previously [17,18].

The tungsten samples were attached to a copper plate, in
which an alumel–chromel thermocouple was embedded to
measure the sample temperature. The ion beam irradiation
area was defined by a 5 mm diameter aperture just in front
of the samples. The samples were heated by an infrared
heater from the backside.

Surface morphologies of the post-irradiated samples
were observed by a scanning electron microscope (SEM).
The depth profile of atomic composition was measured
by X-ray photoelectron spectroscopy (XPS; AXIS 165,
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Kratos Co.) with the MgKa line (energy: 1253.6 eV). Prior
to performing XPS, the samples were exposed to air. Depth
profiles were obtained by 3 keV Ar beam etching. The
depth of the etched area was measured by a surface profi-
lometer (Dektak3, Veeco Co.). The cross section of the
blisters formed on the tungsten surface was observed by
focused ion beam (FIB) devises with 30 keV gallium ion
beam. With these devises, we fabricated the cross section
of the blisters and obtained secondary electron images
from the cross sections.

4. Results and discussion

The depth profile of the radiation damage calculated by
TRIM-88 [19] is shown in Fig. 1. The calculation was based
Fig. 2. SEM photograph of the tungsten samples with (a) 0 dpa, (b)
�0.3 dpa, and (c) �3.5 dpa damage after mixed H+–C+ ion beam
irradiation.
on the experimental parameters of the irradiating high-
energy negative hydrogen ion beam (i.e., 700 keV energy
and �1.6 � 1022 H�/m2 fluence). As shown in Fig. 1, the
radiation damage increases with depth until it reaches a
maximum around 3.3 lm. The maximum radiation damage
was about 3.5 dpa. In this paper, radiation damage for the
tungsten samples was defined as that at 3.3 lm in depth.

Three samples with radiation damage of 0, �0.3, and
�3.5 dpa were post-irradiated with a low-energy H+–C+

beam. The 0 dpa means no pre-irradiation by the
700 keV negative hydrogen ion beam. Fig. 2 shows a
SEM photograph of the samples post-irradiated with
low-energy hydrogen and carbon ions. The blister size dis-
tribution with radiation damage as a parameter is shown in
Fig. 3. Sum of the number density of blisters with diame-
ters 1–100 lm for the 0 dpa sample was about
3500 mm�2 and it decreased with increasing radiation dam-
age. In the cases of �0.3 and �3.5 dpa, sum of the number
densities of blisters with diameters 1–100 lm were about
370 and 100 mm�2, respectively. For the damaged samples,
the main decrease was observed for blisters with diameters
of 20 lm or less; the number of blisters with diameters of
20 lm or more was not significantly changed.

Fig. 4 shows carbon and oxygen depth profiles of the
atomic composition of the post-irradiated samples mea-
sured by XPS for (a) 0 dpa and (b) �3.5 dpa damage.
The binding energies associated with compounds of C, O,
and W are as follows; Graphite: 284.5 eV and WC:
283.2 eV; O2: 532.0 eV and WO3: 530.5 eV, and tungsten:
33.4 and 31.4 eV. Carbon atoms with graphitic bonds
and WC co-existed from the top surface to a depth of
�2 nm for both samples. At �2 nm depth, most of the car-
bon bonded with tungsten to form WC. The carbon atom
concentration in WC decreased with depth, reaching negli-
gible levels at about 10–15 nm. About 5–10 at.% oxygen
existed over the measurement ranges. The oxygen atoms
could have originated from the residual gases in the XPS
device [20]. From the XPS profiles, no significant differ-
Fig. 3. Blister size distribution with radiation damage as parameters.



Fig. 4. Depth profile of tungsten, carbon, and oxygen for (a) 0 dpa and (b)
�3.5 dpa samples after mixed H+–C+ ion beam irradiation.

Fig. 5. Photograph obtained by FIB of the tungsten sample with 0 dpa
after mixed H+–C+ ion beam irradiation. The broken line on the top
shows the surface of the sample.
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ences in atomic composition are seen for the tungsten sam-
ples. Therefore, the radiation damage in the tungsten did
not affect the distribution of the implanted carbon.

Fig. 5 shows a cross sectional view of a blister formed by
mixed H+–C+ beam irradiation in the 0 dpa sample, as
observed by FIB. Grains with different crystal orientation
are shown by different brightness. The area enclosed with
a broken line contains a blister gap at a depth of 1–2 lm
Fig. 6. Photograph obtained by FIB of a blister gap formed by irr
at grain boundaries. The diameter of this blister was
�5.5 lm; this location is deeper than the range of the
700 keV negative hydrogen ion beam (3.3 lm).

Depth profiles of deuterium in materials damaged with
high-energy hydrogen ion beam irradiation showed that
the incident deuterium is trapped at radiation-induced
defects such as vacancies and interstitials in a damaged
material [5]. In our study, it could be considered that the
post-irradiated hydrogen was also trapped at radiation-
induced defects produced by the 700 keV negative hydro-
gen ion beam pre-irradiation.

We estimated the depth of blister gaps in blisters whose
diameter was 20 lm or more, which did not change with
radiation damage. For D+ irradiation of Haasz et al.
showed that a large blister with a diameter of approxi-
mately 100 lm (accurate diameter was not shown) had a
blister gap at a depth of �10 lm [2]. A cross-sectional view
of a blister formed on tungsten irradiated with a mixed
H+–C+ ion beam at 653 K is shown in Fig. 6; a blister
gap at a depth of �5 lm is seen for a blister with
�25 lm diameter. The relationship between blister diame-
ter and the depth of gaps is shown in Fig. 7; the gray color
represents the radiation-damaged region. As shown in
Fig. 7 the depth of blister gaps increases with blister diam-
eter, and the ratio between the depth of gaps and the blister
adiation of tungsten with a mixed H+–C+ ion beam at 653 K.



Fig. 7. Relationship between blister diameter and the depth of gap
formation. The gray colored band represents the radiation-damaged
region produced by the 700 keV negative hydrogen ion beam pre-
irradiation. Data taken from Ref. [2] are also shown.
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diameter is in the range 0.1–0.2. According to this ratio, the
depth of the blister gaps for large blisters with diameters
>20 lm in the present study is expected to be more than
4 lm, with the implication that blister gaps in the damaged
samples could be formed beyond the radiation-damaged
region.

Since the post-irradiated hydrogen is trapped not only at
grain boundaries but also at radiation-induced defects such
as vacancies and interstitials, trapping of the post-irradi-
ated hydrogen at grain boundaries might be lower for the
damaged samples. Therefore, the formation of blister with
diameters of 20 lm or less, whose blister gaps would have
existed at depths of less than 4 lm, was suppressed by the
700 keV negative hydrogen ion beam pre-irradiation. On
the other hand, in the case of blisters with more than
20 lm diameter, changes in blister distribution were small,
since radiation damage was not produced at the depth of
the blister gaps.

5. Conclusion

In this study, effect of radiation damage on hydrogen
behavior in tungsten was investigated in terms of blister
formation and its characteristics. Radiation damage was
produced by the 700 keV negative hydrogen ion beam.

The number of blisters with diameter of 20 lm or less
was decreased with increasing radiation damage. These
blisters had blister gaps with less than 4 lm in depth in
agreement with the radiation-damaged region produced
by 700 keV negative hydrogen ion beam irradiation. There-
fore, it can be concluded that blister gaps were not formed
in the radiation-damaged region. Since the post-implanted
hydrogen was trapped not only at grain boundaries but
also at radiation damage, the hydrogen retained at grain
boundaries could be decreased.

From these observations, radiation damage produced by
high-energy particles (ions and neutrons) could suppress
the blister formation of tungsten.
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