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Abstract

Polycrystalline tungsten samples have been irradiated at near room temperature by high flux (1 x 10> D/m?%/s) deu-
terium plasma beams with incident ion energies ranging 7-98 eV/D. Surface blistering occurred at all energies as observed
by means of scanning electron microscopy. At all energies, the blisters increased in their size and number with fluence
within the corresponding low fluence ranges. The size increase tended to saturate at certain fluences within the experimen-
tal fluence ranges, which might be attributed to rupturing of blisters. The critical fluence for blistering @, was found to
increase with decreasing the incident energy. At energies <20 eV/D, @, increased more rapidly. This energy dependence
of @, may be explained by a proposed model dealing with the oxide barrier to deuterium uptake into and release from the
bulk W. The presence of oxide layers of some monolayers on the surfaces was verified by means of X-ray photoelectron

spectroscopy analysis and secondary ion mass spectroscopy before and after irradiation to different fluences.

© 2005 Elsevier B.V. All rights reserved.

PACS: 61.80.Jh; 61.82.Bg; 68.35.Bs

1. Introduction

A firm basis has been established for demonstration of
the scientific and technological feasibility of controlled
fusion through continuous efforts on magnetically con-
fined fusion [1,2]. However, the choice of armor materials
for the divertor and first wall is still a critical issue regard-
ing a future reactor, including the International Thermo-
nuclear Experimental Reactor (ITER), towards a long
term steady state operation [3]. Tungsten and its alloys
have been considered as candidate armor material for
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part of the ITER divertor and the whole first wall in the
further DEMO reactors [4], due to their acceptable ther-
mo-mechanical properties, possible advantage of very
low or negligible erosion at low plasma temperatures,
and a moderate uptake of tritium [5].

The ITER divertor may be operated in a scenario of
semi-detached plasma condition in order to reduce parti-
cle and heat fluxes onto the divertor plate [1], and the inci-
dent particle energy will range from <1 eV till 100 eV,
whereas the flux will be as high as 10%>/m?/s on average.
In the past, hydrogen—metal interactions were studied
overwhelmingly in incident energy of keV or higher and
flux of 10*°/m?/s or lower by using ion beam accelerators,
as reviewed by Myers et al. [6], and the radiation-induced
defects in the bulk and at the surface played a key role
in hydrogen reemission, retention, and permeation
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processes. Recently, investigations of irradiation of
hydrogen isotope ions on tungsten under energies around
100 eV have been carried out by using both ion accelera-
tors and plasma generators [7-11], showing clearly blis-
tering at the W surfaces irradiated at temperatures from
room temperature to ~900 K although the incident ener-
gies were too low to generate directly radiation defects in
the bulk. So far, the circumstances under which blistering
at W is favored, and especially how it may evolve and af-
fect hydrogen retention in W and component lifetime has
not yet been understood well.

In this paper, blistering behavior has been investi-
gated at W irradiated using a newly established plasma
generator [12], in which a deuterium plasma beam was
produced and delivered onto sample. The incident
energy was controlled from 100 eV down to some eV.
The energy dependence of blistering has been studied
systematically at near room temperature for the first
time within this very low energy range, which should
be beneficial to fundamental understanding on the
mechanisms of blistering at W, and further hydrogen
retention in and permeation through W.

2. Experimental

Tungsten plates (A.L.M.T. Corp.) were prepared by
powder-metallurgy and hot-rolled reduction, and then
heat treated at 1473 K for 30 min for stress relief as the
standard final step before storing or cold working like
grinding and polishing. The plates were subsequently
cut and double-sided polished into samples of
10 x 10 x 2 mm before shipping to our laboratory. The
tungsten material has a purity of 99.99 wt% and the prin-
cipal impurities in weight ppm are Mo and Fe ~10, C and
O < 30. The as-shipped samples were irradiated without
any more pretreatment prior to loading into chamber,
except cleaning in an acetone ultrasonic bath.

The linear plasma generator [12] used in this study is
capable of delivering plasma beams comparable to the
practical edge plasma at ITER divertor. The generator
consists of sections of vacuum chamber and pumping,
cooling water, gas admittance, power supply, plasma
generation, plasma delivery, sample holder, and plasma
diagnosis. The achievable background pressure is lower
than 5 x 10~® Pa. The water-cooled sample holder is iso-
lated from the grounded chamber wall so that the sam-
ple can be negatively biased to adjust the energy of ions
impinging onto the sample. A single Langmuir probe is
equipped about 3 cm upstream from the sample to ob-
tain basic plasma parameters. The ion species in the
plasma beam can be controlled via adjusting various
parameters and measured using a differentially pumped
quadrupole mass spectrometer (QMS) system as de-
scribed in [13]. The species in the plasma beam generated
in this work were determined to be predominantly D3 .

And a fixed flux of 5x 10* DJ /m?/s (equivalent to
1 x 102 D/m?/s) was used in the experiments. The inci-
dent energy was varied via changing the bias voltage
applied to the sample. The following bias voltages
were employed, —200/—140/—80/—50/—30 V, resulting
in the incident energies of 98/68/38/23/13 eV/D, respec-
tively, taking simultaneously into account the plasma
potential of ~—4 V measured by the Langmuir probe.
An even lower energy of 7 eV/D was achieved by float-
ing the sample, resulting in a floating potential of
~—18 V. The incident fluence was controlled by varying
the irradiation time. The working pressure within the
chamber was kept at ~1 Pa (D,). The cooling water to
sample holder was turned on to its full capacity of
2.6 I/min at 0.5 MPa and the temperature before irradi-
ation was always about 293 K. The temperature rise of
the sample being irradiated did not exceed 6 K during
any irradiations, monitored by a type K thermocouple
tightly pressing the rear of the sample.

The irradiated samples were observed at a tilt angle
of 45° with a scanning electron microscope (SEM) in
our laboratory (JEOL, JSM5410) to examine the occur-
rence and evolution of surface blistering. The judgment
of blister appearance was limited by the resolution of the
SEM employed that is not easy to distinguish blisters
smaller than ~0.1 um. Another SEM (Keyence,
VE-7800) was used to observe surfaces of some of the
samples and the cross-section of a sample prepared by
means of focused ion beam (FIB) milling for better
understanding the structure of blisters. X-ray photoelec-
tron spectroscopy (XPS) in our laboratory (PERKIN
ELMER PHI 1600) was employed to analyze the sample
surfaces unirradiated and irradiated, with AlKo as the
X-ray source, exposure area of 2 x 2 mm?, and detected
area of 0.8 mm?. Depth profiles of the surface layers
were obtained by means of secondary ion mass spectros-
copy (SIMS) (@ Physical Electronics, PHI ADEPT
1010) with the following beam parameters, Cs* beam
energy of 5keV, beam current of 10 nA, beam size of
~30 pm, incident angle of 60° from the surface normal,
raster area of 400 x 400 um?> Negative secondary ions
were detected from the central part of the raster area
through an electronic aperture of 100 x 100 pm?. The
sputtering rate was estimated to be ~0.015nm/s by
means of a surface profiler (Veeco Corp., Dektak’ST)
that measures the height of step created by the sputter-
ing at the surface.

3. Results and discussion

3.1. Surface morphology with varying the incident
energy and fluence

At each incident energy, blisters were found at the
irradiated surface of W samples after a corresponding
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critical fluence was achieved. Fig. 1 shows the surface
morphology with varying the incident energy and flu-
ence. Results of three energies of 98/38/7 eV/D are
shown in the figure, with different fluence ranges. For
the 98 eV/D irradiation, the fluence of 3 x 10%> D/m?>
results in scattered formation of relatively small and
low blisters. With increasing the fluence to 3 x 10** D/m?,
blisters increases in number and diameter. Further
increasing the fluence to 3 x 10% D/m? brings forth
more blisters; however the maximum diameter does
not increase significantly except that some rare big blis-
ters of ~3 um may form due to merging of closely neigh-
boring blisters. This merging is depicted more clearly in
the image of 7 eV/6 x 10%° D/m? irradiation, where the
intermediate stage is shown for two or three blisters
merging into one, as pointed out by the arrows. The
38 eV/D irradiation does not induce visible blistering
at the fluence of 3 x 102> D/m?, blisters appear soon with

98 eV

38eV

raising the fluence, and then evolves the same as for the
98 eV/D case. In the case of 7 ¢V/D irradiation, the flu-
ence as large as 3 x 10> D/m? only produces two very
small blisters in the image, as indicated by the arrows,
and then again the blistering follows the same way as
for the other two energies. Results for the energies other
than those appeared in Fig. 1 also show the similar flu-
ence tendency for blistering. Blistering at such low ener-
gies as applied in this study (some eV to some 10 eV) has
not yet been reported before. Another finding is that the
increase in blister size seemed to saturate at certain
fluences dependent on the incident energies, as shown
in Fig. 2, and the maximum diameter was about
2-3 um within the experimental fluence ranges.

In general, hydrogen implanted into tungsten will
either diffuse back to the surface where the hydrogen
atoms recombine into molecules and then desorb from
the surface, or diffuse deeper into the material. The

7eV

Fig. 1. Surface morphology of samples irradiated under three incident energies of 98, 38, and 7 eV, and different fluences as indicated

in each image in D/m’.
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Fig. 2. Maximum blister size as a function of fluence under
different incident energies.

hydrogen diffusing deeper will eventually be trapped
atomically by such various defects as vacancies, disloca-
tions, impurities, grain boundaries, and internal surface
of voids existing intrinsically or being induced during
implantation. The hydrogen may also precipitate as gas-
eous phase within the existing voids and/or new cavities
nucleating at the existing defects, driven by high chemi-
cal potential due to buildup to high concentration in
solution if the implanted hydrogen is not very mobile
[14]. The flow of deuterium into voids may lead to gas
pressures high enough to cause the void volume to in-
crease by punching out self-interstitial loops [15]. Then
the pressure drops and more hydrogen can be accommo-
dated in the voids. This process repeats and the voids
grow up and coalesce each other by the inter-bubble
fracture mechanism [15]. The cavity coalescence will
eventually lead to blistering of the overlying layer.
Deuterium atoms with energies less than 1 keV are
not able to produce displacement damage in tungsten
[10]. Thus the intrinsic defects, together with surface
structure under plasma beam irradiation as to be
discussed in the next subsection, play a key role in the
present study. For a fixed energy, the fluence tendency
observed may be explained as follows. A critical fluence
for blistering &, is necessary for accumulation of deute-
rium into voids so that the pressures inside can be high
enough to trigger void growth and coalescence. At the
initial stage, blisters appear small in size and rare in
number after the @, is reached (most typical for the case
of 7eV/3 x 10*° D/m?). Then the blisters grow up with
further increasing the fluence due mainly to more flow
of deuterium into blisters from solution and newly coa-
lesced small neighboring voids. Also new blisters keep
emerging and distribute at the surface. The blister
growth in the present study seems to saturate at 2—
3pm in diameter from quite small fluences on. For
example, as shown in Figs. 1 and 2, in the case of
38 eV, some blisters of ~2 um have already appeared

at the fluence of 1x 10%* D/m?. Increase in the fluence

to 3x 10%* and 1 x 10* D/m? does not change the size
significantly. This may be attributed to possible rupture
of blisters at certain sizes, dependent probably on the
cap thicknesses of blisters and the material properties
like yield stress and surface tension, as indicated by
Evans [15] and Kamada and Higashida [16] in their
studies on the radiation blistering by helium implanta-
tion. Evidence of rupture in this study was indeed found
as shown in Fig. 3 for 38 eV/1 x 10*° D/m? irradiation
where there exist clearly cracks at the periphery of some
blisters.

The energy independence of the maximum blister size
as observed in Figs. 1 and 2 may be attributed to the too
low energies used in the experiments. The ion ranges are
only some nanometers for the energies. However, preli-
minary SEM observation on the cross-section of a blis-
ter prepared by focused ion beam (FIB) milling shows
the blister cap thickness of ~0.4 um and the blister
diameter of ~1.7 um. The cap thickness is about two
orders of magnitude larger than the ion ranges. This
reflects that the deuterium distribution does not follow
the ion range at such low energies, since hydrogen dif-
fuses in most metals at room temperature and above
[17]. Tt is possible that it is the much deeper diffusion
that is responsible to the energy independence behavior.
Some pairs of images in Fig. 1, e.g., 38 eV and 98 eV at
3x 10 D/m? 7eV and 38¢V at 1x10”° D/m’ 7eV
and 98 eV at 3 x 10% D/m? indicate that larger incident
energy results in earlier blistering and faster evolution.
This may be briefly explained as follows: larger incident
energy favors deeper penetration of more implanted
deuterium, allowing quicker buildup of pressures and
thus earlier blistering and faster evolution. More discus-
sion on energy dependence will be made in the following
subsection.

10,0085 7007217 M- 144 20KV
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Fig. 3. Surface morphology of the sample of 38 eV/1 x 10%°
D/m? irradiation showing cracks along the periphery of some
blisters.
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3.2. Energy dependence of the critical fluence for
blistering

Based on the SEM observation, @, under different
incident energies can be extracted and shown in Fig. 4.
There exists a parameters window above the curve with-
in which blistering occurs. @, increases with decreasing
the incident energy, and the curve has a turning point
around 20 eV/D, probably implying a change in the
underlying mechanisms for the blistering behavior. Un-
der irradiations at such low energies as employed in this
work, the surface structure under plasma beam irradia-
tion most likely play a key role. The naturally oxidized
layer after polishing was estimated to be stable WO;
of about 1-2 nm thick [18,19]. XPS analysis has been
performed on the surfaces unirradiated and irradiated
to different fluences at an incident energy of 38 eV. Spec-
tra for W are shown in Fig. 5, showing two kinds of
peaks originated from bulk W (W4f7/2 and W4f5/2)
and W oxide (W-04f7/2 and W-04f5/2), and absence
of carbides on the surface, determined by taking to-
gether the corresponding O and C spectra into consider-
ation. Carbon exists probably in the form of adsorbed
species on the surfaces in all cases. The analysis suggests
the presence of the oxide layers of only several monolay-
ers in all cases, corresponding to the depth resolution
of XPS analysis since in all cases, the bulk W peaks
appeared. The analysis shows that there is no time-
dependent growth/deposition of surface layers as the
irradiation time was varied by 17 times for the two flu-
ences, consistent with no obvious impurities in the plas-
mas [13]. The thicker oxide layers after irradiation might
be due to irradiation-induced in situ residual gases incor-
poration or surface activation-induced ex situ incorpo-
ration when exposing in air after irradiation. However,
even if the oxide layer got thick due to the former cause,
the layer seemed to become stable at a quite small flu-
ence (only irradiation of tens of seconds) and the final
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Fig. 4. Critical fluence for blistering as a function of incident
energy.
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Fig. 5. XPS spectra of the surfaces unirradiated and irradiated
to different fluences at an incident energy of 38 eV/D. Meaning
of symbols: W4f7/2 and W4f5/2 — bulk W peaks, W-04f7/2
and W-04f5/2 — W oxide peaks.

thickness was still some monolayers. The surface oxide
layer was further analyzed by SIMS depth profiling that
provides us with continuous depth information of ele-
mental distribution fully automatically during the sput-
tering process. The spectra are depicted in Fig. 6, with
the Y-axis expressed as a ratio of O and W counts for
relative comparison. In the figure, the oxide layers of
the samples unirradiated and irradiated were removed
after being sputtered for about 50 and 100s, corre-
sponding to thicknesses of about 0.8 and 1.5 nm, respec-
tively, based on the sputtering rate of ~0.015nm/s
estimated by the surface profiler. The results are quite
consistent with what observed in the XPS analysis, i.e.,
the layers being always within some monolayers thick
and the layers after irradiation thicker than
unirradiated.

A simple model may be presented as illustrated in
Fig. 7 to describe how the surface structure impacts on
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Fig. 6. SIMS spectra showing the surface oxide layers on an
unirradiated sample and the sample of 38 eV/1 x 10** D/m?
irradiation.
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Fig. 7. A surface barrier model for uptake and release of
deuterium in W, (a) at very low energies; (b) at penetration
energies. Meaning of symbols: Influx — incident flux, Ref —
reflection, R, — ion range, Fj, — inward moving flux, Foy —
outward moving flux, and dotted curves — Gaussian distribu-
tion of the ion range.

the uptake and release of deuterium into and out of W
being irradiated, and in turn on the energy dependence
of @.. Reference data in Table 1 for the ion range R,
appeared in Fig. 7 are collected from literature [18] or
calculated by computer code like SRIM [20]. In general,
more than half of the incident particles are reflected
back to vacuum at low incident energies [18]. The im-
planted deuterium is eventually divided into two parts,
a great fraction moving outwards and desorbing from
the surface into vacuum and the rest moving inwards
and finally being trapped or precipitated in the bulk.
At very low energies, the ion ranges are so short that
their distributions peak within the oxide layer, as shown
in Fig. 7(a). The inward diffusion is hampered by the
oxide layer and the interface between the oxide layer
and the bulk acting as an uptake barrier as suggested
by Richards et al. [21]. Thus only a very small fraction
of the implanted deuterium can enter the bulk, leading
to obviously much longer time for nucleation of new

Table 1
Ion ranges R, (nm) collected from Ref. [18] (D — W) and
calculated using SRIM2003 [20] (D — WO3)

E (eV) 200 100 50 20 10

Ry(D — W) 63 44 30 19 13
R(D—WO;) 48 36 23 13 09

voids and buildup of pressures in voids in the bulk,
and as a result, the @ becomes very large. With increas-
ing the energy, the ion range distribution may peak in
the bulk, as depicted in Fig. 7(b), indicating that most
of projectiles penetrate through the oxide layer and the
diffusion starts from the depth R,. And now the oxide
layer may act as a release barrier, resulting in relatively
much more inward diffusion and as a consequence much
smaller @.,. The transition from (a) to (b) in Fig. 7 may
be responsible for the turning point around 20 eV/D in
Fig. 4, implying start of the penetration, which roughly
matches the calculated ion range and the observed layer
thickness. Within the two ranges of the incident energy
of 7-20eV/D and 20-98 eV/D, @&, decreases with
increasing the energy, due simply to more and faster
uptake.

One point worthy of discussion herein is a possible
sputtering effect of impurities in ion and plasma beams,
mainly in the form of oxygen or carbon related species.
The impurities, if any, may induce surface erosion signif-
icantly even at quite low energies due to their much lar-
ger masses than deuterium [18]. A natural extension of
our model proposed above predicts that if the incident
energy or the fraction of heavier impurities in plasma
is large enough to generate significant sputtering on
the W surface, especially on WOj3 with a lower surface
binding energy, a second turning point for the &, curve
in Fig. 2 could be expected when the thin oxide layer is
removed quickly, and disappearance of the release bar-
rier raises @, greatly. This did not occur within our
experimental range of <100 eV/D, indicating negligible
sputtering in our experiments. Ye et al. [11] also argued
for negligible sputtering in their plasma irradiation at
low energy (<100 eV). However, Hirooka et al. [22] re-
ported that the O atoms in OH" and H,O" ions ionized
from the H,O vapor existing in the chamber as main
residual gas affected the erosion behavior of tungsten
being irradiated by deuterium plasma beams, particu-
larly at energies below 250 eV/D or so within which
sputtering by D incidence is negligible [18]. And H,O
vapor was considered to be the main source to generate
plasma impurities for electron temperatures ranging
from 7 to 30 eV. Therefore the electron temperature is
the controlling factor for the formation of these O-
related impurities. In our plasma, the electron tempera-
ture was measured to be <4 eV, which did not favor the
impurity formation in the plasma, and was also consis-
tent with no obvious impurities in the plasmas [13].

4. Conclusions

Polycrystalline samples of 99.99% pure tungsten were
exposed at near room temperature to deuterium plasma
beams with a fixed high flux of 1 x 10%> D/m?/s, energies
ranging 7-98 eV/D, and fluences up to 6 x 10°°> D/m>.
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Conclusions may be drawn from the experiments as
follows:

(1) At each incident energy, blisters were observed at
the irradiated surface of W samples after a corre-
sponding critical fluence was achieved.

(2) The blisters increased in their size and number
with fluence at low fluences. The size increase
tended to saturate at certain fluences within the
experimental fluence ranges, which might be
attributed to rupturing of blisters.

(3) The critical fluence for blistering @, was found to
increase with decreasing the incident energy with a
turning point at energy around 20eV/D, due
probably to the barrier effect of the oxide layer
on W on both deuterium release from and uptake
into the bulk W.
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