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Abstract

Four kinds of tungsten samples were exposed to 76 £Mis (38 eV D) at a flux of

10?2D m~2s~2. For plasma exposure at 315K, blistering occurred more significantly on the
unrecrystallized and single crystal W samples than the partially and fully recrystallized W
samples. The un-recrystallized W sample showed the largest retention ratio at the same
fluence. For samples exposed to higher fluences (upZdil®—2), the phenomena of

bursting release of deuterium and blister bursting were clearly observed. Preliminary positron
annihilation measurements indicated that the vacancy concentration in the near-surface
region of tungsten increased after the deuterium plasma exposure. The results of electron
back-scattering diffraction showed a strong dependence of blistering upon grain orientation,
suggesting the possibility of alleviating blistering by selective texturing of tungsten for

future fusion reactors.

PACS numbers: 52.40.Hf, 52.25.Tx, 52.25.Vy

1. Introduction have been observed in the TRIAM-1M, where molybdenum
was used at divertor plates and limiters, and this kind of
Tungsten has been selected as the plasma facing materiaisgillation would lead to termination of the dischargéls [
the divertor baffles and dome in the ITER desidh and all In this study, blistering and deuterium retention were
plasma facing components may be made of high-Z materisttsestigated by exposing various kinds of tungsten samples
in future fusion reactors so as to avoid the high tritiuno high fluences of a high-flux and low-energy deuterium
inventory of carbon. However, blistering occurs for high-plasma, and the dependence of deuterium retention and
materials even if the ion energy is too low to create displacblistering upon the microstructures of tungsten was studied
ment damageZ}-5], with the potential for instability and evenwith a variety of techniques, such as scanning electron
disruption of the plasma due to high-Z impurity release intmicroscopy (SEM), thermal desorption spectroscopy (TDS),
the core plasma and sudden gas recycling. Actually, oscillsesitron annihilation (PA) and electron back-scattering
tions of heat load, recycling flux and molybdenum impuritgiffraction (EBSD).
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Microstructure dependence of deuterium retention and blistering

2. Experimental

Four kinds of tungsten samples were used, i.e., the un-
recrystallized (U), the patrtially recrystallized (P), the fully
recrystallized (F) and the single crystal (111) (S). The S
sample (size:®9 x 2mm) has a purity of 99.95wt% and
principal impurities are Mo and Fe with 100 and 40 weight
ppm, respectively. The sample was annealed in vacuum at
1300K for 30 min for reducing the density of dislocations
that were produced during the sample preparation such as
polishing. The others (U, P and F) with sizes of 100 x
2mm have a purity of 99.99 wt% with principal impurities (in
weight ppm) of Mo and Fe around 10, C and O less than
30. After being cut and double-sided polished, the surface
layers of the U sample were removea situ by argon-
sputtering prior to deuterium plasma exposure, while P and
F samples were patrtially and fully recrystallized at 1473 and
2073 K, respectively. Each sample was cleaned in an acetone
ultrasonic bath prior to placing into the plasma exposure
chamber.

The linear plasma generator used in this study is capable
of delivering plasma beams comparable to the edge plasma at
ITER divertor. The ion species can be controlled by adjusting
the operational parameters of the plasma generator and the
main impurity in the plasma is oxygen with a concentration
less than 1 ppm. The incident flux and energy were fixed at
10?2Dm~?s~! and 38eV D!, respectively. The ion energy
was determined from the bias voltage €80V and the
plasma potential of-4V measured by a Langmuir probe,
taking into account the predominant ion species df D

Blister formation at the surface of tungsten after the
plasma exposure was observed by a SEM at a tilt angle
of 45°. TDS at a ramp rate of BKs™? was used to
examine the behaviour of deuterium release from the tungsten
samples, and a standard deuterium leak with an accuracy
higher than 90% was employed to calibrate the quadrupole
mass spectrometer prior to each TDS analysis. In addition,
for PA spectroscopy, positrons generated b$?a source
were thermalized in a moderator, extracted and accelerated
to an energy of 0.2-30keV before being finally delivered
to the sample. The defects in the sample were detected by
measuring Doppler spectra of the annihilatigirays with a
high resolution Ge detector and quantified by the so-caéfled
parameter, which is defined as the normalized peak area of the
Doppler spectrum. Furthermore, the dependence of blistering
behaviour on the orientation of grains was examined by EBSD
using the electron beam of a field emission SEM.

(a)

(b)

(©)

(d)

Figure 1. Some SEM images of the four kinds of tungsten after
; ; the plasma exposure at 315K (48t). (a) U sample exposed to
3. Results and discussion 10*°D m~?; (b) P sample exposed to #® m~2; (c) F sample

3.1. Microstructure dependence of blistering
and the nucleation of blisters

exposed to 18 D m~2; and (d) S sample exposed to?iD m—2.

U sample (a), blisters with diameters of 18 appeared
Both P (the partially recrystallized) and F (the fullyafter exposure at 28D m=2. For both P and F samples,
recrystallized) samples were exposed in a fluence rangehafvever, only a few visible blisters could be observed up
10 to 1’ Dm~2, while U (the un-recrystallized) and Sto the fluence of 1¥Dm~2. After the exposure with the
(the single crystal (111)) samples were only exposed timence of 18’ D m2, blisters with diameters smaller than
10?° and 13°D m~2, respectively. Some SEM images of thel and 5um appeared on the P sample (b) and the F sample
four kinds of tungsten samples after the plasma exposym, respectively. In addition, bursting tails (traces of blister
at 315K are shown in figur&(a)—(d), respectively. For the bursting) were also observed on the samples after high fluence
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Figure 3. TDS spectra of P samples with varying fluences in

Figure 2. PA results of the P sample exposed t8°IDm~2 at comparison with that of the U sample.
315K in comparison with that prior to plasma exposure.

exposure. Furthermore, small blisters with diameters less

than 1um and blister bursting were observed even for the ggfg;ﬁgt\?&tﬁg gﬂ?ﬁéﬁ?:;'i%igféhe four kinds of tungsten

sample (d). . _
It is clear that the blistering behaviour is definitely Release — Release Retention  Retention
influenced by the microstructures. For plasma exposure Sa%mples peaks (K) shoulders  (Bpm™)  ratio
315K, blistering occurred more significantly on U and SE+25(U) 740 660 Bx10?° 32x10°
samples than P and F samples, indicating that recrystallizatiat25(P) 660 Bx10° 12x10°
can alleviate blistering. PA measurements confirmed that ti"@:g?g 228 228 660, 850 -ili 18213 ;-2§ igi
densities of d_efects in the near-surface regions of both P \25(F) 640 540: 780 3% 10° 96x 105
F samples prior to plasma exposure were much smaller t L26(F) 640 540, 780, 850 .&x 10° 1.3 x 10°°
those of both U and S samples. 5E+26(F) 640,780 850 B8x10° 10x10°
However, it is still an open question how blisterslE+27(F) 640,780 850 3x10° 6.6x107
nucleate during plasma exposure with energies well below the+26(S) 540,780 640, 850 Bx 10 1.7x10°

displacement threshold. Poet al [3] argued that the recoil
implantation of oxygen and carbon impurities arriving at the

surface cre_ated vacancies in tungsten expos_ed to a 500 evfllaence was increased, the amount of deuterium retained
plasma. Alimovet al [4] observed that during 200eV'D in P samples increased, and the peak temperature shifted

irradiation the deuterium concentration in the implantatio, om 660K for the samples exposed tc?D m2 to 740K
zone greatly exceeds the solubility limit, and assumed thf%tr the sample exposed to FOm-2. In addition, the

the matrix lattice is stressed and plastic deformation OCCUR 1 int of deuterium retained in the U sample exposed to

resulting in formation of voids and vacancy clusters sQos~ -
as to alleviate these tensions. On the other hand, S (1)12 Dm™ was even greater than that of the P sample

_2 . .
et al [5] considered that Fukai's theory of formation Ofexposed to WDm? indicating a strong dependence

. f deuterium retention on microstructures of tungsten.
superabundant vacancies (vacancy—hydrogen clusté}s) .
. f urthermore, the phenomenon of bursts in the release rate
where the formation energy of a vacancy is decreased

cluster formation and the configurational entropy of th fldeutenum was Qbserved for the sample exposed to the
system at high hydrogen concentrations, might be valid ghest qu.ence.. It is cIe.ar that these sudden releases were
the present case of tungsten exposed to a high-flux ompameq with burstmg of blisters. The pheqomena of
low-energy deuterium plasma. This consideration was th ster .burstlng and byrstmg .rele-ase of deuter!um agree
examined preliminarily by PA measurements. As shov\me” with the rela>.<at|on_ oscillations Qf recycling flux

in figure 2, the S parameter of the P sample exposed gnd molybdenum impurity observed in the plasma of
10?°Dm=2 at 315K was larger than that prior to pIastRIA'V"lNI [6_5]' i -

exposure, indicating that the vacancy concentration in the Table 1 lists the retention characterlstlc_s of the four
near-surface region of tungsten increased after the deuteriiS Of tungsten samples exposed to varying fluences at

plasma exposure. Further detailed examinations are requireg? K- Release peaks and shoulders changed from 540 to
850K, and U and S samples as well as P and F samples

with the highest fluence showed higher release peaks. In
addition, the U sample showed the largest retention ratio at the
same fluence. Furthermore, as fluence increased, the retention
Figure 3 shows TDS spectra of P samples with varyinghcreased whereas the retention ratio decreased for both P and
fluences in comparison with that of a U sample. As thE samples.

3.2. Microstructure dependence of deuterium retention
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4. Conclusions

1. Both blistering and deuterium retention were strongly
influenced by the microstructures of tungsten. Blistering
occurred more significantly on the un-recrystallized and
the single crystal W samples than the partially and the
fully recrystallized W samples, with the plasma exposure
at 315K. The un-recrystallized W sample showed the
largest retention ratio at the same fluence. Preliminary PA
measurements suggested vacancy generation due to the

exposure.
ceife , 2. Bursting release of deuterium and blister bursting
,\ i > occurred for samples exposed to the higher fluences (up
AcCV  SpotMagn Det WD ————1 20um to 10?” D m2), but these phenomena could be alleviated

20.0 kV 3.0 800x SE 10.0 Wirrad. by D

—

by selective texturing of tungsten due to the strong
dependence of blistering upon the grain orientation.

Figure 4. Dependence of blistering upon the grain orientation for
an F sample exposed to%® m~2 at 520 K.
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The blistering dependence upon the grain orientation is sho
in figure 4 for an F sample exposed to £® m~2 at 520K,
at which deuterium retention was highesj.[In addition,
blisters did not appear uniformly over the whole surface.

There exist some grains where no visible blisters appeargghferences

The results of EBSD showed that small blisters only appeared

on grains with nearly (111) surface orientation, suggestifitj Federici Get al2001Nucl. Fusion41 1967
that it is possible to control or alleviate both blistering2] Wang Wet al2001J. Nucl. Mater299124

and retention by arranging suitable orientations (by selecti Pogélo'\sﬂj “ﬁﬁi?“ﬁ;’gggggrg”&ef G, Davis J W and Haasz A A
texturing) of tungsten for future fusion reactors. 4] Alimov v Kh, Roth J and Mayer M 2008. Nucl. Mater.

Another idea for alleviating blister is to maintain tungste% 337-9619
at an elevated temperature (above 900 K) where the trapp[BD Shu W M, Luo G-N and Yamanishi T 2006 Nucl. Mater.
sites are no longer able to hold hydrogen isotop&s [ unpublished

T : Zushi Het al 2005Nucl. Fusiord5 S142
However, maintaining tungsten at high temperature m | Fukai Y and Okuma N 199Rhys. Rev. Let73 1640

bring about the problem of helium blistering]] Thus, it is [8] Luo G-N, Shu W M and Nishi M 2006usion Eng. Des.
necessary to investigate the blistering behaviour of tungsten gj 957

exposed to a He—H mixed plasma. [9] Ye MY et al2003J. Nucl. Mater313-672
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