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Abstract

In order to study hydrogen blistering and subsequent cracking behavior of pure W, K-doped W, and La2O3-doped

W, 1keV Hþ
3 (main ion components) ion beams were irradiated at 653K to fluences up to 1 · 10

25H/m2. Two pre-irra-

diation heat treatments were done for stress relief (900 �C) and recrystallization (1300 �C for pure W and 1500�C for
K-doped and La2O3-doped W). It was found that blister characteristics and cracking behavior strongly depended on

microstructures and dopant materials. For W materials with layered microstructure, blister shapes were mostly spher-

ical-like, while for W materials with recrystallized (or disordered) microstructures, blisters had complicated plateau-like

shapes with many cracks. Addition of K or La2O3 dopants increased the number of blisters and exfoliations for both

stress relieved and recrystallized W.
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1. Introduction

In DEMO and future commercial reactors, sputter-

ing erosion of plasma facing materials (PFMs) is a seri-

ous concern for not only low Z materials (beryllium and

carbon) but also low activation materials (ferritic steel,

vanadium alloy, and SiC) [1]. Therefore, in order to pro-

tect plasma facing surface from erosion, tungsten is a

leading candidate of PFMs (armor materials). However

blistering [2–4] and embrittlement can take place with
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hydrogen and helium ion irradiation as well as neutron

irradiation. Cracking and exfoliation can take place on

these tungsten materials, which enhances erosion and

brings about serious effects to core plasmas. Therefore,

it is very important to evaluate hydrogen blister forma-

tion and subsequent cracking and exfoliation behavior

for various tungsten materials under hydrogen plasma

exposure. However, comprehensive and reliable dat-

abases as well as sufficient understandings on basic pro-

cesses have not been established.

We have been making hydrogen beam irradiation

experiments on tungsten with a steady-state high flux

ion irradiation device (HiFIT) for the above-mentioned

purpose. It was found that hydrogen blistering and
ed.
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subsequent cracking behavior of tungsten was enhanced

by carbon addition (>0.3%) to hydrogen ion beam

(mainly 1keV Hþ
3 ). The possible mechanism of the

enhancement is that tungsten and carbon mixed layer

formed on the tungsten surface prevents the implanted

hydrogen atoms from leaving the tungsten surface due

to low diffusivity of hydrogen in WC layer and low

recombination rates of hydrogen atoms on the layer

[5–7].

In the present study, characteristics of hydrogen blis-

tering, subsequent cracking formation and exfoliation

for various tungsten materials are observed to make a

useful database for the selection of tungsten materials

for PFMs. Tungsten materials used for the study were

pure W, K-doped tungsten, and La2O3-doped W.
Fig. 1. Surface morphologies (a,b) and microstructures (c,d)

for stress relieved and recrystallized pure W after 1keV Hþ
3 ion

beam irradiation at 653K to the fluence of 1 · 1025H/m 2.
2. Experimental

Experiments were performed with a high flux ion

beam test device (HiFIT) [8,9]. With this device, several

ion species such as molecular hydrogen ions and small

amount of impurity ions are simultaneously impinged

onto samples due to no mass selection. Hydrogen ion

species are combination of Hþ
3 , H

þ
2 , and H

+. Hydrogen

atom species ratios irradiated to samples were 70–80%

for 333eV H and 10–15% for 500eV H and 1keV H

(acceleration voltage was 1kV). Carbon impurity ions

of about 0.8% were deliberately introduced in hydrogen

ion beams to enhance blister formation. The other impu-

rity concentrations were less than about 0.1%. The

enhancement of blister formation with carbon impurities

in ion beams was observed for all tungsten materials

used in this study [10]. Carbon impurities were included

in ion beams as hydrocarbon molecular ions such as

CHþ
x and C2H

þ
y . Therefore, the energies of carbon atoms

were slightly less than 1keV and 500eV. The sample

temperature was set at 653K for all experiments.

Tungsten samples used for this study are pure W

with the purity of more than 99.99wt%, K-doped W

with 28wppm of K, and La2O3 doped W with about

0.96wt% La2O3. A sample size was 10mm · 20mm with
the thickness of 1mm. Ion beam irradiation area was

3mm/, determined by a circular aperture placed just in

front of the samples. The sample surfaces were mirror

polished mechanically to the roughness of less than

0.1lm. The W samples were fabricated by powder met-

allurgy supplied by A.L.M.T. Co. A hot rolling process

with 900–1600�C was done to make 1mm thickness

plates. Then all samples were annealed at 900 �C for
0.5h to relieve internal stresses. For recrystallization,

annealing of pure W at 1300 �C for 1h was enough,
while for K-doped W and La2O3-doped W, 1500�C
for 1h was needed. By this recrystallization process,

average grain sizes became 21lm for pure W, 29lm
for K-doped W, and 39lm for La2O3-doped W. In this
paper, the samples without heat treatment for recrystal-

lization are called �stress relieved� or �SR� and the
recrystallized samples are called �recrystallized� or �RE�.
ForK-dopedW,Katomsweremainly distributed at grain

boundaries and some of them in grains. For La2O3-doped

W, small particulates of La2O3 were distributed linearly

parallel to the irradiation surface with lengths of a few

lm to several tens of lm [11]. These particulates exist

not only at grain boundaries but also in grains.
3. Experimental results and discussions

Fig. 1 shows surface morphologies of pure W sam-

ples after ion beam irradiation (stress relieved (a) and

recrystallized (b)) and microstructures (stress relieved

(c) and recrystallized (d)). They were irradiated by

1keV Hþ
3 (main ion component) to the fluence of about

1 · 1025H/m2. For SR pure W (Fig. 1(a)), the shapes of

most blisters were almost spherical-like with sizes ranged

from about 5lm to 210lm. The number density was 450
blisters/mm2. Blister size distributions of pure W sam-

ples are shown in Fig. 2. The number of blisters with

the sizes around 10lm was the largest. Some of the large
blisters showed cracks on the surface but no exfoliation

was found. For RE pure W (Fig. 1(b)), the shapes of

blisters were different from those of SR pure W.

Although some of the blisters had spherical-like shapes

similar to SR pure W, most of the blisters had more

complicated plateau-like shapes. Blister sizes ranged

from about 5lm to 100lm. There existed only a few
small blisters with the sizes less than 10lm. The number
density was 140 blisters/mm2, much less than that of SR

pure W. A lot of blisters had cracks on their surfaces and

some of them fell off in flakes.

Blister shapes for pure W had a close relation with

microstructure. The microstructure of SR pure W was
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Fig. 2. Blister size distributions for stress relieved and recrys-

tallized pure W.

Fig. 3. Surface morphologies (a,b) and microstructures (c,d)

for stress relieved and recrystallized K-doped W after 1keV Hþ
3

ion beam irradiation at 653K to the fluence of 1 · 1025H/m2.
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Fig. 4. Blister size distributions for stress relieved and recrys-

tallized K-doped W.
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layered with high elongation grains arranged parallel to

the surface, see Fig. 1(c). More detailed measurements

by FIB (focused ion beam) showed that the width of

the grains (perpendicular to the surface) was a few lm.
Hydrogen bubbles tend to be formed and grow in grain

boundaries and decrease adhesion between grains. When

blistering takes place, internal cracks are generated

mainly in grain boundaries. These cracks grow along

grain boundaries, almost parallel to the surface for SR

pure W. Eventually, internal pressure of hydrogen in

internal cracks or internal compressive stress induced

by hydrogen solution in grains drove plastic surface

deformation. The compressive internal stress could be

caused by H-atoms or H-bubbles in the interstitial sites.

In this process, blister shapes became almost spherical,

and thickness of the blister lid and the blister size had

a close relation: the thickness of the lids was roughly

one order of magnitude smaller than the blister size.

On the other hand, RE pure W had low elongation

grains (average aspect ratio of about 1.6) with an aver-

age grain size of 21lm, much larger than the thickness
of the layers in SR pure W, see Fig. 1(d). From Fig. 2,

the blister sizes of RE pure W are distributed mainly be-

tween 10lm and 50lm, which are closely correlated
with the grain size. In the process of blister formation

for RE pure W, internal cracks were generated by accu-

mulation of hydrogen bubbles in the grain boundaries.

These cracks, however, did not propagate much and

the length of the cracks was almost limited to the grain

size. In this case, the thickness of the blister lid was too

thick compared with the blister size to form spherical-

like blisters. Then the blister lid moved up by internal

stress in the grain without significant plastic deforma-

tion. This process resembles formation of a reverse fault

in the earth�s crust.
Surface morphologies and microstructures of

K-doped W are shown in Fig. 3. In general, blister

shapes and microstructures for SR and RE K-doped

W are similar to those of pure W. The most notable dif-

ference between pure W and K-dope W was the number

of blisters. For SR K-doped W, the blister size ranged

from about 5lm to 250lm and the number density

was 2100 blisters/mm2, which is about five times more

than that of SR pure W. From the blister size distribu-

tions of K-doped W in Fig. 4, blisters with sizes between

5lm and 20lm contributed to this difference. For RE
K-doped W, the blister size ranged from 2lm to

100lm and the number density was 2260 blisters/mm2,
which was an order of magnitude larger than that of

RE pure W. The small blisters with the sizes less than

20lm also contributed this difference, see Fig. 4.
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Fig. 6. Blister size distributions for stress relieved and recrys-

tallized La2O3-doped W.
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For both SR and RE K-doped W, the number of

small blisters with sizes less than 20lm was much great-
er than that of pure W. Since the microstructure of K-

doped W and pure W did not differ much, the difference

in the number density of small blisters could be attrib-

uted to the effect of the K dopant. In general, K dopants

were distributed mainly in grain boundaries (some of

them were distributed in grains). K dopants in grain

boundaries could be traps for hydrogen to enhance

delamination of grains. In addition, K dopants in grains

would increase hydrogen solution in the grains, leading

to enhancement of internal stress, especially in the top

thin surface layer. This increase in high internal stress

as well as enhancement of delamination could promote

formation of small blisters.

Surface morphologies and microstructures of La2O3-

doped W were shown in Fig. 5. For SR La2O3-doped W,

the dominant blisters were plateau-like ones similar to

recrystallized W, though some spherical-like blisters

and large blisters with the sizes more than 100lm, char-
acteristic of stress relieved W, were observed, see Fig.

5(a). This could be attributed to the microstructure of

SR La2O3-doped W, in which grain growth already

started to form large grains with low elongation, and

the layered structures were somewhat disordered, see

Fig. 5(c). For RE La2O3-doped W, quite a lot of blisters

with large cracks and exfoliations were observed. In this

case, some cracks and exfoliations were already pro-

duced in the process of mechanical polishing before

ion irradiation. Therefore, the exfoliations on RE

La2O3-doped W in Fig. 5(b) were produced either by

mechanical polishing or hydrogen ion irradiation. This

indicated that RE La2O3-doped W was a very brittle

material even without hydrogen ion beam irradiation.

Fig. 6 shows the blister size distribution for La2O3-

doped W, in which the size distribution of exfoliations
Fig. 5. Surface morphologies (a,b) and microstructures (c,d) of

stress relieved and recrystallized La2O3-doped W after 1keV

H3
+ ion beam irradiation at 653K to the fluence of 1 · 1025H/

m2.
produced only by mechanical polishing was subtracted.

For RE La2O3-doped W, the number of small blisters

with sizes less than about 20lm was very large, similar
to RE K-doped W.

The fluence dependence of the number of blisters

showed different features for each tungsten, see Fig. 7.

For doped W, the number of blisters did not change sig-

nificantly with fluences from about 3 · 1024H/m2 to
1 · 1025H/m2, while for pure W the number was in-

creased for both SR and RE. It is noted that for RE pure

W, no blisters were observed at 3 · 1024H/m2 but they
appeared at 1 · 1025H/m2. For long burn fusion reactors
(a year or more), ion fluence to first walls would be as

high as 1028D/m2. Therefore, higher fluence data or
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reliable extrapolation models are necessary to apply

these data under fusion relevant fluence conditions.

For pure W, the recrystallization process reduced the

number of blisters, which indicated that hydrogen trap-

ping sites such as grain boundaries and dislocations

decreased. On the other hand, for the two doped W

materials, the number of blisters did not change much

for K-doped W by recrystallization or even increased

for La2O3-doped W, indicating that these dopants could

be dominant traps for hydrogen or play a dominant role

in controlling hydrogen diffusion. In addition, especially

for recrystallized La2O3-doped W these dopants could

reduce adhesion between grains.
4. Conclusion

Blister characteristics and cracking behavior of tung-

sten under hydrogen ion irradiation strongly depend on

microstructures and dopant materials. For W materials

with layered microstructure, blister shapes were mostly

spherical-like, while for W with recrystallized (or disor-

dered) microstructures, they were plateau-like. Addition

of K or La2O3 dopants increased the number of blisters

and exfoliations. From above mentioned viewpoints,

pure W showed better performance under hydrogen
ion irradiation environments than K-doped or La2O3-

doped W under present experimental conditions.
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