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Blisters on single- and polycrystalline tungsten surfaces formed by hydrogen and helium ion irradiation
were investigated by grazing-incidence electron microscopy (GIEM) with an ultra-high-voltage transmis-
sion electron microscope. It was found that the blister skin thickness formed by D+ irradiation of polycrys-
talline tungsten (PCW) was considerably larger than the calculated ion range of the implants; however,
this skin thickness (or blister depth) is not related to the pre-existing grain boundaries in the PCW. Blister
formation was also observed with GIEM for single crystal tungsten (SCW) irradiated with H+, D+, and He+.
The critical ion fluence for blister formation in SCW is estimated to be�1023 H+(D+)/m2 for H(D) and�1021

He+/m2 for He. The size of the blisters and their skin structure depends on the irradiating conditions.
Typical skin thickness was about 50–150 nm. Based on the assumption that gas particles (H2, D2, and
He) accumulate within the blisters during H+, D+, and He+ irradiation, the GIEM measurements provide
a means to derive an estimate of the amount of gas so accumulated, by reproducing the observed blister
shapes with finite element method (FEM) calculations. From the GIEM images and FEM calculations we
have estimated the number of implanted ions being retained in the blisters, and compared these amounts
with published retention measurements. A mechanism for the blister formation is proposed based on the
present results.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Blisters, hollow dome-shape protrusions formed by the accumu-
lation of gas particles (H2, D2, and He) near the surface regions of
materials exposed to energetic hydrogen and/or helium irradiation,
potentially can lead to adverse material behaviour, e.g., [1,2]. Previ-
ous studies have shown that semiconductors and ceramics, which
are thought to be very brittle under externally applied stresses,
exhibited distinctive surface blistering associated with extraordi-
narily large plastic deformations [3,4]. The grazing-incidence elec-
tron microscopy (GIEM) method was successfully used to perform
non-destructive structural analyses of blisters on silicon and silicon
carbide surfaces [3–7]. Estimates of the gas pressure and the
amount of gas molecules accumulated in the internal open spaces
of the blisters were obtained from ‘finite element method’ (FEM)
computer simulations and experimentally measured mechanical
properties using indentation tests [8,9]. Cross-sectional transmis-
sion electron microscopy observations of the blisters and their pre-
cursors enabled the identification of the blistering mechanism in
ll rights reserved.
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some detail, starting from bubble formation associated with the im-
plant, gas accumulation, and the effects of chemical reactivity be-
tween the injected atoms and target materials [8,9]. Furthermore,
molecular dynamics (MD) simulations of plastic deformations of
silicon under uniaxial stress suggested that disordered (amor-
phous) structure without a long-range order allows the materials
to be plastically deformed by collective rearrangements of atomic
positions within a few atomic distances in a volume of a few nano-
meters in diameter [10].

In this study, we will apply the blistering mechanism identified
above to tungsten. Tungsten has been selected for use in the diver-
tor of the International Thermonuclear Experimental Reactor, ITER
[11,12], and as such, has received considerable attention, especially
from the viewpoint of tritium retention. In the divertor, tungsten
plasma-facing components will be exposed to D+, T+, and He+ irra-
diation with energies ranging from <100 eV to >1 keV, high enough
to cause displacement damage. Systematic studies of depth distri-
butions of hydrogen (deuterium) implanted with >1 keV energy,
using secondary ion mass spectroscopy (SIMS) and ion beam tech-
niques (elastic recoil detection analysis, ERDA; and nuclear reaction
analysis, NRA) showed that the implanted atoms (H, D) are trapped,
not only by vacancy type defects around the expected damage pro-
file, but also at dislocations and extended defects induced by the
implanted atoms, and located as far as a few micrometers from
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the surface, suggesting that the implanted hydrogen penetrates
deep inside the bulk [13–17].

Recent studies have shown that blister formation in tungsten
can occur during D+ irradiation even at energies below the displace-
ment threshold (2050 eV for H+ [18] and 940 eV for D+ [13]). Blister
shapes and sizes depend on the microstructure of the tungsten
crystal target and the irradiation temperature [16,19–22]. These
observations suggest that diffusion and accumulation of hydrogen
via grain boundaries in powder-sintered polycrystalline tungsten
(PCW) would play an important role in determining the blister
morphology, though such a mechanism would not apply to single
crystal tungsten (SCW). Blistering and dislocation loop formation
have also been observed in tungsten irradiated with He+, even at
energies below the displacement threshold [23–26], as was seen
for hydrogen. The critical He+ fluence for blistering, however, is
about two orders of magnitude lower than that for hydrogen irradi-
ation; the difference might be attributed to differences in atomic
size and chemical reactivity with the target matrix.

To study the blistering mechanism in tungsten, which is very
closely related to retention of the implanted atoms, it is necessary
to examine the internal structure of the blisters. Since the blisters
are formed as a result of gas accumulation at a certain depth, direct
observation of the blister skin thickness will give the most unam-
biguous evidence for the gas retention depth. To date, no direct
observations of blister skin thicknesses in tungsten have been
actually reported, partly because the hard and brittle nature of
tungsten blisters has hampered thin foil preparation for TEM
observations. In the present study, we conducted GIEM observa-
tion of blisters formed by H+, D+, and He+ irradiation of SCW and
PCW specimens following the method discussed above, using
‘ultra-high-voltage transmission electron microscopy’ (HVEM), by
taking advantage of its high penetrating power.

2. Experiment

2.1. Specimens

High purity SCW (99.99%) produced by electron beam melting
was used in the present experiments. Test specimens were cut into
rectangular parallelepiped blocks (2 � 1 mm2 and 1 mm thickness)
by a diamond-sintered wire saw. One side of each block was elec-
trochemically polished in a 1 wt% NaOH solution. Prior to irradia-
tion, the SCW specimens were heated to �400 K when the
Table 1
Summary of tungsten irradiation conditions, and GIEM observations.

Specimen # 1 2 3 4 5

Figure number Fig 2 Fig 3(a) Fig. 3(b) Fig. 4(a,b) F
Implant

species
D+ H+ H+ D+ D

SCW/PCW PCW SCW SCW SCW S
Ion energy

(keV)
1.5 1.5 1.5 1.5 1

Flux (m�2 s�1) 2.8 � 1019 2.8 � 1019 1.5 � 1020 1.7 � 1020 1
Fluence (m�2) 1.0 � 1024 1.1 � 1023 1.0 � 1024 1.0 � 1023 1
Temperature

(K)
350�400a �350a 360–400 �400a �

Base diameter
(nm)

100–3000 100–1000 100–1000 100–1000 3

Height (nm) 200–700 �150 �300 �200 2
Skin thickness

(nm)
50–150
Uniform

Not
observable

Not
observable

50–100 5

Structure of
skin

Amorphous – – Uniform amorphous
(Fig 4(b))

M
a
(

Blister density
(m�2)

�1 � 1012 �3 � 1012 �1 � 1012 �4 � 1012 �

a The temperature of the PCW and some of the SCW specimens was not measured du
specimens were mounted in order to cure the epoxy adhesive;
no further annealing was done. Then, the polished side of the
blocks was irradiated with H+, D+, or He+. Ion beam parameters
and irradiation temperatures are summarized in Table 1. The spec-
imen temperature for most of the cases reported here was in-
tended to be around room temperature (RT), however, the effect
of beam heating led to slightly higher temperatures: about 400 K
for H+ and D+ and about 320 for He+; the lower temperature for
He+ is due to the relatively lower He+ beam current and short
implantation times. For most of the SCW specimens the tempera-
ture was monitored during irradiation with a K-type thermocouple
(chromel–alumel) and the measured temperatures are recorded in
Table 1. (For the other cases the temperature was estimated from
irradiations at similar conditions.)

To see the effect of grain boundaries on blister structure, poly-
crystalline tungsten was also exposed to D+ irradiation. The PCW
specimen (�8 � 10 mm) was 99.95 wt% pure and was cut from a
25 lm sheet produced by Rembar Corp. This specimen was not
heated prior to irradiation. The nominal temperature during irradi-
ation was RT, however due to heating by the D+ beam (fluence of
1 � 1024 D+/m2) it was likely to be about 350–400 K. For GIEM
analysis the PCW specimen was cut into slender strips of
1 � 2 mm.

2.2. Ion irradiation

Irradiation of the tungsten specimens was performed with the
mass-analyzed dual ion beam accelerator [27] at the University
of Toronto Institute for Aerospace Studies generally followed the
procedures outlined in [28]. Ions were incident on the specimens
at 21� from normal incidence. For implantations at temperatures
>400 K, specimens were mounted on a ceramic heater, and their
temperature during irradiation was measured with a chromel–alu-
mel thermocouple. Unheated specimens were mounted in the
same specimen holder, although a thermocouple was not always
present. In order to mount the small SCW pieces in the specimen
holder, the SCW specimens were first attached to small pieces of
stainless steel foil (�8 � 8 mm) by a graphite-based epoxy, which
was cured in air at 400 K for 4–5 h. For the cases reported here
4.5 keV H3

+ and 4.5 keV D3
+ molecular ions were used which upon

impact with the target results in three particles, each with
�1.5 keV energy, i.e., 1.5 keV/H+ and 1.5 keV/D+. (Here, we use H+

and D+ to represent the molecular ion fragments even though not
6 7 8

igs. 4(c,d) and 5(a) Fig. 5(b) Fig. 5(c) Figs. 6 and 7
+ D+ D+ He+

CW SCW SCW SCW
.5 1.5 1.5 5.0

.4 � 1020 1.3 � 1020 1.4 � 1020 5.1 � 1018

.0 � 1024 1.0 � 1024 1.0 � 1024 5.0 � 1021

400 500 700 �300a

00–1500 500–1000

00–500 �500
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nd poly-crystalline fine particles
Fig. 4(d))

Non-uniform poly-
crystalline
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ring irradiations; it was estimated from irradiations at similar conditions.
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Fig. 1. Depth distributions of: (a) implanted ion concentrations, and (b) ion-
induced damage as calculated by SRIM [29] for several incident ion energies. In (b)
the vertical axis corresponds to the number of displacements per atom (dpa) for
fluences of 1.0 � 1023/m2 for H+ and D+ and 5.0 � 1021/m2 for He+.
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all fragments are charged.) For helium irradiations 5 keV He+ ions
were used.

The ion ranges and damage distributions calculated with a
Monte Carlo simulation code, SRIM [29], using a dislocation energy
of 40 eV, are shown in Fig. 1(a) and (b), respectively, where the
damage distributions are presented in units of displacements per
Fig. 2. GIEM images of surface blisters in PCW tungsten (specimen #1) formed by 1.5 k
accelerating voltages of 200 kV in (a, b) and 1 MV in (c, d). Images in (b) and (d) are
subsequent figures correspond to those given in Table 1. The scale bars represent 1 lm
atom (dpa) for fluences of 1.0 � 1023 H+(D+)/m2 and 5.0 � 1021

He+/m2.

2.3. Grazing-incidence electron microscopy

Grazing-incidence electron microscopy was performed at Na-
goya University. The irradiated specimens were mounted on a sin-
gle-hole grid with the polished and irradiated side exposed to the
electron beam at grazing incidence. The specimens were observed
with both JEM200CX (operated at 200 kV) and H-1250ST (1 MV)
transmission electron microscopy (TEM). The GIEM technique is
applicable to non-destructive structural analysis of small (<1 lm)
surface protrusions, without any particular specimen preparation
technique, usually required for TEM observation [3,4].

3. Results and discussion

3.1. H+ and D+ irradiation

3.1.1. Polycrystalline tungsten
GIEM images (with TEM operated at 200 kV) of a PCW (speci-

men #1) surface irradiated with D+ at about 350–400 K to a fluence
of 1.0 � 1024/m2 are shown in Fig. 2(a) and (b); 2(b) is an enlarged
image of 2(a). Previous studies of semiconductors and ceramics
indicated that the implant atoms/molecules (gas phase) were accu-
mulated around the ion range peak or around the damage peak,
and it is this depth that determined the final skin thickness of
the blisters [3–8,10]. It is thus expected from Fig. 1 that the skin
thickness of the tungsten blisters would be about a few nanome-
ters, which should be transparent to the 200 keV incident electrons
[30], and one should be able to observe the microstructure of the
skin. However, it was found that the blister skin completely
blocked the transmission of the electrons, as clearly shown by
the dark contrast (shadow) in the enlarged image in Fig. 2(b). This
indicates that the skin thickness is much larger than expected
based on the SRIM-calculated ion implantation range, in contrast
to what has been observed for Si and SiC [3–8,10].

To improve the ability to see through the blisters, subsequent
images were observed with the ultra high-voltage TEM (HVEM)
operated at 1 MV. The blister images of the PCW (specimen #1) ob-
served with HVEM are now able to reveal the internal structure of
the blisters, as shown in Fig. 2(c) and (d). The thickness of the blis-
ter skin ranges between 50 and 150 nm, much thicker than that ex-
pected from the calculated ion ranges of the implants. Note that
Fig. 2(d) is an enlarged image of Fig. 2(c) and includes an inset of
the diffraction pattern from one of the blister skins; the pattern
reveals an amorphous structure. The GIEM observations and the
eV/D+ irradiation at about 350–400 K to a fluence of 1.0 � 1024 D+/m2, observed at
magnified parts of (a) and (c). Note: the specimen number given here and also in
.



Fig. 4. GIEM images of surface blisters in SCW formed by 1.5 keV/D+ irradiations:
(a,b) specimen #4 irradiated at �400 K to a fluence of 1.0 � 1023 D+/m2, with the
inset in (b) showing an ‘amorphous’ structure in the electron diffraction pattern for
a selected area of the blister skin; (c, d) Specimen #5 irradiated at �400 K and
1.0 � 1024 D+/m2.
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corresponding ion-beam parameters for all irradiation cases pre-
sented in this study are summarized in Table 1.

3.1.2. Single crystal tungsten
GIEM images of surface blisters in SCW are shown in Fig. 3 for

H+-irradiation at about 350–400 K to two fluences (specimens #2
and #3). Similarly, SCW blister images for D+-irradiation at
�400 K for the same two fluences as the H+ cases are shown in
Fig. 4 (specimens #4 and #5). Comparing the respective H+/D+

GIEM images for irradiations at �1.0 � 1023 H+(D+)/m2 in Figs.
3(a) and 4(a)) with the H+/D+ GIEM images for �1.0 � 1024

H+(D+)/m2 in Figs. 3(b) and 4(b)), it is apparent that both the size
and density of the blisters are larger for the higher fluence cases.
From these images, an approximate critical fluence for the onset
of blistering in SCW is estimated to be at or below �1.0� 1023/m2

for both H+ and D+ irradiations at 6400 K – consistent with previ-
ously reported values [21,31]. Since the height of the H+-irradiated
blisters (Fig. 3) is too small to be discernable, it is not possible to
see the internal structure of the blisters. Considering the small
amount of displacement damage introduced by the incident H+

ions, see Fig. 1, it might be expected that the blister skin structure
would remain single crystalline, though containing a high density
of defects.

GIEM images of surface blisters produced in specimen #4 by D+

irradiation at �400 K and 1.0 � 1023 D+/m2 fluence are shown in
Fig. 4(a and b). Judging from the electron diffraction pattern inset
in Fig. 4(b), the structure of these blisters appears to be ‘amor-
phous’ with a smooth uniform thickness. For comparison, blisters
produced on specimen #5 by the higher fluence (1.0 � 1024

D+/m2 at 400 K) irradiation are shown in Fig. 4(c) and (d). In con-
trast with the lower fluence case, the structure of these blister
skins seems to contain ‘fine crystalline particles,’ which are evident
in the enlarged image in Fig. 4(d), implying that some re-crystalli-
zation might have occurred. (These features are very similar to
those seen in blisters formed in silicon [3,4].)

It should be noted that the observed skin thicknesses observed
for D+ irradiations of SCW specimens #4 and #5 (Fig. 4(a)–(d)) are
similar for both fluence cases and range from 50 to 150 nm; also
see Table 1. These thicknesses are nearly one order of magnitude
larger than the expected ion range of D+ and H+, unlike the case
in silicon and silicon carbide, where the blister thickness was sim-
ilar to the hydrogen and helium ion ranges [3–7]. Moreover, the
skin thicknesses observed in the present study are similar for both
single- and polycrystalline specimens, e.g., compare PCW specimen
Fig. 3. GIEM images of surface blisters in SCW formed by 1.5 keV/H+ irradiations:
(a) specimen #2 irradiated at �350 K to a fluence of 1.1 � 1023 H+/m2; (b) specimen
#3 irradiated at 360–400 K and 1.0 � 1024 H+/m2. The scale bar applies to both (a)
and (b).
#1 (Fig. 2) and SCW specimen #5 (Fig. 4(c) and (d)), both irradiated
with 1.5 keV/D+ at �400 K to a fluence of 1.0 � 1024 D+/m2. This
near-surface presence of implanted D is consistent with NRA mea-
sured depth distributions of trapped D in PCW (the same material
as the one used in the present study) irradiated with 500 eV and
1 keV D+ at 300 K [17]. While the ion range at these energies is
about 10 nm, the trapped D profile extends to 200–300 nm and
peaks around 80 nm [17]. We note, however, that in addition to
near-surface diffusion of D leading to the blisters observed in the
present study, D diffusion further into the bulk at 500 K, possibly
along grain boundaries, of PCW also leads to blister formation, with
thicknesses on the order of the depthwise grain dimension, e.g.,
Haasz et al. observed blisters with several micrometer thickness
[16].

GIEM images of blisters produced by 1.5 keV/D+ irradiation of
SCW with 1.0 � 1024 D+/m2 are shown in Fig. 5 for three different
temperatures: specimen #5 at �400 K in Fig. 5(a), which is the
same as Fig. 4(c); specimen #6 at �500 K in Fig. 5(b); and specimen
#7 at 700 K in Fig. 5(c). The growth of blisters – both height and
density – appears to be suppressed with increasing irradiation
temperature. The blisters at 500 and 700 K do not reveal internal
structures even with 1 MeV electrons, implying that the blister
skin thickness is likely to be larger at these elevated temperatures
than that seen for the �400 K irradiation in Fig. 4(c).



Fig. 5. GIEM images of surface blisters in SCW formed by D+ irradiation with a
fluence of 1.0 � 1024 D+/m2 at three irradiation temperatures: (a) specimen #5 at
�400 K; (b) specimen #6 at �500 K; and (c) specimen #7 at �700 K.

Fig. 6. (a) GIEM images of surface blisters in SCW (specimen #8) formed by He+

irradiation with a fluence of 5.0 � 1021 He+/m2 at �300 K. (b) Enlarged image of one
of the well grown blisters with a discernable skin structure on top of the blister.

Fig. 7. (a) Transmission dark-field image of He-blister on specimen #8. The
corresponding electron diffraction pattern (inset) shows a polycrystalline structure.
(b) High resolution lattice image of a portion of the image in (a).
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3.2. He+ irradiation

GIEM images of blisters formed by 5 keV He+ irradiation of SCW
(specimen #8) at �300 K and a fluence of 5.0 � 1021 He+/m2 are
shown in Fig. 6. Since no blisters with appreciable size were
observed in a specimen irradiated with similar conditions as spec-
imen #8, but to a lower fluence of 1.0 � 1021 He+/m2 (not shown),
the critical dose for blistering by He+ irradiation is considered to be
around 1.0 � 1021 He+/m2, which is lower by nearly two orders of
magnitude than that for H+ and D+ irradiations of SCW. Larger blis-
ters are sometimes seen, as shown in Fig. 6(b), with variations in
contrast which indicate that the internal blister structure is not
of uniform thickness. An enlarged transmission dark-field image
of such a large He-blister is shown in Fig. 7(a). It should be noted
that the thickness of the skin is again much larger than the calcu-
lated ion range peak location in Fig. 1. The transmission electron
diffraction pattern inset in Fig. 7(a) clearly shows that the skin
structure is polycrystalline. Furthermore, no bubbles were ob-
served in the blister skin, as seen in a high-magnification high-res-
olution lattice image in Fig. 7(b), unlike previous observations for
sintered polycrystalline tungsten [32].

For He+ irradiations at 700 K (not shown), blistering was sup-
pressed as was also seen for H+ and D+ irradiations in Fig. 5. No
blisters large enough to observe the substructures of the skins
were detected; only undulated surface structures were observed.

4. Possible blister formation mechanism in single crystal
tungsten

Here, we attempt to explain why the blister cap thickness is
much larger than the SRIM-calculated range of the implanted ions.
We base our discussion on experimental observations of D accu-
mulation beyond the implant zone (to �500 nm) for D+ irradiation
of PCW at 300 K [17]. The discussion could be applied to both SCW
and PCW since the blister depth (�50–150 nm) is much smaller
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than the grain depth of �10 lm of the PCW [16] used in this study.
However, we recognize that in the case of PCW materials, blister
formation due to grain boundary diffusion and D accumulation at
grain boundaries might also occur. The first step in our approach
is to identify a mechanism that allows the thermalized implanted
atoms to diffuse a considerable distance beyond the ion range
and accumulate there. A conventional mechanism for hydrogen
retention is hydrogen trapping and trap evolution by cavity forma-
tion, introduced by irradiation and the super-saturation of hydro-
gen within the tungsten lattice, e.g., [33–36]. Hydrogen trapping
occurs at impurities, dislocations, vacancies, grain boundaries
and other crystal defects within the implantation zone, e.g.,
[37,38]. If all the traps become filled, and the flux of hydrogen is
Gas conc. 
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Fig. 8. Schematic diagram showing a potential model of the blistering process by H+, D+
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Fig. 9. FEM simulation results of H-blisters, showing distributions of (a) str
larger than the rate of hydrogen diffusion out of the implantation
zone, there will exist a local super-saturation of mobile hydrogen
due to its very low solubility [37]. Hydrogen introduced by
prolonged irradiation pushes the preexisting distribution of
trapped atoms deeper into the specimen, as schematically shown
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The presence of trapped hydrogen in the tungsten lattice leads
to swelling of the tungsten, and lateral compressive stresses within
the surface layer [16]. The lateral compressive stress model for
blister formation has already been well developed [33] for cases
where the blister skin thickness is comparable to the ion range.
In the current case, however, the implantation depth is <10 nm,
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while the blister skin thickness is 50–150 nm. We, therefore, pos-
tulate that the tungsten lattice is able to withstand lateral stresses
in the thin surface layers comparable to the implantation depth.
However, as the hydrogen diffuses further into the bulk, the thick-
ness of the compressive layer increases, until the tungsten can no
longer withstand the stress. At this point, local delamination oc-
curs, followed by mobile H atoms entering the cavity and recom-
bining to form H2, which will fill the resulting cavity and lead to
blister formation. We note that in the previously studied cases of
Si and SiC the observed blister skin thickness was comparable to
the ion implantation depth [3–8,10]. We suggest that, in these
cases, the accumulation of H or He within the implantation range
leads to sufficient lateral stresses to cause delamination and blister
formation.
5. FEM simulation to estimate the gas pressure in the blister

The internal gas pressures of the blisters were estimated by
computer simulations based on the finite element method (FEM)
in the same manner as was done in the previous study for blisters
in silicon [8]. First, a bulk continuum material with a layered struc-
ture is set up in the FEM computer code (ABAQUS ver. 6.3 [39]),
where each layer has different mechanical properties according
to the introduced damage distribution. In the present case the bulk
model was divided into four layers, as was done in [8]: the total
thickness was set to be 500 nm, and the thickness of each layer
was set to be 10, 10, 30, and 450 nm, respectively. The mechanical
parameters: Young’s modulus, E; and critical yield stress, Y; at each
layer were estimated from those measured by the nano-indenta-
Fig. 10. FEM simulation results of He-blisters, showing distributions of (a) s

Table 2
Mechanical and structural parameters used for the FEM simulations of blister shape: E = Y

SCW specimen # and irradiation parameters E (GPa)

Specimen #2(�350 K) 1.5 keV/H+ and 1.0 � 1023 H+/m2 520
Specimen #8 (�300 K)5 keV He+ and 5.0 � 1021 He+/m2 690
tion method for an unirradiated specimen and published data of
their dependence on irradiation fluence for H+- and He+-irradiated
tungsten [32,40]. Then, a thin circular opening was introduced at
the depth corresponding to the measured skin thickness (for H+

irradiation, in which the skin thickness could not be experimen-
tally measured, the skin thickness for D+ irradiation was used),
with a diameter that approximates the internal base area of a typ-
ical blister observed in the present study. This was followed by
allowing the internal hydrostatic pressure to increase until the
upper layer was elasto-plastically deformed to the observed blister
shape. Since the observed blister skins were amorphous or poly-
crystalline, the isotropic continuum model with cylindrical sym-
metry could be applied.

Spatial 3D plots in Fig. 9(a)–(c) show, respectively, the stress,
elastic strain, and plastic strain of the simulated blisters, which cor-
respond to a case of H+ irradiation (SCW specimen #2; energy:
1.5 keV/H+; fluence: 1.0 � 1023 H+/m2; irradiation temperature:
�350 K). Similarly, stress, elastic strain, and plastic strain plots for
a case of He+ irradiation (SCW specimen #8; energy: 5 keV He+; flu-
ence: 5.0 � 1021 He+/m2; temperature: �300 K) are shown in
Fig. 10(a–c). The mechanical and structural parameters of the most
damaged regions (5–10 nm from the surface) used for the simula-
tions are given in Table 2. We tried several models with different
numbers of layers (2–4), which resulted in similar values within
�10%. The derived parameters (internal pressure in the blister, P;
internal blister volume, V; number of molecules contained in the
blister, n; and the calculated number of implanted atoms involved
in the formation of the blister, Ncalc) are presented in Table 3, to-
gether with the blister number density, q, measured from GIEM
images. The final internal hydrostatic pressures derived from the
tress (rij) in units of Pa; (b) elastic strain (eij); and (c) plastic strain (dij).

oung’s modulus; Y = yield stress; t = blister height; and r = radius of blister base.

Y (GPa) t (nm) r (nm)

5.0 100 300
6.6 100 500



Table 3
Summary of parameters used for estimating the number of H and He atoms contained in blisters. (i) Parameters derived from FEM simulations: P = internal pressure; V = internal
volume. (ii) The number density of blisters, q, was measured from GIEM images. (iii) The number of atoms contained in a blister, n, and areal number density of gas atoms
involved in blister formation, Ncalc, were calculated from these values. (iv) Also shown is the areal number density of retained D [41] and He [28,42,43] measured in D/He
retention experiments.

SCW Specimen # and irradiation
parameters

P (GPa) V (nm3) q (m�2) n Ncalc (m�2)
FEM

Nexp (m�2) (from literature)

Specimen #2 (�350 K) 1.5 keV/H+

and 1.0 � 1023 H+/m2
1.7 1.4 � 107 3 � 1012 5.0 � 108 3.0 � 1021 �5 � 1020 D+/m2 (1 keV D+) [41]

Specimen #8 (�300 K) 1.6 1.1 � 108 1 � 1012 2.6 � 109 2.6 � 1021 1 � 1021 He+/m2 (0.5 and 2 keV projected to 5 keV He+) [28]
5 keV He+ and 1 � 1021 He+/m2 (5 keV He+) [42]
5.0 � 1021 He+/m2 2 � 1021 He+/m2 (8 keV He+) [43]
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FEM calculations, i.e., the pressures needed to reproduce the exper-
imentally observed blister shapes, were 1.7 and 1.6 GPa for the H-
and He-blisters, respectively.

From Figs. 9 and 10, we observe that elastic strains dominate in
the blister formed by H+ irradiation, while plastic strains are signif-
icant in the blister formed by He+ irradiation. As expected, the
stresses are concentrated along the edges of the internal openings
and the simulation failed for larger internal pressures both in H-
and He-blisters. This means that the size of blisters in tungsten is
controlled by the mechanical strength limit. For D+ irradiation
the dose dependence data of the mechanical parameters are avail-
able only up to 25 dpa [40], whereas the fluence of 1.0 � 1023

D+/m2 to form D-blisters corresponds to more than 100 dpa. We at-
tempted to reproduce the D-blister shape, using the values at 25
dpa, which turned out to fail for any internal pressure.

From the derived gas pressures, the number of molecules in-
volved in the internal volume of the blister was estimated using
the van der Waals equation of state:

n3 � V
b

n2 þ ðRT þ PVÞ
ab

n� PV3

ab
¼ 0; ð1Þ

where n, V, P, T, and R are the number of molecules, volume, pres-
sure, absolute temperature, and gas constant, respectively. The van
der Waals constants for H2 are: a = 0.245 atm dm6 mol�2 and
b = 0.0267 dm3 mol�1; similarly, for He: a = 0.034 atm dm6 mol�2

and b = 0.0238 dm3 mol�1. The approximate total number of inci-
dent beam atoms per unit area, Ncalc, contained in all blisters over
this unit area was estimated from the calculated number of gas
atoms, n, in a typical blister volume, and the observed number den-
sity of blisters per unit area, q. These calculated amounts of H and He
atoms (Ncalc) in the blisters, together with experimental measure-
ments (Nexp) under similar irradiation conditions for D+ [41] and
He+ [28,42,43] retention in tungsten, are given in Table 3.

In the case of hydrogen, the calculated amount is about six
times larger than the experimentally measured D retention for
1 keV D+ irradiation of PCW [41]. (We note that D retention is used
for this comparison because no H retention data are available.) For
He the calculated amount is about a factor of 2.6 larger than the
experimental measurements [28,42,43]. The observed differences
might be attributed to the escape of He atoms and H2 molecules
(in the case of hydrogen) from the blisters during and shortly after
irradiation, so these atoms/molecules would not have been de-
tected during the subsequent TDS measurements. Escape of
atoms/molecules might have been caused by structural changes
during irradiation, such as transition from single crystal to poly-
crystalline or amorphous, and the possible formation of nano-size
cracks. While these atom/molecule losses from the blisters would
lead to lower amounts of He/hydrogen measured by TDS, they
would not affect the calculated He/hydrogen accumulation in the
blisters, which is based on measured blister shapes, sizes and den-
sity. In both cases (H and He), the measured retained amounts are
2.6–6 times lower than the calculated amounts. Considering uncer-
tainties in both the experimental measurements and modelling
assumptions, we do not consider the difference between H and
He to be significant.
6. Summary and conclusions

We have used non-destructive grazing-incidence electron
microscopy (GIEM) to examine the structure and morphology of
surface blisters formed in tungsten during H+, D+ and He+ irradia-
tions. GIEM images of 1.5 keV D+-irradiated PCW clearly show that
blister formation occurs at about 50-150 nm depth, which is great-
er than the implanted D+ ion distribution (<40 nm). Electron dif-
fraction patters show that the PCW specimen changed to an
‘amorphous’ structure.

Blister formation was also observed with GIEM for single crystal
tungsten irradiated with H+, D+, and He+. The critical ion fluence for
blister formation in SCW is estimated to be �1023 H+(D+)/m2 for
H(D) and �1021 He+/m2 for He. The size of the blisters and their
skin structure depends on the irradiating conditions. However, in
contrast to the case of PCW, the internal structure of the blisters
in SCW was more difficult to discern even with the use of 1 MeV
electrons, implying larger blister skin thicknesses. For SCW an
amorphous blister structure is observed for D+ irradiation at
�400 K to a fluence of 1023 D+/m2. However, as the fluence is in-
creased to 1024 D+/m2 the presence of fine polycrystalline particles
is evident, implying that some re-crystallization might have oc-
curred. At the same ion energy, blister size is larger for D+ than
for H+ irradiation of SCW. At the same ion energy and irradiation
temperature the blister size in SCW increases with increasing D+

fluence, while for the same D+ energy and fluence, the growth of
blisters – both height and density – appears to be suppressed with
increasing irradiation temperature.

The blister morphology and gas retention in tungsten depend
on the irradiation-induced changes in the mechanical properties
of the surface layer. Based on the observed blister features, FEM
simulations were performed to reproduce the blister shapes, by
which the internal pressures and gas retention in the blisters were
estimated. From the GIEM images and FEM calculations we have
estimated the number of H and He atoms accumulated in the blis-
ters. When compared to published experimental retention results,
the calculated values are found to be higher than those measured
by TDS in D and He retention experiments. The observed differ-
ences might be attributed to the escape of atoms from the blisters
during and shortly after irradiation, so these atoms would not be
detected during the subsequent TDS measurements.

Here, we propose a model for the blistering process based on
the hypothesis that hydrogen introduced in the surface layer by
prolonged irradiation pushes the preexisting distribution of
trapped atoms deeper into the specimen. Verification of this mod-
el would require the use of cross-sectional TEM to observe any
accumulated hydrogen at the interface between the highly defec-
tive (or amorphous) surface layer and the original single crystal
substrate. However, we have not yet succeeded in preparing a
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specimen suitable for XTEM due to tungsten’s hardness and high
atomic weight.
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