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Abstract

To simulate neutron and helium damage in a fusion reactor first wall sequential self-ion
implantation up to 13dpa followed by helium-ion implantation up to 3000appm was performed to
produce damaged layers of ~2um depth in pure tungsten. The hardness of these layers was
measured using nanoindentation and studied using transmission electron micrcroscopy. Substantial
hardness increases were seen in helium implanted regions, with smaller hardness increases in
regions which had already been self-ion implanted, thus containing pre-existing dislocation loops.
This suggests that, for the same helium content, helium trapped in distributed vacancies gives

stronger hardening than helium trapped in vacancies condensed into dislocation loops.
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Tungsten is the most important candidate material for plasma facing surfaces in any future
nuclear fusion power device [1], due to its combination of low sputtering rate, low activation under
transmutation, and good thermal conductivity [2]. In a plasma-facing role it will be subjected to
some of the most extreme conditions of any engineering materials; surface temperatures of over
1000°C, damage levels of up to 50dpa/year from 14.1MeV neutrons, transmutation-induced
compositional changes of up to 5at% over operational lifetimes [3] and implantation of helium
directly from the plasma [4]. Degradation of tungsten in these conditions will limit the component
lifetime and have adverse effects on the fusion plasma efficiency due to ingress of sputtered
tungsten atoms and dust. The combination of displacement damage from neutrons and helium
(present due to both transmutation and injection from the plasma) will result in significant
mechanical changes in the tungsten. Understanding the mechanisms behind these effects will be
vital in modelling failure mechanisms of plasma- facing tungsten. Studies of helium in tungsten have
concentrated on the mechanisms behind the formation of bubbles [5], voids [6] and “nano-fuzz” [7];
however very little work has been carried out to assess the influence of helium on tunsgten’s

mechanical properties.



Nanoindentation has been used to study the effects of helium implantation on the
mechanical properties of advanced nuclear steels. Chen et al. performed simultaneous and
sequential Fe* ion and He* ion implantations into a PM2000 ODS steel (in the as-received state and
cold-rolled to 30% and 70% reduction in thickness), to 31dpa and 18appm/dpa of helium. They saw a
hardness increase due to the implantation of 1.15GPa in the as-received material, 0.23GPa in the
30% rolled and 0.2GPa for the 70% rolled. For the two rolled materials, hardness increases were
within 1 standard deviation of the unirradiated hardness. This suggests that the rolling produces
defects which act as sinks for helium and displacement damage and which reduce their hardening
effect. Kogler et al. [8] also carried out Fe/He implantations on PM2000, in as-received and heat-
treated conditions, performing both sequential and simultaneous implantations to 52dpa and
20.7appm He/dpa. In the as-received materials the simultaneous implantation gave significantly
higher hardening (1GPa) than the sequential implantation, whereas in the heat-treated case the
material implantated simultaneously with Fe and He was only 0.3GPa harder than that implanted
sequentially. Hunn et al [9] performed helium implantation on 316LN stainless steel using 360keV
helium ions to a level of 332appm. This was seen to give large increases of hardness of up to 2GPa in
the region of maximum damage, which was associated with the formation of helium bubbles,
whereas Fe* ion implantation at similar dpa damage levels gave rise to increases in hardness 50%
lower. These studies have shown that helium implantation can have a stronger hardening effect than
self-ion implantation as well as differences in hardness between sequential and simultaneous
implantations in feritic alloys. However while there have been several studies on the mechanical
properties of both neutron [10, 11] and self-ion implanted tungsten alloys[12, 13], where dramatic
increases in hardness, of up to 3GPa, have been observed, there has been no work on the effect of
helium implantation on the mechanical properties of tungsten. This paper reports the changes in
hardness in pure tungsten after self ion implantation with tungsten ions, implantation with helium

ions and sequential implantation of tungsten followed by helium.

High purity (99.99%) polycrystalline tungsten, (as used in a previous study on brittle to
ductile transition behaviour [14]) from Metals Crystals and Oxides (UK) was sectioned into 1mm
thick slices and mechanically polished using diamond suspensions followed by chemomechanical
polishing with colloidal silica to produce a high quality surface. lon implantation was carried out at
the Surrey National lon Beam Centre, UK, using a 2MV Tandem accelerator. Tungsten ion
implantation was carried out at 300°C using 2MeV W* ions. One of two doses was used, either

3.5x10% ions/cm? or 1.05x10%ions/cm?. SRIM (stopping range of ions in matter) software was used



to convert doses to a displacement per atom values (dpa) using a displacement energy of 68eV [15].
This gives 0.4dpa for the low dose and 13dpa for the higher dose at peak damage. Samples were
mounted so that half of the sample was blanked from the ion beam. Following the tungsten ion
implantation, one of two helium ion implantations was performed on the same samples. These were
carried out at 300°C using He+ at 0.05 MeV, 0.1 MeV, 0.2 MeV, 0.3 MeV, 0.4 MeV,0.6 MeV,0.8
MeV,1.0 MeV,1.2 MeV,1.4 MeV,1.6 MeV, and 1.8MeV. The He+ implantations produced damage
levels of either 0.02 dpa or 0.25 dpa and a helium concentration of =300appm or 3000appm; see
figure 1. For the helium implantation, half the previously unimplanted region and half the previously
W ion implanted region was now exposed to the He+ beam and the other half blanked. The resulted
in each sample having four distinct regions, as shown in figure 1, with each having experienced the
same thermal cycle. Implantation doses will be referred to as OW,LDW,HDW and OHe,LDHe,HDHe.
Each sample comprised four regions with the various combinations of W and He; for example the
region OW-LDHe was implanted with He+ to 300appm only whereas the region HDW-HDHe was
implanted with W+ to 13dpa and then He+ to 3000appm. Three samples were prepared: (1) LDW +
LDHe; (2) HDW + LDHe; (3) HDW + HDHe.

Nanoindentation was performed on all four areas of each sample using an MTS
Nanoindenter XP (MTS, TN, USA) and the “continuous stiffness measurement” (CSM) method
allowing hardness and stiffness to be measured continuously at all indentation depths. Arrays of 16
indents to 200nm depth and 4 indents to 2000nm depth were placed in each section of the three
samples. Figure 2 shows four typical load-displacement curves over first 2mN load for each of four
regions of the HDW-LDHe (13dpa W* / 300appm He+ ) sample (for clarity, in each case only four are
shown of the 16 indentation tests made). In the unimplanted region (figure 2a) an initial Hertzian
response can be observed at low loads followed by several distinct large pop in events; beyond the
pop-in there is considerable variation between the load-displacement curves for the individual
indents. In figure 2b (HDW) the tungsten ion implantation suppresses the occurrence of the initial
pop-in events, with only a small number of very small pop-ins occurring, although the variation in
the load-displacement curves between individual indents is similar to that seen in unimplanted
material. The effect of low-dose helium ion implantation is shown in figure 2c; again the initial pop-
ins have been almost totally suppressed as compared to the unimplanted material. The material is
significantly harder than either W-implanted or unimplanted material. In addition the spread in the
data is suppressed with all curves (four are shown) lying almost exactly on top of each other. Figure
2d (HDW - LDHe) is similar to OW-LDHe in that initial-pop ins are suppressed, hardness is increased

and the spread in data drops compared to unimplanted or HDW implanted tungsten..



Figure 3a shows hardness as a function of indenter displacement into the surface for
conditions OW-OHe, LDW-0He, OW-HDHe, and LDW-HDHe. The LDW implanted sample shows a
maximum increase in hardness over the unimplanted material of 0.8GPa at 170nm indenter
displacement but shows no increase in hardness by 600nm indenter displacement. The HDHe
implanted material shows a significant increase in hardness to 11.2GPa at 130nm displacement, and
is still significantly harder (7.0GPa) than the unimplanted material at 900nm displacement. The LDW-
HDHe implanted material shows a slightly smaller increase in hardness over the first 300nm than the
HDHe sample, reaching a peak hardness of 10.6GPa at 200nm displacement. Both the HDHe and
LDW-HDHe implanted materials show the same hardness —depth profile for displacement greater

than 300nm, roughly the depth of penetration of the W ions (figure 1c).

Figure 3b shows the average hardness of 16 indents over an indenter displacement range of
0-200nm (the range at which there would be expected to be influence from both W+ and He+
implantations) for all 8 different implantation conditions. This data are summarised in figure 3c
which shows the average hardness between 100nm and 200nm for each condition. The unimplanted
material has a hardness of 6.0GPa. Under W+ ion implantation alone the hardness of the HDW
sample increases significantly more than the LDW sample (average hardness of 8GPa as compared to
6.5GPa). The HDHe condition (11 GPa) hardens more than the LDHe condition (7.2GPa). The increase
in hardness for the HDHe condition which has a damage level of 0.25dpa and 3000appm He+ is

significantly higher than that seen for the LDW condition which has a similar damage level (0.4dpa).

For the highest helium dose , pre-implantation with W appears to reduce the overall
hardening effect: hardness decreases in the sequence HDHe, LDW-HDHe, HDW-LDHe. In the HDW-
LDHe condition the measured hardness is slightly greater than that for the LDW, and identical to that
for the HDW condition.

To study the damage incurred during helium implantation, transmission electron microscopy
(TEM) was performed using a JEOL3000F TEM. Figure 4 shows transmission electron microscopy
images (TEM) from a HDW-HDHe sample. Three different grains were studied, but no visible bubbles
of helium were found. It is not possible to infer from TEM the location of helium in tungsten when it
is not in resolvable bubbles, but He may be present in smaller He-vacancy clusters below the
resolution limit of the TEM. It is known that helium is highly mobile in tungsten even at room
temperature [16]. Work by Debelle et al. [17] using positron annihilation spectroscopy and nuclear
reaction analysis showed no release of the helium when helium-implanted tungsten was annealed
at 1100°C in vacuum, indicating that the helium is strongly bound to the vacancies. This is in

agreement with modelling by Lee et al. [18] who show, using density functional theory (DFT), that



helium will migrate to vacancies rather than remain in interstitial or substitutional sites. The helium
ion implantation will create vacancies during the collision events, which would be expected to
become rapidly associated with helium forming stable structures. This has been confirmed in work
by Lhuillier [19] who showed that helium implanted above the threshold energy for vacancy
formation is fully retained when the damage level is above 0.1dpa, while when helium was
implanted at an energy below the vacancy formation energy, the helium was fully released on
annealing at 1600°C. It is known that helium vacancy clusters form in tungsten, as observed in work

by Lhuillier. et al. [20] using positron annihilation spectroscopy.

The difference in hardness between areas which were implanted first with tungsten ions
followed by helium ions and those only implanted with helium ions is significant. The tungsten
implanted regions will have a very high initial defect density. Work on similar materials implanted to
damage levels from 0.4dpa to 33dpa, with W+ ions at 2MeV [13], showed prismatic dislocation loop
densities of 5.7x10%?m? to 1.61x102m?> Loops were either of b=a/2<100> (~40%) or b=a/2<111>
(~60%) type, from 1-8nm in diameter, and of both vacancy and interstitial types, in roughly equal

numbers.

We suggest that the hardening due to these combined implantations results from two defect
types: dislocation loops and helium-vacancy complexes. Both appear to have strong hardening
effects. However, the results presented here suggest that for a given helium fraction, the strongest
hardening is produced if the helium atoms are present as helium-vacancy complexes; these are
invisible to the TEM techniques used here. Molecular dynamics modelling by Yang et al. [21] for bcc
iron shown a strong interaction between edge dislocations and large vacancy-helium clusters, which
increase with the number of helium atoms per vacancy. This may be the mechanism for the large

increase in hardness in tungsten seen after the helium implantation.

For samples implanted with tungsten before helium implantation, some of the He+ ions are
likely to be trapped at the dislocation loops reducing the trapping in vacancies. In Figure 3a, the
hardness of the HDW-HDHe sample is seen to be lower than the OW-HDHe material, but only at
indenter penetration of less than 300nm, the depth range over which a hardening effect of the W+
implantation is found. At greater depths than this the hardness-depth profile for HDW-HDHe follows
the same curve as for the OW-HDHe sample. The HDW-HDHe material shows a lower hardness than
the LDW-HDHe, implying the higher tungsten implantation dose has introduced a higher density of
dislocation loops for the helium to trap at in this sample, further reducing the He trapped in
vacancies. In the LDHe sample, the hardness of the sample to HDW-LDHE region is higher than the
hardness of the OW-LDHe region. The HDW-LDHe region shows the same hardness as the OW-HDW



region. Here, the hardening from the dislocation loops formed by the W+ implantation appears to

dominate over the hardness increase due to helium in solution.

Further work on the exact nature of the damage caused by the sequential implantations and
the precise location of the helium is needed to understand more completely the mechanisms which
underlie these hardness changes, as are studies on how the helium affects both the fracture
toughness and brittle to ductile transition temperature in tungsten if it is to be used in high helium
environments. To study the helium location small angle X-ray scattering experiments could be
performed to look for He-bubbles of a size below the resolution of TEM which may also have a
significant effect on hardness[22], due to their interactions with mobile dislocations. Position
annihilation spectroscopy [19] and thermal desorption spectroscopy [23] would also allow study of
location of the helium in greater detail -complementing the TEM already performed. For further
evaluation of the effects of helium on mechanical properties other than hardness such as yield stress
and fracture behaviour advanced micromechanical testing using focused ion beam machined pillars
[24, 25] and microcantilers [26-28] are being employed. However undoubtedly these dramatic
hardness increases resulting from helium implantation into tungsten represent a particular concern

for the application of tungsten, which is already inherently brittle, in fusion reactor environments.
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Figure 1: a) Schematic of sample after W* and He* implantation showing 4 regions produced. b)

Predicted damage and helium concentration profiles from multiple-energy HD He+ implantation. c)

Predicted damage profile from W+ implantation.
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Figure 2: Typical nanoindentation load-displacement curves for a) OW-OHe, b) HDW-0He, c) OW-

LDHe, d) HDW-LDHe
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Figure3: a) Hardness-displacement curves for OWOHe, LDW-0OHe, OW-HDHe, LDW-HDHe, showing
tungsten ion damage effect extends for =300nm and the helium damage range extends for over
1000nm. b) hardness-displacement curves for all implantation conditions from 0-200nm. c)

Summary of average hardness values of all 8 conditions between 100 and 200nm.

Figured: TEM micrograph of the 3000appm He implanted pure W. The image was recorded at ~1um

underfocus. No Fresnel contrast was observed in a through-focus series indicating no He bubbles are

present.



