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Abstract

The near-surface structural and mechanical changes of tungsten upon exposure to 25 keV helium
ions at doses ranging from 1x10? to 1x10% ions/nm? (1x10'® to 1x10'® jons/cm?) are investigated
using site-specific implantation, imaging and probing techniques. Helium Ion Microscopy and
Atomic Force Microscopy are used to investigate surface topography changes due to swelling and
blistering, and nanoindentation is used to study changes in material hardness. An analytical model
has been developed to qualitatively explain bubble formation, surface swelling and the variation
in local hardness with depth observed experimentally. The model assumes that the implanted
helium has a Gaussian depth distribution, which the helium nanobubbles also follow due to their
fast formation. There are two competing processes proposed: (1) a reduction in hardness due to
the decrease in material density from bubble formation, and (2) an increase in hardness due to
bubbles acting as pinning points that impede dislocation motion.

1. Introduction

Nuclear fusion exposes materials such as plasma-facing components to extraordinary
environments. Hydrogen isotopes [1] and helium with energies ranging from 10 eV to several keV,
combined with neutrons, induce near-surface irradiation degradation of materials exposed to the
plasma [2]. The degradation typically starts with the creation of point defects such as vacancies
and interstitials, followed by diffusion and recombination processes. These processes produce
clusters and cavities (bubbles and voids), and finally microscopic or macroscopic defects (such as
fuzz formation [1], blistering and cracking [2]), eventually resulting in catastrophic failure of the
material. Body-centered cubic (bcc) materials have generally been shown to exhibit high radiation
damage tolerance. Tungsten in particular, with its superior chemical, thermal and mechanical
properties, has been designated as one of the primary candidates for the plasma-facing material in
fusion reactor design [3, 4].

Radiation-damage-induced cavities and blister formation have been the subject of numerous
investigations for many decades [5-7]. Nelson [8] was among the first to report nanobubble
formation in experiments at room temperature using 60 keV helium ion irradiation. This was
followed by Bauer and Thomas [9], who investigated blister formation on palladium bombarded
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with 300 keV helium ions at 93 K. Blistering on molybdenum was reported by Erents and
McCracken [10] using helium ions at energies up to 80 keV at room temperature. A critical dose
of 5x10° ions/nm? for the onset of blistering was determined. In addition, blister size was found to
increase linearly with ion energy.

Irradiation of tungsten with helium and deuterium ions at high temperatures was investigated by
Cipiti and Kulcinski [11], determining that above 1000 K, porous surface structures were formed
by 30 keV ions. It was speculated that these porous structures occur due to bubble migration
towards the surface, preventing the exfoliation (surface rupture) that generally accompanies
blistering at near room temperatures. Moreover, in recent years, “fuzz” formation on tungsten as a
result of helium implantation has been studied due to its potential formation in the diverter region
of a tokamak fusion reactor [12]. Using Helium Ion Microscopy (HIM) for site-specific irradiation
and surface imaging at 30 keV, Chen et al. studied blistering mechanisms in nanocrystalline
tungsten compared to coarse-grained tungsten [13]. The authors found that the onset of blistering
occurred at a critical dose of 5x10° ions/nm? in the coarse-grained samples, whereas no blistering
occurred in the nanocrystalline samples, even at doses of up to 1x103 ions/nm?. HIM imaging of
domed blister surfaces by the detection of secondary electrons has also revealed channeling effects,
observing a reduction in secondary electron yield for regions where ion channeling occurs [14-
16].

In the present work, the near-surface structural changes of tungsten upon exposure to 25 keV
helium ions are investigated using a combination of site-specific implantation in a Helium Ion
Microscope and various imaging/probing techniques in order to gain further insight into the
interactions between ions in the keV energy range and surfaces, extending our previous studies
[17, 18]. Finally, a phenomenological equation is proposed to explain the bubble formation,
surface swelling and the variation in local hardness with depth that are observed experimentally.

2. Experimental

High purity single-crystal W(100) samples and polycrystalline tungsten in the form of 5 x 1 mm
disks were mechanically polished to about 1 nm RMS roughness (final step mechanical polish
with a VibroMet™), as verified by Atomic Force Microscopy (AFM). Helium implantation was
then performed using the focused helium ion beam of a Zeiss ORION NanoFab Helium Ion
Microscope operated at 25 keV. Appropriate beam currents were selected by varying the aperture
size; the largest areas (10x10 pm?) were implanted at ~100 pA (no aperture, beam spot size of tens
of nanometers) and the smallest areas (2x2 pum? and below) were implanted at ~1 pA (10 pm
aperture, beam spot size ~0.5 nm). The helium gas pressure at the source was 2x10° Torr. The
stage holding the sample during implantation was kept at room temperature and no post
implantation heating was carried out. Because of the high thermal conductivity of tungsten (164
W/(m-K) and the implant duration, it is not expected that the sample temperature increased
significantly above room temperature during the implantation. The implanted areas were defined
using NanoPatterning and Visualization Engine (NPVE) software (Fibics, Inc.), typically
implementing a pixel dwell time of 1 ps and pixel spacing of 0.5 nm. The total implantation dose



was varied from 1x10? to 1x10*ions/nm? in separate runs. All HIM imaging prior to the subsequent
ex-situ analysis was performed at low dose using a beam current of ~1 pA. Optical markers close
to implanted regions were added by milling cross shapes using a gallium focused ion beam (FIB)
also on the ORION NanoFab instrument. The ion depth and displacements per atom (dpa) were
calculated using the software Stopping and Range of Ions in Matter (SRIM). The “quick
calculation” mode was used.

Surface topography changes (roughness and swelling) upon implantation were analyzed by AFM
using a Digital Instruments Nanoscope I11. A silicon tip with a radius of curvature of ~10 nm was
used for the imaging (image size 256 x 256 pixels) and the height resolution achieved was a few
angstroms. Sub-surface structural changes were then analyzed by cross-sectioning implanted
regions by gallium FIB milling and imaging the cross sections by HIM. Scanning Electron
Microscopy (SEM) and Electron backscatter diffraction (EBSD) analysis for grain mapping of the
polycrystalline sample were performed using a dual-beam FEI Quanta instrument and Oxford
EBSD software.

The mechanical properties of the implanted areas were investigated using a Hysitron TI
950 Tribolndenter with a diamond Berkovich indenter tip. For each implantation dose, the
commercially available Continuous Stiffness Measurement (CSM) technique was used to evaluate
the depth dependence of hardness and elastic modulus at various locations on implanted and non-
implanted regions in order to validate the consistency of the results. The technique uses an
oscillatory load, with a small amplitude and a high frequency superimposed on a slowly varying
load by the indenter tip. This allows one to obtain a stiffness S as a function of depth using the
Oliver and Pharr Method [29]. The system was calibrated against fused silica, which is a standard
procedure for all nanoindentation measurements.

3. Results

Figure 1a shows swelling height versus dose, as measured by AFM. The solid black circles show
the data points for single-crystal W(100). A linear increase in height versus dose is observed up to
a dose of ~6x10° ions/nm?. Above a threshold dose of 5x10* ions/nm?, blistering starts to occur
(note that the swelling height measurements are average values from non-blistered regions). In
addition to previously reported measurements in [16], two more data points at 7x10° and 8x10°
ions/nm? have been added for further linearity check. Above the threshold dose, it appears swelling
starts to deviate from the above-noted linear behavior, although at the higher doses the larger error
bars due to blistering may still justify a linear assumption. Data points for a polycrystalline sample
for an irradiation dose of 1x10*ions/nm? (red open circles) suggest that the swelling is not sensitive
to crystal orientation within the experimental capability of this measurement. Of course, the AFM
height measurement results are limited by the surface roughness of the sample and the error bar
represents this. We find a 4 nm error on a 40 nm swelling. If the crystal orientation caused an
effect, it would be smaller than the here reported values.



The boundary condition imposed by the HIM localized helium implantation performed here
confines swelling to occur in the direction normal to the surface, which differs from the isotropic
swelling generally discussed in the literature. In order to evaluate the influence of lateral surface
constraints on the swelling behavior, a laterally unconstrained swelling experiment was designed
by FIB milling trenches around the region to be implanted. This released the matrix constraints to
allow unconstrained three-dimensional volume expansion of the irradiated site. The AFM height
map (z-scale: -100 to 100 nm) in Fig. 1b shows the results for the constrained (top) and
unconstrained case (bottom). The dose used for both was 7x10° ions/nm?. Cross-sectional line
profiles, avoiding blisters, suggest perhaps a slightly lower swelling height for the trenched
scenario compared to the usual constrained case, within the experimental error of the
measurements (see Fig. 1¢ and purple diamond data point added to Fig. 1a). The lower swelling
height on a constrained site might be expected to reveal nanometer bubbles with a slight “cigar
shape”, with the long axis perpendicular to the surface. However, we do not yet have TEM data to
corroborate this. Furthermore, the AFM tip of ~10 nm radius of curvature utilized in the present
study unfortunately prevented us from determining the expected lateral expansion of <30 nm
(accounting for the Poisson ratio influence as well) for the unconstrained implantation case.
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Figure 1: (a) Swelling height as a function of dose for single crystal tungsten W(100) and
polycrystalline tungsten. (b) AFM height map (z-scale: -100 to 100 nm) showing unconstrained
case (with FIB trenches) at the bottom, and usual constrained case at the top for the W(100) sample



using a dose of 7x10% ions/nm?. (c) AFM cross-sectional height profiles across the irradiated
regions marked in (b).

As noted above, exceeding a dose of 5x103 ions/nm? leads to the formation of surface blisters
(five are seen in Fig. 1b for each implanted area, with varying diameters), which were studied in
detail by Transmission Electron Microscopy (TEM) in ref. [16]. Cross-sectional analysis of the
blisters revealed that the depth of the crack plane inside the blister agrees reasonably well with
that of the helium peak predicted from Monte Carlo Stopping and Range of Ions in Matter
(SRIM) simulations. SRIM provides quick calculations producing tables of stopping powers,
range and distributions of ions at specific energy in an elemental target with input of its density.
The slight depth increase that was observed experimentally is attributed to the progressive
decrease in material density due to helium implantation and possibly also deeper penetration of
the ions due to channeling. In the following analysis the ion range is assumed to change linearly
with dose. We note that the thickness of the blister shell is much greater than the ion range, due
to swelling effects (i.e. the thickness of the blister shell and the depth of the crack plane are not
equivalent) [16].

Figure 2 shows EBSD results and HIM images for the polycrystalline tungsten sample, where five
2x2 pm? areas were irradiated with 1x10* ions/nm?. The average grain size for this region of the
sample is ~ 10 um. In the HIM overview image (Fig. 2a), different gray levels corresponding to
the individual grains are observed, indicating that HIM secondary electron channeling contrast can
be used to map grain orientations, as observed elsewhere [19]. Darker grains are oriented in
directions more favorable for channeling (less secondary electron emission from the surface)
whereas lighter grains are oriented less favorably for channeling (more secondary electron
emission from the surface). The EBSD grain orientation map of the same region (top of Fig. 2)
confirms the sensitivity of HIM secondary electron imaging to the different crystal orientations.
Images Fig. 2b-f show higher magnification HIM views of the five irradiated regions. Out of the
five regions, that of Fig. 2c (the red-colored EBSD grain) most clearly reveals cross-shaped dark
lines similar to data reported in ref [16], suggesting that the grain was oriented close to (100). In
addition, for the irradiation area covering grain boundaries (Fig. 2d) blistering appears to be
suppressed, as also recently reported by Chen et. al [13], showing a blister that did not extend
beyond the nearest grain boundary.



Figure 2. EBSD grain orientation map (top) and HIM images in (a)-(f) showing five 2x2 um?
regions on polycrystalline tungsten irradiated with 1x10* ions/nm’.

Michael [20] experimentally demonstrated that ion beam irradiation with 30 keV Ga ions can result
in microstructural modification in fine grained materials. The cited work reports the formation of
new grains with a channeling direction parallel to the ion beam direction. The present study,
however, does not find evidence for this phenomenon using helium ions.

Figure 3 presents the reduced elastic modulus and hardness values versus penetration depth
obtained by nanoindentation using the Continuous Stiffness Measurements (CSM) method on the
single-crystal W(100) sample irradiated with a dose of 6x10° ions/nm? over an area of 10x10 pum?.
The results for nine indents are plotted, two of which were performed outside the implanted region
(indents 1, 6) and seven within the implanted region (indents 5, 7, 8 on top of blisters, and indents
2, 3, 4 on swollen regions without blisters). The annotated SEM image in Fig. 3 (top) marks the
location of each indent.

In the non-irradiated case (neglecting the near-surface values from the first 20 nm), hardness
decreased with increasing penetration depth, starting at ~15 GPa and asymptotically approaching
~6 GPa at deep indentation. The phenomenon that higher values of hardness are recorded for
shallower indents is explained by the well-known indentation size effect, where hardness increases
with decreasing indentation depth, since dislocations generated beneath the indenter give rise to
strain gradients that cause enhanced hardening [21-23]. In general, for regions inside the implanted



area that were not on blisters, the hardness values were higher than for unirradiated neighboring
regions, reaching a maximum at around 40-50 nm depth. In contrast, indents on the blisters
themselves generally gave much lower hardness values at shallow penetration, either passing
through a maximum before converging to around 6 GPa for the deeper indents or approaching
around 6 GPa monotonically. Clearly, interpreting the hardness values from blistered regions
based on a simple semi-infinite media approximation would be erroneous.

The reduced modulus of the unirradiated regions (neglecting the initial 20 nm) is measured to be
~330 GPa, in good agreement with values reported in the literature [22]. On the irradiated area but
off the blisters, the value is reduced to ~270 GPa. In contrast, indentations on blisters gave reduced
modulus values that increased gradually with indentation depth, rising toward the unirradiated
values asymptotically as the indentation depth is increased.
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Figure 3. SEM image of single-crystal W(100) irradiated over an area of 10%10 um? with 6x10°
ions/nm?’ - eight subsequently indented regions are marked. The corresponding plots of reduced
elastic modulus and hardness versus indentation depth are shown.

4. Analysis

The following discussion presents an analytical approach to quantify swelling as a function of
helium dose and the related hardness changes.

The projected range, Rp, of implanted ions as a function of ion energy, taking into account both
nuclear as well as electronic interactions between the incident ions and target atoms, was
formulated by Schiott [24] as follows:

q(m)Az(_Zﬂ_'_:;ﬁ 1/2
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where the subscripts 1 and 2 denote the incident ions and target atoms, respectively. The atomic
number of the target is given by 42, the atomic masses of the incident ions and target atoms are z1,

R,(nm)=10 E(keV) (1)

22, and p 1s the density of the target. Ci(1) is a proportionality constant depending on the mass
number ratio of the target atoms to the incident ions (x = 42/ 41). For helium ions of energy of 25
keV incident on a tungsten target, the average projected range calculated from Eq. 1 1s 60 to70 nm.
Monte Carlo “Stopping and Range of Tons in Matter” (SRIM) simulations, which are based on the
same type of relation, give a similar depth. However, the experimentally determined thickness of
the blister shells revealed by TEM cross-sectional analysis performed in [16] is a factor of two
larger than the projected ion range calculated from Eq. 1. The thickening is assumed to be due to
swelling induced by the implanted helium nanobubbles and the formation of nanocracks, as
discussed in reference [16].

Clearly, volumetric swelling of an irradiated area is constrained by the surrounding, non-implanted
regions. Therefore, the only way the volume expansion can be accommodated is by an increase in
surface height. Local implantation causes a lateral constraint that in turns generates a stress
gradient, which could lead to the upwards swelling observed. However, the FIB-milled trenches
(Fig. 1b-c) presented earlier released this lateral constraint, resulting in only slightly less swelling
in the upwards direction (within the error of the measurement). Therefore, lateral stress cannot be



a major contributing factor in the upward swelling. Most likely the initial interstitial and vacancy
flow driven by local conditions drive the swelling phenomenon.

It appears that neither swelling nor blistering depend on crystal orientation for the orientations
investigated in Figure 2, as the same degree of swelling and threshold dose for blistering are
observed regardless of orientation. However, core orientations such as <I11> are not investigated
here. Recent work by Fan and co-authors [33] suggests that particularly the <111> orientation may
change the outcome. However, since we do observe a difference in channeling contrast, as
expected for different orientations [19], this may also contribute to increasing the implantation
depth, even though not significantly.

From the experimental observations of blister formation with increasing dose it is clear that there
is plastic deformation at the surface with eventual fracture at the periphery of the blister. At the
point of plastic deformation, at equilibrium, the force balance requires [10]

nr?P = 2mrRpY (2)

The blister radius r can then be obtained from:

2RpY
="

: 3)

where R, is the projected range of ions in the solid, Y is the yield strength of the sample (550 MPa
[24]) and P is the helium gas pressure inside the blister cavity. Assuming a typical blister with =
500 nm, Ry=70 nm, Eq. 3 gives a helium gas pressure inside the cavity causing the blister of ~150
MPa. With the maximum height of the cavity measured as #=60 nm (by AFM) and assuming a
simple spherical cap volume for the cavity, the volume of the cavity is estimated as Veaw=

Eh(Brz + h?) =2.37x10"%° m*. Assuming the cavity contains helium at equilibrium pressure and
the ideal gas law applies, the number of helium atoms within the cavity is:
_ DPVcav __ 9

Nhe = 2 =9 % 10 4)
At the maximum dose of 1x10%ions/nm?, this means that less than 10% of the implanted atoms
ended up in the blister cavity while the rest are dispersed likely as small bubbles contributing to
the uniform swelling behavior observed by AFM. Indeed, detailed TEM analysis of similar
samples showed significant nanobubbles dispersed within the blister shell [16]. Most likely, the
suggested numerical value for Nre in Eq. 4 is exaggerated, since the yield strength of 550 GPa
used in Eq. 3 is for an unirradiated sample. The yield strength is expected to reduce with dose due
to the increase in porosity near the surface of the sample.

It 1s generally accepted that helium atoms implanted into metals can be rapidly displaced from
their equilibrium positions to form helium atom/vacancy complexes [26] that are in term mobile



and can recombine to form bubbles. They also act as sinks for attracting further complexes,
resulting in further bubble growth. As the bubble size increases, however, the mobility of the
helium atom/vacancy complexes gradually diminishes and bubbles mostly increase in size by
absorbing complexes. Currently, a detailed mechanism for the process of bubble nucleation and
growth in metals is still outstanding.

In the following paragraphs an attempt is made to formulate the bubble nucleation and growth
process to qualitatively explain the hardness observed on the irradiated area. More sophisticated
approaches can be considered using computational efforts but are not part of this work.

To begin, we consider the simple assumption of an implanted helium distribution based on a
Gaussian profile:

ng(x) = ,_D exp [—M] (%)

VZTARp 2ARp?

where x is the implant depth, D is the helium ion dose [ions/nm?], R, is the projected ion range and
ARPp s its standard deviation.

At high doses, however, where sputtering and swelling take place simultaneously, the profile must
be modified as follows:

First, to account for sputtering, the change in the helium profile in time df and at depth x’ from the
original surface (x=x-vr), the distribution can be expressed as [27]:

[ (' —ve- RP)]dt 6)
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dng(x") =

where j is the helium ion flux (ions/nm?-s), v is the speed of surface motion by sputtering. N is
the theoretical atomic density of tungsten (63 atoms/nm?):

Ny =— (7

where § is the sputtering coefficient describing the moving x coordinate of the surface due to
sputtering during the implantation.

Adopting a change in variables as follows:

T = [_M (8)

VZARp

And by using the definition of the error function:

[exp(—t2)dr = \Eerf () 9)

The integration of Eq. 5 results in a helium density profile expressed as:
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Second, in addition to sputtering, the density of the target will be reduced due to the
aforementioned buildup of nano-sized cavities. At high implantation dose and due to the fact that
the solubility of helium in tungsten is limited and the diffusion coefficient of helium atoms in
tungsten at room temperature is high (~ 4x10 cm?/s), the helium atoms will quickly combine with
vacancies to form helium atom/vacancy complexes at low doses, perhaps as low as ~ 10 ions/nm?,
since swelling was not detected for this dose by AFM. Further increase in dose allows additional
helium to join the complexes through diffusion, expanding their size to small bubbles. These
bubbles, however, are still mobile and can combine to further increase their size. The larger the
size, however, the lower the mobility of the bubbles becomes. At 1x10* ions/nm?, the bubble size
asymptotically reaches ~1 to 2 nm in diameter, as TEM analysis suggests [16]. The bubble
formation process thus significantly contributes to the decrease in density of the host tungsten,
which in turn results in increasing the ion projection range, Rp

Based on the AFM results in Fig. 1a, showing only slight non-linearity at high doses, it is still
assumed, for simplicity, a linear increase in Rp with dose, starting at 60 nm for theoretical target
density and rising to ~ 70 nm at the maximum dose of 1x10* ions/nm?.

The helium bubble concentration profile is then assumed to have the same profile as the implanted
helium atom profile, represented in Eq. 10, but with a lower concentration by a factor of 7 to
account for the collection of helium atoms that are associated with any given bubble. The helium
bubble concentration profile can then be written as:

DS
N xX+——Rp —R
Npubbie (X, D) =172 erf{ \/gZRP }— erf {\;CTI;»}] (11)

For material such as tungsten, with a small sputtering coefficient (~ 4x10°% sputtered atoms/ion),
Eq. 11 can be simplified as:

D (x—Rp)?
Moubie (X, D) = 1 = exp [— )ZCAR;JZ ] (12)

7 can be estimated from an evaluation of the porosity using TEM cross-sectional analysis at a
measured depth.

The above equation provides a simple means to characterize the helium bubble distribution and
thus interpret the AFM measurements of height increase with dose as shown below.

Following the Indentation Size Effect (ISE) model put forward by Nix and Gao [21], which
considers the dislocations required to accommodate the geometry of plastic deformation, the
hardness variation with depth is written as:

2o+ (13)



where H is the hardness at a given indentation depth x, Ho is the hardness at large depth and x* is
a characteristic length depending on the indentation tip geometry as well as the shear modulus.
Using Eq. 13, the present experimental results of H? vs. I/x evaluate the applicability of the Nix
and Gao model (Fig. 4). The unirradiated material behaves linearly in the Nix-Gao plot as expected
and suggests a value of x* of 25 nm and an Ho of 6 GPa. Similar results are obtained for the material
implanted using the low dose of 10 helium ions/nm?, giving x* of 37 nm and Hoy of 7.2 GPa,
slightly deviating from the unirradiated results due to helium implantation as indicated in reference
[27]. At higher dose, however, where helium bubbles build up and even blistering occurs, the
behavior changes and vastly deviates from this simple relationship. Fig. 5 shows that hardness
passes through a maximum at an indentation depth of ~ 50-70 nm and then the material gradually
softens at deeper penetration depths. This unusual behavior is explained by the fact that an indenter
causes a plastic zone of at least four times the indentation depth [33,34]. Therefore, an indentation
that is 50 nm deep, for example, samples a zone to a depth of ~ 200 nm. To simplify the analysis,
data from the first 20 nm of indentation depth (due to surface and roughness effects) are excluded.
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Figure 4: Experimentally-determined hardness versus depth for W(100) sample irradiated with
different doses of helium ions plotted in the form of Nix-Gao plots.

Helium bubbles in general lead to hardening of the material due to the dislocation obstacle
mechanism. The change in polycrystalline yield strength and its hardness can be calculated,



through Tabor’s relation, using the Friedel-Kroupa—Hirsch (FKH) equation for weak obstacles
[29, 30]:

AH = 3Ac = 3/8Mubdn,,s%/3 (14)

where n0bs 1s the obstacle density, u is the shear modulus (130 GPa for tungsten), b is the Burgers
vector (we use b = gv@ for slip in the [111] direction with a being the lattice constant), M is the

Taylor factor (3.06 for equiaxed BCC and FCC metals), and d is the bubble diameter.

However, as shown in Fig. 4, a significant drop in hardness is observed for a given depth as the
helium dose is increased from 4x103 to 6x10° ions/nm?, which can be attributed to an increase in
porosity. Therefore, the sample can be treated as a porous metal [32], with p* being the new density
(with porosity) and p the solid density.

The elastic modulus can then be presented as:
E* *\ N
= =6 (%) (15)
E p

where E is the elastic modulus of the dense material, £* is the elastic modulus of the porous

material, and Co and n are constants depending on the nature of the pores (open or closed porosity).
Presenting Eq. 15 in terms of porosity yields:

EE* = Cy(1 — P)" (16)

Similar equations exist for the change in yield strength and hardness, with a different parameter
labeled here as Ci:

T _ca-p)r 17)

a_H

For materials with a density ratio of more than 0.3, n is found to be close 2. Co and Ci are
coefficients that are material and structure dependent.

From Eq. 12 the depth-dependent porosity can be formulated as:

. Vbubble D _ (x=Rp)?
P(x,D) ~ Vw No | VZmARp exp[ 20Rp? ] (18)

3

where ¥, = 1.07 X 1072 nm ™3 is the volume per atom of W, N, = 62.9 nm ™3 is the bulk atomic

density of W.

The final equation that accounts for obstacles and porosity effects is expressed as:

H(x,D) = Ho |1 +={[C,(1 - P)?] + G,[P?/?) (19)



where C: is a parameter introduced for fitting the data that accounts for the coefficients of
obstacle density (assumed here equal to bubble density) in Eq. 12, as well as the coefficients in
Eq 18. Eq. 19 suggests that there are two contributing factors to the change in hardness: First, the
formation of bubbles generating porosity in the material that contributes to the decrease in
hardness (first term inside the bracket). Second, the bubbles at the same time assist in
suppressing the dislocation movement and, therefore, increase the hardness (second term inside
the bracket). The competition between these two factors facilitates the macroscopic observation
of the behavior of hardness versus depth that goes through a maximum as the dose increased.

To fit the H(x,D) data presented in Fig. 4, Eqs. 12 and 19 are combined with optimized parameters
of :

AR,=0.45R,, C, = 1467 (1 - %) , C1=1and:

10D
R,(nm) = 60 + = (20)

104

n = 0.0005 is deduced from porosity analysis of our previous TEM studies [16] at the depth of
Rp. C; 1s not considered simply as a constant as expressed in Eq. 17, but assumed to be dose
dependent. It accounts for nanocrack formation between the bubbles for doses above 10* ions/nm?
[16]. These cracks contribute to absorbing implanted helium instead of forming new bubbles. The
results of fitting the experimental results are shown in Fig. 5.
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Fig. 5: Plot of hardness versus indentation depth, comparing the experimental nanoindentation
data with the model data.

The simple model presented provides a reasonable fit to the experimental results. Its simple
explanation provides the reasoning behind the trend of hardness passing through a maximum as
the dose increased. However, at the maximum dose of 10* ions/nm? the hardness behavior with
depth can no longer be explained by the model due to the fact that most of the surface is covered
with blisters and hence flexure of the shells will strongly influence the hardness values obtained
in the nanoindentation tests.

The one-dimensional swelling in the x direction, perpendicular to the surface is:

ﬂX(D) _ J-200nm

onm Toubble (6 D) X Vpyppie dX (2D
Plotting the results from Eqgs. 12 and 21 and comparing with the AFM measurements (Fig. 1a)
shows fair agreement between the measurements and the analytical model, as shown in Fig. 6. It
is important to note that Eq. 21 assumes swelling starts at any value of dose greater than zero,
i.e., interstitial He atoms immediately form He/vacancy complexes with high enough mobility to
grow. In practice, there is a threshold dose below which the assumption of immediate formation
of bubbles to 1-2 nm diameter is no longer valid. Furthermore, it is likely that there exists a dose
value for which the He atoms remain at interstitial sites without any cluster formation. However,
the threshold dose is less than 1x10* ions/nm?, which is the lower limit of our AFM
measurements. Therefore, a linear extrapolation passing through zero coordinates for doses less
than 1x10% ions/nm? is not justified.
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Figure 6: Modeled vertical swelling behavior versus dose computed from Egs. 12 and 13
(dashed line), compared with the experimental AFM results from Fig. la.



5. Summary and Conclusion

Our combinatorial characterization approach for studying high-dose near-surface helium
implantation enabled us to shed light on the threshold dose for helium blistering on tungsten and
on the resulting mechanical properties. We were able to show that the elastic modulus is reduced
with increasing helium dose and that the hardness values first increase and then decrease. We
show that this is due to the fact that helium bubbles are hardening defects, but in large
concentration cause the material to behave more like a foam, due to the large amount of open
volume. The open volume can easily be characterized by swelling, and therefore hardening and
swelling can be rated to each other. Furthermore, we establish a simple yet rather effective
analytical way of describing the hardening of a material with increasing helium dose, considering
helium bubble formation and well-known hardening laws. This analytical method is put to the
test and was found to fit well with the data. Future studies of other materials will enable further
investigation of the validity of this simple analytical model.

Furthermore, we find that the grain orientation does not have a significant effect on swelling in
our study. More specifically, any effect of grain orientation is smaller than the error originating
from the surface roughness.

We find that releasing the material’s stress in the surrounding matrix by FIB trenching does not
affect the swelling within the error of our measurement. This agrees well with a previous study
of the residual stress in helium implanted materials, i.e. that the residual stress does not exceed
the yield stress and the material simply flows [34]. In fact, this further shows that it cannot be the
lateral stress buildup due to swelling that leads to blistering, but must be other phenomena such
as gas bubble pressure.

Surface degradation due to helium irradiation is an important issue for fusion energy and this
work sheds light on the degradation mechanism. Finally, it places a boundary on the maximum
dose a surface can accommodate before significant surface degradation by blistering occurs.
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