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HIGHLIGHTS

o He cavities in He* ion irradiated 87R DPT W are examined at an atomic-level resolution.

e The average diameter (~4.05 nm) of the cavities in NiFeW is ~2.7 times that in W.

e The number density of the cavities in NiFeW is an order of magnitude lower than in W.

e He atoms are under-pressurized in the cavities in NiFeW.

o He energy-loss shift is proportional to the He density with a slope comparable to that for steel.

ABSTRACT

Ductile-phase toughened tungsten (DPT W) composites have demonstrated a great potential for plasma-
facing components in fusion power systems. These materials can retain the outstanding thermomechanical
properties of W while significantly enhancing the fracture toughness. The DPT W composite in this study
consists of W particles (88 wt.%) embedded in a ductile NiFeW (12 wt.%) solution matrix. Irradiation of
the composite was performed with 90 keV He* ions to 1.0x10% He*/cm? at 973 K. The He cavities
formed in both W and NiFeW phases are examined using convergent-beam scanning transmission
electron microscopy (CB-STEM) at an atomic-level resolution. Full-range depth profiles of the He cavity
diameters and number densities are analyzed. The results show that the average cavity diameter in NiFeW
is ~2.7 times that in W, while the number density is an order of magnitude lower. A quantitative analysis
of the He density and pressure in the cavities is also achieved using STEM electron energy loss
spectroscopy (STEM-EELS) mapping. The He atoms in the cavities in NiFeW are found to be under-
pressurized, while those in similar-sized cavities in W are not detectable. The He energy-loss shift
exhibits a linear relationship with the He density in cavities in NiFeW, with the slope comparable to that
for martensitic steel.
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1. Introduction

Tungsten (W) has outstanding thermomechanical properties for plasm-facing components of fusion
power systems [1-6]. However, pure W has low fracture toughness at room temperature and its ductile to
brittle transition temperature (DBTT) increases with irradiation damage [7,8]. Ductile-phase toughened
tungsten (DPT W) composites, often referred to as tungsten heavy alloys (WHAs), can exhibit
significantly higher fracture toughness than pure W [9-12], while largely retaining the favored W
properties suitable for fusion applications. As an example, 90W-7Ni-3Fe DPT W composite consists of
predominant brittle-phase W particles embedded in a small fraction of ductile-phase matrix of Ni-based
NiFeW solid solution. The ductile phase can prevent or inhibit crack propagation by facilitating crack
bridging, deflection, and branching [9]. The continuous nature of the NiFeW phase provides a ductile
tearing path through the material, limiting crack progression through the W phase and at the
heterogeneous interface. Microcracking at the interphase boundaries is predominantly blunted and
arrested by the ductile phase with little to no interfacial de-bonding [12]. The composites exhibit an
extraordinary combination of strength, ductility, and toughness and have a great potential to withstand the
extreme fusion reactor environment [13].

Irradiation of DPT W with 14.1 MeV neutrons from the 3T(d,n)*He fusion reaction produces atomic
displacements, resulting in generation of lattice defects and creates transmutation products, including He
from Ni, Fe and W [14,15]. Diffusion and interaction of He atoms and vacancies could lead to nucleation
and growth of He cavities in DPT W. The critical parameters controlling the evolution of the cavity size
and number density during He accumulation by elemental transmutation or He* ion implantation include
temperature, He accumulation rate, displacement rate, He concentration, and dose [16]. In general, the
presence of He cavities in metals causes considerable concerns because it can substantially deteriorate the
material’s mechanical properties. At low temperatures (T < 0.4Tm with T being the melting point) He
cavities can form in the grain interior, leading to hardening and embrittlement; at higher temperatures (T
> 0.5Tm) they can aggregate at grain boundaries to increase the embrittlement of the material. This
property degradation can occur even at low He concentrations [17,18]. At very high He [19] (or H
[20,21]) concentrations in W, blisters can form, and surface exfoliation may occur. Therefore, it is crucial
to study the He behavior in candidate fusion materials, such as DPT W [9].

Conventional transmission electron microscopy (TEM) under a defocus condition has been
extensively applied to characterize the size of He cavities in various materials based on the Fresnel fringe
contrast. A defocus condition is necessary because the bubble edges hardly create any contrast at focus,
even if a contrast aperture is used. However, the actual He cavity size is obscured in defocus conditions
and the observed cavity size must be corrected. The correction of measured diameters has been
demonstrated based on the reported simulation results in our previous study [18]. If the areal number
density (a product of volumetric density and local foil thickness) of nano-sized cavities is high, there is a
high probability for the cavity images to overlap across the TEM foil thickness (typically ~100 nm) due to
projection. Therefore, projection can lead to an error in estimating the cavity number density and size
distributions when small cavities are partially or entirely covered up by larger ones and become invisible
in the TEM image. This study explores a convergent-beam scanning transmission electron microscopy
(CB-STEM) methodology to minimize the projection effects. In contrast to the conventional TEM
[18,22], the CB-STEM technique uses a convergent beam that limits the imaging depth of field to only
20-40 nm, regardless of the local thickness. The resulting image will show the actual size of the cavity at
an atomic-level resolution with a significantly lower probability of cavity overlapping, thus allowing for a
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more accurate analysis of the number density and size distributions of the cavities. In this study, we
attempted to apply CB-STEM to quantify the distributions of He cavity diameters and volumes as well as
number densities as a function of depth in both W and NiFeW phases within a hot-rolled, 87% thickness-
reduced DPT W (87R DPT W) sample in an emulated fusion environment. In this report, “cavity” refers
to a He-filled or empty cavity, while “bubble” designates a pressurized He cavity [23].

In addition, we also quantify the He density and pressure in nano-sized cavities. These quantities
reflect the extent of the He gas retention in the material and can have a significant effect on the
mechanical properties of the material. Walsh, Yuan and Brown [24] have developed a method for
measuring the He density and pressure in small bubbles in solid materials based on electron energy loss
spectroscopy (EELS). This method has been successfully applied to characterize He bubbles in a tritiated
PdgoPtio alloy [25] and a He* ion implanted martensitic steel [26]. It has also been extended to study the
association of H with He bubbles in zirconium [27] as well as a simultaneous analysis of He and T inside
bubbles in beryllium [28]. Molecular dynamics (MD) simulations of He bubbles in Ni have been reported
[29]. There are also simulation studies to calculate the He bubble pressure in tungsten [30-35].
Experimental data for He densities in bubbles in pure Ni have been compiled [36]. To our knowledge,
however, quantifications of He density or pressure in cavities in either W or NiFeW have not yet been
reported to date.

2. Experimental procedures

2.1.SRIM simulation and ion irradiation
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Fig. 1. Depth profiles of the He atomic percentage and dose from quick K-P SRIM13 simulations for irradiation
with 90 keV He" ions to 1.0x10Y7 He*/cm? in (a) NiFeW and (b) W.

As described previously [18], the material in this study consists of brittle W particles (88 wt.%)
embedded in a ductile NiFeW (12 wt.%) solution matrix with 54.68 wt.% (63.83 at.%) Ni, 22.57 wt.%
(27.69 at.%) Fe, and 22.75 wt.% (8.48 at.%) W. In order to estimate dose rate and He concentration
distributions in W and NiFeW, quick Kinchin-Pease (K-P) SRIM13 (Stopping and Range of lons in
Matter, version 2013 [37]) simulations were carried out for 90 keV He* ions in W and NiFeW, where the
threshold displacement energies of Eq(W) = 90 eV and Eq4(Ni) = Eq(Fe) = 40 eV were adopted [38]. The
lattice binding energy was set to 0 eV [39]. Note that if Eq(W) were taken as 40 eV for the W sublattice in
NiFeW, the total displacement rate would increase by only 5%. In the simulation, theoretical densities of
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body-centered cubic W and face-centered cubic NiFeW were assumed to be 19.25 g/cm?® (6.3x10%
at./cm®) and 9.50 g/cm? (8.3x10% at./cm?®), respectively. The simulation results for 1.0x10'" He*/cm? in W
and NiFeW are shown in Fig. 1. The peak dose corresponds to 2.6 dpa at 250 nm in NiFeW and 1.1 dpa at
160 nm in W. The maximum He concentration is 6.0 at.% at 295 nm in NiFeW and 7.3 at.% at 215 nm in
W. Note that SRIM simulations are performed at the temperature of 0 K. The real He depth profiles are
expected to be broader due to He diffusion during ion irradiation at an elevated temperature. In addition to
the interaction between He atoms and vacancies, causing He cavities to nucleate and grow, some of the
He atoms also likely diffuse to the surface and release from the sample.

lon irradiation was performed with 90 keV He* ions at normal incidence to 1.0x10%" He*/cm? at 973
K. The low ion energy for ion irradiation was chosen for the convenience of damage profiling near the
surface region. A resistance heater was located behind a copper plate on which the sample was mounted.
A thermocouple was clamped on the sample surface for temperature measurement. Irradiation was
manually interrupted about every 15 min to check and, if necessary, adjust the beam current, which was
found to be reasonably stable. The beam current is arithmetically averaged over the time period. In spite
of this procedure, the absolute ion fluence is still subject to an error of up to 10% or greater. The average
ion flux over a rastered area of 5 mm x 10 mm was ~2x10® (He*/cm?)/s.

2.2.Sample preparation and characterization

(b) FIB lift-out rotated by ~80°
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Fig. 2. FIB samples for TEM examinations of (a) NiFeW and (b) W in 87R DPT W irradiated with 90 keV He*
ions to 1.0x10Y7 He*/cm? at 973 K.

Two separate cross-sectional TEM samples were prepared to examine He cavities in the irradiated
87R DPT W using an FEI Quanta 3D FEG dual-beam focused ion beam (FIB) microscope. Fig. 2 shows
the scanning electron microscopy (SEM) images for the two FIB samples, each having a distinct contrast
of W (bright) and NiFeW (dark) phases. Regions with NiFeW and W interphases were selected to cap
with electron- and ion-deposited Pt layers to protect the surface prior to the FIB process. One lamella for
cavity examination in NiFeW was extracted using a standard lift-out procedure with a Ga* ion beam and
attached to a Cu grid. Windows in the lamella were thinned with the Ga* ion beam at 30 kV and were
finished in a final low-energy polishing step with the beam energy reduced to 2 kV. The sample in Fig.
2(a) has thin NiFeW regions (~100 nm) over the entire irradiation region and some extremely thin zones

Page 4 of 19



(20-30 nm) suitable for CB-STEM and STEM-EELS of He cavities, respectively. As an even thinner foil
is required for STEM-EELS of the He cavities in W that has a lower sputtering rate than NiFeW, an
additional FIB sample for examination of cavities in W was prepared, as shown in Fig. 2(b). Because the
W phase is more resistant to the ion-beam sputtering than the protective Pt cap, obtaining the ultra-thin
samples necessary for STEM-EELS analysis proved challenging without losing the He irradiated surface
layer. Therefore, a modified lift-out process was used by mounting the lift-out on a Cu grid with a rotation
by ~80° and thinning along a direction nearly parallel to the sample surface. It was found that rather than
thinning the new “surface” of the sample, the best results were obtained when the lowest portion of the
rotated FIB lamella was thinned, producing a zone with ~10 nm thick W foil suitable for STEM-EELS.

The FIB samples were examined using a probe aberration-corrected 300 kV Thermo Fisher Scientific
Themis STEM microscope with a spatial resolution of 0.05 nm, equipped with a high-performance EELS
detection system. High-angle annular dark-field (HAADF) CB-STEM with a convergence semi-angle of
25 mrad and a collection semi-angle of 52 mrad was performed at an accelerating voltage of 300 kV and a
scanning increment step between 0.032 and 0.140 nm. STEM-EELS mapping was performed also at 300
kV with a collection semi-angle of 38.5 mrad and a scanning step between 0.073 and 0.23 nm. Compared
to lower voltage (e.g., 200 kV) imaging, utilization of 300 kV STEM-EELS for He cavities provides
several advantages, including (1) a decreased loss of He atoms in a cavity due to ballistic collisions [23]
during EELS measurement, (2) likely occurrence of He K-shell ionization for the He atoms in the cavities
of this study, and (3) less stringent requirement for minimal foil thicknesses. The STEM and EELS data
were analyzed using the Gatan Microscopy Suite 3.

3. Analytical methods
3.1. Cavity diameter, volume and number density

The He cavity profiles as a function of depth are analyzed using an in-house developed image
processing algorithm. Various atomic-level resolution HAADF CB-STEM images were taken and
stitched over the entire irradiation depth region. The CB-STEM images were processed through several
steps. The atomic lattice contrast in the image of the host material is first removed via an FFT process.
Then, a background correction is performed to remove contrast differences resulting from uneven
illumination. Finally, the grainy Poisson noise is removed, leading to a high-contrast cavity image. A
projection of the cavity size, shape, and depth within the sample can be extracted from the processed
images. For an ith single cavity, the area A; is determined by counting the occupied pixels in the image.
Assuming each of the individual cavities is a sphere, the cavity diameter d; = \/4A;/m and volume V; =
nd? /6 can be calculated. Overlapping cavities from different depths in the foil are separated into two or
more cavities by reconstructing the partially visible cavities via boundary segments to distinguish each
individual cavity for an accurate area calculation. Details of the segmentation and reconstruction methods
will be reported separately. Using this method, the cavity diameter, volume and number density as a
function of depth have been determined in both the NiFeW and W phases of the irradiated 87R DPT W.
The average cavity diameter is defined as D, = X;d;/n, where n is the total number of the cavities within
a specific image area, and the average volume V, = X;V;/n. The depth for D, and V, is assigned as the
geometrical center of the image.
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3.2.He density and pressure in a cavity

This study uses the Walsh-Yuan-Brown [24] and Brutzel-Chartier [40] methods to quantify the He
density and pressure in the cavities in 87R DPT W. An EELS method for measurement of the He density
in a nanometer-sized cavity was proposed based on the scattering probability of an electron [24]:

Iye/I; = exp(d/A) — 1 ~d/A =ond,or
n = Iy./(Izod), whend < 4, (1)

where n is the density of the He atoms in the cavity, o is the partial inelastic cross-section for He
excitation, d is the bubble thickness in the direction of the electron beam, I, and I are the integrated
intensities of the He core-loss and zero-loss peaks, respectively, and A (= 1/(on)) is the mean free path
for scattering in He gas. The pressure inside the bubble can be determined by the equation of state (EOS)
under a rigid sphere model [41]:

P=kgnT(1+y+y%2—y3)/(1-y)3, y=nnD3/6, (2)

where kg is the Boltzmann’s constant, T is the absolute temperature, y is the volumetric fraction of gas,
and D is the rigid-sphere diameter in Brearley-Maclnnes model [42]. More recently, the D value is
determined [40] based on the Tang-Toennies potential:

D = 2.973[0.817 — 0.038In(T/10.985)], ©)

where the units of D and T are in A and K, respectively. EELS measures the He density through the
scattering probability of an electron that loses its kinetic energy by exciting or ionizing a 1s electron in
He. The 1s - 2p transition of a free He atom is located at 21.218 eV while 1s electron ionization is at
24.59 eV. The EELS spectrum in the low energy region (<50 eV) consists of a zero-loss peak, a plasmon
peak from the host material and a He core-loss edge that is overlapped with the plasmon peak. In order to
obtain the He edge, two EELS spectra are taken, one of which from the bubble center and the other from
the matrix close to the bubble. After suitable yield normalization and subtraction of the latter from the
former, the difference is the He core-loss peak.

4. Results and discussion
4.1. Formation and distribution of He cavities
Stitched depth-dependent HAADF CB-STEM images of He cavities in NiFeW within an irradiated

DPT W are shown in Fig. 3(a). The cavity contrast is stronger closer to the top surface of the foil, which
emerges as a result of the foil thickness difference. In general, He cavities show a darker contrast
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Fig. 3. (a) Atomic-level resolution depth profile of the He cavities in NiFeW within 87R DPT W irradiated to
1.0x10'7 He*/cm? at 973 K and zoomed-in view of the cavities near (b) damage peak and (c) ion projected range.
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Fig. 4. (a) Atomic-level resolution depth profile of the He cavities in W within 87R DPT W irradiated to
1.0x10'7 He*/cm? at 973 K and zoomed-in view of the cavities near (b) damage peak and (c) ion projected range.

compared to the surrounding metal in the HAADF imaging mode due to smaller thickness in the cavity
region. Over the depth of focus (20-30 nm) starting from the foil surface, cavities are observed in actual
size at an atomic-level resolution. This is evidenced by the images near the depths of the damage peak
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and ion projected range [Figs. 3(b) and 3(c)], where lattice contrast is clearly visible. The cavities are
generally small, a few nanometers in diameter. Some of the larger cavities appear to be faceted. Cavities
imaged with CB-STEM in lattice resolution have not yet been reported in the literature. Fig. 3(a) shows
that He cavities are distributed mainly over the depth region from 100 to 400 nm and nearly disappear at
~450 nm, consistent qualitatively with the SRIM prediction [Fig. 1(a)]. In contrast to the conventional
Fresnel fringe contrast from a defocused beam, the CB-STEM technique reveals more details of the cavity
shape. Due to the reduced probability of projection effects in the limited depth of focus, the technique
enables a greater accuracy in counting the cavities and determining their number density.

Fig. 4(a) shows a similar depth profile of the He cavities in the W phase of the irradiated 87R DPT
W. It is apparent that He cavities in W are smaller and have a greater number density than in NiFeW. The
cavities are distributed up to the depth of ~350 nm, which is again consistent qualitatively with the SRIM
prediction [Fig. 1(b)]. Figs. 4(b) and 4(c) show high-resolution images at selected depths. While lattice
contrast is not as obvious near the peak damage region around the depth of 180 nm, pockets of regular
lattice can be observed in W close to the ion projected range, where both the damage level and cavity
number density are low.

Formation of He cavities in this study includes processes of incubation, nucleation and growth,
followed by coarsening during further irradiation to a higher dose. In the process of cavity coarsening,
there are two different mechanisms [16]: (1) Ostwald ripening (OR) [43,44] and (2) cavity migration and
coalescence (MC) [45,46]. Under the condition of He production and displacement damage during He*
ion irradiation at 973 K, the nucleation of He cavities in NiFeW or W occurs by concurrent diffusion and
clustering of He atoms and vacancies. He* ions were implanted into W at an intermediate temperature of
973 K, which is between the homologous temperatures 0.2T, and 0.5Tm (melting point of W Tn(W) =
3,695 K), to a relatively high concentration (7.3 He/cm? in W at the peak maximum) and a low dose (1.1
dpa in W at the peak maximum). Under the irradiation conditions, He atoms are effectively resolved from
small bubbles by displacement cascades, resulting in the nucleation of secondary generations of He
cavities [47]. At relatively high ratios of He production to displacement rates in NiFeW (6.0 at.% He and
2.6 dpa in NiFeW at their maxima) and at T > 0.5Ty (melting point of NiFeW Tn(NiFeW) [9]
approximately equal to that of Ni Tn(Ni) = 1,728 K), the nucleation process is governed by the strong
dependence of the nucleation rate and the increasing absorption rate [16]. The number density initially
increases strongly with increasing He concentration, and then virtually saturates with the average size
continuously increasing as more He atoms are implanted into the NiFeW. Therefore, the observed He
cavities with a relatively larger size and a lower number density in NiFeW are a result of the dominant
process of thermal dissociation of He atoms from small cavities at 973 K in NiFeW.
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4.2.He cavity diameter, volume and
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quantitative results are shown in Cavity Diameter (nm) Cavity Diameter (nm)

Fig. 8. Clearly, the number Fig. 6. Histograms for the He cavity diameter and volume distributions
densities in both NiFeW and W are  in different depth regions of W within 87R DPT W irradiated with 90
fairly flat over a large depth region. keV He* ions to 1.0x10Y7 He*/cm? at 973 K.

Compared to the cavity number

densities in NiFeW and W within an 87R DPT W irradiated to a lower ion fluence of 6.5x10% He*/cm? at
973 K [18], which were analyzed with conventional TEM under a defocus condition, this study shows
larger values in both materials. Part of the reasons might be that some of the small He cavities could be
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effectively covered up due to image projection through a larger foil thickness and a potential influence of
the pre-existing damage from Ni* ion irradiation in our previous study [18].

It is known that the temperature dependency of cavity densities in metals is similar during irradiation
and during post-irradiation thermal annealing [16]. Cavity formation is controlled by He atom and cavity
migration and interaction at relatively low temperatures and their dissociation at higher temperatures,
depending on specific materials. At an intermediate temperature where He atoms and mono-vacancies are
mobile, both the He cavity density and size initially increase with increasing He concentration. With
further increase in the vacancy and He concentrations, cavity size continues to increase but cavity number
density tends to approach to a saturation value at the temperature partly because migration and
coalescence of the cavities becomes more probable. In fact, cavity nucleation occurs in an early stage and
then virtually ceases at a certain cavity number density [16]. As a result, cavity number density does not
depend on the He concentration as significantly as the average cavity size. This is why the number density
profiles in both NiFeW and W show a plateau over a large depth region in Fig. 8. It also explains the
behavior of the diameter distribution Fig. 7, where the He cavity diameter is larger at higher He
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concentration. In this study, both He atoms and mono-vacancies in NiFeW and W [49,50] are mobile at
973 K, which controls the nucleation and growth processes of the He cavities. In addition to temperature,
different doses may also contribute to the difference in the cavity size and number density in W and
NiFeW.

4.3.He density and pressure in cavities

CB-STEM Image STEM-EELS Helium Map Helium lonization at 24.59 eV
: S0 :
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Fig. 9. (a) CB-STEM image, (b) STEM-EELS He map, and (c) EELS spectra from a He cavity and the NiFeW
matrix in 87R DPT W irradiated with 90 keV He* ions to 1.0x10'" He*/cm? at 973 K. The He core-loss peak is
the cavity spectrum subtracted by the normalized matrix spectrum. The inset in (c) is a Gaussian fit to the He
data with the peak position Ene=25.16 eV. Integrated intensity 1n.=2.89x%10° for the He peak and 12=2.00x10° for
the zero-loss peak.

Figs. 9(a) and 9(b) show a CB-STEM image and a STEM-EELS He map acquired in the same area,
respectively. Most of the He cavities are observed in both figures. However, a few of them that appear in
the CB-STEM image are not visible in the STEM-EELS He map, as indicated by arrows in Fig. 9(a).
Similar observations were also reported [23,25]. The absence of these cavities in the STEM-EELS map is
a result of the cavity rupturing at the specimen surface during FIB preparation of the TEM sample,
followed by a complete He release from the cavity. As Fig. 9(b) only shows He-rich regions, these
cavities are absent from the image. Fig. 9(c) shows two EELS spectra from the center of a He-filled cavity
with a diameter of 5.61 nm and a neighboring area outside the cavity in NiFeW, as indicated in Fig 9(b).
He K-line loss peak on top of the plasmon peak and Fe My; (57 eV) and Ni Mas (68 eV) core-loss peaks
are clearly exhibited from the cavity area. There is no energy shift in the zero-loss peaks from the cavity
and NiFeW matrix. Intensity normalization of the spectrum from the matrix to the spectrum from the
cavity was performed on both sides of the He peak in the energy-loss regions from 10 to 20 eV and from
30 to 40 eV. Subtraction of the former from the latter gives the He core-loss spectrum, as shown in Fig.
9(c). It should be noted that a perfect match of the two EELS spectra in the selected energy regions
through the yield normalization procedure may not be achievable because the path length of an electron
through a foil with a He cavity depends on the specific location on the cavity. The variation in the foil
thickness within the probing area of a cavity can affect the shape of the plasmon peak in the EELS
spectrum. While a reduced probing area could decrease the extent of the variation, an increase in the
dwelling time of the 300 keV electron beam would be required to minimize the statistical error. This
would in turn decrease the He density by ejecting more He atoms in the cavity due to ballistic collision
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in NiFeW within 87R DPT W irradiated with 90 keV He* ions to 1.0x10'7 He*/cm? at 973 K. (b) He pressure P
and He peak shift AE as a function of He density n at 300 K.

Table 1

Properties of helium cavities in He* ion irradiated NiFeW determined by STEM-EELS.

Diameter AE Ihe Iz He density ~ He density He pressure Equi. pressure

d (nm) (eV) (x109) (x10°) n (at./nmd) He/V P (GPa, 300 K) P, (GPa, 300 K)

2.81 +1.32 133418 1.89436 35.81 0.42 0.30 2.70
4.13 +1.35 2.30481 1.94487 40.99 0.48 0.38 1.84
4.21 +1.17 1.65177 1.92671 29.09 0.34 0.21 181
4.28 +1.02 1.79317 1.88393 31.77 0.37 0.24 1.78
4.58 +1.03 2.30545 1.93333 37.20 0.43 0.32 1.66
5.31 +0.45 2.21954 2.00869 29.73 0.35 0.22 1.43
5.54 +0.56 2.93886 2.11753 35.79 0.43 0.30 1.37
5.61 +0.57 2.88584 1.99614 36.81 0.42 0.31 1.35
6.05 +0.34 197612 1.98968 23.45 0.27 0.15 1.26
6.20 +1.03  2.99036 1.96498 35.07 0.41 0.29 1.23
6.35 +0.85 3.35195 192217 39.23 0.46 0.35 1.20

The He energy-loss shift AE is relative to the He K-shell ionization energy of 24.59 eV.

Ine and Iz are the integrated intensities of the He core-loss and zero-loss peaks, respectively.

The He/V density in a cavity is calculated based on the mono-vacancy density of 86.09 V/nm?.

The equilibrium pressure is Pe=2y/r with r being the cavity radius and y the surface energy taken as 1.9 J/m?.

[23]. However, a normalization procedure is needed to make the average foil thickness in the two selected
areas approximately equal.

The He core-loss spectrum is fitted with a Gaussian function. The peak maximum is located at 25.16
eV, representing a blue shift of 0.57 eV from the ionization energy (24.59 eV) of a free He atom, as
shown in the inset of Fig. 9(c) and listed in Table 1. An energy-loss shift of a He peak from 1s - 2p has
been observed under 100 keV [25,26] or 200 keV [23,27,28] electron irradiation in a TEM microscope. It
was attributed to the effects of He densities in a bubble [28]. While the density effect was evidenced [23],
the peak had blue shifts only from 21.2 eV to 22.3 eV, but rarely to a value above 24 eV. In general, a
faster-moving electron beam will more likely ionize a He atom. As He cavities were probed with high-
energy (300 keV) electron STEM-EELS in this study, the He core-loss peak is likely dominated by He K-
shell ionization rather than He 1s = 2p excitation. Interestingly, a previous report [28] shows a double-
peak structure in the EELS spectrum from 200 keV electron irradiation, which was attributed to 1s > 2p
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and 1s - 3p transitions of He atoms in a bubble. The energy-loss shift could originate from both the He
density and interface effects, as discussed below.

The integrated intensity of the He peak (lw¢) is estimated by summing up the positive intensities in the
He core-loss peak from 20 to 30 eV. Negative intensities in the counts resulting from the imperfect
normalization, as seen in the inset of Fig. 9(c), are excluded from the area estimation. This is expected to
create an error of up to ~10% in this study. The integrated intensity of the zero-loss peak (Iz) in the
spectrum from the cavity is obtained from -10 to 10 eV. The He density in the cavity is then calculated
from Equation (1) using the cross-section of He K-shell ionization. Similar to those in [51], the He K-
shell ionization cross section [52] is approximated as c=7.0x10"%* m? under the imaging conditions of this
study. The pressure in the cavity is subsequently obtained from Equations (2) and (3). Calculations
indicate that the He density and pressure inside a 5.61 nm diameter He cavity in NiFeW is 36.81 at./nm3
and 0.31 GPa at 300 K, respectively, as listed in Table 1. It is noticed that this calculated He density is
higher than that of liquid He (0.125 g/cm?® or ~18.8 at./nm? at the boiling point) as well as solid-state He
(0.214 g/cm?® or ~32.2 at./nm® at 1.15 K and 66 atm, equivalent to ~0.0066 GPa) in some cases. Despite
the very high density, helium atoms in the cavities are still expected to be in a fluid state because room
temperature is much higher than the critical temperature.

There are two limiting cases that determine the values of the pressure inside a cavity. One is the EOS
under a thermodynamic equilibrium, as expressed in Equation (2). The other is the mechanical stability
limit of the cavity. For a given radius r of a cavity, the mechanical equilibrium pressure is determined by
Pe = 2y/r, where vy is the surface free energy of the cavity. Cavities below a radius of r can exist only in
the presence of He atoms to balance the surface tension or surface free energy. Above r He atoms are not
needed to stabilize the cavity and the pressure P inside the cavity can drop below P, [24]. At a high He to
dpa ratio and a high He concentration, the pressure in a cavity can remain significantly above P, [16]. An
overpressure (P > P¢) of He atoms can promote He bubble growth. Previous reports show that y=1.8 J/m?
for Ni(100), 1.9 J/m? for Ni(110) [53], and 1.946 J/m? for Ni(111) [54]. Taking y=1.9 J/m? as an
approximate value for NiFeW at 300 K, P is estimated to be ~1.35 GPa for a cavity with a diameter of
5.61 nm in NiFeW, as listed in Table 1. In addition, NiFeW has a face centered cubic structure (fcc) with
a lattice constant of 0.3595 nm [55]. Thus, the mono-vacancy density in a unit cell with 4 atoms or a void
of any size in NiFeW corresponds to 86.09 VV/nm?3. Because the actual He density and pressure in the 5.61
nm sized cavity under the thermal equilibrium condition at 300 K are only 36.81 He/nm? (or He/V=0.42)
and 0.31 GPa, respectively, as listed in Table 1, the He atoms in this cavity are thus under-pressurized.

The He peak shifts, He atomic densities, He/V densities and pressure values from many other cavities
in NiFeW in Fig. 9 have also been determined and summarized in Table 1. Data points from areas that
show cavity overlapping, vague cavity edges, or abnormal He intensities are excluded from listing in the
table. The density values in Table 1 have a similar order of magnitude reported for martensitic steel [25]
and zirconium [26]. The overall He/V densities from Table 1 are ~0.4 over the range of relative He
concentrations from 0.28 to 0.48 at.% in NiFeW (83.46 at./nm®), comparable to the reported data in Ni
[36,56]. The density n and pressure P in the cavities are plotted as a function of the inverse of cavity
radius, as shown in Fig. 10(a). Both the n and P data are fitted with a linear function with the inverse of
radius. The data fits give n(He/nm?®) = 31.41 + 6.35/r(nm) and P(GPa) = 0.25 + 0.073/r(nm). As the slope
in the latter data fit is smaller than the free energy of approximately 1.9 J/m? for NiFeW, the He atoms in
the cavities are under-pressurized. This is consistent with the data in Table 1, where the He pressure P
from the EOS at thermodynamic equilibrium [Equations (2) and (3)] is smaller than the corresponding
mechanical equilibrium pressure Pe in all the cavities.
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Fig. 11. (a) CB-STEM image and (b) EELS spectra from a He cavity and the W matrix in 87R DPT W irradiated
with 90 keV He* ions to 1.0x10%" He*/cm? at 973 K.

The He energy-loss shifts are also listed in Table 1 with the values ranging from 0.34 to 1.35 eV. This
range of blue shifts is consistent with previous reports by others for different materials [25]. Lucas et al.
[57] have attributed the blue shift of the He K-line to the short-range Pauli repulsion between the
electrons of neighboring He atoms. This effect is expected to increase linearly with the He density in
nanosized bubbles. Jager et al. [58] have also reported a linear relationship in the same year. Consistent
behavior was later confirmed in the tritiated PdgoPtio matrix [25] and He ion implanted martensitic steel
[26]. A linear fit to the He energy-loss shift data in Table 1 gives a result of AE(eV) = -0.29 + 0.034n
(He/nm®), as shown in Fig. 10(b). The slope of 0.034 eV/(He/nm®) for NiFeW is comparable to the
reported values for PdgoPtio (0.044) [25] and martensitic steel (0.036) [26]. In addition to the high He
density effect, the energy-loss shift has also been attributed to the surface excitation due to modifications
of the electromagnetic properties of the He atoms close to the metallic interface [25]. Also included in
Fig. 10(b) is a plot of He pressure against He density in the cavities. The pressure increases monotonically
with increasing density, governed by Equations (2) and (3).

Fig. 11(a) shows a CB-STEM image in W, where some of the He cavities as small as 1 nm can be
observed. The broad energy-loss peak at 42 eV in Fig. 11(b) may correspond to the mean core-loss value
of W O (47 eV) and Os (37 eV) edges [59]. Similarly, the peak at 52 eV may be the mean value of W O4
and Os edges. In contrast to the NiFeW case, a typical EELS spectrum in the He cavity area does not
exhibit a resolved He peak, as shown in Fig. 11(b). The peak intensity in the He energy-loss region (20 to
30 eV) from the cavity area is lower than in the normalized EELS spectrum from the neighboring W
matrix without a cavity. The darker contrast of the cavities is attributed to the smaller thickness in the
local area. Rupture of all the analyzed cavities in Fig. 11(a) during the FIB process can virtually be
excluded because similar images from many other areas at different depths also do not reveal any
resolvable He signal. Therefore, the He density in the cavity in W, if any, is too low to be detectable
under the EELS conditions of this study. However, He cavities are observed for a comparable size in
NiFeW, as reported in Table 1. Reasons for the invisibility of the He atoms in W may include that the He
K-line energy-loss spectrum overlaps with a very strong W plasmon peak, which raises the detection
limit. As discussed in section 4.1, the irradiation temperature (973 K) of this study corresponds to a
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homologous temperature of only 0.26T, in W. The dominant process at this temperature under the He*
ion irradiation conditions of this study is the nucleation of small cavities with little thermal dissociation of
He atoms from them, which leads to the formation of small cavities and a large number density.

5. Conclusions

This study reports on the behavior and properties of the He-filled cavities formed in an 87R DPT W
composite after irradiation with 90 keV He* ions to 1.0x10' He*/cm? at 973 K. He cavities in both
NiFeW and W phases are examined at an atomic-scale resolution using CB-STEM. Compared to the
conventional TEM under a defocus condition, this methodology offers several advantages, including
revealing the delicate microstructures of nanometer-sized cavities, a correction-free measurement of the
cavity diameters, and a more accurate analysis of cavity number densities. The results from this study
show that the diameters of the cavities in both phases are larger in the depth region around the He
concentration peak because cavities grow faster at a higher He concentration. The number density profile
is relatively flat in a broad depth region due to cavity size saturation at the applied temperature (973 K).
The He cavity diameters in NiFeW range from 2.5 to 4.8 nm with an average value of ~4.05 nm, which is
~2.7 times that in W. The number density of the He cavities in NiFeW is ~6x10 cavities/cm?®, which is
an order of magnitude lower than in W (~1x10% cavities/cm®). This behavior is a result of the dominant
process of thermal dissociation of He atoms from small cavities at 973 K in NiFeW. Both the He density
and pressure in the cavities in NiFeW are quantified using spatially resolved STEM-EELS mapping. They
both follow a linear relationship with the inverse of the cavity radius. The He atoms in the cavities in
NiFeW are found to be under-pressurized. The He energy-loss shift exhibits a linear relationship with the
He density in NiFeW, showing a similar slope to that for martensitic steel. As the He core-loss peak in W
cannot be resolved in this study, He density or pressure in the cavities cannot be determined. Further
investigation of the cavity behavior in DPT W, including interphase boundaries, is being performed as a
function of temperature, He ion flux and dose rate to better understand the mechanisms of nucleation and
growth of He cavities in this promising fusion candidate material.
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