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Abstract
Nanocrystalline W-5 wt.% Y,03 (WYO) with an average grain size of 10nm and W-5 wt.%
Y,03-2.5 wt.% Ni (WYON) with an average grain size of 85nm were successfully fabricated
for the first time using a high-energy ball-milling method followed by a resistance sintering
under ultrahigh pressure (RSUHP) technique. Investigation of the microstructure of sintered
WYO shows that the intergranular doping of Y,0O3 grains inhibits the grain growth of W, and
investigation of the microstructure of sintered WYON shows that the addition of Ni atoms
leads to the grain growth and density increase. The Vickers hardness of sintered WYO and
sintered WYON is much higher than that of ITER grade W. The He bubble areal density and
swelling of WYO and WYON are much lower than those of ITER grade W, indicating that
WYO and WYON possess exceptional higher irradiation tolerance in terms of He ion damage
than coarse-grained ITER grade W. This study demonstrates the promising applications of
nanocrystallined W-based alloys as plasma-facing materials (PFMs) due to their ultrahigh
hardness and excellent radiation tolerance.

Keywords: nanocrystalline tungsten, ultrahigh hardness, grain boundaries,
irradiation tolerance, He bubble
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(Some figures may appear in colour only in the online journal)

1. Introduction 25 °C), low sputtering yield, low retention of hydrogen and

high elevated temperature strength [1-6]. These properties
Tungsten (W) is the primary material used for plasma-facing make it possible to use W in the extreme conditions of high
materials (PFMs) in fusion reactors due to its high melting  temperature, high dose of neutron irradiation and other low-
point (3410 °C), low thermal expansion coefficient (4.5 um  epergy particle (D, T and He) irradiation [1, 7-11]. However,
K" at 25 °C), good thermal conductivity (173 W m™ K" at  there are still restrictions associated with using W as PFMs
2 Author to whom any correspondence should be addressed. [12-17], such as low temperature brittleness due to its high
®Zaoming Wu and Jun Zhang contributed equally to the work. ductile-brittle transition temperature (373-673K), easy
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growth resulted from low recrystallization temperature (RCT)
(1423-1623K) and serious degradation, e.g. swelling, frac-
ture, bubbles, etc, after long term radiation.

Nanocrystalline materials usually possess excellent
mechanical and physical properties, such as higher strength
[18-20] and outstanding radiation tolerance [21-23] due to
abundant grain boundary regions. Nanocrystalline materials
can be considered as two ‘phases’ of grains and grain bound-
aries (GBs). The refinement of W grains will enhance the
strength (such as hardness and yield strength). Furthermore,
the GB volume fraction increases sharply as the grain size
is smaller than 100nm, and the GB volume fraction is 50%
when the grain size is Snm. The GBs act as dislocation
sources and dislocation sinks, and this will improve the radia-
tion tolerance. The refinement of grain size could reduce the
ductile brittle transition temperature (DBTT) and improve low
temperature ductility. The second phase particle dispersion is
another way to improve the properties of W-based materials
through the suppression of W grain growth and dispersion
hardening. Nanocrystalline W with second phase particle dis-
persion could be one of the most promising methods to over-
come the issues of W as PFMs.

Many research studies have been carried out on the syn-
thesis of nanocrystalline W or W-based materials [1, 14, 17,
24-27]. A high-temperature sintering method was usually
adopted to obtain high density W or W-based materials. The
second phase particle dispersion is considered as one of the
most promising methods to suppress the grain growth of W
due to the blocking of GB movement through a pining effect.
However, nanocrystalline W was barely achieved as high
temperature usually leads to the grain growth of W. Lee et al,
prepared W with Vickers hardness ranging from 220 to 397
with grain sizes of 5.82-39.46 um [24]. Xie et al prepared
a W—Zr-Y,05 alloy and the average grain size was 1.56 ym
with a Vickers hardness of 520 in the rolling direction-trans-
verse direction (RD-TD) and 516 in the rolling direction-
normal direction (RD-ND) [25]. The Vickers hardness is one
of the most important properties of W. Many research studies
have reported that the Vickers hardness of W or W-based mat-
erials usually ranges from 231 to 729 with the grain size in the
micrometer scale [24, 25, 28-34].

In a fusion reactor, W faces a high dose of low-energy He
and fast neutron (14.1 MeV) irradiation, and the fast neu-
tron irradiation will produce approximately 20-30 displace-
ments per atom (dpa) every year [12, 35]. Furthermore, a
great number of transmuted He atoms are produced through
the nuclear transmutation caused by fast neutron irradiation.
The He atoms coming from these two effects will result in the
formation of He bubbles, which usually cause swelling and
embrittlement of W [36-38]. Increasing GBs and interfaces
can be an effective means of solving these problems as the GBs
and interfaces are the ‘sinks’ to absorb and trap He atoms.

Qin et al reported that nanochannel structures in W films
enhance radiation tolerance, and they revealed that abundant
free surfaces of nanochannel W films act as efficient ‘sinks’
and quickly trap and release He atoms along the nanochannel
[7]. Harrison et al studied the effect of He concentration and
displacement damage on the microstructure of W and revealed

that the proportion of interstitial loops increase with the
He-appm/dpa ratio, and this is attributed to the concomitant
increase in bubble areal density [39]. El-Atwani et al studied
He bubble formation in W under different extreme conditions
and revealed that vacancy generation and migration are nec-
essary conditions for enhanced trapping of He at GBs, thus
demonstrating the importance of these phenomena for the
radiation response of W materials with tailored grain size
[17]. These research studies show the He bubble behavior of
coarse and ultra-fine-grained W, or on the surface of samples
(for example, transmission electron microscopy (TEM) foils).
He bubble behavior of nanocrystalline bulk samples needs to
be explored urgently. The irradiation tolerance performance of
W with grain size smaller than 100 nm was very important and
significant to study as nanocrystalline materials usually pos-
sess outstanding radiation tolerance due to their high volume
fraction of GBs [21-23].

In this paper, nanocrystalline W-5 wt.% Y,03 (WYO) with
an average grain size of 10nm was successfully fabricated
for the first time by doping Y,O3 in W by resistance sintering
under ultrahigh pressure (RSUHP) with the sintering temper-
ature lower than the RCT. Moreover, higher density nanocrys-
talline W-5 wt.% Y,03-2.5 wt.% Ni (WYON) with an average
grain size smaller than 100 nm was designed by adding Ni into
WYO and was successfully fabricated. Both sintered W-based
materials exhibited ultrahigh hardness through the GB hard-
ening and second phase particle dispersion hardening. High
temperature He ion irradiation experiments on nanocrystal-
line WYO, WYON and ITER grade W with three irradiation
doses were conducted to investigate their radiation tolerance
in terms of He bubbles. A high substrate temperature during
irradiation was adopted to increase the formation of He bub-
bles through the improvement of vacancies mobility [38, 40,
41]. Observations of bubble behavior at different dpa provide
significant insights into the roles of GBs and phase bounda-
ries (PBs) in enhancing radiation tolerance in nanocrystalline
W-based alloys.

2. Experimental

2.1. Sample synthesis and preparation

WYO and WYON alloys were prepared by mechanical
alloying followed by RSUHP. A high-energy ball mill method
was adopted to grind the mixed initial powder. The purity of
W, Y,03 and Ni is larger than 99.9%, and the impurity of the
initial powder is shown in table 1. The ball mill and grinding
balls were made of WC with a ball-to-powder weight ratio of
30:1. The rotation speed was 500 rpm and the dry milling time
was 4h. The WYO and WYON powders were ball milled,
respectively. Then, the ball-milled powder was formed into a
powder compact by a hydraulic press with 960 MPa pressure,
and the relative density of the powder compact was 56.6% for
the WYO and 56.3% for the WYON. The prepared compacts
were placed in a sintering mold and then subjected to ultra-
high pressure sintering for 3h at a sintering temperature of
1000 °C and sintering pressure of 6 GPa. The ITER grade W
was purchased from Antai Tianlong Tungsten Molybdenum
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Table 1. The impurity content of the initial powder.

Powder Maximum impurity content of element (wt. %)

W Fe < 0.004; Ag < 0.002; Cu < 0.003; Na < 0.002; Ni £ 0.003; Si < 0.002; C <£0.01; 0 <£0.04

Y,03 Fe < 0.001; Ni £ 0.003; Ca < 0.002; Na < 0.004; Si < 0.001; Pb < 0.001; K < 0.001; N < 0.001;
C <0.002; S £0.002

Ni Fe < 0.03; Co < 0.01; Mg < 0.009; Zn < 0.002; Pb < 0.002; Mn < 0.003; Si < 0.008; Ca < 0.003;

S £0.003; C £0.01; Cu < 0.003; O £ 0.04

Technology Co., Ltd, and its purity was 99.9% with a relative
density of 99.7%.

2.2. Density, hardness and ion irradiation of materials

The density of the sintered WYO, WYON and ITER grade W
samples was characterized by a precision balance using the
Archimedes drainage method. The sintered WYO, WYON
and ITER grade W samples were polished to mirror surface
using sandpaper first. The Vickers hardness of sintered mat-
erial and ITER grade W was measured by the HV-1000IS
Vickers hardness tester with a load of 200 g and holding time
of 5s. The high-temperature He™ ion irradiation experiments
were conducted on NEC 400kV ion implanter. The He™ ion
energy was 120 keV and the doses were 2 x 10'7 ions cm~2,
5 x 10" ions cm™2 and 1 x 10'® ions cm~? with an irradia-
tion temperature of 450 °C and dose rate of 4.85 x 10'? jons/
cm?/s. The thermal stability of WYO and WYON is shown in
supplementary material file, and Figure S2 show the result of
rapid thermal annealing treatment.

2.3. Material characterization and data processing

The morphology and particle size of the initial powder were
characterized by an FEI Nano SEM 430 field-emission scan-
ning electron microscope (SEM). The microstructures of the
initial powder, ball-milled powder and sintered bulk materials
were characterized by a Panalytical model x-ray powder dif-
fractometer (XRD). The surface of irradiated samples was
coated with a Cu film of 530 nm in thickness at room temper-
ature with a magnetic sputtering machine (MSP-3200H). The
TEM samples of the unirradiated and irradiated WYO and
WYON alloy and irradiated ITER grade W were prepared by
a focused ion beam (FIB, FEI Strata DB 235). Ga ions with
an accelerating voltage of 30kV and beam current between
7000 pA to 50 pA were used to ion mill samples. The 10kV
low-energy Ga ions were adopted to clean the surface of the
ion milled samples.

The sample of ITER grade W was cut into a 3mm diam-
eter disk after mechanically polishing down to 64 microns in
thickness, and then the sample was polished using a twin-jet
electro-polisher (Struers TenuPol-5) with a polishing solution
of 0.5 wt.% NaOH aqueous solution at 10 V to make TEM
specimen. The microstructure and grain size information were
characterized by an FEI Tecnai F30 TEM using the bright-
field images, dark-field images and high-resolution TEM
(HRTEM) images. The mechanical polished sample of ITER
grade W was electrochemically polished with 3 wt.% NaOH
aqueous solution to make the SEM specimen. Nanomeasurer

software was used on the SEM images to obtain the par-
ticle size range and on the TEM images to obtain the grain
size distribution, average grain size and medium grain size.
Nanomeasurer software was also used to obtain the He bubble
size distribution, average He bubble size and medium bubble
size, and to obtain the diagonal length of the Vickers indenta-
tions of the sintered materials and ITER grade W material.
The peak He concentration values were calculated using the
Ion Distribution and Quick Calculation of Damage model in
the stopping range of ions in matter (SRIM) (version 2013),
and the peak He concentration values were about 13%, 33%
and 66% for irradiation doses of 2 x 10'7 ions cm™2, 5 x 10'7
ions cm~2and 1 x 10'® ions cm~2, respectively.

3. Results and discussion

3.1. Fabrication and formation mechanisms of nanocrystalline
WYO and WYON

Figure 1(a) shows the SEM image of the initial W powder, and
the particles appear with spherical morphology with particle
sizes ranging from 21 nm to 327nm. Figure 1(b) shows the
SEM image of the initial Y,0O3 powder, and the particles appear
with polyhedral morphology with particle sizes ranging from
20 to 116 nm. Figure 1(c) shows the SEM image of the initial
Ni powder, and the particles appear with spherical morph-
ology with particle sizes ranging from 22 to 354nm. The
initial powder was mixed and ball milled to refine the grain
size. The ball-milled mixed powder was then sintered with the
sintering temperature lower than the RCT of W to inhibit the
grain growth. The holding time was set as 3h to maximize
the relative density of the bulk materials. Figures 2(a) and (c)
show the bright-field TEM images of sintered WYO with dif-
ferent scale bars. Figures 2(b) and (d) are the corresponding
dark-field images of figures 2(a) and (c), respectively, and the
white areas are the grains of W in the (1 10) crystal direction.
The selected area electron diffraction (SAED) pattern shown
in the inset in figure 2(c) shows the nanocrystalline structure
of sintered WYO. The statistical distribution of the grain size
is shown in figure 2(e). The grain size of sintered WYO ranges
from 3 to 89 nm with an average grain size (D) of 10nm and
medium particle size (Ds) of 8 nm.

The grain growth was suppressed by the doping of Y,0s.
Further investigation of the microstructure of sintered WYO
was carried out to investigate the doping mode. Figure 3 shows
the TEM and HRTEM images of sintered WYO alloy. The
TEM image in figure 3(a) shows different nano-grains. The
corresponding fast Fourier transformation (FFT) diffraction
image at the bottom right of figure 3(a) confirms the existence
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Figure 1. SEM images of initial (a) W powder, (b) Y,03 powder and (¢) Ni powder.

of nanocrystalline. Figure 3(b) is the HRTEM image that
shows the W and Y,Oj3 nano-grains. The Y,03 grains distribute
between W (110) grains, and this is the intergranular doping
mode. The corresponding fast Fourier transformation (FFT)
diffraction image at the bottom right of figure 3() also con-
firms the existence of nanocrystalline. The GB between two W
grains is a high-angle grain boundary (HAGB) with an orienta-
tion angle difference of 18.1°. The grain growth of W is sup-
pressed by Y,O3 grains through the blocking of grain slipping.

Figure 4 shows the XRD patterns of the initial powder,
ball-milled powder precursor and sintered bulk alloy of WYO.
The initial W powder (black) possesses two phases: an a-W
phase with a body-centered cubic structure (BCC), and /-W
phase with an A15 cubic structure, and the diffraction peaks
are marked with different crystal directions. The XRD pattern
of the Y,03 powder (red) possesses diffraction peaks from
different crystal directions of Y,0O3 powder. The XRD pat-
tern of ball-milled WYO powder (deep blue) indicates that it
only possesses the a—W phase, and this means that the 5-W
phase transforms into the a—W phase during the high-energy
ball-milling process. The 5—W phase possesses an A15 cubic
structure, and it is a metastable structure with subharmonic
energy. This /—W phase frequently transforms into a stable
BCC structure whose Gibbs free energy is lower. The diffrac-
tion peaks of Y,0; in ball-milled WYO are not observed as the
relatively low doping content and weak signal of the second
phase. The broadening of the W (110) Bragg peak of ball-
milled WYO powder indicates the decrease in W grain size
compared with the initial W powder grain size. The decrease
in the full width at half maximum (FWHM) of sintered WYO
in the W (1 10) Bragg peak represents the grain growth during
the sintering process. The relative density of sintered WYO is
94.1%, shown in table 2.

Figures 5(a)—(d) are the TEM images of sintered WYON
alloy. Figures 5(a) and (c) show the bright-field TEM image
of sintered WYON with different scale bars. Figures 5(b) and
(d) are the corresponding dark-field images of figures 5(a) and
(c), respectively, and the white areas are the grains of W in the
(110) crystal direction. The SAED pattern shown in the upper
right corner shows the polycrystalline structure of sintered
WYON. The statistical distribution of the grain size is shown
in figure 5(e). The grain size of sintered WYON ranges from
12 to 199 nm with an average grain size (D,.) of 85nm and
medium particle size (Dsg) of 89 nm.

Figure 6 shows the HRTEM images of sintered WYON.
Figure 6(a) of the HRTEM image shows the relationship
between W, Ni and Y,0; grains, and the crystal direction of
the W grain is (1 10) with crystalline interplaner spacing of
0.2238nm. The Ni (111) grain with crystalline interplaner
spacing of 0.2034nm and Y,03 (222) grain with crystalline
interplaner spacing of 0.3060nm are next to the W (110)
grains. The addition of Ni atoms activates the sintering pro-
cess and promotes the density of bulk materials. The relative
density of sintered WYON is 95.6%, as shown in table 2, and
it is higher than the relative density of sintered WYO. The
strategy to improve the density of W-based materials is shown
in the supplementary material file, available online at stacks.
iop.org/NF/59/106050/mmedia. Meanwhile, the addition of
Ni makes it easy for W atoms at one crystal lattice to transfer
to another crystal lattice or GBs between two W grains by
reducing the grain growth activation energy. The addition of
Ni will promote the densification and grain growth of bulk
material. Furthermore, the Y,03 grain with crystalline inter-
planer spacing of 0.2034 nm in the (3 10) crystal direction was
found in figure 6(a). Figure 6(b) shows the HRTEM image of
two W grains in the (1 10) crystal direction with crystalline
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Figure 2. (a) and (c) bright-field TEM images of sintered WYO; (b) and (d) corresponding dark-field TEM images of sintered WYO; (e)

grain size statistical distribution of sintered WYO.

interplaner spacing of 0.2238 nm. The GB between two grains
is a HAGB with an orientation angle difference of 13.3°.
Figure 7 shows the XRD patterns of the initial powder,
ball-milled powder precursor and sintered bulk WYON alloy.
The XRD patterns of the initial W powder (black) and the
Y03 powder (red) show that they possess the same features
as those in figure 3. The Ni powder (deep blue) possesses face-
centered cubic (FCC) structure with three diffraction peaks.
The ball-milled WYON powder (magenta) only possesses the
a—W phase, and this means the S—W phase transforms into
the a—W phase during the high-energy ball-milling process
due to the same reason described in the previous paragraphs.
The diffraction peaks of Y,03 and Ni in ball-milled WYON
are not observed. The broadening of W (110) Bragg peaks
of ball-milled WYON powder signifies the refinement of W

grains from the initial powder. The decrease in the FWHM of
sintered WYON signifies the grain growth during the sintering
process.

3.2. Ultrahigh hardness of nanocrystalline WYO and WYON

Table 2 Shows the relative density, average grain size, GB
volume fraction and Vickers hardness of sintered alloys and
ITER grade W. Figure 8(a) shows one representative SEM
image of ITER grade W and figure 8(b) shows one representa-
tive TEM image of ITER grade W. The density of ITER grade
W bulk is 99.7% with an average grain size of 2296 nm. The
average grain size was obtained from the grain size statistical
distribution shown in figure 8(c) based on TEM images of
ITER grade W.
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Figure 3. (a) TEM image and (b) HRTEM image of sintered WYO.
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Figure 4. XRD patterns of initial W, Y,03 powder, ball-milled
WYO powder and sintered WYO bulk alloy.

The Vickers hardness of sintered WYO alloy is 1909.3
(18.71 GPa), which is about four times higher than that of the
ITER grade W bulk. The Vickers hardness of ITER grade W
is 486.8 (4.77GPa). The higher hardness of sintered WYO
is believed to come from the smaller grain size of W and
doped Y,0s3. The doping of Y,0; particles disperses between
W grains and suppresses the grain growth of W grains.
The Vickers hardness of sintered WYON alloy is 1292.2
(12.66 GPa), which is 2.65 times higher than that of ITER
grade W. The addition of Ni activates the sintering of ball-
milled powder, and leads to the grain growth compared with
sintered WYO. The Vickers hardness of sintered WYON is
smaller than that of sintered WYO as its grain size is larger
than the WYO grain size.

The reduction in grain size, d, causes the increase in
GB volume fraction, Vg, which follows the relationship

Ve =1 — (%)3, where ¢ is the mean GB thickness, and the

GB usually possesses three atoms [42]. The atomic radius of
W is 0.137nm, and the GB thickness of W is 0.822nm. The

average grain size of sintered WYO is 10nm, and the Vg, is
about 27.0%. The average grain size of sintered WYON is
85nm, and the Vg, is about 5.97%. The average grain size of
ITER grade W is 2296nm, and the Vg, is about 0.125%. The
GB hardening originates from the high volume fraction of
GBs and the dispersion of the second phase. The essence of
the GB hardening mechanism is to prevent the movement of
dislocations in the grains. The dislocations on the deformed
grain slip surface are often stacked in front of the GB or the
sub-GB to form a dislocation cluster. Dislocation clusters are
formed when dislocations encounter obstacles in motion and
external forces are insufficient to overcome obstacles. The
smaller the grain size, the more GBs, the greater the resist-
ance to dislocation motion.

Second phase particle pinning acts to pin the GBs and pre-
vent GB sliding, and this is called dispersion strengthening
of second phase particles. Figure 9 shows the plot of Vickers
hardness as a function of grain size of W/W-based materials.
Many research studies have reported that the Vickers hard-
ness of coarse-grained W/W-based materials is between 292
to 587 with the micrometer-scaled grains. A W-5 wt.% Y,0;
alloy with ultra-fine grains of 550 nm was fabricated by Dong
et al [43], and the Vickers hardness was 729.1. The highest
hardness of W-based materials in figure 9 was obtained by
this work, which has a grain size smaller than 100nm. The
nanocrystalline W-based alloys in current study and marked
by red circle in figure 9 possess such high Vickers hardness
that has never been reported.

Figure 10 shows the SEM images of Vickers indents and
schematic diagrams of the indentation process of (a) ITER
grade W, (b) sintered WYO and (c) sintered WYON. The
indents show four pyramid morphology and different indenta-
tion depths (or sizes) for different samples with the same load
of 200 g. The diagonal lengths D1 and D2 of sintered alloy and
ITER grade W were measured by Nanomeasurer software and
marked in the bottom left of the SEM images, respectively.
The higher Vickers hardness of samples with smaller diagonal
lengths D1 and D2 are due to the greater resistance of disloca-
tion motion through GB hardening and dispersion hardening.
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Table 2. Relative density, average grain size, GB volume fraction and Vickers hardness of sintered bulk alloys and ITER grade W.

Materials

Relative density (%) Average grain size (nm) Vb (%) HV2g9 ¢ (kgf mm~2)/(GPa)
Sintered WYO 94.1 +£0.6 10 +7 27.0 +£9.96 1909.3 + 65.3/18.71 £+ 0.64
Sintered WYON 95.6 +£0.6 85 + 60 5.97 + 5.46 1292.2 + 31.2/12.66 + 0.31
ITER grade W 99.7 +£0.2 2296 + 870 0.125 4+ 0.057 486.8 + 12.5/4.77 £ 0.12
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Figure 5. (a) and (c) bright-field TEM images of sintered WYON; (b) and (d) corresponding dark-field TEM images of sintered WYON;

and (e) grain size statistical distribution of sintered WYON.

The schematic diagram shows that the GB hardening is
through dislocation pileup and the dispersion strengthening is
through second phase particle pinning acting to pin the GBs
and prevent GB sliding. The sintered WYO possesses smaller
grain size and more dislocation pileups during the indentation
process. Furthermore, the motion of dislocations is impeded
by second phase particles of Y,03 (yellow circle spots), and

this leads to higher hardness. The sintered WYON has a grain
size of 85nm, and the dislocation pileups that occurred are
less than those in the WYO. The second phase particles of
Y,03 (yellow circle spots) and Ni (orange circle spots) impede
the motion of dislocations, and the force is small because of
the large grain of the Y,O3 and Ni. These factors lead to the
lower hardness of sintered WYON (compared with sintered
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Figure 7. XRD patterns of initial W, Ni and Y,O3 powder, ball-
milled WYON powder and sintered WYON bulk material.

WYO). The Vickers hardness of ITER grade W is 4.77 GPa as
the average grain size is 2296 nm, and the dislocation pileups
that occurred are much less than those in the sintered WYO
and WYON.

3.3. Exceptional radiation tolerance of nanocrystalline WYO
and WYON

Figure 11 shows the low magnification bright-field TEM
images of 120 keV He™ ion irradiated W, WYO and WYON
samples at different doses. All the TEM images were obtained
at the same defocus value. The Cu film was coated on an irra-
diated sample surface, and then the Pt film was coated on the
Cu film during the FIB process. The Cu film and Pt films were
used to protect the surface of irradiated samples during sample
preparation, and all the irradiated areas of the irradiated sam-
ples are retained during the FIB process. Figure 11(a) shows
the irradiated ITER grade W at an irradiation dose of 2 x 10"/
ions cm~2, and it shows a representative image that indicates
the relative position of the Cu film, Pt film and sample. All

the sample surfaces are marked with red arrows in figure 11.
The He bubble number increases with the increase in depth,
and reaches a peak at depths of 258 nm, 300nm and 306 nm
for W, WYO and WYON, respectively, and then decreases to
zero at depths of 534 nm, 570 nm and 585 nm for W, WYO and
WYON, respectively.

To further study the influence of different irradiation doses
on irradiated samples with different grain sizes, the high mag-
nification bright-field TEM images of peak damaged regions
are presented in figure 12. All the TEM images in figure 12
show the existence of He bubbles. The He bubbles become
larger for each sample with the increase in irradiation dose
due to the fact that the He bubbles interact with the incident
He atoms and absorb the incident He atoms. The He ion
irradiation is followed by a diffusion phase with a probable
growth mechanism— coalescence of the bubbles. In addi-
tion, the presence of irradiation gaps can induce accelerated
diffusion through irradiation. Another reason is that the high-
temperature irradiation promotes the formation and diffusion
of vacancies, and the vacancies provide more positions for
incident He atoms.

The TEM images of samples irradiated at the same irra-
diation dose show that the He bubble density increases with
the increase in grain size. The He bubble density of ITER
grade W is larger than that of the nanocrystalline WYO and
WYON, and it is shown in figure 12 and is illustrated by com-
parison of bubble areal density in figure 13(a). This means
that many more GBs and PBs in nanocrystalline WYO and
WYON effectively reduce the radiation damage. The Vg, of
ITER grade W is only 0.125%, and only a small fraction of
He bubbles are trapped in GBs; the majority of the He bub-
bles are distributed in the interior of the grains shown in fig-
ures 12(a), (d) and (g). Figures 12(a) and (b) show that some
He bubbles are concentrated on the GBs in W, and the He
bubbles become larger as the irradiation dose increases. The
He bubbles are concentrated to form many bubble lines in the
W sample with the irradiation dose of 1 x 10'® ions cm~2, as
shown in figure 12(c).
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The PBs play important roles in irradiation tolerance,
and the volume fraction of PBs is defined as V. The Vy,
and Vpp, of WYO are 27.0% and 5.19%, respectively, and it
provides many He bubble ‘sinks’. He bubbles are trapped
by the GBs and PBs, as shown in figures 12(d)—(f), and no
bubble lines are formed, even at the highest irradiation dose

of 1 x 10" ions cm™2 The Vg, and V,;, of WYON are 5.97%
and 1.47%, respectively, and the He atom absorbing ability
of the GBs is limited. The little He bubbles are trapped by
the GBs and PBs, and many other He bubbles are distributed
in the interior of grains. Little bubble lines are formed at the
irradiation dose of 1 x 10'® ions cm~2 shown in figure 12(i).
TEM images at higher magnification at other irradiated areas
are shown in figure S1

The He bubble areal density and average bubble size are
obtained from the TEM images through the statistics of the
He bubble’s number and size. The TEM images are selected
from different depths of irradiation areas. All the He bubbles
in the TEM images are counted and the sizes are measured to
reduce the statistical error, and the He bubble numbers range
from 846 to 4880. Figure 13 shows the comparisons of bubble
areal density and average bubble size as a function of irradia-
tion dose for 120 keV He™ irradiated samples at 450 °C. The
He bubble size and density increases with the increase in irra-
diation dose for irradiated W, WYON and WYO, respectively.
In figure 13(a), the He bubble density of WYON and WYO
is lower than that of ITER grade W at the same irradiation
dose. The bubble areal density of WYON is 1.17 x 10'0 m—2
at the irradiation dose of 2 x 10'7 ions cm~2. With the same
radiation dose of 2 x 10'7 ions cm™2, the bubble areal density
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Figure 12. High magnification bright-field TEM images of 120 keV He™ irradiated samples at different doses that show He bubbles:

(@) W, 2 x 10" jons cm~2; (b) W, 5 x 107 jons cm~%; (¢) W, 1 x 10'® ions cm~2; (d) WYO, 2 x 10'7 ions cm~%; (¢) WYO, 5 x 10'7 ions
cm ™% (H) WYO, 1 x 10" ions cm~2; (g) WYON, 2 x 10'7 ions cm~2; (1) WYON, 5 x 10'7 jons cm~2; and (i) WYON, 1 x 10'® jons cm 2.
All TEM images are obtained at the same defocus value to reduce the statistical error.
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Figure 13. Comparisons of (a) bubble areal density and (b) average bubble size as a function of irradiation dose for 120 keV He™ irradiated
samples at 450 °C. Error bars are included to indicate the statistical errors of the bubble sizes.

of WYO is 7.94 x 10" m2, and this is about four times
smaller than that in ITER grade W (3.21 x 10'® m~2) due to
the smaller grain size of WYO. The bubble areal density of W,
WYON and WYO increases with the irradiation dose, respec-
tively, and the bubble areal density of WYO and WYON are

1

still smaller than that of ITER grade W at a higher dose. The
bubble areal densities of W, WYO and WYON are related to
the grain size and thus volume fraction, which plays an impor-
tant role in the absorption and transportation of He bubbles.
A larger volume fraction of GBs and PBs reduces the bubble
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Figure 14. Comparisons of He bubble-induced swelling as a function
of irradiation dose for 120 keV He " irradiated samples at 450 °C.
Error bars are included to indicate the statistical and calculated errors.

areal density of He bubbles more. Figure 13(b) shows that the
average bubble size slightly increases with the increase in irra-
diation dose. The average He bubble size of WYO is slightly
larger than that of ITER grade W and WYON at the highest
dose.

Figure 14 shows the comparisons of He bubble-induced
swelling as a function of irradiation dose for 120 keV He"
irradiated samples at 450 °C. The He bubble-induced swelling
is calculated by the formula s = ¢/(1 — q), where ¢ is the
volume ratio of all He bubbles to the irradiated TEM sample.
All He bubbles are regarded as spherical shape, and the volume
of He bubbles is calculated by 477°/3, where r is the radius
of the He bubbles. The volume of irradiated TEM samples is
calculated by the product of the area and the thickness of the
TEM sample. The average thickness of the irradiated TEM
sample is 45.7nm, measured at the sample surface from high
resolution SEM images. The results show that the swelling
value increases with the increase in irradiation dose for ITER
grade W, nanocrystalline WYO and nanocrystalline WYON,
respectively. The swelling value of nanocrystalline WYO and
WYON is smaller than that in ITER grade W for three irra-
diation doses, and increases with the increase in grain size.
The swelling values of nanocrystalline WYO and WYON are
0.0409% and 0.0435%, respectively, and the swelling value of
nanocrystalline WYO is about three times smaller than that of
ITER grade W at the irradiation dose of 2 x 10'” ions cm 2.
Nanocrystalline WYO and WYON possess smaller grain sizes
and large volume fractions of GBs and PBs. The He atoms can
be easily concentrated on the GBs and PBs as there are many
vacancies in the GBs and PBs; thus, the He atoms occupy the
vacancies in the GBs and PBs to form He bubbles. Therefore,
it is reasonable to conclude that the nanocrystalline WYO
and WYON have excellent He irradiation tolerance compared
with ITER grade W, and the large volume fraction of GBs and
PBs provides positions for the absorption of He bubbles.
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Conclusions

In summary, nanocrystalline WYO with an average grain size
of 10nm and WYON with an average grain size of 85nm were
successfully fabricated for the first time using a high-energy
ball-milling method followed by RSUHP at 1000 °C for 3h.
Different dose He" ion irradiation experiments for WYO,
WYON and ITER grade W were conducted using 120 keV He*
ions at 450°C. Investigation of the microstructure of sintered
WYO shows that the intergranular doping of Y,03 grains is
between W grains, and the doping of Y,O3 suppresses the grain
growth of W grains. The addition of Ni atoms maximizes the
density of the material by activating the sintering process. The
hardness of sintered WYO is 1909.3 (18.71 GPa), the hardness
of sintered WYON is 1292.2 (12.66 GPa), and the hardness of
both is much higher than that of ITER grade W. The higher
hardness of sintered WYO and sintered WYON comes from
the GB hardening through dislocation pileup and dispersion
strengthening due to second phase particle pinning acting to
pin the GBs and prevent GB sliding. A remarkable irradiation
tolerance of WYO and WYON in terms of He bubbles was
reported when compared to ITER grade W. The He bubble
areal densities and swelling values of WYO and WYON are
lower than those of ITER grade W at all irradiation doses.
WYO with a grain size of 10nm possesses exceptional irradia-
tion tolerance compared to 85 nm WYON and coarse-grained
2296 nm ITER grade W. Investigations of the microstructure of
irradiated samples show that the GBs and PBs act as ‘sinks’ for
He atoms. The large volume fractions of GBs and PBs possess
many vacancies and improve the absorption of He bubbles.
Nanocrystalline W-based alloy is testified to be a promising
material for resisting He ion irradiation damage, and a poten-
tial solution for solving the issues associated with W as PFMs
in fusion reactors.
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