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Abstract

For devices and materials used in radiation environments, such as wall materials and divertors of high
energy accelerator target systems under high intensity beams and fusion reactors in close proximity to high
temperature plasmas, it is important to evaluate the integrity of the materials so that they can withstand
large amounts of radiation and high heatloads. In this study, we investigated the irradiation resistance of a
tungsten-based material, one of the candidate materials for such an environment, by mechanical alloying
and high-temperature hydrostatic sintering of a high-strength W material with a grain size of 1-2pm and
dispersed small titanium or titanium oxide nanoparticles. This material was irradiated up to 0.66 dpa
at 500 °C. The hardness change by nanoindentation and the microstructure and atomic arrangement by
scanning transmission electron microscopy were examined. Normally, this irradiation condition is known
to cause significant irradiation hardening, but it was found that no irradiation hardening occurred in this
material. In addition, the crystal lattice images showed lattice (atomic arrangement) distortions of less
than a nanometer, but no misfit dislocations were observed. These results suggest that the formation and
growth of irradiation defect clusters was suppressed by the lattice distortion formed at the nano-level or
below before irradiation, and that irradiation hardening was greatly suppressed.

Keywords: Tungsten; TiC; Ti; Titanium oxide; Irradiation; Irradiation damage; Nano-indentation; STEM;
Irradiation hardening; Crystal lattice distortion

Introduction

As a countermeasure against global warming and energy, research and development of
innovative materials and devices are being promoted in various fields. In the fields of nuclear
fusion, accelerator-targeted systems, energy, nuclear power, space environment, and radia-
tion medicine, radiation degradation of materials and devices occurs, and thus improvements
have been made from various viewpoints. For example, there are various methods such as
process heat treatment, impurity addition, alloying, micro-crystallization, nanoclusters, Ox-
ide Dispersion Strengthened (ODS) steels, composites, and nanofiber materials. These meth-
ods have improved the mechanical properties, corrosion resistance and irradiation resistance
of these materials, and results have been achieved with these technologies [1-23]. In devices
that receive high-density energetic particle beams, such as reactor wall materials and diver-

Research & Development in Material science 1879


http://dx.doi.org/10.31031/RDMS.2022.16.000897
https://crimsonpublishers.com/rdms/index.php

RDMS.000897. 16(5).2022

1880

tors in close proximity to high-temperature plasmas and under the
highest intensity beams in high-energy accelerators, it is important
to evaluate the safety and lifetime of materials and devices that can
withstand high thermal loads and irradiation. For materials devel-
opment, a recent new research approach has been reported in de-
velopment of innovative materials and measurement systems used

for radiation environment [24].

Tungsten (W) has a high density (19.3g/cm®) and extremely
high melting point (3420 °C), and it has high temperature strength
and the lowest coefficient of thermal expansion among metals, so it
is used in fields that require heat resistance. Tungsten is one of the
main materials for high temperature applications such as cathode
ray tubes and rocket motor nozzles because of its high temperature
strength, creep resistance, thermal conductivity, electrical resis-
tance, vapor pressure, and thermal conductivity [25,26]. Nano and/
or near-nano-sized carbide particles have been used to enhanced
microstructural development and mechanical properties such as
hardness and toughness [27,28]. Thus TiC has excellent properties
of high hardness, good high temperature strength and good corro-
sion resistance. The main issues in production of Tungsten Heavy
Alloys (THA) including high entropy alloying and the tungsten
composites [18-20,25-33] are the high specific weight and melting
point of the tungsten element, and nowadays, powder metallurgy
plays one of great roles in production of these alloys and the com-
posites.

In the field of nuclear fusion, tungsten material developments
are being promoted as a part called divertor, which requires the
highest heat resistance, and tungsten and the alloys and compos-
ites are also expected to be a material for the inner wall surface of
the reactor wall, plasma facing materials, in contact with the plas-
ma surface of nuclear fusion reactor [34,35], and the blistering and
flaking under plasma operation will be occurred in the materials.
The mechanisms are analyzed in [36-39]. In the field of high-en-
ergy accelerators that use radiation, it is used or planned as a tar-
get material for neutrons and muons, the other element particles,
and research and development of materials with even higher heat
resistance are underway in the world’s big proton accelerator fa-
cilities such as MLF (Materials and Life Science Experimental Facil-
ity) and COMET (COherent Muon to Electron Transition) at J-PARC
(Japan Proton Accelerator Research Complex) center, ESS(Europe-
an Spallation Source) at Lund of Sweden, ISIS neutron and muon
source at the Rutherford Appleton Laboratory of the Science and

Technology Facilities Council, Mu2e (Muon-to-Electron-Conversion
Experiment) at Fermilab, CSNS(China Spallation Neutron Source)
at the Institute of High Energy Physics, and SNS (Spallation Neutron
Source) at ORNL [6,18,40].

Tungsten is known to become brittle by recrystallization when
subjected to high heat loading. In case of the fusion reactor diver-
tor, it is expected that surface temperature would achieve as high
as 1000 °C or over 1000 °C. The recrystallization embrittlement,
degrading the mechanical property, is considered to be a critical
issue necessary to be resolved for the divertor components devel-
opment. As a solution of the problem, we have developed an oxide
dispersion strengthened tungsten (ODS-W) which can avoid em-
brittlement even after recrystallization. It is therefore important to
evaluate the integrity of the materials so that they can withstand
large amounts of radiation and high heat loads. In this study, we
have investigated the irradiation resistance of a tungsten-based
material, one of the candidate materials for such an environment,
by mechanical alloying and high-temperature hydrostatic sintering
of a high-strength W material with a grain size of 1-2pm and disper-

sed small titanium or titanium oxide nanoparticles.
Experimental Procedure

The W-1.1wt% TiC composite was prepared using W (99.95wt%
purity, particle size=1.0pum, 8100ppm oxygen (New metals and
chemical co. Itd.)) and TiC (98.0wt% purity, particle size=1.8pum,
<8000ppm oxygen (Japan new metals co. ltd.)). Mechanical alloy-
ing (MA) process was performed for 64hr in 360rpm using by WC
ball with 3.0mm in a 250cc tungsten carbide pot with ball-powder
ratio of 2:1. Since the WC pods and balls contain Co, there is a pos-
sibility that WC and Co will be mixed into the material from the wall
and ball surface as the MA process progresses. After MA treatment,
the specimen was formed by cold isostatic pressing and then was
pre-sintered in hydrogen gas atmosphere at high temperature.
The HIP treatment was carried out under the conditions of 1750
°C and 186MPa for 1.5hr. This was followed by annealing at about
1800 °C for about 1.5hrs in a vacuum (1x10-3Pa). The grain size of
W-1.1wt% TiC treated with 3.0mm diameter WC balls (abbreviated
as W-TiC composite) was about 1-2um, and the titanium particles
of about 100nm were formed in the matrix, while titanium oxide
particles were formed at the grain boundaries and ranged in size
from about 100 to 500 nm. The fabrication procedure of the W-TiC
composites with titanium or titanium oxide dispersed particles is
shortly summarized in Figure 1.

Mechanical Cold isostatic Pre-sintering in hydrogen HIP Annealing
Alloying (MA) pressing gas atmosphere treatment

Figure 1: The fabrication procedure of the W-TiC composite with titanium or titanium oxide dispersed particles in

this study.
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The present W-TiC composite has dispersion-strengthened by
the titanium oxide particles which are known to be stable relative
to the TiC carbide particles at high temperature. The titanium ox-
ide particles were formed because the TiC added initially reacted
with impurity oxygen in tungsten matrix during the process. The
hardness of W-TiC composite was 521.5+2.7 HV, respectively. The
oxygen concentration in W-TiC composite was 5300ppm.

Since little work has been done on W-based titanium-based ox-
ide dispersion strengthened (ODS), present study was performed
to investigate the effect of a mechanical alloying (MA) ball diameter
of 3mm on mechanical properties and microstructure after Hot Iso-
static Pressing (HIP) treatment in more detail than previous studies
[19,29,31]. In order to carefully investigate the effects of alloying
and other elements added in the MA process, the changes in lattice
parameters, matrix phase, and oxide composition and microstruc-
ture were studied in detail.
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Figure 2: Displacement damage and dose rate as a
function of depth in ion irradiation experiment.

For the evaluation of irradiation resistance, tungsten ion irradi-
ation experiments were carried out at 500 °C to about 0.66dpa at
the damage peak by 2.9MeV W ions from the Tandetron accelera-
tor at the High Fluence Irradiation Facility, the University of Tokyo
(HIT). The displacement damage in W was calculated by SRIM code,
the Stopping and Range of Ions in Matter [41], and the displace-
ment damage and dose rate are shown in Figure 2. Microstructural
observation and element analysis were carried out at 200kV using
a Transmission Electron Microscope/Scanning Transmission Elec-
tron Microscope (TEM/STEM), the JOEL JEM-2800 with X-ray En-
ergy Dispersive Spectroscopy (EDS), and X-ray diffraction analysis
was also performed in the facility of NIFS. The nano hardness mea-
surement was carried out using a Shimadzu nano-indenter with a
Berkovich type indenter. Nano-indentation was measured at about
90 points each in the irradiated and non-irradiated mask regions
of the irradiated specimen, which were valid data. In this measure-
ment, the indentation depth was controlled, and the indentation
depth was set to 0.15um.

Results and Discussion
X-ray diffraction analysis

Figure 3 shows the X-ray diffraction spectra of W-TiC compos-
ite. In the X-ray spectrum, the main W peak, (110), was visible, but
aTiO, (200) peak was observed overlapping to the left of it. It was
found that the main peak of W-TiC composite was also generated at
a slightly lower angle than usual tungsten (110). The distances of
(110) plane in W-TiC composite and pure W were 0.2258nm and
0.2238nm, respectively. The lattice constant of W-TiC composite in
bcc crystal structure was evaluated to be a=0.3194nm from that of
W in bcc crystal structure, a=0.3165nm. Weak peaks in the (100)
plane of W,C were also observed. At the sintering temperature of
1750 °C, it seems reasonable to assume that a small amount ofWZC
is formed, since W,C is first formed in the presence of carbon. In
this analysis, we referred to the results of XRD analysis of W2C by
Jonda [42] for evaluation.
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Figure 3: X-ray diffraction spectra of W-TiC composite.

Microstructures of the specimens

Figure 4: Image of (a) STEM and EDS mappings of (b) W,
(c) Ti, (d) O, (e) C elements in W-TiC composite.

Titanium oxide was observed at grain boundaries, and titanium

phases were observed within the grains, as reported in Noto’s pre-
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vious TEM+EDS studies. Here present study showed the mapping
of the EDS images of the elemental distributions of W, Ti, O, and C in
W-TiC composite as shown in Figure 4 and confirmed the correla-
tion for each element. The areas where titanium was detected in the
titanium image in Figure 4(c) are circled; similar areas are circled
in the STEM images and images of other elements so that the cor-
responding areas can also be identified. The distribution of Ti and
that of O were confirmed to be correlated to some extent, but the
distribution of Ti seems to be more extensive and intense than that
of 0. The correlation of C and W with the other elements was not
obvious. Ti particle image was also observed in the crystal grains,
and in areas where precipitates were not observed, the distribution
of W, Ti, C and O was almost uniformly present.

Figure 5: EDS mapping of precipitate in W-TiC composite
(non-irradiated area): (a) Bright-field image, (b) W, (c) C,
(d) Ti, (e) O, and (f) Co.

Magnified images of the titanium oxide formed in the crystal
grains by transmission electron microscopy with EDS are shown in
Figure 5. From the results of EDS analysis of the elements in the
matrix and precipitates, elements such as Ti were detected in the
matrix, and the precipitates mainly consisted of Ti and O at about
1:2, with about 2 at% W and a small amount of Co. In Figure 6, the
other precipitate is shown, and bright-field image (a) and (c), dif-
fraction pattern (b) and (e), and dark-filed image (d) are given. The
diffraction pattern of the precipitates shows that several types of
precipitates are formed. The types are classified by color with re-
spect to the speckles of those precipitates. As seen in Figure 6(d),
the detailed internal structure of the titanium oxides has micro-
structures with black lines, and the black area has carbon content
of about 2.6 at%, but no Co was detected. In Figure 6(e), some extra
spots were observed. In (d), chemical analysis in the area from 1
to 3 is given in Table 1. In this region, the Co concentration in the
matrix is relatively higher than in other regions, supplementing the
fact that the Co concentration in this matrix is not an average val-
ue. Since the concentrations of each element in area 1 and 3 were
almost identical, it is considered that the material is Tio, with the
same composition, although the structure may be different. All the

area from 1 to 3 seem to be contaminated with tungsten. In area 2,

carbon, which was not measured in area 1 and 3, was measured,
suggesting that tungsten carbide or titanium carbide is mixed with
titanium dioxide and is stable.

Figure 6: (a) Bright-field image, (b) diffraction pattern, (c)
dark-filed image-1, (d) dark-filed image-2, (e) a magnified
diffraction pattern of (c) in W-TiC composite. In the dark-
field image-1, two extra spots are selected. In the dark-
field image-2, one extra spot which corresponds to TiO,
is selected.

Table 1: Chemical analysis of matrix and precipitate in
W-TiC composite (non-irradiated area) measured by EDS
(at%).

Position w Ti (0] C Co
Matrix 91.78 1.12 2.93 0.00 4.17
Precipitate - area-1 2.22 31.73 65.60 0.00 0.44
Precipitate -area-2 2.28 30.38 64.77 2.56 0.00
Precipitate -area-3 2.12 32.42 65.04 0.00 0.41

From the results obtained data (Figures 3-5), it is thought that
the increase in the lattice parameter was attributed to the incor-
poration of elements such as Ti into W during MA, and the alloying
process was partially advanced.

Nano indentation and high resolution TEM observation

for irradiated specimen

The nano hardness of W-TiC composite was 6.4+1.2GPa and
6.4+1.4GPa before and after irradiation, respectively, and no Irradi-
ation hardening were observed.

Since it has been reported that W-based materials usually un-
dergo irradiation hardening of about 2-3GPa even at this level of
irradiation [20]. In order to investigate the cause of the irradiation
hardening, the changes in the precipitation state and the disorder
of the atomic arrangement in the matrix were investigated by trans-

mission electron microscopy.

The image of the irradiation defect structure observed after
ion irradiation is shown in Figure 7. No void formation could be
observed. As observed by the weak-beam dark field method, inter-
stitial dislocation loops are usually formed at this temperature, but
seemed to be hardly formed in this material. Only a few black dots,
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which may have been formed by irradiation, were observed as seen
in Figure 7(c). Therefore, this material is considered to have a high

performance against irradiation.

(o) | 4
%

Figure 7: (a) Bright-field image (just focus), (b) bright-
field image (under focus), (C) weak-beam dark field image
in the irradiated W-TiC composite at 500 °C to 0.66dpa.

Figure 8 is a high-resolution lattice image of W-TiC composite.
In the W-TiC composite, although the formation of irradiation-in-
duced precipitation in the base metal was not clearly observed
in the diffraction spots, local atomic arrangement distortions oc-
curred before irradiation in many regions and remained stable af-
ter irradiation, which was presumed to be a factor for the excellent
irradiation resistance, it can be seen that the atomic arrangement is
disordered. However, no misfit dislocation is observed. The spacing
of the (110) plane in the atomic arrangement was confirmed to be
consistent with the plane crunch of the same plane measured by
XRD. The region where the atomic arrangement does not appear
is presumed to be the region where nano-order precipitates exist
in W. These precipitates, which are thought to exist in the matrix
phase in nano-order, are presumed to be the effect of W,C, which
was also observed in XRD measurements, and titanium and car-
bon, which were measured in EDS measurements. In addition, the
diffraction spots show spots outside the matrix phase, which are
thought to be due to W,C and other elements (titanium, oxygen,
carbon, and cobalt) measured by XRD and EDS.

110

-
101
* 000

Figure 8: High resolution lattice image and the diffraction
pattern of the irradiated W-TiC composite taken from
[111] pole. The area circled by the red dotted line where
distortions in the arrangement of atoms are visible.

Tungsten carbides (WCs) are promising candidates as nonpre-
cious metal of hydrogen evolution reaction (HER) catalysts, ow-

ing to their stability in acidic solutions and the similarity in their
electronic structures to that of Pt [43,44]. The crystalline phase of
WC depends on the synthesis protocol used, and the most common
phases are considered to be the most stable WC and the metasta-
ble W,C and WC, _ phases [45]. Jonda was focused on the High Ve-
locity Oxy Fuel (HVOF) spraying with feedstock powders WC-Co-
Cr, WC-Co and WC-Cr,C,-Ni [42]. Based on the results of the TEM
analysis, the specimen coating contained an amorphous matrix
and two types of precipitates: WC and W,C. The specimen coating
contained a matrix with an amorphous structure and precipitation
of WC. Finally, analysis of the specimen coating showed a matrix
with an amorphous structure and two types of precipitations: WC
and Cr,C,. The XRD studies showed that phase composition of cer-
met coatings consisted of hexagonal WC, hexagonal W,C carbide,
hexagonal cobalt and a cubic solid solution of tungsten in cobalt
with composition Co ;W .. Additionally, in the WC-Cr,C,-Ni coating,
Cr,C, and Cr,C, carbides were identified. In present study system
of W, C and Ti with the influence of high oxygen concentration, it
will be important in the future to further control the microstruc-
ture, referring to the study and analysis of the control of powder in
W-based alloys by Jonda et al. [42].

In any case, the new W-TiC composites fabricated in this study
were found to have very high resistance to irradiation and are ex-
pected to be used in various devices used in severe radiation en-
vironments. It is important to proceed with further development,
including further improvement and increase in production volume.

Conclusion

In this study, the irradiation resistance of tungsten-based ma-
terials was evaluated by mechanical alloying and high-temperatu-
re hydrostatic sintering of small titanium or titanium oxide nano-
particles dispersed in high-strength W material (W-TiC composite
with small titanium or titanium oxide nanoparticles) with a grain
size of 1-2um. The material was irradiated at 500 °C up to 0.66dpa.
Hardness changes by nanoindentation and microstructure and
atomic arrangement observations by scanning transmission elec-
tron microscopy showed that no irradiation hardening occurred
in this material, although it is known that significant irradiation
hardening usually occurs under these irradiation conditions. In
the crystal lattice images, lattice (atomic arrangement) distortions
of less than one nanometer were observed, but no misfit disloca-
tions were observed. Present result suggests that the formation of
lattice distortions below the nanometer level prior to irradiation
suppressed the formation and growth of irradiation defect clusters
and significantly reduced irradiation hardening. Since this type of
material was found to have attractive properties, we plan to further
improve the material by conducting further irradiation resistance
tests, thermal load tests, various strength tests, and microstructure
observations.
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