Open Ceramics 20 (2024) 100696

Contents lists available at ScienceDirect

QC

OPEN .
ceramics

Open Ceramics

journal homepage: www.sciencedirect.com/journal/open-ceramics

ELSEVIER

L))

Check for

Thermal properties of MB,-WC (M = Ti, Zr, Hf) and tungsten and their | updaed
stability after deuterium plasma exposure

Pietro Galizia™ , Andrea Uccello”, Francesco Ghezzi ", Luca Labate ¢, Bruno Tiribilli ¢,
Ondrej Hanzel ©, Martina Salvadori “, Fernando Brandi “, Simone Failla“, Cesare Melandri“,
Anna Cremona ", Matteo Pedroni”, Marco De Angeli ", Enrico Perelli Cippo”,

Leonida Antonio Gizzi“, Peter Tatarko ¢, Diletta Sciti®

& CNR-ISSMC, National Research Council of Italy - Institute of Science, Technology and Sustainability for Ceramics, Via Granarolo 64, 48018, Faenza, Italy

b CNR-ISTP, National Research Council of Italy - Institute for Plasma Science and Technology, Via R. Cozzi 53, 20125, Milano, Ttaly

¢ CNR-INO, National Research Council of Italy - National Institute of Optics, Pisa, Via Moruzzi, 1, 56124 Pisa, Italy

4 CNR-ISC, National Research Council of Italy - Institutes for Complex Systems, Via Madonna del Piano 10, 50019, Sesto Fiorentino, Italy
€ IIC-SAS, Institute of Inorganic Chemistry, Slovak Academy of Sciences, Diibravska cesta 9, 845 36, Bratislava, Slovakia

ARTICLE INFO ABSTRACT

Handling Editor: P Colombo

Keywords:

Tungsten

Ultra-high temperature ceramic
Plasma-facing material
Deuterium ion irradiation
Thermal conductivity

Thermal effusivity

The thermal properties of ultra-high temperature ceramics (UHTCs) in the MB2-WC (M = Ti, Zr, Hf) system and
tungsten were studied for potential application as plasma-facing materials in fusion power plants. The sintered
UHTC and tungsten samples were subjected to deuterium plasma or protons irradiation. Thermal diffusivity was
measured using the laser flash method, and superficial thermal conductivity was analyzed through atomic force
microscopy. Results showed that the thermal properties did not degrade when exposed to relevant environments
and remained stable over a range of temperatures, unlike the reference tungsten material. Thermal conductivity
ranged from 61 to 68 W m ' K! for TiB,-2(WC-6Co), from 53 to 63 W m~ ' K! for ZrB,-6WC, from 67 to 75 W
m~ ! K! for HfB,-6WG, and from 180 to 119 W m ™! K~ ! for tungsten across the temperature range from room

temperature to 1200 °C. The increasing trend of thermal effusivity, over 19000 J s~%° m~2 K~! at 1200 °C,
justifies further testing and of UHTC materials for fusion applications.

1. Introduction

Ultra-high temperature ceramics (UHTCs) have demonstrated
remarkable resistance to extreme environments [1-4] and are attracting
significant interest in strategic areas, such as aerospace [5-12] and en-
ergy [13-19]. Their potential to address the materials science challenges
associated with the unique deuterium-tritium fusion environment ex-
pected in the ITER power plant is particularly notable [20]. Within the
reactor vessel, the divertor faces challenges, such as intense heat flux of
5-20 MW/m?, thermal shock exceeding 600 °C in less than a second,
thermal gradient of 200 °C/mm, and exposure to hydrogen isotope ions,
neutrons, gamma, and X-rays. Since the 1979 Miami Beach topical
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meeting on fusion materials [21], significant progress has been made in
the development of Plasma Facing Materials (PFMs), with
tungsten-based materials emerging as leading contenders for various
reactor components. To date, a final decision on the use of PFMs in
future fusion reactors remains pending [20,21]. Tungsten-based mate-
rials, for instance, present challenges related to structural integrity,
including susceptibility to brittle failure [22], as demonstrated by Hong
Zhang et al. in Ref. [23]. In this work, tungsten samples were exposed to
a deuterium plasma on a linear plasma device with a fluence of 1.5e25
ions/m?, a flux of 1e21 ions/m?s, and an ion energy of 38 eV/ions (to
avoid the creation of defects by displacement damage [24]), with tem-
perature controlled at 127 °C and 450 °C. In this context, the study of
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transition metal diborides ceramics, MBy, (M = Ti or Zr) [14-18,25]
becomes relevant. In fact, despite their brittle behaviour, as also
observed in tungsten, these materials offer intrinsic thermal stability
combined with high thermal conductivity ranging from 50 to 120 W
m? K‘l, even at temperatures up to 2000 °C [1-4,26-30]. Previous
studies show ZrB,, irradiated with 30 keV He™ to fluences up to 5e22
He/m? at temperatures up to ~850 °C, displayed similar mass loss as
tungsten [14]. ZrBy, irradiated with 4 MeV Au?T at a fluence of 2.5e20
ions/m?, exhibited substantial resilience to irradiation-induced damage,
maintaining structural integrity with mild lattice damage down to a
depth of 1150 nm [17]. TiBy, when irradiated at 200 °C and 600 °C up to
2.4e25 neutrons/m? (E > 0.1 MeV) with a total dose of ~4.2 displace-
ments per atom, was found to be susceptible to helium-induced cavity
formation [15,16]. However, isotopic boron-11 enrichment minimizes
helium generation and potentially prevents severe degradation in MB,
ceramics [15,16]. These tests on ZrB; and TiBy highlight the potential of
MB,, ceramics for use as PFMs. Given their strong thermal properties, in
this work, the thermal conductivity of group IV transition metal diboride
MB,-based ceramics (M = Ti, Zr or Hf) sintered with tungsten carbide
was investigated both before and after exposure to deuterium plasma
and protons irradiation. It is worth noting that sintering aids, such as
Mo, Cr and Si based materials were avoided to reduce the activation
potential. In addition, the amount of carbon was limited to avoid fuel
retention [31,32], although carbon can improve thermal conductivity
[33]. While the bulk ceramics may not be suitable for direct application
as plasma-facing materials (PFMs) due to their limited thermal shock
resistance, they show promise as coatings for the tiles of tokamak re-
actors [34] and/or as matrices in tougher composites [35-38]. These
materials could provide a viable alternative to tungsten-based PFMs,
advancing the quest for sustainable fusion energy.

In this paper, section 2 details the experimental methods, including
the novel material preparation, plasma exposures, and thermal property
measurements. The sintering behaviour and the microstructure of the
developed MB>-WC are presented for the first time in the initial part of
section 3. Subsequently, section 3 discusses the results of the thermal
properties and explores the implications of these findings for the use of
MB.-WC composites as potential PFMs. Finally, section 4 synthesizes the
main findings and draws the conclusions.

Table 1
Details of the raw powders used.
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2. Experimental
2.1. Material manufacturing

Commercial powders were used to prepare the ceramic materials.
Table 1 shows some characteristics of the raw powders.

A conventional ceramic processing route was employed to produce
ZrB; and HfB, with 6 mol% WC compositions. First, powder mixtures of
ZrBy + 6 mol% WC (equivalent to 4.1 vol% and 10.0 wt%) and HfB; + 6
mol% WC (equivalent to 4.0 vol% and 5.9 wt%) were ball milled. In
particular, 277.05 g of ZrBy plus 30.69 g of WC (labelled ZW6) and
239.48 g of HfB; plus 14.96 g of WC (labelled HW6) were milled for 72 h
using 15 mm WC-6 wt.% Co spheres in a PE bottle of 1 L with a powder/
spheres/ethanol weight ratio of 1/2.4/0.2. After drying via rotavapor at
85 °C, the powders were dry milled in the same previous bottles with the
same milling media for 4 h in order to disaggregate the powders and
make easier the following sieving at 250 pm.

For the TiB,-WC composition, WC was added through a high energy
milling with WC-6 wt% Co spheres, as reported in Ref. [39], to improve
the densification thanks to the synergistic action of WC impurities,
acting as sintering aid, and size reduction of the starting TiB, powders
[40-43]. In particular, the starting TiB, powders were milled by high
energy milling in a WC jar using 0.5 mm WC-6Co spheres, in air. The
powder mixtures were then separated from the spheres, weighted, dried
via rotavapor and sieved. The contamination of WC was expected to be
around 2 mol% (equivalents to 1.6 vol% and 5.4 wt%) and for this
reason the as produced TiB,-WC composition was labelled TW2.

All powders were shaped in a disk of 45 mm of diameter under linear
pressure of 60 bar. Then the disks were hot-pressed in the vacuum range
of 0.1-1 mbar using an induction-heated graphite die, which allowed a
heating rate above 1200 °C/h (the time required for the heating stage
from 950 °C was about 25 min), and applying a constant uniaxial
pressure of 35 MPa. The sintering temperatures and dwell times are
detailed in Table 2. Dwell times were adjusted from 5 to 50 min to
achieve a stable shrinkage plateau and a good densification. The change
in thickness of the green pellets under hot-pressing was recorded during
heating up and final dwell and then converted into relative density data,
under the hypothesis of a full mass conservation. The temperature was
monitored by means of an optical pyrometer focused into a blind hole
dug on the external surface of the graphite die. At the end of the dwell,
free cooling followed. The detail of heating rate and the calculated

Formula Company Type Density (g/cm®) Particle size, D Maximum impurity (wt%)
TiBy H.C. Starck Grade F 4.52 Dogg: 4.0—7.0 pm 0.4C,250,0.5N, 0.1 Fe
Dsp: 2.5-3.5 pm
ZrB, H.C. Starck Grade B Range: 0.5—6 pm 0.2C,1.30,0.19 N, 0.1 Fe, 1.4 Hf
HfB, Cerac Incorporated H-1002 —325 mesh 0.07 Al, 0.01 Fe, 0.47 Zr (purity: 99.5 %)
wC H.C. Starck DS 60 15.63 Fisher number: 0.60-0.70 pm 2 Zr (purity: 99.5 %)
Table 2

Starting composition, sintering process parameters (sintering onset temperature: Toy; sintering temperature: T; dwell time: t), thickness of the disks (h), theoretical
densities (pw), experimental densities (p) and relative density (pye) of the green and sintered disks.

Label Starting composition Green disk Sintering process Sintered disk
[ h P Prel Ton T t h P Prel
(mol%) (g/cm®) (mm) (g/cm®) (%) Q) 0 (min) (mm) (g/cm®) (%)
TW2 TiB2+2(WC-6Co) 5.07 28.9 2.2 47 1010 1903 + 8 5.1 13.2 4.55 £+ 0.02 97
ZW6 ZrB,+6WC 6.47 29.6 3.2 49 1400 1931 +£7 30.1 13.8 6.52 £ 0.02 99
HW6 HfB,+6WC 10.71 23.5 5.4 50 1700 1932+ 4 47.7 10.3 11.16 £+ 0.12 99
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Fig. 1. Relative density (blue curve, left Y-axis) and densification rate (cyan
curve, left Y-axis) vs. time (starting with sintering onset) for materials (a) TW2,
(b) ZW6, and (c) HW6. The curves start from the onset temperature, set at time
t = 0 min. The dashed red line, superimposed on the temperature curves,
represents the average sintering temperature achieved during the dwell time
(highlighted as the filled area under the curve). The temperature profile (red
curve) and the corresponding heating rate (orange curve) are shown on the
right Y-axis. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

continuous densification of the pellets are showed in Fig. 1.

From the sintered pellets 12.5 mm x 12.5 mm x 1 mm tiles were
machined. A 12.5 mm X 12.5 mm surface of the tiles was manually
polished using diamond paste from 30 pm down to 0.25 pm grain size.

2.2. Microstructural characterization
Final density was measured using the Archimedes’ method in

distillate water according to the ASTM C373-88 standard. The relative
density was estimated as the ratio between the measured value and the
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theoretical value determined through the rule of mixtures on the basis of
starting nominal compositions. The microstructural features were
analyzed on fractured and polished sections of the sintered samples
surfaces by scanning electron microscopy (FE-SEM, Carl Zeiss Sigma
NTS Gmbh, Oberkochen, DE) and energy dispersive x-ray spectroscopy
(EDS, INCA Energy 300, Oxford instruments, UK). Crystalline phases
were identified by X-Ray Diffraction (XRD) at room temperature
through a Bruker D8 Advance X-ray diffractometer (6-0) equipped with
a LINXEYE detector (Bruker, Karlsruhe, Germany) using Cu Ka radiation
(A = 1.5418 A) in the 10° < 26 < 150° range with a scanning step of
0.0105° and step time of 0.5 s.

The topological characterization of the surfaces was performed with
a non-contact 3D profilometer (Taylor-Hobson CCI MP, Leicester, UK)
equipped with a green light and a 20x magnification objective lens. An
area of 6 x 6 mm? at the centre of each sample were scanned along two
orthogonal directions and the collected surface data were processed
with the Talymap 6.2 software (Taylor-Hobson, Leicester, UK). The
evaluation of 2D texture parameters, through mean surface roughness
(R,), was performed on 4 different profiles extracted from the 3D data
and a cut-off <0.8 mm and the gaussian filter for the separation of the
roughness and waviness components were set according to the ISO
4288:2000. The 2D parameters were calculated as average of estimated
values on all sampling lengths over each profile.

2.3. Exposure in relevant environments

To study the plasma interactions, the polished surface of sintered
samples was subjected to deuterium plasma irradiation in the linear
device GyM [44] at ion energies of 50 eV, 110 eV, 230 eV, 330 eV or 400
eV and a flux of 5e20 ions/ (mzs), for 5 h, and 10 h, along with reference
tungsten samples. For each irradiation condition, four samples (one tile
for each material: TW2, ZW6, HW6 and reference W) were mounted in
the sample holder as shown in Fig. 2, leaving an exposed surface of about
10 x 10 mm?. The reference tungsten, supplied by FB Tecno S.r.l., was
produced through powders pressing and sintering, followed by ther-
momechanical deformation. It was characterized by a purity >99.95 %,
density of 19.3 g/em®, ultimate strength of 800 MPa, compressive
strength of 1150 MPa, elastic modulus of 410 GPa, hardness HV30 of
460. The machined W samples had a roughness R, < 0.2um. During the
exposures in GyM, the temperature of the samples reached approxi-
mately at 200 °C at —22 V and 400 °C at —375 V, with an estimated

TS

Fig. 2. Picture of the tiles (TW2 on the top left corner, ZW6 on the top right
corner, HW6 on the bottom left corner, reference W on the bottom right corner)
mounted in the sample holder before deuterium plasma irradiation in the linear
device GyM.
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thermal load of about 50 kW/m?.

To study the damage caused by charged particles near the divertor,
irradiation with protons was carried out in polished UHTC tiles [45,46].
The estimated dose delivered was 30-60 Gy (50-65 shots on the sample
characterized by 6-30 x 10° p/shot and 0.3 Gy/min).

2.4. Thermal characterization

The thermal conductivity of the sample surfaces subjected to
deuterium plasma at the maximum ion energies of 400 eV were char-
acterized by the VertiSenseTM scanning thermal microscopy technique
using an AFM probe with an embedded thermocouple (an AppNano
SThM probe) that worked in thermal conductivity contrast mode. In this
mode, the thermocouple of the probe was heated to a few degrees above
the room temperature by positioning the AFM laser on the back of the
cantilever closer to the tip base. In this way, the heat loss from the
thermocouple to the sample is monitored as a change in the temperature
(detecting a change less than 0.01 °C) generating a thermal conductivity
map in conjunction with the topography [47]. The scanned area was
chosen by optical microscope observation so that the border between the
plasma-exposed area and the untreated area (covered by the sample
holder mask) was approximately in the center. The areas of 50 pm x 50
pm were scanned for the UHTC samples and 100 pm x 100 pm for the
tungsten samples, where it was difficult to identify the border separating
the treated area from the untreated area.

Thermal diffusivity was measured using a laser flash analyser (Lin-
seis LFA 1000, Germany). A thin graphite layer was sprayed onto both
sides of the tiles before measurements to hinder any reflection of the
laser beam or improve emissivity on the back side of the samples. Each
measurement is an average of 3 tests, which were performed at several
temperatures from room temperature to 1200 °C in Ar flux. The standard
deviation of the average values of thermal diffusivity of the samples was
3 %. To evaluate the effect of exposure in relevant environments on the
thermal properties of MBy-WC materials, these measurements were
performed on the irradiated tiles as well as the pristine polished surfaces
and the reference tungsten samples. Since the reference tungsten sam-
ples were not polished, the thermal diffusivity was also measured on the
as-machined MB,-WC tiles to provide a consistent comparison.

3. Results and discussion
3.1. Densification behaviour

High-density samples (>97 %, see Table 2) were obtained despite a
dwell time lower than that reported in literature [48,49]. TW2 samples
showed the lowest onset temperature (Toy) of 1010 °C. This tempera-
ture is quite low compared to other similar TiBy-based materials [50],
and is in agreement with the previous work [39]. However, the sintering
phenomena start to slow down before the maximum temperature is
reached, as indicated by the peak of the densification rate curve
occurring well before the dwell step and the plateauing of the curve at
97 % before the start of dwell time (Fig. 1a). This sintering behaviour
can be attributed to the presence of Co, which promotes liquid sintering
mechanisms that require lower temperatures to be activated, but were
not sufficient to complete densification [51]. ZW6 samples reached full
densification quickly, while HW6 samples required a longer isothermal
hold due to the refractory nature of HfB,. In particular, ZrB,-based
material showed the highest densification rate value of 7.3 % min~"
allowing full densification within a limited dwell time. It is worth noting
that the observed Toy of 1400 °C is lower than those reported for ZrB,
with other ceramic sintering aids (SizNy, SiC, Y203, Aly03, ZrN) [52-54].
A lower Toy was only obtained when using Ni as the sintering aid [55].
However, Ni prevented grain growth, which is desired to increase the
thermal conductivity. For this reason, although the activation of densi-
fication mechanisms at low temperature and reaching the plateau took
less than 15 min, the isothermal hold was extended to 30 min to ensure a
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Fig. 3. SEM images of (a) TW2, (b) ZW6, (c) HW6 and (d) W tiles subjected to
deuterium plasma irradiation at ion energies of 400 eV for 5 h. In all micro-
graphs, the border between the untreated area (on the left side) and the plasma-
exposed area (on the right side) is approximately in the center of the image. The
insets show BSE images of untreated area. The length of all scale bars is 2 pm. A
thin dashed line was placed indicatively among the two area.
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Fig. 4. XRD diffractograms from the materials TW2 (bottom diffractogram),
ZW6 (centre diffractogram) and HW6 (top diffractogram).

coarse and homogeneous microstructure and to raise the thermal con-
ductivity. Noteworthy, the manufacturing process of this work allowed
to reduce the starting densification temperature (Ton) compared to
similar ZrB, materials [56] containing higher amount of starting WC
(15 vol% instead of 4.1 vol%). Another reason for this lower sintering
onset could be the high thickness of pellet (24-30 mm instead of 10 mm
[571), which allows earlier detection of shrinkage due to measurement
sensitivity, even though the actual sintering temperature remains the
same. Additionally, Co traces from milling with WC media reduce Ton.
The lower sinterability of the HfBy-based material, indicated by the
higher Toy of 1700 °C and lower densification rate (peak value of 3.2 %
min~1), was compensated by a longer isothermal hold. This requirement
is due to the more refractory behaviour of HfB; compared to ZrB,, which
includes a higher melting point and lower transport rates [53,54,58].

3.2. Microstructure

SEM analysis confirmed low levels of residual porosity in TW2 and
HW6 samples, with nearly pores-free ZW6 sample (Fig. 3). A core-shell
structure (more pronounced in ZW6 sample) was observed in all sam-
ples, indicating the formation of solid solutions of diborides with tung-
sten. The core consists of MB,, while the shell consists of (M, W)B5, solid
solution cores (M = Ti, Zr, or Hf). This result confirms the active role of
WC in effectively promoting densification during hot-pressing and in-
dicates that the starting diborides and tungsten are mutually soluble at
high temperatures, as previously reported [56,59,60]. The WB phase

Table 3
Indexed phases in the XRD diffractograms of the analyzed samples.

Sample = Main phase Secondary phases
TW2 Hexagonal TiB,: P6/mmm(191), - Orthorhombic WB: Cmcm(63), PDF
PDF # 65-1073, p: 4.497 g/cm® # 06-0541, p: 15.72 g/cm®
- Orthorhombic CoW,B,: Immm(71),
PDF # 65-2530, p: 14.521 g/cm®
ZW6 Hexagonal ZrB,: P6/mmm(191), - Tetragonal WB: I4,/amd(141), PDF

#35-0738, p:15.744 g/cm®
- Cubic ZrO,: Fm3m(225), PDF #
49-1642; p: 6.069 g/cm®

PDF #34-0423, p:6.104 g/cm®

HW6 Hexagonal HfB,: P6/mmm(191),
PDF # 38-1398, p: 11.178 g/
cm3

- Tetragonal WB: I4,/amd(141), PDF
#35-0738, p:15.744 g/cm®

- Monoclinic HfO,: P21/a(14), PDF
# 34-0104, p: 10.10 g/cm®

- Cubic HfC: Fm3m(225), PDF #
39-1491, p: 12.686 g/cm3

Open Ceramics 20 (2024) 100696
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appeared as a lighter, homogeneously distributed phase. The ZW6
sample showed the presence of free carbon appearing as a dark elon-
gated shape.

XRD patterns showed crystalline diborides as the main phase (Fig. 4).
Various secondary and minor phases were detected in the UHTC samples
(Table 3). In case of TW2 sample, the main phase was identified as
hexagonal TiB,, with orthorhombic WB and orthorhombic CoW;B; as
secondary phases. For ZW6 sample, the main phase was hexagonal ZrBsy.
Due to the higher amount of staring WC in ZW6 material compared to
TW2 (10 wt% instead of the expected 5.4 wt%), the WB peaks were more
prominent forming a tetragonal lattice as seen in a similar material with
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15 vol% of starting WC instead of 4.1 vol% [56] and other ZrB,-based
ceramics with WC [61,62]. ZW6 sample also showed traces of cubic
ZrOy. For HW6 sample the main phase was hexagonal HfB;. A small
amount of staring WC resulted in smaller peaks of tetragonal WB, similar
to ZW6. The oxidic HfO, phase showed a monoclinic lattice. Unlike
ZW6, which had dispersed free carbon (Fig. 3b), HW6 had carbon
forming cubic HfC. The peak shift toward higher 2-theta angles suggests
that HfC is a solid solution containing W atoms [56]. Notably, SEM
analysis showed no microcracks in ZW6 or HW6 due to the presence of
oxidic phases [48].

3.3. Surface roughness

While no microstructure changes were observed after proton irra-
diation, deuterium plasma exposure led to surface erosion and texture
modifications (Fig. 3). A distinct change in surface topology around the
grains is visible in the irradiated region. Despite this, R, values remained
low (<0.04 pm, see Fig. 5), and the tendency for R, to increase with
applied bias voltage was unclear, likely due to the manual polishing.
Consistent with observations in similar UHTCs [63,64], the differences
between the different borides are mainly due to varying levels of re-
sidual porosity. Specifically, the average R, values ranged from 0.019
pm for ZW6, to 0.022 pm for HW6 sample and 0.027 pm for TW2.

3.4. Thermal properties

Fig. 6 shows the topographic image (left column) and the tempera-
ture map (right column) for each UHTC sample, along with a reference
tungsten material. The topography images show a distinct texture be-
tween the "treated" and "untreated" areas, with clear edges visible in all
samples except for the tungsten material. Small temperature variations
corresponding to surface features, such as holes or scratches, can be seen
by comparing the images on the left and right. These local differences
likely result from interactions between the probe tip and the sample
surface features (slope, variation in contact area, or the surface water
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layer). The topography images (Fig. 6 left) underline the erosion effect
caused by deuterium plasma, which led to noticeable height difference
between treated and untreated areas. The steps in the horizontal profile
are found to be 230 nm and 65 nm in samples TW2 and ZW6, respec-
tively (see supplementary materials). However, no significant differ-
ences in the average temperature between treated and untreated areas
were observed. A subtle contrast can be seen in the HW6 sample where
the left side of the temperature image appears slightly darker (cooler),
possibly indicating an increased thermal conductivity. However, this
variation is gradual, not steep, and of a small magnitude (approximately
0.02 °C). The analysis was not sensitive enough to detect changes in
thermal conductivity after plasma interaction, confirming that thermal
properties were not significantly affected by plasma exposure.
Similarly, thermal diffusivity analysis showed no clear trend related
to plasma exposure or surface roughness among the investigated mate-
rials (Fig. 7). This result is somewhat expected, given that the samples
were coated with a graphite layer, and the laser flash diffusivity tech-
nique measures bulk properties. Deuterium irradiation caused surface
damage with a penetration depth of about 100 nm, which represents
only 0.01 % of the sample’s total volume. As a result, such surface
damage is unlikely to significantly affect the measured thermal diffu-
sivity. The thermal diffusivity data were fitted with equation D = a + b/
T + ¢/T2 [65], yielding the following fitted parameters with R% > 0.99:

Drwa = (11.37 £ 0.10) + (980 + 135)/T + (447264 + 38401)/T> (1)
(2
Duwe = (13.57 =+ 0.15) + (1748 & 206)/T + (488635 + 57492)/T2(3)

Dzwes = (14.35 = 0.10) + (39 + 121)/T + (332062 + 31274),/T>

Dy = (26.40 + 0.43) + (19041 =+ 606),T - (1853939 + 167294),/T%(4)

Thermal conductivities were not measured directly, but were
calculated as a function of temperature from fitted thermal diffusivities,
D (Egs. (1)-(4)), and constant pressure-specific heat capacities, cp, using
the equation: k = D-p-cp. The constant pressure-specific heat capacity
was extrapolated by fitting the data from the NIST-JANAF tables and
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Fig. 7. Thermal diffusivity (D) as a function of temperature (T) for the as machined (M), polished (P), irradiated with deuterium plasma at —80 V for 5 h (D8s), —22
V for 10 h (D2p), and —300 V for 5 h (D30s), and irradiated with protons (P+) tiles of (a) TW2, (b) ZW6, (c) HW6 and (d) W.
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Fig. 8. (A) Specific heat capacity (cp) as a function of temperature (T) taken from the literature and fitted with the typical ¢, = a+b-T + ¢ T~ 24+d-T? relationship [27].
NIST-JANAF reference data for pure TiBy (c, = 0.46361 + 9.70484-10"*T - 4543.66731-T2 - 3.05291-10’7-T2), ZrB, (c, = 0.35486 + 4.73193-10"*T -
2977.70907-T2 - 1.75125.10"7-T%), W (¢, = 0.1374 + 2.19278-107°.T - 499.23917-T2 + 1.01535.10 5.T?). Data reported by Loehman et al. [66] for pure ZrB, (¢, =
0.56414 + 1.08089-10*.T - 15593.75217-T°2 - 1.76558-10%.T%), and HfB, (c, = 0.32802 + 8.43108.10 °-T - 10014.47319-T% + 2.84412.10~°-T?). (b) Calculated
thermal conductivity (k) as a function of T. (c) Calculated thermal effusivity (e) as a function of T. The curves reported in Fig. 8b and c represent the interval of TW2
(blue curve), ZW6 (red curve), HW6 (light blue curve), and W (orange curve), calculated taking into account the thermal diffusivity measured on the different types
of samples: as-machined (M), polished (P), irradiated with deuterium plasma at —80 V for 5 h (D85), —22 V for 10 h (D210), and —300 V for 5 h (D305), as well as
samples irradiated with protons (P+). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

those reported by Loehman et al. [66], as shown in Fig. 8a. The effect of
temperature on the sample density (p) was not taken into account and
the values reported in Table 2 were kept constant. The calculated
thermal conductivities are shown in Fig. 8b. Contrary to the reference
tungsten material, the UHTCs showed an increase of thermal conduc-
tivity with the increasing temperature. This behavior, coupled with
thermal conductivity values exceeding 50 W m~! K™, confirms the
application potential of these UHTCs materials for PFMs. While the
thermal property results of materials exposed in GyM are encouraging
and suggest that MB>-WC composites could be considered as potential
PFMs, it is important to note that these findings are preliminary. The
GyM facility can simulate the particle fluxes expected in the main
chamber of tokamaks, but it cannot replicate the high thermal loads of
the order of MW/m? that impact the first wall. These thermal loads are
the primary drivers of changes in the thermo-mechanical properties of
plasma-facing components (PFCs). Therefore, further testing under
more representative thermal conditions is necessary to fully evaluate the
suitability of MB2-WC composites as PFMs. For the future development
of these materials, the incorporation of carbon fibers reinforcement has
the potential to enhance the thermal shock resistance and even thermal
conductivity [67]. However, careful consideration must be given to the
amount and arrangement of carbon fibers to balance the thermo-
mechanical properties of the fiber-reinforced composites [68,69] and to
manage deuterium retention, which can be affected by the presence of
carbon fiber [20]. Finally, it is worth noting that even the thermal

effusivity (calculated as e = DO‘S‘p‘cp) of MB,-WC ceramics increased
with temperature, while the thermal effusivity of tungsten decreased
(Fig. 8¢c). For TW2 and HW6 samples, the thermal effusivity approaches
that of tungsten at approximately 930 + 40 °C and 1100 + 20 °C,
respectively, and exceeds it by 1 % at 1200 °C. This result is significant
because thermal effusivity is a key measure of a material thermal inertia
and its ability to withstand thermal spikes, which are common in nuclear
fusion reactors [20]. In fact, during transient phenomena, such as
thermal spikes, heat flow is proportional to thermal effusivity rather
than thermal conductivity, which is relevant only under steady state
conditions [70,71].

4. Conclusion

No significant deterioration of the thermal properties of MB,-WC
ceramics (M = Ti, Zr, Hf) was observed after the deuterium plasma
exposure or proton irradiation, making these materials promising can-
didates for fusion applications. The measured thermal diffusivity ranged
from 20.0 + 0.4 to 12.1 + 0.3 mm? s for TiB-2(WC-6Co), from 18.4
+0.2'to 14.5 + 0.2 mm? s ™! for ZrB,-6WC, from 25.4 + 0.3 to 14.8 +
0.2 mm? s~! for HfB,-6WC, and from 70.2 + 3.1 t0 38.1 + 1.3 mm?s ™!
for tungsten reference material, across the temperature range from room
temperature to 1200 °C. The corresponding calculated thermal con-
ductivities ranged from 61 + 1 to 68 + 2Wm ' K}, from 53 + 1 to 63
+1Wm 'K, from67 +2t0 75+ 2Wm ' K%, and from 180 + 8 to
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119 + 4 W m™ ! K™ for TiB,-2(WC-6Co), ZrBo-6WC, HfB-6WC and W,
respectively. A key finding that supports further testing and character-
ization of these UHTCs for use as plasma-facing materials is their ther-
mal effusivity. The thermal effusivity ranged from 13.6 + 0.2 to 19.4 +
0.3kJ s % m™2 K~ for TiB-2(WC-6Co0), from 12.4 & 0.1 to 16.6 + 0.2
kI s7%° m~2 K for ZrB,-6WG, from 13.3 + 0.2 t0 19.5 + 0.2 kJ s 02
m~2 K™ for HfB,-6WC. In contrast, tungsten showed a decreasing trend
in thermal effusivity from 21.5 + 0.5 to 19.3 + 0.3 kJ s *°* m 2 K},
making it more susceptible to thermal spikes of nuclear fusion reactors.
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