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Abstract

So far, the studies regarding the innovative High-Entropy Borides (HEBs), which belong to the more
general class of Ultra-high temperature ceramics (UHTCs), have been entirely confined to their
fabrication or characterization from the microstructural, mechanical and oxidation resistance viewpoints.
In this work, the optical properties of two members of HEBs, i.e. (Hfo2Zro2Tap2Mo0g2Tip2)B, and
(Hfo2Nbo2Tag2Mog 2 Tip2)B2, are evaluated for the first time to assess their possible utilization in the
thermal solar energy field. The bulk samples (96.5 and 97.4% dense, respectively) are obtained as
single-phase products by Spark Plasma Sintering (1950 °C/20 min/20 MPa) starting from powders
previously synthesized by Self-propagating High-temperature Synthesis (SHS). The optical
characterization, whose results are discussed by comparing HEBs to the individual borides, shows that
they are characterized by intrinsic spectral selectivity and low thermal emittance, resulting therefore
interesting for high-temperature solar absorbers applications.

(*) Corresponding author, email: roberto.orru@unica.it

Keywords: Ultra High Temperature High-Entropy Ceramics; Spark Plasma Sintering; Optical
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1. Introduction

The recently discovered class of ultra-refractory ceramics referred to as High Entropy Borides (HEBS) is
obtained by the combination, in near-atomic ratio, of usually five transition metal elements uniformly
distributed across the boride lattice, to produce single-phase crystalline solid solutions with maximum
configurational entropy [1-6]. Examples of these ceramics are (Hfp2Wo2Tag2Zr02Tio2)B2,
(Hfo2Mog2Tag 2Zro2Tio2)Ba, (Hfo2Tag 2Zr02Nbg 2 Tig2)Bo, etc.

Since their discovery, the first target has been the identification of convenient synthesis/consolidation
routes to produce highly dense and homogeneous ceramics with no undesired secondary phases. In this
regard, powders preparation is usually carried out by borothermal/boro-carbothermal reduction [4,7-9]
or self-propagating high temperature synthesis (SHS) [2,3,10] processes. On the other hand, the Spark
Plasma Sintering (SPS) technology is unequivocally the main consolidation techniques adopted to
provide dense HEBs [1-4,7-11].

The resulting materials need to be subjected to an extensive characterization to evaluate their
performances when subjected to conditions required by specific industrial applications, and finally their
behavior is compared with that of standard individual diborides. Along this line, the studies carried out
up to now refers to mechanical [1,8-11], thermal conductivity [8,12] and oxidation resistance [1,13,14]
properties.

In this context, to the best of our knowledge, only two studies [15,16] have been carried out so far to
determine the optical properties of this emerging class of ceramics, which might be, as for the case of
standard Ultra-High Temperature Ceramics (UHTCs), promising for their potential utilization in the
thermal solar energy field. Both these investigations were focused on the fabrication as coatings, and
their optical characterization, of high-entropy alloy nitrides (HEANS), namely AICrWTaNbTiN [15] and
AICrTaTiZrN [16]. AICrWTaNbTiN-based solar selective absorbing coatings were found to provide a
high solar absorptance (0.93) and a low thermal emittance (0.068, at 82 °C) [15]. Similarly, the
AICrTaTiZrN-based coating was reported to show excellent optical performance, with solar absorptance
of 0.965, and a thermal emittance of 0.086 [16].

In spite of the several studies conducted in the literature involving binary diborides (ZrB,, TaB,, HfB,,
TiB,, etc.) to be used as solar receivers either in bulk [17-22] or in coating forms [23-27], the optical
properties of HEBs are totally unexplored.

UHTCs based on transition metal borides have attracted a significant attention in the last decade as
potential candidates for innovative solar absorbers able to operate at very high temperatures [28]. Such

interest is due to their favorable optical and radiative properties like intrinsic spectral selectivity and low



thermal emittance. It is worth to recall that the increase of the operating temperature of concentrating
solar energy systems is a key technological improvement both to boost the efficiency of thermodynamic
cycles for power production and to disclose novel emerging applications of so-called Concentrating
Solar Thermal (CST). The supply of high-temperature solar heat to energy-intensive industries (e.g.
cement, glass, foundry, etc.) determines a reduction of the carbon footprint of those industrial sectors,
which, according to IRENA, are the largest CO, emitters and the most difficult to decarbonize [29].
Furthermore, two remarkable recent examples of CST applications can be found in the green production
of hydrogen [30] and sustainable aviation fuels (SAF) [31]. They consist in the production of fuels from
water and CO, through endothermic reactions at high temperatures driven by solar heat. This approach,
which effectively would close the fossil fuel carbon cycle [32], requires temperatures from above 700 °C
up to ~1550 °C. These solar-driven chemical processes show an outstanding potential. For instance, they
are thought to be able to supply the whole global demand of jet fuels [33,34], thus significantly
decreasing both the global dependence from fossil fuels and the greenhouse emissions.

Within this framework, in the present work we report on the successful synthesis of two bulk ceramic
systems consisting of (Hfp2Zro2Tag2M0o2Tip2)B2 and (Hfg2Nbg,Tag Moo 2Tio2)B,, respectively, and
their optical properties measured in the range from 0.3 to 16 um wavelength, to evaluate the materials’
interaction with both solar and thermal radiation. Both ceramics are first prepared by the SHS-SPS
method and characterized from the compositional, microstructural, and textural points of view. From
experimental optical spectra, solar absorptance and thermal emittance up to ~2000°C (1700K) are then
estimated. Optical properties and optical parameters are finally discussed and compared to those of the

individual monolithic borides.



2. Experimental Materials and Methods

2.1. Synthesis and consolidation of High-Entropy Borides

According to the SHS-SPS processing route, the obtainment of bulk (Hfp2Zro2Tap2M0g2Tio2)B2
(labelled as HEB_Zr) and (Hfp2Nbg2Tag2M0g2Tip2)B, (labelled as HEB_Nb) specimens by SPS is
preceded by the synthesis of related powders via SHS. To this aim, depending on the specific HEB
system to be synthesized, Hf (Alfa Aesar, cod. 00337, particle size < 44 um, 99.6 % purity), Mo
(Aldrich, cod 266892, particle size < 149 um, 99% purity), Ta (Alfa Aesar, cod 00337, particle size < 44
pHm, 99.9 % purity), Nb (Alfa Aesar, cod 010275, particle size < 44 um, 99.8 % purity), Ti (Aldrich, cod
268496, particle size < 149 um, 99.7 purity), Zr (Alfa Aesar, cod 00418, particle size < 44 pum, > 98.5 %
purity), and B (Aldrich, cod 15580, amorphous, 99 % purity) precursors are first dry mixed in
stoichiometric proportions, as far as metal constituents are concerned, whereas boron is used in slight
excess (B to metal ratio equal to 2.2:1). Indeed, as explained elsewhere [18,35], part of this element is
consumed by the borothermal reduction of oxide impurities originally present in raw powders as well as
by volatilization phenomena occurring during the synthesis process. Mixed powders are then cold
pressed to form cylindrical pellets that are locally ignited under Argon environment using a heated

filament.

The obtained combustion synthesized samples are preliminarily ball milled for 60 min (SPEX
CertiPrep, USA, charge ratio equal to 2) to convert them in powder form before being consolidated by
SPS (515S model equipment, Fuji Electronic Industrial Co., Ltd., Kanagawa, Japan). SHS powders are
processed by SPS once mixed with 1.0 wt.% of graphite (Aldrich, cod 282863, particle size < 20 um).
This is because, as shown elsewhere [3], the introduction of this additive allows for the removal of
residual oxides impurities and the concurrent improvement of powder densification. Sintering
experiments are conducted in vacuum conditions under temperature-controlled mode using an infrared
pyrometer (CHINO, mod. IR-AHS2, Japan) focused on the external surface of a cylindrical die (30 mm
external diameter; 15 mm inside diameter; 30 mm height) consisting of graphite (AT101, ATAL Srl,
Italy). All the samples considered in the present work for optical characterization are prepared as
follows. During SPS experiments, temperature is first increased in 10 min to 1950°C (Tp), then
maintained for 20 min at the latter value and, finally, decreased down to the room temperature. The
sintering process was entirely conducted under 20 MPa of mechanical pressure. Sample’s release is
made easier using graphite foils (99.8 % pure, 0.13 mm thick, Alfa Aesar, Karlsruhe, Germany) to
separate internal surfaces of the die, the top and bottom sides of the punches, from powders undergoing
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sintering. In addition, the die was surrounded with a layer of graphite felt to minimize heat losses by
radiation. For the sake of reproducibility, each experimental condition was repeated at least twice.

Absolute samples’ density was determined by the Archimedes’ method with distilled water as
immersion medium. The corresponding relative values were calculated by considering 8.52 and 8.67
glcm® as theoretical densities of (Hfy2Zro2Tao>M0o2Tio2)B, and (Hfy2Nbg2Tag2Mog2Tio2)Bs,
respectively [1]. The presence of graphite (p = 2.26 g/cm®) was properly considered using a mixing rule

for the evaluation of corresponding relative densities [36].

Before microstructural and optical characterization, the sample surfaces were mechanically lapped
with progressively finer emery paper up to P4000 (FEPA standard 43-GB-1984), to finally obtain about
3 mm thick disks.

2.2. Microstructural and topological characterization

Crystalline phases present on the samples surface were identified by X-ray diffraction analysis (Ni
filtered CuKa radiation, Philips PW 1830, Netherlands) over a range of scattering angles 29 from 25° to
100°, in steps of 0.05° with 15 s acquisition time per angle.

The microstructural characteristics and the surface morphology were investigated by a scanning electron
microscope (SEM, Zeiss EVO MAL5, Zeiss, Oberkochen, Germany), operating at 20 kV. SEM
micrographs were processed by using an image analysis software for a quantitative measurement.
Surface texture analysis was performed with a noncontact optical profilometer (Taylor-Hobson CCI MP,
Leicester, UK) equipped with a green light and a 20X magnification objective lens.

Four distinct areas were analyzed for each specimen, and the collected surface data were processed with
the Talymap 6.2 software (Taylor-Hobson, Leicester, UK) to extract 3D areal field parameters.

The average 3D texture parameters were obtained following the 1SO 25178-2:2012 standard on S-F

surfaces, after denoising (median filter 5 x 5), form removing and S-filter application.

2.3. Optical properties

Hemispherical reflectance spectra were acquired using a double-beam spectrophotometer
(Lambda900 by Perkin Elmer) with Spectralon®-coated integration sphere for the 0.3 — 2.5 um
wavelength region and a Fourier Transform spectrophotometer (FT-IR “Excalibur” by Bio-Rad) with

gold-coated integrating sphere and liquid nitrogen-cooled detector for the range 2.5 — 16.0 um. From



experimental reflectance data (R"(L)), the spectral absorbance a()l) or emittance g(A) of these fully
opaque materials can be obtained, as:

a(h)= 1-R" (W)= e(L) 1)

From experimental spectra, it is possible to calculate some parameters useful to evaluate the potential
of the materials as sunlight absorbers in solar receivers for thermodynamic solar plants, namely the
solar absorptance o, the total hemispherical emittance € at the temperature T, and the spectral

selectivity o/, as follows:
3um
0.3um a(A)-S(A)da

— 2
f;_gumS(/‘L)d/l @)

16.0
Josum  €A)-BAT)AA

16.0 (3)
[ m‘r‘lm B(A,T)dA

where S(A) is the sunlight spectral distribution [37] and B(A,T) is the blackbody spectral radiance at the
temperature T. For a more complete evaluation, the emittance in Eq. 3 has been calculated at different
temperatures from 800 K to 1700 K. As a methodology comment referred to these parameters, it should
be observed that the values calculated from Egs. 1 — 3, being obtained from room-temperature spectra,
represent an estimation widely used in the literature for a comparative evaluation among materials,
while they cannot represent exact values in operative conditions, which would need the knowledge of

the spectra at the considered temperature, and result generally underestimated [38].



3. Results and discussion

3.1. Products density and composition

The self-propagating reactions for the synthesis of (Hfy2Zrp2Tag2Mog2Tig2)B2, and
(Hfo2Nbg2Tag 2M0g2Tip2)B, from elemental powders lead to multiphases ceramics [3,10]. The SHS
products were ball milled for 60 min and particle size data of the resulting powders, measured by laser
light scattering analysis, are summarized in Table 1. Comparable results are obtained for the two groups

of powders, although HEB_Zr particles are slightly finer.

Table 1. Particle size parameters of HEB powders synthesized by SHS after being ball milled for 1 h

prior SPS.
System dio (um) dso (um) dgo (um) dav(pm)
HEB_Zr 0.25 1.29 8.49 2.93
HEB_Nb 0.16 1.13 11.69 3.69

When these powders are subsequently processed by SPS under convenient conditions, the resulting
bulk products basically consist of the desired high-entropy phases only. This statement is clearly
supported by XRD analysis carried out on the optically-prepared surfaces (Figure 1). In this regard, it
should be noted that detailed previous analysis carried out on the cross sections of graphite-free samples
revealed the presence of metal oxide contaminants (8.8 and 2.2 wt.%, for the case of HEB_Zr and
HEB_Nb systems, respectively) [3]. However, as mentioned in section 2.1, such impurities can be
significantly abated with the graphite introduction (to 0.5 and 0.2 wt.%, respectively), due to their
carbothermal reduction. Barbarossa et al. [3] also evidenced that about 70 and 90 wt.%, depending on
the system, of graphite initially added to the SHS powders before SPS was still found in sintered
samples, to indicate that only a small amount of additive was consumed for oxides elimination.
Nonetheless, the graphite percentage chosen in this work (1 wt.%) was found to be the optimal one to
maximize the other concurrent relevant effect, i.e., the marked powder densification improvement, i.e.
from 87+0.7 to 96.5+0.7 % (HEB_Zr) and from 92.5£1.3 to 97.4+0.3% (HEB_Nb) [3,10]. Indeed, it is
well recognized that the presence of O-impurities hinders powder consolidation, so that their removal is
beneficial to make powders more reactive and sinterable [3,39]. In addition, it was postulated that
graphite also acts as a solid lubricant, which provides a supplementary contribution to provide ultra-

high-temperature ceramics with higher relative densities [40].
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Figure 1. XRD patterns relative to the surface of bulk (Hf2Zro2Tag2Moo2Tip2)B, (HEB_Zr) and
(Hfo2Nbg2Tap 2Mog 2 Tio 2)B2 (HEB_ND) sintered samples obtained by SPS (1950°C, 20 min, 20 MPa) in
presence of 1.0 wt.% graphite

3.2. Microstructure

Figure 2 shows the microstructure of HEB_Zr and HEB_Nb samples after densification and
mechanical surface polishing. Both systems show a quite homogeneous microstructure characterized by
equiaxial grains with average sizes of 5.4 = 2.0 um and 10.9 + 4.6 um for HEB_Zr and HEB_Nb,
respectively.

A small volume fraction of residual porosity, mainly located at grain boundary, was observed in both
systems (i.e., 2.3vol% and 1.5vol % for HEB_Zr and HEB_Nb, respectively) with average pore size of
about 0.5 um (Table 2).

Despite the same densification process conditions are adopted (1950°C, 20 min, 20 MPa), the
HEB_Zr sample shows lower grain size and slightly higher amount of residual porosity. The first issue

might be due to the relatively finer particles undergoing SPS for this system (Table 1). In addition, the
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motivation for the observed different porosity could be the relatively larger content of residual oxides
detected in HEB_Zr (0.5 wt.%) compared to HEB_Nb (0.2 wt.%). Indeed, as mentioned previously, the

presence of such impurities is well known to inhibit powder consolidation.

In the latter regard, literature data highlighted that the addition of transition metals can affect both
densification and grain growth of diboride ceramics. In particular, it has been observed that an increase
of Nb content gives rise to reduced grains size [4,41]. The results presented here suggest that the
addition of Zr has a similar effect, being even more effective than Nb in the grain growth suppression. It
is presumable that the presence of the highly refractory Zr element could play a role in making relatively

finer microstructures.

Table 2. Characteristics of HEB samples investigated in the present work. Data of previously
investigated binary borides produced by SHS-SPS, except for HfB, (reactive SPS), are also listed, for

comparison. n.r. not reported

Sample Density Grain size Pore size Residual Porosity Reference
(1m) (Hm) (%0)

HEB_Zr 96.5+0.7 5412 0.51+0.40 2.3 This work
HEB_Nb 97.4+0.3 10.9+4.6 0.51£0.42 1.5 This work
ZrB; 98.3+0.8 20-30 3-4 5 [18,35]
TaB, 94.0+0.4 10 0.5-3.0 5 [18,35]
TiB, ~ 100 n.r. n.r. n.r. [20]
HfB, 97.6 ~20 <5um n.r. [22]
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Figure 2: SE SEM image of (A) HEB_Zr and (B) HEB_Nb sample surfaces.

As surface texture significantly affects the optical properties, each sample was characterized by 3D
optical profilometry in order to compare the intrinsic optical properties of the prepared materials. Figure
3 show the areal surface maps and Table 3 reports the average values of the areal height parameters

measured on both samples, along with the corresponding standard deviation.

The surfaces of the analyzed systems show similar textural characteristics as highlighted by the quite
close values of the parameter reported in Table 2. Both materials show low values of Sq and Sa, typical
of reflective and smooth surfaces, even if slightly higher values were observed on the sample HEB_Nb.
The presence of some surface porosities is highlighted by negative values of the Ssk parameter and by

values of Sku > 3 as confirmed by the SEM analysis.
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Figure 3: Surface morphology of (A) HEB Zr, (B) HEB_Nb, (C) ZrBz, (D) TaB,, (E) TiB,, and (F)

HfB,, obtained by 3D optical profilometry. The height (z) of the surface was amplified by 10%

compared to those in x and y.
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Table 3. Average values and standard deviation of areal height parameters measured on HEB_Zr and

HEB_Nb. Data of previously investigated binary borides produced by SHS-SPS, except for HfB;

(reactive SPS), are also listed, for comparison.

HEB_Zr HEB_Nb | ZrB,[20] | TaB,[20] | TiB;[20] | HfB;[22]

Sq (um) | 0.030£0.002 | 0.045+0.05 | 0.44%0.11 | 0.884+0.069 | 0.50+0.20 | 0.49:0.30

Ssk | -383%059 | -3.320.68 -7.1%1.1 -5.8+1.9 7.242.2 -6.3%5.0

Sku 42694 32+13 83+15 51+29 94+40 89+69
Sp(um) | 0.31+0.014 | 0.12+0.01 2.9+2.0 1.46+0.27 | 1.44%0.47 | 1.22+0.30
Sv(um) | 070£0.03 | 0.94+043 9.6+2.6 12.9+3.0 10.6+3.7 1247
Sz(um) | 1.01+003 | 1.06+0.43 12.5+4.6 14.3+2.8 12.0+4.1 1347
Sa(um) | 0.02+0.001 | 0.030+0.008 | 0.211+0.028 | 0.440+0.042 | 0.237+0.057 | 0.249+0.062

To better evaluate the optical properties of HEB ceramics, the monolithic borides (ZrB,, TaB,, Tib,
and HfB,), previously investigated [20,22], were also here considered and their surface topography and

texture parameters were reported in Figure 3 and Table 3.

Monolithic diborides show overall surface characteristics that are quite similar to those of HEBS,
substantially characterized by a fine textured surface with the presence of large and relatively smooth
defects and porosities. The values of the Sp, Sv and Sz parameters measured on the monolithic boride,
which are higher than those of the HEBs, indicate the absence of major surface defects. The
corresponding values of Sq and Sa are also at least an order of magnitude higher than those collected on
HEBs, suggesting greater surface irregularity most probably due to different surface preparation
processes. Despite the differences in terms of Sa and Sq, previous studies [20] showed that the intrinsic
optical properties of monolithic diborides are mainly related to their chemical composition and the

morphological characteristics of these smooth surfaces play a minor role.

3.3. Optical properties
Figure 4 shows the room-temperature spectral hemispherical reflectance of HEB samples in the

region 0.3-16 um wavelength. The spectra appear similar for both samples, with small differences lying
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within the experimental uncertainty. A net step-like behavior is evidenced, proving that also these high-
entropy compounds, like the individual borides, are intrinsically spectrally selective. As expected, since
optical properties are strongly connected to the composition and crystal structure, the comparison with
monolithic borides shows spectral differences with the latter one.

Figure 5 compares the reflectance curves of HEB_Zr and monolithic borides previously synthesized
[18,20,22]. For sake of comparison, the spectra of two state-of-the art solar absorbers e.g. SiC and
conventional Al,O3 are also included [42]. From Figure 5, it is apparent that the HEBs here investigated
share with the mono-borides the significant differences with respect to SiC and Al,Os, being none of
them optimized. SiC is a grey semiconductor used in advanced solar receivers [43] and characterized by
a high solar absorptance, but also by a high thermal emittance and no spectral selectivity, arising in large
thermal emission losses. On the other hand, Al,O3 is a white oxide, also investigated as solar receiver
material [44], which shows low thermal emittance, but also extremely poor solar absorptance [45]. Like
other borides, HEBs are characterized by an intermediate behavior between SiC and Al,Os in the range
of solar spectrum (Figure 5b), particularly in the regions of its maximum intensity, and higher
reflectance curves across the whole thermal infrared (Figure 5c), translating in intermediate solar
absorptance and lower thermal emittance values than SiC and Al,O3. As for the comparison with the
mono-borides, HEBs do not exhibit the local minima in the near infrared (1-3 um spectral range) shown
by HfB,, ZrB; and TiB, (Figure 5b) and due to bound-electron effects [45]. On the contrary, the steep
risefront of HEB reflectance is similar, even if slightly shifted towards longer wavelengths, to that of
TaB,, and it only includes the free-electrons contribution [45]. For this reason, in the following
discussion about optical properties, HEBs will be compared to TaB,. The cutoff wavelength A., defined
as the wavelength where the reflectance falls to 50% of its maximum value [46] is 590 nm for HEB_Zr,
535 nm for HEB_Nb and 530 nm for TaB,, respectively. For these purely step-like spectra, A¢ is
connected to the plasma frequency o, [45,47]. A redshifted Ac implies a smaller @, and, in pure
diborides, a smaller atomic mass of the metal ion [47]. If we define, for HEBs, a phenomenological
“average atomic mass of metal ions”, as the average of atomic masses of involved metal ions, weighted
by their molar ratio, we can see that, interestingly, HEBs agree with the wp dependence on metal atomic
mass cited above, even if they are far from the ideal single-composition and mono-crystalline materials
considered in [47].

In the mid-infrared 3-16 um, all the curves of HEBs and mono-borides appear smooth (the feature
around 5-7 um is an instrumental artifact due to unbalanced gases in the sample chamber) and

asymptotically reaching 100% reflectance. The height of the infrared plateau is connected to the free-
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electrons lifetime [47]. Thus, it is decreased by surface or near-surface defects, like, for instance, pores
or grain boundaries. However, the HEB samples have fewer surface defects than TaB,, while grain size
is lower in HEB_Zr and comparable in HEB_Nb (Table 2). On the other hand, in high-entropy systems
the electron scattering can be enhanced due to the lattice distortions [48], which appear, therefore, the

most likely explanation of the lower slope in reaching the infrared reflectance plateau we observed in
HEBs, in comparison to TaB; (Figure 5c).

100 1 1 1 1 1 1 1 |

80

60 +

Hemispherical reflectance (%)

40 — HEB Zr
——HEB_Nb

2 4 6 8 10 12 14 16
Wavelength (um)

Figure 4: Hemispherical reflectance spectra of HEB_Zr and HEB_Nb samples.
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Figure 5: Comparison of the hemispherical reflectance spectra of HEB_Zr and monolithic TiB,, TaBy,
HfB, and ZrB, (from [18,20,22]). Spectra of SiC and Al,Os3 are also included for reference (from [42]).
(@) Full spectral range and details of (b) 0.3-3 um range and (c) 3-16 um range.

Considering the optical parameters, solar absorptance a (Eq. 2), thermal emittance ¢ (Eq. 3) and
spectral selectivity o/e, Figure 6 shows the calculated temperature-dependent values. Generally
speaking, HEBs can be surely defined as low-emittance materials (¢=0.12~0.16 for HEB_Nb and
€=0.13~0.18 for HEB_Zr across the considered temperature range 800-1700 K). HEB_Zr and HEB_Nb
show a small difference of about 0.02 absolute value, in both solar absorptance and emittance, with no
appreciable differences in spectral selectivity. As observed in other individual (monolithic and
composite) borides and, in general, in UHTCs, a higher solar absorptance is usually accompanied by a
higher thermal emittance [19,49]. Direct comparison is possible with TaB,, which shows the same a

value than HEB_Zr with a slightly lower &, resulting, from the solely-optical point of view, slightly more
14



performing. However, other characteristics impacting on the application must be considered. For
instance, the relatively high specific weight of certain binary metal diborides, particularly TaB, and
HfB,, which possess high densities (12.6 and 11.2 g/cm3, respectively), could represent a drawback for
some practical applications. Therefore, the partial replacement of Ta and Hf with alternative lighter
transition metal elements (Zr, Nb, Mo, and Ti) provides a reduction of resulting density of the obtained
ceramics, i.e. 8.52 (HEB_Zr) and 8.67 g/cm® (HEB_Nb). Furthermore, both Hf and Ta are in the list of
2020 Critical Raw Materials (CRMs) [50], and the corresponding powders are relatively more
expensive. Therefore, the possibility of substituting them with elements such as Zr and Mo (lighter, not
CRM and cheaper), while keeping the resulting performances comparable, would represent an important
target to achieve. In addition, these ceramics often exhibit superior hardness [1,9,11] and, most
important for CSP applications, superior oxidation resistance [1,13] with respect to their individual
constituents.

When the comparison with other monolithic borides is concerned, HEBs show a higher spectral
selectivity than HfB, for T>1100 K and higher than ZrB; for T>1400K. The weakness point of HEBs is
in the relatively low solar absorptance, which, however, can be increased using a proper surface

texturing, e.g. by chemical etching [28] or laser machining [21,51].
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Figure 6: Comparison of the calculated temperature-dependent thermal emittance (a) and spectral

selectivity (b). The solar absorptance values are indicated in legend.
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4. Conclusions

In this work, two high-entropy diboride bulk ceramics, with  composition
(Hfo2Zro2Tag2Moo2Tio2)B, (labelled HEB_Zr) and (Hfp2Nbo2Tag2M0o2Tip2)B, (labelled HEB_Nb)
have been successfully prepared by combining the SHS route, for powder synthesis, with the SPS
technique, for their consolidation. The sintered samples have been characterized as for their
microstructure and optical properties in the spectral range 0.3-16 um wavelength, and compared with
individual borides, obtained with the same SHS-SPS method, except for HfB, (reactive SPS). Step-like
reflectance spectra, typical of intrinsic spectrally-selective materials, have been evidenced, with pure
free-electrons contribution to optical properties. Optical parameters like solar absorptance, thermal
emittance in the temperature range 800-1700K and spectral selectivity have been estimated from
experimental spectra, to assess the HEBs’ potential for high-temperature absorbers of solar radiation.
Optical properties of the two investigated HEB compositions appear similar. Their main force point is
the low thermal emittance, lower than 0.2 at all temperatures including 1700K, and the spectral
selectivity remaining always higher than 2.2 (values to be compared with the most advanced solar
absorber used in concentrating solar power plants to date, i.e. SiC, which shows &~0.76-0.77 with no
spectral selectivity [17,52]). On the other hand, their main weakness point is the solar absorptance value
~0.4, which, however, can be improved by proper texturing techniques, as we have demonstrated in
other boride and carbide ultra-high temperature ceramics. This would also include the obtainment and
characterization of these ceramics in porous form, since porosity is expected to increase solar
absorbance as well as thermal emittance [46], so that the identification of an optimal tradeoff would be
required. Therefore, this work should be considered a good starting point to provide useful indications
for the subsequent fabrication of porous and textured HEBs.
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g. gFor the first time, optical properties of High Entropy Borides (HEBS) are investigated for solar

absorber applications

e Two dense and single-phase HEBs are produced from elemental reactants by a two-step SHS-
SPS route

e HEBs show higher spectral selectivity than HfB, for T>1100 K and ZrB, for T>1400K.

e Advantages associated to the use in the solar energy field of HEBs with respect to individual
diborides are discussed
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