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ABSTRACT

An efficiency improvement of concentrating solar power systems relies on a significant increase
of the operating temperatures, exceeding 600°C. This goal can be achieved through the use of solar
absorbers possessing high spectral selectivity and stability at such temperatures. Suitable alternatives
to the largely used silicon carbide can be found in the ultra-high temperature ceramics class. This
study focuses on the effect of processing, microstructure evolution and surface texture on the optical
properties at room and high temperature. ZrB,-based ceramics are taken as case study to detect any
correlation amongst composition, porosity, mean grain size, roughness and spectral selectivity. In
addition, the effect of surface variation, induced by chemical etching or by exposure to oxidizing

environment, thus simulating the actual operation conditions, are evaluated and compared to SiC
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optical properties. Absorbance and solar selectivity are discussed as a function of the microstructural
and surface properties upon detailed roughness characterization. Advantages in the use of UHTC as
solar absorbers, strength and criticalities related to the use of these ceramics in comparison with SiC

are discussed.

Keywords: Ultra-High Temperature Ceramics; ZrB,; optical properties; solar absorbers;

concentrating solar power, ageing.

1. Introduction
The worldwide growing concern with environmental preservation has forced changes in energy
management, promoting the pursuit of new technologies for energy production. In addition, as the
world’s population is expected to expand, the demand for energy will grow as well. Hence, the use
of clean, safe and cost-effective energy supplies, such as solar energy, will have a fundamental role
within the global social and economic framework. Concentrating Solar Power (CSP) technology is a
safe, sustainable and cost-effective energy supply [1-5]. In CSP technology, the heat absorbed on the
collector material is transferred to a heat transfer fluid, which plays a very vital role in determining
the overall efficiency of solar energy utilization. The efficiency of solar thermal power plants indeed
increases rapidly with increasing working temperatures. Currently, the typical temperatures achieved
in solar towers are around 565°C when molten salts are used as heat transfer fluid, but may exceed
600°C on the tube outer surface [6]. Only in few cases, in open volumetric air receivers, direct heating
of air is also being reported to achieve very high temperatures approximating 800°C [7-9]. In any
case, to improve the competitiveness of this power generation technology, the receiver performance

has to be improved, particularly its stability at high temperatures.
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In the framework of the Italian project SUPERSOLAR (http://www.ino.it/supersolar), ceramic

materials aimed to be used as absorbers in thermal solar energy plants operating at temperatures
higher than current systems have been investigated and developed.

Diborides and carbides of zirconium, hafnium and tantalum (ZrB,, ZrC, HfB,, HfC, TaB,, TaC),
referred to as Ultra-High-Temperature-Ceramics (UHTCs), are considered the best-emerging
materials for applications in aerospace and advanced energy systems (turbine blades, combustors,
scramjet engines, nuclear fusion reactors) [10]. The increasing interest in these materials is due to
their unique combination of properties, including the highest melting points of any group of materials,
>3000°C, elevate strength at extreme temperature, like 600-800 MPa at 1500-2100°C [11], high
thermal conductivity, 80-110 W/mK up to 2000°C [12] and chemical stability. Recently, it has been
found that most of these compounds also have the characteristic of being intrinsic solar selective
materials [ 13—19], but the understanding of the optical properties of these materials is still very scanty,
especially at high temperature. UHTCs have thus the potential to be suited for application in high
temperature solar receivers, once their basic properties have been properly investigated and correlated
to the bulk and surface characteristics.

The main objective of SUPERSOLAR project was to systematically study the UHTC fundamental
optical properties, i.e. light absorption and emission at room and high temperatures. Particular
emphasis was devoted to identify their correlation with relevant material characteristics, such as
compositions, porosity, surface finishing. Several ultra-refractory boride and carbides have been
studied in the framework of the project [13—17], allowing to identify the most promising materials
for solar absorber applications. This work describes, as a case study, an extensive work on ZrB,-
based ceramics, consolidated through different processes, with or without MoSi, as secondary phase,
textured or with controlled porosity. Among UHTC materials, ZrB, was selected for broad
characterization in view of a number of advantages on several aspects: borides possess better thermo-

mechanical properties and higher oxidation resistance than carbides [10,20], it has lower weight than
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other transition metals compounds, around 6 g/cm? compared to 11-12 g/cm? for Hf- or 11-14 g/cm?
for Ta- based compounds, and, least but not last, ZrB, is the cheapest raw powder in this class.

The literature shows several reports about the mechanical property changes of ZrB, as a function of
different processing parameters [20—24], while, to the best of our knowledge, the impact on optical
properties has been not investigated yet. For the preparation of the ZrB,-based composites, MoSi,
was selected in this work as sintering additive in view of its properties compatible with the high-
temperature environment, i.e. melting point above 2000°C, high stiffness [25] and owing to its
beneficial effects on densification, high temperature strength and oxidation resistance improvement
of borides [20,26].

The effect of microstructural and surface features is then correlated to the optical absorbance and
spectral selectivity. In addition, the optical properties of these ceramics exposed to oxidizing
environment, simulating the prolonged use in air at high temperature, are discussed and compared to
the performances of the currently used absorber materials, mostly based on silicon carbide (SiC).
Finally, high temperature spectral emittance spectra of ZrB, composites are shown and compared to

that of SiC.

2. Materials and Methods

2.1 Materials preparation and characterization

Spark plasma sintered material. A bulk pure ZrB, material was prepared starting from Self
propagating High-temperature Synthesized (SHS) powders and consolidated by spark plasma
sintering (SPS), sample ZBMO-s, according to the procedure reported in [27]. Briefly, before being
consolidated, the SHS product received a mild ball milling treatment to generate powders with an
average particles size of 6.7 um and dgp parameter value of 16.8+1.0 pum. The SPS process was
conducted using a 515S model equipment (Fuji Electronic Industrial Co., Ltd., Kanagawa, Japan)

under vacuum (20 Pa) conditions.
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Hot pressed materials. ZrB,-composites containing MoSi, were prepared using commercial raw
powders: ZrB, (H. C. Starck, Germany. Grade B), mean particle size: 1.5 um, impurities (wt%): C
0.25, 0 2.0, N 0.25, Fe 0.1, Hf 0.2; MoSi, (Aldrich, Milwaukee, USA), mean particle size: 2.8 um,
impurities (wt%): O 1.0. The amount of sintering agent ranged from 5 to 50 vol% to enable full
densification and labeled hereafter as ZBMX, where X = 5, 10, 20, 30, 50. The mixtures were
prepared by wet milling for 24 h using absolute ethanol and SiC milling media, followed by drying
in a rotary evaporator and sieving through 250 um screen. 30 mm diameter green pellets were
prepared by uniaxial pressing with 20 MPa. Hot pressing was performed in low vacuum (~100 Pa)
using an induction-heated graphite die at temperatures between 1750 and 1900°C with an uniaxial
pressure of 30 MPa during heating and a dwell at the maximum temperature set on the basis of the
shrinkage curve, as reported in Table I.

Pressureless materials: ZrB,-composites containing 20 vol% MoSi, were sintered in a graphite
furnace (Astro industries Inc., Santa Barbara, USA) without applied pressure, with a heating rate of
600°C/h under flowing argon atmosphere (~0.1 MPa) at 1950°C for 60 minutes, as indicated in Table
I, sample ZBM20-ps. Additionally, for high temperature emittance measurements, one 40-mm
diameter pellet with 10 vol% MoSi, and with a pore-forming agent, ZBM10P, was prepared and
pressureless sintered in the same graphite furnace at 1950°C reaching a relative final density of 87%.

Texture modification and ageing: Surface texture modifications were induced by chemical etching
in order to improve the solar radiation absorption. In particular, the polished surface of ZBM10
samples was exposed to a mixture of mineral acid (HF/HNO;) for few seconds, thereafter labelled as
ZBMetc.

In addition, the effect of prolonged exposure to high temperatures was evaluated by oxidation of
the same composition in air furnace at 800 and 1200°C for 10 hours (Nannetti1700°C, mod. FH 65/17,
Faenza, Italy). The resulting oxidized surfaces were labelled as ZBM800 and ZBM1200.

For the as-sintered materials, the bulk densities were measured by Archimedes’ method in distillate

water according to the ASTM C373-88 standard and the microstructure was analyzed on polished or
)
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treated 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). The optical surface of the pellets were polished by diamond paste with decreasing
grain size, from 30 to 1 um using a standard procedure. Quantitative calculations of the
microstructural parameters, like residual porosity, mean grain size and secondary phase content, were
carried out via image analysis with a commercial software package (Image-Pro Plus® version 7,
Media Cybernetics, Silver Springs, MD, USA).

The surface texture characterization was carried out with a non-contact optical profilometer
(Taylor-Hobson CCI MP, Leicester, UK) equipped with a green light and a 20X magnification
objective lens. For each samples, at least two distinct areas (0.8x1 cm?) were scanned along two
orthogonal directions and the collected surface data were processed with the Talymap 6.2 software
(Taylor-Hobson, Leicester, UK). The analysis of surface data was carried out in terms of areal field
parameters, as 3D parameters can provide a more comprehensive information about surface texture
with respect to 2D ones. The evaluation of 3D texture parameters was performed following the ISO
25178-2:2012 standard on the two datasets collected for each sample, after denoising (median filter

5%5), form removing and filtering with an aerial robust gaussian L-filter.

2.2 Methods and parameters for optical characterization

The parameters selected to qualify the materials were hemispherical reflectance, high temperature

emittance and spectral selectivity.

- Hemispherical reflectance spectra were acquired using two instruments: a double-beam
spectrophotometer (Perkin Elmer Lambda900) equipped with a Spectralon®-coated
integration sphere for the 0.25-2.5 pm wavelength region and a Fourier Transform
spectrophotometer (FT-IR Bio-Rad "Excalibur") equipped with a gold-coated integrating

sphere and a liquid nitrogen-cooled detector for the range 2.5-16.5 um.



152 - High temperature emittance spectra were obtained as the ratio between the radiance emitted

153 by the sample heated in a home-made high-vacuum furnace (ultimate pressure limit few 10-¢
154 mbar, maximum temperature around 1200K), and that emitted by a reference blackbody (C.I.
155 Systems SR-2) at the same temperature. Radiances were detected and spectrally resolved by
156 the FT-IR "Excalibur" spectrophotometer described above. Details of the experimental
157 apparatus can be found in [28]. The available spectral range for high temperature emittance
158 measurements was between 2 and 21 pm wavelength.

159 - As a third evaluation parameter, spectral selectivity was calculated as the ratio between the
160 total solar absorbance, o, and the estimated hemispherical emittance, €. a, is given, in terms of
161 the experimental room-temperature hemispherical reflectance p™(A), by the following
162 expression:

[ a-pr-saz
163 o =2 (1)

| stayaa

A

min

164  where S() is the Sun emission spectrum [29] and the integration is carried out between A,;;=0.3 pm
165  and Ay, =2.3 pm. The estimated hemispherical emittance, €, at the temperature of 1200 K, taken as
166  hypothetical working temperature of a future solar absorber, was determined as follows:

A
j (1- p"(A))- B(A,1200K)d A

A

167 £= 2)

A
[ B(2,1200K)d 2
A4

168  where B(A,1200K) is the blackbody spectral radiance at 1200K temperature and the integration is

169  carried out in the interval A;=0.3 pm- A,=16.0 pm.

170
171 3. Results
172 3.1 Microstructure
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Polished surfaces - To correlate the optical spectra to compositional characteristics, SEM/EDS
characterization was carried out on the optically investigated surfaces. All spark plasma sintered and
hot pressed ceramics achieved density above 95%, Table I. Examples of the microstructures obtained
are displayed in Fig. 1 a-d. The combination of the SHS method with the SPS technique allowed for
the obtainment of an additive-free ZrB, product, ZBMO-s, with relatively high density level, Fig. 1a

and Table I. The use of high mechanical pressures, 60 MPa, contributed to such achievement [27].

Bulk
A . . ! j Surface (Mean pore . Secondary phases
MoSi,| Sintering T,t,P relative . . Mean g.s. |Max g.s.|Min g.s.
Label . . . porosity size by SEM-EDS
vol% | technique [°C, min, MPa density pm pm pm
vol% pm vol%
%
ZBMO-s 0 SPS 1850,20,60 >96 ~4 4.90 1946 335 8.5
ZBMS5 5 HP 1900,10,30 >98 ~2 0.13 1.9+0.7 3.6 0.9 1.4 MoSi,, 1.5 Si0,/SiC
ZBM10 10 HP 1850,10,30 >96 ~4 0.13 2.4+0.6 3.9 1.4 8.5 MoSi,, 1.4 Si0,, 0.7 SiC
0.10 13 MoSi,, 2.5 SiO,, 2.0 SiC, 0.7 Zr0,2, 0.6
ZBM20 20 HP 1800,4,30 >98 ~2 2.4+0.9 5.4 0.6
MoB

ZBM30 30 HP 1850,3,30 >98 ~2 0.10 1.7+0.6 3.6 0.6 28.4 MoSiy, 3.4 SiO,/SiC
ZBM50 50 HP 1750,13,30 >98 ~2 0.10 1.9+0.8 43 0.7 39 MoSi,, 6.5 SiO,, 2 MoB, 1 ZrO,, 1 SiC
ZBM20-ps| 20 PS 1950,60,- >98 ~2 1.45 2.6+0.7 1.3 4.1 18 MoSi,, 2 MoB, 0.5 SiO,
ZBM10P 10 PS 1950,60,- ~87 ~13 4.70 2.8+0.7 52 1.2 8 MoSi,, 2 MoB

Table I: Composition, sintering technique and parameters, T: maximum temperature, t: dwell at T, P: applied pressure,
relative density, porosity features, mean, maximum and minimum grain size (g.s.) and secondary phases of the ZrB,-
based materials. Porosity is estimated by image analysis. SPS: spark plasma sintering, HP: hot pressing, PS: pressureless

sintering.

Nonetheless, Fig. 1a shows that about 4 vol% residual rounded closed porosity, with mean size
around 4.9 um, remained trapped within ZrB, grains. In addition, the latter ones display quite larger
dimensions, around 20 pm, with the maximum size being up to 34 um. This outcome is likely a
consequence of the relatively coarser SHS powders used for SPS experiments with respect to
commercial raw ZrB, material alternatively utilized in the present study, i.e. 6.7 um and 2.8 um mean
sizes, respectively.

Finer starting powder and the addition of MoSi, enabled to reduce surface porosity in the sintered
samples, when using either a pressureless oven or a hot pressing furnace, Table I.

In Fig. 1b,c and Fig.2 ZrB, exhibits rounded grey grains, while MoSi, is characterized by brighter

contrast and an irregular shape with low dihedral angles. Beside MoSi, we observed silica pockets
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recognizable as dark contrasting phases, often embedding small SiC grains, ZrO, and MoB.
Formation of these phases during sintering at high temperature is due to MoSi, reaction with oxygen
coming from B,0O; present on boride particles surface and subsequent formation of SiO, and MoB
[20]. Silica is often partially reduced to SiC, due to abundancy of C in graphite-based furnaces.
Secondary phases are listed in Table I and, as a consequence of these reactions, the final effective
MoSi, content in the materials containing MoSi, is slightly different from the nominal one. The
matrix mean grain size of the hot pressed ZBMX materials, whose microstructure overview is
displayed in Fig. 2, slightly decreased with increasing MoSi, content, whilst the pores dimension did
not notably vary, being around 0.10-0.13 pum, Table I. The grain size is influenced both by decreased
sintering temperature, 1900°C for ZBMS5 and 1750°C for ZBMS50, and by the distribution of MoSi,,
which, at high volume fraction, hindered ZrB, grains coalescence by creating a continuous
interpenetrating network within the boride skeleton, thus obstructing mass transfer. Porosity and
mean grain size reduction through MoSi, addition leads on one side to increased mechanical
properties [20], but on the other side spectral selectivity worsens almost linearly with increasing

MoSi,, as discussed later.

Fig. 1: SEM images of the surface of various ZrB,-based ceramics showing different microstructural features. a) ZBM0-s
by SHS/SPS, b) ZBM20-ps by pressureless sintering; ¢) ZBM10 by HP and d) porous ZBM10P by pressureless sintering

in presence of pore-generating agent. Pores are marked with dotted circles.

The material produced with the addition of a pore-forming agent ZBM10P, had a surface
porosity around 13-15 vol% and displayed a very irregular surface with pore sizes around 3-7 pum,
Fig. 1d. The same secondary phases were recognized as for the dense composites produced by hot

pressing.
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217
218 Fig. 2: SEM images of the polished surfaces of hot pressed ZrB,-based composites with increasing MoSi, amount: a) 5

219  vol%, b) 20 vol%, ¢) 30 vol% and d) 50 vol%.

220

221 Etched surface - To increase the capability to trap solar radiation, chemical etching was performed
222 in a HNOs/HF solution on the ZBM10 sample. X-ray diffraction analysis on the chemically etched
223 surface (not shown), ZBMetc, revealed that only hexagonal ZrB, and tetragonal MoSi, were indexed,
224  with no additional oxides or reaction products formed upon the chemical corrosion. The
225  microstructure of the etched surface is reported in Fig. 3. It can be seen that the chemical treatment
226  effectively etched the surface creating faceted acicular ZrB, grains, while leaving MoSi, unchanged
227  with its pristine smooth contours (compare Fig. 1c and Fig. 3a). Noteworthy, the phase composition
228  did not undergo modification and no contamination by oxygen, fluorine or nitrogen was detected on

229  the etched surface, as demonstrated by the EDS spectra reported in Fig. 3c.

Zr

230
231 Fig. 3: a)-b) SEM images of the chemically etched surface of ZBM10 with corresponding EDS spectra in c).
232
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Oxidized surfaces - The oxidized ZBM10 samples showed a remarkably changed surface with a
glassy appearance. The X-ray diffraction patterns after oxidation at 800 and 1200°C are reported in
Fig. 4a. At the lowest temperature, the crystalline phases detected are monoclinic ZrO,, the pristine
ZrB, and MoSi,, whilst tetragonal MoB is found instead of ZrB, when the oxidation process was
conducted at the highest thermal level. To note that a preferential orientation of ZrO, phase along the
[002] planes at 26=34° took place upon exposure at 1200°C, instead of preserving the nominal peak
intensity 100% corresponding to the [-111] planes at 206=28°. Future optical measurements will show
if this change of grains orientation has an impact on the solar absorbance.

SEM images of the oxidized surfaces are shown in Fig. 4b-g. At 800°C, Fig. 4b-d, the sample is
covered by a continuous boro-silicate glassy layer, which incorporates B,O; crystals and bright ZrO,
agglomerates, 10-20 um sized. Cracks in the glass are presumably formed upon cooling. At 1200°C,
Fig. 4e-g, the outer scale is mainly based on silica, without boron traces, and contains about 5 pm-
sized ZrO, agglomerates, where the MoOj; phase, with white contrast, is disposed intergranularly,

Fig. 4g.

11
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Fig. 4: a) X-ray diffraction patterns of ZBM10 upon exposure to oxidizing environment at 800°C and 1200°C for 10 hours
and corresponding SEM images of the external surface oxidized at b)-d) at 800°C and e)-g) 1200°C. d) and g) are

magnified images of the boxed areas in c) and f), respectively.

3.2 Surface texture characterization
The surface texture has significant effects on surface absorbance and reflectance, therefore, in
order to investigate the intrinsic optical properties of the synthetized materials and evaluate the
contributions arising from surface texturing treatment, each sample was characterized from a
topological point of view before performing optical measurements.
The surface texture was characterized by evaluating the areal height parameters (Sa, Sq, Ssk,

Sku, Sp, Sv and Sz) on the L-filter surface. These parameters provide useful information about the

12
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optical characteristics of a surface, indeed, Sa is related to the surface roughness, Sq to the way in
which light is scattered from a surface, while Ssk and Sku are correlated to the type of defects and to
their distribution on the samples surface. In particular, negative values of Ssk indicate the
predominance of pores or valleys, while large and positive values (> 3) of Sku indicate the presence
of a certain amount of high peaks or deep valleys/pores. [30].

In Table 2 the average values of the areal height parameters measured on the studied samples,

along with the corresponding standard deviation, are reported.
With the exception of ZBM800, ZBM 1200, all the tested specimens showed negative values of Ssk
and values of Sku higher than 3. This result indicates that the surface of these samples is characterized
by the presence of comparatively few peaks and by the prevalence of quite pronounced pores or
valley. These findings are in agreements with the higher values of Sv with respect of Sp detected on
these samples. This surface morphology can induce significant improvements to the surface
absorbance since it can trap the incident photons and promote their absorption through multiple
reflections along the walls of the pore or valley. The relatively high dispersion measured on Ssk and
Sku is related to the fact these parameters are very sensitive to surface defects since, in their
mathematical expression, high order powers of surface heights are used.

Sa and Sq values for the ZrB,-based composites follow similar trend on all the tested

materials. In particular, hot pressed and pressureless sintered materials showed comparable values of
both these parameters. Small variations observed are probably due to differences in surface finishing
obtained on samples with different composition.
Higher values of Sa and Sq measured on SPS are probably due to the higher surface porosity (4%)
observed on this sample. When the bulk porosity increases over 10%, in the case of ZBM10P, and
the porosity changed from close to open, the surface becomes very rough and Sa and Sq increase
accordingly about 2 orders of magnitude.

The chemical etching induced significant surface modifications on ZBM10, as highlighted in

Figure 3. On ZBMetc, both Sa and Sq increased more than one order of magnitude in comparison
13
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295

with the polished ZBM10 sample while the Ssk and Sku parameters showed a slight decrease in

absolute values indicating a bumpy surface morphology.
Polished Porous Etched Oxidised
ZBMO-s  ZBM5 ZBMI0  ZBM20  ZBM30  ZBM50  ZBM20ps  ZBMIOP  ZDM ZBM ZBM
Etc 800 1200

(/‘Z) 0444010  (68+4)-10°  (34%3)-10°  (1243)-10%  (16+1)-103  (22+1)-103  (37+10)-10°  1.72%£0.02  0.69%0.01 0.5+0.3 5643
Ssk -7.1£1.1 -2.4% 0.7 -1.2£0.5 -4.5%2.1 -3.810.4 -6.1£1.6 -6.7£1.2 -4.310.1 -0.7£0.1 0.9+2.4 1.1£0.9
Sku 8315 1214 8+3 81+60 365 80+40 97128 16.3£0.6 3.310.6 29+12 5.9%1.6
Sp 0.810.1 5.9£3.5 0.2710.01 0.21+0.15 0.21+0.01 0.21+0.01 0.28+0.01 8.412.9 3.0£1.7 9.812.6 46133
(urmy)

651:7) 9.6£2.5 4.1£2.7 0.51£0.18 0.63£0.46 0.44£0.04 0.70£0.20 1.47£0.74 25.310.2 5.5%1.5 9.3%£10 11.6+1.1
ofri) 10.4£2.7 10.1£3.1 0.8£0.2 0.8£0.6 0.66£0.04 0.9£0.2 1.8£0.7 33.6t£3.3 8.513.1 19.1£8.8 57134
(:;i ) 0214028  (33#4-10°  (252)-10° (842103  (100+1)-10*  (12£1)-10° (174103 1.16+0.01  0.57+0.01  0.36+0.18 42432

Table II: Measured average values and standard deviation of 3D surface texture parameters of the polished and textured

(porous/etched/oxidized) ZrB,-based composites.

In the case of oxidized samples, a completely different surface morphology was observed. The
presence of large and irregular oxidation products, fashioned a surface texture characterized by the
prevalence of high irregular peaks in agreement with high values of Sq and Sa and with the positive
values of Ssk and Sku parameters. For a more immediate and straightforward comparison, topography

maps of the pristine and treated surface are shown in Fig. 5.
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Fig. 5: Topographic maps of the ZBM10 sample upon different surface finishing a) as-polished, b) chemically etched

(ZBMetc), c) oxidized at 800°C (ZBM&800) and d) oxidised at 1200°C (ZBM1200) for 10 hours.

3.4 Optical characterization

In agreement with previous investigations [13,14,16,17,28], ZrB, composites have a step-like
optical behaviour. In this regard, Fig. 6a displays the hemispherical reflectance spectra shown by the
additive free SPSed sample and the hot pressed ZBMX composites with increasing MoSi, content,
together with that of SiC, reported for the sake of clarity as reference material. We can distinguish
the typical step-like behaviour of ZBMX samples as well and similar maximum reflectance among
samples, which is around 85-90%. ZBMX spectra have very similar shape, with the highest values
for ZBMO-s and ZBMS5 especially at short wavelengths. The typical MoSi, reflectance minimum at
2.7 um already appears in the spectrum of ZBMS5 and progressively increases proportionally with the
additive content. The bump at around 9 pum, attributable to SiO, signal, can be clearly identified only

in ZBM30 and ZBMS50, in agreement with their much higher SiO, content than the other hot pressed
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materials. Completely different spectral characteristics of borides over SiC are well discernible in
Fig. 6a.

Fig. 6b evidences that no significant differences in optical spectra can be connected to the
processing technique for ZBM20 samples, either hot pressing and pressureless sintering. Fig. 6¢
compares dense and porous ZBM10 obtained by hot pressing (blue and green curves, respectively),
and the dense sample before and after chemical etching (blue and red curves, respectively). Porosity
shows a clear effect in reducing the spectral reflectance with respect to the fully dense sample. On
the other hand, the radical change of surface morphology after chemical etching, inducing an increase
of roughness, also determined a significant decrease of the reflectance over the whole wavelength
examined. This holds particularly true in the intervals of major interest, i.e. for wavelengths lower
than 1 pum and between 1 and 3 pm. In detail, it passes from around 50% in the visible-near IR and
50-80 % in the range 1-3 um for the polished pristine surface to around 25 % and 25-40 % for the
textured surface in the two investigated ranges (Fig. 6¢). As X-ray analyses revealed the presence of
solely ZrB, and MoSi, in the etched sample, the local minimum in the range 6-8 um in the reflectance
curve of the etched ZBM10 is likely connected to the textured morphology of the surface rather than
to the presence of oxides. In fact, surface texturing has been proved in the literature to strongly affect
optical reflectance properties of solids [31-33].

Finally, the optical spectra of the oxidized samples in Fig. 6d result completely changed
compared with the pristine material. Indeed, whilst the XRD are still able to detect ZrB, under the
silica coverage after oxidation at 800°C, the optical spectrum only shows the surficial nature of the
material, e.g. the newly formed silica scale. The spectrum observed in Fig. 6d well compares with
that of amorphous SiO,, as this is the main phase composing the outermost surface scale as discussed
above (Fig. 4b-c). It should be noticed that the same situation is produced upon SiC exposure to high

temperatures in air.
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Fig. 6: a) Comparison of hemispherical reflectance spectra of hot pressed ZrB, materials as a function of the additive
amount. The spectrum of SiC is also shown for reference. b) Comparison between the two samples with 20% MoSi, as a
function of the processing technique. ¢) Comparison between the spectra of dense, porous and etched ZBM10. d)
Comparison amongst polished and oxidized ZBM10 samples at 800 or 1200°C, together with that of a reference

amorphous SiO,.

Experimental emittance spectra at 1100 K of dense and porous samples, ZBM10 and
ZBM10P, are shown in Fig. 7 and compared to the emittance of a SiC sample. The drop in SiC
emittance at around 12 um wavelength is due to intrinsic spectral characteristics of the material (see
also Fig. 6a) and it represents the Reststrahlen band [34]. Boride spectra are very similar to each other
and significantly lower than that of SiC. The two ZBM10 spectra cross at around 10 um wavelength,
with the dense sample showing a slightly higher spectral curve than the porous one at shorter
wavelengths. This result at a first glance could seem counter-intuitive. In fact, it could seem

reasonable to expect a clearly higher thermal emittance of the porous sample than the dense one, as
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it happens in samples with similar surface roughness or when a denser sample is also smoother
[35,36]. However it should not be forgotten that thermal emittance is a surface property, thus it is the
result of the overall balance of all the parameters of the surface. In our case, the samples have a
different surface finishing. In particular, the dense ZBM10 has a higher roughness than the porous
ZBMI10P pellet. The balance between roughness and porosity effects fairly justifies the observed
similarity of emittance. Finally, it should be noted, that the small spectral differences outlined above
do not produce significant differences on the value of the spectrally-integrated emittance (€x, =0.3
for both borides). On the other hand, SiC, which has a roughness similar to that of ZBM10, exhibits
a markedly higher emittance than borides in the large majority of the spectrum. Accordingly, the

corresponding integrated value is more than double (g, =0.8).
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Fig.7: Comparison of the spectral normal emittance of ZBM10 samples and SiC at 1100 K. Due to thermal contact losses
at the ceramic pellet/heater interface, 1100K is the maximum temperature actually obtained for these samples. Spectral
features at around 2.5, 3, 4 and 6 pm wavelength, which are shown by all samples, are instrumental artifacts due to

unbalanced absorption by air gases.

4. Discussion
4.1  Bulk and surface features affecting the optical behavior

One of the main objectives of this work is understanding what are the most important
microstructural characteristics affecting the optical behaviour. The fundamental parameters we have

considered are o and o/e that, ideally, should be as closer to one and as higher as possible,
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respectively. For the sake of comparison, we have indicated the same parameters for a hot pressed
SiC reference material. SiC typical values of a and o/ are 0.8 and 1, respectively.

Effect of secondary phases: The experiments conducted indicate that the intrinsic spectral
behaviour of these multiphase materials is affected by the presence of secondary phases such as
MoSi,, e.g. by the chemical composition of the final product. To note that the introduction of a
specific sintering agent is often mandatory if we want to exploit the full potential of ZrB, as structural
ceramic and improve its oxidation behaviour [20]. For the optical behaviour, we showed that even a
content as low as 5 vol% of MoSi; in a ZrB, matrix (ZBMS5) produces some change in the optical
spectrum, compared to the MoSi,-free material (ZBMO-s). Similarly, the presence of silica, in amount
>5 vol% is also detected in the spectra. In the specific case of MoSi,, the change of hemispherical
reflectance is observed mostly in the 0.3-3 micron wavelength range, Fig. 6a, but the overall
hemispherical solar absorbance (Eq. 1), plotted in Fig. 8a as a function of MoSi, content, just shows
a slight increase from 0.44 to 0.52 for MoSi, content increasing from 0 to 50%. This absorbance
increase is beneficial for solar energy application, but a remains still lower than SiC. On the other
hand, for o/¢ the variability range lies between 1.7 for ZBMS50 and 3.1 for ZBMO-s, Fig. 8b. It clearly
looks that spectral selectivity worsens almost linearly with increasing MoSi, and related secondary
phases, like Si0,. As term of comparison, it should be recalled that SiC calculated o/e ratio is about
1, which is always lower than all ZBMX products.

It is immediate here to notice the dichotomy connected with the decrease of reflectance and its effects
on o and ao/e parameters. In fact, due to spectral properties of UHTC:s, it is quite a common result that
a reflectance decrease entails the growth of both a and & parameters, with a subsequent decrease in
o/e ratio. However, some authors underlined the importance of a high absorbance value for spectrally
selective absorbers [5]. Thus, as a phenomenological rule of thumb, providing that the spectral
selectivity is maintained (i.e. a/e >1), a higher absorbance should be preferred, even at the cost of
some decrease of spectral selectivity. The spectral selectivity, however, should not be completely

lost, because, as the cited paper proves [5], selective absorbers always show better performances than
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Fig. 8: a) Solar absorbance, a, and b) Spectral selectivity, a/e, for the series ZBMX, dense samples.

Effect of surface porosity: Further, surface morphology is the other fundamental parameter
affecting the optical behavior. We have shown that playing with surface porosity we can achieve a
drastic change of the optical spectrum. Increase of porosity over 10%, does not substantially change
the spectrum shape as we still observe the spectral selectivity of the boride phase, but produces a large
increase of the absorbance. If we use the roughness as a quantitative parameter, we can say that
variations of at least one order of magnitude in surface roughness result in significant change of a
and o/e. Therefore, increased roughness leading to improved capability to trap solar radiation could
be tailored mainly by augmenting the surface porosity. This can be accomplished through addition of
pore forming agents, with the possibility to decide a priori the pore dimensions, or modifying the
sintering schedule to avoid complete densification.

Effect of surface etching: If o and o/e values are concerned, Fig. 9, we can see that surface
etching increases the absorbance, which is nearly doubled, and decreases the spectral selectivity
correspondingly, similarly to that obtained in the case of femtosecond-treated materials [31]. It is
worth to mention that the absorbance value obtained for the etched sample is very similar to that of

silicon carbide, thus overcoming one of the major criticisms for UHTC materials over SiC itself. On
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the other hand, the spectral selectivity of etched ZrB, remains better. Therefore, these results confirm
that surface texturing is a successful approach for developing promising solar absorbers, according
to the criteria described in [5].

Effect of surface oxidation: As expected, optical properties of oxidized samples deteriorate
due to the complete change of surface composition and morphology with respect to the pristine
boride, in agreement with the findings of other authors [37]. However, they still remain comparable
to SiC, both in terms of values of the optical parameters and also because, as mentioned before, SiC
itself shows a similar oxidation behavior, with the production of an amorphous silica layer on the
exposed surface.

As a final comment about emittance measurements, it is a known effect that the experimental
emittance at high temperature is generally higher than the value estimated from room-temperature
reflectance spectra using Eq. (2) [28]. However, as discussed in the cited work, the parameters o and
a/e obtained from the room-temperature optical characterization remain valid if the obtained results
are used for comparison among samples, as the hierarchy and relative differences among specimens

are kept the same, both in low and high temperature measurements.

4.2  Advantages in the use of UHTC as solar absorbers

The need to identify suitable strategies to halve the cost of energy production from CSP
technologies has fostered research effort aiming at developing materials for alternative, sustainable,
safe and cost-effective energy supply.

In this context, innovative materials have been investigated within the SUPERSOLAR
project. In particular, a thorough knowledge of the relationship between processing, microstructure,
thermo-mechanical and optical properties has been assessed for the first time for UHTC materials.
The base properties outlined in this and previous studies [13,14,16,17,28] can be the starting point
for future development of ground-breaking materials with specific properties tunable according to the

needs imposed by the application.
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The investigations performed so far underlined solar energy relevance as future main energy

supply through the use of UHTCs as innovative materials for solar absorbers. In particular, the

following two aspects have been tackled:

4.3

* Development of new more efficient systems. From the point of view of materials design and
production, particular attention has been devoted to the selection of ceramics of the UHTC class
possessing superior durability and high temperature stability, able to operate at higher
temperatures, as compared to the actual materials based on SiC; appropriate surface treatments
have been also performed to enhance the materials absorbance.

* Reduction of materials production costs through the employment of cost-effective processing
techniques. In this respect, SHS/SPS and pressureless sintering routes have been also explored
beside the conventional hot pressing technique.

In particular, the SHS/SPS approach contemplates several advantages: a possible cost-production
saving could be achieved by the use of raw powders obtained through in-house synthesis; in
addition, SPS has the benefit to reduce the sintering times from the order of hours to minutes. On
the other hand, sintering performed without the application of pressures enables the obtainment

of near-net shape components, thus saving machining costs.

Strengths and criticalities of UHTCs as solar absorbers

A clearer picture of the complex relationships amongst process-microstructure-optical

properties of UHTCs can be defined taking advantage of our experience gained in recent years on

this subject [13,14,16,17,28]. In particular, the research activity revealed interesting findings, but also

pointed out some critical issues in the use of UHTCs as solar absorbers.

The main strength point is that the optical behaviour of all materials analysed favourably

competes with that of SiC, which is the most widespread material used for current applications. Not

to forget that also the mechanical properties and refractoriness of UHTCs are generally higher than

those of SiC materials, as well. Then, the high thermal conductivity of UHTCs, between 60 and 100

22



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

Wm™! K1 and constant up to 1500°C [38,39] is even higher than SiC, 4-20Wm™! K™! [40] allowing
for an easy heat transfer of the collected thermal energy to a thermo-convective fluid.

Further, the surface treatments experimented in the study, chemical etching and tailored
porosity, proved to effectively decrease the reflectance in the visible-near infrared spectral range, i.e.
increased the ability of the material to absorb the incident radiation, which can be translated in higher
efficiency of the system.

One not-negligible problem is related to the cost of the starting powders. UHTC powders are
consistently more expensive than SiC ones. However, in this study we demonstrated the feasibility
of UHTCs starting from in-house reaction synthesized powders, that enabled to save costs as
compared to commercial ones. More important, the maximum temperature required for their
densification is generally lower than that required for commercial UHTC powders, as the SHS
powders are easily sinterable owing to the high defects concentration. One further step towards the
decrease of the sintering temperatures is constituted by the fact that partially porous materials possess
lower reflectance, thanks to an increased absorption capability of the material, as the solar radiation
is more easily trapped into the channels created by porosity.

Moving to the critical aspects of the use of UHTC:s as solar absorbers for novel high-temperature-
high-efficiency solar plants, the last investigations on the behaviour of oxidized ceramics pointed out
that the transition from boride to oxide, zirconia or silica, has notable impact on the optical response,
see Fig. 6b. This leads to conclude that the use of these materials at high temperature is subordinated
to a protective/reducing environment. However, it is worth to recall that, on a side, SiC also shows
oxidation problems and, on the other side, oxidized borides show o/e values comparable to SiC,

whereas o parameters are even better than this reference material, see Fig. 9.
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Fig. 9: Spectral selectivity, a/e, and solar absorbance, a, for the pristine and treated samples. Horizontal lines in each plot

identify the values obtained for SiC.

5. Conclusions

The investigations on a broad range of UHTCs allowed to assess that these materials used in
this novel application as solar absorbers well compare and even overpass the performances of more
conventional SiC-based materials both at room and high temperatures. Zirconium diboride has been
taken as case study and thoroughly characterized as a function of starting composition, porosity and
surface finishing. Surface texturing by chemical etching has been investigated, showing increased
solar absorbance. Oxidation has shown significantly changed material properties, making borides
behave more similar to SiC. Finally, thermal optical spectra at 1100 K temperature have been acquired

and compared to SiC, confirming the trend revealed by room-temperature optical parameters.
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624  Tables

Bulk
. . . ! j Surface (Mean pore . Secondary phases
MoSi,| Sintering T,t,P relative . A Mean g.s. |Max g.s.|Min g.s.
Label . . . porosity size by SEM-EDS
vol% | technique [°C, min, MPa density pm pm pm
o vol% pm vol%
%o
ZBMO-s 0 SPS 1850,20,60 >96 ~4 4.90 1946 335 8.5 -
ZBM5 5 HP 1900,10,30 >98 ~2 0.13 1.9+0.7 3.6 0.9 1.4 MoSiy, 1.5 SiO,/SiC
ZBM10 10 HP 1850,10,30 >96 ~4 0.13 2.4+0.6 39 1.4 8.5 MoSi,, 1.4 SiO,, 0.7 SiC
0.10 13 MoSi,, 2.5 SiO,, 2.0 SiC, 0.7 ZrO,2, 0.6
ZBM20 20 HP 1800,4,30 >98 ~2 2.4+0.9 5.4 0.6
MoB
ZBM30 30 HP 1850,3,30 >98 ~2 0.10 1.7+0.6 3.6 0.6 28.4 MoSiy, 3.4 SiO,/SiC
ZBM50 50 HP 1750,13,30 >98 ~2 0.10 1.9+0.8 43 0.7 39 MoSi,, 6.5 SiO,, 2 MoB, 1 ZrO,, 1 SiC
ZBM20-ps| 20 PS 1950,60,- >98 ~2 1.45 2.6+0.7 1.3 4.1 18 MoSi,, 2 MoB, 0.5 SiO,
ZBM10P 10 PS 1950,60,- ~87 ~13 4.70 2.8+0.7 52 1.2 8 MoSi,, 2 MoB

625

626 Table I: Composition, sintering technique and parameters, T: maximum temperature, t: dwell at T, P: applied pressure,
627 relative density, porosity features, mean, maximum and minimum grain size (g.s.) and secondary phases of the ZrB,-
628 based materials. Porosity is estimated by image analysis. SPS: spark plasma sintering, HP: hot pressing, PS: pressureless
629 sintering.

630
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631
632
633

634

Polished Porous Etched Oxidised

ZBMO-s ZBM5 ZBM10 ZBM20 ZBM30 ZBM50 ZBM20-ps ZBM10-P ZBM ZBM ZBM

Etc 800 1200

(/‘Z ) 044£0.10  (68+4)-10°  (34+3).10° (124310 (16+1)-10°  (22£1)10°  (37+10)-10° 1724002  0.69%0.01 0.5+0.3 5.64.3

Ssk -7.1+1.1 -2.41 0.7 -1.2+0.5 -4.5+2.1 -3.810.4 -6.1+1.6 -6.7+1.2 -4.310.1 -0.710.1 0.912.4 1.1£0.9

Sku 83115 12+4 813 81160 36t5 80140 97128 16.31£0.6 3.3+0.6 29112 5.9%1.6

Sp 0.8+0.1 5.9£3.5 0.2710.01 0.21+0.15 0.21+0.01 0.21+0.01 0.28+0.01 8.412.9 3.0£1.7 9.812.6 46133
(um)

(::1) 9.6+2.5 41127 0.51+0.18 0.63+0.46 0.44+0.04 0.70+0.20 1.4710.74 25.310.2 5.5+1.5 9.3+10 11.6%1.1

0;5:1) 10.4£2.7 10.1£3.1 0.8+0.2 0.810.6 0.66+0.04 0.910.2 1.8+0.7 33.6+3.3 8.513.1 19.1£8.8 57134

(/f;i ) 0028 (3EH10°  @5E10° 220100 (100104 (12007 (79107 | 1A6X001  057:001 036018 42432

Table II: Measured average values and standard deviation of 3D surface texture parameters of the polished and textured

(porous/etched/oxidized) ZrB,-based composites.
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Figures captions

Fig. 1: SEM images of the surface of various ZrB,-based ceramics showing different microstructural features. a) ZBM0-s
by SHS/SPS, b) ZBM20-ps by pressureless sintering; ¢) ZBM10 by HP and d) porous ZBM10P by pressureless sintering

in presence of pore-generating agent. Pores are marked with dotted circles.

Fig. 2: SEM images of the polished surfaces of hot pressed ZrB,-based composites with increasing MoSi, amount: a) 5

vol%, b) 20 vol%, ¢) 30 vol% and d) 50 vol%.

Fig. 3: a)-b) SEM images of the chemically etched surface of ZBM10 with corresponding EDS spectra in c).

Fig. 4: a) X-ray diffraction patterns of ZBM10 upon exposure to oxidizing environment at 800°C and 1200°C for 10 hours
and corresponding SEM images of the external surface oxidized at b)-d) at 800°C and e)-g) 1200°C. d) and g) are

magnified images of the boxed areas in c) and f), respectively.

Fig. 5: Topographic maps of the ZBM10 sample upon different surface finishing a) as-polished, b) chemically etched

(ZBMetc), ¢) oxidized at 800°C (ZBM800) and d) oxidised at 1200°C (ZBM1200) for 10 hours.

Fig. 6: a) Comparison of hemispherical reflectance spectra of hot pressed ZrB, materials as a function of the additive
amount. The spectrum of SiC is also shown for reference. b) Comparison between the two samples with 20% MoSi, as a
function of the processing technique. ¢) Comparison between the spectra of dense, porous and etched ZBM10. d)
Comparison amongst polished and oxidized ZBM10 samples at 800 or 1200°C, together with that of a reference

amorphous SiO,.

Fig.7: Comparison of the spectral normal emittance of ZBM10 samples and SiC at 1100 K. Due to thermal contact losses
at the ceramic pellet/heater interface, 1100K is the maximum temperature actually obtained for these samples. Spectral
features at around 2.5, 3, 4 and 6 um wavelength, which are shown by all samples, are instrumental artifacts due to

unbalanced absorption by air gases.

Fig. 8: a) Solar absorbance, a, and b) Spectral selectivity, o/e, for the series ZBMX, dense samples.
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665 Fig. 9: Spectral selectivity, o/e, and solar absorbance, a, for the pristine and treated samples. Horizontal lines in each plot

666  identify the values obtained for SiC.
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Highlights

Effect of microstructure and finishing on the optical properties of diverse ZrB, materials
Surface texturing by chemical etching led to higher solar absorbance and efficiency
Oxidation significantly changes the borides properties which behave similar to SiC
Superior durability and temperature stability enables UHTCs to operate above 500°C

UHTCs performances in solar absorbers overpass SiC-based materials ones



