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ABSTRACT
Besides ultra-refractoriness and favorable mechanical and chemical characteristics, carbides of
early transition metals show intrinsic spectral selectivity, making them appealing for high-
temperature solar absorber applications. However these kinds of ceramics can be produced using
many processing methods resulting in different compositions, density and surface finishing. Thus
the present work reports on the systematic study of microstructural, mechanical and optical
properties of dense zirconium, hafnium and tantalum carbides as a function of the sintering method
(high pressure or pressureless), implying use of 10 or 20 vol% of MoSi, as sintering aid. The
spectral hemispherical reflectance of Zr-, Hf- and Ta-carbides has been measured in the 0.25-16.5
um wavelength range and correlated to the surface microstructure and roughness. Room and high
temperature fracture strength has been measured as well.

Keywords: carbides; Ultra-High Temperature Ceramics; optical properties; solar absorbers; solar
plants; concentrating solar power.

1. Introduction

Concentrating solar power is one of the most promising renewable energy technologies. Sun
radiation is collected and concentrated upon a receiver (e.g. a pipe, a surface,..). A heat-carrying
fluid transports the heat to a power station. The heat is used to produce steam that drives an
electricity turbo-generation unit [1]. The obtainable efficiency thus increases with increasing
operating temperature.

The solar receiver is a key element and a large effort is devoted to the development of novel
receiver architectures able to raise the plant operating temperature [2-5]. As for the receiver
material, up to now the research has been addressed mainly to refractory ceramics, like silicon
carbide (SiC) [6-8], alumina [9] and, more recently, ultra-high temperature carbides and borides
[10-18] and black zirconia [19]. Blackbody-like absorbers (e.g. SiC) show high radiation losses,
thus corrective actions have been recently proposed including, for instance, the addition of external
reflectors [20], which, however, considerably increase the system complexity. Moreover, the
importance of spectral selectivity in high temperature solar absorbers has been studied in the
literature [21], and the simplest approach in this case is identifying materials with intrinsic
selectivity properties.

Recent studies on ultra-high temperature ceramics (UHTCs) have shown that carbides and
borides of zirconium, hafnium and tantalum possess, besides other favorable characteristics like
high thermal conductivity high hardness and strength and the highest melting points of any known
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material, also good spectral selectivity and low emittance at high temperatures [10-18]. The main
weakness of these carbides is their poor resistance to oxidation, so they are primarily proposed for
operation in vacuum, like in the device described in [22], or under inert atmosphere. However, it
should be emphasized that the introduction of secondary phases able to produce silica-based glass
(like SiC, MoSi,, TaSi, and all transition-metal silicides) greatly improves their oxidation resistance
[23,24].

UHTCs can be produced through a variety of processing methods, compositions and with full
density or tailored porosities. Previous works on optical properties of UHT-carbides was focused on
the screening of different compositions, in terms of type and amount of secondary phases, sintering
aids, levels of porosity, etc. One study [12] demonstrated the intrinsic selectivity of refractory
carbides as a general characteristic. However, drawing precise relationships between surface,
microstructure and optical spectra was not feasible due to the non-systematic change of
microstructural features. Other works put in evidence the lower emissivity of these carbides with
respect to silicon carbide, which is again related to their spectral selectivity. For instance, the total
hemispherical emissivity of ZrC, HfC, TaC at 1200 K lies in the 0.3-0.4 range, against 0.8 of SiC at
the same temperature [10,11]. These values can notably increase with increase of the surface
roughness/porosity. For instance, for HfC-based materials, a porosity increase from 5 to 30 vol%
led to significant gain of emissivity from 0.4 to 0.55 [15].

A precise knowledge of factors affecting optical properties of these ceramic is of great
importance for material optimization in view of solar absorber applications. Therefore, the aim of
this work is a systematic study of optical properties amongst dense ZrC, HfC and TaC, containing
10 and 20 vol% of MoSi, as sintering aid and controlled surface roughness.

2. Experimental

Commercial powders were used for the preparation of materials: cubic ZrC (Grade B, H.C.
Starck, Germany), mean grain size 3.8 pum, impurities (wt%) C:1.5, 0:0.6, N:0.8, Fe:0.05, Hf:2.0;
cubic HfC (Cerac Inc., USA), mean grain size 1.04 um, impurities (wt%) Zr:<0.6, 0:0.35, Cd:0.002;
cubic TaC (Cerac Inc., USA), mean grain size 1.21 um, impurities (wt%) Ti:0.04, Nb:0.03, Na:0.03,
Fe:0.02, Ca:0.01; tetragonal MoSi, (Aldrich, USA) mean grain size 2.8 um, impurities (wt%) O:1.

Matrix and additive were weighed in the proper amount, ultrasonically treated and mixed
through mechanical mixing for 24 h in absolute ethanol using ZrO, milling media. Subsequently the
slurries were dried in a rotary evaporator and sieved through 250 um screen. 30 to 45 mm-diameter
pellets were green shaped by uniaxial pressing with 20 MPa. The pellets to be sintered by hot
pressing were directly placed in the furnace and hot pressed in low vacuum (~100 Pa) using an
induction-heated graphite die with an uniaxial pressure of 30 MPa during the heating and a dwell at
the maximum temperature set on the basis of the shrinkage curve, as reported in Table 1. On the
other hand, the pellets to be sintered without applied pressure were preliminarily consolidated by
cold isostatic pressing at 25 MPa and then sintered in a graphite furnace (Astro industries Inc., Santa
Barbara, USA) with a heating rate of 600°C/h under flowing argon atmosphere (~0.1 MPa) at
1950°C, as indicated in Table 1. For all composites, free cooling followed.

On sintered materials, the bulk densities were measured by Archimedes’ method and
confirmed by SEM inspection.

The microstructure of sintered ceramics was analysed on fractured and polished 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).
Quantitative calculations of the microstructural parameters, like residual porosity, mean grain size
and secondary phase content, were carried out via image analysis with commercial software
package (Image-Pro Plus® version 7, Media Cybernetics, Silver Springs, MD, USA).
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A standard procedure for surface finishing was adopted to exclude any influence of polishing
time, pressure and grade on the optical spectrum recorded. The optical surface of all specimens was
polished using diamond paste from 30 pum down to 0.25 pm grain size.

The topological characterization of the surfaces was then carried out with a non-contact 3D
profilometer (Taylor-Hobson CCI MP) on two areas of 0.08 x 1 cm” at the centre of each sample
and the topography data were analysed using commercial software (Talymap 6.2). The evaluation
of 2D texture parameters (average roughness, Ra, and maximum distance between peak and valley,
Rt) was performed on 4 different profiles (2 for each area) extracted from the 3D data and the
gaussian filter (Ac) for the separation of the roughness and waviness components was set according
to the ISO 4288:2000. The 2D parameters were calculated as average of estimated values on all
sampling lengths over each profile.

Mechanical properties of carbides were measured in previous works [23,24] and the
procedure is here described for the sake of clarity. It has to be mentioned that, for the hot pressed
samples, values of strength were determined on compositions with slightly higher content of MoSis,
e.g. 15 vol% [23]. It is assumed that a decrease of MoSi, from 15 to 10 vol% did not significantly
affect the flexural strength up to 1500 K.

The room temperature flexural strength was measured according to the existing standard for
advanced ceramics, method ENV 843-1, on chamfered bars with dimensions, 25 x 2.5 x 2.0 mm’
(length by width by thickness, respectively), using a fully-articulated steel four-point fixture with a
lower span of 20 mm and an upper span of 10 mm using a screw-driven load frame (Zwick-Roell
mod. Z050). The high temperature strength was measured according to the ENV 820-1 standard, in
partially protective Argon atmosphere in order to reduce any oxidation effect and using a semi-
articulated alumina four-point fixture (Instron mod. 1195). For the high-temperature tests, a soaking
time of 18 min was set to reach thermal equilibrium. For each material, five samples were tested.

The hemispherical reflectance spectra were acquired using two instruments: a double-beam
spectrophotometer (Lambda900 by Perkin Elmer) equipped with a Spectralon®-coated integration
sphere for the 0.25-2.5 pm wavelength region and a Fourier Transform spectrophotometer (FT-IR
"Excalibur" by Bio-Rad) equipped with a gold-coated integrating sphere and a liquid nitrogen-
cooled detector for the range 2.5-16.5 pm.

. s as . Bulk Sec. phases
Label | Matrix)MoSi,| Sintering T,t,P density Rel. p| m.g.s. by SEM-EDS oRT 51500
Vol% °C,min,MPa g/cm3 % pm Vol% MPa MPa
ZCM10 7iC 10 HP 1930,14,35 6.6 >99.5 | 5.1+1.4 | 1.5 MoSi, 5 SiC ~470% | ~3300
ZCM20 20 PLS 1950,60,- Ar 6.4 >97 | 7.6+2.1 | 11 MoSi,, 5 SiC, 3 Zr,Si, | 270+10 | 160+£10
- p * _ (@)
HCM10 10 HP 19001035 | 1179 | >99.5| 1.540.4 | > SiC, 6 HIOz, 3 MoSiy, 11 ~420° | ~290
HfC MOSSI3
HCM20 20 PLS 1950,60,- Ar | 10.36 94 | 1.940.4 | 5 MoSi,, 1 Hf-Si-C 380+70 | 350+80
TCM10 10 HP 1850,10,30 13.28 | >99.5| 1.5+0.4 | 6 MoSi,, 3 SiC/SiO, ~900" | ~500)
Temzo | TR | 20 PLS | 1950,60- Ar | 12.66 | 985 | 5.1+1.5 %‘7; 1\S/Ii°S‘2’ 2 SiC/Si0y, 1| 590£60 | 320+40
X Y

PLS: pressureless sintering
HP: hot pressing
*Data collected on hot pressed compositions, but containing 15 vol% MoSi, instead of 10 vol% [23].

Table 1. Composition, sintering parameters (T: Temperature, t: dwell at T, P: applied pressure), final and relative
densities (p), carbide mean grain size (m.g.s.), secondary phases and thermo-mechanical properties of the UHTCs
sintered with MoSi,. ¢ - 4-point flexural strength at room temperature or at 1500K in Argon.
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3. Results
3.1  Surface microstructure of dense UHTCs

To correlate optical spectra to compositional characteristics, SEM image analysis was carried
out on the optically investigated surfaces.

3.1.1 ZrC-based composites (ZCM)

HP ZrC- 10 MoSi, (ZCM10) - This material started to shrink at around 1700°C and achieved a
final density of 6.6 g/cm’ at 1900°C for 12 min. SEM images taken on the optical surface (Fig. la)
revealed almost no residual porosity. The bright phase corresponds to ZrC grains, which have a
mean grain size of 5 um and a rounded equiaxial shape, the dark agglomerates are SiC particles,
often embedded into MoSi,, that appears as a grey phase with irregular shape. The formation of SiC
was attributed to the reaction between MoSi, and residual carbon present as an impurity in the
starting ZrC powder (1.5 wt%) [25].

PLS ZrC - 20 MoSi, (ZCM20) — This composite was sintered at 1950°C achieving a relative
density above 97% of the theoretical one. Accordingly, around 2% of small pores were recognized
on the polished surface upon SEM inspection. Zirconium carbide grains in Fig. 1b have a squared
shape and a mean grain size of 7.6 um, see Table I. In the insets of Fig. 1b, MoSi, is the light grey
phase with irregular shape, arranged among the matrix particles. By image analysis the presence of
about 5.1 vol% of SiC was confirmed, with dark contrast and always next to MoSi, phase, whose
amount was reduced to 11.3 vol%, see Table 1. At the apical parts of MoSi, phase (see the upper
inset of Fig. 1b), mixed Zr,Siy phases with different stoichiometry were detected by EDS, which
showed very low dihedral angles; these phase were as large as several micrometers and were
estimated to be around 3-4 vol%. These surface characteristics were coherent with those the bulk.

Figure 1: SEM images of the microstructure of ZrC-based composites sintered by a) hot pressing and 10 vol% of
MoSi,, b) pressureless sintering and 20 vol% of MoSi, with EDS spectra of the various phases.
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3.1.2 HfC-based composites (HCM)

HP HfC- 10 MoSi, (HCM10) - This material was densified at 1900°C for 10 min (Table I).
SEM analyses on the optical surface and in the bulk were in agreement with density measurements,
indicating a residual porosity below 1%. A fine-grained microstructure was detected on the polished
section (Fig. 2a), with HfC mean grain size around 1.5 um. The white phase scattered throughout
the surface in Fig. 2a was identified as HfO,, around 5.6%. MoSi, phase, left in amount around 3
vol%, had an irregular shape with concave dihedral angles and showed the tendency to encase other
secondary phases, like SiC or SiCO particles with dark contrast (about 5 vol%). In addition, about 1
vol% of mixed silicide with 5:3 stoichiometry, presumably based on MosSis, was detected by EDS
analysis.

PLS HfC- 20 MoSi, (HCM20) - Also this composite was sintered at 1950°C in the
pressureless furnace, but the final relative density was around 94% of the theoretical one. The
surface of the pellet showed about 12 vol% of porosity, due to partial MoSi, removal during the
polishing procedure (Fig. 2b), resulting in a net MoSi, amount below 5 vol%. After sintering the
mean grain size of HfC was about 2 um, with homogeneous size and shape and no abnormal grown
grains. Images of the polished optical surface (Fig. 2b) revealed MoSi, phase regularly dispersed in
the HfC matrix. Among the faceted HfC grains, mixed products were detected by EDS analysis,
containing Hf, Si, and C (inset of Fig. 2b). The amount of this phase was calculated to be below 1
vol% by image analysis. Additional SEM inspections in the bulk, revealed a fully dense material
containing the nominal amount of MoSi,.
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Figure 2: SEM images of the surface of HfC-based composites sintered by a) hot pressing and 10 vol% of MoSi, and b)
pressureless sintering and 20 vol% of MoSi, with EDS spectra of the various phases.

3.1.3 TaC-based composites

HP TaC- 10 MoSi, (TCM10) - Compared to ZrC and HfC sintered with MoSi,, shrinkage of
TCMIO started at lower temperature, 1690°C and was completed at 1850°C (Table I). The polished
surface (Fig. 3a) showed that this composite had a fine and homogenous microstructure with TaC
mean grain size around 1.5 pum and the MoSi;, pockets, reduced to an amount around 6 vol%, with
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mean grain size around 1 pm, but ranging from 0.1 to 4.8 um. Good adhesion was found between
matrix and secondary phase. Little or no porosity was detected by SEM. Considerable amount of
SiC or silica pockets was observed in the microstructure, about 3 vol%, as verified by image
analysis (see the inset in Fig. 3a). Since SiC grains were generally found embedded in SiO; glassy
pockets, it was difficult to avoid the C or O signal in the EDS spectra reported in Fig. 3.

PLS TaC- 20 MoSi, (TCM20) - This material, sintered at 1950°C, resulted in a relative
density around 98%, Table I, but SEM inspection revealed a fully dense microstructure. This
discrepancy could be due to the formation of 1-2% of lower-density phases, such as Si-O-C, as
pointed out in the inset of Fig. 3b. The matrix grains had a squared shape and were quite
homogeneous in size, around 5 pm. MoSi,, in amount around 13 vol%, appeared in the typical look
as the previous materials, with irregular shape and very low dihedral angles. In the apical part of
MoSi,, at the interface with the matrix, a mixed Ta,Si, phase was observed and estimated to be
around 1 vol%.

Figure 3: SEM images of the microstructure of TaC-based composites sintered by a) hot pressing and 10 vol% of MoSi,
and b) pressureless sintering and 20 vol% of MoSi, with EDS spectra of the various phases.

3.2  Surface Roughness

Figure 4 reports the average roughness, Ra, and maximum distance between peak and valley,
Rt, for the composites densified by hot pressing and pressureless sintering. It can be read that both
plots follow the same trend, therefore, for simplicity, only Ra will be discussed.

In general, hot pressed materials can achieve smoother surfaces, probably owing to a higher
relative density and smaller mean grain size, than the corresponding composites sintered without
pressure. Ra values are about one order of magnitude lower for HP than for PLS samples, with 1:10
ratio for ZrC and TaC and even higher ratio for HfC, 1:30. As a rule of thumb, PLS materials have
the tendency to exhibit surface roughness Ra >10 nm Rt >0.2 um, HP samples have Ra <5 nm,
Rt<0.2 pm.
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Inside the hot pressed class of materials, TCM and HCM with comparable mean grain size
(1.5 pm) and residual porosity (<0.5%), have similar Ra, whilst Ra for HP ZCM is higher probably
due to larger mean grain size (5 pum), in agreement with that observed for other types of materials
[26]

As for pressureless sintered materials, the low value for Ra for TCM is related to the low
amount of residual porosity. Ra of HCM is instead strongly affected by 12% of surface porosity
resulted from grains pullout. For ZCM, Ra is increased either by some residual porosity and larger
mean grain size (see Table I).
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Figure 4: Plots of a) average roughness, Ra, and b) maximum distance between peak and valley, Rt, for the carbides
densified by hot pressing (HP) and pressureless sintering (PLS).

3.3 Basic mechanical properties

The measured mechanical properties for the UHTCs in exam are reported in Table 1. Hot
pressed materials are characterized by a higher strength than the corresponding pressureless-
sintered compositions. This feature is not strictly related to the amount of MoSi,, but rather to the
kind of process used. Compared to conventional sintering, hot pressing allows reaching a higher
density and finer grain size, with a reduction of the defects population. This, in turn, results in
improved strength [23, 24]. The same trend holds for high temperature values, which, in the case of
carbides, are always lower than room temperature ones. After tests at 1500 K, the bars showed
microstructural alteration due to oxidation [23, 24]. This indicates that despite the presence of a
protective Ar flux, residual oxygen reacted with the ceramics. Strength decay at high temperature is
hence attributed to partial oxidation.

For both hot pressed and pressureless sintered samples, it can be noticed that TaC-based
materials have superior performance compared to HfC and ZrC, both at room and high temperature.
ZrC — based materials are affected by larger mean grain size of the starting powder which results in
coarsened microstructures of the sintered materials. On the other hand, HfC-based carbides are
affected by extra amount of HfO, deriving from oxygen contamination of the starting HfC powder
(0.35 wt%).

3.4  Optical spectra

Figure 5 compares the 10 vol% MoSi, and 20 vol% MoSi, samples for the different materials.
We can appreciate that for both investigated classes (10 and 20 vol% containing MoSi,,
corresponding to HP and PLS fabrication processes, respectively), reflectance decreases from TaC
to ZrC to HfC. This trend is in agreement with previous studies and is related to the intrinsic
radiative properties of the three carbides. For instance, the higher reflectance of ZrC compared to
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HfC is consistent with lower emissivity of the former measured at higher temperature, as found both
by our and other groups [17, 27].

Even if the detailed theoretical interpretation of optical features is out of the scope of the
present work, we can make some basics comments. In fact, the electronic band structure of carbides
allows explaining the main characteristics of the observed optical spectra (e.g. the effects of the
sample primary phase). However, it should be emphasized that these considerations are forced to be
only qualitative, as defect states due to deviations from stoichiometry and grain boundaries strongly
affect the resulting density of states [28, 29]. For instance, the observed high reflectance plateau at
long wavelengths is connected to intra-band transitions and described by the Drude model in metal-
like materials, while inter-band transitions effects account for the dip in the reflectivity curves [29]
and are typically located at lower energies for ZrC and HfC [29] than for TaC [30], thus explaining
the relatively better radiative properties of the latter. The similarity between the electronic density
of states of hafnium and zirconium compounds [29] explains the similarity between the spectra of
pure ZrC and HfC [13]. In our samples this can be recognized in 10 vol%-doped specimens, while,
in the 20 vol% ones, it is lost because of roughness/porosity and composition effects, as explained
below.

As for the effects of surface roughness, it can be observed that the lower Ra found for TaC-
based materials is an additional factor explaining the higher reflectance of these ceramics compared
to HfC and ZrC. Again, the effect of surface roughness can be observed in the spectra of PLS
samples, for HfC. In this case, the superficial porosity (12%) notably increased Ra and decreased
the reflectance with respect to the corresponding HP samples.

From peculiar features of the spectra, it is possible to infer some compositional information
of investigated surfaces. For instance, the presence of MoSi, in the samples can be recognized from
the reflectivity minimum at around 2.7 um, as confirmed by previous studies [12]. This minimum is
obviously more pronounced for compositions with 20 vol%, rather than for 10 vol% (Figure 6) and
is more evident for TaC-based composites. Indeed, we should consider that the initial nominal
content of MoSi;, is strongly changed after sintering, due to partial conversion of MoSi; to SiC. In
this respect, according to Table I, TaC-based compositions are those containing the highest amount
of residual MoSi, and PLS TCM20 has the highest content. For HfC -based ceramics, the presence
of the 2.7 um shoulder is not very visible due to removal of MoSi, phase on the surface. On the
other hand, the spectral signature of SiC can be often, but not always, recognized by a feature at
around 12 um, corresponding to its known Reststrahlen peak [31] and it has been evidenced mainly
in ZCM10 and HCM10, in agreement with microstructural analysis (Fig. 1, 2a). Generally speaking
the identification of this peak is not always possible, and a content of 5 vol% seems to be the
minimum detectable level in these ceramics. For instance, despite the presence of 5 vol% SiC in
ZCM?20, the corresponding peak in the spectrum was not recorded. This could be due to several
reasons including the fact that, in this sample, SiC particles had bigger size, but were dispersed
discontinuously, compared to ZCM10 where SiC was much finer and homogeneously scattered
throughout the surface.

To sum up, although the present study deals with three types of carbides where different
variables are changing (mean grain size, secondary phase, surface roughness), we can gather a
general trend: optical spectra are chiefly affected by the intrinsic radiative properties of the
ceramics. The second fundamental parameter affecting the optical spectrum seems to be the surface
roughness, even though it does not impact on the hierarchy of reflectance among different materials.
Surface roughness is mainly related to the surface porosity, which in turn is determined by the kind
of process used. Hot pressed materials are always denser than pressureless ones, thus having a
lower roughness and a higher reflectance.
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The amount of MoSij, is also expected to affect reflectance significantly. Ongoing studies on
hot pressed materials with increasing amounts of MoSi, have shown that reflectance has the
tendency to increase with decreasing the MoSi, amount. Thus, for hot pressed samples with 10
vol% MoSi,, the reflectance is always higher than PLS samples with 20 vol% MoSi, due to both
decrease of surface roughness and less residual MoSi, content after sintering (see Table 1).

Other parameters, such as secondary phases in amounts lower than 5-8% and mean grain
size do not seem to have an appreciable effect.

Compared to the ideal behavior of a solar absorber (e.g. reflectance is 0 below 1.5 pm and
100% at longer wavelengths) if we consider for instance a working temperature of 1200 K, we can
say that TaC-based composites are the best amongst the composition investigated, being
intrinsically selective in a higher extent compared to HfC and ZrC (see below). Additional factors to
consider for increasing the reflectance are both a minimization of the final porosity and a reduction
of the surface roughness as much as possible. As for the secondary phase, the addition of MoSi,
sintering aid should be minimized to avoid the formation of the 2.7 pm shoulder.
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Figure 5: Comparison of hemispherical reflectance spectra of different materials for fixed sintering aid content.

Figure 6 compares, for each fixed material, the hemispherical reflectance spectra as a
function of the amount of sintering aid. We should notice that hot pressed specimens (10 vol%
MoSi,), which always have the highest density, the lowest roughness and the smallest grains,
always show also the highest reflectance when compared to PLS samples. The reflectance hierarchy
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is clear for wavelength above about 1 um. The slightly higher reflectance at shorter wavelengths of
TCM20 and ZCM20 samples compared to TCM10 and ZCM10, respectively, is not significant as it
lies within the instrumental uncertainty (1-2% in absolute reflectance). As mentioned above, the
small curve feature at around 12 pm in ZCM10 and HCM10 can be ascribed to the detection of SiC
secondary phase, as it is confirmed by microstructural analysis, while the shoulder at around 2.5 pm
in ZrC and TaC-based samples can be explained in terms of MoSi, residuals. In agreement with the

microstructural observations, MoSi, signal is not detected in HfC-based materials, Fig. 6b.
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From the experimental room-temperature hemispherical reflectance p”(A) we calculated both
the total solar absorbance, a, and an estimated hemispherical emittance, ¢ at 1200 K according to
the equations:

[ a=p 5212
o= (1)

j S(1)dA

2,

min

where S()) is the Sun emission spectrum [32] and the integration is carried out between Ay,i,=0.3
pm and Apmax=2.3 um; and:

j (1- p"(A))- B(1,1200K)d A
o =4

Fy; (2)
j B(A,1200K)d A
Al

where B(A,1200K) is the blackbody spectral radiance at 1200K temperature and A1=0.3 um and
A2=15.0 um. Qualitatively speaking, Eqs. (1) and (2) show that a low ¢ is connected to a high
reflectance at mid infrared wavelengths, while a high a relies on a low reflectance in the visible and
near infrared. As briefly discussed above, a high mid-IR reflectance plateau and moderate
reflectance values at visible-near IR wavelengths are characteristics of metal-like compounds, with
differences among them due to the detail of the electronic structure.

The o/e ratio (also called spectral selectivity) is a parameter assessing the material potential
for solar receiver applications, and ideally should be taken as higher as possible. In fact, it is
established that spectral selectivity is a key parameter for increasing the efficiency of solar thermal
systems [21]. In addition to that, it should be also mentioned the importance of a high solar
absorbance, which represents, on the other hand, a possible criticism for UHT carbides, as this
property is generally lower, for instance, than that of silicon carbide (SiC). However, it has been
recently demonstrated, for the case of hafnium carbide [33] that solar absorbance can be
significantly increased by surface texturing without detrimentally affecting thermal emittance.
Table II lists the calculated o and € values and their ratio. While the absorbance value remains in all
cases to be improved, for instance using femtosecond laser writing as described in [33], or chemical
attack techniques similar to those used for black silicon [34], the absorbance is higher for 20 vol%-
MoSi, specimens and for HfC-based material (0.61).

As for spectral selectivity, 10 vol% MoSi,-containing specimens (i.e. HP materials) are
more performing among all the three investigated carbides, while, for fixed sintering aid amount,
the best performing material is always TaC and the worse is HfC. However, three samples
(HCM10, TCM20 and ZCM?20) share similar a/e values (2.2, 2.2 and 2.1, respectively). The lowest
obtained value is for HCM20 (1.8), but it is not an unfavourable result, as, in any case, it is nearly
twice that of the reference SiC (1.0) [14].
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Sample | « € o/
HCMI10 | 0.57 | 0.26 | 2.2
HCM20 | 0.61 | 034 | 1.8
TCM10 | 0.37 | 0.13 | 2.8
TCM20 | 0.39 | 0.18 | 2.2
ZCMI10 | 0.55 1023 | 24
ZCM20 | 0.56 | 0.27 | 2.1

Table I1: Calculated solar absorbance, thermal emittance and o/€ ratios.

Conclusions

In this work we systematically compared three ultra-high temperature carbide matrices (ZrC,
HfC and TaC) produced by high pressure (HP) and pressureless (PLS) sintering techniques and
containing 10 and 20 vol% of MoSi, sintering aid, respectively. Final compositions, in particular
matrix grain size, type and amount of secondary phases, are quite different from the nominal ones
and are strongly affected by the sintering process.

HP specimens typically reach slightly higher densities than the corresponding PLS samples,
as well as smaller grain size, smoother surface, higher fracture strength and better spectral
selectivity (higher o/e ratio). For fixed processing technique, the best optical characteristics are
shown by TaC and the worst by HfC. Compared to the ideal behavior of a solar absorber, we can
say that TaC-based composites are the best amongst the composition investigated, also in terms of
mechanical performance.

From the point of view of optical properties, the addition of MoSi,, although necessary to
enable densification and provide SiO;-glass upon oxidation, should be kept as lower as possible to
decrease the shoulder at 2.7 um which is detrimental for thermal emittance. However, even the
worst spectrally performing material, i.e. HfC produced by PLS, can be favorably compared to the
reference silicon carbide, as its a/¢ ratio is nearly twice.
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