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Abstract
The evaluation of thermal and radiative properties of materials to be used as a hot part
of thermal protection systems is a key issue for the design process of the HTC and
UHTC components. Ceramic laminates with composition 100 vol%SiC and 80
vol%ZrB2-20 vol%SiC were prepared by the tape casting technique and pressureless
sintered. Thermal properties such as the thermal expansion coefficient, specific heat,
thermal diffusivity and conductivity were measured; in addition the total emissivity was
evaluated. A comparison of the thermal behavior of these two kinds of laminates is
made. Moreover their possible integration in a unique structure is discussed.

Keywords: Thermal protection system; Silicon carbide; Ultra-high temperature
ceramics; Thermal properties; Emissivity

1.

Introduction

The severe environmental conditions a space vehicle is subjected during the Earth reentry phase involve very high temperatures, significant heating rates, thermal gradients
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and heat fluxes in addition to high mechanical and thermo-mechanical loads. Thermal
Protection Systems (TPS) are indispensable for the protection of the vehicle structure
from these severe conditions.
Different TPS technologies have previously been designed: ablative TPS used on the
Apollo capsules [1] and interplanetary entry probes [2], or reusable TPS integrating
insulated [3] or stand-off structures [4]. Moreover, thanks to the increasing interest in
reducing the cost of space access for reusable launch vehicles (RLVs) [5,6] new
metallic TPS concepts have also been developed [7,8].
The long service life in harsh environmental conditions makes surface components an
essential part of materials technology development for aerospace applications. In fact,
due to their specific design, re-entry vehicles usually require control surfaces which
include wing leading edges and nose caps. The temperature at the tip of the leading edge
is inversely proportional to the square-root of the leading edge nose radius [9], so a
small curvature radius results in a very high surface temperature which can exceed
2273K [10].
For the design of this hot part, the attention has focused on Ultra High Temperature
Ceramics (UHTCs) due to their high melting point, high hardness and a suitable
combination of thermal properties; among them the diborides show some of the highest
known melting points (3518 K for ZrB2, 3653 K for HfB2 and 3490 K for TiB2), high
thermal and electrical conductivities, high chemical stability and great thermal shock
resistance [11].
The main limitation when using these materials for high temperature structural
applications is their low intrinsic sinterability which makes it imperative to use very
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high temperature and high pressure for the sintering ; moreover their oxidation
resistance frequently needs to be improved. To overcome this problem different
sintering aids can be added to diborides: in the case of ZrB2-based UHTC the addition
of SiC offers many advantages such as an improvement in ZrB2 sinterability,
microstructure refinement promotion and an increase of the oxidation resistance [12–
15].
The parts of the vehicle which are further away from the leading edges are subject to a
smaller heat flux which is inversely proportional to the square-root of the distance from
the stagnation point [9]. For these parts of the vehicle which are only moderately
loaded, more conventional materials can be used. For instance SiC is one of the most
used materials for high temperature applications due to the formation of a passive silica
layer on its surface which prevents a further oxygen penetration up to 1873 K [16]. At
higher temperatures the melting of the silica and the mechanism of active oxidation
limit the use of this ceramic compound [17,18].
Different materials can be integrated and used for the different parts of the TPS vehicle
depending on the environmental conditions they have to face. In this context the
European project SMARTEES (Multifunctional component for aggressive environment
in space applications) aimed to develop new multifunctional structures to be used as
TPS for reusable space vehicles for orbital re-entry [19]. The TPS incorporated
components with very different properties: the external part consisted of ceramic
laminates based on high temperature ceramics (HTCs) and ultrahigh temperature
ceramics while an intermediate SiC foam with skins of conventional CMCs was
designed for providing thermal insulation and mechanical strength. A SiC based
multilayer system was developed for the back shield part of the re-entry vehicle which
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is only moderately loaded; ZrB2/SiC composite multilayers were instead mainly
designed for the front shield where the operating conditions are more severe in term of
temperature and thermal loads, compared to the back shield.
Most of the literature about re-usable TPSs focuses on the investigation of mechanical
properties and oxidation resistance of HTCs and UHTCs. In contrast little data are
available about the thermal and radiative properties of these materials, especially at high
temperatures.
The performance of the vehicle surface components is strongly dependent on the
material interaction with the surrounding environment and consequently on some of its
temperature-dependent properties. For this reason the thermal conductivity, the thermal
expansion and the thermal shock resistance need to be investigated not only at room
temperature but at temperatures as close as possible to those required for aerospace
applications. Emissivity is another important factor to be taken into account because of
its great influence on the overall heat flow involved during re-entry and consequently on
the temperature of the vehicle surface.
The investigation of these properties is also important in order to acquire an accurate
materials database for thermal analysis and design.
In the present work the total emissivity, the thermal diffusivity and conductivity, and the
coefficient of the thermal expansion of SiC and its composite 80vol%ZrB2-20vol%SiC,
are investigated up to 1800 K. The main goal is to compare the thermal properties of
these two materials for applications at high and very high temperatures.
2.

Materials and methods
2.1

Laminate fabrication
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Ceramic laminates were produced according to a process involving several steps: the
preparation of a ceramic-based slurry, tape casting of it in order to obtain green tapes,
stacking of them in a multilayer structure, de-binding treatment and pressureless
sintering.
The slurries were obtained by mixing SiC and/or ZrB2 powders with sintering aids
(boron and carbon were added as sintering additives for SiC in amount of 1 wt% and 3
wt% respectively) in a mixture of solvents. Firstly the powders and the solvents were
mixed for 24 hours in an alumina jar containing alumina milling bodies, then the
plasticizer and the binder were added and the slurry was further mixed for additional 48
hours. Zirconium diboride powder (Grade B, H.C. Starck, Germany, with an average
particle size of 2.25 μm), α-SiC powder (H.C. Starck UF-15, Germany, with a mean
particle size of 0.55 μm), carbon in form of graphite (Alfa Aesar flakes 7–10 μm), boron
(H.C. Starck amorphous grade I, 1–2 μm), polyethylenglycole (Bisoflex 102 Cognis)
and polyvinilbutyral (Butvar B76 Solutia) were used for the preparation of the slurries.
More details about the chemical composition of the slurries, specifically the relative
amount of the different components, are reported elsewhere [20]. The prepared slurries
were cast on a movable Mylar support with an advance speed of 100 mm/min and
setting the height of doctor blade at 1 mm. A slow drying of the cast slurry at room
temperature allowed to obtain the so called “green” tapes, which were cut with the
desired size and stacked in a multilayer structure (each laminate is formed by 15
ceramic sheets). The green laminates were subject to a first de-binding treatment up to
1073 K in order to remove all their organic components and then sintered. Pressureless
sintering was performed (Cristalox TS 150/250, TAV VACUUM FURNACES SPA,
Caravaggio, Italy) under argon (99.99% purity, pressure maintained lower than 550

5

mbar) atmosphere at 2473 K for 30 minutes. Samples with different shapes and size
were fabricated according to the various measurements requirements.
Two types of laminates were fabricated, one with a chemical composition of 100 vol%
SiC and the other containing 80 vol% ZrB2- 20 vol% SiC. The ZrB2-SiC composites
used for aerospace applications generally contain from 10 to 30 vol% SiC. The choice
of adopting the composition 80 vol%ZrB2-20 vol%SiC was made on the base of
previous investigations of the properties of laminates containing different relative
amount of the two components. The chosen composition represents one of the best
compromise in terms of density and mechanical properties [20]. In addition, according
to other works, this composition is one of the most used for hypersonic vehicles
applications [21–23].
2.2

Characterization

The microstructure of specimens was investigated using SEM-EDS (SEM-FEG Assing
SUPRA 25, Oberkochen, Germany, equipped with EDS Oxford analyzer); the
crystallographic phases were identified using X-ray diffraction (Panalytical X’PERT
PRO PW3040/60, Cu Kα radiation at 40 kV and 40 mA, Panalytical BV, Almelo, The
Netherlands).
An emissivity measurement facility (EMF) working on Variable Black body source
principle was used for the determination of laminates total emissivity; the equipment
and the measurement method are described in more detail elsewhere [24,25]. The tests
were performed on round samples with a diameter of 30 mm and thickness of 1.15 mm.
A wavelength non-selective device was used for the total emissivity measurements.
Total emissivity was tested on laminates with composition 100 vol% SiC and 80
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vol%ZrB2-20 vol%SiC; a set of three different specimens for each composition was
tested in order to verify measurements repeatability
The emissivity was measured in the temperature range from 773 to 1830 K and the
temperature was monitored using a GIRL IRM5 pyrometer (373 – 3273 K). The tests
were performed under Argon inert atmosphere (purity of 99.998%) in order to minimize
the oxidation process.
The laser flash technique was employed for the measurement of the most relevant
thermophysical properties such as thermal diffusivity, specific heat and thermal
conductivity. These properties were investigated using Flashline 4010, Anter
Corporation (Pittsburgh, Pennsylvania, USA) equipment. Disks with diameter of 12.7
mm were obtained using diamond coated drills; both sides of the samples were polished
with SiC waterproof sandpaper in order to obtain flat and parallel faces. The
measurements were performed in argon atmosphere in order to minimize any oxidation
process.
The thermal diffusivity (D) tests were performed from 450 to 1800 K with a heating rate
of 5 K/min. The front side of disk-shaped samples was exposed to a laser pulse for a
controlled very short time (0.3 ms pulse radiation); heat was absorbed and the
consequent increase of temperature was measured on the bottom sample face. The Clark
and Taylor method of analysis was used to calculate the thermal diffusivity of
laminates. Laser flash technique was moreover used for the evaluation of the specific
heat (Cp) from 450 to 1800 K; it was indirectly measured by comparison with a standard
reference. Thermographite was selected as reference on the base of investigated
temperature range: the energy required to heat the sample was compared with the
amount of energy required to increase the temperature of the standard material. The
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difference between the two experimental heat values was then used to determine the
specific heat of the specimen. As laser flash cannot provide reliable values at low
temperature, Differential Scanning Calorimetry (Perkin Elmer-1 DSC equipped with
Intracooler 2P cooling accessory, Norwalk, Connecticut, USA) was used for measuring
specific heat below 450K . The Pyris 8 software with Step-Scan program was used for
the specific heat investigation: it involves a series of repeated heating and isothermal
steps to cover the whole temperature range of interest (from 298 to 773 K). In this study
heating steps of 20 K at a heating rate of 10 K/min between isothermal steps of 1 min
were considered.
The thermal conductivity (κ) of SiC and composite multilayer was finally calculated
employing Equation (1)
Ɉ ൌ ɏ ή ܥ ή ܦ

Equation (1)

where ρ is the density [kg/m3], Cp the specific heat [J/kg·K] and D the thermal
diffusivity [m2/s].
The density (ɏ) of laminates at room temperature was determined using Archimede’s
method. The variation of the specimens density as function of the temperature was
calculated according to Equation (2) [26].
ߩሺܶሻ ൌ ߩଶଽ଼ ή ቂͳ  

οሺ்ሻ ିଷ

మవఴ಼

ቃ

Equation (2)

Where ρ(T) is the density calculated at the desired temperature, Δl(T) is the
experimentally measured linear thermal expansion and l298K is the sample length at
room temperature.
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The thermal expansion behavior of laminates along X, Y and Z directions were
measured using thermo-mechanical analysis (TMA - Setaram Instrumentation, France)
from 298 to 1773 K with a heating rate of 10 K/min. For thermal expansion behavior
test cuboid samples were prepared with a base size of 4×4 mm2, while the thickness
(around 8 mm) was used as testing direction. The argon atmosphere was maintained at a
flow rate of 20 ml/min to ensure the equilibrium of temperature and prevent oxidation
of samples. The coefficient of thermal expansion (CTE) of laminates in X, Y and Z
directions was calculated from the thermal expansion curves.
3.

Results and discussion
3.1

Total emissivity

During atmospheric re-entry the space vehicles have to disperse in the surrounding
atmosphere high heat fluxes present on their surface. The kinetic energy of a spacecraft
in addition to its potential energy is indeed converted into heat fluxes before landing.
Moreover due to the high gas rates and the thermal heat loads involved during re-entry,
the molecules of oxygen and nitrogen passing through the bow shock become
dissociated. Then the atoms can recombine again to form molecules in the gas phase or
directly on the TPS surface. The energy coming from the exothermic recombination
process results in an additional heat flux on the TPS surface or in the surrounding gas
phase [25].
Thermal protection systems have to effectively manage these great heat fluxes; the
emissivity, in addition to the catalytic efficiency and the surface roughness, plays an
important role in the surface energy balance [27]. For a vehicle which operates under
the high heat flux conditions typical of re-entry phase, a high emissivity value improves
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the protection shield performance by reducing the temperature gradients and the thermal
stresses within the component [28].
Fig. 1 shows the curves of total emissivity (ε) for the two materials under investigation
as a function of temperature from 773 to 1830 K. Two different behaviors can be
observed: silicon carbide shows only a small variation of ε value which seems not to be
dependent on the temperature. The data for the composite laminates show a progressive
increase of emissivity from 773 to 1273 K up to the maximum value of 0.88; for higher
temperatures no significant change of emissivity was observed.
Hatzl et al. [30] performed emissivity measurements of sintered SiC in the temperature
range from 773 K to 1273 K and reported a limited increase of total emissivity from
values of approximately ε=0.81 at 773 K to ε=0.84 at 1273 K. These results are in
agreement with those obtained using EMF equipment: in fact SiC laminates show only a
small oscillation of emissivity values from 0.84 to 0.85. Similar values can moreover be
observed at higher temperature: Schubler et al. [24] reported a roughly constant value of
total emissivity of sintered SiC at about 0.855 in the temperature range from 1073 to
1753 K. Moreover Brandt et al. [31] show a very little increase of εSiC from 1273 to
1573 K (they are respectively ε=0.81 at 1273 K and ε=0.84 at 1573 K).
Emissivity higher than 0.8 is considered sufficient for the components which operate at
both high and very high temperaturesTypical TPS design requires a high emissivity
value so that most of the impinging convective heating is radiated out, resulting in a
lower amount of heat being conducted into the underlying structure [32].
SiC samples were characterized before and after emissivity tests: X-ray diffraction
measurements resulted in very similar spectra showing silicon carbide as the main
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crystalline phase. Therefore the emissivity test did not involve the formation of any
oxide layer on the specimens’ surface or its thickness was too low to be detectable by
XRD. These results are in agreement with the EDS analysis reported in Fig. 2b, which
was performed on the area of sample surface shown in Fig. 2a.
The EDS analysis evidenced the presence of 64.8 at.% of carbon, 33.4 at.% of silicon
and 1.8 at.% of oxygen; on the base of these semi-quantitative values we may suppose
the formation of a small amount of SiO2 which can be estimated to be under 1%.
In addition to SiC phase, it was also evident the presence of carbon mainly as
contaminant coming from graphite flakes added as sintering aid for SiC and the
carbonaceous residuals formed during the multilayer processing; The experimental data
of emissivity for ZrB2-SiC composite (Fig. 1) show an almost linear increment of total
emissivity from 870 to 1100 K while at higher temperature ε values are rather constant,
and slightly oscillate around an average value of 0.877.
The X-ray diffraction spectra of composite laminates before and after the emissivity
tests were used to evaluate the modifications of the samples’ surface.
The crystalline phases are reported and compared before and after the emissivity test in
Fig. 3: the XRD spectrum of the as processed ZrB2-SiC (Fig. 3a) shows the peaks
corresponding to mainly ZrB2 and SiC, which are the phases constituting the composite.
The presence of carbon is due to surface contamination, as previously observed for 100
vol%SiC laminates. Comparing this spectrum to that collected for the composite after
the emissivity tests (Fig. 3b), we can observe the presence of ZrO2 and ZrC in addition
to the peaks corresponding to ZrB2 and SiC; the carbon peak was not observed.
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Although the measurements have been performed in argon inert atmosphere it seems
evident that an oxygen contamination took place that resulted in a limited oxidation.
The process and the consequent formation of oxide is dependent on the partial pressure
of oxygen. Depending on it, SiC can indeed be removed by active oxidation reaction or
it can be oxidized forming SiO2 which is then volatilized.
Both in the case of 100 vol% SiC and for composite containing 20 vol% SiC, no
evidence of SiO2 formation was found. Even though we could not experimentally
evaluate the partial pressure of oxygen inside the test chamber, we can assume that it
was too low to enable the formation of SiO2.
The oxidation of ZrB2 leads to the formation of ZrO2 as the only stable condensed
phase; the XRD spectrum of composite samples after emissivity tests (Fig. 3b)
corroborates the presence of monoclinic zirconia. Under the considered experimental
conditions the tetragonal system should be the most stable polymorph; nevertheless, in
the literature are reported examples of monoclinic ZrO2 obtained at temperature higher
than the theoretical ones. For example, Rezaie et al. [33] investigated the behavior of
ZrB2-30vol%SiC composite exposed at 1773 K to a CO-CO2 mixture with a low partial
pressure of oxygen (~10-10 Pa): no silica protective layer was observed and on the
samples surface an external porous layer consisting mainly of monoclinic ZrO2 was
formed.
The presence of low partial pressure of oxygen and a high temperature can promote the
reaction between zirconia and the residual carbon resulting in the formation of ZrC
according to the following reaction:
ܼܱݎଶ  ͵ ܥ՜ ܼ ܥݎ ʹܱܥ

Equation (3)
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By comparing the experimental emissivity values with those available in the literature,
significant differences can be found although they are referred to the same temperature
range. In addition, there is no agreement between the emissivity values measured by
different authors. However, it should be taken into account that this property can be
experimentally measured as a function of wavelength and by varying the direction of
the emitted radiation, which allows to define total directional, normal or hemispherical
emissivity. Moreover, emissivity values significantly depend on many factors such as
oxidation, samples surface roughness, machining method, material composition and
heat treatment [28,34]. The environmental conditions for the emissivity measurements
can be quite different (from air pressure to high vacuum) and they can have a great
influence on total emissivity; surface reactions can in fact occur and the formation of an
oxide layer can change the surface properties.
All these reasons make difficult the comparison between the data reported in literature
and the ones obtained in the present work. Wang et al. [35] reported the total emissivity
of ZrB2-20 vol%SiC composite with the addition of 2 vol% MoSi2 as sintering aids; the
total emissivity was not experimentally measured, but obtained from the spectral
emissivity integrated over the infrared region. According to these results ε increases
linearly from 0.63 to 0.92 in the temperature range from 1273 to 1873 K. These data
result in underestimated values with respect to our experimental results, except that for
highest temperature range.
Meng et al. [28] investigated the radiative properties of ZrB2-20 vol%SiC-15 vol%C in
the temperature range from 1273 to 2073 K. According to these authors, the total
normal emissivity initially decreases from 0.91 to 0.72 in the temperature range 1273 –
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1673 K, increases a little up to the value of 0.78 in the temperature range 1673 – 1873
K and for higher temperatures it rapidly decreases up to a value of 0.66.
3.2

Thermal expansion of laminates: coefficient of thermal expansion

Thermal expansion provides further information on thermomechanical behavior of
SiC and composite laminates to be used in TPS structure design. The linear thermal
expansion behavior of multilayer samples was investigated along the three spatial
directions: the X direction is that parallel to tape casting one, Y is perpendicular both
to the tape casting and the thickness directions and Z is along laminates’ thickness.
The variation of CTE was studied in the temperature range from 520 to 1773 K; the
data at low temperature (from room temperature to 520 K) were obtained by fitting the
experimental curve (Fig. 4).
As observed in previous investigations the thermal expansion curves of polycrystalline
ceramics can be properly fitted by using a third order polynomial function; the trend of
CTE curves for SiC is similar in the three spatial directions, so an average response
curve has been obtained by least square fitting and reported as Equation (4). For ZrB2SiC a divergence of the curves at low temperature seems to exist; however for
temperature higher than 700 K the differences are not significant. Equation (5) is
obtained by fitting the experimental data in the whole temperature range. Both of the
equations show R2>0.999.
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Equation (4)
Equation (5)
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The thermal expansion coefficient of SiC is lower than that of the ZrB2/SiC composite
in the whole temperature range.
The CTE of ZrB2 is higher than that of SiC, showing values of 6.98´10-6 K-1 for ZrB2
and 5.48´10-6 K-1 for SiC in the temperature range from 298 to1793 K [36]. The
addition of SiC slightly decreases the CTE of ZrB2 as previously reported in literature
[37].
As the thermal expansion coefficient of SiC laminates are comparable along the three
spatial directions in the whole temperature range, this material can be considered
isotropic from the thermal expansion point of view.
On the contrary, the composite showed differences in the CTE values for temperatures
up to around 600 K according to this order: CTE(Y)>CTE(X)>CTE(Z). This difference
is less evident along X and Y directions, which correspond to the casting plane. The
thermal expansion along Z axis is lower for temperatures less than about 600 K, but it
becomes very close to the values observed in the other directions at temperatures higher
than 600 K.
The average value of CTEs in the temperature range from 520 to 1773 K was
calculated to be 4.65´10-6 K-1 for SiC and 6.7´10-6 K-1 for 80 vol%ZrB2-20 vol%SiC;
the difference between the average experimental curves for the two materials is constant
(around 1.8 ´10-6 K-1 ) at temperatures higher than 700 K. This mismatch can cause the
formation of stresses and the consequent development of cracks. There is a small
number of works regarding the joint use of HTCs and UHTCs materials in a
multifunctional component: our previous paper [39] shows preliminary results regarding
the processing of hybrid laminates integrating ZrB2-SiC composite layers in between
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SiC ones. The integration of the two materials was successfully achieved, but the
properties of the hybrid laminate should be improved. In fact the CTEs mismatch, in
addition to the different shrinkage of the two materials occurring during the multilayer
burnout and sintering, caused the development of micro-cracks. Hu et al. [40]
successfully fabricated an integrated composite with a porous Cf/C-ZrB2-SiC core in
between two compact layers made of Cf/C-ZrB2-SiC and Cf/C-SiC to be used as thermal
protection system. Moreover Jimenez et al. [41] investigated the joining of SiC
multilayers with ceramic matrix composite (Cf/SiC) using the MAX-Phase Ti3SiC2 as
joining agent.
3.3

Specific Heat

The specific heat of laminates with composition 100 vol%SiC and 80 vol%ZrB2-20
vol%SiC as a function of temperature is shown in Fig. 5.
The heat capacity of both materials under investigation increases with increasing the
temperature; however, the specific heat of sintered SiC is higher than that of composite
in the whole temperature range. The experimental data obtained by using DSC and
laser flash methods in different temperature ranges are in good agreement with the
values collected by Munro for a variety of α-SiC materials [42] and those reported in
the NIST-JANAF tables for α-SiC [43]. A slight deviation from literature values can be
observed at low temperatures: the value of 0.84 J/g K for SiC at 450 K could be
underestimated because laser flash equipment shows a relatively high background noise
at low temperature. This is due to the fact that the detector is in the lowest range of use;
in fact, this effect progressively decreases at higher temperature. As a consequence, the
laser flash results are affected by a higher error at low temperatures, while the
experimental error decreases at higher ones.
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The specific heat capacity of multilayer with composition ZrB2-20vol%SiC was very
similar to that reported by Patel et al. [44] for a material with the same relative
volumetric amount of the two components, which was processed at 2273 K by hot
pressing sintering.
3.4

Thermal diffusivity

Fig. 6 shows the temperature dependence of thermal diffusivity for SiC and ZrB2-SiC
composite in the temperature range from 475 to 1773 K.
The thermal diffusivity of both materials decreases with the increase of the temperature:
this trend suggests that their conduction behavior is dominated by phonons, as it is the
case for most of the polycrystalline materials [45]. The increase of temperature results
in an enhancement of phonon scattering which has a drastic effect on thermal
diffusivity. The value of D for the two materials under investigation was similar at the
lowest experimental temperature (D~31.5 ´102 cm2/s at 475K). However, it should be
noted that the experimental error is higher at low temperature and decreases with the
temperature increase (in fact it is linked to an intrinsic low sensitivity of the instrument
at low temperature).
Although the starting diffusivity values are comparable for the two kinds of laminates,
the difference becomes significant at high temperature: for instance, at temperatures
above 1373 K the thermal diffusivity of SiC is much smaller than that of ZrB2-SiC
composite (e.g. D~7.6 ´ 102 cm2/s for SiC and D~14.5 ´ 102 cm2/s for ZrB2-SiC
composite at 1775 K).
3.5

Thermal conductivity

17

The thermal conductivity was calculated as a function of temperature for SiC and the
composite with chemical composition 80 vol%ZrB2-20 vol%SiC by using Equation (1),
which correlates the thermal diffusivity, the specific heat and the density. The bulk
density of laminates is assumed to remain constant in the investigated temperature
range.
The thermal conductivity of both materials under investigation (Fig. 7) shows a
decreasing trend with the temperature increase; the thermal conductivity of SiC is lower
than the composite one in the whole temperature range.
It is well known that the thermal conductivity of SiC depends on several factors: the
grain size, the nature of grain boundaries and the presence of secondary phases [46].
According to Collins et al. [47] the grain size plays an important role in the heat
conduction mechanism at temperatures lower than 300 K; at higher temperatures the
phonon scattering dominates any other effects, so that the influence of grain size
become less important.
A factor that has to be taken into account in our investigation is the presence of boron
and carbon added as solid state sintering aids in the amount of 1 wt% and 3 wt%
respectively. These quantities were calculated with respect to silicon carbide, which is
the main component in SiC laminates, but the minor one (20 vol%) in composite
laminates. The heat conduction can be significantly reduced by the presence of impurity
atoms in the SiC lattice, which can increase the influence of phonon scattering. These
impurities may come from the sintering aids added in order to enhance the densification
process [48]. Sigl et al. [48] showed that thermal conductivities of B-doped SiC-based
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materials was reduced to values of 100-150 W/mK, which are well below the 400
W/mK observed for single-crystal SiC.
Munro [42] investigated the thermal conductivity of α-SiC containing boron (0.4 wt%)
and carbon (0.5 wt%) as sintering aids; a comparison of his results with those obtained
in this work shows a good agreement of the observed trends (Fig. 7a). Nevertheless, the
values of thermal conductivities of pressureless sintered multilayers of the current work
are lower than those observed by Munro; this is probably due to a higher porosity of
laminates with respect to that of the monolithic material sintered by Munro. Moreover
the relative amount of boron added in the laminates under investigation was higher with
respect to that adopted by Munro, and this confirms the detrimental effect of this
sintering aid on the thermal conductivity of SiC.
The thermal conductivity of ZrB2-SiC composites is expected to be similar to that of
pure ZrB2 (85 W/mK at room temperature).
The literature data about the thermal conductivity of polycrystalline ZrB2-based
material are widely scattered (see Fig. 7b), very likely because this property is
influenced by several factors such as the investigation method, the presence and the
amount of sintering additives and impurities, the grain sizes and the porosity. This
dispersion of data is more important at temperatures below 750 K, where the κ values
were reported to be in the range from 45 to 135 W/mK, but conductivity values in the
more narrow range between 60 and 80 W/mK were measured at temperatures higher
than 1250 K [50–53].
For diboride-based ceramics conductivity results from both electron and phonon
contributions, thanks to the metallic and covalent nature of their bonding.
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Our experimental results presented in Fig. 7b show a decrease of composite’s thermal
conductivity with the increase of temperature. According to all the curves depicted in
Fig. 7b the thermal conductivity seems to move towards a constant value at temperature
higher than 1100 K. This trend was previously observed and justified by Grimvall [54]
considering the fact that the heat capacity, the phonons velocity and their mean free path
become constant at high temperature. This plateau was so interpreted as the saturation
limit of phonon-controlled thermal conductivity.
For TPS applications a high value of thermal conductivity is desirable because it can
enhance the thermal shock resistance by the limiting thermal gradient and stresses
within the material.
4.

Conclusions

The aim of the present study was to investigate the most important thermal properties
influencing the behavior of materials at high temperature and under the severe
environmental conditions involved during space missions.
The total emissivity of laminates containing 100 vol%SiC and composites with
composition 80 vol%ZrB2 – 20 vol%SiC were investigated and compared. The total
emissivity of SiC laminates (around 0.85) only slightly changed in the whole
temperature range. The trend observed for the ZrB2-SiC composite was quite different,
showing an increment of emissivity as a function of temperature up to a maximum
value of 0.88, which was reached and maintained for temperatures above 1273 K. Both
materials showed high values of total emissivity which are required for TPS
applications.
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The investigation of the thermal properties of SiC and composite laminates involved the
measurement and comparison of their thermal expansion coefficient, specific heat,
thermal diffusivity and conductivity. The CTE of both materials increases as the
temperature increases, but the CTE of SiC is constantly lower with respect to the
composite one. This thermal mismatch can cause the development of stresses when
these materials are joined together; however the CTE of ZrB2-SiC composites can be
decreased by increasing the SiC content.
The thermal diffusivity and conductivity of SiC and ZrB2-SiC multilayers show a
decreasing trend with the increase of the temperature, but for both properties the values
for SiC are well below those for the composite. Therefore the higher thermal
conductivity of ZrB2-SiC laminates combined with the high emissivity at high
temperatures and the high melting point represent desirable properties for extreme
environment applications. However, SiC can grant lightness and passivation behavior in
oxidative environments. Hybrid structures integrating both of these materials could be
designed, thus exploiting all their attractive properties for applications as TPS for space
vehicles. For this purpose, concerns related to the CTE mismatch and the different
shrinkage during material process need to be addressed. Differences in term of CTE
could be reduced by reconsidering the ZrB2:SiC ratio in the composite. On the other
hand the different sintering shrinkage occurring for SiC and composite layers causes the
formation of residual stresses and could lead to the failure of the laminates. An
homogenization of powders grain size, thus reducing the grain size of ZrB2 starting
powder, could reduce the residual stresses and promote the integration of the two
materials.
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Fig. 1: Comparison of total emissivity of multilayer with composition 100 vol% SiC
and 80 vol%ZrB2-20vol%SiC.
Fig. 2: (a) SEM micrograph of SiC sample surface; (b)EDS analysis carried out on SiC
sample.
Fig. 3: XRD spectra of 80vol%ZrB2-20vol%SiC before (a) and after (b) emissivity test.
Fig. 4: Thermal expansion coefficient of (a) SiC and (b) ZrB2-SiC multilayer as
function of temperature along X, Y and Z directions.
Fig. 5: Specific heat of ceramic under investigation: (a) SiC; (b) ZrB2 and ZrB220%SiC composite
Fig. 6: Thermal diffusivity of SiC and ZrB2-SiC multilayer as a function of temperature.
Fig. 7: Thermal conductivity as a function of temperature for (a) SiC and (b) ZrB2-SiC
laminates.
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