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In the present work, monolithic SiC/(Hf, 75Tao 25)C(N)/(B)C ceramic composites
are prepared via spark plasma sintering of amorphous SiHfTa(B)CN-based
powders synthesized from single-source precursors. The as-sintered ceramic
nanocomposites are investigated by X-ray diffraction, Raman, scanning electron
microscopy, and transmission electron microscopy in order to study their
microstructure and chemical composition. Furthermore, the thermal conduc-
tivity, the thermal expansion, as well as the hardness and Young’s moduli of the
prepared monolithic samples are determined. The incorporation of boron in the
system results in enhanced densification due to decreased porosity and improved
distribution of the individual phases in the composite after sintering. These
favorable effects also positively influence the thermomechanical properties of the
composite. The boron-modified sample displays a decreased thermal diffusivity
and conductivity compared with the boron-free sample. Additionally, a macro-
hardness obtained by Vickers indentation of 31 GPa is achieved for loads up to
196 N, surpassing the hardness of ultrahard materials like silicon carbide, haf-
nium carbide, and tantalum carbide as well as their solid solutions. Young’s
moduli of the composites were analyzed to 405 + 10 and 277.5 + 41 GPa for the
boron-containing and boron-free samples, respectively.

1. Introduction

Hafnium carbide (HfC) and tantalum
carbide (TaC) display melting points of
more than 3800 °C, whereby the solid solu-
tion with the composition of Hfy ;Tag gC is
considered the compound with the highest
known melting point of ~3990°C."?
Together with selected borides, carbides,
and nitrides of group IV and V transition
metals, they form the family of ultrahigh
temperature ceramics (UHTCs).?>™! Their
excellent thermal stability enables them
to operate at temperatures beyond the
capabilities of traditional materials, making
them promising candidates for high-
temperature thermal protection systems
or functional components for hypersonic
flight vehicles.*”) Furthermore, they are
classified by their high hardness, chemical
inertness, and good resistance to thermal
shock.®®! However, densification of UHTC
materials typically requires temperatures
above 50% of their melting point.**!
Moreover, UHTCs exhibit rather high oxi-

dation kinetics at moderate temperatures. For instance, hafnium
carbide starts to oxidize at a temperature of 550 °C, forming a
porous hafnium oxide scale, which fails as a protective scale

J. Bernauer, S. A. Kredel, D. T. Teppala, E. lonescu, R. Riedel N. Thor
TU Darmstadt

Institut fiir Materialwissenschaften
Otto-Berndt-Str. 3, Darmstadt 64287, Germany

E-mail: jan.bernauer@tu-darmstadt.de
M. Lepple

N.-C. Petry, M. Galetz, M. Lepple
DECHEMA-Forschungsinstitut
High Temperature Materials

Theodor-Heuss-Allee 25, Frankfurt am Main 60486, Germany
A. Pundt

Technische Universitat Darmstadt
Institut fiir Angewandte Geowissenschaften
SchnittspahnstrafRe 9, Darmstadt 64287, Germany

Justus Liebig Universitit Gieflen
Institut fiir Anorganische und Analytische Chemie
Heinrich-Buff-Ring 17, Gieen 35392, Germany

Karlsruhe Institut fir Technologie
Institut fiir Angewandte Materialien — Werkstoffkunde
Engelbert-Arnold Strafle 4, Karlsruhe 76131, Germany

E. lonescu

Fraunhofer-Einrichtung fir Werkstoffkreislaufe und Ressourcenstrategie

IWKS

Brentanostrafle 2a, Alzenau 63755, Germany


mailto:jan.bernauer@tu-darmstadt.de

and can potentially lead to the destruction of extensive
components.'>™ Tantalum carbide forms Ta,Os, melting at
a temperature of 1872 °C.”) The classical approach to improve
the oxidation resistance of UHTC materials is the addition of
a supportive silica former, as done in HfB,/SiC and ZrB,/SiC
composites with 20vol% SiC.'>'®! The presence of a silica-
forming phase improves the oxidation resistance of UHTCs
by forming a protective scale expected to protect the UHTC
up to 1600 °C.*>¢) A sophisticated method to synthesize silica-
forming composites is the polymer-derived ceramic (PDC)
route.'’”*8] The method allows chemically modifying silicon-
containing polymers with organometallic compounds to form,
after a thermal treatment, UHTC composites. In previous stud-
ies, monolithic UHTC (nano)composites were synthesized from
amorphous SiHfTaC(N) powders by spark plasma sintering
(SPS), leading to multiphase composites with the composition
of SiC/(Hf, Ta)C(N)/C.">*! Due to the cubic rocksalt-type struc-
ture (NaCl type) of both carbides and nitrides of hafnium and
tantalum and their almost complete miscibility at high temper-
atures (2000 °C), a solid solution of HfC(N) and TaC(N) was
formed.*"*?! The ceramic composites, especially the composition
with the adjusted Hf:Ta ratio of 7:3, showed an enhanced high-
temperature oxidation resistance by forming a continuous oxida-
tion scale consisting not only of silica but also of HfTa,0,,.2324
The binary oxide exhibits no phase transformations up
to 2500 °C, making it an ideal material for high-temperature
applications.”***! In addition to the parameters mentioned ear-
lier, i.e., melting point and oxidation resistance, additional critical
parameters have to be considered and rationalized when materi-
als are anticipated to operate at high and ultrahigh temperatures.
For example, the thermal expansion, appropriate thermal conduc-
tivity, resistance to localized plastic deformation, or modulus of
elasticity as UHTC composites can suffer from thermal stresses
induced by different thermal expansion coefficients of their
specific phases.”®?”) The morphology and distribution of the
individual phases, which strongly depend on the processing,
can further impair the mechanical performance.?*-°!

In the present work, mechanical and thermal data for mono-
lithic samples derived from polymers were acquired. Therefore,
the synthesis of multiphase composites with the composition of
SiC/(Hfy 75Tag »5)C(N)/(B)C was conducted. Initially, the impact
of chemical composition on the microstructure of the sintered
samples was investigated. Subsequently, the thermal properties,
encompassing thermal expansion, thermal diffusivity, and ther-
mal conductivity, as well as hardness and Young’s moduli, were
assessed. The observed differences in these properties were elu-
cidated by their correlations with the microstructure.

2. Results and Discussion

2.1. Composition and Microstructure

XRD analysis was conducted on both the powders synthesized at
1000 °C and the monolithic samples prepared via SPS. The cor-
responding diffractograms are shown in Figure 1. The XRD anal-
ysis of the powders reveals a predominantly amorphous nature.
However, faint reflections are detected, signifying the presence
of small quantities of hafnium oxide and silica. The observations
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Figure 1. XRD patterns of SiC/(Hfp75Tag25)C(N)/(B)C and SiC/
(Hfo.75Tagp25)C(N)/C powders synthesized at 1000°C and of the corre-
sponding monolithic samples sintered at 2200 °C under SPS conditions.

suggest the occurrence of minor oxygen contamination during
the precursor synthesis and/or pyrolysis processes. In contrast,
the monolithic samples consolidated using SPS exhibited a high
degree of crystallinity. The XRD patterns confirmed the presence
of B-SiC, the solid solution (Hfy;sTag,s)C(N), and graphite
within the samples. The graphite phase displays a weakly visible
reflection of the (002) plane. The phase separation of the spark
plasma sintered Si(Hf, Ta)C(N) samples into p-SiC, (Hf,Ta)C(N),
and segregated carbon phase has been thoroughly discussed in
the literature.'>*" Notably, no boron-containing crystalline
phases are detected. This can be attributed to the possibility that
boron has dissolved in the carbon phase instead of forming
compounds with hafnium or tantalum. This behavior has been
previously reported in the literature.*?

Raman spectroscopy was performed on bulk samples with and
without boron after SPS densification, allowing the analysis of
carbon allotropes formed, as well as the crystallinity and distor-
tions of the carbon lattice.?*** The spectra are presented in
Figure 2. The first-order Raman spectra exhibit the To band
of B-SiC between 790 and 800 cm ' in both samples. This band
corresponds to the transverse optical phonon mode of p-SiC. The
boron-containing sample displays a more pronounced band,
indicating enhanced crystallization of the SiC phase and a larger
grain size. This behavior has been previously observed in similar
compositions containing only hafnium as a transition metal.*")
Other bands are attributed to the segregated carbon phase pres-
ent in both monolithic samples. To characterize the nature,
hybridization, crystallinity, and ordering of the carbon phase, var-
ious Raman bands such as D, G, D/, 2D, D + G, and 2D’ were
examined. The most prominent band in all spectra is the E,,
symmetric bond stretching band of sp*hybridized carbon atoms,
labeled as G (#1585cm ). Bands D (~1356cm ') and D’
(1630 cm ') are caused by sp® carbon vibrations related to dis-
ordered or nanostructured carbon. Bands D + D” (%2449 cm 1),
2D (x2709cm '), and 2D’ (x3250cm '), as well as D+ D’
(=2938 cm 1), correspond to the two-phonon modes of the
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Figure 2. Raman spectra of SiC/(Hfo 75Tag 25)C(N)/(B)C (red) and SiC/(Hfo 75Ta.25)C(N)/C (black) sintered at 2200 °C under SPS conditions.

first-order bands. Compared to the boron-free sample, the boron-
containing composite displays an enhanced D and D’ band, indi-
cating the incorporation of boron into the graphitic lattice.**’
In the second-order modes, the 2D and G’ overlap is broadened
for the boron-containing sample, indicating a disordering of the
segregated carbon phase. In contrast, the boron-free material
exhibits a less pronounced D and D’ band, indicating a higher
degree of graphitization. Furthermore, the merging of the D’
band with the G band is a typical feature of small grains.

In addition to XRD and Raman spectroscopy, elemental analysis
was performed on the SiC/(Hfy75Tag,5)C(N)/(B)C powder and
bulk sample. Table 1 displays the chemical composition and
empirical formula of the ceramics that were obtained at 1000 °C
and sintered at 2200 °C. After sintering, the elemental analysis
determined that the Hf:Ta ratio remained constant at 75:25 in both
the pyrolyzed powder and the bulk material. The boron concentra-
tion does not correspond to the amount set in the single-source
precursor. Only approximately 32% of the boron incorporated
within the single-source precursor appeared in the pyrolyzed pow-
der. This finding is attributed to steric hindrance and the limited
reactivity of the preceramic polymer. Similar behavior has been
found in the reaction of vinyl-containing polysilazanes or carbosi-
lanes with the borane dimethylsulfide complex.*"!

Upon sintering, carbon and nitrogen contents decreased,
while the oxygen content remained relatively stable. As no
oxygen-containing phases, such as silicon oxide or transition
metal oxide, were observed in the XRD patterns, it is assumed
that the oxygen is present as amorphous silicon oxide. The silicon
oxide can either derive from the precursor material even if the
plasma sintering was conducted under a reductive atmosphere or

was introduced during the grinding of the bulk samples for ele-
mental analysis. Therefore, the presence of oxygen is neglected
in further discussions regarding the mechanical and thermal
properties. The empirical formula of SiC/(Hf, 75Tag,5)C(N)/C
is expected to be similar to that of SiC/(Hfy75Tag25)C(N)/(B)
C, as the only difference is the addition of boron.

The microstructure of the prepared monolithic samples was
investigated using high-resolution scanning electron microscopy
(HR-SEM). Figure 3 displays SEM-backscattered electron
(SEM-BSE) images of SiC/(Hfy75Tag25)C(N)/C (left) and SiC/
(Hfo.75Tag.25)C(N)/(B)C (right). The SEM image of the boron-free
sample indicates a relatively high density with visible pores at
higher resolutions. The microstructure of the SiC/(HfTa)
C(N)/C monolithic bulk ceramic is divided into two microstruc-
tural regions. The first region consists of fragments of former
powder particles, which contain finely distributed (Hf,Ta)C(N)
precipitates and SiC. The (Hf,Ta)C(N) precipitates were formed
in situ during sintering within the SiC matrix and have an aver-
age grain size of approximately 100 nm, estimated by SEM. The
second region is located between these former powder particles,
appearing darker in the SEM-BSE images and mainly consisting
of SiC. These areas are referred as sinter necks and connect
the precipitation-rich particles and originate from the particle
surfaces. The addition of boron led to the development of a more
refined microstructure characterized by a near absence of dis-
cernible pores. The (Hf,Ta)C(N) distribution exhibits a height-
ened level of uniformity, as exemplified by the SEM analysis
presented in the top right SEM image. The analysis through
SEM yields an estimated average grain size of 170 nm for the
(Hf,Ta)C(N) particles.

Table 1. Chemical composition by mass and empirical formula of the SiB(Hf,Ta)C(N,O) ceramics pyrolyzed at 1000 °C and sintered at 2200 °C.

Sample Elemental Content [wt%)] Empirical Formula

Si Hf Ta C N (6]
SiC/(Hfo.75Tag.25) C(N)/(B)C-1000 °C 45.8 12.4 4.25 0.16 28.00 3.85 4.67 Si(Hf0.043T20.014) Bo.01C1.43N0.1700.15
SiC/(Hfo.75Tag.25) C(N)/(B)C-2200 °C 49.5 12.8 438 0.2 24.52 0.572 4.25 Si(Hfo.041T20.014) Bo.01C1.16N0.0200.15
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Figure 3. SEM-BSE images of sintered SiC/(Hfo75Tag25)C(N)/C and SiC/(Hfo 75Tag 25)C(N)/(B)C bulk ceramics showing a difference in the overall
microstructure, when comparing both ceramics. The microstructure of the SiC/(Hfg 75 Tag 25) C(N)/C shows different microstructural regions with former
powder particles, sinter necks, and porosity, whereas the microstructure of the SiC/(Hfo 75Tag.25)C(N)/(B)C bulk ceramic is homogeneous.

The SEM results are further corroborated by TEM studies,
specifically brightfield (TEM-BF) imaging, as illustrated in
Figures 4a,b. The TEM-BF images in Figure 4a, comprising a
composite of 62 individual images, allowed for a more extensive
field of view, in contrast to the single TEM-BF image featured in
Figure 4b. This compilation of images vividly illustrates the pro-
nounced homogeneity of the microstructure, as expounded in
the SEM-BSE image in Figure 3.

Furthermore, Figure 4c shows the respective HR-TEM images
and corresponding SAED patterns in addition to the EDS spectra
of the two constituting phases: SiC and (Hf,Ta)C(N). In addition,
an amorphous carbon shell on top of the hafnium tantalum car-
bonitride particle is depicted in Figure 4d. SiC occurs in its cubic
polymorph 3C-SiC, confirming the findings of the XRD analysis.
TEM imaging reveals stacking faults (SFs) in SiC, marked by the
bright/dark contrasts in the HR-TEM image and supported by
the smearing within the diffraction points in the SAED pattern.

The density and open porosity of the monolithic samples were
assessed using the Archimedes method. The results are listed in
Table 2. Additionally, point counting was used to estimate the
total porosity based on SEM image data.*® As anticipated from
SEM imaging (refer to Figure 3), the boron-modified sample gen-
erally exhibits enhanced density and reduced levels of open and
total porosity compared to that of the boron-free sample. This
finding again highlights boron’s advantageous impact on the
microstructure evolution during SPS.

2.2. Thermal Properties

The thermal conductivity of composite materials is influenced
by various factors such as the volume fractions of the phases,

grain size, grain distribution, or dispersity and porosity.*”!

To describe the temperature-dependent thermal conductivity,
Equation (1) is used:

MT) = a(T) - C(T) - p(T) 1)

In Equation (1), A(T) represents the thermal conductivity,
a(T) denotes the thermal diffusivity, C,(T) signifies the heat
capacity, and p(T') corresponds to the density. The temperature-
dependent heat capacity and thermal diffusivity are determined
by differential scanning calorimetry and laser flash measure-
ments, respectively. However, estimating the temperature-
dependent density requires an alternative approach, which can
be achieved using Equation (2):

P(T) = po(1 = (T — To)) )

In Equation (2), p, represents the density at room temperature
(RT), Ty denotes the temperature at RT, and p represents the
coefficient of volumetric expansion. Here, a linear behavior of
density is assumed. Furthermore, assuming an isotropic behav-
ior of the materials, p can be calculated from the linear thermal
expansion coefficient p; (3p = pr). The thermal expansion coeffi-
cient (CTE) of a composite is the combination of the matrix’s
CTE, which is modified by the influence of the dispersed phase
on the expansion of the matrix and vice versa. The thermal expan-
sion coefficient is derived from dilatometry in the temperature
range of 100-1500 °C as shown in Figure 5.

The average thermal expansion coefficient within the ranges
of 100-1000 and 1000-1500°C, together with the thermal
conductivity, diffusivity, and heat capacity, is provided in
Table 3. In the measured temperature range, the expansion
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Figure 4. TEM images of sintered SiC/(Hfo 75Tag 25) (N)C/(B)C. a,b) Bright-field images. (a) A composite of 62 images to provide an extensive field view.
¢) HRTEM and the constituting SiC phase and the correlated SEAD pattern, while in d), the amorphous carbon shell on the transition metal carbonitrides
is depicted.

Table 2. Density, open porosity, and total porosity of the bulk samples 0,008 -
SiC/(Hfo.75Ta.25)C(N)/C and SiC/(Hfo.7sTag.25)C(N)/(B)C. — SiC/(Hfy 75Tag ,5)C(N)/(B)C
{—— SIC/(Hf, 75Tag ,5)C(N)/C
Sample Density Open Porosity
[gem Y porosity [%]” 1% 0,006 ~
SIC/(Hfo.7sTa0.25)C(N)/ (B)C/C 3.669 0.61 1.85+0.32
SIC/(Hfos5Ta0.25)C(N) /C 3332 1.62 6.83 +£0.98 -
_|
< 0,004
<

“Measured by Archimedes method, ) Determined by assessing ten SEM-BSE images
using the thresholding tool within the software Image).

0,002 4
characteristics of the specimens remain uniform and display
negligible deviation in their quasi-linear expansion. This mini-
mal deviation can be ascribed not only to the limited compositional 0,000

variation but also, more significantly, to the microstructural dispar-
ities among the samples.

The coefficients of thermal expansion are close to those
reported for the most pronounced phases (3C) $-SiC and a solid  Figure 5. Thermal expansion of the materials were determined by dilatom-
solution of HfC-TaC.?®3% For p-SiC values in between 4.3 and etry in the temperature range of 100-1500 °C.
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Table 3. Average thermal conductivity, diffusivity, heat capacity, and thermal expansion coefficient of SiC/(Hf0.75Ta0.25)C(N)/(B)C and SiC/

(Hf0.75T20.25)C(N)/C.

Sample Average
Thermal conductivity Thermal diffusivity Heat capacity CTE (106K ™) CTE (106K ™)
Wm™ K] (850°C) [mm?s~"] (850°C) Dg 'K (850°C) (100-1000 °C) (1000-1500 °C)
SiC/ (Hfo75Tao.25)C(N)/(B)C 31.14 8.67 0.97 4.44+0.02 5.98 +0.20
SIC/ (Hfo75Tao.25)C(N) /C 36.27 .16 0.99 4.74£0.02 5.32+£0.08

6.2x10 ®K ! from room temperature to 1400 °C can be found
in the literature.**"*? Li and Brat described the behavior with a
second-order polynomial describing the continuous increase
from 3.2x 10 *K 'atRT to 5.1 x 10 ®K * at 1000 °C, averag-
ing a value of 4.45 in between this temperature range.*®! The
coefficient of thermal expansion of hot-pressed HfCpqs and
TaCy 9o was measured by Jun and Shaffer!** from room temper-
ature to 2600°C in argon. HfCyo¢s displayed a CTE of
6.19x10 °K ' from RT-1000 and 6.59 up to 1500°C and
TaCyg9, Tespectively, a CTE of 6.61 x 10 °K ' from RT-1000
and 6.67 up to 1500 °C. For the solid solution of HfC-TaC, a
decrease in the coefficient of thermal expansion compared to
single carbides was reported by Barantseva and Paderno.’”!
The boron-free monolithic sample exhibits a slightly higher
CTE value than the boron-modified sample between 100 and
1000 °C. Above this range, the values converge, and the boron-
rich sample shows a higher CTE between 1000 and 1500 °C. The
slight divergence can be drawn back to the residual porosity,
the microstructure, and the different degrees of graphitization
of the segregated carbon phase. Pyrolytic carbon displays a
CTE between 4 and 6 x 10 ®K ! and depends strongly on the
carbon type (especially if disordered by boron).[*

For thermal conductivity calculations, the temperature depen-
dence of the density given by Equation (2) was neglected for the
investigated materials as the volumetric expansion is below 1%.
The evolution of the specific heat capacity with the temperature is
shown in Figure 6. The values are in the expected range and fol-
low the trend of p-SiC.**! The influence of the other phases is
relatively small. At high temperatures, the capacity becomes con-
stant and levels around 1Jg 'K ', clearly higher than the
reported range of 0.2-0.3] g ' K ! for HfC, TaC, and their solid
solutions.!"”!

The temperature-dependent thermal diffusivity was measured
by laser-flash analysis, and the respective graph is depicted in
Figure 7. Both samples display a similar trend in the temperature
dependence of the thermal diffusivity. At 50 °C, the difference
between the samples is high as the boron-containing sample
shows a diffusivity of x20 mm?s ', while the boron-free sample
doubles the diffusivity with ~40 mm?®s . Both samples show a
decrease in the diffusivity with temperature and converge for
high temperatures.

From the previous results on the higher open porosity and the
(Hf, Ta)C(N) grain size, a lower diffusivity for SiC/(Hfy 75T 25)
C(N)/C would be expected as both factors decrease the diffusivity
and the resulting thermal conductivity.[***”) However, in a mul-
ticomponent system, the conductivity first depends on the con-
ductivity of each phase and their distribution. If the highly
conductive phase is continuous in the system, the resulting

SiC/(Hf,,5Ta,,5)C(N)/(B)C
SiC/(Hfy,5Ta,,5)C(N)/C
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Figure 6. Evolution of the specific heat capacity in the range of
RT—900 °C. The magnification shows the constant range at the maximum
measured temperature.
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Figure 7. Thermal diffusivity in the range of RT—900 °C.

conductivity is high and vice versa.’”) The main phase p-SiC
of the system investigated has a high thermal conductivity
depending on the fabrication.’>*®) Nanosized SPS-sintered
B-SiC, on the other hand, can show a relatively low thermal
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Figure 8. Thermal conductivity from RT—850 °C and the corrected con-
ductivities by Loeb and Maxwell-Eucken.

conductivity for SiC of around 80-100 Wm * K *, which can be
compared well with the results displayed in Figure 8.12%%°
The added phases, in this case the (Hf, Ta)C(N) phase, act as scat-
tering points for phonons, decreasing the thermal conductivity in
the system.m] For SiC/(Hfy 75Ta025)C(N)/C, continuous areas
with a discrete phase without any dispersed phase (refer to
Figure 3) were found, leading to an increased conductivity at
low temperatures.

In contrast, SiC/(Hfy75Tag2s)C(N)/(B)C  shows  well-
distributed (Hf,Ta)C(N) precipitations and no discrete SiC phase,
resulting in a hindered phonon propagation. Therefore, the
lower diffusivity and conductivity as compared to the boron-free
sample result from the different microstructures related scatter-
ing effect, predominant especially in the low-temperature range.
At high temperatures, both the diffusivity and conductivity values
approach each other, and the conductivity difference is only
about 6Wm 'K .

In order to counteract the effect of open and closed porosity
and thereby make the results more comparable, two corrections
were applied. First, the impact of the open porosity was calcu-
lated by the approach that solid and pore phases act as thermal
resistors in parallel. Equation (3), which is also known as the rule
of the mixture, is valid under the assumption that the phases do
not interact with each other, which allows us to calculate the
effective thermal conductivity A, of the solid."”!

A=2(1=vp) +vpdp (3)

where 1 is the experimental thermal conductivity, 4, is the pore
thermal conductivity, and v, is the pore volume fraction.
If A, A, We can assume 4, = 0, which leads to Loeb’s relation,

Equation (4).[**!

A =As(1 = 1p) (4)

For the calculation, the open porosity values obtained by the
Archimedes principle and the effective thermal conductivity A

obtained by the measurement were used. The second correction
in which the closed porosity is considered can be carried out
with the Maxwell-Eucken equation. Equation (5) describes the
thermal conductivity when the closed porosity is below a limit
of 15%.1*7)

Do + 22 + 205 (A — 2s)
- /15)

A=2

= A 5
Ay + 245 — vp(2 ®)

P

The closed porosity values obtained by several SEM measure-
ments were used for the calculation (refer to chapter 3.1). The
corrections made by the Maxwell-Eucken equation for the closed
porosity significantly influence the solid’s thermal conductivity
for the boron-free samples displayed in Figure 8. The correction
on the boron-modified sample is relatively small caused by the
low porosity. After the two corrections, the deviation of the
two samples is now 8 Wm K ! at the highest measured tem-
perature (850 °C) and slightly greater at low temperatures. In gen-
eral, one can conclude that the difference in composition and
microstructure of the two samples strongly influence the thermal
conductivity at low temperatures, while at high temperatures, the
influence is less pronounced. This finding is discussed in terms
of the predominant electronic contribution of the thermal con-
ductivity at high temperatures, while at low temperatures, the
phononic part of the thermal conductivity is pronounced, espe-
cially in the SiC phase, due to its strong and rigid atomic
structure.!"”

2.3. Mechanical Properties

The synthesized composite materials studied in the present work
consist of individual phases denoted already as carbide-based
ultra-hard materials.®! Various values for the different carbides
depending on the type of hardness measurement (nano, micro,
or macro indentation) and microstructure (grain size and
porosity) obtained by different sintering processes can be found
in the literature./*>% Dense, SPS sintered silicon carbide (B-SiC)
displays an exceptionally high micro-hardness of up to 32 GPa,*”
while liquid phase sintered SiC shows a micro-hardness of
20-28 GPa.®! The monocarbides of HfC and TaC display a lower
micro-hardness of 18.5*% and 12-19 GPa,***% respectively. For
the solid solutions of (Hfy 75Ta.25)C, higher values of 19-29 GPa
have been reported.”***! The Hf/Ta substitution in the metallic
sublattice introduces some degree of distortion and creates anal-
ogous to solid solution strengthening in alloys’ local stress fields,
increasing the hardness. Furthermore, the addition of Ta in HfC
promotes a change in the shift in the slip plains, further causing
a higher hardness.* The solid solution further shows excellent
flexural strength at elevated temperatures, displayed for the com-
position of Hf, ,Tag .4 Young'’s moduli of SiC are in the range
of 400-450 GPal***! and those of the transition metal carbides
range between 300 and 600 GPa.®??

For the examined composites, hardness and Young’s moduli
akin to, or possibly exceeding, those of the monolithic carbides
were anticipated."®*”) In the Vickers and nanoindentation
experiments, substantial loads were employed to capture a com-
prehensive depiction of the entire microstructure rather than
isolated phases. Furthermore, by varying the applied load, we
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Figure 9. Young’s moduli obtained by a test grid of 5 x 5 measurements
and the resulting distribution of moduli.

sought to mitigate any potential indentation size effects. The
Young’s moduli were determined by nanoindentation experi-
ments using the technique developed by Oliver and Pharr.®
The determined Young’s moduli are displayed in Figure 9, where
the microstructural influence is once more clearly visible. The
obtained values for the boron-modified specimen are narrowly
distributed with a mean modulus of 405 + 11 GPa with a low
variance displayed in the coefficient of variation of 2.5%. The
boron-free sample, on the other hand, shows a lower modulus
of 278 £41 GPa with a considerable variation in the results
(coefficient of variation of 14.6%). It should be considered that
the relatively high loads used for the experiments may indeed
lead to fracture development in the boron-free sample, highlight-
ing the impact of the porosity and inhomogeneity in the micro-
structure and on the material’s performance.

The variation can be further analyzed by investigating the
load-displacement curves (L-D curves) of the indentation
experiments. Figure 10 displays the load displacement curves
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of SlC/(Hf()75T3.025)C(N)/C (left) and SIC/(Hf075T3025)C(N)/
(B)C (right). Three exemplary curves have been depicted in order
to keep the presentation clear.

The load-displacement (L-D) curves for the boron-modified
sample exhibit a consistently smooth nature, with overlapping
curves implying a consistent response across the entire bulk
sample. Occasionally, small pop-in or pop-out events were
observed, characterized by an abrupt increase in displacement
during constant load. These events are often attributed to the
transition from elastic deformation to elastic-plastic deformation
resulting from phase transformations induced by contact
stresses, as observed in silicon.?*"*") In porous materials, these
events can not only be ascribed to phase transformations but,
more commonly, to cracking.®!) A schematic representation of
the indentation experiment, illustrating pore cracking and larger
deformations, is depicted in Figure 11 (left), alongside a
depiction of the behavior of the boron-modified sample (right).
In the boron-containing sample, the observation of only minor
events can be attributed to slight disruptions on the surface.
Conversely, the L-D curve of the SiC specimen displays signifi-
cant variance in the loading and unloading curves, with numer-
ous marked pop-in and pop-out events denoted by black arrows
(major pop-ins) and green arrows (minor pop-ins). Minor pop-in
events exhibit rapid increases in displacement followed by a
more gradual ascent, while major pop-in events are discernible
due to their prolonged displacement increments. Both types of
events occur recurrently and are attributed to the heterogeneous
nature of the sample, leading to fracture development during
loading.

Vickers hardness measurements were conducted over a load
range spanning from 196.13 to 19.61 N, encompassing macro-
hardness values. The results of these measurements and a
post-indentation image at 196.13 N are illustrated in Figure 12.
Notably, the SiC/(Hfy75Tag25)C(N)/C ceramics exhibit an
asymptotic load-dependent behavior, with the highest recorded
hardness value of 22.4 + 3.6 GPa achieved at the lowest load.
With increasing load, the hardness gradually decreases to
14.4 £ 0.9 GPa at 196.13 N, revealing an overall indentation size

3500

3000
2500

Z 2000 -
S

he)
8 1500
-

1000 +

500

T T T T T
0 500 1000 1500 2000 2500 3000
Displacement (nm)

Figure 10. Load displacement curves of SiC/(Hfo 75Tag25)C(N)/C (left) and SiC/(Hfo.75Tag25)C(N)/(B)C (right). In the left figure, black arrows display

major pop-in events and green arrows show minor events.
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a sketch of the nanoindentation experiment is displayed with the influence of the indent tip on the different samples.
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Figure 12. Vickers hardness of SiC/(Hfo 75Tag.25) C(N)/C and SiC/(Hfo.75Tag 25)C(N)/(B)C in the range 196.13 to 19.61 N (left) and SEM micrograph of a

Vickers indent of SiC/(Hfy75Tao2s)C(N)/(B)C at 196.13 N (right).

effect attributed to the presence of porosity within the
material.*1*% SiC /(Hfy 75 Tag 25)C(N)/(B)C shows an entirely dif-
ferent course with a more pronounced horizontal asymptote at
31 GPa, initiating from 49.03 to 196.13 N. The hardness of the
material in the macro scale is constant, and no indentation size
effect was observed. However, the hardness vastly increases to
42.8 £ 6.4 GPa at aload of 19.61 N. This exceptionally high value
is higher than that determined for most boron-free composites
and is located between the super hard materials B,C and c-BN."®!
This hardness is attributed to the low porosity, well-dispersed

fine grains acting as an effective impediment to dislocation
mobility (analogous to precipitation hardening in conventional
alloys), and the increased hardness of both silicon carbide
and the (Hf,Ta)C(N) solid solution. Still, it is imperative not
to consider the measurement error of 19.61 N. It is probable
that somewhat inhomogeneous points were assessed in this
instance, signifying that even though the boron-modified
sample exhibits a favorable microstructure in comparison to
the other sample, it still presents lower uniformity in phase
distribution.



3. Conclusion

The present study investigated the influence of the modification
with minor amounts of boron on a composite material consisting

of SiC/(Hfy75Tag,5)C(N)/C and represents the first study
where the thermal properties and hardness of SiC/(Hf, 75Tag »5)
C(N)/(B)C composites were comprehensively examined—
encompassing heat capacity, thermal diffusivity, thermal conduc-
tivity, Young’s modulus, and macro hardness to the best of our
knowledge.

Maintaining a low boron concentration (below 1 wt%) was cru-
cial to enhance the microstructural evolution during sintering
while preventing undesired transition metal borides. The strate-
gic incorporation of boron into the ceramics was confirmed by
elemental analysis, while Raman spectroscopy indicated that the
boron is located in the segregated graphite phases. The advanta-
geous effects on sintering yielded a highly dense sample with
minimal porosity and a uniformly distributed microstructure.
The homogeneous microstructure led to a reduction in thermal
conductivity and an exceptionally high macro hardness of
~31 GPa. Furthermore, the material exhibited a low thermal

expansion coefficient and limited temperature dependence of
thermal conductivity, rendering it a promising candidate for

future high-temperature applications. In this context, to confirm
suitability for (ultra) high-temperature applications, further stud-
ies in oxidative and corrosive environments at elevated temper-
atures are needed.

4. Experimental Section

Materials Preparation: The synthesis of SiC/(Hf,Ta)C(N)/(B)C compo-
sites followed the method described by Wen et al." In this study, minor
changes to the composition were made by adjusting the Hf:Ta ratio to
75:25 instead of 70:30. Additionally, to facilitate the sintering process,
a small amount of boron was introduced.®® The desired boron weight
fraction was 0.2 to 0.5wt% in order to achieve optimal densification
without discontinuous growth of SiC grains.*®¥ In a typical approach,
SiC/(Hfo.75Tag25)C(N)/(B)C and SiC/(Hfp.75Tag 25)C(N)/C powders were
synthesized by chemically modifying the preceramic polycarbosilane
StarPCS SMP-10 (Starfire Systems, USA) with dimethylamine complexes
of hafnium (TDMAH, Sigma-Aldrich, >99.99%) and tantalum (PDMAT,
Sigma-Aldrich, >99.99%). The molar ratio of TDMAH:PDMAT was set
to 75:25. For SiC/(Hfo.75Tag 25) C(N)/(B)C, the precursor was additionally
reacted with borane dimethylsulfide complex (BMS, Sigma-Aldrich), with a
metal-to-boron molar ratio of 2:1. The reaction was carried out in toluene
under Schlenk conditions. Further details of the synthesis procedure can
be found in the aforementioned work."**" The obtained solid and black-
colored single-source precursors underwent pyrolysis under an argon
atmosphere at 1000 °C and were subsequently ground to produce powders
with a particle size less than 100 pm. The ceramic yield was approximately
80%. Monolithic samples were subsequently prepared SPS (FCT HP D 25/1
equipment, FCT Systeme GmbH, Frankenblick, Germany) at 2200 °C, apply-
ing a pressure of 50 MPa for 20 min under vacuum conditions. Heating and
cooling rates were set at 100°C min™ .

Characterization: Composition and Microstructure: Regarding the charac-
terization, X-ray diffraction (XRD) measurements were carried out for the
powder samples in transmission mode and for the bulk samples in reflec-
tion mode using STADI MP (STOE, Darmstadt, Mo K-alpha source).
Raman spectra were recorded using a micro-Raman HR8000 spectrometer
(Horiba Jobin Yvon, Bensheim, Germany, 514.5 nm). Sample preparation
for scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) followed a standard ceramographic procedure, includ-
ing sample cutting, grinding, and final polishing steps. To achieve electron

transparency for TEM inspection, the polished TEM foil was Ar*-ion milled
until perforation occurred. In order to avoid sample charging under the
incident electron beam, the SEM and TEM samples were coated with a
thin carbon film. High-resolution scanning electron microscopy (HR-
SEM) was conducted using a JSM-7600F (JEOL Ltd., Tokyo, Japan).
Backscattered electron (BSE) images were taken at an accelerating voltage
of 15 keV. TEM analysis was performed using a JEM-2100 F (JEOL Ltd.,
Tokyo, Japan) operating at an accelerating voltage of 200 keV, equipped
with an energy-dispersive X-ray spectroscopy (EDS) detector. The selected
area electron diffraction (SAED) technique was utilized to gain structural
information on the constituting phases within the sintered SiC/(Hf,Ta)
C(N)/(B)C ceramic. Quantitative elemental analysis of Si, Hf, Ta, B, C,
N, and O was carried out at Mikroanalytisches Labor Pascher
(Remagen, Germany).

Thermal Analysis: Thermal expansion was determined with a DIL 402 E
(NETZSCH-Geritebau GmbH, Selb, Germany) in the range of RT-1500 °C
using a heating rate of 5°C°min~' under argon atmosphere (sample
geometries: 10 x 2.5 x 2.5 mm). Thermal diffusivity data were collected
with a LFA 457 MicroFlash (NETZSCH-Geritebau GmbH, Selb,
Germany) from RT—900 °C under argon atmosphere. DSC experiments
were carried out using a STA 449 F3 Jupiter (NETZSCH-Geritebau
GmbH, Selb, Germany) in the range of RT-900°C using a heating rate
of 10°C°min~" under argon atmosphere.

Mechanical Properties: Macro Vickers hardness was tested using a Dia
TEstor 2Rc (Otto Wolpert-Werke, Ludwigshafen Germany) with loads
between 196.13 and 19.61 N. For nanoindentation, a G200 Nano indenter
(KLA-Tencor) with a maximum load of 3000-3500 mN (average penetra-
tion depth of 20002500 nm) equipped with a Berkovich indenter tip was
used to obtain average reduced Young's moduli. The Youngs's modulus
was calculated from the reduced moduli (a Poisson’s ratio of 0.3 was
assumed). Density and open porosity were measured according to
Archimedes method; skeletal porosity was estimated from SEM image
data via quantitative image analysis using Image| software (National
Institute of Health, USA).[36’65]
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