er@\ @Q Journal of Innovative Materials in Extreme | 2026
Conditions | Yo me”

Issue 1

HIGH PRESSURE/HIGH-TEMPERATURE BEHAVIOR AND PHYSICAL
PROPERTIES OF COMPOSITIONALLY COMPLEX CARBONITRIDES

Dharma Teja TEPPALA,*® Shrikant BHAT,? Anke WEIDENKAFF,* Marc
WIDENMEYER,® Emanuel IONESCU**
' TU Wien, Institute for Chemical Technologies and Analytics, Getreidemarkt 9, 1060 Wien, Austria
2 Deutsches Elektron Synchrotron, Notkestrasse 85, D-22607 Hamburg, Germany
$TU Darmstadt, Institute for Materials Science, Peter-Grinberg-Str. 2, D-64287 Darmstadt,
Germany
" Corresponding author: Emanuel lonescu (emanuel.ionescu@tuwien.ac.at)

Abstract: Compositionally complex carbides, nitrides, and carbonitrides represent a promising class
of ceramics stable under high temperatures, high pressures, and ultra-harsh environmental
conditions. However, their structural stability under simultaneous high-pressure and high-
temperature conditions remains largely unexplored. To address this, in this work, two single-phase
ceramic compositions, i.e., (Ti,Zr,Hf,Nb,Ta)Cys54No4, (V,Nb,Ta,M0,W)Cys, were synthesized through
non-oxidic sol-gel assisted high temperature annealing, resulting in phase pure powders with tailored
anionic compositions confirmed by elemental analysis. The phase evolution, possible phase
transformations, and phase stability were examined using an in-situ high-pressure-high-temperature
method up to 20 GPa and 1900 °C. Both compositions remained structurally stable throughout the
investigated pressure-temperature range, and the bulk modulus of these compositions was determined
to be 309 GPa and 267 GPa using the Birch-Murnaghan EOS under room-temperature compression,
exceeding those of the binary constituents. At 20 GPa, both ceramics exhibited anharmonic
volumetric thermal expansion behavior described by a2® = 5.97*10°+1.33*10°T, a2® = 2.84*10°
®+2.05*10°T, respectively. The coefficient of thermal expansion of (Ti,Zr,Hf,Nb,Ta)Cos:No4 at
ambient pressure was determined to be 2.58*10° /K up to 600 °C.

1. Introduction

Early transition-metal compositionally complex carbides, nitrides, and carbonitrides represent
an important class of ceramics that has attracted considerable attention due to their remarkable
combination of properties compared to their binary constituents [1-5]. The improved properties of
compositionally complex ceramics are generally attributed to the so-called ,,core effects”, i.e., high
configurational entropy, sluggish diffusion, lattice distortion, and synergistic effects, which were
initially described by Jin Wei Yeh for high-entropy alloys [6] and later extended to ceramics
following the synthesis of the first compositionally complex oxide, (Mg,Co,Cu,Ni,Zn)O, by Rost [7].

Due to their remarkable structural stability, oxidation resistance, high-temperature mechanical
performance, and hardness, early transition-metal compositionally complex ceramics containing
group IVB, VB, and VIB cations are often classified as ultra-high-temperature ceramics (UHTCs).
These materials typically possess melting points above 3000 °C and generally crystallize in a cubic
rock-salt structure consistent with most binary counterparts [8-10].

Typically, the synthesis of such ceramics requires temperatures as high as 1700 °C and pressures
around 100 MPa to obtain dense samples. Spark plasma sintering is commonly employed to fabricate
these ceramics in specific shapes through reaction sintering of oxides or consolidation of single-phase
ceramic powders [11-15]. Such powders are frequently produced using sol-gel [16-19], polymer-
derived [20-21], or molten salt methods [22-24]. Although the synthesis and mechanical properties of
compositionally complex carbides, nitrides, and carbonitrides have been extensively investigated,
with hardness, elastic modulus, and fracture toughness values well documented [25-27], there remains
limited research on their structural stability under high-pressure conditions.

Initial studies by Guan et al. [28-29] on the high-pressure synthesis of (Ti,Zr,Nb,Ta,Mo)C and
(Ti,Zr,Hf,Nb,Ta)C have provided important insights into carbide stability under hydrostatic and non-
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hydrostatic conditions, including possible phase transformations and room-pressure bulk modulus
determination. Similarly, studies on (V,Nb,Ta,Mo,W)C under cold compression by Iwan et al. [31]
using diamond anvil cells up to 70 GPa revealed exceptional incompressibility, with bulk moduli
exceeding 350 GPa. These findings were further supported by similar studies conducted by Shu et al.
[32] up to 58.4 GPa.

In the present work, two compositionally complex systems, namely (Ti,Zr,Hf,;Nb,Ta)CiNi— and
(V,Nb,Ta,Mo,W)Cy, were synthesized via a non-oxidic sol—gel route followed by high-temperature
annealing. The resulting materials were investigated using in situ energy-dispersive X-ray diffraction
(ED-XRD) under pressures up to 20 GPa and temperatures up to 1900 °C in a large-volume press
(LVP). The structural stability, phase evolution, and compressibility of these systems were
systematically analyzed, and their bulk moduli were determined using the Birch—Murnaghan equation
of state. These findings provide new insights into the stability and mechanical response of
compositionally complex carbonitrides under high-pressure and high-temperature conditions and
contribute to the broader understanding of high-entropy ceramic systems.

In this context, in situ high-pressure X-ray diffraction techniques provide powerful tools for probing
structural evolution and extracting equation-of-state parameters under relevant conditions. Energy-
dispersive X-ray diffraction (ED-XRD) enables rapid data acquisition over a wide energy range,
making it particularly suitable for experiments involving dynamic temperature and pressure
variations.

2. Experimental
2.1. Sample Preparation

High-purity commercial TiCl,, ZrCl,, HfCl;, NbCls, TaCls, MoCls, WClg, LiN(CHz3),, and
n-hexane were purchased from Merck (Germany) and stored in a glovebox to avoid oxygen
contamination. n-Hexane was used as received without further purification. All glassware used for the
non-oxidic sol-gel synthesis, including low-temperature ammonolysis, was oven-dried at 120 °C for at
least 1 day to remove adsorbed moisture, and all synthetic procedures were performed using a
Schlenk line setup.

Two compositions corresponding to (Ti,Zr,Hf,Nb,Ta) and (V,Nb,Ta,Mo,W) were prepared via the
non-oxidic sol-gel process, with the detailed synthesis method reported elsewhere [36,37]. Briefly,
equimolar amounts of the respective metal precursors of the combination were added to the
suspension containing stoichiometric lithium dimethylamide in 200 mL of n-hexane. After refluxing
for 4 h at 70 °C, the reaction mixture was filtered in inert gas atmosphere for the removal of LiCl. The
resulting metal dimethylamide solution was subsequently subjected to low-temperature ammonolysis
at -100 °C using a cold bath, yielding a precipitated xerogel. The ammonolysis setup was warmed to
room temperature overnight under an argon atmosphere. Subsequently, n-hexane was removed by
vacuum evaporation, yielding the xerogel, which was stored in a glovebox for further use due to its air
and moisture sensitivity.

The xerogel was then subjected to high-temperature ammonolysis at 1000 °C for 3 h under high-
purity NH; (>99.999%), with a ramp rate of 200 °C/h during heating and cooling to obtain nitrides.
Furthermore, the nitrides were annealed in a graphite crucible at 1700 °C for 3 h under N, with a ramp
rate of 20 °C/min during heating and cooling to obtain carbonitrides. The resulting carbonitrides were
subsequently subjected to high-pressure and high-temperature conditions to evaluate their structural
stability and determine key physical properties, e.g., bulk modulus and thermal expansion
coefficients.

2.2 Characterization techniques

The xerogel was analyzed using a Fourier-transform infrared spectrometer (FTIR) in
attenuated total reflection (ATR) under an argon atmosphere with a VARIAN-670 (Agilent
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Technologies) in the range of 500 cm-1 to 4000 cm-1, with automatic baseline and background
corrections.

The crystal structure and the phase composition details were obtained from XRD patterns recorded in
transmission mode with STOE STADI-MP (STOE and Cie GmbH, Darmstadt, Germany) equipped
with a Germanium (111) monochromator, resulting in Mo-K,; radiation (A1=0.70932 A), with a step
size of 0.105° and with an acquisition time of 30 s per step.

In-situ HT XRD measurements on the carbonitride of group 1V-V were performed using a customized
setup from STOE GmbH (STOE and Cie GmbH, Darmstadt, Germany), with a Ge (111)
monochromator, resulting in Mo-Kal (A = 0.70932A) and a 670.3 heating device (shielded from air
by Kapton) from Huber Diffraktionstechnik GmbH and Mythen 2K detector from DECTRIS. The
measurement was performed by filling the powder into a 0.5 mm-diameter quartz capillary and
sealing it with epoxy. The powder was loaded into a 0.5 mm diameter quartz capillary and sealed with
epoxy. The setup was heated at 20 °C/min, with an acquisition time of 2 h per measurement at
selected temperatures.

The diffractograms were analyzed using MATCH! software (Crystal Impact GmbH, Germany), while
the Rietveld refinements of ambient-condition phases were performed using Fullprof version 7.95
[38] with Thompson Cox and Hastings, with the Axial Divergence function using 7-coefficient
Chebyshev polynomials. NIST SRM 660b LaBg was employed to determine the zero shift and
instrumental contribution within the diffraction patterns. For HT-XRD, the Pseudo-Voigt function
was chosen, with linear interpolation of background points.

The carbon content of the pre-HP-HT ceramics was determined through combustion analysis (LECO
C-200, LECO Instruments GmbH, Germany), while the O and N analysis was performed using
ELEMENTRAC ONH-p2 analyzer (Eltra elemental analyzers, Verder Scientific, Haan, Germany).
The morphology of the post HP-HT ceramics was investigated using a scanning electron microscope
JSM-7600F (JEOL Ltd., Tokyo, Japan). The morphology of the pre-HP-HT ceramics was examined
using a Phillips XL30 FEG high-resolution scanning electron microscope (FEI Company, Hillsboro,
Oregon, USA) and an energy-dispersive X-ray spectroscope (EDS; Mahwah, New Jersey, USA).

2.3 High-Pressure/High-Temperature Setup

In-situ XRD experiments under high-pressure and high-temperature conditions were conducted
using a 6-8 Kawai-type compression geometry with a Hall-type six-ram LVP (Mavo press LPQ6
1500-100, Max Voggenreiter GmbH, Germany) at the P61B beamline at DESY, Hamburg.

Tungsten carbide (WC) second-stage anvils (32mm, FUJILLOY TF08, Japan) with a truncated edge
of 4 mm were used to compress the Cr,Oz-doped MgO octahedron, with an edge length of 10 mm.
The Cr,05-doped MgO octahedron assembly was used as a pressure-transmission medium, together
with a TiB, cylindrical heater (EBN grade, Denka Japan, Japan).

The precursor powders were hand-pressed into a cavity within a metal disc (height (h) = 1.4 mm,
diameter (¢) = 1.8 mm) inside the glovebox and subsequently placed into an h-BN tube to prevent
exposure to air or moisture. Similarly, mixtures of Pt+KCI, or MgO+CsCl, were prepared and loaded
into a h-BN tube as real-time pressure markers. The sample and the pressure marker were
simultaneously loaded into the octahedron. Additional details of the experimental setup are provided
elsewhere [35]. For pressure determination, Yokoo EOS [36] was applied to Pt, Tateno EOS [37] for
B2-KCI (B1-B2 transformation occurs at 2 GPa), Tange-Vinet for MgO [38], and Dewaele for CsCl
[39].

Prior to the experiments, detector energy calibration was performed using *’Co and '**Ba radionuclide
sources. The positions of the two Ge detectors (with Pb shielding) were calibrated to 4.9615° (20) and
3° (20), respectively, using a LaBg standard (National Institute of Standards and Technology (NIST)
SRM 660c). Diffracted X-rays from the sample were collected over an energy range of 20-160 keV.

The assembly was initially compressed to a target pressure of 20 GPa at room temperature and
subsequently heated stepwise to approximately 1900 °C to investigate the structural stability of the
compositionally complex carbonitrides under combined pressure and temperature conditions. ED-
XRD patterns were recorded during heating at different temperatures up to ca. 1900 °C (rounded—
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calculated values of £20 °C based on a calibrated power-temperature relationship), only after the
temperature had reached a steady state during each heating step. The ED-XRD patterns were
visualized using PDIndexer [40], and lattice parameters were accurately determined through Le Bail
refinement using the General Structure Analysis System (GSAS-II) [45]. The room pressure
compression data were fitted using EoSFit software [46].

3. Results and Discussion
3.1 Compositionally Complex Carbonitrides- Pre-compression.

The xerogel obtained via low-temperature transamination was investigated by means of FTIR
spectroscopy, and the corresponding spectrum is shown in Figure 1. The presence of bands
corresponding to N-H vibrations centered at 3300 cm™ as well as of M-N deformations at 1150 cm™ -
950 cm™ confirms transamination with ammonia. However, the presence of CH; vibrational bands
centered at 2900 cm™ and NC, deformation bands at 960 cm™ indicates that transamination was only
partially complete. [32,33] The xerogel was obtained as a solid precipitate from n-hexane during
transamination, suggesting partial macromolecular network formation and a certain degree of M—N-
mediated crosslinking.

a) b)
TiZrHfNbTa

TiZrHfNbTa

= )
S <
e VNbTaMoW °
o N-H 2 VNbTaMoW
8 8
2 2
0 4 o J [ |
c c
IS a M-N
e = C-H — NC,
< < M-Imido
C-H t - |
I N I i Deformations
Vibrations Deformations

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 1700 1600 1500 1400 1300 1200 1100 1000 900

Wavenumber (cm™) Wavenumber (cm™)
Figure 1. (@) FTIR-ATR spectra of the xerogels, (b) Inset of the spectrum in the fingerprint area.

The ceramics obtained after ammonolysis at 1000 °C and subsequent annealing at 1700 °C were
evaluated by XRD to identify phase composition and structural evolution. For the (Ti,Zr,Hf,Nb,Ta)
system, the diffractogram of the ceramic obtained at 1000 °C exhibits high intensity peaks
corresponding to (111), (200), (220), (311), and (222) planes of rock-salt structure at 260 = 16.5°,
19.1°, 27.1°, and 31.9° respectively and can be seen in Figure 2a. However, several weak additional
reflections indicate the presence of minor secondary phases. Many of the weak reflections of the
potential minor phases are indexed to ZrO,-based oxides, primarily monaoclinic (P2,/c), likely
resulting from oxygen contamination during sample handling. The lattice parameter of the nitride
phase is determined to be 4.26(1) A.

Following annealing at 1700 °C, the diffractogram showed the disappearance of oxide-related minor
peaks. Thus, the ceramic was observed to be single-phase and determined to be of rock-salt structure,
with the diffraction peaks shifting to lower angles. These observations suggest carbothermal reduction
of oxide phases and carbon incorporation into the anionic sublattice, reflected by an increased lattice
parameter of 4.39(1) A. Elemental analysis confirmed that the sample annealed at 1000 °C was
predominantly a nitride, whereas the sample annealed at 1700 °C formed a carbonitride with the
composition (Ti,Zr,Hf,Nb,Ta)Cq54No 4.
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While the (Ti,Zr,Hf,Nb,Ta) system yielded well-crystallized ceramics, the (V,Nb,Ta,Mo,W) system
exhibited distinct behavior (Figure 2b). Elemental analysis revealed that the 1000 °C ceramic was a
pure nitride, whereas the 1700 °C annealed ceramic consisted exclusively of carbon. The
diffractogram of the sample obtained at 1000 °C displayed significantly broadened reflections
characteristic of a rock-salt structured phase, indicating substantial lattice strain and nano-
crystallinity. Minor low-intensity reflections at lower angles suggest the presence of oxide impurities,
although these were insufficiently intense for unambiguous phase identification. After annealing at
1700 °C, a similar diffractogram with sharper reflections was observed, indicating the formation of a
carbide phase with the composition (V,Nb,Ta,Mo,W)C, (x = 0.8). The lattice parameters were
determined to be 4.22(1) A and 4.35(1) A, for the nitride and carbide phase, respectively. The absence
of nitrogen in the sample annealed at 1700 °C clearly point toward the thermodynamic instability of
the nitride phase at elevated temperatures, particularly in comparison with the more stable
(Ti,Zr,Hf,Nb,Ta)N-based system. Rietveld refinements for (Ti,Zr,Hf,Nb,Ta)CossNos and
(V,Nb,Ta,Mo,W)C,s are presented in Figures 2c and 2d. Due to the absence of the oxidic minor
phases and other secondary phases, (Ti,Zr,Hf,Nb,Ta)Cy54No4 and (V,Nb,Ta,Mo,W)C, g were selected
for subsequent high-pressure experiments. The compositions (Ti,Zr,Hf,Nb,Ta)CossNo, and
(V,Nb,Ta,Mo,W)C,s are labelled as BT-648, BT-649. The fit corresponding Rietveld refinement fit
parameters are summarized in Table 1.
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Figure 2. Diffractograms of (a) (Ti,Zr,Hf,Nb,Ta), (b) (V,Nb,Ta,Mo,W), at 1000 °C, and 1700 °C,
(c) Rietveld of (Ti,Zr,Hf,Nb,Ta)Cys:No 4 (BT-648), (d) Rietveld of (V,Nb,Ta,Mo,W)C,s (BT-649)
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Table 1. Fit parameters of Rietveld refinement for (Ti,Zr,Hf,Nb,Ta)Cys4Nos and
(V,Nb,Ta,MO,W)C().g

Sample Rw (%) WRp (%) Re (%) r
(Ti,Zr,Hf,)Nb,Ta)Co54No 4 10.3 10.2 3.96 6.66
(V,Nb,Ta,Mo,W)Cgs 8.18 9.54 3.45 7.65

3.2 HP-HT — Compression and mechanical response

The ED-XRD patterns of BT-648 and BT-649, recorded at selected pressures during room-
temperature compression, are shown in Figure 3a and 3b. As pressure increases, interatomic distances
between cations and anions decrease relative to ambient conditions, resulting in lattice contraction and
a corresponding shift of the diffraction peaks toward higher energies in the ED-XRD patterns.

Compression at elevated pressures can significantly influence crystal structure through lattice
distortion, preferred orientation changes, and the generation of structural defects such as dislocations
[39], as reflected by peak broadening and intensity variations. The intensity ratio between the (200)
and (111) reflections of pre-compressed BT-648 differs between ED-XRD data (Figure 3a) and
laboratory Mo-anode data (Figure 2c), which is attributed to differences in beam characteristics and
experimental geometry.

With increasing pressure, the diffraction pattern gradually shifted to higher energies and exhibited
increasing peak broadening, particularly at higher diffraction angles. This broadening likely arises
from structural deformations and inhomogeneous strain associated with different crystal-plane
responses, indicating increased dislocation density.

In addition to the characteristic diffraction peaks of the rock-salt structure, several stationary peaks
were observed in the ED-XRD patterns (Figures 3c and 3d). These peaks correspond to X-ray
fluorescence emissions from heavy elements such as Hf, Ta, and W present in the ceramics [42].
Similarly, Pb fluorescence peaks originating from shielding material were detected, consistent with
previous instrumental observations [35]. Despite significant peak broadening and progressive lattice
contraction with increasing pressure, the absence of new diffraction peaks or pronounced asymmetry
indicates that both ceramics retained their rock-salt structure without detectable phase transformation
up to 20 GPa.

The Le Bail fitting of BT-649 at 13.4 GPa is shown in Figure 3e as a representative example of the
fitting procedure applied across the full dataset.
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and Pb, (e) Le Bail fit of BT-649 diffractogram corresponding to 13.4 GPa.

Following confirmation of structural stability, the unit cell parameters obtained from the Le Bail
fitting of the room-temperature compression dataset were plotted as a function of pressure (Figures 4a
and 4b). To determine the bulk modulus, the pressure-volume data were fitted using the third-order

Birch-Murnaghan equation of state, as described by Equation 1.
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where P is Pressure, V, (later V3y) is the volume at room pressure and room temperature, V denotes
volume during room temperature compression, B, denotes ambient pressure bulk modulus, By’ is the
pressure derivative of bulk modulus, f represents Eulerian strain and Fp represents normalised
pressure. The refinement yielded B, values of 309(6) GPa and 267(5) GPa in the case of BT-648 and
BT-649, respectively. In both cases, B,” was fixed at 4(0), effectively reducing the model to a 2™
order Birch- Murnaghan equation of state. The validity of the fitting procedure was also evaluated
using an Eulerian strain (eq. 2) vs normalized pressure (eq. 3, 4) plot. As shown in Figures 4c and 4d,
the data are best described by a line with approximately slope 0, consistent with the applicability of a
2nd-order Birch- Murnaghan equation of state.
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Figure 4. Birch Murnaghan 3™ order EoS fitting (K’ is fixed as 4) of (a) BT-648, (b) BT-649,
Eulerian strain vs normalized pressure fitting of (c) BT-648, (d) BT-649.

The experimental stress state and deformation behavior can be determined through the diffractograms.
In contrast to DAC experiments, LVP conditions are generally considered quasi-hydrostatic because
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pressure is applied in a tri-axial rather than uni-axial manner. As seen in Figure 5, the planar
compression behavior during decompression follows similar trends across different crystallographic
planes, indicating near-hydrostatic conditions throughout the experiment.
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Figure 5. Reduction of the lattice parameters of BT-649 with respect to pressure (b) Trend of
reduction per do.

The bulk modulus values of 309 GPa, and 267 GPa for BT-648, and BT-649, respectively, exceed
those reported for many binary carbides and nitrides listed in Table 2, including TiC [43,44], TiN
[52], ZrC [45], HfC [44,46], NbC [48], VC[47], while remaining comparable to values reported for
TaC [28], VN [54]. This deviation from binary systems is likely associated with local lattice strain
fields generated by the multicomponent cation distribution under hydrostatic compression. Similar
behavior has been reported for other compositionally complex carbides, e.g., (Hf,Nb,Ta,Ti,W)C (B =
291 GPa) [25], (Nb,Ta,Ti,V,W)C (253 GPa) [25], (Ti,Zr,Nb,Ta,M0)C (311-332 GPa)[28].

Table 2. Bulk modulus of the carbides and nitrides obtained through high-pressure, high-temperature

methods.

Sample Bulk Modulus (GPa) Pressure mode

TiC 248 [44], 282 [45] LVP [44], DAC [45]
ZrC 210 [46] DAC [46]

HfC 286 [45], 270 [47] DAC [45], LVP [47]
VCos 258 [48] DAC [48]

NbC 274 [49] DAC [49]

TaC 345 [28], 355 [47], 433 [50] | DAC [28],[50] LVP [47]
Mo,C 307 [55] DAC [55]

W,C 347 [56] DAC [56]
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TiN 320 [57] DAC [57]
HTNq 250 [58] DAC [58]
VN 328 [59] DAC [59]
TaN 280-320 [56] DAC [56]
(Ti,2r,Nb, Ta)CoaNo> 248 [57] DAC [57]
(HT,ND, Ta, T, W)C 291 [25] NI [25]

(Hf,Nb, Ta, Ti,Zr)C

235 [25], 333 [29], 205 [58]

N.I [25], Acoustic [58]

(Hf,Nb,Ta, Ti,V)C 267 [25] N.I [25]
(Nb,Ta,Ti,V,W)C 253 [25] N.I [25]
(Ti,Zr,Nb,Ta,Mo)C 311-332 [28] DAC[28]
(Hf Ta,Ti,W,Zr)C 246 [25] N.I [25]
(Hf,Nb,Ta,Ti,Zr)N 216 [58] Acoustic [58]

(V,Nb,Ta,Mo,W)C 334 [31], 278 [25] DAC [31], N.1[25]
(Ta,Nb,Hf,Zr,V)C 311[59] DAC [59]
(Ti,Zr,Hf,Nb,Ta)CN 258 [58] Acoustic [58]

N.I. indicates Nano indentation. Bulk modulus was obtained through the conversion of Young’s modulus with Poisson’s

ratio. DAC denotes Diamond anvil cells.

Comparing the values of the two systems studied, BT-648 exhibits a higher bulk modulus BT-649.
This difference likely arises from two primary facts: (a) the binary constituents of the carbonitride
system possess intrinsically higher bulk moduli, whereas the carbide system includes comparatively
softer components, e.g., VC and NbC, (b) mixed carbon and nitrogen occupancy in the anionic
sublattice may introduce bond heterogeneities that enhance lattice stiffness.

Additionally, bulk modulus values reported from diamond anvil cell (DAC) experiments may differ
from those obtained using large-volume press (LVVP) methods due to differences in stress states. Non-
hydrostatic conditions in DAC experiments can lead to systematic overestimation or underestimation
of bulk modulus values, while variations in pressure calibration methods further complicate direct
comparison between DAC and LVP measurements.

3.3 High Temperature behavior at 0, 20 GPa

To evaluate the effect of pressure on thermal expansion, in-situ XRD measurements were first
performed on BT-648 at ambient pressure from room temperature to 700 °C in air as a reference
(Figure 6a and 6b). The ceramic remained stable as a single-phase carbonitride up to 600 °C, while
further increases in temperature led to oxidation and the formation of compositionally complex oxide
phases such as MO,, M,0s, or mixed oxides such as (Zr,Hf)s(Nb,Ta),0;7.[64] The Rietveld fit of

12 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.
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room temperature as representative refinement can be seen in Figure 6¢ and the fit parameters can be
seen in Table 3.

Table 3. Fitting parameters of the Rietveld refined BT-648 obtained at 26 °C before initializing
in-situ high temperature XRD measurement.

Sample Rp (%) WRp (%) Re (%) ¥ a(A)
(Ti,Zr,Hf Nb,Ta)Co 54N .4 27.6 20.0 14.6 1.89 4.38(1)

Under high-pressure conditions, material stability may be strongly influenced by reduced interatomic
distances, whereas dislocation generation occurs through plastic deformation under deviatoric stress
[65,66]. Increasing temperature under pressure may additionally promote phase transformations
through structural rearrangements, coordination changes, or enhanced diffusion, as reported for
systems such as Hf;N, [54], or through sintering accompanied by dislocation annihilation and
recrystallisation [61]. For both BT-648, and BT-649, gradual heating under pressure produced a
pronounced increase in crystallinity, as shown in Figure 6d and 6e, indicating grain growth and partial
dislocation recovery. Even at temperatures up to 1700 °C, neither composition exhibited detectable
phase separation or structural transformation, thereby demonstrating high structural stability
throughout the investigated HP—-HT range.
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Figure 6. ED-XRD patterns of (a)In-situ diffractograms BT-648 at 0 GPa, (b) Inset of (220)
indicating the lattice expansion with respect to temperature, (c) Rietveld refinement of BT-648
measured during in-situ HT XRD measurements, ED-XRD diffractograms of (d) BT-648, (e) BT-649
with respect to temperature at 20 GPa.

The volumetric thermal expansion at both ambient conditions and at high-pressure conditions was
determined from the lattice parameters obtained through the Rietveld refinements and Le Bail
refinements, respectively, based upon equations (5) and (6).
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where aff indicates the volumetric thermal expansion at constant pressure P, V denotes volume, Vi,
denotes volume at 300 K at pressure P (in this case, it is either 0 GPa or 20 GPa), V¥ denotes recorded
volume at constant pressure.
The results for both ceramics are shown in Figure 7a-d. It is clearly seen that the volumetric
expansion of BT-648at 0 GPa is linear up to 873 K (600 °C), with a = 2.58*10° /K, consistent with
a quasi-harmonic behavior. At 20 GPa, the sample followed a quadratic dependence described by
In (L) =5.97 «107%(T — 300) + % (1.33 x 1078)(T? — 300?)
300
yielding a2° = 5.97*10°+1.33*10°T. The effect of pressure on thermal expansion is clearly seen, as
the thermal expansion was suppressed to 61% of the ambient pressure value. BT-649 (Figure 7c-d)
exhibited a similar trend to BT-648 with
V =76.88—234%10"4T +9.72 % 1077T?
Vv 1
In (—) =2.84%107%(T — 300) + 5(2'05 *1078)(T? — 300%)
300
yielding aZ® = 2.84*10°+2.05%10°°T. The presence of the T? term indicates anharmonicity due to
pressure, thereby resulting in thermal expansion as a function of temperature [63].
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Figure 7. (a) Volumetric expansion at 0, 20 GPa for BT-648 (b) Fitting of BT-648 (c) Volumetric
expansion of BT-649 at 20 GPa, (d) Fitting of volume expansion for BT-649.

The reason for such anharmonic thermal expansion lies within the asymmetry of the potential energy
well of the ceramics. At lower temperatures, the asymmetry of the potential is minor, so the expansion
is approximately linear with respect to temperature. With increasing pressure, the asymmetry is
pronounced because ions are displaced into the steeper repulsive part of the potential energy curve.
This leads to a non-linear increase in asymmetry with temperature, resulting in a quadratic
dependence of expansion.

As the anharmonic behavior is reflected in both ceramics, this confirms that the quadratic nature is a
pressure-driven phenomenon, and the anionic composition makes little contribution to it. In
compositionally complex carbonitrides, the presence of M-C and M-N bonds with different bond
lengths and bond constants contributes to local lattice asymmetry. The local lattice asymmetry,
differences in bond character due to ionic vs. covalent bonding, and the presence of multiple elements
lead to a distributed potential energy well and broaden the anharmonic behavior relative to carbide or
nitride counterparts.

The post-experimental recovered samples were observed under SEM for their morphology and are
shown in Figure 8a-d. The recovered samples clearly showed a high degree of compaction, as the pre-
HP-HT samples are powders, as seen in Figure 8e.

Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.
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Figure 8. SEM of post HP-HT samples of (a) BT-648 in BSE mode, (b) BT-648 in SE mode, (b) BT-
649 in BSE mode, and (d) BT-649 in SE mode, (e) BT-649 powders before high pressure high
temperature.
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4. Conclusions

In this work, two rock-salt-type compositions, (Ti,Zr,Hf,Nb,Ta)Cps4sNo4, and
(V,Nb,Ta,Mo,W)Cys, were successfully synthesized through a non-oxidic sol-gel process assisted
with high-temperature annealing at 1700 °C. The non-oxidic sol-gel route proved effective for
producing compositionally complex nitride powders at temperatures as low as 1000 °C, offering a
lower-temperature alternative to conventional spark plasma sintering (SPS)-based approaches. Pre-
annealed ceramic contained minor oxide impurities, whereas the annealed samples are single-phase,
although nitrogen loss occurred during high-temperature treatment.

The resulting ceramic powders were investigated for structural stability under combined high-pressure
and high-temperature conditions by compression to 20 GPa followed by heating to 1900 °C while
maintaining constant pressure. Internal pressure was determined using standard pressure marker
mixtures, specifically Pt + KCl for (Ti,Zr,Hf,Nb,Ta)Co.saNo.a and MgO + CsCl for
(V,Nb,Ta,Mo,W)Co.s.Both ceramics retained structural stability up to 20 GPa, and their lattice
parameters were determined at selected intervals during compression.

The room-temperature bulk moduli were determined to be 309 GPa and 267 GPa, respectively, using
the Birch—Murnaghan equation of state.

Furthermore, thermal stability under pressure was evaluated through stepwise heating to 1900 °C at
20 GPa. The absence of detectable phase transformation throughout this HP—HT range confirmed the
high structural resilience of both compositions under the investigated conditions.

Pressure significantly influenced thermal expansion behavior, resulting in anharmonic volumetric
expansion described by aZ® = 5.97*10°+1.33*10°T (as for (Ti,Zr,Hf,Nb,Ta)Cs:No4), and aZ® =
2.84*10°+2.05*10°°T (as for (V,Nb,Ta,Mo,W)Cos).

The HP-HT large-volume press approach offers significant advantages over DAC methods by
enabling larger sample volumes under quasi-hydrostatic conditions, thereby providing a robust
platform for determining bulk moduli, thermal expansion behavior, and the synthesis or evaluation of
new compositionally complex ceramic systems.
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