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ABSTRACT

Multi-component transition metal carbides (MTMCs) have garnered significant attention for their out-
standing high-temperature stability and versatile properties, which make them ideal candidates for a
wide range of industrial applications. However, the underlying mechanisms governing the crystal growth
and morphological evolution of MTMCs remain poorly understood, hindering the design of materials with
tailored characteristics. In this paper, we employ an in-situ liquid-solid reaction method to synthesize
(HfTaZrNbTi)C MTMC powders and explore their crystal growth and morphology evolution. The synthe-
sized (TiZrHfNbTa)C powders exhibit two distinct morphologies: cubic, primarily composed of Ti, Hf, Ta,
and Zr with a small amount of Nb, and octahedral, rich in Ti and Ta with minor amounts of Hf, Nb, and
Zr. First-principles calculations show that the surface energy of the (100) plane is lower than the (111)
plane, leading to the formation of the cubic morphology. The octahedral morphology forms due to de-
creased mixing entropy and higher theoretical density compared to cubic particles. Our findings provide
valuable insights into the crystal growth and morphology evolution mechanisms of high-entropy ceram-
ics, contributing to the rational design of MTMCs with engineered crystal structures for diverse structural

and functional applications.
© 2026 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

1. Introduction

TMCs are gradually becoming inadequate to meet the requirements
of advanced applications.

Transition metal carbides (TMCs), such as TaC, ZrC, and TiC,
have attracted considerable research interest due to their high
hardness, superior thermal stability, and excellent corrosion re-
sistance [1-3]. These TMCs belong to the ultra-high-temperature
ceramics (UHTCs) family and have great potential applications in
structural components and thermal protection systems [4-6]. How-
ever, due to the inherent limitations in performance improvement
and the increasing demands of modern industrial developments,
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Over the past decade, the design concept of multi-component
solid solutions, also commonly referred to as medium- or high-
entropy, has proven to be a highly promising strategy for en-
hancing the comprehensive properties of UHTCs [7-11]. The syn-
thesized multi-component transition metal carbides (MTMCs) ex-
hibit superior structural stability and corrosion resistance com-
pared to single-component TMCs, particularly in extreme envi-
ronments such as high-pressure, high-temperature oxidation, and
high-speed airflow [12-14]. The first-principles calculations have
also been used to explore the phase stability and mechanical prop-
erties of MTMC s, providing essential insights into their thermody-
namic behavior and further reinforcing the potential of these ma-
terials for UHTC applications [15,16].
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https://doi.org/10.1016/j.jmst.2025.03.057
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jmst
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmst.2025.03.057&domain=pdf
mailto:weiliu@ciac.ac.cn
mailto:yhzhao@njust.edu.cn
mailto:niejinfeng@njust.edu.cn
https://doi.org/10.1016/j.jmst.2025.03.057

Y. Fan, Y. Chen, ]. Wang et al.

Inspired by the excellent performance of MTMCs, a number
of MTMCs have been successfully prepared and some exciting re-
sults have been obtained, greatly expanding the application bound-
aries of UHTCs [17-19]. Notably, the preparation of MTMC pow-
ders is a crucial prerequisite for the synthesis of ceramic mate-
rials. To date, a variety of solid-state reaction methods, including
solid-state sintering [20], carbothermal reaction [21-23], and mag-
nesiothermic reduction [24], have been proposed for the synthe-
sis of MTMC powders. For example, Feng et al. [23] synthesized
(HfZrTiTaNb)C powders using a two-step method of carbothermal
reduction combined with solid solution formation, where the car-
bothermal reduction was completed after heating to 1600 °C, fol-
lowed by solid solution formation at 2000 °C. Ye et al. [22] pre-
pared (Zrgpy5Tag5Nbg 25Tig 25)C powders with particle sizes of 0.5-
2 pum using a one-step carbothermal reduction method at 2200 °C.

Despite the products of the solid-state reaction method pos-
sessing excellent compositional uniformity, it still suffers from sig-
nificant drawbacks such as a complex preparation process, high en-
ergy consumption, and lengthy preparation times. Therefore, the
rapid advancement and widespread application of MTMC materials
have been hindered. Several innovative techniques have been pro-
posed for the synthesis of MTMC powders, including the polymer-
derived ceramic route [25], molten salt synthesis [26], and liquid
precursor method [27]. Although these techniques offer benefits
like low reaction temperatures and nanoscale powder sizes, they
still face unresolved challenges such as the high cost of metal pow-
ders and the use of toxic inorganic reactants. Consequently, there is
a critical need for a low-cost, energy-efficient, and highly effective
method to synthesize MTMC powders.

Furthermore, although some studies on the crystal growth and
morphology evolution of transition metal carbides have been re-
ported [28,29], there are few relevant studies on MTMCs. From the
perspective of crystal growth, the crystalline morphology and ex-
posed facets of the powder have a strong influence on the physi-
cal and chemical properties of the material. By designing and con-
trolling the special preferred orientation exposure surface, further
engineering and functional performance can be obtained such as
electromagnetic interference shielding, mechanical properties, and
catalysis [30,31]. In addition to the limited research on the crys-
tal growth process of MTMCs, more importantly, the fundamen-
tal understanding of the relationship between the crystalline mor-
phology of the MTMC phase and its constituent element remains a
challenge in this field.

In this work, (TiZrHfNbTa)C MTMC powders were synthesized
by a novel and efficient in-situ liquid-solid reaction method via
a molten aluminum medium. The microstructure, elemental dis-
tribution, and three-dimensional morphology of the (TiZrHfNbTa)C
MTMC powders were investigated. The structural stability and sur-
face energy of (TiZrHfNbTa)C were calculated by first-principles
calculations. By combining experimental results with theoretical
calculations, the morphology evolution mechanism of MTMCs was
analyzed based on the crystal nucleation and growth theory. These
findings significantly contribute to the fundamental understand-
ing of the crystal growth and morphological evolution of MTMCs,
which can be of great practical importance for the design of MTMC
powders with desired shapes and performance.

2. Materials and methods

The (TiZrHfTaNb)C particles were synthesized via the in-situ
liquid-solid reaction method facilitated by the molten aluminum
medium. Firstly, the Al-33.3Ni-5.42(TiZrHfTaNb)C (hereafter re-
ferred to as Al-Ni-MTMC) alloy ingot containing (TiZrHfTaNb)C par-
ticles was prepared by vacuum arc melting method. The nominal
composition of the prepared Al-Ni-MTMC master ingot is shown in
Table S1 in the Supplementary Materials. The (TiZrHfTaNb)C parti-
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cles were then extracted from the obtained aluminum matrix com-
posite ingot using a 25 vol% HCI solution. The detailed experimen-
tal procedures, characterization methods, and the first-principles
calculations are also provided in the Supplementary Materials. Spe-
cially, the constructed crystal structures of the (TiZrHfNbTa)C sys-
tem, along with the corresponding fitted energy-volume curves,
are presented in Figs. S1 and S2 in the Supplementary Information,
respectively. Furthermore, Fig. S3 systematically illustrates the sur-
face configurations of (100), TM-(111), and C-(111) surfaces of the
MTMC.

3. Results and discussion

Fig. 1(a) shows the X-ray diffraction (XRD) pattern of the
(TiZrHfTaNb)C particles extracted from the as-cast Al-Ni-MTMC al-
loy. The diffraction peaks correspond to the (TiZrHfNbTa)C car-
bide phase with a face-centered cubic (FCC) rock-salt structure, as
well as the Al3Ni, intermetallic compound. Meanwhile, it is no-
ticed that there are two distinct peaks within the carbide peaks,
indicating the presence of two different types of carbide composi-
tions. Fig. 1(b) shows a typical scanning electron microscope (SEM)
morphology of the synthesized carbide particles. The synthesized
carbides exhibit two distinct morphologies: one exhibits a cubic
morphology enclosed by {100} planes, as shown in the red rectan-
gle, and the other is an octahedral morphology enclosed by {111}
planes, as shown in the blue rectangle. To further investigate the
elemental composition of these two types of carbides, electron
probe microanalysis (EPMA) was conducted. The EPMA mapping
analysis for the cubic and octahedral morphologies is presented in
Fig. 1(c, d), respectively. Fig. 1(c) indicates that the cubic particle
(TiZrHfNbTa)C is mainly composed of Ti, Hf, Ta, Zr, and C, with a
small amount of Nb, and barely contains Ni and Al. The octahedron
particle (Fig. 1(d)) is rich in Ti, Ta, and C, with a small amount of
Hf, Nb. and Zr, and barely contains Ni and Al

Both the XRD and EPMA analyses confirmed that the
(TiZrHfNbTa)C MTMC with two typical crystal morphologies was
successfully synthesized using the in-situ liquid-solid reaction
method. During the in-situ reaction, as the temperature increases,
the dissolved C atoms react with the dissolved Hf, Ta, Zr, Nb, and
Ti in the melt, forming (TiZrHfNbTa)C MTMC. Different crystal mor-
phologies could be related to the distinct growth mechanisms in
the complex melt environment. Besides, the MTMC powders barely
contain Ni atoms although Ni-C alloy was used as a carbon source
in the preparation of MTMC. Fig. S1 proves that Ni atoms are diffi-
cult to enter the MTMC structure and exist as a Ni-Al intermetallic
compound through first principles calculation.

A representative cubic (TiZrHfTaNb)C particle with a particle
size of 2 um was selected and was further investigated the nano-
level crystal structure information and element distribution by
transmission electron microscopy (TEM) analysis. The TEM spec-
imen was prepared using a Focused lon Beam (FIB) system as
shown in Fig. S2. Fig. 2(a) shows a high-angle annular dark field
(HAADF) image of the MTMC particle, exhibiting a cubic shape
with distinct regions of contrast change at the edges. The corre-
sponding energy dispersive spectrometer (EDS) mapping of this
particle (labeled by a red rectangle in Fig. 2(a)) is depicted in
Fig. 2(al). An obvious Nb,,C region is observed at the edge of
the particle. The quantitative EDS line-scan data, presented in Fig.
S3, shows a significant increase in the atomic fraction of Nb from
the core to the outer shell, confirming the formation of a Nb;.,C
shell. Specifically, the Nb content in the shell region reaches ap-
proximately 50 at.%—60 at.% in the outermost layer, while the core
region contains much lower Nb concentrations, remaining below
20 at.%. This distinct difference in Nb concentration defines the
boundary between the core and the shell. The line-scan data also
indicate that this increase in Nb concentration occurs at approxi-
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Fig. 1. (a) XRD patterns of powders extracted from the as-cast Al-Ni-MTMC alloy; (b) the typical SEM image of the extracted (TiZrHfTaNb)C particles; (c, d) the typical SEM
images, EPMA mappings and schematic models of the cube and octahedron particles, respectively.

mately 150 nm from the particle center, clearly marking the tran-
sition between the (TiZrHfTa),;;,C core and the Nb,;C shell. The
core, primarily composed of Ti, Zr, Hf, and Ta, exhibits a uniform
distribution of these elements, with their concentrations remain-
ing stable throughout the core region and only decreasing as they
approach the shell. The high-resolution TEM (HRTEM) images are
shown in Fig. 2(b, d). Fig. 2(c) gives the Fast Fourier transform
(FFT) patterns of the corresponding HRTEM images along the [001]
zone axis, confirming the FCC metal carbides crystal structure.
Fig. 2(d) exhibits the atomic arrangements on the {0011} plane of
the (TiZrHfTaNb)C. The measured interplanar spacing of the (200)
crystal plane of (TiZrHfTaNb)C is 0.241 nm according to Fig. 2(e).
The schematic atomic model of the MTMC with the FCC crystal
structure is shown in Fig. 2(f), which is viewed from the [100]ymc.
The atomic arrangement in the {100} planes is neatly arranged,
and it is consistent with the crystal structure shown in Fig. 2(g)
presents a schematic diagram of the core-shell structured cubic
(TiZrHfTaNb)C particle, with a (TiZrHfTa),;;,C core and a Nb,C
shell, consistent with the elemental distribution data.

The first-principles calculations were performed to study the
formation mechanism of the Nb,C shell existing in the cubic
(TiZrHfTaNb)C particle on the (001) surface. The surface models of
MTMC were constructed as shown in Fig. 2(h) to analyze the en-
ergy changes during the formation of the Nby,C shell layer. For
Model-0, the atoms in the (001) plane are composed of Ti, Zr, Hf,
and Ta elements, and the Nb atoms involved are all located at
the second layer. The surface models were reconstructed via inter-
diffusion between the terminating Ti, Zr, Hf, and Ta atoms and the
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subsurface surface Nb atoms. As a result, the surface models shown
in Fig. 2(h) were formed, named Model-i, i = 1 to 4. For Model-
4, the atoms on the surface are all Nb atoms, while the atoms
randomly distributed in the bulk are all Ti, Zr, Hf, and Ta atoms.
Fig. 2(i) shows the energy change AE"" due to surface atomic re-
construction, expressed as follows:

AEiSLlr — Eisur _ E(S)Llr (1)

where E}'"and E3"" are the total ground state energies of model-
i and model-0, respectively. The result shows that the AE?" de-
creases first and then increases, but is always less than zero dur-
ing the continuous mutual diffusion process between Nb and other
metal atoms. This indicates that Nb elements tend to diffuse to the
terminal position of the (001) surface of the shell. The calculation
results confirm that the initial Nb element in the subsurface (001)
surface is in an unbalanced state and tends to evolve into a surface
model with a Nb;,C shell. In Model-2, half of the Nb atoms have
diffused to the outermost surface, while the remaining Nb atoms
reside in the subsurface layer, leading to the lowest energy change
and the highest thermodynamic stability for this model. It should
be noted that kinetic effects, such as diffusion, are not taken into
consideration in the above ab initio calculations. Therefore, a NbC
shell, rather than the Nb;,C shell observed in experiments, is pre-
dicted. However, these ab initio calculation results are still effective
in explaining the formation mechanism of the Nb;,C shell at the
surface of the carbide structure [32].

A representative truncated octahedral (TiZrHfTaNb)C particle
was then selected and characterized the structure and element dis-
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Fig. 3. The HRTEM analysis of the truncated octahedron MTMC particle; (a) HAADF image; (b) high-magnification of (a); (c) HRTEM graph; (d) the corresponding FFT
pattern; (e) HRTEM image showing the atomic structure; (f) the intensity of the arrows from Al to A2 in (e); (g) schematic illustration of the atomic structure and atomic

configurations on the {111} plane.

tribution in detail. Fig. 3(a, b) shows the typical HAADF images
of the (TiZrHfTaNb)C particles with truncated octahedral morphol-
ogy. In addition, the EDS mapping of these particles is depicted
in Fig. S4. The results show that Hf, Ta, Zr, Nb, and Ti elements
are uniformly distributed at the micrometer scale without obvious
element segregation for truncated octahedral (TiZrHfTaNb)C parti-
cle. The corresponding HRTEM image (Fig. 3(c)) indicates that the
particle exhibits a regular lattice structure. Fig. 3(d) gives the Fast
Fourier transform (FFT) patterns of the corresponding HRTEM im-
ages along the [111] zone axis. Fig. 3(e) exhibits the atomic ar-
rangement on the {111} plane of the (TiZrHfTaNb)C. The measured
interplanar spacing of the (202) crystal plane of (TiZrHfTaNb)C is
0.166 nm according to Fig. 3(f). Fig. 3(g) offers a schematic repre-
sentation of the atomic arrangement of the (TiZrHfTaNb)C crystal
along the {111} planes, which is consistent with the crystal struc-
ture shown in Fig. 3(e).

Based on the above experimental results, the (TiZrHfTaNb)C
powders with two different morphologies were successfully syn-
thesized using the in-situ liquid-solid reaction method. In gen-
eral, the ultimate crystal morphology is primarily determined by
two key factors: the intrinsic crystal structure and the external
conditions present during its growth. According to Wulff's theo-
rem, the equilibrium crystal morphology is the shape with the
lowest total surface energy, so the crystal planes with lower sur-
face energy characterized by high reticular densities and large in-
terplanar spacings will eventually be exposed [33]. Generally, for
FCC structure, (100) and (111) planes are the most typically close-
packed with lower surface energies, thus eventually becoming sta-
ble exposed crystal surfaces [34,35]. The surface energy (V) of
(TiZrHfTaNb)C (100) and (111) surfaces was calculated using the
first principles method and the calculation procedure is given in
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detail in the Supplementary Materials. Fig. 4(a, b) illustrates the
critical nucleation and growth morphology for FCC structure par-
ticles as a function of the (001) and (111) surface energy ratio R
(»100/y111) based on the Wulff construction [36]. The relation-
ship between the value of R and the equilibrium morphology is
described in the Supplementary Materials. Fig. 4(c) plots the sur-
face energy calculation results of (TiZrHfTaNb)C (100) and (111)
surfaces. Generally, lower surface energy indicates higher surface
stability and slower crystallization rate along the direction nor-
mal to the surface [37]. The results show that the surface en-
ergy of (100) surface is always lower than TM-terminated and C-
terminated MTMC (111) surfaces. Therefore, the most stable surface
of MTMC is the (100) plane, which is more likely to be the exposed
crystal plane. Fig. 4(d) gives the calculated surface energy ratio R
with respect to the chemical potential of the carbon atoms (Auc)
. The R value ranges from 0.23 < R < 0.26 to 0.52 < R < 0.68, sug-
gesting that the MTMC tends to form a cube and truncated cube
morphologies, while the ideal octahedra morphology is difficult to
form in the melt theoretically. In general, the final morphology of
the actual crystal depends on a combination of its intrinsic lattice
structure and the external growth environment. The intrinsic crys-
tal structure leads to the formation of an equilibrium morphology
with the lowest surface energy. However, the varied external en-
vironmental factors, such as complicated melt environments and
mass transport processes of the reactants, cause the crystals to de-
viate from the equilibrium morphology by changing the growth ve-
locity in other directions [38,39].

Based on the previous analysis of SEM, EDS, and first-principles
calculations, a schematic illustration of the reaction and morphol-
ogy evolution of MTMC particles in the Al melt was proposed, as
shown in Fig. 5. In this study, the system consists of five transi-
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tion metals and carbon atoms, as shown in Fig. 5(a). During the
in-situ reaction, as the temperature increases, the dissolved transi-
tion metals Hf, Ta, Zr, Nb, and Ti ([Me]) react with the dissolved C
atoms ([C]) in the Al molten to form MTMC nuclei by the following
reaction (1):
[Me]+[C]= MTMC (2)

Table S3 lists the mixing enthalpy (AH,,) of transition metals
and carbon elements. It can be found that the AH,,;, of transition
group metals and C elements is in the order of Zr > Hf > Ti >
Nb> Ta [40]. This indicates that the interaction between carbon
and Group IV elements (Ti, Zr, Hf) is stronger compared to that
with Group V elements (Nb, Ta).
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It is important to note that kinetic effects, such as diffusivity,
are also critical factors in understanding the reaction sequence of
transition metal atoms in the Al melt. The diffusivity D' of an ele-
ment i diffusing in Al matrix is given by the relation [41]:

Qi
RT

where Q! is denoted as activation energy and D{] as the pre-
exponential factor. T denotes the absolute temperature and R de-
notes the gas constant.

Based on theoretical calculations by Luo et al. [42] and exper-
imental values by Knipling et al. [43], the diffusivity of Group IV
elements in Al follows the order: D™ >~ D' ~ DHf_ Additionally, the
diffusivity of Group V elements, Ta and Nb, are significantly lower

D = D0 exp< 3)
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than those of Group IV elements (Ti, Zr, Hf) due to strong solute-
vacancy repulsion [43]. This slower diffusivity of Ta and Nb means
they are less likely to rapidly participate in carbide formation dur-
ing the initial stages of the reaction. Furthermore, it should be
noted that the density of Ta (16.65 g/cm?) is significantly higher
than that of the other atoms. Consequently, the diffusivity order of
elements in the Al melt is DZ" > D't > DHf 55, pNb . pTa,

The transition metals were added in a specific order based on
their melting points. As Ta has the highest melting point, it was
positioned furthest from the Ni-C alloy. As the arc melting process
rapidly exceeded 2000 °C, Al melted in a short time, and the in-
situ liquid-solid reaction between the transition metals and carbon
atoms occurred rapidly. During the melt-flowing process, the more
reactive and diffusible elements (Ti, Zr, Hf) spontaneously diffuse
towards the surface of the melt and adsorb onto the C atoms. This
results in higher concentrations of these elements at the contact
interface, facilitating the rapid reaction between dissolved carbon
atoms and transition metal atoms, leading to the formation of a
ZrC+HfC+TiC-based solid solution. On the other hand, Ta, with its
slower diffusion rate, participates in carbide formation at a later
stage of the reaction.

Generally, when an element with a larger lattice constant en-
ters a host with a smaller lattice constant, significant lattice dis-
tortion occurs, increasing local strain energy and making diffusion
less thermodynamically favorable. Gautam et al. [44] calculated the
lattice constants of TaC and NbC as 4.44 A and 4.47 A, respectively.
Extensive theoretical and experimental results further confirm that
NbC consistently exhibits a larger lattice constant than TaC [45-
47]. Therefore, TaC is more likely to diffuse into the ZrC+HfC+TiC-
based solid solution compared to NbC, leading to the formation
of particles primarily composed of Ti, Hf, Ta, and Zr. Due to the
highest mixing enthalpy with carbon and the slowest diffusion rate
in Al, the remaining C atoms predominantly react with unreacted
Ta atoms to form TaC-based solid solution structures. Furthermore,
TiC, having the lowest lattice constant and the fastest diffusion rate
among the five single-component carbides, exhibits the lowest lat-
tice strain when entering the TaC-based solid solution structure,
resulting in carbide particles enriched in Ti and Ta. Thus, due to
both thermodynamic and kinetic factors, two types of carbides are
formed. The first is primarily composed of Ti, Hf, Ta, and Zr, with
a small amount of Nb, and the second is rich in Ti and Ta, with
smaller amounts of Hf, Nb, and Zr.

The morphology evolution of cubic and octahedral particles
is shown in Fig. 5(b1-b6). After the reaction is complete, dur-
ing the early growth stage, the carbides exhibit rapid, isotropic
growth characteristics, forming near-spherical shapes, as shown in
Fig. 5(b1). As the crystal continues to grow, anisotropic features be-
gin to emerge, driven by the reduction in free energy. The spherical
crystal becomes unstable, and the facets with lower surface en-
ergy, such as (111) and (100) planes gradually appear. Eventually,
the crystal adopts a cubic morphology, surrounded by six (100)
planes and eight (111) planes, resulting in a cuboctahedral shape,
as shown in Fig. 5(b2).

For the particles that are primarily composed of Ti, Hf, Ta, Zr,
and a small amount of Nb, the growth follows Route I. Previ-
ous calculations indicate that the (100) surface always exhibits the
lowest surface energy compared to both TM-terminated and C-
terminated MTMC (111) surfaces. Therefore, the most stable surface
of MTMC particles is the (100) facet. This leads to a gradual in-
crease in the area of the (100) surface, while the area of the (111)
surface decreases over time, as shown in Fig. 5(b2, b3). Eventu-
ally, a cubic crystal morphology surrounded by six (100) planes is
formed, as shown in Fig. 5(b4). A notable feature is the presence
of a Nb;¢;,C shell on the (100) surface of the cubic MTMC particles,
which is driven by surface energy reduction.
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As the reaction progresses, the remaining carbon atoms pri-
marily react with Ta at the later stages of the reaction, forming a
TaC-based solid solution structure. Subsequently, Ti enters the TaC-
based solid solution, forming carbides mainly composed of Ta and
Ti. At this stage, the local chemical potential of carbon decreases. It
leads to a reduction in the surface energy of the (111) plane of the
TaC-based solid solution. The surface energy of the (111) plane be-
comes lower than that of the (100) plane and more similar to the
pure metal Ta(111) surface [48,49]. This reduction in surface energy
stabilizes the (111) plane in the final crystal structure, rather than
being replaced by the (100) planes. It is essential to note that the
lower high-temperature stability of octahedral particles compared
to cubic particles leads to decreased mixing entropy [50]. Further-
more, the movement and transmission of atoms with high den-
sity require more energy, and the deposition of atoms on the most
close-packed plane (111) may be reduced which finally changes the
growth and the surface energy [39]. As a result, for the particles
that are primarily composed of Ti and Ta, the growth follows Route
II. The area of the (111) planes is enlarged as shown in Fig. 5(b5),
and the ideal octahedral shape is formed as shown in Fig. 5(b6).

4. Conclusions

In conclusion, the (TiZrHfNbTa)C MTMC powders were fab-
ricated via the in-situ liquid-solid reaction method. The crystal
growth and morphology evolution mechanisms were investigated
based on the experiments and first-principles calculations. The
synthesized powders exhibit two typical morphologies, a cubic
morphology which is mainly composed of Ti, Hf, Ta, and Zr, with a
small amount of Nb, and an octahedral morphology which is rich
in Ti, Ta, with a small amount of Hf, Nb and Zr. As for the cubic
MTMC particles, the surface energy of the (100) surface is always
lower than the (111) surface and the (100) facet tends to be the
exposed crystal plane. For particles composed mainly of Ti and Ta
metal atoms, the formation of octahedral morphology is primar-
ily driven by the reduction in the surface energy of the (111) plane
due to the decreased chemical potential of carbon, which stabilizes
the octahedral shape. Additionally, the high theoretical density of
octahedral particles and the decreased mixing entropy further con-
tribute to the formation of the octahedral morphology. This work
not only provides a new perspective to reveal the growth mech-
anism of multi-component transition metal carbide particles but
also serves as a valuable reference for the design of carbides with
desired morphology and superior properties.
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