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a b s t r a c t 

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. 
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. Introduction 

Transition metal carbides (TMCs), such as TaC, ZrC, and TiC, 

ave attracted considerable research interest due to their high 

ardness, superior thermal stability, and excellent corrosion re- 

istance [ 1–3 ]. These TMCs belong to the ultra-high-temperature 

eramics (UHTCs) family and have great potential applications in 

tructural components and thermal protection systems [ 4–6 ]. How- 

ver, due to the inherent limitations in performance improvement 

nd the increasing demands of modern industrial developments, 
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MCs are gradually becoming inadequate to meet the requirements 

f advanced applications. 

Over the past decade, the design concept of multi-component 

olid solutions, also commonly referred to as medium- or high- 

ntropy, has proven to be a highly promising strategy for en- 

ancing the comprehensive properties of UHTCs [ 7–11 ]. The syn- 

hesized multi-component transition metal carbides (MTMCs) ex- 

ibit superior structural stability and corrosion resistance com- 

ared to single-component TMCs, particularly in extreme envi- 

onments such as high-pressure, high-temperature oxidation, and 

igh-speed airflow [ 12–14 ]. The first-principles calculations have 

lso been used to explore the phase stability and mechanical prop- 

rties of MTMCs, providing essential insights into their thermody- 

amic behavior and further reinforcing the potential of these ma- 

erials for UHTC applications [ 15 , 16 ]. 
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Inspired by the excellent performance of MTMCs, a number 

f MTMCs have been successfully prepared and some exciting re- 

ults have been obtained, greatly expanding the application bound- 

ries of UHTCs [ 17–19 ]. Notably, the preparation of MTMC pow- 

ers is a crucial prerequisite for the synthesis of ceramic mate- 

ials. To date, a variety of solid-state reaction methods, including 

olid-state sintering [ 20 ], carbothermal reaction [ 21–23 ], and mag- 

esiothermic reduction [ 24 ], have been proposed for the synthe- 

is of MTMC powders. For example, Feng et al. [ 23 ] synthesized 

HfZrTiTaNb)C powders using a two-step method of carbothermal 

eduction combined with solid solution formation, where the car- 

othermal reduction was completed after heating to 1600 °C, fol- 

owed by solid solution formation at 20 0 0 °C. Ye et al. [ 22 ] pre-

ared (Zr0.25 Ta0.25 Nb0.25 Ti0.25 )C powders with particle sizes of 0.5–

 μm using a one-step carbothermal reduction method at 2200 °C. 

Despite the products of the solid-state reaction method pos- 

essing excellent compositional uniformity, it still suffers from sig- 

ificant drawbacks such as a complex preparation process, high en- 

rgy consumption, and lengthy preparation times. Therefore, the 

apid advancement and widespread application of MTMC materials 

ave been hindered. Several innovative techniques have been pro- 

osed for the synthesis of MTMC powders, including the polymer- 

erived ceramic route [ 25 ], molten salt synthesis [ 26 ], and liquid

recursor method [ 27 ]. Although these techniques offer benefits 

ike low reaction temperatures and nanoscale powder sizes, they 

till face unresolved challenges such as the high cost of metal pow- 

ers and the use of toxic inorganic reactants. Consequently, there is 

 critical need for a low-cost, energy-efficient, and highly effective 

ethod to synthesize MTMC powders. 

Furthermore, although some studies on the crystal growth and 

orphology evolution of transition metal carbides have been re- 

orted [ 28 , 29 ], there are few relevant studies on MTMCs. From the

erspective of crystal growth, the crystalline morphology and ex- 

osed facets of the powder have a strong influence on the physi- 

al and chemical properties of the material. By designing and con- 

rolling the special preferred orientation exposure surface, further 

ngineering and functional performance can be obtained such as 

lectromagnetic interference shielding, mechanical properties, and 

atalysis [ 30 , 31 ]. In addition to the limited research on the crys-

al growth process of MTMCs, more importantly, the fundamen- 

al understanding of the relationship between the crystalline mor- 

hology of the MTMC phase and its constituent element remains a 

hallenge in this field. 

In this work, (TiZrHfNbTa)C MTMC powders were synthesized 

y a novel and efficient in-situ liquid-solid reaction method via 

 molten aluminum medium. The microstructure, elemental dis- 

ribution, and three-dimensional morphology of the (TiZrHfNbTa)C 

TMC powders were investigated. The structural stability and sur- 

ace energy of (TiZrHfNbTa)C were calculated by first-principles 

alculations. By combining experimental results with theoretical 

alculations, the morphology evolution mechanism of MTMCs was 

nalyzed based on the crystal nucleation and growth theory. These 

ndings significantly contribute to the fundamental understand- 

ng of the crystal growth and morphological evolution of MTMCs, 

hich can be of great practical importance for the design of MTMC 

owders with desired shapes and performance. 

. Materials and methods 

The (TiZrHfTaNb)C particles were synthesized via the in-situ 

iquid-solid reaction method facilitated by the molten aluminum 

edium. Firstly, the Al-33.3Ni-5.42(TiZrHfTaNb)C (hereafter re- 

erred to as Al-Ni-MTMC) alloy ingot containing (TiZrHfTaNb)C par- 

icles was prepared by vacuum arc melting method. The nominal 

omposition of the prepared Al-Ni-MTMC master ingot is shown in 

able S1 in the Supplementary Materials. The (TiZrHfTaNb)C parti- 
28
les were then extracted from the obtained aluminum matrix com- 

osite ingot using a 25 vol% HCl solution. The detailed experimen- 

al procedures, characterization methods, and the first-principles 

alculations are also provided in the Supplementary Materials. Spe- 

ially, the constructed crystal structures of the (TiZrHfNbTa)C sys- 

em, along with the corresponding fitted energy-volume curves, 

re presented in Figs. S1 and S2 in the Supplementary Information, 

espectively. Furthermore, Fig. S3 systematically illustrates the sur- 

ace configurations of (100), TM-(111), and C-(111) surfaces of the 

TMC. 

. 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- 

oy. The diffraction peaks correspond to the (TiZrHfNbTa)C car- 

ide phase with a face-centered cubic (FCC) rock-salt structure, as 

ell as the Al3 Ni2 intermetallic compound. Meanwhile, it is no- 

iced that there are two distinct peaks within the carbide peaks, 

ndicating the presence of two different types of carbide composi- 

ions. Fig. 1 (b) shows a typical scanning electron microscope (SEM) 

orphology of the synthesized carbide particles. The synthesized 

arbides exhibit two distinct morphologies: one exhibits a cubic 

orphology enclosed by {100} planes, as shown in the red rectan- 

le, and the other is an octahedral morphology enclosed by {111} 

lanes, as shown in the blue rectangle. To further investigate the 

lemental composition of these two types of carbides, electron 

robe microanalysis (EPMA) was conducted. The EPMA mapping 

nalysis for the cubic and octahedral morphologies is presented in 

ig. 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 

mall amount of Nb, and barely contains Ni and Al. The octahedron 

article ( Fig. 1 (d)) is rich in Ti, Ta, and C, with a small amount of

f, 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 

uccessfully synthesized using the in-situ liquid-solid reaction 

ethod. During the in-situ reaction, as the temperature increases, 

he dissolved C atoms react with the dissolved Hf, Ta, Zr, Nb, and 

i in the melt, forming (TiZrHfNbTa)C MTMC. Different crystal mor- 

hologies could be related to the distinct growth mechanisms in 

he complex melt environment. Besides, the MTMC powders barely 

ontain Ni atoms although Ni-C alloy was used as a carbon source 

n the preparation of MTMC. Fig. S1 proves that Ni atoms are diffi- 

ult to enter the MTMC structure and exist as a Ni-Al intermetallic 

ompound through first principles calculation. 

A representative cubic (TiZrHfTaNb)C particle with a particle 

ize of 2 μm was selected and was further investigated the nano- 

evel crystal structure information and element distribution by 

ransmission electron microscopy (TEM) analysis. The TEM spec- 

men was prepared using a Focused Ion Beam (FIB) system as 

hown in Fig. S2. Fig. 2 (a) shows a high-angle annular dark field 

HAADF) image of the MTMC particle, exhibiting a cubic shape 

ith distinct regions of contrast change at the edges. The corre- 

ponding energy dispersive spectrometer (EDS) mapping of this 

article (labeled by a red rectangle in Fig. 2 (a)) is depicted in 

ig. 2 (a1). An obvious Nbrich C region is observed at the edge of 

he particle. The quantitative EDS line-scan data, presented in Fig. 

3, shows a significant increase in the atomic fraction of Nb from 

he core to the outer shell, confirming the formation of a Nbrich C 

hell. Specifically, the Nb content in the shell region reaches ap- 

roximately 50 at.%−60 at.% in the outermost layer, while the core 

egion contains much lower Nb concentrations, remaining below 

0 at.%. This distinct difference in Nb concentration defines the 

oundary between the core and the shell. The line-scan data also 

ndicate 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. 

m

s

c

d

i

a

s  

(

z

F

t

c

T

s

T

a

p

(

s

f

(

M

e

M

a

t

d

s

i  

4

r

F

c

�

w

i

c

i

m

t

r

s

m

d

r

a

b

c

s

d

i

s

w

ately 150 nm from the particle center, clearly marking the tran- 

ition between the (TiZrHfTa)rich C core and the Nbrich C shell. The 

ore, primarily composed of Ti, Zr, Hf, and Ta, exhibits a uniform 

istribution of these elements, with their concentrations remain- 

ng stable throughout the core region and only decreasing as they 

pproach the shell. The high-resolution TEM (HRTEM) images are 

hown in Fig. 2 (b, d). Fig. 2 (c) gives the Fast Fourier transform

FFT) patterns of the corresponding HRTEM images along the [001] 

one axis, confirming the FCC metal carbides crystal structure. 

ig. 2 (d) exhibits the atomic arrangements on the {0011} plane of 

he (TiZrHfTaNb)C. The measured interplanar spacing of the (2̄ 00) 

rystal plane of (TiZrHfTaNb)C is 0.241 nm according to Fig. 2 (e). 

he schematic atomic model of the MTMC with the FCC crystal 

tructure is shown in Fig. 2 (f), which is viewed from the [100]MTMC . 

he atomic arrangement in the {100} planes is neatly arranged, 

nd it is consistent with the crystal structure shown in Fig. 2 (g) 

resents a schematic diagram of the core-shell structured cubic 

TiZrHfTaNb)C particle, with a (TiZrHfTa)rich C core and a Nbrich C 

hell, consistent with the elemental distribution data. 

The first-principles calculations were performed to study the 

ormation mechanism of the Nbrich C shell existing in the cubic 

TiZrHfTaNb)C particle on the (001) surface. The surface models of 

TMC were constructed as shown in Fig. 2 (h) to analyze the en- 

rgy changes during the formation of the Nbrich C shell layer. For 

odel-0, the atoms in the (001) plane are composed of Ti, Zr, Hf, 

nd Ta elements, and the Nb atoms involved are all located at 

he second layer. The surface models were reconstructed via inter- 

iffusion between the terminating Ti, Zr, Hf, and Ta atoms and the 
29
ubsurface surface Nb atoms. As a result, the surface models shown 

n Fig. 2 (h) were formed, named Model- i, i = 1 to 4. For Model-

, the atoms on the surface are all Nb atoms, while the atoms 

andomly distributed in the bulk are all Ti, Zr, Hf, and Ta atoms. 

ig. 2 (i) shows the energy change �Esur 
i 

due to surface atomic re- 

onstruction, expressed as follows: 

Esur 
i = Esur 

i − Esur 
0 (1) 

here Esur 
i 

and Esur 
0 

are the total ground state energies of model- 

 and model-0, respectively. The result shows that the �Esur 
i 

de- 

reases first and then increases, but is always less than zero dur- 

ng the continuous mutual diffusion process between Nb and other 

etal atoms. This indicates that Nb elements tend to diffuse to the 

erminal position of the (001) surface of the shell. The calculation 

esults confirm that the initial Nb element in the subsurface (001) 

urface is in an unbalanced state and tends to evolve into a surface 

odel with a Nbrich C shell. In Model-2, half of the Nb atoms have 

iffused to the outermost surface, while the remaining Nb atoms 

eside in the subsurface layer, leading to the lowest energy change 

nd the highest thermodynamic stability for this model. It should 

e noted that kinetic effects, such as diffusion, are not taken into 

onsideration in the above ab initio calculations. Therefore, a NbC 

hell, rather than the Nbrich C shell observed in experiments, is pre- 

icted. However, these ab initio calculation results are still effective 

n explaining the formation mechanism of the Nbrich C shell at the 

urface of the carbide structure [ 32 ]. 

A representative truncated octahedral (TiZrHfTaNb)C particle 

as then selected and characterized the structure and element dis- 
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Fig. 2. The HRTEM analysis of the cubic MTMC particle; (a) The HAADF image; (a1) the corresponding EDS maps; (b) the HRTEM graph; (c) the corresponding FFT pattern; (d) 

HRTEM image showing the atomic structure; (e) the intensity of the arrows from A1 to A2 in (d); (f) schematic illustration of the atomic structure and atomic configurations 

on the {001} plane, the large pink spheres represent the Ti, Zr, Hf, Nb and Ta atoms, and the small black spheres represent the C atoms; (g) schematic drawing of the 

core-shell structure. (h) surface model-0 to surface model-4; (i) energy change �Esur 
i 

induced by the (100) MTMC surface reconstruction. 

30
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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 A1 to A2 in (e); (g) schematic illustration of the atomic structure and atomic 

configurations on the {111} plane. 
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ribution in detail. Fig. 3 (a, b) shows the typical HAADF images 

f the (TiZrHfTaNb)C particles with truncated octahedral morphol- 

gy. In addition, the EDS mapping of these particles is depicted 

n Fig. S4. The results show that Hf, Ta, Zr, Nb, and Ti elements

re uniformly distributed at the micrometer scale without obvious 

lement segregation for truncated octahedral (TiZrHfTaNb)C parti- 

le. The corresponding HRTEM image ( Fig. 3 (c)) indicates that the 

article exhibits a regular lattice structure. Fig. 3 (d) gives the Fast 

ourier transform (FFT) patterns of the corresponding HRTEM im- 

ges along the [111] zone axis. Fig. 3 (e) exhibits the atomic ar- 

angement on the {111} plane of the (TiZrHfTaNb)C. The measured 

nterplanar spacing of the (202̄ ) crystal plane of (TiZrHfTaNb)C is 

.166 nm according to Fig. 3 (f). Fig. 3 (g) offers a schematic repre-

entation of the atomic arrangement of the (TiZrHfTaNb)C crystal 

long the {111} planes, which is consistent with the crystal struc- 

ure shown in Fig. 3 (e). 

Based on the above experimental results, the (TiZrHfTaNb)C 

owders with two different morphologies were successfully syn- 

hesized using the in-situ liquid-solid reaction method. In gen- 

ral, the ultimate crystal morphology is primarily determined by 

wo key factors: the intrinsic crystal structure and the external 

onditions present during its growth. According to Wulff’s theo- 

em, the equilibrium crystal morphology is the shape with the 

owest total surface energy, so the crystal planes with lower sur- 

ace energy characterized by high reticular densities and large in- 

erplanar spacings will eventually be exposed [ 33 ]. Generally, for 

CC structure, (100) and (111) planes are the most typically close- 

acked with lower surface energies, thus eventually becoming sta- 

le exposed crystal surfaces [ 34 , 35 ]. The surface energy ( γsurf ) of 

TiZrHfTaNb)C (100) and (111) surfaces was calculated using the 

rst principles method and the calculation procedure is given in 
31
etail in the Supplementary Materials. Fig. 4 (a, b) illustrates the 

ritical nucleation and growth morphology for FCC structure par- 

icles as a function of the (001) and (111) surface energy ratio R 

 γ 100/ γ 111) based on the Wulff construction [ 36 ]. The relation- 

hip between the value of R and the equilibrium morphology is 

escribed in the Supplementary Materials. Fig. 4 (c) plots the sur- 

ace energy calculation results of (TiZrHfTaNb)C (100) and (111) 

urfaces. Generally, lower surface energy indicates higher surface 

tability and slower crystallization rate along the direction nor- 

al to the surface [ 37 ]. The results show that the surface en- 

rgy of (100) surface is always lower than TM-terminated and C- 

erminated MTMC (111) surfaces. Therefore, the most stable surface 

f MTMC is the (100) plane, which is more likely to be the exposed 

rystal plane. Fig. 4 (d) gives the calculated surface energy ratio R 

ith respect to the chemical potential of the carbon atoms (�μC ) 

 The R value ranges from 0.23 < R < 0.26 to 0.52 < R < 0.68, sug-

esting that the MTMC tends to form a cube and truncated cube 

orphologies, while the ideal octahedra morphology is difficult to 

orm in the melt theoretically. In general, the final morphology of 

he actual crystal depends on a combination of its intrinsic lattice 

tructure and the external growth environment. The intrinsic crys- 

al structure leads to the formation of an equilibrium morphology 

ith the lowest surface energy. However, the varied external en- 

ironmental factors, such as complicated melt environments and 

ass transport processes of the reactants, cause the crystals to de- 

iate from the equilibrium morphology by changing the growth ve- 

ocity in other directions [ 38 , 39 ]. 

Based on the previous analysis of SEM, EDS, and first-principles 

alculations, a schematic illustration of the reaction and morphol- 

gy evolution of MTMC particles in the Al melt was proposed, as 

hown in Fig. 5 . In this study, the system consists of five transi-
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Fig. 4. (a, b) Schematic illustrations of the morphology of nucleus and growth, as a function of the (100) and (111) surface energy ratio R ( γ 100/ γ 111), respectively. (Notes: 

3
1 

/6 

2
1 

/3 

≈ 0.95, 
√ 

3 
3 

≈ 0.58, 
√ 

3 
2 

≈ 0.87, 
√ 

3 ≈ 1.73); (c) surface energy of the (100) and (111) slabs of the (TiZrHfNbTa)C as a function of the C atom chemical potential; (d) 

surface energy ratio R value as a function of the C atom chemical potential. 

Fig. 5. Schematic diagram of the crystal growth and morphology evolution process of the MTMC; (a) the process of the reaction and nucleation; (b1–b6) the process of the 

growth and typical SEM images. 
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ion metals and carbon atoms, as shown in Fig. 5 (a). During the 

n-situ reaction, as the temperature increases, the dissolved transi- 

ion metals Hf, Ta, Zr, Nb, and Ti ([Me]) react with the dissolved C 

toms ([C]) in the Al molten to form MTMC nuclei by the following 

eaction (1): 

 

Me ] + [ C] = MTMC (2) 

Table S3 lists the mixing enthalpy ( �Hmix ) of transition metals 

nd carbon elements. It can be found that the �Hmix of transition 

roup metals and C elements is in the order of Zr > Hf > Ti >

b > Ta [ 40 ]. This indicates that the interaction between carbon 

nd Group IV elements (Ti, Zr, Hf) is stronger compared to that 

ith Group V elements (Nb, Ta). 
32
It is important to note that kinetic effects, such as diffusivity, 

re also critical factors in understanding the reaction sequence of 

ransition metal atoms in the Al melt. The diffusivity Di of an ele- 

ent i diffusing in Al matrix is given by the relation [ 41 ]: 

i = Di 
0 exp 

(
− Qi 

RT 

)
(3) 

here Qi is denoted as activation energy and Di 
0 

as the pre- 

xponential factor. T denotes the absolute temperature and R de- 

otes the gas constant. 

Based on theoretical calculations by Luo et al. [ 42 ] and exper- 

mental values by Knipling et al. [ 43 ], the diffusivity of Group IV 

lements in Al follows the order: DTi > DZr > DHf . Additionally, the 

iffusivity of Group V elements, Ta and Nb, are significantly lower 
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han those of Group IV elements (Ti, Zr, Hf) due to strong solute- 

acancy repulsion [ 43 ]. This slower diffusivity of Ta and Nb means 

hey are less likely to rapidly participate in carbide formation dur- 

ng the initial stages of the reaction. Furthermore, it should be 

oted that the density of Ta (16.65 g/cm3 ) is significantly higher 

han that of the other atoms. Consequently, the diffusivity order of 

lements in the Al melt is DZr > DTi > DHf � DNb > DTa . 

The transition metals were added in a specific order based on 

heir melting points. As Ta has the highest melting point, it was 

ositioned furthest from the Ni-C alloy. As the arc melting process 

apidly exceeded 20 0 0 °C, Al melted in a short time, and the in-

itu liquid-solid reaction between the transition metals and carbon 

toms occurred rapidly. During the melt-flowing process, the more 

eactive and diffusible elements (Ti, Zr, Hf) spontaneously diffuse 

owards the surface of the melt and adsorb onto the C atoms. This 

esults in higher concentrations of these elements at the contact 

nterface, facilitating the rapid reaction between dissolved carbon 

toms and transition metal atoms, leading to the formation of a 

rC + HfC + TiC-based solid solution. On the other hand, Ta, with its 

lower diffusion rate, participates in carbide formation at a later 

tage of the reaction. 

Generally, when an element with a larger lattice constant en- 

ers a host with a smaller lattice constant, significant lattice dis- 

ortion occurs, increasing local strain energy and making diffusion 

ess thermodynamically favorable. Gautam et al. [ 44 ] calculated the 

attice constants of TaC and NbC as 4.44 Å and 4.47 Å, respectively. 

xtensive theoretical and experimental results further confirm that 

bC consistently exhibits a larger lattice constant than TaC [ 45–

7 ]. Therefore, TaC is more likely to diffuse into the ZrC + HfC + TiC-

ased solid solution compared to NbC, leading to the formation 

f particles primarily composed of Ti, Hf, Ta, and Zr. Due to the 

ighest mixing enthalpy with carbon and the slowest diffusion rate 

n Al, the remaining C atoms predominantly react with unreacted 

a atoms to form TaC-based solid solution structures. Furthermore, 

iC, having the lowest lattice constant and the fastest diffusion rate 

mong the five single-component carbides, exhibits the lowest lat- 

ice strain when entering the TaC-based solid solution structure, 

esulting in carbide particles enriched in Ti and Ta. Thus, due to 

oth thermodynamic and kinetic factors, two types of carbides are 

ormed. The first is primarily composed of Ti, Hf, Ta, and Zr, with 

 small amount of Nb, and the second is rich in Ti and Ta, with

maller amounts of Hf, Nb, and Zr. 

The morphology evolution of cubic and octahedral particles 

s shown in Fig. 5 (b1-b6). After the reaction is complete, dur- 

ng the early growth stage, the carbides exhibit rapid, isotropic 

rowth characteristics, forming near-spherical shapes, as shown in 

ig. 5 (b1). As the crystal continues to grow, anisotropic features be- 

in to emerge, driven by the reduction in free energy. The spherical 

rystal becomes unstable, and the facets with lower surface en- 

rgy, such as (111) and (100) planes gradually appear. Eventually, 

he crystal adopts a cubic morphology, surrounded by six (100) 

lanes and eight (111) planes, resulting in a cuboctahedral shape, 

s shown in Fig. 5 (b2). 

For the particles that are primarily composed of Ti, Hf, Ta, Zr, 

nd a small amount of Nb, the growth follows Route I. Previ- 

us calculations indicate that the (100) surface always exhibits the 

owest surface energy compared to both TM-terminated and C- 

erminated MTMC (111) surfaces. Therefore, the most stable surface 

f MTMC particles is the (100) facet. This leads to a gradual in- 

rease in the area of the (100) surface, while the area of the (111)

urface decreases over time, as shown in Fig. 5 (b2, b3). Eventu- 

lly, a cubic crystal morphology surrounded by six (100) planes is 

ormed, as shown in Fig. 5 (b4). A notable feature is the presence 

f a Nbrich C shell on the (100) surface of the cubic MTMC particles, 

hich is driven by surface energy reduction. 
33
As the reaction progresses, the remaining carbon atoms pri- 

arily react with Ta at the later stages of the reaction, forming a 

aC-based solid solution structure. Subsequently, Ti enters the TaC- 

ased solid solution, forming carbides mainly composed of Ta and 

i. At this stage, the local chemical potential of carbon decreases. It 

eads to a reduction in the surface energy of the (111) plane of the 

aC-based solid solution. The surface energy of the (111) plane be- 

omes lower than that of the (100) plane and more similar to the 

ure metal Ta(111) surface [ 4 8 , 4 9 ]. This reduction in surface energy

tabilizes the (111) plane in the final crystal structure, rather than 

eing replaced by the (100) planes. It is essential to note that the 

ower high-temperature stability of octahedral particles compared 

o cubic particles leads to decreased mixing entropy [ 50 ]. Further- 

ore, the movement and transmission of atoms with high den- 

ity require more energy, and the deposition of atoms on the most 

lose-packed plane (111) may be reduced which finally changes the 

rowth and the surface energy [ 39 ]. As a result, for the particles

hat are primarily composed of Ti and Ta, the growth follows Route 

I. The area of the (111) planes is enlarged as shown in Fig. 5 (b5),

nd the ideal octahedral shape is formed as shown in Fig. 5 (b6). 

. Conclusions 

In conclusion, the (TiZrHfNbTa)C MTMC powders were fab- 

icated via the in-situ liquid-solid reaction method. The crystal 

rowth and morphology evolution mechanisms were investigated 

ased on the experiments and first-principles calculations. The 

ynthesized powders exhibit two typical morphologies, a cubic 

orphology which is mainly composed of Ti, Hf, Ta, and Zr, with a 

mall amount of Nb, and an octahedral morphology which is rich 

n Ti, Ta, with a small amount of Hf, Nb and Zr. As for the cubic

TMC particles, the surface energy of the (100) surface is always 

ower than the (111) surface and the (100) facet tends to be the 

xposed crystal plane. For particles composed mainly of Ti and Ta 

etal atoms, the formation of octahedral morphology is primar- 

ly driven by the reduction in the surface energy of the (111) plane 

ue to the decreased chemical potential of carbon, which stabilizes 

he octahedral shape. Additionally, the high theoretical density of 

ctahedral particles and the decreased mixing entropy further con- 

ribute to the formation of the octahedral morphology. This work 

ot only provides a new perspective to reveal the growth mech- 

nism of multi-component transition metal carbide particles but 

lso serves as a valuable reference for the design of carbides with 

esired morphology and superior properties. 
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