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Abstract 

High-entropy carbides (HECs) can exhibit enhanced phase stability, although 

elemental segregation and phase separation may occur under certain conditions. 

However, how intrinsic phase instability evolves under high pressure and how it can be 

exploited to regulate mechanical properties remain insufficiently understood. Here, 

(Hf(1−X)/4Zr(1−X)/4Nb(1−X)/4Ta(1−X)/4CoX)C (X = 0.14, 0.18, and 0.20) was investigated by 

integrating first-principles calculations with high-pressure sintering. The 

decomposition Gibbs free energy remains negative from 0 to 6 GPa, indicating an 

intrinsic thermodynamic driving force for Co segregation. Electronic-structure analysis 

reveals that pressure amplifies the bonding asymmetry between the stable transition-

metal–C framework and the comparatively weaker Co–C interactions, as evidenced by 

the opposite pressure-dependence change in their integrated crystal orbital Hamiltonian 

population values. This bonding asymmetry is accompanied by local structural 

rearrangement, with the first Co–Co radial distribution function (RDF) peak shifting 

from 3.14 to 3.10 Å and increasing in intensity from 15.97 to 24.50. Experimentally, 

Co segregates into a ductile FCC phase preferentially distributed along grain 

boundaries, accompanied by an increase in the low-angle grain boundary fraction from 

20.2% to 37.9%, indicating a possible contribution to local strain accommodation. The 

resulting heterogeneous microstructure facilitates crack deflection and branching, 

leading to an increase in fracture toughness from 4.5 ± 0.2 to 5.0 ± 0.2 MPa·m1/2. These 
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findings demonstrate that pressure-driven electronic instability can be exploited to 

transform intrinsic phase instability into beneficial microstructural heterogeneity, 

providing a new strategy for toughening high-entropy ceramics. 

 

Keywords: High-entropy carbide; High-pressure sintering; First-principles calculations; 

Mechanical Properties; Toughening 
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1. Introduction 

High-entropy carbides (HECs) [1–3] have attracted extensive attention owing to 

their exceptional combination of hardness, thermal stability, oxidation resistance, and 

chemical inertness. These attractive properties are commonly attributed, in part, to the 

high-entropy effect, which is generally believed to promote the formation and 

stabilization of single-phase solid solutions through the contribution of configurational 

entropy [1,4–6]. Consequently, achieving and maintaining a homogeneous solid-

solution state has long been regarded as a fundamental design principle for HECs [7–

9]. However, increasing experimental and theoretical evidence suggests that such 

stabilization is not universal [10–13]. Chemical short-range order, elemental 

segregation, phase separation, and second-phase precipitation have been observed in 

compositionally complex carbides, particularly under non-equilibrium processing 

conditions or external thermodynamic fields [14–16]. These observations suggest that 

the high-entropy effect alone is insufficient to completely suppress phase separation 

and that the stability of HEC solid solutions is governed by a delicate competition 

among configurational entropy, local bonding characteristics, lattice distortion, and 

thermodynamic driving forces. Therefore, understanding the stability limits of high-

entropy solid solutions and the underlying mechanisms governing their phase evolution 

remains an important issue in the science and design of high-entropy ceramics. 

From a mechanical perspective, most single-phase HECs exhibit excellent 

hardness but relatively limited fracture toughness, which remains a major obstacle for 

their structural application [17,18]. Considerable efforts have therefore been devoted to 
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introducing heterogeneous microstructures to improve crack resistance [19–23]. 

Existing strategies mainly rely on externally introduced reinforcements, including 

particle additions [24], fiber [25], nanocomposite design [26], carbon nanotubes [27], 

graphene [28], and gradient structure [29]. Although these approaches can effectively 

enhance toughness, they often suffer from complicated processing routes, limited 

interfacial controllability, and difficulties in achieving homogeneous phase distribution. 

In contrast, phase separation originating from intrinsic thermodynamic instability may 

provide an alternative pathway for microstructural engineering. Rather than being 

regarded solely as a detrimental phenomenon, controlled phase instability could enable 

the in-situ formation of secondary phases and heterointerfaces capable of 

accommodating deformation and dissipating fracture energy. Such a strategy would 

allow toughening to be achieved without sacrificing the intrinsic advantages of the 

high-entropy matrix. Nevertheless, current studies have primarily focused on the 

structural consequences of precipitated phases, whereas the thermodynamic origin of 

phase separation, its electronic-structure basis, and its potential role in toughening 

remain largely unexplored. As a result, the possibility of transforming phase instability 

from a degradation mechanism into a controllable toughening strategy has rarely been 

explored. 

Among the available thermodynamic variables, pressure represents a particularly 

powerful yet largely unexplored parameter for regulating phase stability in HECs [30–

32]. Unlike temperature, which mainly influences configurational entropy, pressure 

directly modifies the Gibbs free energy through the PΔV term and therefore can 
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fundamentally alter the thermodynamic stability landscape of compositionally complex 

ceramics [33]. In addition, pressure affects atomic packing efficiency [34], local 

bonding environments, and lattice distortion, potentially triggering conditions [35]. 

Despite these unique effects, the role of pressure in governing phase separation in HECs 

remains poorly understood. Among transition metals, Co provides an ideal model 

system for investigating pressure-induced phase instability. Unlike refractory carbide-

forming elements such as Hf, Zr, Nb, and Ta, Co exhibits weak carbide-forming ability 

and distinct electronic characteristics [36–40]. Consequently, Co is expected to occupy 

a metastable state within the carbide lattice and may become particularly sensitive to 

external thermodynamic perturbations. Although Co segregation has occasionally been 

observed in Co-containing HECs, the underlying thermodynamic origin, the electronic 

structure mechanism responsible for destabilization, and the influence of pressure on 

these processes remain unclear. More importantly, it remains unknown whether 

pressure-induced phase separation can be deliberately exploited to create beneficial 

heterointerfaces and thereby improve fracture resistance.  

In this study, Co-containing HECs, i.e., (Hf(1−X)/4Zr(1−X)/4Nb(1−X)/4Ta(1−X)/4CoX)C 

(X = 0.14, 0.18, and 0.20), were selected as a model system to investigate the interplay 

among pressure, electronic instability, phase separation, and mechanical performance. 

By combining first-principles calculations, high-pressure sintering, and multiscale 

structural characterization, we establish a mechanistic framework linking electronic 

structure, local lattice distortion, and Co clustering behavior. The results reveal that 

antibonding Co-C interactions generate an intrinsic electronic instability that is 
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amplified under pressure, driving Co precipitation through a coupled electronic-

structure mechanism. More importantly, the resulting Co-rich interfacial phase 

promotes strain accommodation and crack-tip shielding, demonstrating that phase 

instability can be transformed from a traditionally undesirable phenomenon into a 

viable microstructure design strategy for damage-tolerant high-entropy ceramics.  

2. Experimental procedures 

2.1 First-principles calculations 

First-principles calculations based on density functional theory (DFT) were 

performed using the Vienna Ab initio Simulation Package (VASP) [41,42]. A 2 × 2 × 2 

supercell containing 64 atoms was constructed based on the rock-salt ZrC structure, and 

special quasi-random structures (SQS) were generated using the Alloy Theory 

Automated Toolkit (ATAT) to model the chemical disorder of the high-entropy carbide 

[43]. The generalized gradient approximation (GGA) with the Perdew–Burke–

Ernzerhof (PBE) functional was used to describe the exchange-correlation interactions 

[44]. Projector augmented-wave (PAW) potentials were employed with a plane-wave 

cutoff energy of 520 eV. The Brillouin zone was sampled using a 4 × 4 × 4 Monkhorst–

Pack k-point mesh. The convergence criteria for electronic and ionic relaxations were 

set to 10−6 eV and 0.005 eV·Å−1, respectively. Convergence tests for the k-point mesh 

are provided in Figure S1 of the Supporting Information. 

Structural optimizations were performed under pressures of 0–6 GPa. The density 

of states (DOS) and crystal orbital Hamilton population (COHP) were analyzed to 

characterize the electronic structure and chemical bonding, respectively; COHP 
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calculations were performed using LOBSTER. The integrated COHP (ICOHP) values 

were used to evaluate the relative strength of chemical bonding, with more negative 

values corresponding to stronger bonding interactions. Voronoi and Bader partitioning 

were used to characterize atomic volumes and local volume misfit, while radial 

distribution functions (RDFs) were calculated using OVITO to examine pressure-

dependent local atomic arrangements and Co–Co correlations. Additional 

computational details and definitions of the volume-misfit parameters and RDF are 

provided in the Supporting Information. 

2.2 Materials 

Tantalum pentachloride (TaCl5, ≥ 98% purity), niobium pentachloride (NbCl5, 99% 

purity), hafnium tetrachloride (HfCl4, 99.5% purity), zirconium n-propoxide (70 wt.% 

solution in n-propanol), and cobalt acetylacetonate (98% purity) were used as metal 

precursors. n-propanol (CH₃CH₂CH₂OH, 99% purity) served as the solvent, 

triethylamine (C6H15N, 98% purity) as the dichlorination reagent, and acetylacetone 

(C₅H₈O₂, 99% purity) as the chelating agent. Phenolic resin (BR purity) served as the 

carbon source. All chemicals were supplied by Shanghai Maclean Biochemical 

Technology Co., Ltd. and used without further purification. 

2.3 Synthesis of samples 

According to our previous work [45], (Hf(1−X)/4Zr(1−X)/4Nb(1−X)/4Ta(1−X)/4CoX)C (X 

= 0.14, 0.18, and 0.20) powders were synthesized via the polymer-derived ceramics 

(PDC) route. Initially, transition-metal chlorides were converted into the corresponding 

metal alcoholates. The obtained metal alkoxides were mixed in equimolar ratios and 
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combined with cobalt acetylacetonate. Subsequently, acetylacetone was added as a 

complexing agent and stirred for 24 hours. Phenolic resin and deionized water were 

then introduced, followed by an additional 24 h of stirring. The resulting solution was 

dried at 200°C to obtain precursor powders. These precursor powders were pyrolyzed 

at 1900°C for 1 h under an inert atmosphere to obtain high-entropy carbide powders. 

Bulk ceramics were fabricated using a DS 6×8 MN cubic press (Guilin Guiye 

Machinery Co., Ltd.) equipped with a graphite heating system. The compositions 

(Hf0.215Zr0.215Nb0.215Ta0.215Co0.140)C, (Hf0.205Zr0.205Nb0.205Ta0.205Co0.180)C, and 

(Hf0.20Zr0.20Nb0.20Ta0.20Co0.20)C were denoted as HEC1, HEC2, and HEC3, respectively. 

During sintering, the pressure was increased to 6 GPa within 1 min and maintained 

constant. The samples were heated to 1900°C at a rate of 50 °C/min and held for 5 min 

under constant pressure. Subsequently, the samples were cooled to room temperature at 

a rate of 50 °C/min, followed by gradual pressure release at a rate of 0.3 GPa/min. 

2.4 Characterization 

Phase identification was conducted by X-ray diffraction (XRD) using a Rigaku 

Ultima IV with Cu Kα radiation (λ = 1.5406 Å), a scanning range of 20°–90°, a step 

size of 0.02°, and a scanning rate of 5 °/min. Microstructural morphology and elemental 

distribution were characterized using a JEOL JSM-IT800 scanning electron microscope 

(SEM) equipped with energy-dispersive spectroscopy (EDS) and electron backscatter 

diffraction (EBSD). High-resolution microstructural analysis was performed using a 

FEl Talos F200X transmission electron microscope. The sample was cut from the bulk 

samples using the focused ion beam (FIB) technique. Nanoindentation tests were 
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performed using an Anton Paar NHT2 with loading and unloading rates of 1 mN/s, a 

maximum load of 20 mN, and a dwell time of 10 s. Vickers hardness was measured 

using a DHV-1000Z tester under loads ranging from 100 to 1000 g with a dwell time 

of 15 s. Due to the limited size of high-pressure sintered samples, the fracture toughness 

(𝐾𝐼𝐶) was estimated using the indentation method [46]:  

𝐾𝐼𝐶 = 0.016 (
𝐸

𝐻𝑉

)
0.5

(
𝑃

𝑐1.5
) (1) 

where HV is the Vickers hardness, E is the elastic modulus obtained from    

nanoindentation, P is the applied load, and c is the average crack length measured from 

the indentation corners. To minimize errors, each sample was tested five times, and the 

three middle values were selected as the final results. 

3. Results and discussion 

3.1 Phase and microstructure of the HEC powders 

Figure 1 presents the XRD patterns of the (Hf(1−X)/4Zr(1−X)/4Nb(1−X)/4Ta(1−X)/4CoX)C 

(X = 0.14, 0.18, and 0.20) powders synthesized via pyrolysis at 1900°C. All diffraction 

peaks can be indexed to a single face-centered cubic (FCC) phase, without detectable 

secondary phases within the resolution limits of XRD. The lattice parameters for 

(Hf0.215Zr0.215Nb0.215Ta0.215Co0.140)C, (Hf0.205Zr0.205Nb0.205Ta0.205Co0.180)C, and 

(Hf0.20Zr0.20Nb0.20Ta0.20Co0.20)C are 4.5538 Å, 4.5519 Å, and 4.5517 Å, respectively. 

This result indicates the formation of a solid-solution high-entropy carbide. A slight 

peak shift toward higher angles is observed with increasing Co content, indicating 

lattice contraction induced by Co incorporation. Figure 2 shows the SEM images and 

corresponding EDS elemental mappings of the HEC powders. As observed in Figures 
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2a, c, and e, the powders consist of irregularly shaped particles with noticeable 

interparticle gaps. Smaller particles are attached to the surfaces of larger ones, 

indicating a heterogeneous growth behavior during the high-temperature pyrolysis 

process. The EDS elemental mapping images (Figures 2b, d, and f) show that Hf, Zr, 

Nb, Ta, and Co are broadly distributed throughout the agglomerated powder particles. 

Irregular regions with weak or absent EDS signals were observed. These regions are 

attributed primarily to signal attenuation associated with the three-dimensional surface 

topography and particle overlap within the agglomerates, rather than necessarily 

indicating porous or regions devoid of the constituent elements. Localized Co-enriched 

spots are also observed at the submicron scale. However, given the spatial resolution 

and the complex morphology of the agglomerated powders, these EDS features alone 

cannot conclusively distinguish local compositional fluctuations from discrete Co-

containing nanoparticles or phases.  

 

Figure 1 XRD patterns of (Hf(1−X)/4Zr(1−X)/4Nb(1−X)/4Ta(1−X)/4CoX)C (X = 0.14, 0.18, and 

0.20) powders synthesized at 1900°C, showing the formation of a single-phase FCC 

structure  

Ju
st

 A
cc

ep
te

d



 

Figure 2 SEM images and corresponding EDS elemental mappings of 

(Hf(1−X)/4Zr(1−X)/4Nb(1−X)/4Ta(1−X)/4CoX)C (X = 0.14, 0.18, and 0.20) powders: (a, b) 

(Hf0.215Zr0.215Nb0.215Ta0.215Co0.140)C; (c, d) (Hf0.205Zr0.205Nb0.205Ta0.205Co0.180)C; (e, f) 

(Hf0.20Zr0.20Nb0.20Ta0.20Co0.20)C. (a, c, e) SEM images; (b, d, f) EDS elemental 

mappings of Hf, Zr, Nb, Ta, and Co. 

3.2 Phase and microstructure of the HEC bulk samples 

Figure 3 presents the XRD patterns of the HEC1, HEC2, and HEC3 bulk samples 

sintered at 1900 °C under a pressure of 6 GPa. All diffraction peaks can be indexed to 

the FCC carbide phase, with no detectable secondary-phase diffraction peaks. This 

indicates that the FCC carbide remains the dominant crystalline phase, although the 
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absence of detectable secondary-phase peaks does not necessarily exclude the presence 

of a minor secondary phase. The lattice parameters of HEC1, HEC2, and HEC3, 

calculated from the XRD data, are 4.5494 Å, 4.5543 Å, and 4.5498 Å, respectively. To 

further examine the structural characteristics, first-principles calculations were 

performed, yielding a lattice constant of 4.4500 Å for (Hf0.2Zr0.2Nb0.2Ta0.2Co0.2)C, 

which is slightly smaller than the experimental values. This discrepancy may be 

attributed to differences between theoretical calculations at 0 K and experimental 

measurements at finite temperatures, as well as thermal expansion and residual lattice 

distortion.  

 

Figure 3 XRD patterns of HEC1, HEC2, and HEC3 bulk samples sintered at 1900 °C 

under a pressure of 6 GPa, showing the formation of a single-phase FCC structure. 

Figure 4 presents the SEM images of HEC1, HEC2, and HEC3, respectively. All 

bulk samples exhibit a high degree of densification under the combined effects of 

elevated temperature and high pressure. Nevertheless, irregular and rugged surface 

morphologies are observed, which can be attributed to heterogeneous plastic flow, 
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localized densification variations, and the sluggish diffusion characteristics inherent to 

high-entropy ceramics during high-pressure sintering of bulk samples. Figures 4c, f, 

and i present the corresponding EDS elemental distribution maps. While Hf, Zr, Nb, 

and Ta elements are homogeneously distributed, the Co element exhibits noticeable 

segregation and localized enrichment in all samples. These Co-rich regions are also 

discernible in the SEM images, suggesting the occurrence of partial phase separation 

during sintering. Figure 5 presents the EBSD analysis of HEC1, HEC2, and HEC3. The 

inverse pole figure (IPF) maps (Figures 5a–c) show no pronounced preferred 

crystallographic orientation in the examined regions, suggesting that strong 

crystallographic texture is unlikely to be a dominant factor in the observed differences 

in mechanical properties. The corresponding phase maps (Figures 5d–f) confirm that 

the matrix retains a dominant single-phase structure, while the segregated Co is 

primarily distributed along grain boundaries. No clear dependence of grain size on Co 

content is observed. The fraction of low-angle grain boundaries in bulk samples 

(LAGBs, 2–15°) increases from 20.2% in HEC1 to 25.0% in HEC2 and further to 37.9% 

in HEC3. 
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Figure 4 SEM images, EDS elemental mapping, and particle size distributions of HEC1, 

HEC2, and HEC3 bulk samples: (a, d, g) lower-resolution SEM images; (b, e, h) high-

resolution SEM images; (c, f, i) EDS maps showing the distribution of Hf, Zr, Nb, Ta, 

and Co. 

 

Figure 5 EBSD results of HEC1, HEC2, and HEC3 bulk samples: (a–c) IPF maps 

showing randomly oriented grains; (d–f) phase maps indicating a dominant single-

phase matrix with Co segregation primarily located at grain boundaries. 
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Figure 6 displays transmission electron microscopy (TEM) characterization of the 

interface between the HEC and precipitated Co phase in HEC3. Figure 6a presents the 

overview TEM image, where distinct phase contrast can be observed. Figure 6b shows 

a high-resolution TEM (HRTEM) image of region A in Figure 6a, revealing two 

adjacent grains separated by a well-defined interface, with a thin transition layer clearly 

visible. Figure 6c presents the fast Fourier transform (FFT) image and its corresponding 

inverse fast Fourier transform (IFFT) image of grain B in Figure 6b. The measured 

interplanar spacing of 0.2335 nm corresponds to the (200) plane of the HEC phase, 

consistent with the XRD results. Figure 6d presents the FFT and IFFT results from the 

grain boundary region (region C). Compared with Figure 6c, additional diffraction spots 

are observed, which can be attributed to the presence of the precipitated Co phase. The 

measured interplanar spacing is 0.1122 nm, corresponding to the (220) plane of the 

cubic Co phase. The IFFT image further reveals a high-density distribution of 

dislocations near the interface. Figure 6e shows the selected area electron diffraction 

(SAED) pattern of the HEC matrix, exhibiting a typical FCC diffraction pattern with a 

zone axis along the [-100] direction. Figure 6f presents the SAED pattern of the Co-

rich region, which also displays an FCC structure with a zone axis along the [112] 

direction. As shown in Figure 6g, the EDS elemental mapping at the grain boundary 

reveals slight segregation of Nb and Zr within the transition layer. This behavior is 

associated with their relatively lower meta-carbon bonding strength and higher 

sensitivity to local lattice distortion, which promotes elemental redistribution at the 

interface [47]. 
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Figure 6 TEM characterization of HEC3: (a) overview image; (b) high-resolution TEM 

(HRTEM) image at the grain boundary (region A); (c) Fast Fourier Transform (FFT) 

and inverse FFT (IFFT) of region B in (b); (d) FFT and IFFT of region C in (b); (e) 

selected area electron diffraction (SAED) pattern of the HEC matrix in (a); (f) SAED 

pattern of the Co-rich region in (a); (g) EDS elemental mapping at the interface. 

3.3 Mechanical properties of the HEC bulk samples 

Vickers hardness measurements were conducted on HEC1, HEC2, and HEC3. As 

shown in Figure 7a, all samples exhibit a typical indentation size effect, where hardness 

decreases with increasing load and gradually approaches a plateau. The equilibrium 

Vickers hardness values are 17.42 GPa for HEC1, 17.23 GPa for HEC2, and 16.85 GPa 

for HEC3, indicating a slight decrease in hardness with increasing Co content. Figure 

7b presents the nanoindentation results. The nanohardness and elastic modulus of 

HEC1 are 31.52 GPa and 499.60 GPa, respectively; those of HEC2 are 30.06 GPa and 

414.17 GPa; and those of HEC3 are 24.79 GPa and 395.39 GPa. The fracture toughness 

values, calculated using Equation (1), are 4.54 MPa·m1/2 for HEC1, 4.72 MPa·m1/2 for 

HEC2, and 4.98 MPa·m1/2 for HEC3. In contrast to hardness and modulus, fracture 
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toughness shows a continuous increase with increasing Co content. Table 1 compares 

the mechanical properties of the present HEC samples with those of representative 

binary carbides and previously reported high-entropy carbides. These results 

demonstrate that HEC1–HEC3 achieve a favorable balance between hardness and 

toughness, exhibiting competitive toughness while maintaining relatively high hardness 

among advanced carbide systems. 

Table 1 Comparison of mechanical properties of the present HEC bulk samples with 

previously reported high-entropy carbides synthesized via different routes. 

Samples 
Vickers 

hardness/GPa 

Nano 

hardness/GPa 

Elastic 

modulus/Gpa 

Fracture 

toughness/ 

MPa·m1/2 

Reference 

HEC1 17.4 ± 0.6 31.5 ± 3.6 499.6 ± 85.6 4.5 ± 0.2 This work 

HEC2 17.2 ± 0.5 30.1 ± 1.2 414.2 ± 23.8 4.7 ± 0.2 This work 

HEC3 16.8 ± 0.3 24.8 ± 1.8 395.4 ± 50.9 5.0 ± 0.2 This work 

(Hf0.2Zr0.2Ti0.2Ta0.2Nb0.2)C 25.0 ± 1.0 - 450 3.5 ± 0.3 [48] 

(Ti0.2Cr0.2Nb0.2Ta0.2V0.2)C 24.6 ± 0.8 36.6 ± 0.5 476 ± 13 2.4 ± 0.3 [49] 

(Hf0.2Mo0.2Nb0.2Ta0.2Ti0.2)C 18.5 - - 4.2 [50] 

(Ti0.25Zr0.25Nb0.25Ta0.25)C 21.82 ± 1.5 - - 4.565 ± 0.5 [51] 

(NbTaZrTiHfVWMo)C - 38.71 - 4.67 [52] 

(Ti0.2Zr0.2Hf0.2V0.2Nb0.2)C 24.3 - 429.1 3.4 [53] 
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Figure 7 Mechanical properties of HEC bulk samples: (a) Vickers hardness as a 

function of applied load, showing a typical indentation size effect; (b) nanoindentation 

results, including nanohardness and elastic modulus. 

3.4 Phase Stability and Decomposition of Co-Containing HEC 

To investigate the thermodynamic tendency for Co segregation, a possible 

decomposition pathway was considered, in which the Co-containing HEC decomposes 

into a Co-free quaternary carbide and elemental Co: 

(Hf0.2Zr0.2Nb0.2Ta0.2Co0.2)C1-x → (Hf0.25Zr0.25Nb0.25Ta0.25)C1-y + Co + C  (2) 

In this reaction, the initial Co-containing HEC and the residual quaternary carbide 

are represented by (Hf0.2Zr0.2Nb0.2Ta0.2Co0.2)C1-x and (Hf0.25Zr0.25Nb0.25Ta0.25)C1-y, 

respectively, to account for possible carbon vacancies in both carbide phases. 

Accordingly, the reaction does not explicitly assume the formation of a fixed amount 

of excess free carbon. The values of x and y cannot be experimentally established, and 

Equation (2) represents a proposed decomposition pathway rather than a quantitative 

description of the actual phase compositions or carbon balance in the sintered samples.  

For the first-principles calculations, an idealized stoichiometric rock-salt model 

was adopted, in which Co occupies the transition-metal sublattice. Specifically, the 

calculations correspond to the limiting case of x = y = 0, assuming complete Co 

segregation and the formation of a stoichiometric Co-free quaternary carbide. Thus, the 

calculated reaction energies are used to evaluate the thermodynamic tendency for Co 

segregation within this idealized model, rather than to quantitatively predict the phase 

compositions or fractions in the experimental samples. 

Ju
st

 A
cc

ep
te

d



Within the static 0 K DFT framework, the Gibbs free-energy change was 

approximated as: 

Δ𝐺 ≈  Δ𝐻 =  Δ𝐸 +  P · ΔV  (3) 

As summarized in Table 2, with the underlying computational data provided in 

Table S1 and Table S2, the calculated (Δ𝐺) remains negative over 0–6 GPa and becomes 

more negative with increasing pressure. This result indicates that the considered 

decomposition pathway becomes thermodynamically more favorable under pressure 

within the adopted model. 

Table 2 DFT-calculated formation energies of the corresponding reaction energy 

change Δ𝐸 and the resulting Δ𝑉 and Δ𝐺 of the decomposition reaction. 

𝑃/GPa Δ𝐸/eV Δ𝑉/Å3 Δ𝐺/eV 

0 -78.06 -72.999 -78.06 

2 -78.03 -71.835 -78.92 

3 -78.03 -71.312 -79.37 

4 -78.00 -71.288 -79.78 

5 -77.97 -70.780 -80.18 

6 -77.94 -70.282 -80.57 

The electronic origin of the predicted Co instability was examined using COHP, 

DOS, and charge-density analyses (Figures S2–S10). Co–C exhibits pronounced 

antibonding states near the Fermi level, whereas Hf–C, Zr–C, Nb–C, and Ta–C exhibit 

more favorable bonding characteristics. This contrast suggests that Co–C interactions 

provide less stabilization than the refractory transition-metal-C (TM-C) bonding 

network. These pressure-dependent ICOHP values further reveal an increasing bonding 

asymmetry (Figure 8a). From 0 to 6 GPa, the ICOHP values of Hf–C, Zr–C, Nb–C, and 

Ta–C change from −2.18 to −2.24 eV, −1.79 to −1.86 eV, −2.00 to −2.17 eV, and −2.24 
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to −2.33 eV, respectively, indicating stronger bonding interactions. In contrast, the Co–

C ICOHP changes from −2.06 to −2.03 eV, indicating a slight weakening of Co–C 

bonding, providing a slight weakening of Co-C interactions. These results suggest that 

pressure preferentially strengthens the TM–C framework relative to Co–C bonding, 

providing an electronic-structure explanation consistent with the predicted tendency for 

Co segregation. 

The associated local structural response was examined using Voronoi and Bader 

volume analyses, together with the Co–Co radial distribution function (RDF) (Figures 

8b and S11). The reduction in the Voronoi and Bader volumes associated with Co is 

consistent with local compression under pressure. Meanwhile, the first Co–Co RDF 

peak increases in intensity from 15.97 to 24.50 and shifts from approximately 3.14 to 

3.10 Å between 0 and 6 GPa, indicating enhanced short-range Co–Co correlations and 

reduced Co–Co separation. Collectively, these results suggest that pressure-induced 

bonding asymmetry promotes local structural rearrangement and Co–Co association, 

consistent with the experimentally observed Co-rich regions. 

 

Figure 8 (a) ICOHP values for metal–carbon bonds, reflecting bond strength; (b) 

atomic volume misfit and Bader volume misfit of Co atoms under different pressures. 
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3.5 Toughening Mechanisms Induced by Co Precipitation 

Figure 9a shows a representative TEM image of HEC3. It reveals the 

microstructural features associated with Co precipitation. The HRTEM image in Figure 

9b (region A in Figure 9a) shows a distinct Co-rich region. A FFT analysis of region C 

confirmed that it corresponds to single-phase Co. Notably, a high density of dislocations 

was observed within the Co region, indicating not only strong plastic deformation 

capacity but also directly promoting the formation of subgrains, thereby providing a 

fundamental explanation for the increase in the LAGB ratio with increasing Co content. 

The IFFT image in Figure 9c further reveals that these defects are predominantly edge 

dislocations, which play a critical role in strain accommodation. Figure 9d shows the 

HRTEM image of the interface region (region B in Figure 9a). The measured interplanar 

spacings are 0.2252 nm for FCC-Co and 0.2618 nm for the HEC matrix, indicating an 

inherent lattice mismatch. However, the geometric phase analysis (GPA) result in 

Figure 9e shows a relatively uniform and low strain distribution at the interface. This 

suggests that the lattice mismatch is effectively relaxed, despite the structural 

discontinuity. The SAED pattern in Figure 9f exhibits two independent sets of 

diffraction spots, confirming that the Co precipitates and HEC matrix have the relation 

of [312] HEC∥[101] Co. Meanwhile, the EDS mapping in Figure 9g shows a distinct 

Co-enriched interfacial region with disordered atomic stacking. These observations 

collectively indicate the formation of a structurally discontinuous yet mechanically 

compatible interface. The apparent contradiction between structural discontinuity and 

low interfacial strain can be rationalized by the intrinsic properties of the Co phase. The 
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FCC Co phase, enriched at the interface, provides substantial plasticity and enables 

local atomic rearrangement. In addition, the high density of dislocations within the Co 

phase facilitates strain relaxation, leading to the formation of a quasi-stress-free 

interface. This ductile interfacial layer effectively accommodates lattice mismatch and 

reduces stress concentration. 

  

Figure 9 TEM characterization of HEC3: (a) overall microstructure; (b) HRTEM image 

of region A with corresponding FFT of region C; (c) IFFT image showing dislocation 

structures; (d) HRTEM image of the interface (region B); (e) GPA strain map of (d); (f) 

SAED pattern at the interface; (g) EDS elemental mapping across the interface. 

Figure 10a shows the indentation morphology of HEC3 under a load of 500 g. 

High-magnification images (Figure 10b–d) reveal that cracks exhibit pronounced 
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branching and deflection during propagation. No significant crystallographic texture 

was observed between HEC1 and HEC3, indicating that the differences in mechanical 

properties are unlikely to result from texture evolution. The increased fraction of 

LAGBs and the high density of dislocations near interfaces further contribute to plastic 

deformation at the microscale. These features facilitate crack deflection, crack bridging, 

and crack tip blunting during fracture, thereby enhancing energy dissipation and 

suppressing crack propagation. More importantly, the precipitated Co acts as a 

compliant buffer during crack propagation. Instead of fracturing, the Co phase 

undergoes plastic deformation, absorbing fracture energy and promoting crack 

deflection or re-initiation at adjacent interfaces. This behavior introduces an additional 

energy dissipation mechanism and interrupts straight crack propagation paths. 

Furthermore, the presence of crack branching and transgranular fracture indicates 

strong grain boundary cohesion in the HEC matrix. As a result, cracks are forced to 

propagate through grains, accompanied by frequent deflection and path deviation, 

which further increases the fracture resistance [54–56]. 
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Figure 10 SEM images of indentation morphology of HEC3 under a 500 g load: (a) 

overall view; (b–d) high-magnification images of regions A, B, and C in (a) 

4. Conclusions 

This work uncovers a fundamental mechanism by which electronic-structure 

instability governs phase separation and toughening in Co-containing high-entropy 

carbides. The key findings are summarized as follows: 

(1) First-principles calculations reveal that Co incorporation introduces 

antibonding Co–C states near the Fermi level, in contrast to the stable TM–C covalent 

framework. This intrinsic electronic instability renders the solid solution 

thermodynamically unfavorable, as evidenced by the negative decomposition Gibbs 

free energy across the investigated pressure range. 

(2) External pressure enhances bonding asymmetry, further destabilizing Co–C 

interactions and promoting phase separation. This process is accompanied by 
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pronounced local lattice distortion, atomic volume mismatch, and Co clustering, 

establishing a direct link between electronic structure and short-range atomic ordering. 

(3) The segregated Co forms a ductile FCC phase along grain boundaries, enabling 

strain accommodation through dislocation activity. Despite structural discontinuity, 

these interfaces remain mechanically compatible, effectively suppressing stress 

concentration. 

(4) The Co-rich interfacial phase promotes crack deflection, branching, and energy 

dissipation, leading to enhanced fracture resistance. Toughening thus arises from an 

electronically driven microstructural transformation rather than external reinforcement. 

(5) These findings establish a paradigm in which controlled electronic instability 

is leveraged to induce beneficial phase separation, offering a broadly applicable 

strategy for designing damage-tolerant high-entropy ceramics. 
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