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Abstract: Ta-containing MAX phases are promising high-temperature structural ceramics, but high 

density and concurrent optimization of strength, fracture toughness, and elevated-temperature property 

retention remains challenging. Entropy engineering can tailor M-site chemistry; however, it remains 

unclear how M-site combinations control the strength–toughness balance and elevated-temperature 

retention. Here, (TaNbV)2AlC, (TaTiNb)2AlC, (TaTiV)2AlC, and (TaTiNbV)2AlC were synthesized 

by vacuum hot pressing and investigated through phase and microstructural characterization, density 

functional theory (DFT)-based crystal orbital Hamilton population (COHP) analysis, Deep Potential 

molecular dynamics (DP-MD), and mechanics-based bridging models. Characterization confirmed a 

layered M2AlC-type framework and showed no obvious M-site elemental segregation within the 

examined regions. Compared with Ta2AlC, all medium-entropy ceramics showed reduced density and 

improved room-temperature flexural strength and fracture toughness, with (TaNbV)2AlC achieving 

578 MPa and 8.5 MPa·m1/2. COHP revealed stronger M–C and M–Al bonding in Ta/Nb-centered 

environments than in Ti- and V-centered environments, explaining the flexural-strength grouping. 

However, fracture toughness required path-dependent basal-cleavage descriptors beyond average bond 

strength. A validated DP-MD model demonstrated structural retention up to 1500 K under inert 

(oxygen-free) conditions and within the simulation time scale, intrinsic tensile softening, and 

composition-dependent cleavage-work retention. Qualitative-to-semiquantitative bridging projections 

indicate that (TaNbV)2AlC provides the highest absolute strength and toughness, whereas 

(TaTiNbV)2AlC has the best elevated-temperature retention. These results reveal that Ta/Nb-rich 

bonding and basal-cleavage resistance act as complementary, composition-dependent mechanisms 

governing the strength–toughness balance and its elevated-temperature retention in this Ta-based 211 

MAX series, providing a mechanistic basis for designing entropy-engineered MAX ceramics with 

room-temperature performance and elevated-temperature property retention as distinct targets. 
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1 Introduction 

MAX phases, generally formulated as Mn+1AXn (where M is an early transition metal, A is a group 

13 or 14 element, X is C and/or N, and n = 1–4), are nanolaminated carbides and nitrides in which 

transition-metal carbide/nitride slabs are interleaved with A-element atomic layers. The coexistence of 

strong M–X bonding and comparatively weaker M–A interactions underlies their unusual combination 

of ceramic-like stiffness, thermal stability, and oxidation resistance with metallic-like machinability, 

electrical/thermal conductivity, and damage tolerance [1–4]. The compositional space of MAX phases 

continues to expand, as demonstrated by the prediction and synthesis of new MAX compounds such 

as V2SnC and Mo2Ga2C, as well as entropy-engineered M2SnC systems with complex M-site 

chemistry [5–7]. These characteristics, together with composition-dependent high-temperature 

oxidation or decomposition pathways that may form protective oxide scales and/or refractory carbide-

derived products, have stimulated interest in MAX phases as high-temperature structural materials and 

protective coatings for severe environments [8–11]. Among them, Ta-containing MAX phases are 

particularly attractive because Ta–C chemistry is intrinsically refractory, as exemplified by the high 

melting point of TaC, approximately 3880 °C [12]. However, Ta-rich members also carry a substantial 

density penalty, which is unfavorable for mass-sensitive high-temperature components [13]. The key 

materials-design challenge is therefore to retain the refractory and damage-tolerant advantages of Ta-

containing MAX chemistry while improving the balance among density, strength, and fracture 

resistance. 

Although bonding anisotropy is a general feature of MAX phases, the M2AlC-type 211 structure 

provides a comparatively simple platform for examining how M-site chemistry affects mechanical 

response. In this structure, changes on the M sublattice can perturb both the strong M–C carbide 
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network and the weaker M–Al interlayer environment. As a result, M-site chemical design in 211 

MAX ceramics may influence stiffness and strength through the carbide framework while also 

modifying crack propagation and fracture resistance through the layered interfacial bonding. Entropy 

engineering provides a promising route for such M-site design, because multiple transition metals can 

be distributed over the same crystallographic sublattice to introduce configurational complexity, local 

lattice distortion, and bonding heterogeneity. This concept has produced important progress in high-

entropy carbides and other compositionally complex ceramics, where lattice distortion and chemical 

heterogeneity have been used to tailor hardness and mechanical response [14–18]. In MAX phases, 

recent studies have demonstrated that medium- and high-entropy M-site solid solutions can be 

synthesized while retaining the layered structure [19–23]. Beyond entropy-engineered systems, studies 

on V-doped Ti2GaC have shown that M-site substitution can modify microstructure and mechanical 

properties [24], while first-principles calculations on M2AlC-type carbides reveal composition-

dependent elastic anisotropy and related physical properties [25]. Dynamic compression studies of 

highly oriented Ta2AlC further indicate that microstructural orientation and confinement can strongly 

influence mechanical response [26]. These results collectively suggest that the mechanical behavior of 

MAX ceramics is sensitive not only to phase formation, but also to M-site chemistry, bonding 

environment, and microstructural state. However, configurational complexity alone does not 

necessarily lead to simultaneous improvements in strength and fracture toughness. For example, the 

reported medium-entropy (Ti,V,Nb,Ta)2AlC showed enhanced strength and hardness, whereas its 

fracture toughness was not improved relative to the corresponding reference MAX phase [19]. This 

distinction highlights the need to separate strengthening from toughening and to identify how 

individual M-site elements contribute to local bonding and fracture resistance. Nevertheless, 

systematic studies on Ta-based 211 MAX ceramics that compare different M-site medium-entropy 

combinations and relate the measured strength–toughness balance to element-resolved bonding remain 

limited. 
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A recent study on Ti3C2Tx-reinforced Ta2AlC suggested that Ti can be incorporated into the M 

sublattice during high-temperature processing, and that limited Ti-related solid-solution formation 

may contribute to improved flexural strength and fracture toughness [27]. This observation provides 

an experimental clue and a practical starting point for extending M-site alloying in Ta2AlC beyond 

minor Ti incorporation. In the present work, Ti, Nb, and V were selected as M-site alloying elements 

by considering both the prior Ti-solid-solution evidence and the carbide/nitride-forming character of 

these early transition metals. Compared with Ta, these elements also offer lower atomic masses and 

different atomic sizes, allowing the M-site chemistry to be modified while introducing local lattice 

distortion and bonding heterogeneity. Four Ta-based medium-entropy 211 MAX ceramics, namely  

(TaNbV)2AlC, (TaTiNb)2AlC, (TaTiV)2AlC, and (TaTiNbV)2AlC, were therefore designed to 

compare ternary and quaternary M-site combinations rather than simply maximize configurational 

entropy. The room-temperature flexural strength and fracture toughness were first evaluated 

experimentally and interpreted in relation to phase constitution, crystal structure, elemental distribution, 

and fracture morphology. Density functional theory (DFT) calculations combined with crystal orbital 

Hamilton population (COHP) analysis were then used to quantify element-resolved M–C and M–Al 

bonding, providing an atomistic basis for understanding the composition-dependent mechanical 

response. To extend this static bonding picture to finite-temperature behavior, a validated Deep 

Potential molecular dynamics (DP-MD) model was employed to examine structural retention, tensile 

softening, and basal-cleavage resistance under thermal loading. Finally, two mechanics-based bridging 

models were established to connect the room-temperature experimental properties with the DP-MD-

derived tensile and cleavage descriptors, enabling prediction of high-temperature strength and 

toughness retention. The main contribution of this work is a systematic, element-resolved bonding 

analysis combined with a deep-potential-based finite-temperature bridging framework that links M-

site chemistry to the strength–toughness balance and its elevated-temperature retention in Ta-based 
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medium-entropy 211 MAX ceramics, providing a basis for evaluating related MAX ceramics for high-

temperature structural and protective applications. 

2 Experimental and Computational Methods 

2.1 Synthesis of MAX phases 

Ta2AlC was prepared as the reference ceramic, and four Ta-based medium-entropy 211 MAX 

ceramics were designed by equimolar occupation of the M sublattice, namely (TaNbV)2AlC, 

(TaTiNb)2AlC, (TaTiV)2AlC, and (TaTiNbV)2AlC. For clarity, (TaNbV)2AlC, (TaTiNb)2AlC, and 

(TaTiV)2AlC denote (Ta1/3Nb1/3V1/3)2AlC, (Ta1/3Ti1/3Nb1/3)2AlC, and (Ta1/3Ti1/3V1/3)2AlC, 

respectively, while (TaTiNbV)2AlC denotes (Ta1/4Ti1/4Nb1/4V1/4)2AlC. 

Tantalum powder (< 30 μm, ≥99.5 wt.%, Kerun Nano New Materials Co., Ltd., China), titanium 

powder (< 45 μm,≥99.5 wt.%, Jinzhou Institute of Metal Materials, China), niobium powder (< 30 

μm, ≥99.5 wt.%, Kerun Nano New Materials Co., Ltd., China), vanadium powder (< 30 μm, ≥99.5 

wt.%, Chengdu Huayin Powder Technology Co., Ltd., China), aluminum powder (< 29 μm,≥99.7 

wt.%, Harbin Northeast Light Alloy Powder Co., Ltd., China), and graphite powder (< 15 μm, ≥99.0 

wt.%, Qingdao Xingyuan Graphite Emulsion Co., Ltd., China) were used as raw materials. The starting 

powders were weighed according to a nominal molar ratio of M:Al:C = 2:1.2:0.95, where M represents 

Ta for the Ta2AlC reference and the corresponding equimolar transition-metal mixture for the medium-

entropy compositions. Excess Al was added to compensate for Al loss during high-temperature hot 

pressing. The nominal carbon content was set slightly below stoichiometry as part of the optimized 

starting-powder ratio for the present graphite-tooling vacuum hot-pressing route. 

The weighed powders were loaded into polypropylene bottles together with zirconia balls at a ball-

to-powder mass ratio of 1:1.5. The mixtures were homogenized in a horizontal mixer (model 5L2L, 

Yixing Dingshu Haoqiang Machinery Factory, China) at 100 r/min for 48 h. During mixing, the bottles 

were taken out every 4–6 h and manually shaken to reduce local powder accumulation and 
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agglomeration. After mixing, the powders were loaded into graphite dies equipped with graphite 

punches. The powder compacts were pre-pressed to 20 MPa within 5 min and held for 3 min to improve 

powder contact before reactive hot pressing. 

All ceramics were fabricated by vacuum hot pressing in a ZT-40-21Y hot-pressing furnace 

(Shanghai Chenhua Technology Co., Ltd., China), with a furnace pressure of approximately 0.054 Pa. 

After pre-pressing, the die assembly was heated without external loading to 1350 °C. The pressure was 

then increased to 30 MPa at 1350 °C and maintained during the subsequent heating to 1500 °C and the 

1 h holding stage. The heating rates were 10 °C/min from room temperature to 1200 °C, 6 °C/min from 

1200 to 1350 °C, and 4.5 °C/min from 1350 to 1500 °C. After sintering, the samples were furnace 

cooled to room temperature and removed from the graphite dies, yielding disk-shaped bulk billets 

approximately 50 mm in diameter and ~3 mm in thickness. Photographs of the as-sintered billets are 

provided in Fig. S1 in the Electronic Supplementary Material (ESM). The billets were then 

machined or ground into specimens for subsequent characterization and mechanical testing. 

2.2 Characterization and mechanical testing 

The phase constitution of the sintered ceramics was examined by X-ray diffraction (XRD, D8 

ADVANCE, Bruker, Germany) using Cu Kα radiation. The diffraction patterns were collected over a 

2θ range of 10°–90° with a step size of 0.05° and a scanning rate of 1°/min. XRD was performed 

directly on the polished bulk surfaces of the hot-pressed specimens. To evaluate hot-pressing-induced 

texture, patterns were additionally collected on two mutually perpendicular surfaces of each 

specimen—one with its normal parallel to the hot-pressing axis and one perpendicular to it. Rietveld 

refinement was performed using the GSAS-II software package to determine the lattice parameters and 

theoretical densities [28]. The bulk densities of the sintered samples were measured by the Archimedes 

method using deionized water as the immersion medium, and the relative densities were calculated 

from the ratio of the measured bulk density to the Rietveld-derived theoretical density. The 

mechanically polished surfaces were briefly etched in the HNO3/HCl/H2O solution (1:1:1, v/v/v) for 
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5 s, immediately rinsed with deionized water, and dried before SEM observation. Grain morphology 

was then quantified from these polished and lightly etched cross-sectional SEM micrographs by 

marker-controlled watershed segmentation. Three fields were analysed for each composition, and the 

projected grain-section length, width, and aspect ratio were determined. 

For transmission electron microscopy (TEM) observations, thin discs with a diameter of 3 mm were 

mechanically ground to approximately 30 μm, mounted on copper rings, and further thinned by ion 

milling using a Gatan 691 Precision Ion Polishing System (Gatan Inc., USA). TEM and selected-area 

electron diffraction (SAED) were performed using a JEM-2100F microscope (JEOL Ltd., Japan) 

operated at 200 kV. High-angle annular dark-field (HAADF) imaging and energy-dispersive X-ray 

spectroscopy (EDS) mapping were conducted in scanning transmission electron microscopy (STEM) 

mode using the same instrument to examine the local crystal structure and elemental distribution. 

Room-temperature flexural strength was measured by three-point bending using a ZQ990LA 

mechanical testing machine (Dongguan Zhiqu Precision Instrument Co., Ltd., China) according to 

GB/T 6569-2006. Bar specimens with dimensions of 3 mm × 4 mm × >36 mm were tested with a 

support span of 30 mm and a crosshead speed of 0.5 mm/min. Room-temperature fracture toughness 

was evaluated by the single-edge notched beam (SENB) method using specimens with dimensions of 

2 mm × 4 mm × 24 mm, a notch depth of approximately 2 mm, and a support span of 16 mm. All 

flexural and SENB specimens were machined from the hot-pressed billets with a fixed geometry that 

was identical for every composition. The flexural bars were cut with their longitudinal axes 

perpendicular to the hot-pressing direction and were loaded parallel to the hot-pressing direction. For 

the SENB specimens, the loading direction was perpendicular to the hot-pressing direction, and the 

notch was oriented such that crack propagation proceeded within the billet plane, i.e. perpendicular to 

the hot-pressing direction. The different loading orientations were dictated by the billet geometry: the 

~3 mm billet thickness could accommodate the 3 mm dimension of the flexural bars in the loading 

direction, but not the 4 mm specimen height (h) used for the SENB tests; consequently, the SENB 
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specimens had to be machined with h lying within the billet plane. The specimens were ground to their 

final dimensions, and the through-thickness notch was subsequently introduced by wire electrical-

discharge machining using a 0.18 mm molybdenum wire, giving a notch width of approximately 0.2 

mm; the notches were tested in the as-machined condition without razor-blade sharpening or pre-

cracking. The loading rate for SENB testing was 0.5 mm/min. The fracture toughness was calculated 

using the following equation [29]: 

 KIC=
3FL√a

2bh
2

[1.93–3.07 (
a

h
) +14.53 (

a

h
)

2

–25.07 (
a

h
)

3

+25.8 (
a

h
)

4

] (1) 

where F is the fracture load, L is the support span, a is the notch depth, and b and h are the specimen 

width and height, respectively. Five valid specimens were tested for each composition, and the average 

values and standard deviations were used for comparison. A SENB test was accepted as valid only 

when (i) fracture initiated from the machined notch, (ii) the load–displacement response remained 

essentially linear up to the fracture load, with no off-notch failure or spurious compliance, and (iii) the 

measured a/h fell within 0.45–0.55. Statistical significance among compositions was evaluated by one-

way analysis of variance (ANOVA) followed by Tukey’s honestly significant difference (HSD) post-

hoc test, with a significance level of 0.05. All statistical analyses were performed using Python 3.11 

with the SciPy and statsmodels packages. 

After mechanical testing, fracture morphology and representative fracture-surface elemental 

distributions were examined using a field-emission scanning electron microscope (FE-SEM, Nova 

NanoSEM 450, FEI, USA) equipped with an energy-dispersive X-ray spectroscopy (EDS) detector. 

2.3 First-principles calculations and bonding analysis 

Special quasirandom structures (SQSs) [30] were constructed using the mcsqs module of the Alloy 

Theoretic Automated Toolkit (ATAT) to represent random M-site occupation in the medium-entropy 

211 MAX phases [31]. The SQS models were built based on the primitive unit cell of 211-type Ta2AlC. 

According to the crystallographic sublattices of the MAX structure, Ta, Ti, Nb, and V were allowed 

to occupy only the M sublattice, whereas Al and C were fixed on the A and X sublattices, respectively. 
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The M-site chemical disorder was represented using 96-atom SQS supercells. The selected SQS 

models showed zero or near-zero correlation deviations in the main coordination shells and were used 

as structural models for the subsequent first-principles calculations. 

Density functional theory (DFT) calculations were performed using Quantum ESPRESSO [32,33]. 

The generalized gradient approximation with the Perdew–Burke–Ernzerhof (PBE) exchange-

correlation functional [34] was used together with ultrasoft pseudopotentials. Dispersion interactions 

were considered using the DFT-D3 correction [35]. Structural optimization was carried out using 

variable-cell relaxation. Based on convergence tests using the quaternary (TaTiNbV)2AlC SQS model 

as the representative structure, a wavefunction cutoff energy of 50 Ry, a charge-density cutoff energy 

of 500 Ry, and a 3 × 4 × 3 k-point grid were adopted for the main SQS calculations. These settings 

were applied consistently to all investigated medium-entropy compositions. Gaussian smearing was 

used for the electronic occupations. The cutoff and k-point convergence tests are provided in Fig. S2 

in the ESM, and the DFT-optimized ternary SQS structures are shown in Fig. S3 in the ESM. 

Optimized structures were visualized using VESTA [36]. 

Chemical bonding was evaluated by crystal orbital Hamilton population (COHP) analysis using the 

LOBSTER package [37–39], and the averaged negative integrated COHP value, denoted as −ICOHP, 

was used to compare the M–C and M–Al bonding. 

2.4 Deep Potential model training and molecular dynamics simulations 

A Deep Potential (DP) model [40] was trained for the Ta–Ti–Nb–V–Al–C chemical space using 

DeePMD-kit [41,42]. The element type map was set as Ta, Ti, Nb, V, Al, and C, and the se_e2_a 

DeepPot-SE descriptor [43] was adopted. Four independently initialized models were trained and used 

for model-deviation evaluation within the DP-GEN concurrent-learning workflow [44]. Configuration 

exploration was performed using LAMMPS [45] coupled with the DeepMD interface. The explored 

configurations included thermally perturbed bulk structures, tensile deformation configurations, 

cleavage configurations, and surface-slab configurations. The selected configurations were then 
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labeled by DFT using the same exchange-correlation functional, pseudopotentials, dispersion 

correction, and convergence criteria as described in Section 2.3. Detailed network architecture, 

training schedule, and loss prefactors are provided in Section S3 of the ESM, and the representative 

training and validation curves are shown in Fig. S4. 

Finite-temperature molecular dynamics simulations were performed using the trained DP model in 

LAMMPS. Bulk NPT simulations for the thermal-expansion analysis were performed at 300, 450, 600, 

750, 900, 1050, 1200, 1350, and 1500 K, and the simulated XRD patterns and partial radial distribution 

functions were evaluated at 300, 1200, and 1500 K. The 96-atom SQS structures were used as parent 

cells for constructing larger periodic MD supercells. Supercell-size convergence of the z-direction 

tensile response was examined using the representative quaternary (TaTiNbV)2AlC model, as 

summarized in Table S1. The 2×2×3 supercell containing 1152 atoms was selected for the production 

DP-MD tensile and cleavage simulations as a balance between convergence and computational cost. 

In this MD supercell, the z direction corresponds to the basal-normal direction inherited from the 

layered 211 MAX structure. Tensile loading was therefore applied along z to probe the intrinsic 

resistance to layer-normal deformation, consistent with the strong anisotropy and basal-plane-related 

deformation characteristics of MAX phases [1,46,47]. Cleavage simulations were performed by 

opening sampled (0001) interfaces along the basal-normal direction, as {0001} basal-plane 

delamination has been identified as an important crack-wake bridging mechanism in the bulk fracture 

of MAX phases [48]. Additional surface-slab simulations were conducted at 900 and 1500 K to 

examine the behavior of free-surface configurations. Detailed simulation settings, including time steps, 

equilibration procedures, deformation and opening protocols, and ensemble parameters, are 

summarized in Section S3 of the ESM. 

The tensile and cleavage descriptors were extracted from the corresponding stress–strain and 

traction–separation curves. The ultimate tensile strength was defined as the maximum stress along the 

smoothed tensile stress–strain curve: 
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 σUTS=max[σz(εz)] (2) 

The tensile work density before instability was calculated as 

 Ut= ∫ σz(εz)dεz

εf

0

 (3) 

where εf denotes the strain associated with tensile instability. The tensile-strength retention was defined 

as 

 Rσ(T)=σUTS(T)/σUTS(300K) (4) 

For cleavage simulations, the traction–separation response was analyzed following the description 

commonly used in cohesive-zone and atomistic interface-separation analyses [49,50]. The peak 

cleavage traction was defined as 

 σc=max[tn(Δ)] (5) 

where tn is the normal traction and Δ is the opening displacement. The work of separation, Wsep, was 

obtained from the positive area under the baseline-corrected traction–separation curve: 

 Wsep= ∫ tn(Δ)dΔ

Δend

0

 (6) 

where Δend denotes the final separation after interfacial detachment. Atomic structures and MD 

trajectories were visualized using OVITO [51]. 

3 Results and Discussion 

3.1. Phase formation and structural characterization 
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Fig. 1 XRD patterns of the synthesized Ta-based medium-entropy 211 MAX ceramics, with the 

secondary-phase (MCx) reflections marked and the reference peak positions of related M2AlC phases 

shown. 

The nominal M-sublattice configurational entropies of the investigated compositions are 

summarized in Table S2. The phase constitution of the Ta-based medium-entropy MAX ceramics was 

first examined by XRD. As shown in Fig. 1, all four compositions are dominated by sharp diffraction 

peaks that can be indexed to the 211-type MAX phase structure. The low-angle basal reflections, such 

as (002) and (004), together with a series of non-basal reflections including (100), (101), (103), (104), 

(105), (106), (107), (110), (112), (114), (109), (116), and (206), are observed in the measured patterns. 

In all compositions, the strongest reflection is indexed as (103), which is a characteristic intense 

reflection of M2AlC-type MAX phases. The measured peak positions are generally consistent with the 

reference patterns of related 211 MAX phases, including Ta2AlC, Ti2AlC, Nb2AlC, and V2AlC. Slight 

differences in peak positions among the four compositions suggest changes in the average lattice 

parameters caused by different M-site elemental combinations, rather than a change in the 211 MAX 
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structural framework. Very weak additional reflections, marked as MCx in Fig. 1, are visible in some 

patterns and are attributed to a minor rock-salt-type secondary carbide; nevertheless, the overall 

diffraction response is clearly dominated by the 211-type MAX phase. These XRD results show that 

the layered M2AlC-type framework was preserved after Ti, Nb, and/or V alloying under the present 

vacuum hot-pressing conditions. 

 

Fig. 2 Two-phase Rietveld refinements (211 MAX phase and minor rock-salt-type carbide) of the 

XRD patterns of Ta-based medium-entropy 211 MAX ceramics. 

A two-phase Rietveld refinement, comprising the 211 MAX phase and a minor rock-salt-type 

secondary carbide (space group Fm3̅m), was then performed to quantify the phase constitution and the 

211 MAX crystallographic framework. As shown in Fig. 2, the calculated profiles reproduce the 

observed patterns for all four compositions, including the weak secondary-phase reflections, and the 

difference curves remain low over the measured 2θ range. The refined reliability factors are Rp = 7.89–

9.95%, Rwp = 10.61–13.11%, and GOF = 1.26–1.52, within an acceptable range for two-phase 
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refinement of these Ta-based medium-entropy ceramics. The refinement confirms that all 

compositions are dominated by the 211 MAX phase (98.10–99.01 wt%), with only a minor rock-salt-

type carbide (0.99–1.90 wt%). The refined 211 MAX lattice parameters vary systematically with the 

M-site combination, consistent with the peak shifts noted above, while the layered 211 framework is 

preserved in all cases. The 211 MAX texture index J, refined from XRD collected on the bulk surface 

whose normal is parallel to the hot-pressing axis, ranges from 1.48 to 2.43 among the medium-entropy 

compositions, indicating a composition-dependent preferred orientation. The full phase constitution, 

lattice parameters, secondary-phase contents, and texture indices for all compositions, including the 

Ta2AlC reference, are summarized in Table S3. The XRD pattern and two-phase Rietveld refinement 

of the Ta2AlC reference are provided in Fig. S5. 

The local crystal structure and elemental distribution of the Ta-based medium-entropy MAX 

ceramics were further examined by TEM-based characterization. Fig. 3 shows representative HAADF-

STEM images, SAED patterns, and STEM-EDS elemental maps of (TaNbV)2AlC, (TaTiNb)2AlC, 

(TaTiV)2AlC, and (TaTiNbV)2AlC. The SAED patterns collected from the examined grains exhibit 

sharp and well-defined diffraction spots, indicating good crystallinity in the selected regions. For all 

four compositions, the patterns were recorded along the [0001] and [11 2̅0] zone axes, and the 

reciprocal-lattice vector magnitudes (|g|, in nm–1) and interspot angles are labelled directly in Fig. 3. 

In the [0001] patterns, the symmetry-equivalent {10 1̅ 0}-type reflections are separated by 

approximately 59–61°, consistent with the six-fold symmetry of the basal plane. In the [112̅0] patterns, 

the (0002) and (11̅00) reflections are mutually perpendicular (≈90°), and the measured d(0002) ≈ 0.69 

nm corresponds to c ≈ 1.37–1.38 nm, in agreement with the XRD-refined lattice parameters. These 

diffraction features independently confirm the hexagonal layered structure of the 211 M2AlC-type 

MAX phases [19,52]. The corresponding STEM-EDS maps show that the designed M-site elements 

are distributed throughout the examined regions. For each composition, Ta is co-distributed with the 

relevant alloying elements among Ti, Nb, and V within the observed grains, and no obvious Ti-, Nb-, 
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or V-rich segregated domains are observed at the spatial scale resolved by the present STEM-EDS 

measurements. The Al and C signals, where shown, are also associated with the same MAX-phase 

regions. Together with the XRD and Rietveld refinement results, the SAED and STEM-EDS results 

provide local structural and compositional evidence for the formation of crystalline Ta-based medium-

entropy 211 MAX ceramics. 

 

Fig. 3. Local crystal structure and elemental distribution of Ta-based medium-entropy 211 MAX 

ceramics. HAADF-STEM images, STEM-EDS elemental maps, and SAED patterns of (a–c) 

(TaNbV)2AlC, (d–f) (TaTiNb)2AlC, (g–i) (TaTiV)2AlC, and (j–l) (TaTiNbV)2AlC. The SAED 
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patterns were indexed along the [0001] and [112̅0] zone axes, with the reciprocal-lattice vector 

magnitudes (|g|, in nm–1) and interspot angles labelled, and the elemental maps show the spatial 

distribution of the constituent elements in the observed regions. 

As complementary characterization of the reference ceramic before the following density and 

mechanical-property comparison, the  fracture surface and corresponding EDS maps of the hot-pressed 

Ta2AlC reference are provided in Fig. S6. 

3.2 Density and room-temperature mechanical properties 

The density and room-temperature mechanical properties of the Ta-based medium-entropy 211 

MAX ceramics are summarized in Fig. 4. As shown in Fig. 4a, the Rietveld-derived theoretical 

densities decrease from 7.6745 g·cm–3 for (TaNbV)2AlC to 6.7442 g·cm–3 for (TaTiNbV)2AlC, while 

the corresponding Archimedes bulk densities decrease from 7.5372 to 6.6397 g·cm–3. This density 

reduction reflects the partial replacement of the heavy Ta sublattice by lighter Ti, Nb, and V elements. 

The relative densities of all four medium-entropy ceramics remain high, ranging from approximately 

98.13% to 98.59%, indicating that dense bulk ceramics were obtained under the present vacuum hot-

pressing conditions. 

 

Fig. 4 Density and room-temperature mechanical properties of the Ta2AlC reference and the four Ta-

based medium-entropy 211 MAX ceramics: (a) Rietveld-derived theoretical density, Archimedes-

measured bulk density, and relative density; (b) room-temperature flexural strength and fracture 

toughness of the Ta2AlC reference and the medium-entropy ceramics. In (b), bars represent the mean 

Ju
st

 A
cc

ep
te

d



                                                                                    

Journal of Advanced Ceramics                                              https://mc03.manuscriptcentral.com/jacer 

18 

of five specimens and error bars denote ± one standard deviation; the overlaid symbols show the 

individual measurements of the five specimens (circles: flexural strength; diamonds: fracture 

toughness), horizontally offset for clarity, and the numbers on the bars are the mean values. 

The room-temperature flexural strength and fracture toughness are compared in Fig. 4b. 

Representative room-temperature load–displacement curves are provided in Fig. S7 of the ESM, while 

the individual crack-length ratios of the SENB specimens are listed in Table S4. The Ta2AlC reference 

shows a flexural strength of 385.8 MPa and a fracture toughness of 6.40 MPa·m1/2. In comparison, all 

four medium-entropy ceramics exhibit simultaneous improvements in both properties, with flexural 

strengths of 482.2–578.4 MPa and fracture toughness values of 7.34–8.53 MPa·m1/2. Among them, 

(TaNbV)2AlC exhibits the best combined room-temperature mechanical response, with the highest 

flexural strength of 578.4 MPa and the highest fracture toughness of 8.53 MPa·m1/2, corresponding to 

increases of approximately 50% and 33% relative to Ta2AlC, respectively. The other medium-entropy 

compositions also show higher strength and toughness than the Ta2AlC reference, although their 

property levels vary with the specific M-site elemental combination; the statistical significance of these 

differences is assessed in Section S6 and summarized in Table S5. 

This coupled improvement differs from the previously reported equimolar Ti–V–Nb–Ta 211 MAX 

ceramic, in which strength and hardness were enhanced whereas fracture toughness showed no 

comparable improvement [19]. A similar distinction between hardening and toughening has also been 

reported in high-entropy carbide ceramics, where high hardness was achieved but fracture toughness 

remained limited in the absence of effective toughening mechanisms [53]. The contrast suggests that 

configurational complexity alone is insufficient to guarantee simultaneous strengthening and 

toughening in MAX ceramics. Instead, the mechanical response is more likely governed by the 

combined effects of element selection, densification, local bonding, microstructural features, and crack 

propagation within the layered 211 framework. Therefore, the present results establish the key 

experimental observation of this work: Ta-based medium-entropy alloying can reduce density while 
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improving the room-temperature strength–toughness balance, with (TaNbV)2AlC showing the most 

favorable combined performance among the investigated compositions. 

The fracture-surface morphologies of the Ta-based medium-entropy 211 MAX ceramics are shown 

in Fig. 5. All four compositions exhibit relief-rich fracture surfaces composed of plate-like and lamellar 

grains. Parallel cleavage steps, layered terraces, and fractured lamellae are visible within individual 

grains, indicating that crack propagation mainly involves transgranular, cleavage-like lamellar 

cracking associated with the layered MAX structure [54,55]. Local separation between adjacent plate-

like grains and abrupt changes in terrace orientation are also observed, suggesting the concurrent 

occurrence of intergranular separation and crack deflection. Therefore, the fracture behavior of these 

medium-entropy ceramics can be described as a mixed mode dominated by transgranular lamellar 

cracking, with local intergranular separation. 

Although these fracture characteristics are broadly shared by all four compositions, several 

morphological differences can be observed. The fracture surface of (TaNbV)2AlC (Fig. 5a) is 

dominated by long and relatively well-preserved plate-like grains with continuous parallel cleavage 

steps. In contrast, (TaTiNb)2AlC (Fig. 5b) shows shorter and more fragmented lamellae, together with 

more visible gaps between adjacent plate-like grains. The (TaTiV)2AlC sample (Fig. 5c) displays 

pronounced interlayer delamination features and fractured lamellae with varied sizes. For the 

quaternary (TaTiNbV)2AlC sample (Fig. 5d), large lamellar grains intersect at multiple orientations, 

and dense layered terraces are observed. These representative images indicate that the fracture-surface 

morphology varies with the M-site elemental combination; however, because SEM fracture 

observations are local in nature, these morphological differences should be regarded as qualitative 

evidence rather than a direct quantitative explanation of the fracture-toughness ranking. 
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Fig. 5 Fracture-surface morphologies and EDS elemental maps of the Ta-based medium-entropy 211 

MAX ceramics after room-temperature fracture testing: (a) (TaNbV)2AlC, (b) (TaTiNb)2AlC, (c) 

(TaTiV)2AlC, and (d) (TaTiNbV)2AlC. 

Such terraced and lamellar fracture features are commonly reported in layered MAX ceramics, 

where anisotropic bonding and plate-like grain morphology can promote tortuous crack paths, 

interlayer delamination, grain bridging, and local grain pull-out [54,55]. In the present medium-

entropy ceramics, the non-planar fracture surfaces, interrupted cleavage steps, and changes in lamellar 

orientation indicate that crack propagation does not proceed as simple flat cleavage, but involves crack-

path deflection and local interlayer separation within the layered 211 framework. The EDS elemental 

maps collected from the fracture surfaces show that the designed M-site elements are distributed within 

the examined micrometre-scale regions, without obvious Ti-, Nb-, or V-rich segregated domains. 

Together with the XRD, Rietveld refinement, and TEM-based characterization results, the fracture-
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surface EDS maps further support the formation of Ta-based medium-entropy 211 MAX ceramics 

with relatively homogeneous M-site elemental distribution at the spatial scale resolved by the present 

fracture-surface EDS measurements. 

The polished-cross-section micrographs and corresponding grain-size statistics of all five 

compositions are provided in Fig. S8 and Table S6. The projected grain-section dimensions and aspect 

ratios show substantially overlapping distributions across the five compositions; grain-size variation 

is therefore unlikely to be the primary cause of the observed composition-dependent differences in 

flexural strength and fracture toughness. Because hot pressing can induce crystallographic preferred 

orientation, the bulk texture of the ceramics was quantified by XRD on two mutually perpendicular 

bulk hot-pressed surfaces, whose normals were parallel (∥ HP) and perpendicular (⊥ HP) to the hot-

pressing axis. The corresponding directional texture indices, J (∥ HP) and J (⊥ HP), and the (002)/(004) 

integrated-intensity ratios are listed in Table S7, and the two-direction XRD patterns are overlaid in 

Fig. S9. The texture is composition-dependent, ranging from the near-random Ta2AlC reference J (∥ 

HP) = J (⊥ HP) ≈ 1.09 to the most strongly textured (TaTiNbV)2AlC J (∥ HP) ≈ 2.43 and J (⊥ HP) 

≈  2.80; the perpendicular-surface indices are semi-quantitative for the more strongly textured 

compositions. All specimens within each test type were machined and tested in a fixed orientation 

relative to the hot-pressing direction (Section 2.2); specifically, the flexural bars were machined with 

their longitudinal axes perpendicular to the hot-pressing direction and loaded parallel to it. Although 

the compositions exhibit a composition-dependent texture, its magnitude does not show a simple 

correspondence with the mechanical-property grouping: the most strongly textured (TaTiNbV)2AlC is 

neither the strongest nor the toughest composition, whereas the moderately textured (TaNbV)2AlC 

exhibits the highest flexural strength and fracture toughness. Because all specimens were tested in a 

fixed orientation relative to the hot-pressing direction, the comparison is not confounded by changes 

in testing geometry. These observations suggest that texture is unlikely to be the primary origin of the 

Ju
st

 A
cc

ep
te

d



                                                                                    

Journal of Advanced Ceramics                                              https://mc03.manuscriptcentral.com/jacer 

22 

observed composition-dependent property differences, although a contribution from bulk texture 

cannot be fully excluded. 

3.3. Local structural distortion and element-resolved bonding 

To clarify the atomic-scale structural and bonding effects of M-site medium-entropy alloying, DFT 

calculations and COHP analysis were performed using 96-atom SQS models. The optimized 

quaternary (TaTiNbV)2AlC SQS structure is shown as a representative model in Fig. 6a, while the 

optimized ternary SQS structures are provided in Fig. S3. The optimized lattice parameters and 

theoretical densities are also close to the Rietveld-refined values, indicating that the DFT-relaxed SQS 

models retain the average 211 MAX structural framework of the synthesized ceramics. After structural 

relaxation, the layered 211 MAX framework is retained, but local atomic displacements are visible 

around the chemically disordered M sublattice, reflecting the different atomic sizes and bonding 

characteristics of Ta, Ti, Nb, and V. The bond-length distortion, defined in this work as the standard 

deviation of the bond length divided by its mean (i.e. the coefficient of variation of the calculated bond 

lengths), is compared for M–C and M–Al bonds in Fig. 6b. The bond-length distortion is further found 

to be associated with the M-sublattice atomic-size mismatch, evaluated from the single-bond covalent 

radii of the constituent metals using the established multicomponent-alloy expression [56]: 

compositions with larger size mismatch generally show larger carbide-slab distortion, although this 

trend is not purely size-controlled and also reflects the element-specific bonding, as detailed in Section 

S8 and Table S8 of the ESM. For all four medium-entropy compositions, the M–C bonds show larger 

distortion than the M–Al bonds. The highest distortion is observed for (TaNbV)2AlC, with δd values 

of 2.44% for M–C and 1.25% for M–Al, whereas (TaTiNb)2AlC exhibits the lowest distortion, with 

corresponding values of 1.05% and 0.49%. The (TaTiV)2AlC and (TaTiNbV)2AlC compositions show 

intermediate but still pronounced M–C distortion, both slightly above 2%. These results indicate that 

M-site alloying perturbs the carbide framework more strongly than the Al-containing interlayer 

environment. This behavior is consistent with the bonding anisotropy of MAX phases, where strong 
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M–X bonding within carbide/nitride slabs coexists with comparatively weaker M–A interactions 

between adjacent slabs [57,58]. 

 

Fig. 6 Local structural distortion and element-resolved bonding in Ta-based medium-entropy 211 

MAX ceramics: (a) representative DFT-optimized 96-atom SQS structure of (TaTiNbV)2AlC; (b) 

bond-length distortion of M–C and M–Al bonds; (c,d) element-resolved mean –ICOHP values for 

M–C and M–Al bonds, respectively. 

The element-resolved mean –ICOHP values reveal pronounced bonding heterogeneity within both 

the M–C and M–Al networks (Fig. 6c,d). For M–C bonds, Ta–C and Nb–C generally show larger 

mean –ICOHP values than Ti–C and V–C, indicating stronger local bonding contributions from Ta- 

and Nb-centered environments. In contrast, Ti–C and V–C exhibit lower values, although their exact 

magnitudes vary with composition. The M–Al bonds show a similar element-dependent tendency but 

with lower mean –ICOHP values overall, consistent with the weaker interlayer bonding character 

relative to M–C bonds. Thus, M-site medium-entropy alloying does not simply average the bonding 

features of the constituent elements; instead, it produces a chemically heterogeneous bonding network 

in which strong Ta/Nb-related bonds and relatively weaker Ti/V-related bonds coexist within the same 
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layered 211 framework. Representative raw M–C and M–Al bond-resolved –COHP curves for all four 

compositions are provided in Fig. S10 and Fig. S11, respectively. The corresponding element-resolved 

M–C bond-length distributions are shown in Fig. S12. 

A comparison among the four compositions shows that the bond-averaged –ICOHP trend is 

consistent with the grouping of the measured room-temperature flexural strength into statistically 

distinguishable levels (Table S5). The average M–C and M–Al bonding strengths are highest for 

(TaNbV)2AlC and (TaTiNb)2AlC and lowest for (TaTiV)2AlC, consistent with the separation between 

the high-strength group of (TaNbV)2AlC, (TaTiNb)2AlC, and (TaTiNbV)2AlC and the lower-strength 

(TaTiV)2AlC. The bonding analysis is therefore used to rationalize the separation between these 

strength groups rather than the small, statistically insignificant differences within the high-strength 

group. For brittle ceramics tested in bending, failure is commonly governed by crack initiation from 

tensile-side flaws under the maximum tensile stress; therefore, a stronger carbide framework can 

contribute to improved resistance against tensile-stress-driven crack initiation under flexural loading 

[59]. In this sense, the stronger Ta/Nb-related bonding provides a bond-level explanation for the higher 

flexural strength of (TaNbV)2AlC and (TaTiNb)2AlC. The quaternary composition should not be 

interpreted as exhibiting an element-number-induced degradation: its room-temperature strength is 

statistically indistinguishable from that of (TaNbV)2AlC, and its slightly lower bond-averaged 

−ICOHP values mainly reflect the reduced statistical fraction of the stronger Ta/Nb-centred bonds 

rather than enhanced lattice distortion or significant antibonding occupation. These composition-

dependent trends further indicate that the configurational entropy itself is not the primary factor 

governing the strength–toughness balance in the present series. The three ternary compositions share 

an identical M-sublattice configurational entropy (ΔSmix/R = ln 3 = 1.10; Table S2) yet separate into 

different strength groups, and the highest-entropy quaternary (TaTiNbV)2AlC (ΔSmix/R = ln 4 = 1.39) 

exhibits neither the highest strength nor the highest toughness. The mechanical trends are therefore 

more consistently rationalized by the element-resolved bonding described above than by 
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configurational entropy alone, although elemental substitution and configurational entropy are 

intrinsically coupled in these compositions and cannot be fully separated. In contrast, the fracture-

toughness ranking is not governed by the mean –ICOHP values alone. Although local bond strength 

is an important prerequisite for resisting bond rupture, fracture toughness describes crack-growth 

resistance and therefore depends on the crack-separation pathway, interlayer opening, crack deflection, 

grain morphology, porosity, and other microstructural factors. Therefore, the DFT calculations 

combined with COHP analysis mainly clarify the intrinsic bonding contribution to flexural strength, 

while the fracture resistance should be interpreted together with path-dependent cleavage descriptors 

and fracture-surface evidence. 

3.4. Finite-temperature atomistic response from a validated Deep Potential model 

To support finite-temperature atomistic simulations of the Ta-based medium-entropy 211 MAX 

ceramics, a Deep Potential model was trained for the Ta–Ti–Nb–V–Al–C chemical space and validated 

against DFT reference calculations. As shown in Fig. 7a and b, the DP-predicted relative energies and 

atomic forces agree well with the corresponding DFT values for the four medium-entropy 

compositions. The root-mean-square errors (RMSEs) for energy and force are 3.32 meV·atom−1 and 

0.11 eV·Å−1, respectively, providing an initial validation that the trained DP model reproduces the 

DFT potential-energy surface for the sampled configurations [40,60]. The equilibrium structural 

response was further examined using equation-of-state calculations. As shown in Fig. 7c, the DP 

energy–volume curves closely follow the corresponding DFT curves for all four compositions over the 

tested volume range. This agreement indicates that the model captures the volumetric energy response 

under compression and expansion, which is a key validation aspect for atomistic simulations involving 

thermal expansion and mechanical deformation [61]. In addition, the DP-optimized lattice parameters 

and densities are in close agreement with the DFT values, as summarized in Table S9, further 

confirming the accuracy of the DP model in reproducing the equilibrium structural properties of the 

investigated SQS models. 
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Fig. 7. Validation and surface-transferability assessment of the Deep Potential model for Ta-based 

medium-entropy 211 MAX ceramics: (a) parity plot of DP-predicted and DFT-calculated relative 

energies; (b) parity plot of DP-predicted and DFT-calculated atomic forces; (c) comparison of DP 

and DFT equation-of-state curves; (d) comparison of DP- and DFT-calculated surface energies for 

basal-like and non-basal-like slabs; and (e) absolute errors of DP-predicted surface energies relative 

to DFT values. 

Besides bulk configurations, surface-containing configurations were also used to assess the model 

performance for bond-separation-related environments. This check is relevant because the subsequent 
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cleavage simulations involve the formation of free surfaces. The basal-like and non-basal-like surface 

slabs used for this comparison were not included in the training set. As shown in Fig. 7d and e, the 

DP-calculated surface energies agree well with the DFT values, with a mean absolute error of 0.029 

J·m−2. The model also reproduces the higher surface energies of non-basal-like surfaces compared with 

basal-like surfaces, reflecting the anisotropic bonding nature of the layered MAX structure. These 

results support the use of the trained DP model for the comparative finite-temperature tensile and 

cleavage simulations conducted in this work [61,62]. 

To examine whether the trained Deep Potential model can describe the finite-temperature structural 

response of the Ta-based medium-entropy 211 MAX ceramics, DP-MD simulations were performed 

from 300 to 1500 K. As shown in Fig. 8a, the normalized volume of all four compositions increases 

smoothly with temperature, without an abrupt volume change over the simulated temperature range. 

The detailed temperature-dependent lattice parameters and volume changes are provided in Fig. S13 

and Fig. S14. This smooth expansion behavior indicates that the layered 211 framework is maintained 

during thermal equilibration within the present simulation time scale. The M–C partial radial 

distribution functions (RDFs) in Fig. 8b retain distinct nearest-neighbor and higher-shell peaks at 300, 

1200, and 1500 K, indicating that the local M–C coordination is preserved during thermal equilibration 

[63]. The corresponding M–Al partial RDFs, which provide complementary information on the 

interlayer bonding environment, are shown in Fig. S15. With increasing temperature, the RDF peaks 

become broader and less intense, which is consistent with increased thermally induced atomic motion. 

The simulated XRD patterns in Fig. 8c also retain the main MAX-like diffraction features over the 

same temperature range, although peak broadening and intensity variations are observed at elevated 

temperature. Similar deep-potential MD studies have used finite-temperature structural and elastic 

responses to assess high-entropy ceramic systems [64,65]. Here, the RDF and MD-XRD results 

together suggest that the trained Deep Potential model preserves both local M–C coordination and 

average crystalline order during finite-temperature simulations within the present time scale. 
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Fig. 8 Finite-temperature structural response and cleavage-path validation from DP-MD simulations: 

(a) normalized volume as a function of temperature; (b) M–C partial radial distribution functions at 

300, 1200, and 1500 K; (c) simulated XRD patterns at different temperatures; (d) DP–DFT 

comparison of separation energy and traction for two representative (0001) cleavage interfaces in the 

quaternary (TaTiNbV)2AlC model; and (e) finite-temperature traction–separation curves for the two 

representative (0001) cleavage interfaces in the quaternary (TaTiNbV)2AlC model at 300 and 1500 

K. 
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To further evaluate the model in fracture-relevant configurations, the DP-predicted separation-

energy and traction profiles were compared with DFT results for two representative (0001) cleavage 

interfaces in the quaternary (TaTiNbV)2AlC model. This comparison extends the validation from near-

equilibrium bulk configurations to large-separation configurations involving bond stretching, bond 

breaking, and free-surface formation, which are central to atomistic cleavage simulations [62,66]. As 

shown in Fig. 8d, the DP model reproduces both the magnitude and the relative difference of the DFT 

separation-energy and traction responses for the two interfaces. The finite-temperature traction–

separation curves in Fig. 8e further show reduced peak traction and a broader separation response at 

1500 K compared with 300 K, reflecting a thermally softened resistance to interface opening. These 

results support the use of the trained DP model for comparative finite-temperature tensile and cleavage 

simulations of the present Ta-based medium-entropy MAX ceramics. 

After validating the finite-temperature structural response of the DP model, uniaxial tensile and 

cleavage simulations were performed using the size-converged 2×2×3 MD supercells constructed from 

the 96-atom SQS models (as shown in Fig. 9). The defect-free tensile simulations show clear thermal 

softening from 300 to 1500 K (Fig. 9a–d), and the corresponding full raw and smoothed stress–strain 

curves are provided in Fig. S16. This behavior is consistent with finite-temperature calculations on 

refractory ceramic systems, including transition-metal carbides, nitrides, and diborides, where elastic 

constants or moduli generally decrease with increasing temperature [67–70]. At 300 K, the 

compositions separate into a higher-strength group and lower-strength compositions in a way that is 

broadly consistent between the bond-averaged –ICOHP trend in Fig. 6 and the room-temperature 

flexural-strength results in Fig. 4, suggesting that stronger average M–C/M–Al bonding contributes to 

the resistance against tensile-side crack initiation under bending. The bonding analysis is therefore 

used to rationalize the separation between the higher- and lower-strength groups rather than the small, 

statistically insignificant differences within the high-strength group (Table S5). Although the absolute 

tensile strengths are much higher than the measured flexural strengths, this difference is expected 
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because the simulations describe idealized defect-free atomistic deformation and do not include pores, 

surface damage, flaw populations, or specimen-scale stress statistics. At 1500 K, all four compositions 

retain approximately 78%–80% of their 300 K intrinsic tensile strengths. The pre-peak tensile work 

density decreases more markedly, from 3.01–3.30 GJ·m–3 at 300 K to 2.09–2.19 GJ·m–3 at 1500 K, 

indicating that elevated temperature reduces not only the peak tensile resistance but also the amount 

of tensile work accumulated before instability. Thus, Fig. 9a–d mainly serves to compare the 

composition-dependent retention of intrinsic tensile strength and pre-peak tensile work under the same 

finite-temperature loading protocol. 

The cleavage simulations provide a complementary path-dependent descriptor of fracture-related 

separation response (Fig. 9e, f). At 300 K, the composition dependence of Wsep is broadly consistent 

with the measured room-temperature fracture-toughness trend in Fig. 4, with (TaNbV)2AlC showing 

the highest value and the quaternary composition giving a relatively low value among the medium-

entropy ceramics. This trend is not captured as clearly by the static bond-averaged –ICOHP values in 

Fig. 6, because –ICOHP describes the bonding strength of relaxed equilibrium structures [71,72], 

whereas Wsep is obtained from the work required to progressively open a specific cleavage interface 

[49,50]. In other words, Wsep includes bond stretching, bond breaking, traction decay, and free-surface 

formation along the sampled separation path, which are more directly related to intrinsic resistance 

against cleavage [66]. Therefore, the relatively low 300 K Wsep of (TaTiNbV)2AlC suggests that 

increasing the number of M-site elements does not necessarily improve the path-dependent separation 

resistance, even when the average bonding strength remains high. At elevated temperature, the peak 

cleavage traction decreases for all compositions, whereas Wsep retention remains composition 

dependent. In particular, (TaTiNbV)2AlC retains a relatively high Wsep at 1500 K, indicating favorable 

predicted cleavage-work retention under the sampled separation path. This result should be interpreted 

as a finite-temperature atomistic projection rather than a direct high-temperature toughness 

measurement, because macroscopic fracture toughness also depends on microstructural crack-tip 
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shielding mechanisms such as crack deflection and grain bridging [73–75]. Overall, Fig. 9 links the 

preceding bonding and mechanical results: bond-averaged –ICOHP and intrinsic tensile strength 

rationalize the flexural-strength trend, whereas path-dependent Wsep better reflects the intrinsic 

cleavage contribution to the fracture-toughness trend. 

 

Fig. 9 Finite-temperature tensile softening and cleavage-work retention of Ta-based medium-entropy 

211 MAX ceramics predicted by DP-MD simulations: (a) ultimate tensile strength, (b) failure strain, 

(c) pre-peak tensile work density, (d) tensile-strength retention, (e) peak cleavage traction, and (f) 

work of separation, Wsep, at 300, 1200, and 1500 K. 
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3.5. Experiment–DP-MD bridging projection of high-temperature strength and toughness 

The fracture morphologies in Fig. 5 show cleavage-like transgranular fracture, crack deflection, and 

layer-related separation features, indicating that the mechanical response of these layered MAX 

ceramics is controlled by both intrinsic bond separation and extrinsic specimen-scale effects. To 

connect the room-temperature experimental properties with the finite-temperature DP-MD descriptors, 

two bridging models were developed for flexural strength and fracture toughness, respectively. In both 

models, the measured 300 K properties provide the macroscopic reference state, while the temperature-

dependent retention is determined from the DP-MD tensile and basal-cleavage responses. The detailed 

derivations are provided in the ESM. Both models are intended as qualitative-to-semiquantitative, 

first-order projections: the measured 300 K properties serve as composition-specific anchors, and the 

room-temperature defect-reduction and bridging factors are assumed to remain approximately 

unchanged over the short-time finite-temperature projection, so the resulting high-temperature values 

should be read as directional, order-of-magnitude estimates rather than absolute predictions. 

For flexural strength, an energy-equivalent tensile-damage-controlled bending model was 

constructed from the DP-MD tensile modulus, ultimate tensile strength, strain at maximum stress, and 

pre-peak tensile work density. The tensile side of the beam was described by a DP-informed damage 

law, whereas the compressive side was treated as an elastic load-bearing region; neutral-axis migration 

was determined from axial force equilibrium. The predicted flexural strength was expressed as 

 σb

pred(p,T)=σb

exp(p,300 K)Rb
DP(p,T) (7) 

where p denotes the composition, T is the temperature, and Rb
DP is the DP-derived flexural-strength 

retention factor. The detailed derivation of Rb
DP , including the energy-equivalent tensile damage 

function and neutral-axis-shifted bending integral, is provided in the ESM. Fig. 10a shows that the 

predicted high-temperature flexural strength is controlled by two factors: the room-temperature 

experimental anchor and the DP-derived intrinsic strength retention. The Ta–Nb–V-containing 

composition, (TaNbV)2AlC, shows the highest room-temperature flexural strength and is predicted to 
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remain the strongest composition at 1500 K, consistent with the stronger Ta/Nb-related bonding 

contribution indicated by Fig. 6 and the high intrinsic tensile strength in Fig. 9. Replacing Nb with Ti, 

as in (TaTiV)2AlC, leads to the lowest absolute strength over the whole temperature range. This does 

not originate from an exceptionally rapid DP-predicted thermal degradation, but mainly from its lower 

room-temperature experimental anchor, implying a stronger macroscopic reduction from the intrinsic 

tensile response to the measured flexural strength. In contrast, (TaTiNbV)2AlC shows the highest 

projected macroscopic flexural-strength retention in Fig. 10a, although its advantage over 

(TaTiV)2AlC is marginal (approximately 77.1% versus 76.9%). This result applies specifically to the 

room-temperature-anchored bridging projection and should not be interpreted as evidence for a 

monotonic improvement in intrinsic tensile-strength retention with increasing M-site chemical 

complexity; in the DP-MD intrinsic tensile response (Fig. 9d) all four compositions retain 

approximately 78–80% and (TaTiNbV)2AlC is not the highest. 

 

Fig. 10 Mechanics-based experiment–DP-MD bridging projections of high-temperature mechanical 

properties, presented as qualitative-to-semiquantitative first-order estimates: (a) flexural strength and 

(b) fracture toughness of Ta-based medium-entropy 211 MAX ceramics. 

For fracture toughness, the DP-MD basal-cleavage response was incorporated through an energy-

based fracture relation. In linear elastic fracture mechanics, the stress-intensity factor is related to the 

elastic modulus and fracture resistance through K∼(EG)1/2 [76]. Using the work of separation defined 
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in Section 2.4 as the DP-MD descriptor of path-specific basal-cleavage resistance, a room-

temperature-anchored toughness bridge was formulated as 

 KIC
pred(p,T)=KIC

exp(p,300 K)√
EMD(p,T)Wsep

DP(p,T)

EMD(p,300 K)Wsep
DP(p,300 K)

 (8) 

where p denotes the composition, T is the temperature, and EMD is the DP-MD tensile modulus. The 

equation calibrates each composition to its measured 300 K fracture toughness and attributes the finite-

temperature toughness retention to the DP-MD-predicted change in the product EMDWsep
DP . The detailed 

derivation, including the composition-specific net bridging factor, is provided in the ESM. This 

relation is an isotropic, Irwin-type first-order approximation: the effective crack-tip modulus is taken 

as the basal-normal DP-MD tensile modulus, i.e. the stiffness conjugate to the simulated (0001) basal-

cleavage opening, and the small universal anisotropy index [77] (AU = 0.06–0.13, Table S10) confirms 

that these phases are only weakly anisotropic, so the isotropic form is adequate at this first-order level. 

Fig. 10b reveals a different composition dependence from that of flexural strength. (TaNbV)2AlC has 

the highest absolute fracture toughness at room temperature and is predicted to retain the highest value 

at 1500 K, indicating that the Ta–Nb–V combination provides the most favorable balance between the 

measured macroscopic toughness and the DP-derived cleavage resistance. However, the quaternary 

(TaTiNbV)2AlC exhibits the highest toughness retention at elevated temperature. This trend originates 

from its relatively high Wsep
DP  at 1500 K in Fig. 9f, showing that the broad M-site bonding distribution 

is beneficial for maintaining path-dependent cleavage resistance even though it does not give the 

highest room-temperature toughness. By contrast, (TaTiNb)2AlC maintains high predicted flexural 

strength at 1200 K but shows a pronounced decrease in fracture toughness at 1500 K, indicating that 

tensile-strength retention and cleavage-work retention are not governed by the same composition 

descriptor. Overall, Ta–Nb–V favors high absolute strength and toughness, Ti-containing quaternary 

alloying favors high-temperature retention, and the Ti–V combination without Nb gives the least 

favorable strength level in the present set of compositions. 
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A single-composition experimental consistency check for (TaTiNb)2AlC at 1250 °C in argon shows 

that the measured high-temperature flexural strength and fracture toughness agree with the bridging-

model projections to within ~12–18% (Section S12.3 and Fig. S17 of the ESM), supporting the 

projected order of magnitude for this composition while indicating a systematic overestimation. It 

should be emphasized that the present DP-MD simulations and bridging-model projections describe 

the intrinsic, oxygen-free high-temperature behavior of these ceramics: because the Deep Potential 

does not include oxygen, all finite-temperature structural- and mechanical-retention results correspond 

to inert (argon/vacuum) conditions and do not capture oxidation. Under actual oxidative service 

environments, the high-temperature performance of MAX phases can additionally be governed by 

oxidation-related processes such as protective-scale formation, internal oxidation, and oxidation-

assisted damage. A systematic experimental study of the composition-dependent oxidation behavior 

and its coupling with the mechanical response would be a valuable direction for future work. 

4 Conclusions 

In this work, four Ta-based medium-entropy 211 MAX ceramics, (TaNbV)2AlC, (TaTiNb)2AlC, 

(TaTiV)2AlC, and (TaTiNbV)2AlC, were synthesized and investigated through experimental 

characterization, DFT-based bonding analysis, DP-MD simulations, and mechanics-based bridging 

models. The main conclusions are summarized as follows. 

(1) Dense Ta-based medium-entropy 211 MAX ceramics were successfully fabricated while 

retaining the layered M2AlC-type framework. The incorporation of Ti, Nb, and V reduced the density 

compared with Ta-rich chemistry, while high relative densities of approximately 98.13%–98.59% 

were maintained. All four medium-entropy ceramics exhibited higher room-temperature flexural 

strength and fracture toughness than the Ta2AlC reference. Among them, (TaNbV)2AlC showed the 

best combined room-temperature mechanical response, with a flexural strength of 578.4 MPa and a 

fracture toughness of 8.53 MPa·m1/2. 

Ju
st

 A
cc

ep
te

d



                                                                                    

Journal of Advanced Ceramics                                              https://mc03.manuscriptcentral.com/jacer 

36 

(2) DFT calculations combined with COHP analysis revealed pronounced element-resolved bonding 

heterogeneity in the M–C and M–Al networks. Ta- and Nb-centered environments generally provided 

stronger bonding contributions than Ti- and V-centered environments. The bond-averaged –ICOHP 

trend was consistent with the grouping of room-temperature flexural-strength into statistically 

distinguishable levels, indicating that strong Ta/Nb-related bonding enhances resistance to tensile-side 

crack initiation under bending. In contrast, fracture toughness was not controlled by average bond 

strength alone, because crack propagation in layered MAX ceramics also involves path-dependent 

separation and microstructural crack-deflection processes. 

(3) The validated DP model reproduced the DFT energy, force, equation-of-state, and surface-

energy responses, supporting its use for finite-temperature atomistic simulations. DP-MD results 

showed that the layered structural framework and local M–C coordination were retained from 300 to 

1500 K under inert (oxygen-free) conditions within the present simulation time scale, as the Deep 

Potential does not include oxygen. The tensile simulations revealed thermal softening of intrinsic 

atomistic strength, whereas the cleavage simulations showed composition-dependent work-of-

separation retention. In particular, (TaTiNbV)2AlC exhibited relatively high elevated-temperature 

Wsep  retention, indicating that quaternary M-site chemical complexity can help maintain path-

dependent cleavage resistance even though it does not maximize room-temperature toughness. 

(4) Mechanics-based bridging models were established to connect the measured 300 K mechanical 

properties with DP-MD tensile and basal-cleavage descriptors. The projections indicate that 

(TaNbV)2AlC provides the highest absolute strength and toughness among the investigated medium-

entropy compositions, whereas (TaTiNbV)2AlC exhibits the most favorable predicted high-

temperature retention. The Ti–V-containing ternary composition without Nb, (TaTiV)2AlC, shows the 

least favorable strength level, mainly because of its lower room-temperature experimental strength 

anchor. These results indicate that M-site medium-entropy alloying in Ta-based 211 MAX ceramics 
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should be designed by element-specific bonding and path-dependent fracture resistance, rather than by 

configurational entropy alone. 

These results point to a composition-design principle for Ta-based 211 MAX ceramics: Ta/Nb-rich 

M–C and M–Al bonding networks are closely associated with high absolute strength and fracture 

toughness, whereas broader M-site chemical complexity is more favorable for retaining basal-cleavage 

resistance at elevated temperatures. Accordingly, optimizing Ta-based 211 MAX ceramics requires 

separately targeting the strong-bond network for mechanical performance and the basal-separation 

pathway for high-temperature fracture-resistance retention, rather than increasing M-site elemental 

diversity alone. These findings provide a mechanistic framework for entropy-engineered MAX 

ceramics in which room-temperature mechanical performance and elevated-temperature property 

retention are treated as related but distinct design objectives. 
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