
https://doi.org/10.1038/s41586-023-06786-y
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-023-06786-y&domain=pdf
mailto:stefano@duke.edu


Nature | Vol 625 | 4 January 2024 | 67

convex-hull data for high-entropy ceramics in the various databases, so 
the evaluation of the ‘enthalpy costs to generate disorder’ could not be 
performed in its full extent. In fact, the entropy gain can be estimated 
through the statistical ensembles of configurational formation enthalp-
ies weighted with their degeneracies (the reference ground state is not 
necessary owing to the differential nature of Ω), the same cannot be said 
of the enthalpy cost: the latter requires the ensemble of the distances 
of such configurational formation enthalpies to the convex hull, the 
Gibbs free-energy line of the stable configurations (the underlying 
ground state). As such, an effective descriptor balancing ‘entropic 
gain’ versus ‘enthalpy cost’ for solid-solution formation requires two 
ingredients: the first is given by an ensemble quantifying the spread of 
Ω(E) to capture how many configurations accumulate around E, and the 
second is an ensemble quantifying the expectation of the distance ∆H 
of such phases from the ordered ground-state hull. Both quantities can 
now be quantified for several classes of high-entropy ceramics, as we 
have populated the aflow.org repository with ample and appropriate 
thermodynamic data17 and developed the appropriate computational 
modules for recursive phase diagram searches18. Now, we can introduce 
a new forming ability descriptor, which includes the statistical infor-
mation of the thermodynamic density of states. The DEED allows us to 
classify the functional synthesizability of multicomponent ceramics, 
including the ones with non-flat enthalpy landscapes. DEED uses the 
first and second momenta of Ω, associating the enthalpy loss to the 
former and the entropy gain to the inverse of the latter, respectively. 
DEED is intrinsically connected to an observable. In fact, by DEED being 
defined as the ratio between entropy gain and enthalpy loss, it retains 
the physical meaning of the inverse of an order and/or disorder tem-
perature, the cross-over between two ideal environments: a perfectly 
ordered and a perfectly disordered one. As such, the inverse of DEED is 
correlated to the miscibility gap critical temperature and can be used as 
a descriptor for functional synthesizability for hot-pressed sintering. 
Large values of DEED will indicate small miscibility gap temperature, 
easy to overcome by the sintering temperature for the formation of 
the solid solution. Conversely, small values will indicate large critical 
temperatures, possibly above the synthesis temperature, resulting in 
nucleation of multiphase microstructures, instead of the formation of a 
solid solution. The threshold for functional synthesizability predictions 
of DEED can be found self-consistently from available experiments, 
and then extrapolated to predict the formation, or not, of new solid 
solutions. In essence, different processes, structures and chemistries 
can be captured by the DEED framework, as long as functional synthe-
sizability can be mapped into a logical relationship between synthesis 
and miscibility gap temperatures. Here we show that DEED accelerates 
the computational discovery of novel disordered ceramics by allowing 
rapid prescreening, avoiding expensive experimental preparation and 
enabling structure and property predictions15.

To validate the practical application of DEED, we chose carbides, 
carbonitrides and borides because of their high-temperature, 
high-hardness and chemical-resistance applications in extreme 
environments. First, we characterized 952 disordered ceramics with 
the aflow++ ab initio framework17,18 (Methods). Of these, 548 were 
metal-carbides, 70 metal-carbonitrides and 334 metal-borides (com-
plete lists are in Extended Data Table 1–3).

Second, we compared our computational results with experimental 
findings. Among our calculations, only 46 systems had been previ-
ously studied experimentally. Within the unexplored compositional 
space, on the basis of the DEED ranking, we chose as testbeds nine 
new carbonitrides and eight new borides. DEED correctly predicted 
the functional synthesizability of all 17 systems. The single-phase 
compositions we discovered are (HfNbTiVZr)CN, (HfNbTaTiV)CN,  
(NbTaTiVZr)CN, (HfTaTiVZr)CN, (MoNbTaTiZr)CN, (HfMoNbTaZr)B2, 
(HfNbTaTiV)B2, (CrMoTiVW)B2 and (CrHfNbTiZr)B2.

Ultimately, the comparison between the DEED ranking and the 
experimentally validated synthesizability corroborates the accuracy 

of the descriptor and even suggested systems with formation of micro-
structures (pearlite). All observed results are listed in Table 1 and  
visualized in Figs. 2 and 3. Our predictions provide an array of unex-
plored candidates for future synthesis.

Discussion
DEED descriptor
Enthalpy cost and entropy gain in a disordered system are character-
ized through the thermodynamic density of states, Ω(E)δE, measuring 
the number of configurationally excited states within E E δE[ , + ]. For 
our large number of chemical compounds, to obtain Ω, we find more 
precise techniques computationally unfeasible, such as cluster expan-
sion19 or Lederer–Toher–Vecchio–Curtarolo methods20. As such, we 
approximate Ω with AFLOW partial occupation (POCC)21, which mod-
els a random alloy as an ensemble average of ordered representative 
states called POCC tiles calculated by density functional theory (DFT). 
POCC’s success has been extended to studies beyond configurational 
issues5,22. Further details are in the Methods section.

The density of states allows us to define a probability distribution 
of a function f(E) through the renormalization ∫ f E E E η( )Ω( )d / , where 
η ≡ ∫Ω(E)dE is the renormalization constant. This formalism is used to 
extract the statistical momenta of the POCC tiles, defined as:

∫H
η

H E H E E"∆ $ ≡
1

[ ( ) − ]Ω( )d , (1)hull Ω f f,hull

∫σ H
η

H E H E E[ ] ≡
1

[ ( ) − $ % ] Ω( )d , (2)Ω
2

f f f Ω
2

where Hf and Hf,hull are the DFT formation energies of the POCC tiles 
and the convex hull, respectively.

For an order–disorder solid-solution transition, the expectation 
value of the POCC-tile energies to the convex hull is related to the 
enthalpy loss20. Similarly, the inverse of the standard deviation, σ–1, 
gives a measure of the entropy gain: the narrower the spread, the larger 
the entropy content (EFA ≡ σ–1, ref. 4). The balance between the entropy 
gain, σ–1, and the enthalpy cost, (∆Hhull), leads to the definition of the 
DEED descriptor:

σ H
H

DEED ≡
[ ]

"∆ $
. (3)Ω

−1
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Figure 1a shows the workflow of calculating DEED for a disordered 
systems.

To estimate the trade-off between the entropy gain and the enthalpy 
cost, we also introduce the compensation temperature:

kΘ ≡ [ (DEED)] , (4)B
−1

where kB is the Boltzmann constant23.
Because high DEED indicates ease of synthesis, Θ is a fingerprint of 

the order–disorder transition, the critical temperature of the miscibil-
ity gap Tc

(mg). Θ is expected to be monotonically correlated with Tc
(mg) 

as it has the functional shape of a ratio between order–disorder 
enthalpy versus entropy estimated changes, and therefore it represents 
the temperature locus of the order–disorder Gibbs free energies 
cross-over. Θ is only an estimation of Tc

(mg) due to the approximations 
that are made to create DEED, for example, the finite configurational 
sampling of Ω, lack of precursor effects or the finite-size effects of the 
calculations. However, Θ can still be used to compare and rank synthe-
sizability of similar systems.

With growing number of species, the calculation of DEED might 
become impractical owing to the immense number of representa-
tive states to be computed. To overcome this challenge, we have 
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Table 1 | DEED for classifying functional synthesizability of high-entropy ceramics

Composition Group VIB DEED Θ H<∆ >hull σ–1 VEC Experimental results Reference

Carbides
(HfNbTaZr)C 65 180 22 92 8.50 34

(HfNbTaTiZr)C 53 220 36 99 8.40 4,25–27

(HfTaTiZr)C 44 263 43 83 8.25 34

(HfScTaTiZr)C 37 311 39 55 8.00 16

(HfNbTaTiV)C 37 316 77 103 8.60 4,35

(HfMoNbTaTi)C Mo 32 362 81 83 8.80 36

(MoNbTaTiV)C Mo 31 369 101 100 9.00 36

(NbTaTiVZr)C 30 388 89 80 8.60 35

(HfNbTaTiW)C W 28 411 82 66 8.80 4

(HfNbTaVZr)C 27 436 93 65 8.60 35

(HfTaTiVZr)C 26 439 104 72 8.40 35

(HfNbTiVZr)C 26 440 102 71 8.40 35,37

(MoNbTaVW)C Mo, W 26 443 171 117 9.40 4

(NbTaTiVW)C W 26 446 111 75 9.00 4

(HfMoTaTiZr)C Mo 25 458 95 61 8.60 36

(NbTaTiWZr)C W 25 460 92 58 8.80 38

(HfTaTiWZr)C W 23 495 90 49 8.60 4

(CrMoNbTaW)C Cr, Mo, W 22 535 214 101 9.60 39

(CrMoNbVW)C Cr, Mo, W 22 537 229 107 9.60 39

(CrMoTaVW)C Cr, Mo, W 21 560 223 96 9.60 39

(CrMoTiVW)C Cr, Mo, W 19 605 208 76 9.40 39

(HfMoTaWZr)C Mo, W 17 681 152 44 9.00 4

(HfMoTiWZr)C Mo, W 17 702 141 39 8.80 4

(CrHfMoTiW)C Cr, Mo, W 14 819 210 42 9.20 39

(HfMoVWZr)C Mo, W 14 846 195 37 9.00 4

(CrHfTaWZr)C Cr, W 14 851 197 37 9.00 39

(CrMoTiWZr)C Cr, Mo, W 13 901 225 37 9.20 39

Carbonitrides

(HfTiZr)CN 36 326 91 116 8.50 40

(CrNbTaTiV)CN Cr 16(c) 719 260 68 9.50 28

(HfNbTiZr)CN 16(c) 736 146 36 8.75 40

(HfNbTaTiZr)CN 15(c) 768 182 41 8.90 28,40–42

(HfNbTiVZr)CN 15(c) 774 199 45 8.90 validation

(HfNbTaTiV)CN 15(c) 793 206 44 9.10 validation

(CrHfNbTiZr)CN Cr 14(c) 822 233 46 9.10 28

(NbTaTiVZr)CN 14(c) 835 220 42 9.10 validation

(CrHfNbTaTi)CN Cr 14(c) 847 239 45 9.30 28

(HfTaTiVZr)CN 14(c) 854 220 41 8.90 validation

Continued
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developed an approximated DEED that can be calculated out of a 
convolution of fewer, off-stoichiometry, POCC tiles. The approach, 
convolutional POCC (cPOCC), is illustrated in Fig. 1b and described 
in the Methods section. Global stoichiometry was chosen to be 
equiatomic for the transition metals, as the miscibility gap transi-
tion temperature tends to be higher around the central part of the 
phase diagram. This guarantees that the characterization of func-
tional synthesizability by DEED is as restrictive as possible. Crystal 
structures are the ones forming in these classes of high-entropy 
ceramics at that particular composition: rock salt for carbides and/
or carbonitrides and AlB2 for borides (Methods). DEED is a thermo-
dynamic descriptor and is not limited to stoichiometric compounds. 
The user can choose compositions, crystal structures and chemistries  
of interest.

 
DEED for carbides
DEED improves the ordering of the carbide systems such that com-
ponents belonging to group VIB (which do not form stable room- 
temperature rock salt structures) generally appear at the bottom of 
their respective classifications, reflecting the higher enthalpy costs 
associated with these structural transformations (column ‘Group VIB’ 
in Table 1). Overall, EFA also agrees with the classification, whereas 
valence electron concentration (VEC)24 misclassifies experimentally 
synthesized single-phase carbides as multiphase, represented as the 
misclassification region in Fig. 2a.

In addition, Θ follows the expected trend for the transition tem-
perature: having the highest values for multiphase systems. Values 
for Θ are reported in Table 1. For example, at 1,670 K, (HfNbTaTiZr)C  

Composition Group VIB DEED Θ H<∆ >hull σ–1 VEC Experimental results Reference

(CrHfTaTiZr)CN Cr 13(c) 892 251 42 9.10 28

(MoNbTaTiZr)CN Mo 12(c) 980 260 36 9.30 validation

(CrMoTaVW)CN Cr, Mo, W 10(c) 1,109 435 48 10.10 28

(HfTaTiWZr)CN W 10(c) 1,157 279 28 9.10 validation

(MoNbTiWZr)CN Mo, W 10(c) 1,181 315 30 9.50 validation

(HfTiVWZr)CN W 10(c) 1,190 284 27 9.10 validation

(HfMoNbTaW)CN Mo, W 10(c) 1,207 393 36 9.70 validation

Borides

(HfNbTaTi)B2 175 66 8 251 10.50 43

(HfNbTaTiZr)B2 126 92 15 239 10.40 32,44–49

(HfMoNbTaZr)B2 Mo 89 131 38 302 10.80 validation

(HfNbTaTiV)B2 89 131 25 200 10.60 validation

(HfMoNbTaTi)B2 Mo 75 155 40 224 10.80 46,49–51

(MoNbTaTiZr)B2 Mo 71 164 44 220 10.80 49

(HfMoNbTiZr)B2 Mo 67 173 46 209 10.60 46,49,51,52

(HfMoTaTiZr)B2 Mo 64 180 48 200 10.60 32,45,49,53

(HfNbTaWZr)B2 W 62 188 60 228 10.80 54

(HfTaTiVZr)B2 55 210 42 129 10.40 32

(HfTaTiWZr)B2 W 47 249 66 145 10.60 32

(CrMoTiVW)B2 Cr, Mo, W 40 293 93 147 11.40 validation

(CrMoTaTiW)B2 Cr, Mo, W 37 314 103 140 11.40 54

(CrHfTaTiZr)B2 Cr 36 322 63 81 10.60 32,45,49,51

(HfMoTiWZr)B2 Mo, W 35 328 89 111 10.80 32,45,49,54

(CrHfNbTiZr)B2 Cr 35 333 63 77 10.60 validation

(CrHfMoTaW)B2 Cr, Mo, W 34 346 113 127 11.40 validation

(HfMnTiVZr)B2 17 674 109 32 10.80 validation

(CrHfTiYZr)B2 Cr 17 681 148 43 10.20 validation

(CrHfNbVY)B2 Cr 17 702 139 38 10.60 validation

DEED classifies the carbides and carbonitrides having a rock salt structure (AFLOW prototype AB_cF8_225_a_b), and the borides having an AlB2 structure (AB2_hP3_191_a_d) (Methods). 
Components belonging to Group VIB, which do not form stable room-temperature rock salt monocarbides, are listed. DEED and σ–1 (EFA) are in (eV per atom)−1, Θ in Kelvin, < >H∆ hull  in (meV per 
atom) and VEC in (e− per cell). Experimental results showing single- and multiphase forming systems are designated with a circle  and a cross , respectively, and the mixed reports are 
designated with a square . The validation label refers to results obtained in this work. The (c) in the DEED column indicates that cPOCC was used to parameterize the compound. 
Stoichiometry: carbides M1M2M3M4M5C5; carbonitrides M M M M M C N2

1
2

2
2
3

2
4

2
5

5 5 and borides M1M2M3M4M5B10.
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This work also provides many new predictions, ripe for further experi-
mental synthesis attempts. Extension to other types of disordered 
ceramics (for example, entropy-stabilized and high-entropy oxides) 
is straightforward, thanks to the coordination corrected enthalpy 
formalism33, and the integration of DEED and cPOCC in the aflow++ 
computational ecosystem.
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Methods
DEED as a thermodynamic descriptor
DEED can be easily extended to other classes of materials. It can be 
calculated as long as momenta of the thermodynamic density of states 
can be accessed. For instance, in non-crystalline and/or amorphous 
systems, DEED can be computed using the melt-quench method55 or 
through the local atomic environment decomposition56 to extract a 
thermodynamic density of states.

Modelling chemically disordered materials
The AFLOW-POCC module models a random alloy (having sites with 
substitutional disorder) as an ensemble average of tiles21. Given a parent 
structure and occupancies of its sites, the algorithm first determines 
the smallest supercell needed to satisfy the specified occupancies and 
stoichiometry within input tolerances. POCC then constructs all con-
figurations exhaustively, considering supercells of various shapes — the 
unique set corresponding to Hermite Normal Form matrices — and 
their decoration permutations. Duplicates are rapidly identified by 
grouping structures (by energy) as calculated by the Universal Force 
Field method, and then further reduced with the AFLOW-SYM57 and 
the AFLOW-XtalFinder58 modules. Only the unique set of tiles is further 
processed by AFLOW, which leverages the ab initio VASP package to  
calculate their properties. Calculation parameters have been set in 
accordance with the AFLOW Standard59. The properties of the dis-
ordered system are resolved as ensemble averages of those tiles. 
Details and equations are provided in ref. 21. If the alloy contains a 
sufficient concentration of impurities and/or vacancies, the prob-
lem can be treated explicitly by adding extra species and calculating 
larger POCC tiles. For small concentrations, perturbation theory can 
be used through variational approaches60. POCC’s success has been 
extended to studies beyond configurational issues: for example, vibra-
tion in high-entropy carbides22 and ultra-high-temperature plasmonic 
response5.

Parameterizing entropy descriptors
The energy distribution of the POCC tiles serves as a descriptor for the 
entropy of the system in which narrow distributions have greater acces-
sibility to the various configurations4. For a thermodynamic density 
of states Ω, comprising of a set of n discrete POCC tiles with formation 
energies Hf,i and factor-group degeneracies gi, the momenta can be 
calculated as:
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where Hf,hull is the formation energy of the convex hull.

Convoluting variable concentration POCC tiles
When calculating properties of multicomponent disordered systems, 
one could face an impractical computational task owing to immensity 
(more representative states) and complexity (more atoms per unit 
cell). For example, a five-metal carbonitride system {5⋅M1/5}C1/2N1/2 would 
require 17.5 million 20-atom POCC tiles. Here we propose a convolu-
tional algorithm (cPOCC) that reduces the calculations to 490 ten-atom 
POCC tiles of {5⋅M1/5}C3/5N2/5 and {5⋅M1/5}C2/5N3/5, respectively. First, we 
assume that a system, with a thermodynamic density of states Ω(E), 

can be arbitrarily divided into two subsystems (with complementary 
concentrations), having energies % and E − % and with thermodynamic 
density of states ! E !{Ω( ) ⋅ Ω( − )}. Second, because of the finite number 
of sampled configurations, we approximate the Ω(E ) by the distribu-
tion of configurationally excited POCC tiles. Third, using POCC, the 
thermodynamic density of states of the system could be approximated 
as the convolution of the two subsystems’ thermodynamic density of 
states ∫E ! E ! !(Ω Ω )( ) ≡ Ω ( )Ω ( − )d1 2 1 2∗ , in which the convolution 
becomes the product in the thermodynamic limit. Finally, we can 
approximate the entropy as ∗k Elog[(Ω Ω )( )]B 1 2  with an associated  
entropy gain4 equal to ∫σ " E " "[ Ω ( )Ω ( − )d ]−1

1 2 . As long as the decom-
position is phase-conserving — it does not exit the solid-solution 
region — the convolved σ–1 is a valid approximation of the real σ–1 as the 
intratile interactions are neglected in the POCC formalism. This carries 
a great advantage because we can choose the subsystems in which Ω is 
computationally accessible.

In the previous example, the disordered metal carbonitride {5⋅M1/5}
C1/2N1/2 (unobtainable thermodynamic density of states) is represented 
as two complementary subsystems with compositions {5⋅M1/5}C3/5N2/5 
(Ω1) and {5⋅M1/5}C2/5N3/5 (Ω2). Both Ω1 and Ω2 are computationally acces-
sible. For {5⋅M1/5}C3/5N2/5 and {5⋅M1/5}C2/5N3/5, the POCC algorithm enumer-
ates 490 unique ten-atom configurations each. Figure 1b summarizes 
the idea. This scheme goes beyond carbonitrides or equimolar con-
centrations. It is a general strategy for approximating computationally 
challenging concentrations, given sufficient sampling statistics of the 
subsystems.

The cPOCC algorithm allows to calculate the thermodynamic den-
sity of states’ statistical momenta for {5⋅M1/5}C1/2N1/2 as a function of 
the ordered representatives enumerated at the two proxy stoichio-
metries. The combinations of {i} − {5⋅M1/5}C3/5N2/5 and { j} − {5⋅M1/5}C2/5N3/5 
stoichiometries, generate the enthalpy of a pseudo {i, j} − {5⋅M1/5}C1/2N1/2 
structure, through straight-line interpolation (Hf,i, j[Hf,i, Hf, j]) (Fig. 1b). 
The degeneracy of the {i, j} pseudo-configuration is gi⋅gj. The set of 
{i, j} enthalpies and degeneracies defines the energy distribution for 
the {5⋅M1/5}C1/2N1/2 stoichiometry, from which the momenta can be  
calculated using equations (5)–(7).

To validate the method, σ−1 has been obtained for three-metal car-
bonitrides, (HfNbZr)CN, (HfTaTi)CN and (TaTiZr)CN, where the num-
ber of calculations at the {3⋅M1/3}C1/2N1/2 composition is accessible. The 
POCC algorithm enumerates 1,356 12-atom tiles for {3⋅M1/3}C1/2N1/2. By 
comparison, cPOCC generates nine six-atom tiles for {3⋅M1/3}C1/3N2/3 
and {3⋅M1/3}C2/3N1/3 each. We obtain (values in (eV per atom)−1): (HfNbZr)
CN σ σ{ , , error}POCC

−1
cPOCC
−1  = {39.9, 41.7, +4.5%}; (HfTaTi)CN {33.9, 35.3,  

+4.0%} and (TaTiZr)CN {32.4, 34.9, +7.6%}. Overall, there is excellent 
agreement and the ranking is preserved.

Calculating enthalpy costs
The enthalpy cost H!∆ #hull  for forming a single-phase disordered sys-
tem is calculated using equation (2), where H x[ ]f,hull  is obtained from 
an n-dimensional convex-hull analysis. Structures having {1, …, 7} com-
ponents are extracted from the aflow.org repository, the enthalpy- 
composition space is populated, the convex hull is constructed and 
the enthalpy of the convex hull at the stoichiometry of interest H x[ ]f,hull  
is calculated. The entire analysis is automated by the AFLOW-CHULL 
module61 using the aflow.org REST and Search (AFLUX) APIs62,63. In total, 
210,262 entries from the aflow.org repository have been used in the 
construction of the convex hull of carbonitride, carbide and boride 
compositions.

Structure prototyping
Relevant ordered ceramic compounds are added to the aflow.org 
repository to supply the convex hull by decorating prototypes with 
cations from the high-entropy systems of interest. Carbides, borides 
and carbonitrides were chosen because of their useful applications2,64,65, 
like thermal barrier protection66–69, wear- and corrosion-resistant 



coatings70–74, thermoelectrics75–77, batteries78–80 and catalysts81–85. 
To find new prototypes, we extract carbides, borides and carboni-
trides from the AFLOW-ICSD repository and compare them through 
AFLOW-XtalFinder58. In accordance with the AFLOW Prototype  
Encyclopedia86–88, crystal structures are the ones forming in these 
classes of high-entropy ceramics at that particular composition — 
that is, rock salt for carbides and/or carbonitrides and AlB2 for bori
des1–4,4,25–27,35,39,41,47,89–91. The prototype’s label and internal degrees of 
freedom of each unique structure enables geometries to be auto-
matically generated for subsequent simulations. New ceramics are  
created by decorating these prototypes with the relevant anions and 
the following metals: {Al, Cr, Hf, Ir, Mn, Mo, Nb, Sc, Ta, Ti, V, W, Y, Zr} for 
carbides; {Cr, Hf, Ir, Mn, Mo, Nb, Ta, Ti, V, W, Y, Zr} for borides and {Cr, 
Hf, Mo, Nb, Ta, Ti, V, W, Zr} for carbonitrides. Distinct decorations for 
a prototype are identified by comparing the possible permutations 
of the cation sites, whereas the anion sites remain fixed. A total of 988 
binary and 8,892 ternary carbides; 846 binary and 7,962 ternary borides 
and 315 ternary and 1,872 quaternary carbonitrides geometries have 
been created. They are checked for uniqueness against the aflow.org 
repository, and only the distinct structures are calculated — using the 
the AFLOW standard59 — and added to the database. These, together 
with the pre-existing data, generated a total of 210,262 structure-energy 
entries. AFLOW-CHULL then searched through all the possible 3,300 
phase diagrams (including subcomponent phase diagrams) and 
extracted the 548 carbides, 70 carbonitrides and 334 borides, which 
were then parameterized both with DEED and EFA to pinpoint differ-
ences. A complete overview is presented in Extended Data Figs. 1–3. The 
detailed dataset is reported in the Supplementary Tables 1–3.

High-entropy carbonitride sample preparation and 
characterization
The starting powders of TiC (99.7%, Inframat; lot no. IAM7261TIC1), 
VC (99.5%, Skyspring Nanomaterials; lot no. 8171-110620), NbC 
(99.5%, Inframat; lot no. IAM6071NbC), TaC (99.5%, H.C. Starck; lot 
no. TAC2138), Mo2C (99.5%, Skyspring Nanomaterials; lot no. 5035-
033022), WC (99.95%, Inframat; lot no. IAM3951W4), TiN (99.2%, US 
Research Nanomaterials, lot no. US1023M), ZrN (99.5%, HC Starck; lot 
no. 78307), HfN (99.5%, Heeger Materials; lot no. 20230110-5) and NbN 
(99%, NC Elements; lot no. NC-2015-0178), and TaN (99.5%, Stanford 
Advanced Materials; lot no. ST230215-17295) were batched accord-
ingly into the respective high-entropy carbonitride compositions. 
About 25 g of each batch was dry mixed for 24 h at 200 rpm with a 9:1 
ball to powder ratio using 2 mm of YSZ media and 125 ml HDPE bottles. 
These mixed powders were then sieved (60-mesh) and sintered at a 
soak temperature and time of 2,300 °C for 60 min using a 25 ton FAST 
system (FCT Systeme GmbH) with 20 mm outer-diameter graphite dies 
and/or punches, analogous to previous TiC-TiN carbonitride work92. 
The internal surfaces of the die body were covered with graphite foil 
to minimize die degradation and each cavity was loaded with about 
10 g of powder. All sintering was performed under vacuum (roughly 
0.4 mPa, pyrometer flush of 12 Pa N2) over a constant heating rate of 
100 °C min−1 and a ramped pressure sequence from 30 to 50 MPa during 
this heating ramp. Each sintered sample was subsequently extracted, 
grit blasted with alumina (100 grit) to remove adherent graphite foil, 
and the Archimedes densities were measured with a precision digi-
tal analytical balance. These samples (Extended Data Fig. 3a) were 
then ground down to smooth planar surface (1,200 grit) to remove 
the outermost carbon-rich layer (roughly 0.5 mm) and subsequently 
characterized using XRD (CuKα/Ni filter, Empyrean III, Malvern Pana-
lytical) for structural insights into the crystallinity of these synthesized 
high-entropy carbonitrides. These samples were then processed and 
characterized with scanning electron microscopy (SEM) (Tescan Mira3), 
XRD (Empyrean III, Malvern Panalytical) as shown in Fig. 2 and energy 
dispersive spectroscopy (Bruker Quantax) for microstructural and 
compositional insights as presented in Extended Data Fig. 4.

High-entropy boride sample preparation and characterization
The starting materials included MnO2 (99%, −10 mesh; Fisher Chem-
icals), WO3 (99.9%, roughly 80 nm, Inframat Advanced Materials), 
HfO2 (99%, −325 mesh; Alfa Aesar), Nb2O5 (99.5%, −100 mesh; Alfa 
Aesar), Ta2O5 (99.8%, 1–5 µm; Atlantic Equipment Engineers), TiO2  
(99.9%, 32 nm ASP; Alfa Aesar), ZrO2 (99%, 5 µm; Sigma-Aldrich), 
V2O5 (99.6%, −10 mesh, Alfa Aesar), Cr2O3 (99.5%, 0.7 µm, Elementis), 
MoO3 (99.9%, 6 µm, US Research Nanomaterials) and Y2O3 (99.95%, 
0.6–0.9 µm; ABCR). Carbon black (BP1100, Cabot) and B4C (96.8%, 
0.6–1.2 µm; HC Starck) were used as reductants. The stoichiometric 
amounts of the oxides and reductants were calculated on the basis of 
the notional reaction: (2/x) MxOy + (2y/x − 1) C + B4C → 2MB2 + (2y/x) CO.  
Oxides plus the stoichiometric amount of carbon were subjected to 
dry high-energy ball milling (SPEX D8000, SPEX CertiPrep) using 
WC milling media and jar. Milling conditions were as follows: 1 h of 
milling, 30 min cooling period and another 1 h of milling. Milled pow-
ders were passed through a 100-mesh sieve. Next, the milled powder 
mixtures were mixed with 10 wt% excess B4C by ball milling for 4 h 
using yttria-stabilized ZrO2 media in acetone. Contamination from 
WC and ZrO2 media was estimated by measuring the mass of the media 
before and after milling. The resulting slurries were dried at 65 °C 
using rotary evaporation (Model Rotavapor no. R-124: Buchi), and 
subsequently powders were passed through a 100-mesh sieve. The 
prepared powder mixtures were pressed into discs using a uniaxial 
pressure of 2 MPa. Boro- and/or carbothermal reduction was per-
formed in a resistance-heated graphite element furnace (no. HP50-
7010G, Thermal Technology) under mild vacuum (roughly 3 Pa), at 
1,660 °C for 2.5 h. The reacted samples were crushed by mortar and 
pestle and sieved through a 100-mesh metallic sieve. Reacted pow-
ders were loaded in a graphite die that was lined with graphite foil. 
As-prepared samples were densified using two-step spark plasma 
sintering, as described in our previous studies32,48. The first step was 
heating to 1,650 °C under 15 MPa of applied pressure with heating 
rate 100 °C min−1 and dwell time at the highest temperature for 5 min. 
This step was used to promote removal of residual oxides and surface 
oxide impurities. In the second step, pressure was increased to 50 MPa 
and temperature increased at 150 °C min−1 to 1,900 °C where it was 
held for 10 min. The furnace was cooled at 10 °C min−1 to 1,000 °C 
under a uniaxial pressure of 25 MPa and then the power was turned off 
to allow the furnace to cool at its natural rate to room temperature.  
Sintered specimens were ground before further examination to remove 
graphite foil and any reacted layers present on the surfaces (Extended  
Data Fig. 3c).

Phase compositions of the sintered specimens were investigated by 
XRD (PANalytical X-Pert Pro, Malvern Panalytical Ltd). XRD patterns 
were collected using Ni filtered Cu-Kα radiation by scanning the 2θ 
range from 5 to 90°. Rietveld refinement (RIQAS Software, MDI) was 
used to determine lattice parameters. Microstructural analysis (Fig. 3 
and Extended Data Fig. 5) was done by SEM (Raith eLine Plus) with 
in situ chemical analysis by energy dispersive spectroscopy (Bruker 
Quantix). Specimens were polished to 0.25 µm using diamond suspen-
sions, before SEM measurements.

Data availability
The sample dataset to calculate DEED for a carbide system is avail-
able at https://doi.org/10.5281/zenodo.10015381. Data supporting this 
project are available from the corresponding author upon reasonable  
request.

Code availability
The code of the algorithm to perform the DEED calculation is available 
at https://doi.org/10.5281/zenodo.10015381. 

https://doi.org/10.5281/zenodo.10015381
https://doi.org/10.5281/zenodo.10015381


Article
55. A. Drabold, D. Topics in the theory of amorphous materials. Eur. Phys. J. B 68, 1–21 (2009).
56. Perim, E. et al. Spectral descriptors for bulk metallic glasses based on the thermodynamics 

of competing crystalline phases. Nat. Commun. 7, 12315 (2016).
57. Hicks, D. et al. AFLOW-SYM: platform for the complete, automatic and self-consistent 

symmetry analysis of crystals. Acta Crystallogr. Sect. A 74, 184–203 (2018).
58. Hicks, D. et al. AFLOW-XtalFinder: a reliable choice to identify crystalline prototypes. NPJ 

Comput. Mater. 7, 30 (2021).
59. Calderon, C. E. et al. The AFLOW standard for high-throughput materials science 

calculations. Comput. Mater. Sci. 108, 233–238 (2015).
60. Chepulskii, R. V. & Curtarolo, S. Calculation of solubility in titanium alloys from first 

principles. Acta Mater. 57, 5314 (2009).
61. Oses, C. et al. AFLOW-CHULL: cloud-oriented platform for autonomous phase stability 

analysis. J. Chem. Inf. Model. 58, 2477–2490 (2018).
62. Taylor, R. H. et al. A RESTful API for exchanging materials data in the AFLOWLIB.org 

consortium. Comput. Mater. Sci. 93, 178–192 (2014).
63. Rose, F. et al. AFLUX: the LUX materials search API for the AFLOW data repositories. 

Comput. Mater. Sci. 137, 362–370 (2017).
64. George, E. P., Raabe, D. & Ritchie, R. O. High-entropy alloys. Nat. Rev. Mater. 4, 515–534 

(2019).
65. Toher, C. et al. High-entropy ceramics: propelling applications through disorder. MRS Bull. 

47, 194–202 (2022).
66. Zhou, L. et al. High-entropy thermal barrier coating of rare-earth zirconate: a case study on 

(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 prepared by atmospheric plasma spraying. J. Eur. Ceram. 
Soc. 40, 5731–5739 (2020).

67. Zhu, J. et al. Ultra-low thermal conductivity and enhanced mechanical properties of 
high-entropy rare earth niobates (RE3NbO7, RE = Dy, Y, Ho, Er, Yb). J. Eur. Ceram. Soc. 41, 
1052–1057 (2021).

68. Zhu, J. et al. Dual-phase rare-earth-zirconate high-entropy ceramics with glass-like 
thermal conductivity. J. Eur. Ceram. Soc. 41, 2861–2869 (2021).

69. Chen, L. et al. Achieved limit thermal conductivity and enhancements of mechanical 
properties in fluorite RE3NbO7 via entropy engineering. Appl. Phys. Lett. 118, 071905 
(2021).

70. Braic, V., Vladescu, A., Balaceanu, M., Luculescu, C. R. & Braic, M. Nanostructured 
multi-element (TiZrNbHfTa)N and (TiZrNbHfTa)C hard coatings. Surf. Coat. Technol. 211, 
117–121 (2012).

71. Hsueh, H.-T., Shen, W.-J., Tsai, M.-H. & Yeh, J.-W. Effect of nitrogen content and substrate 
bias on mechanical and corrosion properties of high-entropy films (AlCrSiTiZr)100−xNx. 
Surf. Coat. Technol. 206, 4106–4112 (2012).

72. Dinu, M. et al. In vitro corrosion resistance of Si containing multi-principal element carbide 
coatings. Mater. Corros. 67, 908–914 (2016).

73. Malinovskis, P. et al. Synthesis and characterization of multicomponent (CrNbTaTiW)C 
films for increased hardness and corrosion resistance. Mater. Des. 149, 51–62 (2018).

74. Ye, B., Wen, T., Liu, D. & Chu, Y. Oxidation behavior of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C high- 
entropy ceramics at 1073-1473 K in air. Corros. Sci. 153, 327–332 (2019).

75. Zheng, Y. et al. Electrical and thermal transport behaviours of high-entropy perovskite 
thermoelectric oxides. J. Adv. Ceram. 10, 377–384 (2021).

76. Jiang, B. et al. High-entropy-stabilized chalcogenides with high thermoelectric 
performance. Science 371, 830–834 (2021).

77. Jiang, B. et al. Entropy engineering promotes thermoelectric performance in p-type 
chalcogenides. Nat. Commun. 12, 3234 (2021).

78. Sarkar, A. et al. High entropy oxides for reversible energy storage. Nat. Commun. 9, 3400 
(2018).

79. Zheng, Y. et al. A high-entropy metal oxide as chemical anchor of polysulfide for lithium- 
sulfur batteries. Energy Storage Mater. 23, 678–683 (2019).

80. Chen, Y. et al. Opportunities for high-entropy materials in rechargeable batteries. ACS 
Mater. Lett. 3, 160–170 (2021).

81. Chen, H. et al. Entropy-stabilized metal oxide solid solutions as CO oxidation catalysts 
with high-temperature stability. J. Mater. Chem. A 6, 11129–11133 (2018).

82. Zhai, S. et al. The use of poly-cation oxides to lower the temperature of two-step 
thermochemical water splitting. Energy Environ. Sci. 11, 2172–2178 (2018).

83. Batchelor, T. A. A. et al. High-entropy alloys as a discovery platform for electrocatalysis. 
Joule 3, 834–845 (2019).

84. Chen, H. et al. Mechanochemical synthesis of high entropy oxide materials under 
ambient conditions: dispersion of catalysts via entropy maximization. ACS Mater. Lett.  
1, 83–88 (2019).

85. Fracchia, M. et al. Stabilization by configurational entropy of the Cu(II) active site during 
CO oxidation on Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O. J. Phys. Chem. Lett. 11, 3589–3593 (2020).

86. Mehl, M. J. et al. The AFLOW Library of Crystallographic Prototypes: part 1. Comput. 
Mater. Sci. 136, S1–S828 (2017).

87. Hicks, D. et al. The AFLOW Library of Crystallographic Prototypes: part 2. Comput. Mater. 
Sci. 161, S1–S1011 (2019).

88. Hicks, D. et al. The AFLOW Library of Crystallographic Prototypes: part 3. Comput. Mater. 
Sci. 199, 110450 (2021).

89. Li, F. et al. Liquid precursor-derived high-entropy carbide nanopowders. Ceram. Int. 45, 
22437–22441 (2019).

90. Feng, L., Fahrenholtz, W. G., Hilmas, G. E. & Zhou, Y. Synthesis of single-phase high-entropy 
carbide powders. Scr. Mater. 162, 90–93 (2019).

91. Sure, J., Vishnu, S. S. M., Kim, H.-K. & Schwandt, C. Facile electrochemical synthesis  
of nanoscale (TiNbTaZrHf)C high-entropy carbide powder. Angew. Chem. Int. Ed. 59, 
11830–11835 (2020).

92. Feng, L., Fahrenholtz, W. G., Hilmas, G. E. & Curtarolo, S. Boro/carbothermal reduction 
co-synthesis of dual-phase high-entropy boride-carbide ceramics. J. Am. Ceram. Soc. 43, 
2708–2712 (2023).

93. Arganda-Carreras, I. et al. Trainable Weka segmentation: a machine learning tool for 
microscopy pixel classification. Bioinformatics 33, 2424–2426 (2017).

Acknowledgements We thank O. Levy, A. Garbesi, K. Vecchio, P. Sarker, M. Asta, A. Fortini,  
N. Goldman and S. Griesemer for fruitful discussions. Funding for this research was provided  
by the Office of Naval Research through a Multidisciplinary University Research Initiative 
programme under project nos. N00014-21-1-2515 and N00014-23-1-2615, and by the National 
Science Foundation (NSF grant no. NRT-HDR DGE-2022040). This work was supported by 
high-performance computer time and resources from the DoD High-Performance Computing 
Modernization Programme (Frontier).

Author contributions These authors contributed equally: S.D., H.E, D.H., C.O., and C.T. (listed 
alphabetically). S.C. conceptualized the momenta descriptor methods, the disorder expansion 
and the microstructure analysis, and designed and directed all aspects of the project. S.D., 
H.E. and S.C. developed the AFLOW-Spinodal module for microstructure search and analysis. 
C.O. and S.C. developed the AFLOW-POCC and AFLOW-CHULL modules. C.T., C.O. and S.C. 
derived the convolutional approach cPOCC. D.H. created the structural prototypes populating 
the convex-hull analyses. S.D., H.E., D.H., C.O., C.T., M.E. and R.F. prepared, performed and 
processed the DFT calculations needed for the descriptors. M.E. incorporated data into the 
aflow.org AFLUX-APIs. S.F. and W.G.F. synthesized and measured the high-entropy boride 
samples. C.J.R., C.M.D., R.J.C. and D.E.W. synthesized and measured the high-entropy 
carbonitride samples. All authors, S.D., H.E., D.H., C.O., C.T., R.F., M.E., M.J.M., A.C.Z., Y.L., E.Z., 
J.-P.M., D.W.B., X.C., S.F., W.G.F., C.J.R., C.M.D., R.J.C., D.E.W., A.C. and S.C. contributed to the 
discussion and to the writing of the article.

Competing interests The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at 
https://doi.org/10.1038/s41586-023-06786-y.
Correspondence and requests for materials should be addressed to Stefano Curtarolo.
Peer review information Nature thanks Olivia Graeve and the other, anonymous, reviewer(s) 
for their contribution to the peer review of this work. Peer reviewer reports are available.
Reprints and permissions information is available at http://www.nature.com/reprints.

https://doi.org/10.1038/s41586-023-06786-y
http://www.nature.com/reprints


Extended Data Fig. 1 | Oxide inclusions. a, SEM image of (HfNbTiVZr)CN, 
contrast optimized to show intra-grain inclusions. b, segmentation into 
inclusions (red), grain boundaries (purple) and grains (green) using Weka93  
c, oxygen SEM- EDS map. Based on the segmentation in b we can compare the 
average intensity in the inclusion region of the O EDSmap in c and in Extended 
Data Fig. 4. The elements O (1.94), Hf (1.31) and Zr (1.26) are enriched in the 

inclusions, while the intensities of Ta (0.70), Ti (0.66), and V (0.66) are reduced 
compared to the grains. Overall, the small amount of oxide in the studied 
ceramics would mean that the compositional differences in the high-entropy 
carbonitride phases would be very small (i.e., less than 1 mol%) with the small 
amount of oxide present in thermodynamic equilibrium with the carbonitride.
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Extended Data Fig. 2 | High-entropy ceramic microstructure. Fourier analysis 
of the spinodal microstructure in the three magnified regions (a, b, c) of 
(HfMoNbTaW)CN in Fig. 2. Each sub-figure contains the image contrast (left) 
and the power spectrum of its Fourier transform (right). The black dotted line  
is the radial distribution function of the power spectrum which was smoothed 

using a Savitzky-Golay filter, to help identify the maxima in the signal. The blue 
dashed line is a fit of the Cauchy-Lorentz distribution to the radial distribution 
function. The green dotted-dashed line is the location of the distribution peak. 
a.u., arbitrary units.



Extended Data Fig. 3 | Sample disks. a∣b, show high-entropy carbonitride 
samples, Panel a presents the samples used to study different FAST soak 
conditions (2200 °C/30 min, 2300 °C/60 min) and samples in panel b were 
used to understand the effect of using additional carbon during the 

manufacturing of the samples. Either through carbothermal reduction 
treatment (CTR - 25 at% C, 1450 °C/3 h) or by direct addition of 5 at% trace 
carbon. All samples in b were sintered at 2300 °C/60 min. c, shows disks of 
high-entropy borides.
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Extended Data Fig. 4 | SEM- EDS maps of elements of high-entropy carbonitride microstructures. From top to bottom: (HfNbTiVZr)CN, (HfTaTiVZr)CN, 
(HfTaTiWZr)CN and (HfTiVWZr)CN.



Extended Data Fig. 5 | SEM- EDS maps of elements of high-entropy boride microstructures. From top to bottom: (HfMoNbTaZr)B2, (HfNbTaTiV)B2, 
(CrHfTiYZr)B2 and (CrHfNbVY)B2.
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Extended Data Table 1 | Stability data for high-entropy carbides

The carbide compositions (AFLOW prototype AB_cF8_225_a_b)86–88 are sorted by DEED in units of (eV per atom)−1. Experimental results showing single- and multi-phase forming systems are 
designated with circle and cross, respectively, while mixed reports are designated with a square. The detailed dataset is reported in Supplementary Table 1.

http://aflow.org/prototype-encyclopedia/AB_cF8_225_a_b


Extended Data Table 2 | Stability data for high-entropy carbonitrides

The carbonitride compositions (AFLOW prototype AB_cF8_225_a_b)86–88 are sorted by DEED in units of (eV per atom)−1. All calculations in these table utilized cPOCC. Experimental results  
showing single- and multi-phase forming systems are designated with circle and cross, respectively, while mixed reports are designated with square. The detailed dataset is reported in  
Supplementary Table 2.

http://aflow.org/prototype-encyclopedia/AB_cF8_225_a_b
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Extended Data Table 3 | Stability data for high-entropy borides

The boride compositions (AFLOW prototype AB2_hP3_191_a_d)86–88 are sorted by DEED in units of (eV per atom)−1. Experimental results showing single- and multi-phase forming systems are 
designated with circle and cross, respectively, while mixed reports are designated with square. The detailed dataset is reported in Supplementary Table 3.

http://aflow.org/prototype-encyclopedia/AB2_hP3_191_a_d
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