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Mechanical properties of a range of high-entropy rocksalt carbides are investigated via ab-initio modeling and
experimental verification. It is found that elastic constants, hardness, and fracture resistance depend on the
electronic structure of the system, which is parameterized through two descriptors: the valence electron con-
centration (VEC) and the integrated density of states from the pseudo-gap energy to the Fermi energy (iDOS(E,,
Eg)). Compositions incorporating more electrons (increasing VEC) shift Er further above Ep, filling more
deformable metal d-derived tz; bonding orbitals. MoNbTiVWCs, MoNbTaVWCs, CrMoNbVWCs, and CrMo-
TaVWCs, — stabilizing as a single-phase rocksalt solid solution — each have a VEC > 9.0, an iDOS(E,, Ef) > 5.75
states/cell, and a higher electron abundance than any of the rocksalt binary and ternary carbides. The materials
approach the ductility range, achieving an attractive combination of fracture resistance (i.e. enhanced plasticity)
and hardness rarely found in ceramic materials. Entropy, allowing high VEC values to be reached within cubic

structures, enables a new path for tailoring mechanical properties.

1. Introduction

The B1 (rocksalt) monocarbides of group IVB, VB, and VIB transition
metals have high hardness and elastic modulus, good oxidation/corro-
sion resistance, and some of the highest melting temperatures of any
materials, making them a standard for applications in extreme envi-
ronments, such as reactor linings, hypersonic vehicle nose tips and wing
leading edges, propulsion motor components, bearing materials, elec-
trodes in gas-tungsten/plasma arc welding and arcjet thrusters, furnace
elements, and cutting tools [1-3]. When designing for such conditions,
mechanical properties are critical. Like other hard materials, transition
metal carbides (TMCs) demonstrate little to no plastic flow and lack any
dislocation mechanism to dissipate stress at low temperatures, leading
to brittle fracture failure [4,5]. Traditionally, increasing fracture
toughness of brittle materials has only been done through classical
toughening mechanisms, such as fiber bridging, transformation tough-
ening, grain bridging, crack deflection, and ductile phase toughening
[6-11]. It has been shown, however, that the TMCs have tailorable
mechanical, thermomechanical, and thermophysical properties based
on their electronic structure [1,12,13]. Studies including carbides,
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nitrides, and carbonitrides have: i. demonstrated that, although all can
be considered highly brittle materials with the rocksalt structure, trends
of increasing toughness with valence electron concentration (VEC) are
observed, and ii. argued that, since the Peierls stresses are so high (2-3
orders of magnitude higher than metals [14,15]), hardness may depend
more on the difficulty of nucleating/moving dislocations in the lattice
than on the activation energy to move them through microstructural
features [16,17]. Toughness, hardness, and more generally mechanical
properties are thus not only tunable through traditional microstructural
engineering (Hall-Petch [18], work/precipitate strengthening [19,20]),
but also through chemistry/bonding (compositional control and alloy-
ing), making multicomponent systems a key area of interest [21].
Most previous studies have focused on the carbon stoichiometry to
tailor the mechanical properties of binary carbides, although some
recent work has been done on systems including two or more transition
metals [13,22,23]. Even among the binary carbides, the choice of the
alloying element can have targeted effects on the mechanical properties.
For example, HfC and TaC are both stable in the B1 structure and have
similar bonding enthalpies (evidenced by their similar ultra-high
melting temperatures), yet HfC is brittle when deformed at room
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temperature, while TaC allows for significant plasticity via dislocations
[24]. The difference in electronic structure between hafnium and
tantalum has two effects on the mechanical response: i. the additional
electrons in TaC enhance the overall metallic character of the bonds
yielding greater ductility, and ii. the existence of an intrinsic stacking
fault causes different active slip systems — the primary slip system in
tantalum carbide is {111}(110), while in the rest of the rocksalt carbides
the primary system is {110}(110) [12,24,25]. The availability of slip
systems, without thermal activation, promotes ductile failure and gives
TaC the highest room temperature toughness of any rocksalt TMC [26].

Bonding (stiffening) and defects have also been shown to be two
hardening approaches associated with VEC [27-30]. i. Jhi et al. [16]
identified peak hardness in carbonitrides at a VEC of 8.4, attributed to
the complete filling of the shear resistant pd ¢ bonding states between
the metal d,._,. orbitals and the carbon p, and p, orbitals. Once the
electron population exceeds a VEC of 8.4, metallic character develops,
and the much more deformable metal ty-derived states dominate the
density of states. ii. Hugosson et al. [5,31] consider that a VEC % 10
brings the energies of the cubic and hexagonal polymorph structures in
carbides and nitrides closer together. The energetic proximity of
competing phases with different stacking sequences facilitates formation
of hexagonal stacking faults that enhance hardness by hindering dislo-
cation motion across faults, while also improving ductility (and tough-
ness) by promoting {111}<110> slip along the faults [32]. Since the
nitrides are inherently more electron rich than the carbides, in-
vestigations into enhancing ductility and toughness focus on nitrides, as
binary monocarbides are only stable in the B1 configuration up to a VEC
of 9.0.

However, VEC alone cannot capture critical electronic features [12,
13,16,27-30,33,34]. For instance, TaC and NbC have the same VEC, yet
only TaC can slip along the {111} planes at room temperature, as it
possesses an intrinsic stacking fault [12]. Sangiovanni et al. [4,28,30,33]
found that while ductility and, therefore, toughness generally increase
with VEC in carbides and nitrides, several factors also contribute. They
include anion and cation occupation of lattice sites [35-37], competi-
tion between different polymorph structures (in B1 solid solutions) of
parent binary phases [5,31,32], effects of the degree of cation-sublattice
ordering [38-40] and solid-solution strengthening [41] (due to internal
residual stresses and composition modulation), energetically-favored
formation of extended defects (e.g. stacking faults [5,31,32]) and
strain-induced structural transformations [25,42], and non-linear elastic
effects [43].

To capture the mechanism beyond VEC, Das et al. [44] compared the
DOS of the transition metal carbides of Sc, Ti, V, Zr and Hf. Each TMC
demonstrates a characteristic bonding/anti-bonding structure with a
pseudo-gap arising from the dominating covalent-like bonding between
the transition metal tyg-orbitals and the C p-orbitals [44,45]. The Fermi
energy (Ep) lies i. below the pseudo-gap, for the group IIIB metal (Sc), ii.
directly in the center of the pseudo-gap for the group IVB metals (Zr, Ti,
Hf), and iii. above the pseudo-gap for the group VB metals (V) [44]. Das
et al. [44] also stated that for TiC and ZrC, strong bonding can be ex-
pected because E sits at the center of the pseudo-gap where the DOS is
low; the TMCs of group IV metals indeed have the highest hardness
values [16,27]. In more complex alloy systems, through selection of
alloying elements, the relationship between the pseudo-gap and Er can
be tuned, allowing control over mechanical properties.

Hypothetically, if a carbide can be stabilized in the rocksalt structure
at room temperature having a VEC higher than 9.0, it would exhibit
greater plasticity and fracture toughness than the binary TMCs, which
can be demonstrated in calculation of mechanical properties of rocksalt
structured WC and MoC. Theoretical works investigating alloys of group
VIB transition metals (i.e., W and Mo) with group VB TMCs have
demonstrated that these materials should indeed exhibit significantly
enhanced plasticity [4]. However, experimentally, alloys of WC and
MoC are only stable in the rocksalt structure at elevated temperatures
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(stabilized dynamically by lattice vibrations at finite temperatures)
[46-51], when alloyed with other transition metal carbides (e.g., va-
nadium carbide) [23], or for low concentrations of Mo and W at low
temperatures. Opportunities to optimize VEC and combine properties of
interest, such as hardness and toughness, exist by alloying. In particular,
“extreme” alloying, i.e. high entropy, promotes solubilities significantly
while also inherently enhancing hardness, oxidation/corrosion resis-
tance, and thermodynamic stability [21]. High-entropy carbides (HECs)
containing a high atomic fraction (10 at% each) of combinations of Cr,
Mo, and W, and forming a single phase rocksalt structure at the atomic
scale, were recently synthesized [52-55]. In particular, the synthesis of
the equiatomic high-entropy compounds MoNbTiVWCs, MoNbTaVWCs,
CrMoNbVWCs, and CrMoTaVWCs show a single, randomly ordered
rocksalt phase with a VEC > 9.0, surpassing the conventional limit for
binary monocarbides stable in the B1 configuration. While there is no
a-priori reason to discharge other possible organizations, rock-salt is the
most obvious structure, as high-entropy equiatomic solid-solutions of
transition-metal mono-carbides have so far appeared only in rock-salt
structures, even if some of the constituents’ carbides are not cubic
[21]. This also compounds with the fact that high-entropy tends to
stabilize simple structures which has been seen for both high-entropy
metallic alloys and ceramics [79]. An analysis of the whole phase dia-
gram with associated heat of formation to determine the entropy pro-
motion gain versus the enthalpy loss at the onset of the order/disorder
transition was recently performed by Divilov et al. [80] using the “dis-
order enthalpy-entropy descriptor” (DEED) formalism”. In this work, no
high-entropy carbide and carbonitride was experimentally synthetized
having a structure different than rock-salt.

In this article, we explore the tunability of mechanical properties in
high-entropy carbides through control of composition, which de-
termines electronic structure. We relate the elastic constants, hardness,
and fracture toughness to the electronic structure through the VEC and
the integrated density of states (iDOS) from the pseudo-gap energy to the
Fermi energy (iDOS(Ep,, Er)) — an effective metallicity descriptor. This
theory allows for precise tunability of mechanical properties and,
through entropic promotion, the development of stable HECs with high
hardness and fracture toughness.

2. Experimental
2.1. AFLOW for high-entropy alloys

The representative ordered configurations, called tiles, required to
calculate the energy spectrum are generated using the AFLOW-POCC
algorithm [56] implemented within the AFLOW computational mate-
rials design framework [57,58]. The algorithm initially constructs
superlattices of the minimum size necessary to obtain the nominal
stoichiometries to within some user-specified accuracy. For each unique
superlattice, the AFLOW-POCC algorithm then generates the complete
set of possible supercells using Hermite normal form matrices.
Non-unique supercell combinations are eliminated from the ensemble
by first estimating the total energies of all configurations using a Uni-
versal Force Field-based method [59], and then identifying duplicates
from their identical energies.

For structure generation in the case of the high-entropy carbide
systems investigated here, the AFLOW-POCC algorithm starts with the
rock-salt crystal structure (space group: Fm3m, #225; Pearson symbol:
cF8; AFLOW Prototype: AB_cF8 225 a_b [60]) as the input parent lattice.
Each anion site is occupied with a C atom (occupancy probability of 1.0),
while the cation site is occupied by 5 different refractory metal elements,
with a 0.2 occupancy probability for each. The AFLOW-POCC algorithm
then generates a set of configurations (600 in total, 49 unique in the case
of the rock-salt based 5-metal carbide systems), each containing 10
atoms: one atom of each of the metals, along with 5 carbon atoms. This is
the minimum cell size necessary to accurately reproduce the required
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stoichiometry.

The properties for the disordered structure are calculated with a
Boltzmann-weighted average (at 2200°C or 2473 K: the experimental
sintering temperature) of the 49 representative ordered structures
ensemble. The DOS is first calculated for each ordered structure with
AFLOW, which leverages VASP using parameters defined by the AFLOW
Standard [61]. AFLOW-POCC then resolves the ensemble-average DOS,
from which the iDOS(E,,g, Er) can be determined: Er is the Fermi energy
and E,, is taken as the energy of the minimum value of the total density
of states near Ef.

The algorithm could consider larger cells, e.g. 20-atom cells, of
which there are 2,041,200 possible configurations with about 69,285
unique — beyond computational capabilities even for a single system.
Whether larger cells are needed depends on the correlation lengths of
the structure/property in consideration. The 10-atom cell models the
local environment to within at least second nearest neighbors (M-C and
M-M, etc.). Early EXAFS spectra for 5-metal high-entropy oxides sug-
gests that these are the most important interactions to capture for these
materials [62].

2.2. Calculating elastic constants

Elastic properties, including the elastic constants and moduli, are
calculated using the Automatic Elasticity Library (AEL) module [63] of
the AFLOW framework, which applies a set of independent directional
normal and shear strains to the structure, and fits the resulting stress
tensors to obtain the elastic constants. From this, the bulk (B) and shear
(G) moduli are calculated in the Voigt, Reuss, and Voigt-Reuss-Hill
(VRH) approximations, with the VRH average being used for the pur-
poses of this work.

The elastic properties for the 5-metal compositions are first calcu-
lated for each of the 49 configurations generated by AFLOW-POCC. The
average elastic constants and moduli are then obtained and weighted,
according to the Boltzmann distribution, at a temperature of 2200°C
(2473 K, the experimental sintering temperature).

Ductility is modeled using the Pugh’s modulus ratio (k = G/B) and
the Cauchy pressure (C; - C44). Since the disordered materials do not
have cubic symmetry, the difference between averaged values of the
elastic constants (C13 + C13 + C23)/3 and (Ca4 + Css + Cee)/3 is used to
calculate the Cauchy pressure [4,64]. Three different models are used
for predicting the Vickers hardness based on the elastic moduli:

Chen et al. [65]

0.585
)

(HV:Z(sz — 3 where kz%),

Teter [66]
(Hy=0.151G)

and Tian et al. [67]

(HV — 0.92kl.137G0.708) .

Note, however, that these models are based on the elastic response of
the materials, and do not consider excitations of internal modes (pho-
nons) or phenomena such as plastic deformation, slip planes, and lattice
and bulk defects. These models have been shown to offer good quali-
tative agreement for superhard materials [68], including ceramics [53,
69]. The reported value for calculated hardness is the average Hy
calculated using the three different techniques.

2.3. Synthesis

Each of the carbide compositions is weighed out in 24 g batches using
binary carbide powders (TiC, ZrC, HfC, VC, NbC, TaC, Cr3Cy, Mo2C, WC,
C; Alfa Aesar, USA). Powders are hand mixed and high energy ball
milled in a shaker pot ball mill for a total of 2 h in 30-minute increments,
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intersected by 10-minute rests to avoid overheating. Samples are sin-
tered using current and pressure assisted densification (CAPAD), also
known as spark plasma sintering or field assisted sintering technique, in
a vacuum environment. The temperature and pressure profile for each
sample is as follows: heat to 2200°C at 100°C/min under 5 MPa uniaxial
load; hold for 9 min; increase load to 80 MPa at 75 MPa/min while at
2200°C; hold for 15 min; cool under ambient conditions. The initial
vacuum is less than 20 mTorr prior to heating. Whenever the vacuum
exceeds 100 mTorr, the heating and pressure profile is held until the
vacuum again reaches less than 20 mTorr. All sintering is done in
graphite die and plunger sets. Each sample is ground and polished to
0.04 um colloidal silica on both sides to remove any remaining carbon.

2.4. Experimental elastic constants from acoustic wave speed

All moduli are obtained following ASTM standard E494-15. Sample
dimensions are on average 20 mm diameter and 3 mm in height cylin-
drical pucks. Both sides of samples are ground and polished, and then
placed on an acoustically isolated substrate to ensure no interference
from the local surroundings. Using a piezoelectric transducer coupled
with an oscilloscope, the reverberating sound waves are measured and
recorded. For each sample, a total of four longitudinal and four shear
waves at different intervals are recorded in order to calculate the
respective velocities. After determination of the velocities, Poisson’s
ratio (v), Young’s modulus (E), shear modulus (G), and bulk modulus (B)
are determined using Eqs. (1-4) below:

Vi —2V3
v = . (€))
2(VE - v3)
E=2VZp(1+v), )
G=p(Vi), 3
and
E
) w

where p is the density, V;, the longitudinal wave velocity, and Vg the
shear wave velocity.

2.5. Hardness and fracture toughness from indentation

Samples are polished and mounted in preparation for Vickers
microhardness following ASTM standard E92-17. A Leco micro-
indentor is used to create indents in each sample. A total of 20 indents
with an applied load of 0.98 N (100 gf) are done on each sample, and
their location subsequently marked on the sample. After indentation, the
samples are then loaded into a Thermo-Fisher (formerly FEI) Apreo
scanning electron microscope, the indents are individually imaged, and
the size of the indents measured. The Vickers hardness (Hy) values are
determined using the cross-diagonal measurements obtained from SEM
imaging via Eq. (5) below:

P

B =434

()

where P is the load force in N, d; the horizontal diagonal, and d; the
vertical diagonal.

Fracture toughness is calculated according to the methods laid out by
Anstis et al. [70]. Crack lengths are measured simultaneously upon
measuring the hardness values of each individual indent. Criteria for
viable indents are as follows: cracks measured must be propagating from
the corners of the indent, the indent must be uniform and in accordance
with ASTM standards for hardness calculation, crack paths must be
devoid of obstructions, such as pores in the sample. After obtaining
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crack lengths, fracture toughness is computed via Eq. (6) below [70]:

D=

E \2P
K =0.016( — | —= 6
d (HV> c% ©

where E and Hy are in units of GPa, P is the load force in N, and c is the
crack length from the center of the indent in units of meters. Fracture
toughness values are determined using Hy and c for each individual
indent and the final reported K is taken as the average across all viable
indents (minimum of 10) for a given sample.

3. Results
3.1. Modeling

The primary hypothesis of this work is that if carbides having a VEC
greater than 9.0 can be stabilized in the rocksalt structure at room
temperature, these materials would exhibit greater plasticity and frac-
ture toughness than carbides with a VEC less than or equal to 9.0. The
basis for this hypothesis is demonstrated via calculation of mechanical
properties of the theoretical rocksalt structured WC and MoC both
having a VEC of 10.0 (Fig. 1). The list of nine HEC compositions chosen
in this work are given in Table 1 along with their calculated VEC, iDOS
(Epg, Ep), and DOS(EF). Compositions were chosen to provide a spread of
HECs ranging from low to high electron population at regular intervals
(i.e., seven 0.2 VEC steps) with two compositions represented for VEC =

0.9 T T T T T T T T T T T
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L . B hex-binaries (calculated) | J
HINbTaTIZIC, NbTaTVWC, @ rs-binaries (caloulated)
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0.8 HIC & HNbTaTIVC, v' 1
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Fig. 1. (A) The modeled and experimental Pugh’s Modulus ratio (G/B) for each
of the HECs along with the calculated values for the rocksalt (rs) binary car-
bides and hexagonal (hex) binary carbides and (B) the calculated Cauchy
pressures for each of the HECs and rs and hex binary carbides. Note that the
lowest Pugh’s modulus ratio and highest Cauchy pressure is attained with
MoNbTaVWCs when considering that rocksalt WC and MoC are not stable at
room temperature.
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Table 1

List of compositions and corresponding valence electron concentration (VEC),
Fermi energy ductility parameter (iDOS(Eyg, Er)) and electronic density of states
at the Fermi energy (DOS(Ep)) taken from density functional theory.

Composition VEC iDOS(Epg, Er) (states/cell) DOS(Ey) (states/eV)
HfNbTaTiZrCs 8.4 2.29 2.88
HfNbTaTiVCs 8.6 3.53 3.85
HfTaTiWZrCs 8.6 3.41 3.06
HfNbTaTiWCs 8.8 4.40 3.00
NbTaTiVWCs 9 5.75 4.56
MoNbTiVWCs 9.2 6.14 4.90
MoNbTaVWCs 9.4 7.66 5.09
CrMoNbVWCs 9.6 8.00 5.94
CrMoTaVWCsg 9.6 8.03 5.68

8.6 and VEC = 9.6 and four compositions with VEC > 9.0. The lowest
valence electron density composition, consisting of three group IVB and
two group VB transition metals is HfNbTaTiZrCs, while the highest,
comprising three group VIB and two group VB are the compositions
CrMoNbVWCs, and CrMoTaVWCs. The total spread of VEC ranges from
8.4 t0 9.6. The full electronic density of states, from which the iDOS(Eg,
Ep) was determined for each of the carbide compositions, are shown in
Fig. 2. The electronic density of states for each of the HECs shows a
pseudo-gap, which is characteristic of rocksalt transition metal carbides
[44]. All of the compositions investigated have Ep greater than the
pseudo-gap energy (E,g). The distance between Er and Epg becomes
larger as Ep shifts to higher energies, indicating filling of metallic
d-derived tyg states and an effective increase in the metallic character of
the bonding. Hybridization of the s/p/d orbitals can be ruled out as the
dispersion of s- and p-states is quite constant and not associated to any
onset of d-peaks. We conclude that the extra charge injected by tailoring
the composition ends up in tog states and interstitial delocalized posi-
tions, typical of metals.

There is a near-linear correlation between the VEC and the iDOS(Eyq,
Ep) with a Pearson correlation coefficient of 0.99 (see Fig. 3), suggesting
that the parameter iDOS(E),g, Er) may function as a successful descriptor
of bonding metallicity, as well as a better parameter on which to base
engineering of mechanical properties than the DOS(Eg). The iDOS in-
corporates both the absolute value of the density of states at Er and the
distance between the pseudo-gap and Ep, which describes the number of
metal d-derived tog states available for electron population more effec-
tively than simply DOS(Eg). Further, the VEC may be an over-
simplification of electronic structure and, therefore, may not capture
subtle differences that will be resolved by iDOS(E,,, Er). For example,
HfTaTiWZrCs and HfNbTaTiVCs both have a VEC of 8.6; however, they
have an iDOS(E,g, Er) of 3.41 and 3.53 states/cell, respectively.

Fig. 4(A-C) show the correlation between iDOS(Epg, Er) and the
calculated elastic properties from DFT. The integrated density of states
and bulk modulus have a positive Pearson (linear) coefficient of 0.88.
The iDOS correlates more strongly with the calculated modulus than
either the VEC (Pearson = 0.84) or the DOS(Er) (Pearson = 0.78),
corroborating that the iDOS most effectively describes the nature of the
bonding as it relates to mechanical properties. For increasing iDOS(Epg,
Ep), the shear and elastic moduli first increase and then steadily reduce,
in agreement with previous theoretical work on binary carbides and
nitrides [27] and previous results in high-entropy carbides [52]. The
maximum for shear modulus is near a VEC of 9 (the maximum available
for any binary rocksalt carbide) or iDOS(E,,, Er) equal to 4.40 states/cell
(the value for HINbTaTiWCs). The decreasing shear modulus at high
electron concentrations is an important factor when considering
ductility or toughness in high-entropy carbides (HECs)

In order to predict the brittle or ductile behavior of any material
composition using elastic constants, the simple formulation of Pugh [71]
can be applied, where the plastic properties of metals are linked to their
elastic moduli [4,27,72]. In general, if the ratio of shear modulus to bulk
modulus is less than 0.5 (G/B < 0.5), the material will behave in a
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ductile manner, otherwise it will be brittle [71,72]. Thus, the estab-
lishment of a relationship between the moduli and a relevant electronic
parameter, such as the iDOS(Eyg, Er), can help to tune the ductility of
HECs based on compositional control of alloying elements, which can be
easily chosen to have specific effects on the iDOS(Epg, Er). The Pugh’s
modulus ratio (G/B) and the parameter iDOS(E,,, Er) (plotted in Fig. 4D)

have a strongly negative Pearson correlation of —0.98. Thus, as the el-
ements used in alloying HECs move the overall composition to a more
valence-electron-rich region, the system becomes more ductile. Note
that since G reaches a maximum around 4.40 states/cell while B con-
tinues to increase, G/B decreases more quickly above this value. MoN-
bTaVWCs, CrMoNbVWCs, and CrMoTaVWCs have the lowest predicted
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Pugh’s modulus ratio of 0.53 to 0.56 (close to 0.5) and should, therefore,
most effectively promote slip under an applied stress, leading to a higher
fracture toughness. Since G/B is above 0.5, MoNbTaVWCs,
CrMoNbVWCs, and CrMoTaVWCs are not expected to behave as a
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ductile (metallic) material, but should accommodate more plasticity,
which should manifest on the macroscale as enhanced toughness.

A second method of determining ductility from predicted elastic
parameters is the formulation of Pettifor [73], developed for
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moduli, (D) Pugh’s modulus ratios, (E) Vickers hardness, Hy, and (F) experimental indentation fracture toughness, Kis, against the iDOS(E,g Ep) metallicity
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of 4.40-8.03 states/cell (last five data points).
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intermetallic systems, in which the angular character of bonding can be
used to determine mechanical properties. Since the Cauchy pressure is
defined as C13 — C44 (Where Cq2 and Cy44 are components of the stiffness
tensor), if the bonding is simple pair-wise potentials, then the Cauchy
pressure will be zero [74]. If the Cauchy pressure is negative, then the
bonding is more angular, and the orbitals will resist deformation in
response to stress (i.e. brittle) [73]. If the bonding is more metallic and
hence less directional, then the Cauchy pressure will be positive. Thus, a
positive Cauchy pressure denotes a more metallic and, therefore, more
ductile material. Fig. 4E shows the Cauchy pressure (C12 — C44) against
the iDOS(E,g, Er) parameter. The Cauchy pressure scales with iDOS(Epg,
Ep) with a high Pearson coefficient of 0.95. As with the Pugh’s modulus
ratio, the Cauchy pressure shows a more drastic rate of increase when
the iDOS(Epg, Ep) is greater than 4.40 states/cell and are notably positive
for MoNbTaVWCs, CrMoNbVWCs, and CrMoTaVWCs. These trends
suggest that with the use of entropy promotion, which allows for stable
rocksalt compositions containing group VIB metals, even more signifi-
cant enhancements in ductility can be achieved than when moving from
group IVB to VB binary carbides. Fig. 4F presents a plot of Pugh’s
modulus ratio against Cauchy pressure, common in determination of
material ductility from predicted elastic properties [4]. Here, the most
ductile materials should fall in the bottom right corner of the plot and
the compositions MoNbTaVWCs, CrMoNbVWCs, and CrMoTaVWCs are
again the closest to that region with a positive Cauchy pressure and G/B
close to 0.5, which almost satisfies the ductility parameters put forth by
Pettifor [73]. To predict the mechanical properties of the HECs, a
comparison is made between the calculated Pugh’s modulus ratio, the
Cauchy pressure, and the VEC of the HECs, the rocksalt binary carbides
of group IVB and VB transition metals, and rocksalt and hexagonal bi-
nary carbides of group VIB transition metals (Fig. 1).

Note that WC and MoC in the rocksalt structure fall well into the
ductile region for both ductility criteria, but the hexagonal WC and MoC
lie firmly within the brittle region. Since these binaries are only stable as
rocksalts at high temperatures [2], the most ductile material, even when
considering all of the rocksalt binaries, should be the high-entropy
compositions MoNbTaVWCs, the one with both the highest entropy
forming ability and the highest activation enthalpy in the original dis-
covery study of Sarker et al. [53], along with the two compositions
containing Cr, Mo, and W (CrMoNbVWCs and CrMoTaVWCs) discov-
ered by Kaufmann et al. [54].

3.2. Experimental mechanical properties

For experimental verification of predicted properties, each of the
HECs was synthesized in bulk form. Fig. 5 shows the trend of measured
bulk moduli (Fig. 5A), shear moduli (Fig. 5B), elastic moduli (Fig. 5C),
and Pugh’s modulus ratios (Fig. 5D) against the iDOS(E,g, Er) param-
eter. The moduli are in good agreement with the predicted values from
DFT and demonstrate the expected relationships with increasing avail-
able electron states. All of the moduli show slight negative deviations
from predicted values, which is likely due to sample imperfections such
as porosity, impurities, and oxide inclusions. There is some cancellation
of the deviations when calculating the Pugh’s modulus ratio, so the
ductility criteria agree well with predicted values. By Pugh’s criteria, the
compositions with the highest iDOS(E,, Er) — CrMoNbVWCs and
CrMoTaVWCs — should be the most ductile.

In order to design a high-toughness material, the ideal composition
would have both high hardness and ductility. The experimental and
calculated Vickers hardness for each of the HEC compositions are shown
in Fig. 5E. Most of the measured hardness values are lower than that
calculated from DFT, which, as with the moduli, is likely due to im-
perfections (mainly porosity) in the sintered experimental samples.
Further, the models for predicting hardness are based on the elastic
response of the materials, and do not consider phenomena, such as
plastic deformation, slip planes, and lattice and bulk defects. The
hardness displays the expected trend of reducing hardness with
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increasing iDOS(Ep,, Er), indicating softening of the materials with more
electrons and spherical metallic bonding nature. However, the hardness
of the most ductile, entropically promoted compositions —
CrMoNbVWCs and CrMoTaVWCs — remains at the relatively high value
of 23 GPa, a similar value to the compositions with iDOS(E,g, Er) be-
tween 2.29 and 3.41 states/cell. The high hardness obtained in the HECs
coupled with improved plasticity should result in electron-rich compo-
sitions forming high-toughness materials. The relatively level hardness
trend up to an iDOS(E,g Ep) of 4.40 states/cell and subsequent
decreasing trend should again be noted.

Since the main goal of designing high-entropy carbides that can
exhibit significant plasticity is to increase toughness, the indentation
fracture toughness, K¢, of each of the compositions is given against the
iDOS(Epg, Ep) in Fig. S5F. As expected, the HECs display enhanced frac-
ture toughness with increasing iDOS(E,,, Er), indicating that the use of
group VIB elements in a high atomic fraction in HECs can effectively
strengthen the metallic character of the bonding in the system,
improving ductility and fracture toughness. Further, the trend again
shows a more drastic rate of increase as the iDOS(Ep,, Er) value exceeds
4.40 states/cell or a VEC of 9.0.

As Kjf increases, the HECs should be able to accommodate increasing
plastic deformation before initiation of a crack. The correlation between
VEC and fracture resistance was recently demonstrated experimentally
during nanoindentation using a range of applied forces and the results
summarized by a parameter deemed force-controlled effective fracture
resistance (IIL;R) [33]. In brief, IﬁR accounts for the deformation and load
induced by an indenter tip when analyzing the percentage of indentation
tests for which an alloy does not crack.

Alloys that exhibit a greater percentage of indents that do not
manifest cracks with increasing loads will have a higher Ik, value. The
Kig data for the nine HECs studied herein is overlaid on the I5; results
from Sangiovanni et al. [33], in which all six of the studied compositions
overlap with HECs in this work. Notably, the indentation fracture
resistance values measured herein correlate markedly well with whether
the material can withstand increased indentation loads without crack
formation (I%;) and the exponential increase in fracture resistance per-
formance observed in the prior work with VEC increasing above 9.0 (see
Fig. 6).

During deformation via indentation, HECs are verified to exhibit
plasticity (i.e. dislocations) (Fig. 7). Transmission SEM (t-SEM) of a cross
section of a deformation region below an indent made in a sample of
HfNbTaTiZrCs shows a plastic strain field consisting of extensive dislo-
cation networks, and no visible fractures are apparent. Orientation maps
show significant variation, indicating a large change in the crystal
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Fig. 6. Indentation fracture toughness compared to effective fracture
resistance. The Kj; measurements from the current work (plotted as nine
faceted blue squares) are overlaid on the effective fracture resistance measured
for six HECs and hypothesized trendline from Sangiovanni et al. [33].
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Fig. 7. (A) Transmission SEM (t-SEM) bright field, (B) high angle annular dark field images of a cross section of an indent made in a sample of HINbTaTiZrCs using a
Berkovich indenter and 150 mN force and (C) the corresponding band contrast map, and (D) y-direction inverse pole figure map. The y-direction corresponds to the

surface normal loading direction in indentation.

rotation tensor and, therefore, accommodation of geometrically neces-
sary dislocations. There exists a decrease in band contrast surrounding
the indent edges, which is expected, and indicative of large plastic strain
in the lattice that reduces symmetry within the diffracting area and, as a
result, decreases the pattern quality and band contrast of the Kikuchi
patterns [75].

4. Discussion
4.1. Modeling

The increase in the parameter iDOS(Ep, Er) directly shows the
movement of the Fermi energy (Er) to higher energies as the transition
metal d-states are filled with more electrons. Specifically, the octahedral
tye-derived bonding states of the metals contribute more to the overall
density of states, indicating a more metallic bonding character [44].
Thus, the iDOS(Epg, Er) parameter, which might be referred to as a Fermi
energy ductility parameter, is a simple descriptor of metallic character in
rocksalt carbides and can be used to predict and tune mechanical
properties.

From Pugh’s ductility criterion, a high bulk modulus and low shear
modulus are desirable to maximize ductility. The bulk modulus scales
linearly with iDOS(Eyg, Er), whereas the shear modulus increases up to
an iDOS(Epg, Er) of 4.40 states/cell (or VEC=9.0) and then decreases.
This indicates that the improved plasticity in binary carbides with VEC
up to 9.0 is more strongly dependent on the bulk modulus trend, rather
than the shear modulus. Beyond the group VB transition metals, how-
ever, the shear modulus drops, indicating that G/B will fall even faster
than for the low VEC materials. The combined effect of the shear
modulus decreasing - while bulk modulus continues to increase - is only
observed in phase pure, rocksalt systems including significant amounts
of elements from group VIB, which is enabled by high-entropy carbides.

The Cauchy pressure also tends to scale with iDOS(Epg, Ep), indicating
that the carbides should become more metallic in nature with more
electrons. The reduction in angular bonding in the system and
strengthening in metallic character should be accompanied by an
improvement in plasticity and toughness. Since the Fermi energy
ductility parameter iDOS(E,,, Er) can be used to determine mechanical
properties of carbides, a new route to development of ultra-tough ma-
terials is presented here. The use of entropic promotion and the explo-
ration of the single-phase high-entropy carbides gives access to a vast
new composition space and a resulting new library of electronic density
of states that can be searched for parameters such as iDOS(E,g, Er) in
order to find compositions with desirable properties such as hardness
and ductility.

4.2. Mechanical properties

It has been well established that the binary carbides demonstrate
more significant plasticity as the number of valence electrons in the
system increases beyond 8.4. However, the synthesis of rock-salt struc-
ture carbides that are more electron rich than TaC remains difficult,
since they are more stable in a hexagonal or orthorhombic phase. Here,
entropy promotes compositions containing 20 at% of CrC, WC and MoC
each (10 at% Cr, 10 at% Mo, 10 at% W), occupying 60 % of the cation
lattice, and attaining VEC values of up to 9.6. The randomly ordered
solid solution MoNbTaVWCs forms a homogeneous single phase through
a large temperature range from <700°C to Ty, (Fig. 8). The compositions
with the most metallic character via VEC and iDOS(Ep,, Er) parameters
correspond to the lowest hardness and highest fracture toughness.
Although the hardness is less than any of the other HECs, the compo-
sition MoNbTaVWCs still maintains a high hardness of 19.2 GPa and a

1
high fracture toughness of 2.91 MPa-m2 compared to TaC, which has an
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Fig. 8. XRD patterns from a sample of MoNbTaVWCs after high temperature
sintering at 2200°C (bottom), heat treatment at 700°C for 720 h (middle), and
heat treatment at 1100°C for 168 h (top). Note that only the single-phase
rocksalt (rs) structure is maintained after all heat treatments.

1
Hy of 14.6 + 1.4 GPa and a Kjs; of 3.6 & 0.3 MPa-m2 as measured in this

1
study (Hy of ~12-16 GPa and Kijg of 2-20 MPa-m2 in literature [24,76]).
The compositions CrMoNbVWCs and CrMoTaVWCs maintain a hardness
of ~23.3 GPa, on par with the low-VEC materials studied herein, while

achieving a Kji- of 4.2 + 0.4 MPa~m% and 4.9 £ 0.3 MPa-m%, respectively.
Thus, through Fermi energy engineering, high-entropy carbides have
demonstrated a combination of high hardness and fracture resistance
that is rarely achieved in materials. This theory lays the groundwork for
the use of chemistry selection in high-entropy ceramics to produce high
hardness and ultra-tough rocksalt carbide, nitride, and carbonitride
materials, that were previously unattainable. The compositional choice
of high-entropy materials greatly affect their electronic density of states.
In the case of metal carbides, tailoring iDOS(E,g, Er) results in improved
mechanical properties.

5. Conclusion

High-entropy carbides are shown to increase in ductility with VEC
and iDOS(Epg, Ep). The iDOS(Epg, Erp) parameter is demonstrated to
better correlate with the moduli, Pugh’s criteria and Cauchy pressure
than DOS or VEC. Loosely analogous to what is done in semiconductors,
Fermi-level engineering is determined to be an effective method for
predicting and engineering the metallic character of bonding resulting
in improved mechanical properties. The indentation fracture resistance
measurements support the computational results, showing increased
metallicity of the bonding beyond what is achievable in binary and
ternary Bl carbides yielding significant improvement in a carbide’s
ability to accommodate plastic flow. This conclusion is further sup-
ported by the excellent correlation with the trends observed in the
effective fracture resistance data. The examples of MoNbTaVWCs,
CrMoNbVWCs and CrMoTaVWCs showing that entropy can enable high
VEC and iDOS(Epg, Er) in a cubic structure, highlights a new path for
tailoring mechanical properties. Given the wide range of composition
space the premise of high-entropy materials has unlocked, it is expected
that there exists significant opportunity to leverage this computational
design strategy to find compositions with a further enhanced combina-
tion of properties. There is expected to be particular interest in
increasing the iDOS(Epg, Ep), likely via further concentration of Cr, Mo,

10
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or W, in high-entropy carbide, nitride, and carbonitride compositions.
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