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Bulk high‑entropy nitrides 
and carbonitrides
Olivia F. Dippo1, Neda Mesgarzadeh1, Tyler J. Harrington1, Grant D. Schrader2 & 
Kenneth S. Vecchio1,2*

High‑entropy ceramics have potential to improve the mechanical properties and high‑temperature 
stability over traditional ceramics, and high entropy nitrides and carbonitrides (HENs and HECNs) 
are particularly attractive for high temperature and high hardness applications. The synthesis of 5 
bulk HENs and 4 bulk HECNs forming single‑phase materials is reported herein among 11 samples 
prepared. The hardness of HENs and HECNs increased by an average of 22% and 39%, respectively, 
over the rule‑of‑mixtures average of their monocarbide and mononitride precursors. Similarly, 
elastic modulus values increased by an average of 17% in nitrides and 31% in carbonitrides over 
their rule‑of‑mixtures values. The enhancement in mechanical properties is tied to an increase in the 
configurational entropy and a decrease in the valence electron concentration, providing parameters 
for tuning mechanical properties of high‑entropy ceramics.

High entropy ceramics have been gaining traction in recent  years1,2, since Rost et al. adapted the idea of high-
entropy  alloys3,4 to synthesize the �rst entropy-stabilized  oxide5. �e �eld of bulk high-entropy ceramics has 
grown to include  borides6,  carbides7–11,  silicides12,13, perovskite  oxides14, and �uorite  oxides15. Many of these bulk 
high-entropy ceramics have increased hardness over their  constituents6,7,9, and have the potential for increased 
phase stability at high  temperatures16, according to the increased entropy term (S) in the Gibb’s free energy 
equation G = H-TS.

Transition metal nitrides and carbonitrides are used for their high hardness, wear resistance, and refractory 
character—having melting temperatures over 1800 °C17, with some having melting temperatures above 4000 °C18. 
High-entropy versions of these materials show potential to augment their already high hardness and thermal 
stability, making them promising candidates for leading edges and thermal protective components in aerospace 
applications, which require bulk  materials19. HENs have been synthesized as a  powder20 and as thin  �lms21–36; 
HECNs have also been synthesized as thin  �lms37,38. High-entropy nitrides (HENs) and high-entropy carboni-
trides (HECNs) have not been synthesized in bulk form until recently, when a paper by Wen et al. reported the 
synthesis of one bulk HEN composition and one bulk HECN composition, (HfNbTaTiZr)N and (HfNbTaTiZr)
CN,  respectively39. In addition to these compositions, we report the �rst bulk synthesis of 4 other HECN com-
positions and 3 other HEN compositions.

HENs and HECNs in particular o�er interesting opportunities for tuning mechanical properties over existing 
bulk high-entropy ceramics, the �rst of which is their con�gurational entropy. Higher con�gurational entropy 
is associated with favorable “high-entropy” material behavior, such as increased strength and phase stability. 
Methods for calculating ideal con�gurational entropy of high-entropy ceramic compositions will be discussed 
in this paper, which indicate that the con�gurational entropy of a carbonitride is signi�cantly higher than that 
of a nitride or carbide. �e ideal con�gurational entropy for an equiatomic and stoichiometric �ve-metal nitride 
is 0.8R, and for a carbonitride is 1.15R, where R is the gas constant. �is entropy increase upon addition of a 
second anion to a high-entropy ceramic system is equal to that of adding �ve additional metal species, giving 
carbonitrides a major advantage in entropy-related properties.

In addition to entropy, valence electron concentration (VEC) provides an opportunity for tuning mechanical 
properties, where HENs have the advantage of a higher VEC. Transition metal nitrides, carbides, and carboni-
trides have mixed bond character, considered partially covalent, ionic, and metallic. �is gives rise to many of 
the interesting properties of these materials, for example maintaining the high melting temperatures of ionic/
covalently bonded materials and the high thermal and electrical conductivity of metallic  materials17. Changing 
the composition of the HEN or HECN can shi� the bond character, which can be quanti�ed using the material’s 
VEC—calculated as the number of valence electrons per formula unit. VEC can be manipulated by varying the 
metals contained in the ceramic, and in addition, nitrogen has one more valence electron than carbon, giving 
HECNs and HENs higher VECs than high-entropy carbides. Increasing VEC in cubic carbides, nitrides, and 
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carbonitrides decreases  hardness9,40 and increases  toughness41. �erefore, HENs, having higher nitrogen con-
tent and thus higher VEC than carbon-containing high-entropy ceramics, should display lower hardness, thus 
indicating potential for future synthesis of more ductile ceramics.

�e aim of this study is twofold: (i) to report the �rst synthesis of �ve bulk HENs and six bulk HECNs, and 
(ii) to elucidate the e�ect of con�gurational entropy and VEC on the mechanical properties of bulk high-entropy 
ceramics. Consistent with the current literature on bulk high-entropy ceramics, the single-phase character of 
all HENs and HECNs will be analyzed. A single-phase high-entropy material is de�ned as having one majority 
crystal structure and a homogeneous distribution of elements within the material; conditions chosen to ensure 
that randomness, and therefore con�gurational entropy, is maximized. Bulk high-entropy ceramics are o�en 
equiatomic, i.e. all elements are in equal atomic proportions, though this is not a requirement to categorize a high-
entropy ceramic as single-phase. In this work, single-phase or multi-phase character of these novel HENs and 
HECNs is experimentally determined for all 11 samples through XRD and EDS. Additionally, nanoindentation 
hardness and elastic modulus data are presented, in comparison with expected rule of mixtures (ROM) averages 
of the constituents of each composition. Mechanical properties are also analyzed in terms of con�gurational 
entropy and VEC, de�ning trends that may in�uence future design of ceramic materials.

Materials and methods
Synthesis. Precursor powders of graphite, CrN, CrC, HfC,  Mo2C, NbN, NbC, TaN TaC, TiN, TiC, VC,  W2C, 
ZrN, and ZrC were procured from Alfa Aesar (> 99% purity); HfN was procured from Reade Advanced Materi-
als (99.5% purity); VN was procured from American Elements (99% purity).

For nitride and carbonitride compositions listed as HENs #1–5 and HECNs #1–6 respectively, appropriate 
amounts of precursor powders were hand-mixed, to achieve an equiatomic mixture, calculated on the metals 
basis. An additional 5 atomic percent graphite powder was added to all of the samples, to aid in sintering and 
reduce oxides present in the precursor powders. To achieve particle size reduction and improved blending, 
hand-mixed powders were then high-energy ball milled using a SPEX 8000D mill (SpexCertPrep, NJ, USA) for 
three hours total, in increments of 30 min with 10-min cool-down periods in between. Tungsten carbide milling 
media was used (ball to powder ratio 2:1), and stearic acid was added as a lubricant to the milling process. �e 
SPEX milling and subsequent powder handling was done in an argon glove box to prevent oxidation.

Powders were then densi�ed using spark plasma sintering (SPS, �ermal Technologies, CA, USA) under 
vacuum (below 30 mtorr) using a temperature ramp rate of 100 °C/min and held at temperature for 1 h under 
a pressure of 50 MPa. During heating, whenever signi�cant sample o�-gassing occurred, heating was paused to 
allow the vacuum level to stay below 30 mtorr. Chromium containing compositions were sintered at a maximum 
temperature of 1600 °C, and compositions that did not contain chromium were sintered at 2200 °C. Mononitrides 
(de�ned as containing one transition metal, for example CrN) were each synthesized in the SPS at approximately 
300 °C below their respective melting temperatures. Samples were sintered in 20-mm graphite dies lined with 
graphite foil. �e outside surfaces of sintered samples were ground away using an 80-grit diamond grinding disc, 
to remove residual carbon contamination before characterization.

Characterization. Crystal structures of sintered samples were characterized using powder X-ray di�rac-
tion (XRD) in a Rigaku Mini�ex di�ractometer with Cu K-α radiation. Microstructure and metal content were 
characterized in a scanning electron microscope (SEM) (Apreo, �ermo-Fisher) with energy dispersive X-ray 
spectroscopy (EDS) (Oxford Instruments). Densities were measured using Archimedes method; chemical analy-
sis of carbon and nitrogen content were characterized using a Perkin Elmer 2400 Series II CHNS/O Elemental 
Analyzer (CHNS).

Mechanical testing. Bulk, sintered samples were �rst ground and polished using diamond media, with an 
0.04 µm colloidal silica suspension �nal polish. Nanoindentation according to the Oliver and Pharr  method42 
was performed using 300 mN force to obtain asymptotic hardness, avoiding indentation size e�ects, which are 
present below 100 mN, as shown in Supplementary Fig. S2. Nanoindentation was performed with a diamond 
Berkovich indenter in accordance with the ISO 14577 standard. On each sample, a grid of 100 indents were 
done, spaced 30 µm apart, and the typical indentation depth was approximately 800 nm. Outliers were removed 
by removing data points with an indentation depth greater than 1400 nm, which were con�rmed by optical 
microscopy to have intersected pores near the surface. �e maximum and minimum 5% of data points were 
removed before averaging the values. Removing outliers in this fashion was necessary for the mononitrides, 
which had lower sintered densities than the high-entropy compositions, causing more outliers in the low end of 
the data and arti�cially lowering the average nanoindentation results. �e nanoindentation data for monocar-
bides is published in another work by the authors, using comparable synthesis methods and identical indenta-
tion  parameters9. �e rule of mixtures (ROM) values for modulus and hardness comparison were taken as a 
weighted average value of the mononitride and monocarbide compounds, based on the measured composition 
of each high-entropy sample. Poisson’s ratios for all precursor compounds were gathered from the literature (see 
Table 2), and the average value was used for each high entropy composition. �e Poisson’s ratios for the high 
entropy compositions were all within the range of 0.24–0.29.

Results
Single‑phase formation: crystal structure. XRD results in Fig. 1 show the phase consolidation of the 
precursor mononitrides and monocarbides into a single FCC phase throughout the processing steps: hand-
mixing, ball-milling, and SPS densi�cation, even though many of the precursor compositions do not form a 
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room temperature stable FCC-rocksalt phase on their own and/or have many room-temperature polymorphs. A 
list of phases present in the precursor powders is provided in Supplementary Table S1.

A�er sintering, HEN and HECN samples #1–5 all show a majority FCC-rocksalt phase (F m − 3 m), as shown 
in Fig. 2. HECN #6 is the only material synthesized with two major crystal structures; it contains an FCC phase 
and a hexagonal phase. Minor hafnium/zirconium oxide peaks are visible in some XRD patterns; these oxides 
are native to the precursor powders. For a complete list of all minor oxide phases identi�ed in each material, 
see Supplementary Table S2. Minor graphite peaks are due to the 5 atomic percent graphite powder added as 
sintering aid and to help reduce native oxides.

Single‑phase formation: random distribution of elements. To maximize ideal con�gurational 
entropy, the sample should be a homogenous mixture, with the elements in equal atomic proportions on each 
sublattice. First, the homogeneity of the samples will be discussed. EDS maps showing chemical homogeneity of 
selected compositions are shown in Fig. 3 (EDS maps of all compositions are shown in Supplementary Fig. S1); 
there is a small variation in chemical homogeneity from sample to sample. For example, HEN #2 and HECN 
#2 have good chemical homogeneity, meaning the elements are randomly distributed, except for a minor chro-
mium oxide phase. Oxygen maps are included to help the reader distinguish which chemical inhomogeneities 
are due to minor oxide phases, and a list of oxide phases present in each sample is included in Supplementary 
Table S2. �e primary matrix structure is close to equiatomic throughout the samples. Both HEN #3 and HECN 
#3 contain minor amounts of chromium oxide and hafnium oxide, but otherwise the elements in the matrix are 
homogenously distributed. In HECN #3, however, there are additional islands of increased niobium content of 

Figure 1.  Example progression of HECN #2 (CrNbTaTiV) (CN) through the processing steps: hand-mixed 
(bottom), high-energy ball-milled (middle), and then sintered (top). A residual graphite peak is marked with a 
black diamond. �e FCC-rocksalt phase is marked with Miller indices.

Figure 2.  XRD of all 6 carbonitride (le�) and 5 nitride (right) compositions. HEN and HECN #1–5 are FCC-
rocksalt structures, with some residual native oxides present. HECN #6 shows multiple phases. Intensities are 
normalized by the highest intensity present in each spectrum.
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about 2 atomic % higher than other regions. �erefore, HECN #3 is not considered to have good compositional 
homogeneity, and therefore is not truly single-phase, even though there is only one FCC crystal structure present 
in XRD.

To understand why some high-entropy ceramic compositions form a compositionally homogenous single 
phase and some do not, the Entropy Forming Ability (EFA) descriptor concept can be employed. Sarker et al. 
created this descriptor to predict how readily speci�c compositions would form homogenous single-phase high 
entropy  carbides10. �e EFA ratings imply that there is a continuum of how easy it is to synthesize a high-entropy 
ceramic phase with one crystal structure and homogeneous random mixing of elements. Indeed, it was shown by 
Kaufmann et al. that high-entropy carbides with lower EFA values, displaying some chemical segregation (but 
only one detectable crystal structure), could be homogenized with a longer annealing  time11. Similarly, HECN 
#3 can be considered to be in the middle of the EFA continuum, where it could potentially be synthesized as 
a homogenous single-phase, but would require more energetic input (i.e. mechanical milling, or time at tem-
perature) during synthesis. �ough it is possible to homogenize chemical segregation islands in this way, the 
di�erences are pointed out here using identical synthesis processes as these di�erences may indicate the ease 
of forming single phase compounds of these compositions, which is an indication of their entropic stability.

As shown in Fig. 3, HECN #6 demonstrates the most extreme case of chemical segregation, which is not sur-
prising given that two majority crystal structures are seen in XRD. HECN #6 shows clear segregation of elements 
into two distinct phases. To understand the segregation behavior in HECN #6, the slight di�erence in synthesis 
technique for this sample must be noted. Due to limitations in availability of mononitrides, this sample was made 
using VN, CrN, TaN,  Mo2C,  W2C, and graphite. All other carbonitride samples were made by mixing both the 
monocarbides and mononitrides of each metal (i.e. the (CrMoTaVW)(CN) sample would have been made with 
CrN, CrC, MoN, MoC, TaN, TaC, VN, VC, WN, and WC if the precursors were available). �erefore, it is not 
surprising that the Mo and W cluster together in EDS, matching the hexagonal  Mo2C-W2C phase present in XRD. 
Interestingly, the chromium content is relatively homogenous, due to the  Cr2N phase present in the chromium 
nitride precursor powder, which mixes favorably with the  Mo2C-W2C phase. One of the biggest challenges in 
synthesis of bulk HENs and HECNs is the lack of readily available mononitride powders.

Equiatomic phase formation. �e composition of each sample in atomic percent can be found in Table 1, 
with metal data from EDS and light element (C, N) data from CHNS combustion analysis. �e precursor pow-
ders are mixed in equiatomic proportions, but there are some variances in the �nal sintered compositions. Nitro-
gen content is consistently lower than equiatomic (50 at% for the nitrides and 25 at% for the carbonitrides), 
which is consistent with knowledge that nitrogen vacancies are prevalent in nitrides at high  temperatures17,43. 
More surprisingly, in some compositions, the chromium content is signi�cantly lower than equiatomic through-
out the sample.

All chromium-containing compounds were sintered under the same conditions: 1600 °C under vacuum for 
1 h, as detailed in the Methods section of this work. If the high-entropy composition is not stable at this tem-
perature, chromium will tend to evaporate. �is can happen via one of two pathways: carbothermal reduction 

Figure 3.  Secondary electron images and corresponding elemental EDS maps of selected compositions. HEN 
#2, HECN #2, and HEN #3 have elements homogenously distributed throughout the matrix, and thus are 
considered single-phase high-entropy ceramics. HECN #3 contains islands of segregated niobium, thus it does 
not have the compositional homogeneity required to be single-phase. HECN #6 is a dual phase ceramic, with 
clear elemental segregation. Oxygen maps are included to indicate the elemental segregation of minor native 
oxide phases (such as  Cr2O3 and  HfO2), separate from the high-entropy matrix phases.
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of  Cr2O3 to form chromium metal and carbon monoxide gas, and then chromium metal vaporization, which 
occurs at temperatures above 825 °C under  vacuum44, or signi�cant nitrogen evaporation in chromium nitride 
and subsequent chromium metal evaporation. Chromium is the most sensitive element because chromium 
nitride and chromium carbide have the lowest melting temperatures of all the precursors.

Atomic proportion of elements does not a�ect whether a high-entropy ceramic is considered single-phase, 
but it can act as an indicator of high-temperature stability of the compound. If the high-entropy ceramic phase 
is stable at high temperatures, it will tend to maintain its equiatomic composition, as in HEN #2 and HECN #2, 
which did not lose chromium content during synthesis, i.e. maintained equiatomic character. �is may be used 
as an indicator of high-temperature phase stability, and is also a characteristic of having a higher EFA value, 
as Kaufmann et al. noted chromium loss in lower EFA  carbides11. High-temperature phase stability and thus 
increased melting temperatures are theorized to be an asset of high-entropy systems, due to the increased con-
tribution of entropy (S) to the Gibb’s free energy G = H-TS at high  temperatures16. However, it should be noted 
that we have not determined that these HENs and HECNs are entropy-stabilized, as carbides and nitrides have 
some mutual  solubility17 as well as strong enthalpic contributions to phase  stability10.

Mechanical properties. Nanoindentation was performed on all ten of the FCC-structured compositions, 
i.e. HENs #1–5 and HECNs #1–5. In order to compare the mechanical properties of the high-entropy nitrides 
and carbonitrides to the properties of their constituents, each monocarbide and mononitride was also syn-
thesized in a similar fashion and mechanical testing was performed under the same conditions. Most of the 
monocarbides were synthesized and tested in another work by the  authors9. �e results of the mononitrides and 
chromium carbide are shown in Table 2. Most of the data for nanoindentation hardness and elastic modulus for 
transition-metal mononitrides is not otherwise available in the literature for comparison.

Results of average nanoindentation hardness and modulus for the high entropy compositions are shown 
in Table 3; HECN #6 was exempted from mechanical testing due to the two major crystal structures present, 
which would lead to a multimodal indentation data distribution. Hardness and modulus values for HEN#1 and 
HECN#1 agree closely with the work of Wen et al.39 Compared to literature hardness values for high-entropy 
 carbides7,9, HECNs are within the same hardness range, while HENs have lower hardness. All hardness and 
modulus values are higher than the expected rule-of-mixtures (ROM) of the monocarbide and mononitride 
constituents for each composition. Nitrides show an average 17% increase in modulus above ROM values and 
an average 22% increase in hardness above ROM values. Carbonitrides show an average 31% increase in modu-
lus above ROM values and an average 39% increase in hardness above ROM values. ROM hardness and elastic 
modulus values do not show any trend with actual experimental values, as shown in Supplementary Fig. 3. 
However, important trends in mechanical properties have arisen with con�gurational entropy and with valence 
electron concentration.

Valence electron concentration and hardness. Valence electron concentration (VEC) has been shown 
to serve as an indicator for mechanical properties in nitrides, carbides, and carbonitrides, as increasing VEC cor-
responds to increasing metallic bond character and increased number of structural transformations available to 
the lattice upon  deformation9,40,51. Here, VEC values are calculated based on the actual measured compositions 
of each material, and due to vacancies on the anion lattice and chromium loss, this resulted in lower VEC values 
than expected, by an average of 0.7. In Fig. 4a, nanoindentation hardness has a negative dependence on VEC. 
Increasing VEC increases metallic bond character and anharmonic lattice vibrations. �erefore, under deforma-
tion, the atoms can move to another local minimum structure as opposed to  cleaving41. �us, an increase in VEC 
leads to lower hardness and modulus values. �is illustrates the importance of bond character and electronic 
structure for the intrinsic hardness of these ceramic materials. It is important to keep in mind, however, that 
VEC, as a way to quantify electronic structure, is an oversimpli�cation, which can be illustrated by the fact that 
mononitrides with equal VEC can have very di�erent hardness, for example the measured hardness of VN and 

Table 1.  Composition of experimental samples in atomic percent, calculated from EDS analysis of metal 
content and CHNS chemical analysis of carbon and nitrogen content. Metals are expected to be in equiatomic 
proportion.

Atomic % C N Cr Hf Nb Ta Ti V Zr Mo W C + N subtotal Metals subtotal

HEN #1 9.9 36.7 – 10.9 10.8 10.5 10.6 – 10.8 – – 46.5 53.6

HEN #2 4.0 41.5 12.0 – 11.0 10.5 10.4 10.7 – – – 45.4 54.6

HEN #3 5.9 41.4 6.4 12.0 11.8 10.8 11.6 – – – – 47.3 52.6

HEN #4 6.5 41.2 4.0 11.8 12.2 – 12.6 – 11.6 – – 47.7 52.2

HEN #5 6.0 41.9 4.7 12.1 – 11.3 12.2 – 11.7 – – 47.9 52.0

HECN #1 30.0 17.6 – 10.0 10.9 10.4 10.5 – 10.7 – – 47.5 52.5

HECN #2 26.4 18.5 10.3 – 11.1 10.7 11.7 11.4 – – – 44.9 55.2

HECN #3 27.8 19.8 5.4 12.2 11.8 11.7 11.3 – – – – 47.6 52.4

HECN #4 27.7 19.8 2.7 12.4 12.9 0 12.2 – 12.4 – – 47.4 52.6

HECN #5 29.1 18.0 3.7 12.2 – 12.1 12.5 – 12.4 – – 47.1 52.9

HECN #6 32.1 7.4 12.1 – – 12.1 0.0 11.8 – 12.3 12.2 39.5 60.5
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TaN (VEC = 10) are 16.0 and 30.6 GPa, respectively. However, in high-entropy ceramics, the combined VEC 
values of the compositions do e�ectively describe the trends in hardness with composition. 

Randomness, configurational entropy, and hardening. Bulk high-entropy  carbides7,9 and  borides6 
have shown signi�cantly increased hardness and modulus over their expected ROM values, i.e. the averages 
of their constituents. In this work, all HENs and HECNs also show increased hardness over ROM values, and, 
additionally, carbonitrides show an almost double percent increase over the nitrides in both hardness and elas-
tic modulus versus ROM values. To understand why high-entropy materials consistently have higher hardness 
than their expected values, and further to understand why carbonitrides exhibit higher strengthening than their 
nitride counterparts, it is necessary to address the compositional randomness in these materials. Wang et al.52 
found that in eight-metal high-entropy carbides, randomness increases hardness due to the increase in pos-
sible con�gurations of dislocation cores, which impedes the movement of dislocations, and that Peierls stress 
increases with the number of elements. �is e�ect is calculated using density functional theory, where the e�ect 
of randomness on speci�c slip systems can be analyzed. In the same vein, we propose a more facile approach to 
quantifying the e�ect of compositional randomness, utilizing con�gurational entropy.

Table 2.  Nanoindentation elastic modulus, hardness, and Poisson’s ratios for every monocarbide and 
mononitride used as a precursor for the HENs and HECNs. Modulus and hardness are measured from samples 
synthesized via SPS. Poisson’s ratios are gathered from the literature, and mechanical properties for carbides 
(except CrC) are from Ref.9.

Composition Nanoindentation modulus (GPa) Nanoindentation hardness (GPa) Poisson’s ratio References

TiN 532 ± 25 21.1 ± 2.7 0.22 45,46

TiC 489 31 0.19 9,47

ZrN 441 ± 23 18.6 ± 1.6 0.26 46

ZrC 402 24 0.20 9,47

HfN 377 ± 6 17.8 ± 1.1 0.25 45,46

HfC 428 25 0.18 9,47

VN 393 ± 44 16.0 ± 3.4 0.29 48

VC 465 29 0.22 9,47

NbN 389 ± 27 25.5 ± 3.7 0.29 49

NbC 429 17 0.22 9,47

TaN 377 ± 6 30.6 ± 1.3 0.335 50

TaC 431 14 0.24 9,47

CrC 292 ± 32 17.8 ± 3.8 0.28 45,46

CrN 352 ± 31 17.8 ± 2.5 0.29 45,46

Table 3.  Composition, stoichiometry, density, hardness values, and modulus values for each 
composition. �eoretical density was calculated using lattice parameters from XRD and atomic ratios from 
EDS and CHNS chemical analysis, except for HECN#6 which was calculated using the weighted average 
density of the monocarbide/nitride precursors.

Label
Nominal 
composition x (C + N)

Measured 
density (g/
cm3)

�eoretical 
density (g/
cm3)

Relative 
density 
(%)

Nanoindentation 
hardness (GPa)

ROM 
hardness 
(GPa)

Nanoindentation 
modulus (GPa)

ROM 
modulus 
(GPa)

Measured 
VEC

Single 
phase?

HEN #1 (HfNbTaTiZr)1Nx 0.88 10.09 10.18 99.1 27.8 22.5 502.6 422.7 8.7 Yes

HEN #2 (CrNbTaTiV)1Nx 0.83 8.33 8.46 98.5 24.4 21.9 476.7 405.0 9.1 Yes

HEN #3 (CrHfNbTaTi)1Nx 0.90 9.50 10.39 91.4 26.2 22.6 488.9 410.7 9.1 Yes

HEN #4 (CrHfNbTiZr)1Nx 0.91 8.15 8.61 94.7 27.3 20.9 488.4 427.4 8.8 Yes

HEN #5 (CrHfTaTiZr)1Nx 0.92 9.56 10.16 94.1 26.5 21.7 465.5 423.9 8.9 Yes

HECN #1 (HfNbTaTiZr)1(CN)x 0.91 9.54 9.68 98.5 32 22.4 557.9 431.0 8.3 Yes

HECN #2 (CrNbTaTiV)1(CN)x 0.81 8.16 8.14 100 30 21.9 518.2 415.0 8.6 Yes

HECN #3 (CrHfNbTaTi)1(CN)x 0.91 10.05 10.21 98.4 29.9 22.0 564.5 419.8 8.7

No—some 
chemical 
segrega-
tion

HECN #4 (CrHfNbTiZr) 1(CN)x 0.90 8.35 8.43 99.0 30.4 22.5 531.9 429.2 8.4 Yes

HECN #5 (CrHfTaTiZr) 1(CN)x 0.89 9.84 9.86 99.8 29.7 22.5 550 425.8 8.3 Yes

HECN #6 (CrMoTaVW) 1(CN)x 0.65 9.13 10.11 90.3 – – – – 8.3
No—two 
phases
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�ere are multiple methods used in the literature to calculate ideal con�gurational entropy of high-entropy 
materials, with signi�cant inconsistencies; a detailed comparison of these methods is included in the Supple-
mentary Table S3. �e crystal structure of high-entropy nitrides and carbonitrides is comprised of two interpen-
etrating FCC lattices, the metal cation lattice and the anion lattice, with the metals and anions con�ned to those 
speci�c sites. �us, the con�gurational entropy is calculated using the sublattice model, which was �rst described 
by Temkin in  194553, expanded upon by  Hillert54,55, and adapted by Miracle and  Senkov56.

In Eq. (1), as is the number of sites on the s sub-lattice, and Xi
s is the fraction of species i randomly distributed 

on the s sub-lattice, or the “site fraction.” R is the gas constant, and entropic species (i) are de�ned as an  element57 
or a point  defect54. In this version of the sublattice model, dividing by the total number of atom sites (i.e. the 
number of atoms in the formula unit) results in the con�gurational entropy on a per mole of atoms basis, so that 
it is comparable across crystal structures.

For each sample, the experimentally measured composition and vacancy concentration were used to cal-
culate ideal con�gurational entropy. In the search for the highest-entropy materials, the actual compositional 
di�erences from the ideal composition are o�en overlooked. However, by measuring variations in composition 
of high-entropy materials, and therefore variations in con�gurational entropy, the e�ects of entropy in high-
entropy materials can be elucidated. In Fig. 4b, the calculated ideal con�gurational entropy for each sample is 
plotted against the increase in hardness over the expected value (calculated as the measured nanoindentation 
hardness minus the ROM hardness). As con�gurational entropy increases, the increase in hardness increases. 
�is “entropic strengthening” e�ect is caused by increased compositional randomness, i.e. the di�erent types 
and sizes of elements inducing local strain in the lattice which can impede dislocation motion, and it underpins 
the signi�cant increase in entropy between a �ve-metal nitride and a �ve-metal carbonitride.

Entropic strengthening versus solid solution strengthening. Entropic strengthening explains the 
hardness increases observed as high-entropy ceramic materials become increasingly complex. �e baseline 
hardness of a high-entropy ceramic material is based on its bonding structure, which can be quanti�ed using 
VEC, and the increase in hardness over the expected value is based on its increased randomness, or con�gu-
rational entropy. �is is similar to the concept of solid solution strengthening, where the strain �elds of atoms 
of di�erent sizes in a solid solution impede dislocation motion. However, simple measures such as atomic size 
variance or lattice parameter di�erences, which capture hardening trends for solid solutions, do not apply to 
HENs and HECNs in this work, nor HECs in the  literature52. �is is likely due to the fact that each metal atom 
is coordinated to 6 anions, and vice versa, as opposed to each atom position being equivalent in a solid solution. 
In fact, Ye et al.58 have shown that the anion lattice accommodates most of the strain in the lattice in a DFT study 
on high-entropy carbides. �us, the assumption in solid solution strengthening that the strain �eld around each 
atom position has an e�ect on the equivalent atom position next to it (i.e. not accounting for di�erent sublat-
tices), causes simple solid solution strengthening parameters to fail.

Conversely, the geometric model for intrinsic residual strain based on atomic size di�erences developed by 
Ye et al.59 does show an interesting correlation with our results. �e model was also designed for solid solutions, 
however, it is based on pairwise geometric comparisons of adjacent atoms, so we adapted the model to only 
compare the metals with anions in the structure. A limitation of this model is its inability to describe the more 
complex crystal structures that exist in high-entropy ceramics, including perovskite  oxides14 and  spinels60. �e 
root mean squared residual strain calculated with this model correlates extremely well with the calculated con-
�gurational entropy values (Pearson correlation coe�cient = 0.95, see Supplementary Fig. S6), supporting the 

(1)�S
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∑
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Figure 4.  (a) Nanoindentation hardness as a function of valence electron concentration (VEC). Error bars 
are 1 standard deviation from the mean value. (b) Increase in hardness as a function of ideal con�gurational 
entropy, where R is the gas constant. Pearson correlation coe�cients are equal to - 0.90 and 0.75 for (a) and (b) 
respectively.
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notion that con�gurational entropy is able to capture the intrinsic strain in the lattice caused by compositional 
randomness. Additionally, entropy’s signi�cance extends further than just size and con�guration e�ects on 
mechanical properties. Con�gurational entropy, as a guiding principle of high-entropy  materials61, already has 
established implications for phase  stability5, high-temperature  properties16, thermal  conductivity62, and more.

Stoichiometry. It is worth noting that HEN #2 and HECN #2 fall below the trend for entropic hardening. 
�is can be traced to the fact that those materials have the highest vacancy concentrations of the compositions 
tested in nanoindentation. Transition metal carbides and nitrides are typically sub-stoichiometric and are stable 
in a range of stoichiometry from approximately 0.5 < x < 1.0, though in some cases nitrides can be super-stoi-
chiometric (i.e. x > 1.0)17. However, vacancies on the anion lattice outweigh vacancies on the metal lattice when 
nitrides are synthesized at high  temperature43. Stoichiometries are listed for each composition in Table 3, where 
x represents the sum of carbon and nitrogen atomic fractions on the anion lattice, calculated by normalizing the 
metal atomic fraction to 1. Notably, most of the x values are tightly clustered around 0.90, while x = 0.83 for HEN 
#2 and x = 0.81 for HECN#2. Increasing anion vacancy concentration has been shown to cause lattice relaxation 
and increase metallic bond character in  VNx, as there are increased metal–metal orbital interactions in the space 
le� by the  vacancy63,64. Likewise, in HEN #2 and HECN#2, with drastically higher vacancy concentrations, the 
material exhibits more metallic character and therefore lower hardness and modulus increases than predicted 
by the con�gurational entropy. Across all of the compositions there exists no clear trend in mechanical prop-
erties with stoichiometry, as shown in Supplementary Fig. S4. Moreover, the e�ect of vacancies and resulting 
increase in metallic bond character demonstrates the need to recognize both VEC/bonding e�ects and entropic 
strengthening.

Discussion
Eleven bulk HENs and HECNs were synthesized for the �rst time in this study, including 5 single-phase HENs 
and 4 single-phase HECNs. A single phase high-entropy ceramic is de�ned based on two essential criteria: a 
single crystal structure and the homogenous distribution of elements throughout the sample. �ese two criteria 
are selected to ensure that there is only one matrix phase in the material, in addition to ensuring the highest 
degree of homogeneity, randomness, and therefore entropy in the materials. An additional condition to maximize 
entropy is that the elements on each sublattice should be in equal proportion. �e high-entropy nitrides and 
carbonitrides in this study were all found to have one single FCC rock salt (space group Fm–3m) matrix phase 
in XRD, except for HECN #6, which contained an FCC rock salt phase and a hexagonal phase. HECN #6 also 
showed chemical segregation into two distinct phases in EDS. All compositions that were comprised of a single 
crystal structure also demonstrated chemical homogeneity throughout the high-entropy matrix phase, except 
for HECN #3, which had islands of minor niobium segregation. �erefore, all compositions besides HECN #6 
and HECN #3 are determined to be single-phase high-entropy ceramics.

In addition to maximizing entropy by creating random, homogenous single-phase ceramic materials, entropy 
is maximized when compositions are equiatomic, so this is o�en a goal in high-entropy material synthesis. 
However, by taking into account the experimental variation in composition and vacancy concentrations that 
occurred during synthesis of multiple HENs and HECNs, it is possible to observe di�erences in properties due 
to compositional randomness. To do so, a consistent method for calculating ideal con�gurational entropy was 
discussed, which is necessary and long-overdue, due to the foundational nature of con�gurational entropy to the 
�eld of high-entropy materials. Con�gurational entropy has been used to classify high-entropy alloys and has 
implications for the mechanical properties and phase stability of these materials. Competing phase formation 
during synthesis of high-entropy materials with many components is inevitable, and as high-entropy systems 
increase in ubiquity and complexity, universal adoption of the sublattice model (per mole of atom basis) will 
bolster our ability to understand and design entropy-related properties.

Hardness enhancements over the rule of mixtures values (measured as percent increase) are almost double 
for HECNs over HENs. �is is attributed to the signi�cant increase in con�gurational entropy attained by going 
from a one-anion system (nitride) to a two-anion system (carbonitride). Higher con�gurational entropy repre-
sents local inhomogeneity in lattice structure, which impedes dislocation motion and complicates the available 
slip systems, thus increasing hardness, and similarly creates local strain in bonds, thus increasing modulus. 
�is local inhomogeneity is a direct result of increased atomic mixing, and therefore is represented by the ideal 
con�gurational entropy of the sample, which positively correlates with hardness and modulus—the entropic 
strengthening e�ect.

In addition to con�gurational e�ects, it is necessary to consider the elemental composition, which dictates the 
bond character of the materials. Increasing metallic bond character, which is associated with increasing anion 
vacancy concentration and increasing VEC, is found to have a negative e�ect on hardness and elastic modulus. 
�e �nding of a negative correlation of both hardness and modulus with VEC in bulk HENs and HECNs �ts 
well with both existing  computational40,41,51,65,66 and  experimental7,9 results, which demonstrate that bonding and 
electronic structure govern the inherent mechanical properties in bulk rock-salt structured high-entropy carbides 
and nitrides. Purposeful design of high-entropy ceramic compositions’ con�gurational entropy and VEC provides 
the ability to tune mechanical properties and high temperature phase stability in cubic high-entropy ceramics.

Data availability
�e datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.



9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:21288  | https://doi.org/10.1038/s41598-020-78175-8

www.nature.com/scientificreports/

Received: 31 August 2020; Accepted: 20 November 2020

References
 1. Oses, C., Toher, C. & Curtarolo, S. High-entropy ceramics. Nat. Rev. Mater. 5, 295–309 (2020).
 2. Murty, B. S., Yeh, J. W., Ranganathan, S. & Bhattacharjee, P. P. High-entropy ceramics. in High-Entropy Alloys 165–176 (Elsevier, 

2019).
 3. Yeh, J.-W. et al. Nanostructured high-entropy alloys with multiple principal elements: novel alloy design concepts and outcomes. 

Adv. Eng. Mater. 6, 299–303 (2004).
 4. Cantor, B., Chang, I. T. H., Knight, P. & Vincent, A. J. B. Microstructural development in equiatomic multicomponent alloys. Mater. 

Sci. Eng. A 375–377, 213–218 (2004).
 5. Rost, C. M. et al. Entropy-stabilized oxides. Nat. Commun. 6, 1–8 (2015).
 6. Gild, J. et al. High-entropy metal diborides: a new class of high-entropy materials and a new type of ultrahigh temperature ceram-

ics. Sci. Rep. 6, 37946 (2016).
 7. Castle, E., Csanádi, T., Grasso, S., Dusza, J. & Reece, M. Processing and properties of high-entropy ultra-high temperature carbides. 

Sci. Rep. 8, 8609. (2018).
 8. Yan, X. et al. (Hf0.2 Zr0.2 Ta0.2 Nb0.2 Ti0.2)C high-entropy ceramics with low thermal conductivity. J. Am. Ceram. Soc. 101, 

4486–4491 (2018).
 9. Harrington, T. J. et al. Phase stability and mechanical properties of novel high entropy transition metal carbides. Acta Mater. 166, 

271–280 (2019).
 10. Sarker, P. et al. High-entropy high-hardness metal carbides discovered by entropy descriptors. Nat. Commun. 9, 4980 (2018).
 11. Kaufmann, K. et al. Discovery of high-entropy ceramics via machine learning. NPJ Comput. Mater. 6, 1–9 (2020).
 12. Gild, J. et al. A high-entropy silicide: (Mo0.2 Nb0.2 Ta0.2 Ti0.2 W0.2)Si2. J. Mater. https ://doi.org/10.1016/j.jmat.2019.03.002 

(2019).
 13. Qin, Y. et al. A high entropy silicide by reactive spark plasma sintering. J. Adv. Ceram. 8, 148–152 (2019).
 14. Jiang, S. et al. A new class of high-entropy perovskite oxides. Scr. Mater. 142, 116–120 (2018).
 15. Chen, K. et al. A �ve-component entropy-stabilized �uorite oxide. J. Eur. Ceram. Soc. 38, 4161–4164 (2018).
 16. Cedillos-Barraza, O. et al. Investigating the highest melting temperature materials: a laser melting study of the TaC-HfC system. 

Sci. Rep. 6, 1–11 (2016).
 17. Pierson, H. O. Handbook of Refractory Carbides and Nitride: Properties, Characteristics, Processing, and Applications (Noyes Pub-

lications, Park Ridge, 1996).
 18. Buinevich, V. S. et al. Fabrication of ultra-high-temperature nonstoichiometric hafnium carbonitride via combustion synthesis 

and spark plasma sintering. Ceram. Int. 46, 16068–16073 (2020).
 19. Steyer, T. E. Shaping the future of ceramics for aerospace applications. Int. J. Appl. Ceram. Technol. 10, 389–394 (2013).
 20. Jin, T. et al. Mechanochemical-assisted synthesis of high-entropy metal nitride via a so� urea strategy. Adv. Mater. https ://doi.

org/10.1002/adma.20170 7512 (2018).
 21. Lai, C. H., Lin, S. J., Yeh, J. W. & Chang, S. Y. Preparation and characterization of AlCrTaTiZr multi-element nitride coatings. Surf. 

Coat. Technol. 201, 3275–3280 (2006).
 22. Tsai, M. H., Lai, C. H., Yeh, J. W. & Gan, J. Y. E�ects of nitrogen �ow ratio on the structure and properties of reactively sputtered 

(AlMoNbSiTaTiVZr)Nx coatings. J. Phys. D Appl. Phys. 41, 235402 (2008).
 23. Chang, S.-Y., Chen, M.-K. & Chen, D.-S. Multiprincipal-element AlCrTaTiZr-nitride nanocomposite �lm of extremely high thermal 

stability as di�usion barrier for Cu metallization. J. Electrochem. Soc. 156, G37 (2009).
 24. Huang, P. K. & Yeh, J. W. E�ects of nitrogen content on structure and mechanical properties of multi-element (AlCrNbSiTiV)N 

coating. Surf. Coat. Technol. 203, 1891–1896 (2009).
 25. Cheng, K. H., Lai, C. H., Lin, S. J. & Yeh, J. W. Structural and mechanical properties of multi-element (AlCrMoTaTiZr)N x coatings 

by reactive magnetron sputtering. �in Solid Films 519, 3185–3190 (2011).
 26. Liang, S. C. et al. Structural and mechanical properties of multi-element (TiVCrZrHf)N coatings by reactive magnetron sputtering. 

Appl. Surf. Sci. 258, 399–403 (2011).
 27. te Hsueh, H., Shen, W. J., Tsai, M. H. & Yeh, J. W. E�ect of nitrogen content and substrate bias on mechanical and corrosion proper-

ties of high-entropy �lms (AlCrSiTiZr) 100-xN x. Surf. Coat. Technol. 206, 4106–4112 (2012).
 28. Braic, V., Vladescu, A., Balaceanu, M., Luculescu, C. R. & Braic, M. Nanostructured multi-element (TiZrNbHfTa)N and (TiZrN-

bHfTa)C hard coatings. Surf. Coat. Technol. 211, 117–121 (2012).
 29. Hsieh, M.-H., Tsai, M.-H., Shen, W.-J. & Yeh, J.-W. Structure and properties of two Al–Cr–Nb–Si–Ti high-entropy nitride coatings. 

Surf. Coat. Technol. 221, 118–123 (2013).
 30. Ren, B., Yan, S. Q., Zhao, R. F. & Liu, Z. X. Structure and properties of (AlCrMoNiTi)Nx and (AlCrMoZrTi)Nx �lms by reactive 

RF sputtering. Surf. Coat. Technol. 235, 764–772 (2013).
 31. Pogrebnjak, A. D. et al. Microstructure, physical and chemical properties of nanostructured (Ti-Hf-Zr-V-Nb)N coatings under 

di�erent deposition conditions. Mater. Chem. Phys. 147, 1079–1091 (2014).
 32. Tsai, D. C. et al. Interfacial reactions and characterization of (TiVCrZrHf)N thin �lms during thermal treatment. Surf. Coat. 

Technol. 240, 160–166 (2014).
 33. Chang, Z. C., Tsai, D. C. & Chen, E. C. E�ect of N2 �ow on the structure and mechanical properties of (CrTaTiVZr)Nx coatings 

processed by reactive magnetron sputtering. J. Mater. Res. 30, 924–934 (2015).
 34. Xing, Q.-W., Xia, S.-Q., Yan, X.-H. & Zhang, Y. Mechanical properties and thermal stability of (NbTiAlSiZr)N x high-entropy 

ceramic �lms at high temperatures. J. Mater. Res. https ://doi.org/10.1557/jmr.2018.337 (2019).
 35. Wu, C. Y. et al. Microstructure and mechanical performance of (AlCrNbSiTiV)N �lms coated by reactive magnetron sputtering. 

Bull. Mater. Sci. https ://doi.org/10.1007/s1203 4-018-1699-7 (2019).
 36. Ren, B., Lv, S.-J., Zhao, R.-F., Liu, Z.-X. & Guan, S.-K. E�ect of sputtering parameters on (AlCrMnMoNiZr)N �lms. Surf. Eng. 30, 

152–158 (2014).
 37. Lin, S. Y., Chang, S. Y., Huang, Y. C., Shieu, F. S. & Yeh, J. W. Mechanical performance and nanoindenting deformation of (AlCr-

TaTiZr)NC y multi-component coatings co-sputtered with bias. Surf. Coat. Technol. 206, 5096–5102 (2012).
 38. Lv, C. F. et al. Structure and mechanical properties of a-C/(AlCrWTaTiNb)CxNy composite �lms. Surf. Eng. 32, 541–546 (2016).
 39. Wen, T., Ye, B., Nguyen, M. C., Ma, M. & Chu, Y. �ermophysical and mechanical properties of novel high-entropy metal nitride-

carbides. J. Am. Ceram. Soc. https ://doi.org/10.1111/jace.17333  (2020).
 40. Balasubramanian, K., Khare, S. V. & Gall, D. Valence electron concentration as an indicator for mechanical properties in rocksalt 

structure nitrides, carbides and carbonitrides. Acta Mater. 152, 175–185 (2018).
 41. Sangiovanni, D. G. Inherent toughness and fracture mechanisms of refractory transition-metal nitrides via density-functional 

molecular dynamics. Acta Mater. 151, 11–20 (2018).
 42. Oliver, W. C. & Pharr, G. M. Measurement of hardness and elastic modulus by instrumented indentation: advances in understand-

ing and re�nements to methodology. J. Mater. Res. 19, 3–20 (2004).

https://doi.org/10.1016/j.jmat.2019.03.002
https://doi.org/10.1002/adma.201707512
https://doi.org/10.1002/adma.201707512
https://doi.org/10.1557/jmr.2018.337
https://doi.org/10.1007/s12034-018-1699-7
https://doi.org/10.1111/jace.17333


10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:21288  | https://doi.org/10.1038/s41598-020-78175-8

www.nature.com/scientificreports/

 43. Balasubramanian, K., Khare, S. V. & Gall, D. Energetics of point defects in rocksalt structure transition metal nitrides: thermody-
namic reasons for deviations from stoichiometry. Acta Mater. https ://doi.org/10.1016/J.ACTAM AT.2018.07.074 (2018).

 44. Gulbransen, E. A. & Andrew, K. F. A preliminary study of the oxidation and vapor pressure of chromium. J. Electrochem. Soc. 99, 
402–406 (1952).

 45. Jain, A. et al. �e materials project: a materials genome approach to accelerating materials innovation. APL Mater. 1, 011002 (2013).
 46. de Jong, M. et al. Charting the complete elastic properties of inorganic crystalline compounds. Sci. Data 2, 1–13 (2015).
 47. Krajewski, A., D’Alessio, L. & de Maria, G. Physiso-chemical and thermophysical properties of cubic binary carbides. Cryst. Res. 

Technol. 33, 341–374 (1998).
 48. Mei, A. B. et al. Elastic constants, Poisson ratios, and the elastic anisotropy of VN(001), (011), and (111) epitaxial layers grown by 

reactive magnetron sputter deposition. J. Appl. Phys. 21, 214908 (2014).
 49. Tan, J. et al. Stoichiometric δ-NbN: the most incompressible cubic transition metal mononitride. Physica Status Solidi (b) 254, 

1700063 (2017).
 50. Chang, J., Zhao, G. P., Zhou, X. L., Liu, K. & Lu, L. Y. Structure and mechanical properties of tantalum mononitride under high 

pressure: a �rst-principles study. J. Appl. Phys. 112, 83519 (2012).
 51. Jhi, S. H., Ihm, J., Loule, S. G. & Cohen, M. L. Electronic mechanism of hardness enhancement in transition-metal carbonitrides. 

Nature 399, 132–134 (1999).
 52. Wang, Y. et al. Enhanced hardness in high-entropy carbides through atomic randomness. Adv. �eory Simul. 2000111, 1–8 (2020).
 53. Temkin, M. Mixtures of fused salts as ionic solutions. Acta Physicochim. USSR 20, 411–420 (1945).
 54. Hillert, M. Modelling of disorder. In Phase Equilibria, Phase Diagrams and Phase Transformations: �eir �ermodynamic Basis 

(ed. Hillert, M.) 420–440 (Cambridge University Press, Cambridge, 2007).
 55. Hillert, M. & Sta�anson, L.-I. �e regular solution model for stoichiometric phases and ionic melts. Acta Chem. Scand. 24, 

3618–3626 (1970).
 56. Miracle, D. B. & Senkov, O. N. A critical review of high entropy alloys and related concepts. Acta Mater. 122, 448–511 (2017).
 57. Gaskell, D. R. Introduction to the �ermodynamics of Materials (Taylor & Francis, Cambridge, 2008).
 58. Ye, B., Wen, T., Huang, K., Wang, C. & Chu, Y. First-principles study, fabrication, and characterization of (Hf0.2 Zr0.2Ta0.2 Nb0.2 

Ti0.2)C high-entropy ceramic. J. Am. Ceram. Soc. 102, 4344–4352 (2019).
 59. Ye, Y. F., Liu, C. T. & Yang, Y. A geometric model for intrinsic residual strain and phase stability in high entropy alloys. Acta Mater. 

94, 152–161 (2015).
 60. Parida, T., Karati, A., Guruvidyathri, K., Murty, B. S. & Markandeyulu, G. Novel rare-earth and transition metal-based entropy 

stabilized oxides with spinel structure. Scr. Mater. 178, 513–517 (2020).
 61. Murty, B. S., Yeh, J. W. & Ranganathan, S. High Entropy Alloys (Elsevier, Amsterdam, 2014).
 62. Braun, J. L. et al. Charge-induced disorder controls the thermal conductivity of entropy-stabilized oxides. Adv. Mater. 30, 1805004 

(2018).
 63. Skala, L. & Capkovh, P. Nitrogen vacancy and chemical bonding in substoichiometric vanadium nitride. J. Phys. Condens. Matter. 

https ://doi.org/10.1088/0953-8984/2/42/007 (1990).
 64. Mei, A. B. et al. Adaptive hard and tough mechanical response in single-crystal B1 VNx ceramics via control of anion vacancies. 

Acta Mater. 192, 78–88 (2020).
 65. Sangiovanni, D. G., Tasnádi, F., Johnson, L. J. S., Odén, M. & Abrikosov, I. A. Strength, transformation toughening, and fracture 

dynamics of rocksalt-structure Ti1-x Alx N (0≤x≤0.75) alloys. Phys. Rev. Mater. 4, 1–12 (2020).
 66. Sangiovanni, D. G., Chirita, V. & Hultman, L. Electronic mechanism for toughness enhancement in TixM1-xN (M=Mo and W). 

Phys. Rev. B 81, 104107 (2010).

Acknowledgements
�e authors acknowledge support through the O�ce of Naval Research ONR-MURI (Grant No. N00014-15-
1-2863). �e authors would like to acknowledge Kevin Kaufmann, Andrew Zhao, William Mellor, Joshua Gild, 
and Mojtaba Samiee for helpful discussions; Eduardo Marin and Mahika Lunker for laboratory assistance. �is 
work was partially supported through access and utilization of the UC San Diego, Dept. of NanoEngineering’s 
Materials Research Center.

Author contributions
O.F.D. planned the experiments, analyzed the data, and dra�ed the manuscript; O.F.D. and N.M. synthesized the 
compositions and collected the data; O.F.D and T.J.H. contributed to the entropy discussion; T.J.H. and K.S.V. 
conceived the original idea; G.D.S. provided experimental and data collection assistance; K.S.V. supervised the 
work. All authors contributed to the writing of this article.

Competing interests 
�e authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-78175 -8.

Correspondence and requests for materials should be addressed to K.S.V.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

https://doi.org/10.1016/J.ACTAMAT.2018.07.074
https://doi.org/10.1088/0953-8984/2/42/007
https://doi.org/10.1038/s41598-020-78175-8
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:21288  | https://doi.org/10.1038/s41598-020-78175-8

www.nature.com/scientificreports/

Open Access  �is article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© �e Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Bulk high-entropy nitrides and carbonitrides
	Materials and methods
	Synthesis. 
	Characterization. 
	Mechanical testing. 

	Results
	Single-phase formation: crystal structure. 
	Single-phase formation: random distribution of elements. 
	Equiatomic phase formation. 
	Mechanical properties. 
	Valence electron concentration and hardness. 
	Randomness, configurational entropy, and hardening. 
	Entropic strengthening versus solid solution strengthening. 
	Stoichiometry. 

	Discussion
	References
	Acknowledgements


