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a b s t r a c t 

The search for new materials via compositional exploration has recently led to the discovery of entropy 

stabilized and high entropy ceramics. The chemical diversity in the cation sublattice of high entropy ce- 

ramics has led to many enhanced properties and applications such as reversible energy storage, low tem- 

perature water splitting, amorphous-like thermal transport in crystalline solids and enhanced mechanical 

properties. This work describes the synthesis and mechanical properties of high entropy (HfNbTaTiZr)C x 
thin films as a function of carbon content. The nature of the bonding and microstructure evolves as the 

material transforms from metallic to ceramic to nanocomposite with variations in the quantity and types 

of carbon, yielding large variations in the film hardness. Through multiple characterization techniques 

and first principles investigations, we separate the roles of microstructure and bonding characteristics in 

the mechanical property development of (HfNbTaTiZr)C x thin films. This study presents a strategy to es- 

tablish the bonding, structure, and property relationships in chemically disordered high entropy ceramics, 

largely based on the relative populations of filled or empty antibonding states for which there are new 

abilities to do so in high configurational entropy systems that exhibit high solubility of diverse cations 

while retaining rocksalt structure. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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.0. Introduction 

Ultra high temperature ceramics (UHTCs) are often defined as 

eramic materials with melting points in excess of 30 0 0 o C [1] . The

election of UHTCs is dominated by elements from groups IVB and 

B in carbide, nitride and diboride forms [ 2 –7 ]. High performance 

HTCs are critical for applications in extreme environments, such 

s heat shields of hypersonic vehicles, engines and components 

n nuclear reactors [4] . In addition to high melting temperatures, 

his class of materials exhibits high hardness, thermal conductivity, 

nd chemical resistance [ 8 , 9 ]. The Extreme demands of the envi-

ioned applications necessitate consideration of the strength, ther- 

al expansion, and thermal conductivity of UHTCs across a wide 

ange of temperatures. Furthermore, the UHTC must also satisfy 
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he manufacturability, cost, and density requirements of the appli- 

ation at hand [ 1 , 4 ]. Consequently, there has been a renewed focus

n the development of UHTC materials with tailored combinations 

f physical, mechanical, and chemical properties in order to enable 

hese new applications. In the recent past, the development of new 

aterials via compositional exploration has been dominated by the 

oncept of high entropy alloys (HEAs) [ 10 , 11 ]. These new materials

ypically contain five distinct metals in a solid solution exhibiting 

CC or BCC structure, with configurational entropy favoring the for- 

ation of a single phase over the precipitation of intermetallics: 

he number of species is beyond the threshold of the unavoidable 

isorder promotion [12] . The concept of HEAs was extended to ce- 

amics with the first entropy stabilized oxide synthesized by Rost 

t al . [13] . 

Since then, the field of high entropy ceramics has grown to in- 

lude UHTCs, such as high entropy diborides (HEBs), high entropy 

arbides (HECs), and high entropy nitrides (HENs), with numer- 

https://doi.org/10.1016/j.actamat.2021.117051
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.117051&domain=pdf
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us favorable findings [14–22] . Gild et al . demonstrated that HEBs 

ossess enhanced mechanical and chemical properties relative to 

ny of the binary constituents [14] . Castle et al . reported that bulk

uinary carbides exhibited enhanced hardness compared to both 

inary and ternary counterparts [15] . High entropy carbides were 

bserved to have improved oxidation, irradiation resistance and 

hermal stability [ 17 , 23–25 ] . Malinovskis et al. reported that physi-

al vapor deposited (CrNbTaTiW)C x films exhibited increased hard- 

ess and corrosion resistance [26] . The hardnesses of bulk spark 

lasma sintered HECs were reported to exceed the rule of mixtures 

y Sarker et al . [19] . Finally, Rost et al . reported atypical thermal

onductivity evolution in (HfZrTaMoW)C x as a function of carbon 

toichiometry [27] . 

The diverse functional properties of transition metal carbides 

esult from the combination of covalent, ionic, and metallic bond- 

ng characteristics. However, the presence of carbon vacancies in 

he binary carbides can have profound effects on both the melting 

emperature and the mechanical properties [ 3 , 28 ]. A computational 

tudy of the Hf-Ta-C system by Hong et al. found that the entropy 

rom a carbon vacancy concentration between 10-20% had a posi- 

ive effect on the energetic stability of binary and ternary carbides, 

hereby increasing the melting point [3] . Carbon vacancy induced 

ardening has also been reported in transition metal nitrides and 

arbides, increasing the hardness through a variety of mechanisms 

29–31] . 

High entropy carbides show promise as a means to develop 

HTC materials with a unique combination of properties includ- 

ng enhanced oxidation and chemical resistance, high melting tem- 

erature, and improved mechanical properties relative to their bi- 

ary constituents [ 15 , 18 , 19 , 27 ]. The strong impact of carbon vacan-

ies on the properties of binary and ternary carbides necessitates a 

omplimentary study using a chemically disordered HEC. This work 

escribes how types (bonded vs excess) and the amount of carbon 

ffect mechanical properties and microstructure of a prototypical 

putter deposited HEC, (HfNbTaTiZr)C x . (HfNbTaTiZr)C was chosen 

ased on the likelihood of forming a single-phase solid solution. As 

ll the binary constituents of this composition are thermodynami- 

ally stable in the rock salt structure, the high entropy composition 

s expected to form a chemically disordered rock salt carbide. In 

ddition, the binary constituents of this carbide are found to pos- 

ess exceptional mechanical and physical properties – for exam- 

le, HfC x , TaC x and (HfTa)C x demonstrated melting temperatures > 

0 0 0 K [3] . A distinguishing feature of this work, particularly for 

igh configurational entropy systems, is the focus on accurate car- 

on content characterization and systematic explorations of struc- 

ure and property over a deliberate spectrum of metal-to-carbon 

atios. Additionally, the experimental mechanical property findings 

re validated through ab-initio investigations. 

.0. Experimental methods 

.1. Thin film synthesis 

Thin films were deposited with reactive radio frequency (RF) 

agnetron sputtering in a high vacuum chamber. A 99.5% HfNbTa- 

iZr alloy target (2” diameter) containing an equimolar fraction of 

ach transition metal was sputtered at 200 W to provide the metal 

ux. Carbon was introduced in the form of 99.99% CH 4 gas, where 

he flow rate was used to control the total carbon content of the 

lms. The carbide films were deposited on epi-polished c -plane 

apphire substrates at a temperature of 650 °C, using a rotating 

ubstrate stage to ensure uniformity. Ultra-high purity (99.999%) 

rgon was introduced to the chamber at a constant rate of 20 

ccm, while the total pressure during deposition was fixed at 5 

Torr. Deposition rates were calibrated to determine the time nec- 

ssary to achieve an approximate thickness of 2 microns, with ac- 
2 
ual thicknesses measured ex situ post-deposition. Before each de- 

osition, the target was presputtered for 5 min in argon to clean 

he surface, followed by 2 min in the mixed Ar + CH 4 flow to allow

ressure equilibration. A 2-micron film required roughly 90 min of 

eposition. 

.2. X-ray diffraction (XRD) 

X-ray diffraction patterns of films were collected with a Pana- 

ytical Empyrean X-ray diffractometer using Cu K α radiation (op- 

rating at 45 kV / 40 mA). The incident beam was shaped by a 

ragg-Brentano HD optic with a 4 mm mask, 0.04 rad soller slits, 

nd 1/8- and 1/2-degree divergence and anti-scatter slits, respec- 

ively. The diffracted beam passed through a ¼ degree anti-scatter 

lit and 0.04 rad soller slits before being collected by a PIXcel-3D 

etector operating in 1D scanning line mode. The data were col- 

ected with a count time of 75 s per 0.0263-degree 2 θ step. 

.3. Scanning electron microscopy (SEM) 

Field-emission scanning electron microscopy was used to ana- 

yze the surface and cross-sectional microstructures of the samples. 

icrographs were collected with the in-lens detector of a Zeiss 

igma VP-FESEM, using a beam energy of 5 keV and a working 

istance of 3 mm. Cross sections were sputter coated with 5 nm of 

ridium to ground the insulating sapphire, preventing image drift. 

ilm thicknesses were measured from multiple cross-sectional im- 

ges across the sample. 

.4. X-ray photoelectron spectroscopy (XPS) 

The types of carbon (bonded vs excess) in the film and their rel- 

tive amounts were determined from X-ray photoelectron spectra 

ollected with a Physical Electronics VersaProbe II. A monochro- 

atic Al K α X-ray source with an energy of 1486.6 eV was used 

o generate the photoelectrons for measurement. The spectra were 

easured with a hemispherical analyzer (pass energy of 58.7 eV) 

nd analyzed with the CasaXPS 2.3.19 software package. Data were 

t with modified Lorentzian line shape (LF) and Shirley back- 

round. All samples were presputtered for 5 min with a 3keV Ar + 

eam to remove any adventitious C and native oxide from the sur- 

ace. High resolution XPS spectra were collected for the C 1 s , Hf 4 f ,

a 4 f , Zr 3 d , Nb 3 d , and Ti 2 p shells in order to avoid peak overlaps.

.5. Scanning transmission electron microscopy (STEM) 

Thin film carbide samples were characterized using STEM. 

ross-section TEM samples were prepared by mechanical polish- 

ng with further thinning using Ar-ion milling from 2 kV to 0.1 

V. STEM imaging, energy-dispersive X-ray spectroscopy (EDS) and 

lectron energy loss spectroscopy (EELS) were performed with a 

robe-corrected FEI Titan G2 60–30 0kV operated at 20 0kV with a 

eam current of 80 pA and probe convergence semi-angle of 19.6 

rad. Four-dimensional (4D) STEM was performed in microprobe 

ode with a beam current of 80 pA and a probe convergence 

emi-angle of 4.1 mrad. 4D STEM datasets were collected with an 

lectron Microscope Pixel Array Detector (EMPAD) [32] . Drift and 

can-coil distortion correction has been applied to the atomically 

esolved bright-field (BF) images using RevSTEM [33] . 

.6. Nanoindentation 

Mechanical properties of the films were measured using a 

ysitron TI-900 nanoindenter with a load resolution of 1 nN. A 

erkovich indenter with a maximum applied load of 5.5 mN was 

sed to produce the indents. Loading and unloading cycles were 
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et to 5 s each with a 2 s hold at the maximum load. Nine in-

ents were measured on each sample, and the Oliver-Pharr method 

 34 , 35 ] was employed to calculate the hardness and modulus of 

he films. A polycarbonate sample was used to calibrate the tip to 

ptic distance, and a fused silica specimen was used to determine 

he tip area function. The elastic moduli of the samples were cal- 

ulated using the following relationship: 

1 

E r 
= 

1 − υ2 
i 

E i 
+ 

1 − υ2 
s 

E s 
(1) 

here E r is the reduced elastic modulus, ν i and E i are the Pois- 

on’s ratio and elastic modulus of the diamond indenter, and νs 

nd E s are the Poisson’s ratio and elastic modulus of the sample. 

he Poisson’s ratios of the samples ( νs ) were determined from DFT 

alculations. 

Another set of nanoindentation tests were collected using a 

pherical indenter tip on an Agilent G200 nanoindenter system 

ith an XP head equipped with a continuous stiffness measure- 

ent (CSM). The spherical indentation stress-strain analysis proto- 

ols have been demonstrated in a variety of materials over a range 

f different material structure length scales [36–40] . In contrast to 

he hardness protocols, the spherical indentation stress-strain anal- 

sis results show low sensitivity to the sample surface quality, the 

ndenter tip geometry and size, and indentation load/depth. The 

rotocol consists of two main steps. The first step involves estab- 

ishing an effective initial contact (i.e., zero-point) of the indenter 

ontact with the sample surface. The second step uses the con- 

inuous stiffness measurement and elastic analyses using Hertz’s 

heory to estimate the contact radius in the entire elastic-plastic 

oading segment. The estimated contact radius is then used to cal- 

ulate the indentation stress and indentation strain at any point in 

he loading history applied to the sample. Details of the analysis 

an be found in the supplementary documents. The result of this 

rotocol is an indentation stress-strain curve that typically exhibits 

 clear linear elastic regime followed by a smooth transition to the 

lastic-plastic regime. An indentation yield strength is estimated 

sing a 0.2% plastic indentation strain offset. 

.7. Computational methods 

The first principles calculations used the generalized gradient 

pproximation (GGA) method implemented in Quantum Espresso 

6.2 [41] . An 80 atom supercell based on rocksalt parent struc- 

ure was populated with transition metal atoms (Hf, Nb, Ta, Ti, 

r) based on experimental compositions. The Alloy Theoretic Au- 

omated Toolkit (ATAT) software package [42] was used to dis- 

ribute transition metals across cation sites in a special quasiran- 

om structure (SQS). Anion sites were occupied by randomly dis- 

ributed carbon atoms and carbon vacancies. A 3x3x3 k-point grid 

ased on Monkhorst-Pack scheme was used for energy calcula- 

ion, and an 8x8x8 k-point grid was used for electronic structure 

eneration. The plane wave energy cutoff was set to 120 Ry and 

onvergence with respect to the energy cutoff and k-points was 

onfirmed. Norm-conserving non-relativistic pseudopotentials un- 

er Perdew–Burke-Ernzerhof (PBE) exchange-correlation function- 

ls were used for all of the elements [43] . 

Bulk moduli were calculated using the Murnaghan equation of 

tate by curve fitting the energy vs. volume data (total 15 data 

oints). Elastic moduli were calculated by distorting the structure 

sing R 

’ = (1 + ε) R in conjunction with the strain tensors found be-

ow. The variables R and R’ are the original and distorted lattice 

ectors, respectively. In all cases, the total distortion of the struc- 

ure was kept to less than 1%. [44–46] . 

 tetr = 

1 

3 

( −δ 0 0 

0 −δ 0 

0 0 2 δ

) 

(2) 
3 
 orth = 

1 

3 

( 

0 δ 0 

δ 0 0 

0 0 δ2 

) 

(3) 

The three independent elastic constants of the cubic system 

C 11 , C 12 , and C 44 ) were calculated from the energy-strain relation- 

hips of the distorted cells and the bulk modulus using the follow- 

ng equations: 

 tetr = 

1 

3 

( C 11 − C 12 ) δ
2 (4) 

 orth = 2 C 44 δ
2 (5) 

 = 

1 

3 

( C 11 + 2 C 12 ) (6) 

Although disorder breaks the symmtery calculations assuming 

 cubic symmetry have shown to predict the elastic tensors fairly 

ccurately [47] . The resulting elastic constants and bulk modulus 

listed in Table S3) were used to calculate the theoretical hard- 

ess with the model developed by Chen et al. [48] Eq. (7) defines 

he hardness as a function of the Pugh’s modulus ratio (k) and the 

hear modulus (G). The Pugh’s modulus ratio is in turn a function 

f the shear and bulk moduli, as shown in Eq. (8) . The shear modu-

us was calculated from the three independent elastic moduli using 

q. (9) [44–46] . 

 v = 2 ( k 2 G ) 0 . 585 − 3 (7) 

 = 

G 

B 

(8) 

 = 

3( C 11 − C 12 ) + C 44 

5 

(9) 

.0. Results and discussion 

Our initial experiment determined the relationship between 

etal flux/methane flow ratio and phase evolution. To do so, a 

ample series across the accessible ratio spectrum was fabricated 

nd evaluated by a combination of XRD, XPS, and SEM. Out of 

lane X-ray diffraction scans for a film set prepared under con- 

tant metal flux and temperature, but with methane flow rates 

rom 0.5 sccm to 5.5 sccm are presented in Fig. 1 . Over this range,

ne observes a transformation from metallic, to carbide, to car- 

ide/carbon composite states. Throughout the manuscript data are 

ategorized into low (0.5–2.75 sccm), intermediate (2.8–3.5 sccm), 

nd high (4.5–5.5 sccm) methane flow rates as these produce three 

ifferent film types. At low methane flows ~0.5 sccm we produce 

 polycrystalline mixture of BCC and HCP metallic structures; as 

ore methane is added, the film rapidly transforms into a carbon- 

eficient rock salt carbide with polycrystalline texture and broad 

iffraction peaks. At ~2.8 sccm, the film grows epitaxially with 

 111 > rock salt || [0 0 01] sapphire. In-plane azimuthal scans con- 

rm in-plane registry with two populations of grains rotated by 

0 ° with respect to each other. Above 3.5 sccm, the rocksalt car- 

ide reverts to polycrystalline texture, producing broader diffrac- 

ion peaks with diminished intensity. With the exception of the 

.5 sccm flow rate, which exhibits mixed metallic structures, all 

amples exhibit the rock salt structure exclusively. Even in this 

arbon-starved state, the large configurational entropy and struc- 

ural/chemical similarity of the binary constituents favors a solid 

olution over phase segregation or intermetallic formation. 

Given the broad compositional flexibility known to metal car- 

ides, it is important to quantify carbon occupancy across this pro- 

essing space. As a function of increasing methane flow rate, the 
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Fig. 1. X-ray diffraction (XRD) patterns from (HfNbTaTiZr)C x high entropy carbide 

(HEC) films deposited at a range of methane flows. The patterns are categorized 

based on the structural development of the HEC: (a) low flow regime 0.5–2.75 sccm 

CH 4 , XRD peaks correspond to polycrystalline metallic (~0.5 sccm) and rock salt 

carbide (1.5–2.75 sccm) (b) intermediate flow rates 2.82–3.5 sccm CH 4 , epitaxial 

growth mode, and (c) high flow rate 4.5–5.5 sccm, poly crystalline growth mode, 

RS denotes rock salt structure peaks and ∗ represents the sapphire substrate peaks. 

The CH 4 flow rate in sccm and percent of gas flow into the chamber are indicated 

on the right. 
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hase evolution induced by the gradual carbon increase can be 

xplained by two distinct carbon populations: C can occupy the 

ock salt anion lattice sites forming C-metal bonds, or it can pre- 

ipitate and form C-C bonds [ 9 , 49 , 50 ]. X-ray photoelectron spec-

roscopy (XPS) measurements explored both possibilities. High res- 

lution XPS spectra of the C 1 s and Ta 4 f peaks are plotted with

he corresponding curve fits in Fig. 2 for the entire methane flow 

eries. 

Low methane flow rate samples show a single C 1 s peak at 

282.5 eV, except for a high energy shoulder at ~284.8 eV in the 

.75 sccm sample ( Fig. 2 a): the former represents the carbon-metal 

onds whose intensity increases with methane flow rate; the lat- 
ig. 2. High resolution XPS data of C 1 s and Ta 4 f peaks and resulting analysis. The C 1 s 

eak shoulder for 2.75 sccm where the C-C bond (excess carbon) peak is incipient (b) int

ate: both C peaks are present, the relative contribution from C-C bonded peak increases 

 f 5/2 observed as the structure transforms from metallic to rock salt carbide (e),(f) interme

wo flow regime. (g) Carbon to metal (C/M) ratios are plotted as a function of methane flo

he total carbon and carbon bonded to metal leads to the precipitation of the excess carb

4 
er indicates C-C bonds, and presumably a saturated carbide lattice 

ith an excess carbon second phase. In the intermediate regime 

he excess carbon peak increases with methane flow while the C- 

etal bond intensity remains constant ( Fig. 2 b). The amount of 

onded carbon affects the relative peak positions of the metals. 

s an example, Fig. 2 (d–f) shows the Ta 4 f peak evolution with

ethane flow. The Ta binding energy gradually increases (as shown 

y the 4 f 7/2 and 4 f 5/2 peaks) indicating an increasing concentration 

f carbon-metal bonds ( Fig. 2 d). The peak positions and intensities 

aturate at 2.75 sccm, coincident with an emerging excess-carbon 

houlder. The metal peak intensities are essentially constant in the 

ntermediate and high methane flow rates indicating Ta-C bonds 

aturation. 

Transition metal carbides and high entropy carbides are stable 

nder extreme substoichiometry: the rocksalt structure can toler- 

te 50% carbon vacancies, which substantially alters the properties 

 26 , 51 ]. For the present series, bonded and total (bonded + excess)

arbon contents are plotted in Fig. 2 g (normalized by metal atoms). 

oth quantities vary substantially. At a 2.75 sccm flow rate, the ra- 

io of carbon to metal is nearly unity. This value accounts for pref- 

rential sputtering in XPS as discussed in the supplementary infor- 

ation. 

In a high entropy carbide lattice, a random distribution of five 

ifferent cations would lead to a configurational entropy equiva- 

ent to ~1.61R from the cation sublattice. However, based on the 

ethane flow rate as anion vacancies are created, there will be 

n additional entropic contribution from the anion sublattice, as- 

uming the rocksalt structure remains intact. As demonstrated in 

ig. 1 a, the rocksalt structure could be stabilized with up to ~50% 

r more C vacancies in the structure. Consequently, a high en- 

ropy composition, such as (Hf 0.2 Nb 0.2 Ta 0.2 Ti 0.2 Zr 0.2 )C 0.5 , acquires a 

arge configurational entropy of ~2.30R that includes both sublat- 

ice contributions and assumes vacancies are randomly distributed. 

he low enthalpic penalty associated with carbon vacancy forma- 

ion and the subsequent entropic contribution to the free energy 

nable such a high percentages of carbon vacancies without struc- 

ural disintegration [3] . Frequently, highly carbon-deficient depo- 

ition conditions ̶ a low methane flow rate ̶ would encourage an 

nthalpy-driven metal rich Ta C ( P ̄3 m 1 ), Nb C ( P 6 /mmc), TiC 
peak (a) low flow rate: only C-M bond (carbon bonded to metal) present except a 

ermediate flow rate: fully developed C-C bonded peaks are observed. (c) high flow 

with flow rate. For Ta 4 f peak (d) low flow rate: systematic shift in the Ta 4 f 7/2 and 

diate and high flow rate respectively: both peak positions are fixed throughout last 

w rate. The number of C-M bonds increases with flow rate, the deviation between 

on after 2.75 sccm which is the point of saturation. 
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Fig. 3. Microstructural evolution of thin films as a function of increasing methane 

flow rate, (a) low flow rate samples: microstructure changes from a large metallic 

grain towards rock salt carbide with different grain morphology from equiaxed to ir- 

regular shape (b) intermediate flow rate- morphology of the grain changes to trian- 

gular shape with precipitation of large amount of excess carbon (c) high flow rate- 

finally triangular grain morphology transforms to equiaxed nanocrystalline grains. 

The flow rates are designated in sccm, the excess carbon (C exs ) in each flow rate 

are also shown. 
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 R ̄3 mH) phase evolution. It is unclear whether the chemical dis- 

rder in the cation sublattice substantially impacts the ultimate 

hase evolution, preserves the carbon-deficient rocksalt phase, and 

revents any metal rich phase development. An investigation to 

nderstand this phenomenon is currently in progress. However, 

igher methane flows produce excess carbon precipitation, which 

nterestingly is accompanied by improvements in crystallinity and 

exture. 

Excess carbon is thus associated with a two phase microstruc- 

ure and a transition to epitaxial growth. SEM imaging reveals a 

ronounced change in surface morphology and grain size as shown 

n Fig. 3 . Large metallic grains (200 ±20 nm) are observed at 0.5 

ccm flow rate. With increasing methane flow from 1.5–2.75 sccm 

 Fig. 3 a) grain size decreases and becomes less regular. In the inter- 

ediate flow regime (2.8–3.5 sccm), more than 30% excess carbon 

recipitates and is accompanied by a transition to epitaxial growth 

nd a regular triangular grain morphology ( Fig. 3 b). The triangu- 

ar grains assemble in two domains reflecting the 3-fold symmetry 

f the underlying c-plane sapphire ( R ̄3 c ) substrate. The lattice mis- 

atch between rock salt {111} high entropy carbide and c-sapphire 

s approximately 14% [ 18 , 19 ]. However, the manner in which ex- 

ess carbon promotes epitaxy is not currently understood. Epitaxial 

olumnar growth is also verified from the cross-sectional scanning 

lectron micrograph as presented in the supplementary informa- 

ion in Fig. S4. 

Further increases in the methane flow (4.5–5.5 sccm CH 4 ) sup- 

ress columnar growth and produce a very fine-grained nanocom- 

osite microstructure ( Fig. 3 c). In this flow regime greater than 50% 

xcess carbon precipitation appears to restrict carbide grain growth 

nd provides numerous nucleation sites, resulting in nanocrys- 

alline carbide grains. Similar microstructural features have been 

bserved in sputter deposited binary carbides, where researchers 

oncluded- excess carbon regulates the carbide grain size and grain 

eparation [ 9 , 52 , 53 ]. If one approximates the nanocrystalline grains

s columnar rectangular prisms separated by excess carbon, for 

 sccm and 5.5 sccm nanocomposite films, average grain separa- 

ions are ~4.0 nm and ~1.2 nm respectively (calculation details in 

I and Fig. S5). Hence, the bonded and excess carbon quantity reg- 
5 
lates bonding characteristics, microstructure evolution, and sub- 

equently functional properties of high entropy carbide films. 

Scanning transmission electron microscopy (STEM) allows us 

o probe microstructure, chemistry, and phase at the nanometer 

ength scale using various imaging and spectroscopic techniques. 

ere, samples deposited under low (2.5 sccm) and intermediate 

3 sccm) methane flow rates were selected for STEM investigation. 

ig. 4 a shows a low-angle annular dark field (LAADF) STEM im- 

ge from the 2.5 sccm sample revealing the presence of structural 

efects in carbon deficient samples. Higher magnification bright- 

eld (BF) STEM images show that these are {111} type planar de- 

ects, specifically stacking faults and twin boundaries as shown in 

ig. 4 b. In contrast, the intermediate flow rate 3 sccm sample is 

ree of such planar defects ( Fig 4 c and d). 

The thin film chemical uniformity has been examined using 

nergy dispersive spectroscopy (EDS) in STEM mode. Metallic el- 

ments are found to be uniformly distributed across the film for 

oth samples as shown in Fig. 4 e and f that represents 2.5 and 3

ccm samples respectively; however, slight striation from titanium 

t the grain boundaries are evident. 

The grain boundaries were further investigated with STEM elec- 

ron energy loss spectroscopy (EELS). The EELS elemental maps in 

ig. 4 g and h, in combination with EDS ( Fig. 4 e, f) indicate carbon,

xygen, and titanium are enriched in the grain boundaries. The low 

ow rate 2.5 sccm sample grain boundary is crystalline, as shown 

n the accompanying atomic resolution micrograph in Fig. 4 g. Con- 

ersely, the intermediate flow rate 3 sccm sample grain boundary 

ppears poorly crystalline ( Fig. 4 h). In order to examine the crys- 

allinity, diffraction patterns were collected from the 3 sccm sam- 

le grain and grain boundaries using 4D STEM (Fig. S6). The car- 

ide grains diffract strongly and generate a diffraction pattern con- 

istent with the {111} oriented epitaxial growth. In contrast, dif- 

use scattering from the grain boundaries confirms amorphous or 

oorly crystalline characteristics. EELS spectra of Carbon K edge at 

he grain boundary is also found to resemble amorphous carbon as 

hown in Fig. S7. 

Among the constituent metallic elements of (HfNbTaTiZr)C x 

igh entropy carbide, titanium is the smallest and lightest, as well 

s oxidation prone. These factors likely promoted titanium segrega- 

ion in the grain boundaries during deposition at 650 °C. Although 

itanium, oxygen, and carbon were detected in the grain boundary 

egion via STEM EELS and EDS, there were no indications that any 

rystalline titanium oxides or oxycarbides had formed. This sug- 

ests that the deposition temperature and stoichiometry (particu- 

arly the intermediate flow rate 3 sccm case) were insufficient to 

rystallize any Ti-C-O phases [54] . 

Raman spectroscopy is a widely used tool to characterize the 

p 2 and sp 3 bonded carbon in thin films. The poorly crystalline ex- 

ess carbon in (HfNbTaTiZr)C x films were further explored by Ra- 

an spectroscopy (Fig. S8) to confirm the bonding characteristics 

f the carbon. The low flow rate samples (0.5–2.75 sccm) Raman 

pectra are flat and featureless in the region of interest (80 0–20 0 0 

m 

-1 ). Samples deposited at or above 2.82 sccm show broad peaks 

hich correspond to the D (1350 cm 

-1 , defect induced breathing 

ode) and G (1580 cm 

-1 , sp 2 bonding) modes of carbon. The car- 

on Raman peaks materialize at an identical flow rate when ex- 

ess carbon precipitates as measured by XPS ( Fig. 2 ). The excess 

arbon at grain boundary shows characteristics (D and G peak po- 

ition, peak intensities) similar to the diamond-like carbon phase 

ormation. The XPS, TEM, and Raman data conclusively establish 

hat the excess carbon precipitates at the grain boundaries which 

re poorly crystalline in nature. Thus, methane flow rates during 

eposition regulates the microstructure and phase evolution, con- 

rols the metal carbon bonding, and consequently tailors the phys- 

cal properties. 
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Fig. 4. STEM analysis of a low flow rate- 2.5 sccm and intermediate flow rate- 3 sccm high entropy carbide samples. Low flow rate 2.5 sccm sample: (a) low angle annular 

dark field image (LAADF) reveals defects in the microstructure (b) high resolution bright-field (BF) STEM image show planar defects in the crystal. The intermediate flow 

rate 3 sccm sample: (c) LAADF and (d) high resolution BF STEM indicates elimination of defects, (e) high angle annular dark field image (HAADF) STEM image and energy 

dispersive spectroscopy (EDS) map of 2.5 sccms sample, (f) HAADF STEM image and EDS map of 3 sccm sample, (g) annular dark field (ADF) STEM image and electron energy 

loss spectroscopy (EELS) elemental map of a grain boundary for low flow rate 2.5 sccm film and (h) similar analysis of a grain boundary for intermediate flow rate 3 sccm 

film. 
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To establish the microstructure, bonding and property relation- 

hip, film hardness for all flow rates were measured by nanoin- 

entation, while density functional theory was used to calculate 

ardness for supercells reflecting the experimentally determined 

ompositions. Both values are plotted as a function of increasing 

ethane flow rate in Fig. 5 a. At low flow rates (0.5–2.75 sccm), the

xperimental hardness increases linearly with increasing methane 

ow, reaching a maximum value of 24 ± 3 GPa at 2.75 sccm. The 

ardness drops to 10 ± 1.5 GPa at intermediate flow rates (2.82-3.5 

ccm) and persists through the entire spectrum. At high flow rates 

4.5–5.5 sccm) hardness rises to ~15 ± 1 GPa. 

At low methane flow rates (0.5–2.75 sccm) carbon occupies the 

nion lattice sites in the rock salt structure, where it engages in 

trong covalent bonds (see Fig. 6 ). The hardness increases linearly 

ith carbon-metal bond density and the maximum hardness co- 

ncides with anion lattice saturation at 2.75 sccm flow rate. At 

ntermediate flow rates (2.82–3.5 sccm), the measured hardness 

rops sharply due to carbon precipitation between carbide grains 

 Fig. 5 a). The poorly crystalline excess carbon at grain boundaries 

ikely promotes sliding movement between the grains thus eroding 

he mechanical response ( Figs. 4 g, h and S8). 

At high flow rates (4.5–5.5 sccm) the nanocomposite mi- 

rostructure evolves and the hardness recovers. This behavior can 

e explained as the combination of three distinct strengthening ef- 

ects: grain size reduction, nanocomposite formation, and strength- 

ning from the sp 3 bonding in the diamond-like carbon phase. 

s described in the SEM analysis ( Fig. 3 c), the transition from 

ntermediate to high methane flow rates is accompanied by a 

icrostructural transformation from large triangular grains to a 

anocrystalline carbide. The excess carbon in the grain bound- 

ry likely restricts grain growth and fosters nanocrystalline carbide 

rains [ 9 , 52 ]. 

As discussed previously the excess carbon interface is four 

imes thinner in a nanocomposite microstructure compared to the 

pitaxial films and the nanocrystalline carbide grains are better 
6 
onnected to each other due to the thin interface. Also, the grains 

re polycrystalline in nature at this high methane flow rate as ev- 

dent from the XRD and SEM analysis. The combination of a thin 

nterface and random grain orientation changes the fracture behav- 

or compared to the textured columnar grains. 

Finally, the diamond-like carbon (DLC) phase formation is evi- 

ent from the Raman spectroscopy analysis (Fig. S8) [55] . The high 

ow rate (4.5–5.5 sccm) depositions are associated with greater 

han 50% excess carbon precipitation, ergo, the DLC matrix dom- 

nates the mechanical behavior. The DLC phase hardness varies be- 

ween 10-20 GPa [56–58] . The nanocomposite film hardness values 

ie in the range estimated by rule of mixing predictions for stoi- 

hiometric high entropy carbides and a DLC phase. The sp 3 bond- 

ng in the DLC phase strengthens the carbon matrix which likely 

itigates mechanical failure associated with composite interfaces. 

Ab-initio calculations provide an avenue to validate the given 

xplanations for the mechanical property trends by decoupling the 

onding and microstructural effects. As it is impractical to simulate 

 multiphase microstructure through first principles calculations, 

nly the carbon deficient and stoichiometric single-phase high en- 

ropy compositions were simulated by density functional theory 

DFT). Analogous to the experimental data, the DFT calculations 

redict that hardness increases linearly as a function of carbon 

ontent or methane flow rate in the experiment ( Fig. 5 a). For the

toichiometric and close-to-stoichiometric carbides calculated and 

easured hardness agree well. For highly deficient compositions, 

alculations underpredict hardness. We speculate that this discrep- 

ncy originated in part from the random SQS supercells which do 

ot capture the carbon vacancy clustering that is pervasive in the 

EM analysis. More precise and computationally intensive methods 

onsidering segregation [59] and partial order [60] in disordered 

ixtures could describe this clustering and its effect on hardness, 

nd they are planned for the future. 

However, the calculated and measured hardness of the ex- 

remely carbon deficient samples also deviate due to the limita- 
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Fig. 5. (a) Experimental and theoretical hardness as a function of methane flow rate, experimental data: low flow rate (0.5–2.75 sccm) hardness increases linearly; inter- 

mediate flow rate (2.82–3.5 sccm), hardness drops abruptly and stays steady; high flow rate (4.5–5.5 sccm), hardness ascended to a higher value. Theoretical data: DFT 

calculated hardness of low flow rate samples increases up to point of saturation of anion sublattice which are protracted to show the stoichiometric carbides contribution to 

the intermediate and high flow rates. Indentation stress-strain curves obtained by using a spherical indenter are presented for (b and c) low flow rate 0.5 and 2.5 sccm; (d) 

intermediate flow rate 3 sccm; (e) high flow rate 4.5 sccm samples. (f–h) Extracted Young’s modulus, Indentation yield strength, and indentation work hardening extracted 

from the curves. 

Fig. 6. The electronic structure evolution of low flow rate high entropy carbide samples, the selected compositions are based on the XPS analyzed compositions as a function 

of CH 4 flow rate during deposition (a) electronic structure of stoichiometric carbide with metal:C = 1:1 corresponds to the composition of 2.75 sccm CH 4 flow rate, (b) pDOS 

of stoichiometric high entropy carbide showing C 2 p , Hf 5 d , Nb 4 d , Ti 3 d , Zr 4 d contribution; electronic structure of (c) stoichiometric composition- replotted to show the 

pseudogap position; (d) composition with flow rate of 2.5 sccm CH 4 with metal:C = 1:0.9, (e) an intermediate structure with 30% C vacancy metal:C = 1:0.7 (f) composition 

with flow rate of 1.5 sccm CH 4 with metal:C = 1:0.5 (g) pDOS of high entropy carbide structure with 30% C vacancy showing C 2 p , Hf 5 d , Nb 4 d , Ti 3 d , Zr 4 d contribution. 

p gap indicates the pseudogap region, represents the new energy states generated due to C vacancy, vertical grey dotted line is the Fermi level ( E F ) and red dotted line is 

the pseudogap ( p gap ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

7 
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ions of the protocol followed to calculate theoretical hardness. 

heoretical hardness was calculated based on the elastic con- 

tants of the material, more specifically the shear and bulk mod- 

li (see experimental Section 2.7 calculation method). The hard- 

ess of covalently bonded materials is dictated by the covalent 

ond strength, which is directly related to the elastic constants 

f the material. Hence, predictions are accurate for stoichiomet- 

ic or nearly stoichiometric compositions where the high density 

f strong covalent bonds controls the plastic deformation process. 

onversely, for extreme-carbon-deficient samples, the fraction of 

etallic bonding will increase, in which case the mechanical prop- 

rties depend increasingly on plastic flow, dislocation formation, 

lide, and interactions with defects (dislocations, vacancies, grain 

oundaries, etc.). As the present calculations do not capture these 

henomena, one anticipates a discrepancy in measured vs. calcu- 

ated hardness. In addition, since the DFT calculations were per- 

ormed for single phase rock-salt carbides, we infer that the sud- 

en drop in experimental hardness above 2.75 sccm methane flow 

s due to excess carbon precipitation and microstructural modifica- 

ions. 

The transition of our carbide samples from a carbon-deficient 

etallically bonded crystal to a stoichiometric covalent carbide 

as explored mechanically by recording the stress-strain response 

nder a spherical indenter as shown in Fig. 5 (b)–(e). These fig- 

res show indentation stress-strain curves using a 16 μm tip radius 

n samples with CH 4 flow rates of 0.5, 2.5, 3, and 4.5 sccm, re-

pectively. In each sample 20 indentation stress-strain curves were 

ollected. The highlighted red band shows the extracted values 

f indentation yield strength within one standard deviation from 

he average. The extracted Young’s modulus, the indentation yield 

trength, and the indentation work hardening rates are presented 

n Fig. 5 (f)–(h). The response from the 0.5 sccm sample stress- 

train curve is different from other samples. This sample quickly 

ecomes non-linear due to yielding and plastic deformation, a typ- 

cal response from a metallic crystal. In comparison, curves for 

ther samples show very high hardening rate due to a different 

ature of atomic bonding, smaller grain size, and the presence of 

win boundaries in some samples. The effect of twinning on inden- 

ation yield strength is obvious between samples with flow rate of 

.5 and 3 sccm. As presented in Fig. 4 (a) and 4(b), the microstruc-

ure of the 2.5 sccm sample consists of numerous nanotwins while 

he microstructure of the 3 sccm sample is almost defect free 

 Fig. 4 c,d), and therefore a higher indentation yield strength and 

 higher indentation work hardening rate is expected. 

The dependence of bonding on carbon content was further in- 

estigated by evaluating the electronic structures of stoichiomet- 

ic and carbon deficient crystals using DFT. The carbon stoichiome- 

ries were selected based on the XPS data, with metal to carbon 

atios 1:1, 1:0.9, and 1:0.5 coinciding with low flow rates 2.75, 2.5, 

nd 1.5 sccm CH 4 samples, respectively. Additionally, an interme- 

iate composition with a metal to carbon ratio 1:0.7 was added, 

his stoichiometry is expected for 2 sccm flow of methane during 

eposition. 

The stoichiometric high entropy carbide (Hf 0.2 Nb 0.2 Ta 0.2 Ti 0.2 

r 0.2 )C electronic structure is shown in Fig. 6 a. The minima in 

he electronic structure represents the pseudogap ( p gap ). Energy 

tates below the pseudogap are bonding in nature whereas states 

bove pseudogap exhibit antibonding characteristics. The Fermi 

evel is located above the pseudogap indicating a fraction of 

ccupied antibonding states that are typically metallic in nature 

61–63] . To identify the constituents that contribute bonding and 

ntibonding electrons a partial density of states (pDOS) analysis 

as completed. Fig. 6 (b) shows the individual contributions. The 

arbon 2 p orbital and metal d orbitals contribute strongly to the 

nergy states below the pseudogap, with a peak at -3 eV. The 

etal d and carbon p orbital overlap are a signature of covalent 
8 
onding that leads to high hardness in the stoichiometric film. In 

ontrast, the majority of antibonding states are associated with 

etal d orbitals, and thus a signature of metallicity if populated. 

Similar calculations were performed as a function of carbon de- 

ciency. Fig. 6 (d)–(f) show the total density of states for 10, 30, 

nd 50% vacant carbon sites. With decreasing carbon concentra- 

ion, we observe a shift in the pseudogap to lower energies and an 

ncreasing population of new antibonding states above it – these 

ew states are indicated by the star inset. 

Again, a partial density of states analysis was performed in or- 

er to determine which orbitals contributed to these new states, 

he results are shown in Fig. 6 (g) corresponding to the 30% car- 

on deficient case. The energy distribution of states from carbon 

 p orbitals remains largely unchanged, while it is clear the new 

tates that emerge above p gap are clearly associated with metal d 

rbitals. Populating these new states above p gap produce a less in- 

ense and narrower p - d hybridized pseudo-valence band (around 

3 eV as shown in Fig. S9) which, in comparison to the stoichio- 

etric case, signifies fewer covalent bonds. This reduction lowers 

he hardness as one replaces covalently bonded metal electrons 

ith new metallic states. In the present DFT calculation scheme, 

arbon vacancies are randomly distributed in a rock salt structure. 

s such, it does not reflect the possibility of vacancy ordering in a 

hemically disordered crystal or its consequences for the mechan- 

cal properties. 

Medvedeva et al . studied the electronic structure of binary WC x 

nd TaC x with 12.5% C vacancies and they also found that anion 

acancies introduce new states surrounding the Fermi level [64] . 

uch DFT calculations provide an opportunity to track electronic 

tructure evolution with carbon content, and understand the ori- 

ins of property dependencies. Furthermore, in these high entropy 

ystems where solubility of diverse cations is possible, one can use 

his learning to predict how valence electron concentration will 

hift by formulation (provided the rock salt structure is sustained) 

nd in turn how the mechanical properties will respond. 

However, in this study, the stoichiometric (HfNbTaTiZr)C mea- 

ured hardness is lower compared to previous reports [ 15 , 19 , 65 ].

s demonstrated from SEM micrograph analysis, present rf sput- 

ering deposition conditions resulted in carbides with grain sizes 

f 10 0–20 0 nm. The bulk ceramic processing methods regularly 

roduce high entropy carbides with grain sizes of 10–50 μm and 

anoindentation hardness > 30 GPa [ 15 , 19 ]. Wang et al. showed

hat the Vickers hardness of high entropy carbides substantially 

ecreased from ~16 to ~9 GPa when the grain size decreased from 

6 μm to 400 nm [66] . Therefore, we attribute the observed re- 

uced hardness compared to bulk samples to the grain size soft- 

ning effect, but further studies are required in this domain. 

Furthermore, carbon vacancies greatly affect the mechanical 

roperties of binary and ternary transition metal carbides and 

itrides, where a certain percentage of sub-stoichiometry, i.e. 

12.5% C vacancy, could optimize the mechanical response [28–30] . 

his phenomenon-vacancy induced hardening and its underlying 

echanism ̶ has been explained based on electronic band filling 

29] and changes in microstructural features [28] due to vacancy 

lustering that prompted pronounced resistance to dislocation flow 

n the crystal. We are unable to determine whether carbon vacan- 

ies give rise to similar hardening effects in high entropy carbides 

ue to the coarse selection in methane flow rates that produced 

rystals with 75% (~0.5 sccm), 50% (~1.5 sccm), 7% (~2.5 sccm), 

nd 0% (~2.75 sccm) C vacancies. Present first principles calcula- 

ions predict crystal softening with increasing carbon vacancy. Our 

nalysis agrees with previous studies that illustrated carbon va- 

ancy effects on elastic and plastic properties of binary carbides 

28] . Hence, the observed hardness trend is determined to be the 

ffect of bonding rather than any microstructural feature or va- 

ancy induced hardening effects. At this point, further studies are 
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equired that involve the synthesis of high entropy carbides with 

lose control over carbon vacancy evolution combined with micro 

nd macroscale mechanical properties investigations. 

.0. Conclusions 

The study focused on the synthesis and properties of the high 

ntropy carbide, (HfNbTaTiZr)C x , as a function of carbon stoichiom- 

try. Thin films were synthesized over a broad range of carbon 

toichiometries using reactive RF magnetron sputtering. The re- 

ulting films exhibited structural transitions from metallic, to car- 

ide, and finally carbide-carbon nanocomposite structures, simply 

y changing the methane flow during the deposition. The high- 

st hardness of 24 ± 3 GPa was obtained from a stoichiometric 

Hf 0.2 Nb 0.2 Ta 0.2 Ti 0.2 Zr 0.2 )C film. Ab-initio calculations revealed that 

he hardness of stoichiometric films is dictated by the covalent 

ond density, with microstructure playing a negligible role. The an- 

on vacancies in the high entropy crystal introduces new occupied 

etallic states that inadequately compensate for the lost strong co- 

alent bonds, resulting in a reduced hardness for samples synthe- 

ized at lower than stoichiometric flow rate. However, a modest 

ncrease in methane flow above the stoichiometric flow rate, low- 

red the hardness to ~10 ± 1.5 GPa due to the formation of a two 

hase microstructure. The poorly crystalline excess carbon precipi- 

ation weakened the grain boundaries of the epitaxial carbide film, 

acilitating easy fracture. High resolution imaging revealed, despite 

he chemically disordered metal sublattice, that anion vacancies 

lustered in stacking faults similar to the Group VB carbides. Over- 

ll, carbon substoichiometry appears to have similar effects on the 

onding, microstructure, and properties of high entropy carbides 

nd binary carbides. 
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