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� CALPHAD predicts driving force for V
segregation and subsequent
decomposition of the single-phase
(HfNbTiVZr)C.

� Discrepancy between CALPHAD and
thin films deposited at 300 �C due to
kinetic stabilisation.

� Good agreement with predictions for
depositions at elevated temperatures
and after annealing.

� CALPHAD is a relevant predictive tool
for magnetron sputtered
multicomponent carbide materials.
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a b s t r a c t

Multicomponent carbides have gained interest especially for ultra-high temperature applications, due to
their ceramic hardness, good oxidation resistance and enhanced strength. In this study the phase forma-
tion, stability and mechanical properties of (HfNbTiVZr)C multicomponent carbide coatings were inves-
tigated. Phase stability was predicted by the CALPHAD (CALculation of PHAse Diagrams) methods. This
revealed that the multicomponent solid solution phase is only stable at elevated temperatures, namely
above 2400 �C. At lower temperatures a phase mixture was predicted, with a particular tendency for V
to segregate. Magnetron sputtered thin films deposited at 300 �C exhibited a single NaCl-type multicom-
ponent carbide phase, which attributes to the kinetic stabilisation of simple structures during thin film
growth. Films deposited at 700 �C, or exposed to UHV annealing at 1000 �C, however, revealed the decom-
position of the single-phase multicomponent carbide by partial elemental segregation and formation of
additional phases. Thus, confirming the CALPHAD predictions. These results underscore the importance
of explicitly considering temperature when discussing the stability of multicomponent carbide materials,
as well as the applicability of CALPHAD methods for predicting phase formation and driving forces in
these materials. The latter being crucial for designing materials, such as carbides, that are used in appli-
cations at elevated temperatures.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

In 2004 the simultaneous introduction of high entropy alloys
(HEAs) by Yeh et al. and Cantor et al. led to a great leap forward
in alloy design and development [1,2]. These alloys consist of 5
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or more principal elements, in equimolar or near-equimolar con-
centrations, exhibiting a single phase with a body centred cubic
(bcc) or cubic close-packing (ccp) structure, stabilised by their
increased configurational entropy [3,4]. Investigations of this
multi-dimensional compositional space have yielded a large num-
ber of new alloys and with time the concept have been extended to
ceramics as well.

The addition of large amounts of p-elements like O, N and C
leads to the formation of oxides, nitrides and carbides, often com-
piled under the umbrella term high entropy ceramics (HECs). These
phases have structures with two or more sublattices, with a high
configurational entropy mainly on the metal sublattice. This
reduces the entropy and the stabilising effect significantly [5]. Nev-
ertheless, extensive solid solutions of these ceramics have been
observed and described in the literature (see, for example reviews
in refs. [6–8]). It should be noted, however, that most nitrides and
carbides of group 4–6 form stable structures of the NaCl-type (B1)
with broad homogeneity ranges. This means that the observed
solid solution structures may be a result of an inherent extensive
mutual solubility, possibly expanded and further stabilised by an
increased configurational entropy on the metal sublattice. Since
the effect of entropy on the phase formation of these materials is
yet unclear, it is more appropriate to describe them as multicom-
ponent ceramics. Multicomponent carbides, as one type of these
materials, exhibit desirable properties like high hardness, high
strength at elevated temperatures and oxidation resistance often
outperforming their binary and ternary constituents [9–12], which
motivates further studies of this group of materials. Due to the ease
of synthesis and smooth tunability of composition and microstruc-
ture large part of the work on multicomponent carbides has been
on thin film materials, see e.g. references [13–17].

The entropy effect in the multicomponent carbides is of course
related to that of the much more studied HEAs. In contrast to the
HEAs, however, there are few studies and established criteria to
predict phase stability are available for multicomponent carbides,
partially due to the fact that most criteria commonly used to pre-
dict phase stability in HEAs simply are not valid for carbides. Hos-
sain et al. and Sangiovanni et al. have however extended the
valence electron concentration (VEC), a concept well-established
for binary carbides and nitrides, to predict and design multicompo-
nent carbides and their properties, since the stability of the NaCl-
type structure, as well as the mechanical properties, are strongly
related to the VEC [18,19]. In 2018 Sarker et al. introduced entropy
forming ability (EFA) as a descriptor to predict synthesisability and
phase stability of multicomponent carbides [12]. For compositions
with the highest EFA, at least scoring above a threshold of � 50
(eV/atom)-1, single-phase structures were observed experimen-
tally. Sarker et al. also used density functional theory (DFT) calcu-
lations to calculate the formation enthalpies of competing phases
and generate convex hull phase diagrams. The calculations showed
that decomposition into a phase mixture is favourable based on
enthalpies only and that entropy contributions at high synthesis
temperatures should thermodynamically stabilize many carbides
with a high EFA. More recently, Kaufmann et al. and Zhang et al.,
implemented machine learning to obtain EFA values [20,21], and
the results are validated by comparison to experimental data. Sar-
ker et al. pointed out that substoichiometry will increase the
entropy of the carbon sublattice and hence should contribute to
an increased EFA. A problem with the approach in ref. [12] is that
the stability of the multicomponent carbides is not directly given
as a function of temperature. The criteria for formation of solid
solution phases was set in comparison to experimental synthesis
conducted at high temperatures (>2000 �C). This is actually a gen-
eral challenge in the discussion on phase formation of multicom-
ponent alloys or ceramics, where formation criteria seldom
2

consider the temperature despite it being central to the impor-
tance of the entropy term of Gibbs free energy.

One approach where the temperature is considered is CALcula-
tion of PHAse Diagrams (CALPHAD), where assessed thermody-
namic data is applied to predict phase equilibria and stabilities of
any phases. An interesting observation is that most HEAs seem to
be thermodynamically stable only at high temperatures where
entropy has a larger effect. Calculations using the CALPHAD
method have shown that many HEA systems should form phase
mixtures at reduced temperatures. A good example is the Cantor
alloy (CrMnFeCoNi) whose equilibrium phases below 800 �C,
according to CALPHAD, are a mixture of ccp, sigma and a CsCl-
type ordered bcc phase [22]. This decomposition of the single
homogeneous solid solution into a phase mixture has also been
observed experimentally after very long annealing times (500 days
at 700 �C) for bulk samples, but for significantly shorter times in
thin films [23,24]. The difference in annealing times was attributed
to a higher diffusion in the grain boundaries of the HEA film. It is
believed that kinetics is a critical parameter in the phase transfor-
mation of high entropy or multicomponent materials, especially at
low temperatures.

Numerous studies have shown the validity of CALPHAD meth-
ods to predict the phase stability of multicomponent alloy systems,
by extrapolating readily available theoretical and experimental
data to model the global minimum of the Gibbs free energy Gm,

[25–27]. The phase diagram is calculated at the state of thermody-
namic equilibrium where the Gibbs energy of the total system is
minimized at given pressure, temperature and composition. In
principle, the CALPHAD method is applicable in any chemical sys-
tem or materials. However, so far, the use of the implementation of
CALPHAD to predict phase stabilities for multicomponent com-
pounds (e.g. carbides) has been limited by a lack of appropriate
thermodynamic data. There is however constant development of
CALPHAD databases. In the present study the most recent database
TCHEA version 5.1 [28] from Thermo-Calc Software was used for
CALPHAD and the attained results were compared to the
experiments.

The present work aims to study the phase stability and impor-
tance of temperature considerations when making predictions for
multicomponent carbide materials by the application of the latest
CALPHAD database. A multicomponent carbide system predicted
to be single-phase according to the EFA approach was chosen as
demonstrator system: (HfNbTiVZr)C is predicted to be single-
phase, with a proposed EFA of 71 (eV/atom)-1 [20]. Using both
experimental and theoretical (i.e. CALPHAD) methods the phase
stability is studied as a function of both composition (varying the
carbon content) and temperature (through different synthesis con-
ditions as well as annealing studies). The CALPHAD predictions
were validated using thin films, synthesised by magnetron sputter-
ing. Microstructure as well as mechanical properties of the thin
films were also characterised.

As the present study will compare thermodynamic modelling
and thin film experiments, an additional factor for phase formation
needs to be highlighted. It is noted that thin film growth and mag-
netron sputtering are strongly influenced by kinetics, and due to
the very high quench rate (>106 K/s) simple structures and solid
solutions are typically preferred over phase mixtures [29,30]. This
also has implications for the formation of multicomponent phases,
and solid solution phases have often been synthesised by mag-
netron sputtering even when other phases are thermodynamically
more stable. Thin film samples thus commonly don’t reach ther-
modynamic equilibrium, making a direct comparison difficult.
However, the comparison is still valuable to discuss phase stability
and thermodynamic driving forces. Especially since the number of
tools for phase stability predictions in multicomponent carbide
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materials, and their subsequent testing and implementation for
non-thermodynamic equilibrium processes, is limited.
2. Methods and materials

For CALPHAD the commercial software Thermo-Calc (ver.
2022a) was used with the TCHEA5.1 (high entropy alloy) database
package [28], which includes all the necessary binary, ternary and
pseudo-binary phase diagrams of the relevant carbide system.
Thermodynamic equilibrium calculations were performed for var-
ious (HfNbTiVZr)100-xCxsystems, where the carbon contents was
varied x = 35, 40, 45 and 50 (at.%), while equimolar ratios were
applied for all metals. For each given composition, phase stability
and phase constitution (especially the atomic fraction of vana-
dium) were investigated as a function of temperature (0 to
4000 �C).

All films were synthesised by non-reactive DC-magnetron sput-
tering using an ultra-high vacuum (base pressure < 10�8 Pa) sys-
tem (Mantis Qprep 500i). The system was equipped with 3
magnetrons in a confocal sputter down configuration and a target
to substrate distance of 15 cm. For the depositions a 200 HfNbTiVZr
compound target (Plansee Composite Materials GmbH), a 200 Ti tar-
get (Kurt J. Lesker) and two (one 200 and one 300) carbon targets
(Plasmaterials) were used. All targets had a claimed purity of
99.9 %. Thin films were deposited on 10x10 mm2 Si (100) and
a–Al2O3 (001) substrates, the first used for cross-sectional SEM
and the latter for all other analyses. Substrates were cleaned in
an ultrasonic bath, first in acetone followed by ethanol, each time
for 5 min, and then dried in a N2(g) flow. Before deposition the sub-
strates were preheated to the respective deposition temperature
for at least 45 min to reach a homogeneous and stable tempera-
ture, and cleaned by Ar+ ion bombardment for 5 min, using an RF
substrate bias of �150 V. The targets were also cleaned prior to
deposition by using the same target powers as used for deposition.
During the deposition process the Ar gas working pressure in the
chamber was kept constant at 3.0 mTorr (0.4 Pa) using a throttle
valve an Ar flow rate of 30 sccm, and a substrate rf bias of �50 V
was used for all depositions.

Samples were deposited in two series: one with varying carbon
content, and one with varying substrate temperature. The metal
(HfNbTiVZr) target was used at 250 W (for the metallic reference
sample) or 200 W (for all carbon-containing samples). The power
of the 2 carbon targets was varied with the sum of both combined
set to 50 W, 300 W, 380 W, 430 W, and 480 W respectively. The
series with varied carbon content was deposited using a substrate
temperature of 300 �C. The series with different synthesis temper-
ature was attained by performing additional depositions at 500 �C
and 700 �C using a carbon power of 380 W. The deposition time
was 45 min to achieve films with thickness of 0.5 ± 0.1 lm. Addi-
tionally, a TiC reference sample was deposited at 300 �C with a tar-
get power of 275 W for Ti and 470 W for C.

To study the phase stability of the attained materials, selected
samples were annealed in an ultra-high vacuum furnace (base
pressure < 5�10�8 Pa) at 1000 �C and two different holding times
at temperature (2 and 72 h), and then characterised for phase
content.

The crystal structure of the samples was studied by X-ray
diffraction (XRD) using Cu Ka radiation. Both grazing incidence
(GI, using a Philips X’Pert MRD) and symmetrical (h/2h, using a Bru-
ker D8 advance) scans were performed. For GI-XRD a Göbel mirror
as primary optics, and parallel plate collimator of 0.27� divergence
as secondary optics were used. For the h/2h-XRD measurements a
Bragg-Brentano set-up with a Johansson monochromator provid-
ing pure Cu Ka1 radiation, was used. Cell parameters of observed
phases in the as-deposited state were determined by averaging
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all peaks from GI scans. After annealing additionally the average
from the peaks of the h/2h scans were used. The size of the crys-
talline domains was estimated using Scherrer’s equation [31].

X-ray photoelectron spectroscopy (XPS) was performed with an
Ulvac-PHI Quantera II XPS scanning microprobe employing Al Ka
radiation. To determine the chemical composition sputter depth-
profiles were measured using 1 keV Ar+ etching for up to 20 min.
The sensitivity factors were calibrated using ion beam analysis
(see below). High-resolution spectra attained, after sputter etching
with 200 eV Ar+ for 45 min (giving an approximate depth of 10 nm)
to remove the surface oxide layer, were used to study the chemical
surrounding of each element. Spectral calibration was performed
according to ISO 15,472 [32] using reference samples of Ag, Au
and Cu. As all studied samples were electrically conductive and
connected to instrument ground, no additional charge referencing
was used, nor was any charge neutralisation.

The composition of selected samples, and the sensitivity factors
for compositional analysis using XPS were determined with ion
beam methods. The metal ratios were determined by Rutherford
backscattering (RBS) and Proton Induced X-ray Emission (PIXE)
analysis whereas the carbon concentration was determined by
Time-of-Flight Energy Elastic Recoil Detection Analysis (TOF-E-
ERDA). All ion beam analyses were carried out at the Tandem
Accelerator Lab at Uppsala University using both a 10 MeV 12C
and 2 MeV 4He+ beam for RBS and 36 MeV 127I8+ ions as projectile
species for ERDA. A detailed description of the measurement setup
can be found in ref. [33]. The achievable accuracy is limited to ± 5–
10 % of the deduced atomic concentrations. A relative comparison
of concentrations is however possible with higher accuracy [34].

Electron transparent transmission electron microscopy (TEM)
cross-section and plane-view lamellas on sapphire substrate were
prepared using a focused ion beam/scanning electron microscope
with a FEI Strata DB235 and a Zeiss Crossbeam 550 (FIB/SEM).
The obtained lamellas were attached to a Cu lift out grid and
thinned with a 30 kV Ga beam followed by a polishing step with
a 5 kV beam. The micrographs were obtained in scanning transmis-
sion electron microscopy (S)TEM mode, conducted on a probe-
corrected FEI Titan Themis instrument operated at an accelerating
voltage of 200 kV. Additionally, selected area electron diffraction
(SAED) patterns of the films were recorded. The elemental maps
were recorded with a SuperX EDS system using the Esprit software
by Bruker.

Mechanical properties were evaluated using nanoindentation,
giving hardness and Young’s modulus of the thin films. Measure-
ments were performed using a CSM Ultra Nano Hardness Tester
(UNHT) equipped with a Berkovich diamond tip. For hardness
and Young’s modulus, 20 indentations were made for each sample
to a maximum depth of about 50 nm to avoid interference with the
substrate. At least 15 indentations were included for each sample
to calculate the mechanical properties according to the Oliver
and Pharr method [35]. The stress state of the films was investi-
gated by determining the curvature of samples deposited on Si
substrates and employing the Stoney equation [36]. Curvature
measurements were performed using a Zygo NexView NX2 optical
profiler.
3. Results

3.1. CALPHAD modelling

A first overview of the CALPHAD-predicted phase stability is
given in Fig. 1, where the calculated equilibrium phase fraction
as a function of temperature for different carbon concentrations
is given. For 50 at.% C system (a) a NaCl-type multicomponent car-
bide (NaCl#1, black curve) which is a solid solution of all metals is



Fig. 1. Calculated equilibrium phase fractions as a function of temperature for the (HfNbTiVZr)100-xCx system with equimolar metallic elements and (a) 50, (b) 45, (c) 40 and
(d) 35 at.% C. The NaCl type carbide corresponds to FCC_A1 in the output from the Thermo–Calc software, whereas the hexagonal Me2C phase corresponds to HCP_A3.

B. Osinger, H. Mao, S. Fritze et al. Materials & Design 221 (2022) 111002
predicted for high temperatures, dominating between 2400 and
2900 �C. This primary phase (NaCl#1) decomposes at lower tem-
peratures, which results in two additional NaCl-type phases i.e.
NaCl#2 and NaCl#3. Between 2400 and 1200 �C, the Ti, Nb, V-
rich phase (NaCl#2, light-green curve) separated from NaCl#1.
Thus, the remaining NaCl#1 is relatively rich in Hf and Zr, but poor
in V. Below 1200 �C a VC-dominating phase (NaCl#3, sea-green
curve) is predicted as well. The chemical compositions of the
phases at selected temperatures are given in Table S1 in the docu-
ment for Supplementary Information (SI). In the (HfNbTiVZr)50C50

system a small phase fraction of graphite (purple curve) is pre-
dicted for all temperatures. This is consistent with binary transi-
tion metal carbides where a slight substoichiometry with respect
to carbon is common at equilibrium [37].

In general, these results show that a single entropy-stabilised
(Hf,Nb,Ti,V,Zr)C phase is expected at high temperatures, but at
lower temperatures there should be a thermodynamic driving
force for phase decomposition into different phases, where V seg-
regation is particularly favoured.

For the systems with lower carbon concentrations (45–35 at.%,
Fig. 1, b to d) there are a few trends in the equilibrium phase frac-
tions. The graphite phase is of course not present. The stability
region of the solid solution carbide containing all metals (NaCl#1,
black curve) is reduced, and below 45 at.% C there is no tempera-
ture where all metals are found in significant amount in a single
phase. As carbon content is lowered, metallic phases become
stable. Notable here is the V-rich hexagonal Me2C (blue curve)
and bcc (magenta curve) phase, that seem to replace the VC phase
(NaCl#3, sea-green curve). Both the hexagonal Me2C carbide and
4

bcc phase co-exist with the Hf, Zr- and Ti, Nb-rich carbide phases,
and they practically contain all the V in the system. This is illus-
trated by the V concentrations plots for all the phases found in
Fig. 2, as well as the compositional data given in Table S1 and S2
in the SI. These results suggest that there is a thermodynamic driv-
ing force for V segregation at lower temperatures, which is consis-
tent with the experimentally observed very limited miscibility of
VC in the other monocarbides, especially HfC and ZrC [38,39].
The results also show a driving force for separating into two car-
bide phases, one with smaller and one with larger metal atoms.

Notable is also the melting point depression, or more precisely
the solidus temperature at which a liquid phase starts to form,
observed as a function of decreased C concentration in the system.
For the compositions below 45 at.% in Fig. 1(c) and (d), a liquid
phase starts to form at temperatures as low as 1600 �C. This is
clearly connected to the melting of V-rich bcc and hcp phases. Sim-
ilar melting point depression has been reported in the metallic
HfNbTiVZr alloy system, and can be explained by several low melt-
ing eutectics and overall melting point depression in most of the
binary and ternary alloys containing V [39,40].
3.2. Characterisation of magnetron sputtered multicomponent films

The bulk composition of the deposited thin films in both sample
series are summarised in Table 1. The metal concentrations are
near-equimolar for all films and the carbon content was varied
from 0 to 44 at.%, giving C/Me ratios between 0.11 and 0.73. Ion
beam analysis methods, Rutherford backscattering (RBS) and Pro-
ton Induced X-ray Emission (PIXE), were used to determine the



Fig. 2. Fraction of V in all phases as a function of temperature for the (HfNbTiVZr)100-xCx system where x= (a) 50, (b) 45, (c) 40 and (d) 35 at.% C. The NaCl type carbide
corresponds to FCC_A1 in the output from the Thermo-Calc software, whereas the hexagonal Me2C phase corresponds to the HCP_A3.

Table 1
Chemical composition (determined by XPS sputter depth profiles), observed crystalline phases, and cell parameters with std. dev. (calculated from GI-scans) for all as-deposited
samples. Top section of table shows compositional series deposited at 300 �C, bottom part shows temperature series.

Sample Composition [at.%] C/Me ratio Crystalline phase(s) a [Å]

Hf Nb Ti V Zr C

MC0 18 15 21 23 23 0 0 bcc 3.421 ± 0.017
MC10 15 14 19 21 21 10 0.11 bcc/NaCl-type 3.4 / 4.5
MC32 13 11 13 14 17 31 0.47 NaCl-type 4.553 ± 0.018
MC35 12 9 13 14 17 35 0.53 NaCl-type 4.551 ± 0.022
MC41 11 10 11 12 14 41 0.69 NaCl-type 4.545 ± 0.012
MC44 9 9 12 12 14 44 0.73 NaCl-type 4.547 ± 0.010
TiC – – 69 – – 31 0.44 NaCl-type 4.350 ± 0.003

MC35 13 13 13 12 14 35 0.53 NaCl-type 4.543 ± 0.009
MC35-500 12 13 12 16 12 35 0.53 NaCl-type 4.577 ± 0.009
MC35-700 13 13 13 12 14 35 0.53 NaCl-type 4.578 ± 0.003
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metal ratios and subsequently calibrate the relative sensitivity fac-
tors for the XPS sputter depth profiles. To determine the C content
Time-of-Flight Energy Elastic Recoil Detection Analysis (TOF-E-
ERDA) was used, which has a very high precision and accuracy
for the determination of light elements like C, in a heavy metal
matrix. Nonetheless, the achievable accuracy is typically limited
to ± 5–10 % of the deduced atomic concentrations, which for the
present case corresponds to ± 4.4 at.% or less. Furthermore, XPS
sputter depth profiles show no concentration variations in the bulk
of the coatings, showing good control of the chemical composition
during the deposition process.

Normalized h/2h scans from all samples are depicted in Fig. 3.
The metallic film (Fig. 3a, bottom) exhibits a single peak, consistent
5

with a strongly textured bcc structure, in agreement with previous
observations by Fritze et al. [41]. At significantly higher C concen-
trations (32–44 at.%) peaks consistent with a NaCl-type structure
are observed in both h/2h- (Fig. 3) and GI-scans (not shown), point-
ing to the formation of a single phase monocarbide. This is also
true for the samples deposited at higher temperatures (see
Fig. 3b). For the sample with 10 at.% coating a broad peak, match-
ing the monocarbide (111) peak is observed, but with a distinct
shoulder indicating a second, possibly nanocrystalline or amor-
phous, contribution. The position of this broad feature roughly
matches position of the alloy bcc phase (110) peak observed for
the 0 at.% C film. This would be consistent with a two-phase sam-
ple of multicomponent alloy and multicomponent carbide phases.



Fig. 4. Correlation of the cell parameter a and the (average) carbide radius of
respective metal1. The studied multicomponent samples as-deposited at 300 �C
(circular open markers) are all found at ratomic � 1.58 Å. Reference values for
stoichiometric binary monocarbides shown with filled square black markers from
literature [43–47],with red filled square from TiC film in this study, range for sub-
stoichiometric binary carbides shown as bars below respective marker [48].

Fig. 3. h/2h scans of (a) all films with increasing C concentration and (b) films with 35 at.% C deposited at different deposition temperatures. Reflections of both bcc and the
NaCl type structure are indicated and correspond to a cell parameter of 3.421 and 4.551 Å (MC16 and MC35, respectively). The pattern of the reference TiC film is also shown
at the top in panel (b).
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This bcc alloy phase is observed only for 0 and 10 at.% of C. As the C
content is increased, the (110) peak is absent due to the disappear-
ance of the bcc phase. The observed crystalline phases and their
cell parameters are summarised in Table 1.

The cell parameters for the carbide phase varies between 4.516
and 4.574 Å (see Table 1), which falls well within the range of the
reference binary carbides (4.17–4.70 Å ref. [42]). This can be seen
in Fig. 4, where the observed cell parameter is plotted as a function
of the atomic radius of respective metal in the carbide,2 and where
it is evident that observed cell parameter for the multicomponent
samples falls slightly above the Vegard-like trend of the reference
binary cell parameter. This indicates a deviation from an ideal solid
solution of the NaCl-type structure, and potentially different bond-
ing of the constituent elements. One datapoint falls below the cluster
of the as- deposited data points and corresponds to the 10 at.% C
film, which exhibits a different, metal-carbide composite structure
compared with the rest, and the carbide phase may thus have a dif-
ferent metal ratios and be more substoichiometric. It’s noted that the
TiC film in this study falls within a similar range as the literature ref-
erence. The observed variation in cell parameter, as a function of the
C concentration, falls within the range expected for sub-
stoichiometry (the ranges for the cell parameter of the respective
MC1–x monocarbides, as indicated by the bars in Fig. 4), but no clear
trend of the cell parameter as a function of the carbon concentration
could be observed. This can most likely be explained by the fact the
observed levels of residual stress (see below) will cause variations in
the same order of magnitude, ± 0.07 Å.

The diffraction peaks from the carbide samples deposited at
300 �C are all quite broad, and an estimation using the Scherrer
equation suggests a grain size of 20–40 nm. There is also a ten-
dency for decreasing breadth as the carbon content increases as
well as for the samples deposited at higher temperatures, which
could indicate an increase in crystallite size. However, using Scher-
rer’s equation the size of the crystalline domains was estimated to
be similarly within tenths of nm (15–30 nm). Due to the limita-
tions of analysing the XRD line breadth in thin films, we prefer to
estimate the column width from (S)TEM investigations which will
be discussed later on. For the multicomponent carbide phase a
strong h111i texture can be observed, with a change to a mixture
2 Atomic metal radius of each element in the carbide calculated as ¼ of the surface
diagonal of the NaCl-type structure carbide unit cell, using literature data [43–47]. For
the multicomponent samples the average radius was calculated based on the metal
ratios shown in Table 1.
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of h100i and h111i preferred orientation at 44 at.% C. This texture
change is commonly observed in transition metal carbides and
nitrides of the NaCl-type [49–52]. As expected, the TiC reference
film exhibits a NaCl-type structure as can be seen in in Fig. 3, with
a cell parameter of 4.35 Å, shown in Fig. 4.

The chemical environment in the multicomponent carbide was
investigated by high resolution XPS analysis, and the C1s spectrum
in Fig. 5 shows a peak centred at 282.02 ± 0.02 eV. This underlines
the carbidic environment of the C atoms in the films, even at lower
C concentrations. No indication, however, of amorphous carbon
which would appear at 284.8 eV is observed in the C 1 s spectra
[53]. The same shift of the C 1 s peak was observed in all spectra,
and the peak position is consistent with the range observed for
the reference binary carbides (281.8–282.8 eV), see vertical lines
in Fig. 5 and ref. [54,55]. The C 1 s peak is clearly broadened
(FWHM of 0.9 eV) compared with the binary carbide TiC reference
sample (FWHM of 0.7 eV), but no deconvolution into the respective



Fig. 5. High resolution XPS spectra of the C 1 s core level. Vertical lines index
reference positions from literature; for TiC the thin film sample in this study is used
as reference (green line). [54,55].
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carbide peaks is observed. This peak broadening points towards a
solid solution structure, with a mixture of different local metal
environments for the C atoms, rather than preferential carbide for-
mation which would result in multiple distinct carbide peaks.

Some of the metal core level spectra in the multicomponent
carbide, not shown here, exhibit a shift to lower binding energies
compared with reference values for the binary carbides. This has
been shown theoretically and experimentally in corresponding
metal alloy and nitride films [56,57] and will be further investi-
gated in future studies. For the film with 10 at.% especially broad
metal core level spectra were observed (not shown), which is con-
sistent with the metal-carbide composite structure already
observed in XRD.

TEM analysis was performed on the MC41 sample since a
decreased stability of the single-phase carbide and hence a strong
driving force for segregation, have been predicted for a substoi-
chiometric composition below 45 at.% C. The bright field images
in Fig. 6 revealed a smooth and dense surface as well as a columnar
structure but the columns appear intertwined and fragmented.
Therefore, a very fine-grained structure is observed with grain size
in the range of 20–50 nm, which is consistent with the XRD data.
The SAED shows a NaCl type structure with a h111i preferred ori-
entation, consistent with XRD analysis. The diffraction pattern
from the cross-section reveals ring-features reminiscent of a poly-
crystalline structure (Fig. 6a), again consistent with the results
from XRD, which show a strong h111i texture in the growth direc-
tion of the film. Qualitative analysis using STEM-EDX shows no
indication of elemental segregation. The elemental maps, shown
in Fig. 6(b), reveal a homogeneous distribution of all elements at
the nanoscale, proving that in fact a solid solution structure has
been obtained, contrary to the predictions of thermodynamic cal-
culations. The equilibrium phase diagram shown in Fig. 1(a) indi-
cate the stability of a single high-entropy (Hf,Nb,Ti,V,Zr)C phase
is only at the stoichiometric 1:1 composition and only at really
high temperatures (>2400 ℃). The single-phase multicomponent
carbide as shown in Fig. 6(b), obtained experimentally, is however
a result of kinetic stabilisation of metastable phases during thin
film growth. We do not expect to see decomposition at room tem-
perature since a significant energy cost is required to overcome the
kinetic effects and sluggish diffusion at low temperatures.

Further TEM analysis of the temperature series was performed
to investigate the influence of the deposition temperature on the
stability of the carbide phase. In fact, enrichment of V at the grain
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boundaries was observed. The results of the MC35 film synthesised
at 700 �C are shown in Fig. 7. The tendency to segregate for V
becomes clear from the elemental maps and the additional line
scan, whereas all other elements seem homogenously distributed.
They exhibit very small fluctuations in composition, but no dis-
cernible trends exceeding the level of the noise could be identified
from the linescan.

To summarise the findings, for the as-deposited films deposited
at 300 �C, a single-phase multicomponent carbide was obtained for
all samples with C concentrations between 32 and 44 at.%. This is
evident from the XRD patterns in Fig. 3(a) and the elemental maps
from STEM-EDX shown in Fig. 6. At elevated deposition tempera-
tures (700 �C) no additional phase formation or decomposition of
the single NaCl-type multicomponent carbide was observed in
the XRD as shown in Fig. 3(b). However, STEM-EDX revealed partial
elemental segregation as shown in Fig. 7.
3.3. Stability of the multicomponent carbide phase during annealing

UHV annealing experiments were performed to further investi-
gate the phase stability of the multicomponent carbide. Both the
composition and the results from the XRD analysis are summarised
in Table 2. Annealing of a film with 35 at.% C (deposited at 300 �C)
at 1000 �C for 2 h in Ar atmosphere led to the formation of a hexag-
onal phase along with a small fraction of surface oxides, as shown
in the XRD pattern in Fig. 8(a). The cell parameters a and c of the
hexagonal phase, stated in Table 2, are close to that of the hexag-
onal V2C phase (reference cell parameters a = 2.9043(2) Å and
c = 4.5793(2) Å [58]). The difference in cell parameter indicates
that a hexagonal V-rich solid solution structure has been obtained.
The formation of a V- rich hcp carbide phase has been predicted by
CALPHAD methods, however, the calculations for 35 at.% C in Fig. 1
(d) show an apparent underestimation of the stability of the hcp
phase at 1000 �C. Another explanation for this discrepancy
between the experimental result and the CALPHAD prediction
could be small variations in the experimentally deduced composi-
tion, due to limitations to the achievable accuracy. The observation
of surface oxides formation implies that some metallic atoms close
to the surface have reacted with oxygen, which indicates that the
actual average composition of the film sample would have slightly
lower metal or higher carbon fraction relative to the nominal com-
position. In order to investigate the composition-dependence of
the hcp carbide phase stability, additional calculations for 38 at.%
C is performed (see Figure S1 of the SI). It demonstrates what a dif-
ference small compositional changes can have as the hcp phase is
predicted to be stable at the annealing temperature in this case.
Furthermore, the NaCl-type carbide peaks are clearly shifted to
higher angles, which corresponds to a smaller cell parameter. This
can be attributed to the release of stress and a more relaxed struc-
ture after annealing.

Another film with 44 at.% C (deposited at 300 �C) was annealed
at 1000 �C for 72 h. The XRD pattern in Fig. 8(b) shows more pro-
nounced changes after annealing, compared with the 35 at.% C film
annealed for 2 h. Similarly, the additional reflections emerging
after annealing, can be indexed to the same hexagonal phase with
a slightly different cell parameters, as shown in Table 2. It is in line
with the CALPHAD prediction of the hexagonal phase stability at
1000 �C for the 45 and 40 at.% C (see Fig. 1, b & c). Due to the high
melting points of the refractory metal carbides, mainly beyond
3000 �C, diffusion is limited at the annealing conditions applied.
Therefore, it is clear that thermodynamic equilibrium has not been
reached and would require even longer annealing times at high
temperatures. However, the annealing is still relevant to show
the direction towards equilibrium.



Fig. 6. STEM bright field images of the film with 41 at.% of C deposited at 300 �C. In panel (a) the cross section with the respective selective area diffraction (SAED) pattern
inserted on the top right corner. In panel (b) the top-view as well as STEM-EDX maps of the same area.

Fig. 7. (a) STEM-EDS elemental maps and HAADF image of the films with 35 at.% C deposited at 700 �C and (b) linescan corresponding to the red arrow in panel (a).

Table 2
Chemical composition (determined by XPS sputter depth profiles), observed crystalline phases, and cell parameters with std. dev. (calculated from GI and h/2h scans) for films
deposited at 300 �C before and after annealing.

Sample Composition [at.%] Crystalline phase(s)
a [Å] c[Å]

Hf Nb Ti V Zr C

MC35 13 13 13 12 14 35 NaCl-type 4.543 ± 0.018
MC35 annealed at 1000 �C 2 h NaCl-type 4.529 ± 0.004

hexagonal 2.924 ± 0.005 4.529 ± 0.005
MC44 10 12 11 11 12 44 NaCl-type 4.554 ± 0.009
MC44 annealed at 1000 �C 72 h NaCl-type 4.522 ± 0.004

hexagonal 2.916 ± 0.002 2.916 ± 0.002
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3.4. Mechanical properties

The mechanical properties (hardness and reduced elastic Modu-
lus) as well as internal stress values measured by optical profilom-
etry are summarized in Table 3. Corresponding hardness values
from literature, as well as the calculated values, according to a
rule–of–mixture (ROM) estimation for the multicomponent car-
bide, are listed in Table 4 for comparison. The hardness of the stud-
ied coatings increased upon the addition of carbon from 8.9 ± 0.2
GPa for the metallic film to 33.7 ± 2.7 GPa for the films containing
44 at.% of C. The reduced elastic modulus increased from 116 ± 2 to
323 ± 9 GPa, from the metallic film to 44 at.% C, which is commonly
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observed for ceramics. For the TiC reference film a hardness of
29.9 ± 2.9 GPa and a reduced elastic modulus of reduced elastic
modulus increased from 309 ± 16 GPa was observed. Stress values
are also given in Table 3, which show compressive stress quite typ-
ical for thin films synthesised by magnetron sputtering with
applied bias voltage. The stresses in combination with the elastic
moduli give an expected range of variation in lattice parameters
due to residual stresses in the order of ± 0.07 Å. Additionally, it is
noted that the hardness remained relatively unchanged even after
annealing at 1000 �C for 72 h. A slight decrease in hardness, still
well within the margin of the standard deviation, was observed
and is likely due to a reduction of residual stresses.



Fig. 8. h/2h scans of (a) the film with 35 at.% C and (b) the films with 44 at.% C, pristine (black) and after annealing (red) at 1000 �C for 2 and 72 h, respectively. Reflections of
the carbide, the hexagonal phase and some oxide contribution are indicated.

Table 3
Results for mechanical properties (hardness H, reduced E-Modulus Er) from Nanoin-
dentation and stress r from optical profilometry.

Sample Mechanical properties

H [GPa] Er [GPa] r [GPa]

MC0 8.9 ± 0.2 116± 2 �1.1
MC10 11.5 ± 0.4 145 ± 3 �0.6

MC32 24.6 ± 0.6 267 ± 4 �2.8
MC35 27.2 ± 1.0 273 ± 5 �5.2
MC41 34.3 ± 1.2 317 ± 8 �4.6
MC44 33.7 ± 2.7 323 ± 9 �6.9

TiC 29.9 ± 2.9 309 ± 16 �1.1

Table 4
Reference values (from literature) for Macro- and Nanoindentation hardness H of bulk
and thin film binary carbides, respectively.

Materials H [GPa]

Bulk[59] Thin film

HfC 20 24 [60]
NbC 18 18 [61]
TiC 28 22 [62]
VC 26 25 [63]
ZrC 25 25 [64]

ROM for (HfNbTiVZr)C 23 a 24 a

a Rule-of-mixture values calculated from references[59–64].
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4. Discussion

The results show how valuable thermodynamic calculations can
be as predictive tools for driving forces in multicomponent carbide
systems and how important temperature is when discussing phase
stability. Since the single-phase (HfNbTiVZr)C carbide is only pre-
dicted to be stable at high temperatures (2400–2900 �C), at lower
temperatures there is a driving force for phase decomposition into
a mixture of a Hf,Zr–rich carbide, a Ti,Nb-rich carbide and VC. At C
concentrations below 45 at.%, both the stability region of the
single-phase multicomponent carbide disappears and a metallic
bcc and a hexagonal carbide phase emerge containing almost all
the V in the system. In general, a strong overall tendency for V to
segregate from all other metals is predicted. This has also been
observed in literature, where a limited miscibility of VC in all other
9

monocarbides, especially HfC and ZrC, has been reported [38,39].
Another factor could include be the formation of the very stable
hcp sub-carbide V2C and the small homogeneity range of the
VC1–x monocarbide (39.5–45.8 at.%). Furthermore, faster diffusion
of the V atoms, due to the small atomic radius, as well as the lowest
Me-C bond strength of VC among all the monocarbides, could con-
tribute to elemental segregation [65]. The small atomic radius also
results in the largest reduction of the lattice distortion as V is
pushed out of the single multicomponent carbide phase, which
then can have a stabilising effect on the remaining solid solution
structure. Similar elemental segregation of Cr, explained by diffu-
sivity and instability of the respective NaCl-type carbide with B1
structure, has been observed in magnetron sputtered (CrNbTa-
TiW)C films [16].

For the as-deposited films a single-phase multicomponent car-
bide was obtained at low to intermediate deposition temperatures,
contrary to the predictions presented by CAPLHAD thermodynamic
equilibrium calculations. This discrepancy between the CALPHAD
predictions and the experimental results can be explained by
kinetic effects during thin film growth, which typically favours
metastable structures, and have a strong influence on thin film
processes [30]. Yet, the results for the films deposited at higher
temperatures and the annealing experiments, where the kinetic
hindrances are slightly alleviated, agree well with the thermody-
namic calculations. V segregation was observed in STEM-EDX for
depositions at 700 �C. Enhanced diffusion, due to a fine-grained
structure and the high surface adatom mobility, and even early-
onset formation of equilibrium phases, compared with bulk, has
been reported in CrMnFeCoNi magnetron sputtered thin films
[66]. In the study by Fritze et al. on metallic HfNbTiVZr thin films,
the evolution of different phases, predicted by CALPHAD methods,
was observed at deposition temperatures as low as 450 �C [41].
Furthermore, annealing at 1000 �C for several hours led to the for-
mation of a hexagonal phase with cell parameters correlated to the
hexagonal V2C. Therefore, both the predicted instability of the sin-
gle multicomponent carbide phase at lower temperatures, as well
as the driving force for V segregation are well supported by our
findings. The good agreement between the calculations and the
experimental results also validates the predictive power of the
database version used for the thermodynamic calculations in this
study. A correct and thorough assessment of the respective binary
and ternary phase diagram data is essential to provide reliable
predictions.
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This results in this study for the stoichiometric (HfNbTiVZr)C
agree to a large part with the predictions by Sarker et al. in ref.
[12], based on enthalpy data generated from DFT calculations.
The decomposition products are predicted to be a mixture of C
and four carbide phases with the NaCl-type B1 structure: HfC,
ZrC, VC and Ti,Nb-rich mono-carbide. Furthermore, the EFA
descriptor, with a value of 71(eV/atom)-1 predicted for the
HfNbTiVZrC5, would suggest easy synthesisability and stability of
a single phase, and in fact a high temperature stable single-phase
region was also predicted by CALPHAD. However, due to the lack
of temperature dependence contributing to the EFA value it might
not accurately depict phase stability at lower temperatures. The
EFA cut-off level for the transition from single- to multiphase
was determined through experimental investigation of spark
plasma sintered (SPS) specimen. The high synthesis temperatures
(2200 �C), albeit necessary to synthesise homogenous bulk refrac-
tory carbides, and relatively short dwell time, could favour the for-
mation of the high temperature stable single-phases. The results in
this study show clearly the importance of temperature dependence
on phase stability, since there can be strong driving forces towards
phase separation at lower temperatures. Additionally, a metastable
solid solution structure easily be stabilised by kinetic effects
depending on the synthesis conditions.

Typically XRD analysis and SEM-EDS are used to confirm a solid
solution structure and discuss elemental homogeneity in these SPS
bulk multicomponent carbides [12,20,21]. Sarker et al. have espe-
cially used the line broadening in the XRD to estimate the homo-
geneity of the solid solution structure according to the
Williamson-Hall formulation [12,67]. Quantitative results are gen-
erally difficult, due to various overlapping contributions in the
observed diffraction patterns, as well as size and strain effects
which are difficult to accurately account for [31]. This analysis
becomes especially difficult for thin films, since texture effects
reduce the number of reflections quantifiable; thus, reducing the
statistical meaningfulness. Additionally, the residual stresses from
the synthesis process influence the lattice strain observable in the
diffraction line profile. Therefore, a corresponding quantitative
analysis of the integral line breadth or homogeneity estimations
from XRD was not performed in this study. Instead STEM-EDX
was used to investigate and confirm the homogeneity of the
single-phase multicomponent carbide. The observed elemental
segregation of V at the nanoscale illustrates the need for methods
with high magnification and spatial resolution, for example STEM-
EDX or even atom probe tomography (APT), to really confirm a
solid solution structure.

The carbide formation led to ceramic hardness values with a
maximum hardness of 34 GPa observed at 41 at.% of C. The hard-
ness values observed for the films > 40 at.% of carbon exceed the
rule-of-mixture (ROM) calculated from the references, both for
bulk and thin films, by roughly 10 GPa. Furthermore, a slightly
increased hardness of the multicomponent compared with the
TiC reference was observed in this study. Lattice distortion, as a
result of the atomic size mismatch in multicomponent materials,
is often theorised to improve mechanical properties, similar to
solid solution hardening effects. However, no clear correlation
between lattice distortion and hardness was observed for the data
in this study. The increased hardness can rather be explained by
the dense very fine-grained microstructure, indicated by crystallite
size estimations from XRD and TEM, according to the Hall-Petch
relation. Another key factor is most likely the compressive stress
as a result of ion bombardment during the synthesis, both from
the applied bias voltage and the increasing flux of atoms as we
increase the C concentration. Optical profilometry revealed that
the stress increased as a function of C concentration, with signifi-
cant compressive stress up to almost 7 GPa, which is in the same
magnitude as the hardness increase beyond the ROM. The hardness
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remained roughly the same after annealing at 1000 �C for 72 h,
where the slight decrease in hardness could be explained by the
release of residual stresses. Clearly the decomposition of the meta-
stable (HfNbTiVZr)C phase and simultaneous formation of a hexag-
onal phase, did not lead to any observable hardening effect.
However, the temperature resilience of the favourable mechanical
properties could render this material interesting for high tempera-
ture applications.
5. Conclusions

In this study the phase stability of the (HfNbTiVZr)C system was
studied both experimentally and theoretically. CALPHAD methods
underlined the importance of temperature dependency when dis-
cussing phase stability, as the solid solution (HfNbTiVZr)C phase
is only entropy-stabilised at high temperatures. An increasing
instability at lower temperatures and C substoichiomety was pre-
dicted, with a strong tendency for elemental segregation, espe-
cially for V. For the as-deposited films (32–44 at.% C) the
metastable single-phase NaCl-type multicomponent carbide was
obtained at low to intermediate synthesis temperatures. This
clearly shows the importance of kinetic considerations, especially
for thin film processes. However, thin film depositions at elevated
temperatures led to partial elemental segregation of V, and anneal-
ing at high temperatures prompted equilibrium phase formation.
Even though a direct comparison from thermodynamic calcula-
tions and thin film samples is difficult, due to kinetic effects, the
experimental results confirmed the trend of driving forces pre-
dicted by CALPHAD methods. Our results suggest that temperature
considerations are very important when discussing phase stabili-
ties and driving forces in these multicomponent carbide materials.
All of which is essential for designing materials, that are used in
applications at elevated temperatures. Even more so we propose
CALPHAD as a valuable predictive tool even for non-
thermodynamic synthesis processes like magnetron sputtering.
Carbide formation led to the development of ceramic hardness,
with peak hardness of 34 GPa observed at 41 at.% of C. This can
most likely be attributed to the fine-grained microstructure
according to the Hall-Petch relation, in combination with high
compressive stress remaining from the synthesis. High hardness
is retained even after annealing at 1000 �C for 72 h, indicating use-
fulness for applications at elevated temperatures.
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