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A B S T R A C T

Non-reactive (nr) as well as reactive (r) magnetron sputtering was utilised to compare the phase formation and 
mechanical properties of (Hf,Ta,Ti,V,Zr)-carbide coatings. The nr-synthesised coatings form a single-phase fcc- 
structured solid solution, whereas the r-synthesised ones show a strong dependence on the used acetylene flow 
(fC2H2). Thereby, only the coating deposited with fC2H2 = 20 % (the total flow is Ar +C2H2) exhibit a single-phase 
structure, whereas coatings deposited with lower acetylene flow rate ratio show partly XRD-amorphous patterns. 
The hardness comparison of the two single-phased coatings shows that the nr-sputtered one exhibits 41.6 ± 1.6 
GPa, while the r-sputtered one is noticeably softer with 34.8 ± 1.6 GPa. Upon vacuum annealing of free-standing 
powdered coating materials, both show no structural change up to 1300 ◦C, only a reduction in their X-ray 
diffraction peak widths (indicative for structural relaxation effects). However, vacuum annealing of coated 
sapphire substrates at 1000–1300 ◦C caused spallation of the r-(Hf,Ta,Ti,V,Zr)C, while the nr-(Hf,Ta,Ti,V,Zr)C 
stayed intact, with an additional phase formed only when annealed at 1300 ◦C supposedly due to an interface 
reaction with the sapphire substrate. This nr-(Hf,Ta,Ti,V,Zr)C only slightly softens to 40.2 ± 2.1 GPa upon 
annealing to 1200 ◦C, while a further increase to 1300 ◦C causes a reduction to 34.0 ± 2.4 GPa, due to this 
interface reaction and recovery effects. These findings suggest that nr-(Hf,Ta,Ti,V,Zr)C offers superior phase 
stability, mechanical robustness, and resistance to high-temperature degradation over their reactively-prepared 
counterparts, making them better suited for applications demanding thermal stability and hardness retention.

1. Introduction

The utilisation of ceramic coatings deposited by physical vapour 
deposition is nowadays a very common way to protect tools and com-
ponents from the degradation caused by mechanical or thermal load as 
well as their environment. In this regard TiN and (Ti,Al)N-based coat-
ings have proven to be successful [1–4]. But especially at elevated 
temperatures, nitrides are pushed to their limits. Therefore, borides or 
carbides, which are so called ultra-high temperature ceramics (UHTCs), 
are used as protective coatings for applications requiring temperatures 
>1500 ◦C [5–7]. In this regard HfC, TaC, or (Hf,Ta)C—which exhibits 
with ~4200 ◦C the highest known melting point—are due to their high 
thermal stability and hardness suitable candidates to protect tools and 
components from mechanical and thermal load [8,9]. Additionally, to 
binary and ternary ceramics, also material combinations using more 
elements are used. Especially for (Ti,Al)-based nitrides, the addition of 
refractory transition metals such as Ta, Mo, Zr, or W, has shown to be 

successful in enhancing the thermal stability and oxidation resistance as 
well as fracture toughness [10–18]. In recent years, also the addition of 
rare earth metals such as La and Ce also showed promising results 
regarding the oxidation resistance and thermal stability [19–21]. 
Furthermore, also the high-entropy concept, using 5 metals in equimolar 
concentration, has been applied to nitrides, borides, oxides, and carbides 
to further increase the thermal stability and the oxidation resistance of 
ceramic thin films [7,22–28]. Due to the fact that essentially only their 
metal-sublattice is high entropic, the more specific term “high-entropy 
sublattice nitrides” was coined [23]. The huge potential of such a ma-
terial development concept has been shown also for bulk carbides by 
theoretical as well as experimental studies [29–35]. In the field of PVD 
coatings, nitrides based on the high-entropy concept have shown to be 
potential candidates to be used in industry as they outperform conven-
tional nitrides. However, high-entropy sublattice carbide thin films in 
contrast are rarely investigated. In this study we investigate the influ-
ence of the deposition process (reactive and non-reactive) on the phase 
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formation and mechanical properties of (Hf,Ta,Ti,V,Zr)-carbide 
coatings.

2. Experimental methods

The investigated (Hf,Ta,Ti,V,Zr)C coatings were developed using 
magnetically unbalanced magnetron sputtering. The non-reactively 
sputtered coatings (for easier reading further referred to as nr-(Hf,TA, 
Ti,V,Zr)C) were synthesised using a modified Leybold Z400 magnetron 
sputtering system equipped with one 3″ cathode. The target used for 
these depositions consists of HfC, TaC, TiC, VC, and ZrC in an equimolar 
(20 mol% each) concentration (Plansee Composite Materials GmbH). 
For the reactive sputter process a metallic target consisting of the 
respective metals in equiatomic composition was used. The base pres-
sure before heating the substrates to 450 ◦C was 2 × 10− 4 Pa. During the 
deposition, a constant bias volage of − 50 V was applied.

The reactively sputtered coatings (further referred to as r-(Hf,Ta,Ti, 
V,Zr)C) were synthesised in an in-house built magnetron sputter system 
(FRIDA), equipped with one 3″ cathode and an acetylene (C2H2) gas 
supply. Various coatings are prepared through sputtering the HfTaTiVZr 
metallic target in an Ar and acetylene gas mixture, using acetylene flow 
rate ratios fC2H2 = (C2H2/(Ar + C2H2)) of either 5, 10, or 20 %. The 
coatings were deposited on Si (100), sapphire (1− 102), and thin iron foil 
substrates, which were ultrasonically cleaned in acetone and ethanol for 
10 min each. Subsequently, the substrates were placed in a substrate 
holder and after reaching a base pressure of 3 × 10− 4 Pa they were 
heated to 450 ◦C. From the coatings deposited on the iron foil, free- 
standing coating material was produced by dissolving the iron foil in 
nitric acid. The coating flakes obtained were ground to powder, which is 
used for further microstructural investigations and annealing treatments 
to avoid/minimise substrate interference.

X-ray diffraction (XRD) with a PANalytical XPert Pro MPD (θ-θ 
diffractometer) holding a Cu- Kα (λ = 1.54 Å) radiation source was 
conducted for microstructural investigations. The grazing incidence 
measurements were carried out on a PANalytical Empyrean material 

diffractometer with the same copper source, at a grazing angle of 3◦ and 
a scintillation detector (0D) equipped with a parallel plate collimator. 
The mechanical properties of the coatings were determined using an 
UMIS II nanoindentation system. For each sample, measurements with 
40 indents and a force range of 5–35 mN were carried out. The analysis 
of the recorded load displacement curves was done after Oliver and 
Pharr [36].

Scanning electron microscopy (SEM) investigations were carried out 
in a FEI Quanta 200 SEM utilising a field emission gun (FEG) operated at 
an acceleration voltage of 10 keV. Detailed structural investigations 
using transmission electron microscopy (TEM) were done in a TECNAI 
F20 FEG-TEM operated at 200 keV. The respective TEM samples were 
prepared using a SCIOS II focused ion beam (FIB) facility. To gain in-
formation about the thermal stability of the coatings, powdered coating 
material as well as coatings on sapphire substrates were vacuum 
annealed at a temperature range of 900–1300 ◦C for 10 min each. 
Subsequently, the samples were investigated by XRD and 
nanoindentation.

3. Results and discussion

XRD results of r-(Hf,Ta,Ti,V,Zr)C coatings are presented in Fig. 1a. 
The patterns show that with fC2H2 = 5 % the coatings exhibit very small 
grains or even amorphous character indicated by a very broad peak in 
the diffraction angle range of 30 to 40◦ where a second peak is only 
slightly visible. With increasing acetylene flow, the structure becomes 
more crystalline but no fully developed single phase crystalline material 
is present. The peak at ~34◦ suggests carbide formation with partly 
amorphous or metallic contributions indicated by its asymmetric shape. 
Further increasing fC2H2 to 20 % leads to a single phased face-centred 
cubic carbide structure. For better comparison, powdered free- 
standing coating material was produced (by depositing the coatings on 
iron foil and subsequently dissolving the substrate in nitric acid, see 
Experimental methods) and investigated by XRD. This allows the 
contribution of more coating material, again a well-developed single 

Fig. 1. (a) X-ray diffraction patterns of r-(Hf,Ta,Ti;V,Zr)C coatings on Si substrates depending on the acetylene flow rate ratio (fC2H2) and powdered coating material 
deposited with fC2H2 = 20 %. For comparison of the peak positions HfC (red squares, PDF #00-039-1491) and TaC (blue circles, PDF #00-035-0801) are indicated. (b) 
Hardness and indentation modulus of r-(Hf,Ta,Ti,V,Zr)C coatings depending on fC2H2.
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phase fcc structure is present, see Fig. 1a at the top. The lattice param-
eter of the powdered coating material is 4.47 Å (compare indicated HfC 
and TaC reference patterns). For the coatings on Si substrates the lattice 
parameter is 4.49 Å. The difference is due to the constraints with the 
substrate and suggests for growth-induced build-up of compressive 
stresses within the film. The differential thermal expansion between 
carbide and Si substrate would introduce tensile stresses upon cooling 
down from the deposition temperature. The thermally induced tensile 
stresses were calculated to be of ~0.8 GPa using an averaged thermal 
expansion coefficient from literature values of the binary ceramics and 
the biaxial E-modulus using the experimentally evaluated indentation 
modulus and an averaged Poisson's ratio of ν = 0.21 [37]. The hardness 
and indentation modulus of the coatings deposited with the lowest 
acetylene flow rate ratio are 9.1 ± 0.3 GPa and 134 ± 10 GPa, respec-
tively, see Fig. 1b. With increasing C2H2 flow rate the hardness increases 
to 18.5 ± 0.9 GPa (for the intermediate acetylene flow rate) and further 
to 34.8 ± 1.6 GPa (for the coating deposited with fC2H2 = 20 %). This fits 
very well to the observed structure. A similar behaviour can be observed 
for the indentation modulus, which increases to 217 ± 17 GPa for fC2H2 
= 10 % and then to 345 ± 9 GPa for the highest acetylene flow rate ratio. 
With a difference of 0.02 Å between the lattice parameters of the 
powdered free-standing coating material and the coating on the Si- 
substrate— which corresponds to a strain of ~0.45 %—the residual 
compressive stress is therefore estimated to be ~2 GPa. Combining the 
thermally induced tensile stress and the residual compressive stresses, 
the intrinsic stress due to the deposition process yields − 2.8 GPa. The 
trend of the hardness and the indentation modulus fits perfectly to the 

structural results as their values reach the expected range for carbides as 
soon as the coating forms a well-developed single phased fcc carbide.

SEM fracture cross-section images of the coating deposited with 
fC2H2 = 20 % show a very fine grained microstructure, which appears 
almost featureless, see Fig. 2a. TEM bright-field as well as dark-field 
images prove the fine grained microstructure and indicate columnar 
growth of the coating with column diameters of 20–50 nm (lengths of 
about 200 nm), see Fig. 2b and c. Selected area electron diffraction 
(SAED) patterns obtained from the area marked with a white dashed 
circle in Fig. 2b, further confirm the very fine structure due to the ring- 
like pattern, see Fig. 2d. The very small grains for the reactively 
deposited coatings stem from the combination of more random nucle-
ation events during the film growth and the low ion energy, which leads 
to a more random distribution of the crystal orientations and a very fine- 
grained microstructure [38]. Furthermore, also here only contributions 
from the fcc phase can be identified, confirming the well-developed 
single-phase fcc structure as observed by XRD.

For comparison to the reactively prepared coatings, non-reactively 
prepared coatings of the same material system were developed. The 
SEM images in the case of the non-reactively prepared coatings show a 
columnar fracture cross section with much larger grains than those of 
the reactively deposited coatings, see Fig. 3a. The bright-field and dark- 
field TEM images confirm the columnar growth and the larger column 
size with diameters of 50–100 nm (with lengths in the order of ~1 μm), 
see Fig. 3b and c. Therefore, the SAED pattern (using an aperture size of 
500 nm diameter) exhibits rather discrete diffraction spots than 
continuous rings. Furthermore, from the SAED we can state that the non- 

Fig. 2. Morphology of r-(Hf,Ta,Ti,V,Zr) carbide coatings deposited with fC2H2 = 20 %. (a) SEM fracture cross section, (b) TEM bright field image, (c) TEM dark field 
image, (d) SAED pattern taken from the area marked with a white dashed circle in (b).
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reactively deposited coatings also crystallise in a single-phase fcc 
structure, which fits perfect to the XRDs.

The powdered free-standing coating materials were investigated by 
XRD in their as-deposited state as well as after vacuum annealing 
treatments up to 1300 ◦C to trace any possible structural changes and 
decomposition phenomena. The XRDs of nr-(Hf,Ta,Ti,V,Zr)C show 
rather symmetric peaks, see Fig. 4a. With increasing annealing tem-
perature, a clear decrease of the full-width at half maximum (FWHM) 
can be observed indicating grain growth and recovery of lattice defects 
but no decomposition of the solid solution. Contrary to the non- 
reactively sputtered film, the reactively sputtered one shows asym-
metric XRD peaks that could stem from the formation of an amorphous 
grain-boundary phase—XRD bumps from the amorphous phase could 
overlap with the XRD peaks from the crystalline phase—or the forma-
tion of specific lattice defects (like stacking faults, dislocation cells or 
walls), see Fig. 4b. Due to the powdered state, the (111) and (200) peaks 
are comparable in intensity, like for the non-reactively prepared film, 
although the film showed a pronounced 111-oriented growth (when 
having the material still at the substrate, compare Fig. 4a and 2a). The 
annealing treatment causes the formation of more symmetric XRD 
peaks, indicating a reduction of any amorphous phase content and/or 
reduction of the specific lattice defects. Like for the non-reactively 
prepared coatings, there are no indications for a decomposition of the 
solid solution fcc phase up to 1300 ◦C. A similar thermal stability was 
observed in previous studies on high-entropy metal-sublattice nitrides 
with the same elements on the metal-sublattice like the (Hf,Ta,Ti,V,Zr)- 
carbides [23].

Samples of r-(Hf,Ta,Ti,V,Zr)C as well as nr-(Hf,Ta,Ti,V,Zr)C coatings 
on sapphire substrate (in their as-deposited state and after vacuum 
annealing at temperatures up to 1300 ◦C) were used for nanoindentation 
measurements to determine the thermal stability of their mechanical 
properties. Unfortunately, the samples with reactively sputtered coat-
ings could not be measured due to massive spallation, indicating that the 
reactive process leads to a weak interface between substrate and coating. 
Therefore, only the results for the non-reactively sputtered coatings are 
presented in Fig. 5.

In the as-deposited state, the nr-(Hf,Ta,Ti,V,Zr)C coating provides a 
hardness of 41.6 ± 1.6 GPa, which sometimes is named as being 
superhard (for H ≥ 40 GPa [39]). The respective indentation modulus is 
with 438 ± 16 GPa in the range of similar non-reactively synthesised 
coatings as well as DFT calculated values [9,40,41]. This increased 
hardness, compared to the reactively sputtered coating, stems from the 
slightly different deposition conditions as this coating was prepared in a 
facility with a lower target-to-substrate distance, yielding a higher 
plasma density. Upon annealing at 1000 ◦C the hardness only slightly 
decreases to 40.4 ± 2.0 GPa and remains there upon a further increase in 
Ta to even 1200 ◦C. Annealing at Ta = 1300 ◦C leads to a decrease to 34 
± 2.4 GPa, which is still rather high when compared to nitrides expe-
riencing the same annealing treatment. Similar to the hardness, the 
indentation modulus stays almost unaffected by the annealing treatment 
up to Ta = 1200 ◦C. However, increasing Ta to 1300 ◦C leads to an in-
crease of the indentation modulus to 469 ± 30 GPa. This slight increase 
(values are still within the error bars) might stem from the densification 
of under-dense grain boundary regions as well as grain growth.

Fig. 3. Morphology of nr-(Hf,Ta,Ti,V,Zr) carbide coatings. (a) SEM fracture cross section, (b) TEM bright field image, (c) TEM dark field image, (d) SAED pattern 
taken from the area marked with a white dashed circle in (b).

A. Kirnbauer et al.                                                                                                                                                                                                                              Surface & Coatings Technology 496 (2025) 131645 

4 



Although the XRD patterns of the annealed powdered free-standing 
samples have been presented above, we again show the impact of the 
annealing treatment on the XRD patterns (Fig. 5b), but from the samples 
that have been used for nanoindentation (thus, from coatings on sap-
phire). While the overall behaviour is very comparable to the powdered 
free-standing coating material, compare Fig. 4a, an additional XRD peak 
at ~36◦ can be detected for the 1300 ◦C annealed sample. As this is 

clearly absent for the powdered free-standing coating material and the 
pattern obtained by a grazing incidence measurement, this peak can be 
attributed to a phase stemming from an interface reaction between the 
carbide film and the sapphire substrate. Based on existing reference 
patterns this phase could be a type of Al4CO4 (PDF #00-048-1583) with 
a chemical variation.

Fig. 4. XRD patterns of the powders after vacuum annealing of (a) nr-(Hf,Ta,Ti,V,Zr)C, and (b) r-(Hf,Ta,Ti,V,Zr)C.

Fig. 5. (a) XRD patterns of nr-(Hf,Ta,Ti,V,Zr)C coatings on sapphire substrates after vacuum annealing with an additional grazing incidence (GI) measurement for 
the sample annealed at 1300 ◦C, and (b) hardness and indentation modulus of nr-(Hf,Ta,Ti,V,Zr)C coatings depending on the annealing temperature.
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4. Summary and conclusion

(Hf,Ta,Ti,V,Zr) carbide coatings were developed using reactive and 
non-reactive magnetron sputtering. The coatings exhibit a single-phase 
fcc structure for the non-reactive process as well as for the reactive 
when using an acetylene flow rate ratio of 20 %. For lower acetylene 
flow rate ratios, the coatings also contain metallic or partly amorphous 
phases. The hardness of the single-phase fcc structured coating is 34.8 ±
1.6 GPa when prepared reactively and 41.6 ± 1.6 GPa when prepared 
non-reactively. Upon annealing powdered free-standing coating mate-
rial up to 1300 ◦C, no decomposition can be detected via XRD. However, 
when annealing coated sapphire substrates, an additional XRD peak for 
the 1300 ◦C annealed sample, hints towards the formation of an inter-
face reaction between nr-(Hf,Ta,Ti,V,Zr)C and sapphire. The r-(Hf,Ta,Ti, 
V,Zr)C experienced spallation during this treatment. Nanoindentation 
experiments after these annealing treatments showed stable values for 
nr-(Hf,Ta,Ti,V,Zr)C up to Ta = 1200 ◦C, a reduction in H to 34 ± 2.4 GPa 
and an increase in E to 469 ± 30 GPa when annealed at 1300 ◦C. Based 
on our results we can conclude, that the coating is thermally very stable 
(corresponding to the equivalent high-entropy sublattice nitride). As the 
high-entropy sublattice carbide as well as its nitride variant maintain 
their single-phase fcc structure and hardness up to annealing tempera-
tures of 1200 ◦C (without noticeable changes), their high-entropy metal- 
sublattice seems to be responsible for the retarded diffusion. This 
together with the fact that all of the involved metals are good carbide 
formers highlights, that choosing the metal elements wisely is the pre-
requisite for enhanced properties of high-entropy metal sublattice 
carbides.
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