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Abstract

Substoichiometric (HfMoNbZr)Cx films with varied carbon content were synthesized using non-reactive

magnetron sputtering. Findings reveal that the (HfMoNbZr)Cx film predominantly exhibits a single-phase

FCC structure, which transforms to a dual-phase structure consisting of FCC and Hex. phases at higher

carbon content. This behavior arises from the segregation of group VB (Nb) and VIB (Mo) elements from

the FCC lattice. The film hardness (H) and elastic modulus (E) increases with rising carbon content

accompanied by a decrease of coefficient of friction (COF). However, the wear rate is not decreased despite

the increased H and reduced COF of the as-deposited films. This phenomenon is explained by examining

the differences in the wear mechanisms between (HfMoNbZr)Cx films with single- and dual- phase

structures.

Keywords: multi-principal element carbides, dual-phase structure, hardness, tribological behavior
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1 Introduction

The carbide films exhibit high hardness [1], exceptional wear resistance [2], excellent corrosion resistance

[3], and remarkable radiation stability [4], making them widely employed as protective coatings for

applications in aerospace, nuclear reactors, cutting tools, and biomedical fields. In recent years trends is to

improve film properties further by alloying multiple elements. Particularly, the introduction of the

innovative concept of material design, namely high-entropy alloys (HEAs), has significantly sparked

research interest in multi-principal element carbides (MPECs) as film materials with enhanced performance

[5–8]. The concept of MPECs is derived from HEAs, wherein the material comprises five or more metallic

elements with nearly equal atomic ratios [9]. The exceptional properties obtained beyond those of individual

constituents are believed to stem from thermodynamic high-entropy effects, crystallographic lattice

distortion effects, and kinetic hysteresis diffusion effects [10–12]. Furthermore, the incorporation of carbon

into the multi-principal element system is proposed to enhance hardness without compromising ductility,

thereby offering greater possibilities for MPECs [13,14]. For instance, investigations on (CrNbTaTiW)C

films have demonstrated that the incorporation of carbon atoms, attributed to their smaller atomic size,

induces significant lattice distortion, resulting in a more pronounced additional hardening effect than

conventional solid solution strengthening mechanisms, thereby resulting in a substantial augmentation in

film hardness [15]. Likewise, the hardness enhancement has been observed in (CrNbSiTiZr)C films [16].

Additionally, the incorporation of carbon atoms elicits a grain refinement phenomenon and an improve in

film density, thereby fostering enhancement in film hardness, which has been proved in other studies

[17,18]. Consequently, the manipulation of carbon defect concentrations allows for tailoring the mechanical

properties of MPECs.

The constituent cations also significantly affect the mechanical properties of MPECs. Strong carbide-

forming cations in groups IVB, VB, and VIB, such as Hf, Nb, and Zr, readily form Me-C bonds with strong

covalent characteristics, thereby increasing the thermodynamic stability and hardness of MPECs [19]. With

a big difference, weak carbide forming elements, such as Fe, Co, Ni, decreases the solubility of carbon in

the crystals, and lead to complex crystal structures and the formation of precipitates and amorphous carbon

matrix in the film [20,21]. For instance, the (Mo-Ta-W)-C and (Nb-Ta-W)-C films demonstrate exceptional

hardness and elastic modulus, achieving remarkable values of 35.5 and 36.1 GPa, and 343.3 and 349.5 GPa,

respectively [22]. Similarly, (TiZrNbHfTa)C film exhibits high hardness of 31 GPa and outstanding wear

resistance with a low coefficient of friction (COF) of approximately 0.12 [23]. In comparison, the
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(CoCrFeMnNi)C film possesses maximum hardness and elastic modulus values of 16 GPa and 183 GPa,

respectively [21].

Aiming to obtain high hardness of films as protective hard coatings for tribological applications, we

select refractory elements from group IVB to VIB as cations, where, Hf, Nb, and Zr are strong carbide-

forming elements, while Mo is a medium-strong carbide-forming element with great potential for reducing

the COF in high-temperature tribological environments [24]. (HfMoNbZr)Cx films with varying carbon

defect concentrations were prepared using non-reactive direct current magnetron sputtering (dcMS). We

investigated the elemental composition, cross-sectional morphologies, bonding characteristics, as well as

the mechanical and tribological properties of (HfMoNbZr)Cx films.

2 Experimental details

(HfMoNbZr)Cx films were deposited using 3-inch Hf25Mo25Nb25Zr25 (99.95% purity) and graphite (99.98%

purity) targets in a high vacuum deposition system with a base pressure of 2×10-3 Pa. Single-side polished

10 × 10 mm sized silicon (001) and 20 × 20 mm sized sapphire (0001) wafers were used as substrates

(sapphire substrates were only used for tribology test). Si and sapphire wafers were ultrasonically cleaned

by petroleum ether and ethanol, respectively, and blown dry by air before being mounted on the substrate

holder. The substrate was placed opposite to the targets at a distance of 11 cm with an angle of 45° between

substrate plane and the surface of targets. Prior to the deposition, the substrates were heated at a temperature

of 500 °C and maintained for 10 min to ensure that the substrate holder was thoroughly heated. No etch

cleaning was carried out for the substrates. The deposition was carried out at a working pressure of 4.5×10-

1 Pa, where Ar was introduced into the chamber at a gas flow rate of 40 sccm. During the deposition,

Hf25Mo25Nb25Zr25 and graphite targets were powered by dcMS power supplies. The discharge power for

the Hf25Mo25Nb25Zr25 target was kept at 150 W, while the graphite target power (PC) was set to 0, 45, 60,

80, 100, and 120 W, respectively, by regulating the discharge current. The substrate potential was kept

floating during the deposition. The deposition time for each section were kept at 180 min. Samples were

taken out of the chamber as the temperature of the substrate holder was cooled down to 80 °C.

The cross-sectional morphologies of (HfMoNbZr)Cx films were examined by a Scanning Electron

Microscope (SEM, Gemini 300, Zeiss) with an accelerating voltage of 3.0 kV. The elemental composition

of as-deposited films was determined by Electron Probe Microanalyses (EPMA, JEOL JAX8230) with the

aid of the ZAF-corrected program and an accelerating voltage of 15 kV. The X-ray diffractometer (XRD,
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D8 Advance, Bruker) with Cu Kα radiation wavelength of 0.154056 nm was applied to investigate the

crystallographic structures of the films in a Bragg-Brentano geometry. The recorded 2θ range was 20 - 80°

with a scanning speed of 2° per min. X-ray photoelectron spectroscopy (XPS) measurements were

performed in the Thermo Scientific K-Alpha system with employing Al Kα (hv=1486.6 eV) as the X-ray

source. Prior to the spectrum collection, the samples were sputter-etched for 30 nm using Ar+ ion beam the

contaminations on to remove the surface contaminations. The sputter etching was performed under a base

pressure of 2×10-5 Pa, with the application of charge neutralization. During this process, the incident angle

of Ar+ was set at 58°, and it possessed an energy level of 2000 eV. The high-resolution spectra were carried

out in pass energy of 50 eV and step size of 0.1 eV. For each spectrum, the binding energy scale was

calibrated by examining the raw valence band spectra around Fermi energy to avoid problems caused by

the use of C 1s [25].

The hardness (H) and elastic modulus (E) of the (HfMoNbZr)Cx films  were  measured  by  a

nanoindenter (TTX-NHT2, Anton Paar) equipped with a Berkovich tip. The measurement was carried out

in the load of 10 mN, and H and E were obtained from the load-displacement curve following the Oliver

and Pharr method [26]. In order to ensure the accuracy of the measurements, 10 indentations were

conducted for each specimen at varied locations of the film surface area and the maximum depth less than

1/10 of the films thickness was maintained. The tribological performance of (HfMoNbZr)Cx films were

studied using the films grown on sapphire substrate by a ball-on-disc tribometer (MFT-4000, Huahui) at

room temperature. The sliding was in a linear reciprocating mode with a Φ 6 mm Al2O3 ball  as  the

counterpart. The sliding speed, load, and time was set as 200 mm·min-1, 5 N, and 100 min, respectively.

The area of the 5 mm-long wear tracks was examined by the three-dimensional 3D Optical Profilometer

(Contour Elite K, Bruker). The wear rates (Wr) of films were calculated using the equation [27]:

Wr =
V

F∙S

Where V represents the wear volume (m3), F is the normal load (N), and S is the total sliding distance (m).

The special quasi-random structures (SQSs) were generated using the mcsqs code [28] of the Alloy-

Theoretic Automated Toolkit (ATAT) [29]. (Hf0.25Mo0.25Nb0.25Zr0.25)C solid solution, i.e., a 2 × 2 × 2 SQS

supercell with 64 atoms in cubic B1 (FCC) structure, was constructed. The density of states of the film was

calculated by ab-initio calculations based on density functional theory (DFT) [30]. The first-principles

calculations were performed using the Vienna Ab Initio Simulation Package (VASP) [31]. The projection
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augmented wave (PAW) [32] method was used to simulate the interaction between ions and electrons. The

generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) potential as proposed

by Perdew et al. [33,34] was used to describe the exchange correlation function. Brillouin zone sampling

was performed using 1 × 1 × 1 Γ-centered scheme. The energy convergence of self-consistency cycles and

ionic relaxation was set up as EDIFFG = 1E-6 and EDIFF = 1E-4, respectively. The energy volume curve

was fitted by using the third-order Birch-Murnaghan equation of state (EOS) [35]. The pre- and post-

processing of calculation results are carried out by VESTA [36] and VASPKIT [37] software.

3 Results

3.1 Composition and crystal structure

Elemental compositions and the atomic ratio between carbon and the total metallic elements (C/Me) of

(HfMoNbZr)Cx films deposited at varied PC are shown in Fig. 1. As seen in Fig. 1 (a), the element

concentration of metallic atoms in the film is nearly equiatomic. With increasing PC, the carbon

concentration also increases, reaching a maximum value of 33.8% at PC = 120 W, where the C/Me reaches

the value of ~ 51% (see Fig. 1 (b)).

X-ray diffractograms, out-of-plane lattice constant a0, and full width at half maximum FWHM of the

(HfMoNbZr)Cx films are shown in Fig. 2. As can be seen in Fig. 2 (a), the HfMoNbZr alloy film exhibits

a fine BCC crystallographic structure, characterized by a single broad peak with (110) preferred orientation

located at 2θ = 36.4°. Upon increasing the PC from 45 W to 120 W, a transition in the crystallographic

structure of the as-deposited films is observed, with the emergence of FCC structure accompanied by

preferential orientations of (111), (200), (220), and (222). The position of 111 peak shifts to lower 2θ angles

with the increasing PC accompanied by an increase of peak intensity. In addition, for the films grown at PC

values of 80 W, 100 W, and 120 W, additional reflections corresponding to the hexagonal-structured MeCx

phase are identified, characterized by (004) and (100) preferred orientations at 2θ = 30.8° and 32.8°,

respectively. As seen in Fig. 2 (b), the out-of-plane lattice constant (a0) of (HfMoNbZr)Cx gradually

increases with the increase of PC, consistent with the shift observed in the 111 peak. In contrast, the FWHM

of the (HfMoNbZr)Cx films gradually decreases, indicating an increase of crystallite size of (111) plane

composed crystallites in the out-of-plane direction.

The cross-sectional morphology of (HfMoNbZr)Cx films deposited at different PC are shown in Fig.

3. The HfMoNbZr alloy film (PC = 0 W) exhibits a clearly defined fine-grained structure, consistent with
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observations reported elsewhere [38]. With the introduction of carbon element, the growth of the film

changes toward columnar structure. However, no significant variation in the film growth rate is observed

across different PC values.

The chemical bonds of the (HfMoNbZr)Cx films with different PC are determined using XPS spectra.

Fig. 4 shows high-resolution XPS spectra recorded over the C 1s, Hf 4f, Mo 3d, Nb 3d, and Zr 3d core-

level regions for the (HfMoNbZr)Cx films with a sputter-etching depth of 30 nm. As shown in Fig. 4 (a),

the C 1s peaks located at around 282.57 eV and 284.83 eV correspond to metal carbides and C-C hybrids,

respectively [39]. The intensity of the binding energy corresponding to the metal carbide increases with the

increase of the PC, while the intensity and location of C-C hybrids remain unchanged. This increase in

carbide content is accompanied by shifts in the Hf 4f [40,41], Mo 3d [42–44], Nb 3d [45–47], and Zr 3d

[48,49] spectra, as shown in Fig. 4 (b)-(e), indicating a transition from metallic bonds to Me-C bonds with

the increase of PC. Notably, the Mo 3d and Nb 3d spectra peaks shift to the binding energy of Mo2C [43]

and Nb2C [46] at PC = 60 W and to higher binding energies corresponding to MoC [44] and NbC [47] at

PC = 120 W. This shift is significantly different from that observed in other constituting metallic elements,

namely Hf 4f and Zr 3d. This phenomenon suggests the presence of novel Mo-C and Nb-C bonds at higher

PC, which aligns with the dual-phase feature observed in the x-ray diffractograms (Fig, 3) [50–52]. In Fig.

4 (f), the intensity of the O 1s spectrum is weakened at higher PC, indicating a lower fraction of the metal-

oxygen bond. This phenomenon is confirmed in both the Hf 4f (Fig. 4 (b)) and Zr 3d (Fig. 4 (e)) spectra,

where the intensity of the Hf-O bond (17.48 eV) [53] and Zr-O bond (at 182.97 eV) [54] decreases with

increasing PC. Overall, these XPS results provide further evidence supporting the XRD results,

demonstrating that the formation of carbides is enhanced with the increasing carbon defect concentration

in film crystals.

3.2 Mechanical property and tribological performance

The hardness (H), elastic modulus (E), H/E, and H3/E*2 of (HfMoNbZr)Cx films grown at different PC are

shown in Fig. 5. For the film grown at PC = 0 W, the H and E are 13.2 ± 0.3 GPa and 155.4 ± 1.9 GPa,

respectively. As PC increases, the film H and E significantly increases and reaches maximum value of 31.7

± 0.7 GPa and 297.1 ± 8.4 GPa, respectively, at PC = 120 W (Fig. 5 (a)). As seen in Fig. 5 (b), the H/E and

H3/E*2 of the (HfMoNbZr)Cx films increase with the increase of PC, where higher H/E and H3/E*2 represent

higher elastic strain to failure and enhanced resistance of the film to plastic deformation [55,56].
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Fig. 6 depicts the COF curve and the average COF of (HfMoNbZr)Cx films under ball-on-disk test.

As seen in Fig. 6 (a), the COF curves of the (HfMoNbZr)Cx films increase rapidly during the transition

period, and then reach to a relatively steady-state period. For the film grown at PC = 0 W, the COF initially

reached a value of ~ 0.75 which produces a significant fluctuation at approximately 5 min, followed by a

steady-state period with the COF value of ~ 0.4 until the end of test. It can be compared with the films

grown at PC in the range of 45 W – 120 W, where no significant fluctuation of COF in the transition period

is seen. Such a high drop of COF for PC = 0 W case is expected to be resulted from the fully wear-out of

HfMoNbZr alloy film after the significant fluctuation as its H is relatively low as compared with

(HfMoNbZr)Cx. This can be also identified by the wear track depth and wear rate of PC = 0 W film (Fig. 6

(c) and (d)) that the local depth of wear track exceeds the film thickness (Fig. 3(a)). As a result, the low

average COF obtained by HfMoNbZr alloy film is mainly from that between Al2O3 counterpart and

sapphire substrate (see Fig. 6 (b) and Fig. S2). With the increase of the PC, the average COF of

(HfMoNbZr)Cx films decreases, and the minimum value is obtained by the film grown at PC of 120 W (Fig.

6 (b)). The 2D profiles of wear tracks and wear rate of the (HfMoNbZr)Cx films are shown in Fig. 6 (c) and

(d). As seen in Fig. 6 (c), the depth and the width of the wear track of the HfMoNbZr alloy film is far greater

than the (HfMoNbZr)Cx films. With the PC increases from 45 W to 120 W, the depth of the wear tracks of

the (HfMoNbZr)Cx films slightly increase, where the depth reaches the maximum value at PC of 120 W.

This phenomenon is highly correlated with the estimated wear rate of as-deposited films. As seen in Fig. 6

(d), the HfMoNbZr alloy film possesses the highest wear rate. For (HfMoNbZr)Cx films, it is clear that

even though the film H increases and COF decreases simultaneously with the increase of PC, the wear rate

still increases as PC increases from 45 W to 80 W, followed by nearly equal wear rate of the films grown at

PC of 80, 100, and 120 W. This phenomenon is in consistent with the wear behavior of tungsten carbide

films shown in Ref. [57]. However, main difference between the PC = 80, 100, and 120 W cases is that wear

tracks of the (HfMoNbZr)Cx becomes smoother with the increasing PC.

3.3 Electronic structure

In order to further study the bonding characteristics of the (HfMoNbZr)Cx film, the density of states (DOS)

of the stoichiometric (Hf0.25Mo0.25Nb0.25Zr0.25)C is calculated. The theoretical calculation results of the total

density of states (TDOS) and partial density of states (PDOS) of the constituting elements are shown in Fig.

7. The (Hf0.25Mo0.25Nb0.25Zr0.25)C exhibits an obvious bonding-antibonding structure with a pseudogap

feature, which has been reported in the study of early carbides [58,59]. As shown in Fig. 7 (a), the Fermi
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level is located near the minimum value of TDOS, indicating the structural stability of

(Hf0.25Mo0.25Nb0.25Zr0.25)C. The observed total density of states curve can be divided into three regions: (i)

The first region, ranges from -13.3 eV to -8.7 eV, is mainly dominated by C p states. (ii) The second region,

located at -7.3 eV to 0.2 eV, is mainly dominated by Me d states (Me = Hf, Mo, Nb and Zr) and C p states

of the metal. (iii) The third region is ranged from 0.2 eV to 3.5 eV and located above the Fermi level, where

the main contribution is from the d states of Mo and Nb, and the contribution of C p state is small. In

addition, in the second region the C p and Me d states have a significant resonance, which indicates strong

covalent properties [60]. The hybridization between Me d electrons and C p electrons is supposed to

rationalize the high hardness of carbides [61].

4. Discussion

4.1 Bonding and crystallographic structure

For all the (HfMoNbZr)Cx films, the carbon content increases with increasing PC. However, the value of

C/Me reaches only around 51% at PC = 120 W, which is still lower than 1:1, indicating substoichiometry of

the films. Despite the low carbon content, crystalline FCC-structured Me-C phases are still observed in the

x-ray diffractograms (Fig. 2(a)). This can be attributed to the predominant formation of carbides by

consuming the metallic atoms rather than amorphous carbon, resulting in crystalline carbides with carbon

vacancies in the film. The preferential formation of carbides is further supported by the analysis of Raman

spectroscopy data (see Fig. S3), which did not show any significant signals from C-C sp2 or C-C sp3 bonds.

Although weak peaks of C-C sp2 and C-C sp3 bonds are observed in the C 1s core-level spectrum (Fig.

4(a)), no noticeable changes are observed as PC increases from 60 W to 120W. As PC increases, the

crystallinity of the carbides improves (see Fig. 2(a)), accompanied by the growth of the film from a fine-

grained structure towards a columnar structure (see Fig. 2(c) and Fig. 3). This phenomenon is commonly

observed in sputter-deposited substoichiometric carbide films, where crystallinity increases with increasing

carbon content [62]. In addition, it is seen in Fig. 2 the higher PC leads to an increase in the lattice parameter

(a0) of carbide grains. It can be attributed to the higher insertion number of carbon atoms at interstitial

positions within the B1-structured lattice [63].

We are particularly interested in drawing conclusions regarding the appearance of the hexagonal-

structured MeCx phase when PC ≥ 80 W (see Fig. 2 (a)). According to the phase diagram of binary carbides,

Mo and Nb have a tendency to form a crystal structure with hexagonal Me2C and MeC coexisting at low
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carbon content, while Hf and Zr can only form the B1-structured MeC [64]. The hexagonal-structured Me2C

can diffuse into the B1-type solid solution with HfC or ZrC as the host materials [65–69]. Consequently, a

single-phase FCC crystallographic structure can be identified in the film grown at PC of 45 W and 60 W

(Fig. 2 (a)). However, due to the higher number of valence electrons in elements from group VB (Nb) and

VIB (Mo), the stability of this solid solution is low, and it decreases further as carbon vacancies decrease,

i.e., when more carbon defects are introduced [70]. As a result, the increasing carbon content in the film

inevitably leads to the formation of a secondary hexagonal MeCx phase [71]. The tendency of Mo and Nb

to segregate from the solid solution is also supported by the mixing enthalpies of binary Me-C systems,

where the mixing enthalpies of Hf-C, Mo-C, Nb-C, and Zr-C are −123, −67, −102, and −131 KJ/mol,

respectively [72], indicating the lower stability of Mo-C and Nb-C systems compared to Hf-C and Zr-C

systems. Additionally, the formation of the secondary hexagonal phase by Mo and Nb is consistent with the

peak shifts observed in the XPS spectra (Fig. 4), where the atomic chemical bond states of Mo 3d and Nb

3d shift from metallic to Me2C and MeC at PC of 60 W and 120 W, respectively. As carbon atoms receive

electrons from metallic atoms, the increase of PC results in higher binding energy values [73,74]. This shift

to the left, i.e., a higher binding energy value, is observed in the XPS spectrum at higher PC is also suggested

elsewhere [75,76]. In summary, the presence of a dual-phase crystallographic structure at PC ≥ 80  W is

primarily attributed to the complex nature of Mo-C and Nb-C phases at varied carbon contents.

4.2 Mechanical and tribological properties

In this study, the H of the obtained multi-principal carbide film is higher than that of other related studies

[15,17]. Additionally, the H and E of the (HfMoNbZr)Cx film are significantly elevated with the addition

of carbon, as comparing the PC of 0 W and 45 W cases. This enhancement can be attributed to the formation

of carbides that exhibit a mixture of covalent-metallic-ionic chemical bonding in (HfMoNbZr)Cx (see Fig.

7) [77]. As the PC is further increased, the volume of crystallite carbides increases, leading to a higher H

[78]. Moreover, when PC is increased from 80 W to 120 W, a dual-phase structure emerges, as confirmed

by XRD analysis (Fig. 2 (a)). Similar to high-entropy alloys, the presence of a dual-phase structure is

supposed to significantly increase H and E of the film, owing to distinct plastic deformation mechanisms

and interface interactions within the dual-phase structure [79–81]. It is also suggested that the incorporation

of the secondary phase stabilizes the FCC matrix, resulting in improved mechanical properties of the film

[82,83]. Additionally, as discussed in the Section 4.1, both XPS (Fig. 4) and Raman spectra (Fig. S3)

demonstrate no significant increase in the formation of C-C sp2 or  C-C  sp3 bonds with increasing PC,
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providing an explanation for the observed increase in film hardness as the presence of an amorphous carbon

matrix would cause mechanical deterioration of the film.

The film coefficient of friction (COF) decreases with the increase of PC, as shown in Fig. 6 (a) and (b).

As discussed previously, the formation of C-C sp2 or C-C sp3 bond is not significantly enhanced with the

increasing PC. Therefore, we believe the decrease of COF when comparing PC = 0 W, 45 W, 60 W cases is

due to the segregation of carbon during sliding against the Al2O3 counterpart [1,84]. During the

reciprocating friction process, heat generation prompts the graphite crystals in the film's grain boundary to

precipitate onto the surface. These graphite crystals subsequently interact with atmospheric water and

oxygen, creating a friction transfer layer that serves as a lubricant during wear [49]. Evidence of this can

be found in the Raman spectra of the wear scar, where distinct D and G peaks are observable in PC = 45 W

films (see Fig. S3 (b)), contrasting with the absence of apparent C-C peaks in the as-deposited film.

However, the reason of further decline in COF for dual-phase structured (HfMoNbZr)Cx films (PC = 80 W,

100 W, and 120 W) may differ, as no conspicuous D and G peaks are seen in the wear scar (see Fig. S3).

This reduction in COF could be attributable to the lubricative quality of the hexagonal-structured MXenes

[85].

Regarding the wear rate of (HfMoNbZr)Cx films grown at varied PC, shown in Fig. 6 (c) and (d), at a

PC of 45 W, the wear track depth curve of the film exhibits a "W-shaped" profile. This pattern is ascribed

to the plastic deformation of wear debris at the film-counterpart interface during wear (see Fig. S4 (a) and

(a1)) [57], and as a result reveals a wear scar exhibiting adhesive wear morphology. In contrast, the film

grown at PC = 120 W presents a smoother appearance without noticeable deformation of wear debris (Fig.

S4 (b) and (b1)). Further investigation of the morphology and elemental composition of wear debris for PC

= 45 W and 120 W films (Fig. S5 and Table S1) reveals a greater abrasive size for the PC = 120 W film,

partially accounting for its higher wear rate [86]. Furthermore, the increased oxygen content in the wear

debris of the PC = 45 W film indicates more extensive oxidation during the tribology process. Thus, we

speculate that the mechanism explaining the elevated wear rate of the PC = 120 W film compared to the PC

= 45 W film stems from variations in wear mechanism and debris morphology.

5 Conclusions

In this study, we demonstrate that the film structure and properties of (HfMoNbZr)Cx films are highly

dependent on variations in the point defect density of carbon. We find that (HfMoNbZr)Cx films containing
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less than 25.4 at. % carbon display a single-phase NaCl-type FCC structure, while those with higher carbon

content induce a dual-phase composition of FCC and hexagonal phases. Interestingly, no conspicuous C-C

bonding formation is found in the film even when the PC reaches 120 W, achieving a C/Me ratio of

approximately 51%, as validated by both X-ray photoelectron spectroscopy and Raman spectra. Our

evidence points to the second phase’s emergence stemming from the low stability of Nb-C and Mo-C

compared to other constituent carbide bonds. Furthermore, both hardness and elastic modulus are correlated

with increasing carbon content, peaking at 31.7 ± 0.7 GPa and 297.1 ± 8.4 GPa, respectively, at a PC of 120

W. Elevating the carbon content also effectively diminishes the coefficient of friction (COF) of the films,

reaching a COF of 0.4 at PC = 120 W. However, the minimal wear rate of 3.8×10-15 m3/(N·m) is achieved

by the film grown at PC = 45 W, accompanied by a COF and hardness of 0.64 and 20.8 ± 0.6 GPa,

respectively. We speculate that the reduced wear rate of (HfMoNbZr)Cx films  grown  at PC = 45 W,

compared to those at PC = 120 W, is related to differences in wear mechanisms and debris morphology.

This research furnishes fresh insights into the effects of carbon content on the structure and attributes of

(HfMoNbZr)Cx films, uncovering new opportunities to tailor the properties of multi-element carbide

(MEPC) films through anion defect manipulation.
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List of figure captions

Fig. 1 (a) Elemental compositions and (b) the atomic ratio of carbon and the total metallic elements C/Me

of (HfMoNbZr)Cx films as a function of graphite target power PC.

Fig. 2 (a) X-ray diffractograms, (b) out-of-plane lattice constant a0, and (c) full width at half maximum

FWHM of the (HfMoNbZr)Cx films grown at different graphite target power PC. Both a0 and FWHM are

estimated from positions of FCC 111 peak for PC of 45, 60, 80,100, and 120 W, and BCC 110 peak for PC

= 0 W.

Fig. 3 The cross-sectional morphology of (HfMoNbZr)Cx films deposited at different PC: (a) 0W, (b) 45

W, (c) 60 W, (d) 80 W, (e) 100 W, (f) 120 W.

Fig. 4 High-resolution core level spectra of (a) C 1s, (b) Hf 4f, (c) Mo 3d, (d) Nb 3d, (e) Zr 3d, and (f) O

1s recorded from (HfMoNbZr)Cx films.

Fig. 5 (a) The hardness H and elastic modulus E, and (b) H/E and H3/E*2 of (HfMoNbZr)Cx films  as  a

function of graphite target power PC. H and E are averaged from 10 indentations.

Fig. 6 (a) The coefficient of friction (COF) as a function of sliding time, (b) average COF, (c) 2D profiles

of wear tracks, and (d) wear rate, of the (HfMoNbZr)Cx films deposited at different PC. The average COF

is averaged from 3 measurements. The wear rate is averaged from 6 measurements.

Fig. 7 (a) Total density of state (TDOS) and partial density of states (PDOS) of (b) C, (c) Hf, (d) Mo, (e)

Nb, and (f) Zr for (Hf0.25Mo0.25Nb0.25Zr0.25)C. The Fermi level is set to 0 eV and marked by black dashed

line.



22

Fig. 1



23

Fig. 2



24

Fig. 3



25

Fig. 4



26

Fig. 5



27

Fig. 6



28

Fig. 7


