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Abstract: Refractory high/medium entropy nitrides (HENs/MENs) exhibit comprehensive application prospects 

as protective films on mechanical parts, particularly those subjected to sliding contacts at elevated temperatures. 

In this study, a new MEN system TiNbWN, forming a single fcc solution, is designed and its wear performance 

at temperatures ranging from 25 to 750 °C is explored. The wear mechanisms can be rationalized by examining 

the subsurface microstructural evolutions using the transmission electron microscopy as well as calculating 

the phase diagrams and interfacial adhesion behavior employing calculation of phase diagram (CALPHAD) 

and density functional theory (DFT). To be specific, increased wear losses occur in a temperature range of 

25–600 °C, being predominantly caused by the thermally-induced hardness degradation; whereas at the 

ultimate temperature (750 °C), the wear loss is refrained due to the formation of nanocrystalline oxides (WnO3n−2, 

TiO2, and γTiOx), as synergistically revealed by microscopy and CALPHAD, which not only enhance the 

mechanical properties of the pristine nitride film, but also act as solid lubricants, reducing the interfacial 

adhesion. Thus, our work delineates the role of the in situ formed nanocrystalline oxides in the wear mechanism 

transition of TiNbWN thin films, which could shed light on the high-temperature wear behavior of refractory 

HEN/MEN films. 
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1  Introduction 

High/medium entropy alloys (HEAs/MEAs) containing 

elements in near-equiatomic proportions normally 

with a single-phase structure have attracted extensive 

attention as they demonstrate potential combinatorial 

properties that are not attainable in conventional 

alloys [1–3]. Recently, incorporation of p-block 

elements such as nitrogen (N), carbon (C), and boron 

(B) has led to the development of new high/medium 

entropy materials, which are high/medium entropy 

nitrides (HENs/MENs), high/medium entropy carbides 

(HECs/MECs), and high/medium entropy borides 

(HEBs/MEBs) [4–7]. The HENs/MENs possess 

superiorities in terms of high-temperature thermal 

stability, oxidation resistance, and mechanical properties 

due to the sluggish diffusion and solid solution 

strengthening effects, being qualified as protective 

films on the mechanical parts that operate at varying 

temperatures [5, 7–9]. 
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Herein, toward high-temperature applications, we 

add the refractory metal elements, niobium (Nb) 

and tungsten (W), into the benchmark binary nitride 

system, titanium nitride (TiN), to design a novel MEN 

system, TiNbWN. Even though there is a paucity of 

studies on the TiNbWN films, the structure–property 

relationships for the ternary TiNbN and TiWN films 

have been tackled. For example, Baran [10] reported 

that the TiNbN film contained a single TiN-type fcc 

phase, with a microhardness (H) value as high as  

24 GPa. Serro et al. [11] further compared the wear 

resistance of TiN, TiNbN, and TiCN thin films for 

biomedical applications, whereby the TiNbN film 

performed best in the presence of albumin. For the 

TiWN films, on the other hand, the phase transformation 

from βW to an fcc solution was observed with an 

increasing N concentration [12–14]. Besides, the 

mechanical properties of the TiWN film also depend 

on the N and W concentrations. For instance, the 

hardness values of TiWN films varied from 23 to   

50 GPa in a composition range of 30–57 at% N [15]; 

while they changed from 13.9 to 26.3 GPa in a 

composition range of 0–50.6 at% W, following the 

variations in crystallinity [16–18]. 

The wear failure mechanisms in high-temperature 

protective films are one of the most fundamental 

issues to be addressed for a prolonged service lifetime 

[19–21]. In particular, the sliding-induced oxidation 

that can significantly influence the tribological 

performance of materials has been considered to be 

an interesting topic [19, 22–24]. After their discovery 

in the 1930s [25], specific types of oxides, formed on 

metal and alloy surfaces during the course of sliding, 

have been recognized as important constituents  

for generating protective tribolayers at elevated 

temperatures, which could decrease metal–metal contacts 

and alleviate wear losses [26–29]. For non-oxide 

ceramics and ceramic coatings in general, however, 

the generated oxides may play a different role in 

friction and wear performances [30–33]. For instance, 

the wear resistance of the transitional metal nitrides 

strongly depends on their mechanical properties, 

especially surface hardness [32], whereas the sliding- 

induced oxidation of transitional metal nitrides would 

generally decrease the surface hardness due to the 

formation of an oxide layer, leading to the so-called 

“oxidational wear” [30]. The generated oxides at 

elevated temperatures, on the other hand, could act 

as solid lubricants in certain scenarios and reduce the 

friction [32, 33]. Specifically, some functional oxides, 

such as the Magnéli phase [31], can effectively improve 

the tribological performances of ceramic materials. 

The Magnéli phases, defined as a homologous series 

of compounds with closely related lamellar structures 

[34–36], can serve as effective solid lubricants to 

improve friction and wear performance when generated 

in a large quantity [31, 37–39].  

In this work, we design and synthesize a new 

multicomponent TiNbWN thin film with an fcc 

structure based on the high/medium entropy concept, 

and subsequently examine its wear resistance by 

performing the tribological tests at 25, 300, 600, and 

750 °C. With an aid of electron microscopy and 

spectroscopic methods, the wear mechanism transition 

and nano-oxide formation are identified as a function 

of temperature. The subsurface microstructures of the 

worn samples, the phase diagrams of the W–O system, 

as well as the calculated adsorption energies of relevant 

interaction counterparts, are further utilized to address 

the following specific questions: (1) How can the wear 

behavior of TiNbWN thin films at varying temperatures 

be described; (2) what is the role of the in situ formed 

nano-oxides in the wear mechanism transition. 

2 Experimental details 

2.1 Film deposition 

The multicomponent TiNbWN thin film was reactively 

magnetron sputtered in mixed N2/Ar (20/100 sccm 

gas flow rate) discharges on 304 stainless steel (304ss) 

substrates using a custom-built system. Prior to the 

deposition, the synthesis chamber was first pumped 

down at 25 °C to a base pressure lower than 5 × 10−4 Pa; 

then, the substrate holder was gradually heated  

up to 800 °C. A TiNbW alloy target (Ti = 33.3 at%, 

Nb = 34.9 at%, W = 31.8 at%; purity 99.99%) was used 

to synthesize the thin film, which was driven by 

direct current (DC) power supply at a power density 

of 1.06 W/cm2. The total working pressure (Ar + N2) 

in the chamber was 1.0 Pa. A pulsed-DC bias voltage 

of −100 V (at a pulse frequency of 20 kHz and a pulse 

duty ratio of 50%) was applied on the substrate holder, 

which rotated at the speed of 20 rpm during the 
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deposition. The distance between the target and the 

substrate was 11 cm. 

2.2 Tribological testing 

The tribological tests of the TiNbWN thin film were 

conducted against 316 stainless steel (316ss) balls 

with 6 mm in diameter at temperatures ranging from 

25 to 750 °C under ambient atmosphere (~35% relative 

humidity) using Anton–Paar tribometer (THT1000, 

Anton-Paar) equipped with a rotational module. An 

applied normal load of 1 N and a linear sliding speed 

of 3 mm/s were employed in all the tests, yielding a 

maximum Hertzian contact pressure of ~800 MPa. 

The radius of the wear track was 3 mm, and the test 

time was 20 min that corresponded to a total sliding 

distance of 18 m. After the completion of each sliding 

test, the volumetric wear losses were acquired from 

the surface profile traces across the wear track using 

surface profilometry. 

2.3 Film characterization 

The surface and cross-sectional morphologies of the 

deposited TiNbWN thin film were studied using a 

field-emission scanning electron microscope (FE-SEM; 

Quanta FEG 250, FEI), while the elemental compositions 

of the film were measured by the energy dispersive 

X-ray spectrometry (EDS). The accelerating voltage 

of 15 kV was applied. The crystal structure of the film 

was investigated using the X-ray diffraction analysis 

(XRD; D8 Advance, Bruker) with Cu Kα radiation 

(λ = 1.5406 Å). The power settings were 40 mA for the 

current and 40 kV for the voltage. The H and elastic 

modulus (E) of the film were determined using a 

nano-indenter (G200, MTS) with a Berkovich diamond 

tip within the continuous stiffness measurement mode, 

following the method by Oliver and Pharr [40]. The 

reported values of H and E were the average of five 

measurements. The Poisson ratio (v) of 0.18 was 

assumed. 

After sliding tests, the types of oxides induced by 

sliding contact were studied using a micro-Raman 

spectrometer (InVia Reflex, Renishaw) that operated 

with a laser wavelength of 532 nm. Cross-sections of 

the worn samples were prepared using a focused ion 

beam (FIB; Auriga, Zeiss) “lift-out” technique, with the 

subsurface microstructure evolutions and elemental 

distributions examined using a transmission electron 

microscope (TEM; Talos F200, Thermo Fisher) and   

a high-resolution TEM (HRTEM) equipped with a 

windowless energy dispersive spectrometer. The 

accelerating voltage of 20 kV was applied during 

microscopy. 

2.4 Computational methods 

The adsorption energy was calculated using ab initio 

calculations based on density functional theory (DFT) 

[41], which was carried out in the Vienna ab initio 

simulation package (VASP) [42]. Projector augmented 

wave potentials and the generalized gradient 

approximation were used in all calculations [43, 44]. 

A total energy cut-off of 500 eV was applied for the 

adsorption calculations. The Brillouin zone was sampled 

using gamma-centered Monkhorst–Pack k-point grids. 

The TiNbWN(001), TiO2(001), and WO3(001) surfaces 

were modeled as slabs with a vacuum thickness of  

10 Å. Supercells containing 24 atoms were constructed 

for TiNbWN(001) and TiO2(001) surfaces, while a 

supercell containing 40 atoms was chosen for the 

WO3(001) surface to enable a suitable slab thickness. 

The top four-atom layers near the vacuum layer were 

relaxed until the force on each of them was less than 

0.01 eV/Å, while the other atoms were fixed to mimic 

a bulk behavior. Herein, we assumed that the sliding 

interfaces comprised of the pristine/oxidized film 

surface and oxidized the counterpart atoms (stainless 

steel) being represented by a vertically aligned Fe–O 

molecule with either the Fe or O atom approaching the 

coating surface. The adsorption energies (
ads

E ) were 

calculated by Eq. (1): 

ads FeO/slab slab FeO
E E E E              (1) 

where 
FeO/slab

E  and 
slab

E  are the total energy of the 

(001) surface of the slab models with FeO and without 

it, respectively; and 
FeO

E  is the total energy of the 

FeO molecule, calculated in a cell with a dimension 

of 10 Å × 10 Å × 10 Å. 

3 Results and discussion 

3.1 Microstructures and properties 

The surface and cross-sectional morphologies of the 
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TiNbWN thin film are shown in Fig. 1. A facetted 

microstructure is present based on the top-view of 

the thin film, while its cross-sectional SEM image 

shows a distinct columnar growth, a common feature 

for sputtered thin films. The elemental compositions 

of the thin film measured by EDS confirmed that the 

Ti, Nb, and W have similar atomic concentrations  

(Ti = 21 at%, Nb = 19 at%, and W = 23 at%), and the 

N content is 37 at%. The XRD pattern was obtained 

over 20°–90° to investigate the constitution of the 

TiNbWN thin film, as shown in Fig. 1(c). The TiNbWN 

thin film can be described as a TiN-type single fcc 

phase (PDF#28-1420), in which the Nb and W atoms 

occupy the Ti sites. The fact that the TiNbWN film 

contains a single solution phase can be supported 

by the structural similarities of the binary nitrides of 

TiN, NbN, and γWN, which exhibit the same fcc 

phase with rather similar lattice parameters (a (TiN) = 

~0.42 nm, a (NbN) = ~0.44 nm, and a (γWN) = ~0.41 nm) 

[45–47]. The characteristic peaks in the XRD pattern 

slightly deviated to smaller values compared with 

that of the TiN phase, indicating that the interplanar 

spacing of the fcc solution in the TiNbWN thin film 

was increased by dissolving Nb and W. The strongest 

peak corresponded to the (111) crystallographic plane, 

implying the preferred growth of the film deposited. 

 

Fig. 1 Morphologies and microstructural features of the 
as-deposited TiNbWN thin film: (a) surface and (b) cross-sectional 
SEM images; (c) XRD pattern. 

3.2 Sliding wear performance 

Figure 2(a) shows the wear losses of the TiNbWN 

film sliding against 316ss as a function of the sliding 

temperature, as well as the variation in H with the 

increasing oxidation temperature. In the temperature 

range of 25–600 °C, the hardness of the thin film 

sharply decreased while the wear losses increased 

dramatically with increasing temperature. Interestingly, 

at a temperature of 750 °C, the hardness of the    

thin film slightly increased, and the wear losses 

simultaneously decreased. The H/E and H3/(E*)2 ratios 

(where * 2/ (1 )E E v   is the effective Young’s modulus 

[48]) were then calculated based on the obtained H 

and E, as shown in Fig. 2(b). The H/E value implies 

the resistance against elastic strain to failure [49], 

while the H3/(E*)2 value indicates the resistance to 

plastic deformation [48]. Accordingly, with the increase 

of temperature, the TiNbWN film experiences first a 

decrease then a slight increase in the deformation 

resistance. It remains to be explored, but it seems that 

there is a change in microstructure at a temperature 

around 750 °C, which in turn may be a cause for   

the improved mechanical and wear properties of the 

thin film. 

 

Fig. 2 (a) Volumetric wear losses for TiNbWN films sliding 
against 316ss stainless steel at an applied load of 1 N for a total 
sliding distance of 18 m and the change in hardness (H) of the 
films as a function of temperature. (b) H/E and H3/(E*)2 ratios of 
the TiNbWN film plotted against temperature. 
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Representative SEM images of the worn surfaces of 

the TiNbWN thin film after sliding against 316ss and 

the corresponding two-dimensional (2D) line scans of 

the wear tracks are shown in Fig. 3. The wear tracks 

generated at 25 °C exhibit a smooth appearance with 

some transferred materials attached, while those 

formed at 300 °C contain distinct grooves parallel to 

the sliding direction. Severe wear damage of the thin 

film occurred when the sliding temperature increased 

to 600 °C, as the film was entirely worn out, exposing 

the bare steel substrate. The thin film after sliding 

test at 750 °C, however, maintains a relatively intact 

surface with some grooves generated and the 

squeeze-out of materials occurring at certain locations. 

The 2D line scans of the wear tracks are shown in  

Fig. 3(e), in which the wear track at 600 °C reveals the 

largest width and depth, followed by the wear track 

formed at 750 and 300 °C. By analyzing the results 

presented in Figs. 2 and 3, the wear behavior of the 

TiNbWN thin film at varying temperatures can be 

preliminarily depicted as follows: (i) The thin film 

exhibits a high surface hardness at 25 °C, thus possessing 

a relatively low wear loss according to the Archard 

equation [50]; (ii) when temperature increases, plastic 

deformation occurs during sliding due to the 

thermally-induced mechanical property attenuation, 

and as a result, the wear loss monotonously increases 

up to 600 °C; (iii) further increase of the temperature, 

however, reduces the wear loss, indicating a transition 

in the wear mechanisms. Section 3.3 will focus on the 

subsurface microstructural features at both 25 and 

750 °C to unravel this wear mechanism transition. 

3.3 Subsurface microstructures at different  

temperatures 

Figure 4 shows the subsurface microstructure of the 

TiNbWN thin film after sliding at 25 °C. An obvious 

deformation zone was observed right beneath the top 

sliding surface of the thin film, where the columnar 

structure was slightly bent towards the sliding direction 

under the effect of shear stresses. The equivalent 

plastic strains were estimated to be 0.202 at a depth 

of 600 nm from the top surface [51]. Associated with 

the accumulation of shear strains, plenty of microcracks 

that penetrated across the columnar structure were 

observed, which can be understood as the harbinger 

of catastrophic fracture. In addition, an amorphous 

oxide layer with a thickness of ~130 nm formed on 

the contact surfaces, while the elemental distribution 

mappings in Fig. 4(b) confirmed the high concentrations 

of O and Ti in the oxide layer, and the selected area 

electron diffraction (SAED) pattern in Fig. 4(c) further 

revealed its amorphous nature. The composition of 

this amorphous layer obtained using the EDS was 

 

Fig. 3 Representative SEM images of the worn surfaces of the TiNbWN thin film after sliding against 316ss stainless steel at (a) 25 °C,
(b) 300 °C, (c) 600 °C, and (d) 750 °C. (e) Comparison of typical 2D line scans of the wear tracks formed at different temperatures. 
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Fig. 4 (a) Cross-sectional bright-field TEM image of the TiNbWN 
thin film after sliding against 316ss stainless steel for a test 
distance of 18 m at 25 °C with an SAED pattern acquired from 
the region marked with a white circle and (b) corresponding  
high angle annular dark field (HAADF) images and elemental 
distribution mappings. (c) HRTEM image of the region marked 
as “b” in (a) with the SAED pattern of the oxide layer shown in 
the inset. 

Ti6.8Nb7.3W7.6N6.3O72.0 (at%). Thus, the sliding wear  

of TiNbWN thin films at 25 °C can be characterized 

by the simultaneous operation of mechanical and 

oxidational wear mechanisms, and the formation of 

an amorphous oxide layer is conceivably beneficial 

to restrain the wear loss, but only to a limited extent. 

The subsurface microstructures of the TiNbWN 

thin film after sliding tests against 316ss for a total 

sliding distance of 18 m at 750 °C are shown in Fig. 5. 

As observed, the film at this condition exhibits a 

homologous morphology with the disappearing of 

the columnar structure shown in Fig. 4. The film is 

composed of dark and white nano-size particles in 

both the near-surface region (Fig. 5(b)) and the region 

far from the top surface (Fig. 5(c)). The SAED pattern 

(Fig. 5(d)) identifies the oxides as a mixture of WnO3n−2 

(PDF#05-0386) and TiO2 (PDF#87-0710) in addition 

to γTiOx (PDF#08-0117). The γTiOx oxide is a high- 

temperature phase with a wide solubility range of 

composition, which crystallizes in the halite (NaCl- 

type fcc) structure [52]. EDS mappings of the film 

confirm (Fig. 5(e)) the occurrence of segregation 

upon high-temperature oxidation, with the presence  

of W-rich and Ti-rich nanoparticles. The chemical 

 

Fig. 5 (a) Cross-sectional bright-field TEM image of the TiNbWN thin film after sliding against 316ss stainless steel for a test distance
of 18 m at 750 °C. Note that the penetrating cracks are generated during thinning of the sample using FIB. (b, c) Enlarged bright-field 
TEM images of the region marked as “b” and “c” in (a), respectively, showing that the thin film consists of dark and white nanoparticles.
(d) SAED pattern taken from the region marked as “d” in (a). (e) HAADF image and corresponding EDS mappings of the region marked 
as “e” in (a). (f) Representative HRTEM image showing the formation of nano WnO3n−2, TiO2, and γTiOx crystals in the TiNbWN thin film.
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compositions of the W-rich and Ti-rich regions (areas) 

were acquired through the EDS point measurements 

and are provided in Table 1. The nano-grain boundaries 

of WnO3n−2, TiO2, and γTiOx crystallites are demarcated 

in the HRTEM images using purple dash lines, yellow  

dash-dot lines, and cyan-blue dash-dot-dot lines, 

respectively. Measured interplanar spacing of WnO3n−2 

(010), TiO2 (110), and γTiOx (101) planes are 3.7, 3.3, 

and 2.4 Å, respectively.  

The formation of nanocrystalline oxides in the 

TiNbWN thin film during high-temperature sliding 

(750 °C) resulted in a significant reduction of the grain 

size and could enhance H in accordance with the 

Hall–Petch relationship [53]: 

1

2
0

H H k d


                  (2) 

where H0 is the hardness value for large grain sizes, 

d is the average grain size of the material, and k is 

the strengthening coefficient (a constant specific to 

each material). According to Eq. (2), the increment of 

hardness (ΔH) induced by the grain size variation (Δd) 

can be calculated using Eq. (3): 

1 1

2 2
1 2

ΔH k d d
  

    
 

            (3) 

in which d1 and d2 are the average grain sizes of  

the material before and after grain refinement, 

respectively. Here, an experimentally-determined k 

value of ~10.2 GPa·(nm)1/2 for titanium oxide was 

used for general estimates [54, 55]. The average grain 

sizes of the as-deposited thin film and the one after 

high-temperature sliding were determined from  

Figs. 1 and 5 (dm ≈ 140 nm and dn ≈ 18.1 nm). Hence, 

the calculated ΔH as per the Hall–Petch relationship 

was ~1.5 GPa. The grain refinement may conceivably 

cause the slight increment of the hardness of the film 

at 750 °C. 

Table 1 Chemical compositions of the W-rich and Ti-rich regions  
obtained by the EDS point measurements. 

 
N  

(at%) 
O  

(at%)
Ti  

(at%) 
Nb 

(at%)
W 

(at%)

W-rich region 0.0 62.8 2.1 13.8 21.3 

Ti-rich region 9.2 58.6 23.9 3.5 4.8 

3.4 Formation temperature of nanocrystalline oxides 

Figure 6(a) shows the representative Raman spectra 

taken from the wear tracks of the TiNbWN thin  

film after the sliding tests at different temperatures. 

Characteristic peaks at 260, 334, 734, and 805 cm−1 

indicate the presence of the WnO3n−2 phase on the wear 

track of the thin film generated at 750 °C [56–58], 

which cannot be detected on the worn surfaces at lower 

temperatures. One should note that the generated 

tungsten oxides at 750 °C were possibly the WnO3n−2 

phase (one of the Magnéli phase) rather than the WO3 

phase [34, 36, 59–61]. According to the literature, the 

WnO3n−2 phase with an oxygen deficiency possesses a 

crystal structure with ordered patterns of edge-sharing 

octahedra within the ReO3-like network, leading to the 

emerging of easy crystallographic shear planes [62]. 

It was found that Magnéli phases could be formed 

on the surfaces of Ti-, V-, Mo-, W-, or Nb-containing 

materials upon sliding or oxidation at elevated 

temperatures [34, 36, 61, 63]. The present results of 

Raman spectra and TEM observations suggest the 

formation of WnO3n−2 in the film. Besides, the formation 

 

Fig. 6 (a) Representative Raman spectra taken from the wear 
tracks of the TiNbWN thin film sliding against 316ss stainless 
steel at 25, 300, 600, and 750 °C. (b) Phase diagrams of W–O 
system with the oxygen concentration from 73 to 76 at% and (c) 
Ti–O system in the oxygen concentration range between 30 and 
70 at%. (d) Calculated formation energies (Gform) of the selected 
oxides in the Ti–Nb–W–N–O system, indicating that the TiO2, 
γTiOx, and WnO3n−2 are thermodynamically preferable to form. 
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of TiO2 after sliding at 600 and 750 °C was confirmed 

by the characteristic peaks at 246, 612, and 825 cm−1 in 

the Raman spectra [23, 64]. The formation temperature 

of the WnO3n−2 oxides was further rationalized using 

the W–O phase diagram [59] shown in Fig. 6(b). A 

threshold temperature at ~585 °C for the formation of 

the WnO3n−1 and WnO3n−2 series was noted, which was 

also supported by the relevant literature [37, 63, 65]. 

For example, Polcar et al. [65] demonstrated the 

formation temperature of tungsten oxides on the WN 

film at ~500 °C. Liu et al. [37] argued that the critical 

oxidizing temperature of WC is between 500 and  

550 °C, and the tungsten oxides became detectable at    

550 °C. Using differential scanning calorimetric and 

simultaneous thermo-gravimetric analysis, Gassner 

et al. [63] found the oxidation threshold of the WN 

thin film to be ~550 °C. Their experimental results also 

indicated that a large quantity of oxides could only 

form when the temperature exceeded ~650 °C [63]. 

Thus, it can be inferred that the amount of WnO3n−2 

phase generated at 600 °C was insufficient to maintain 

a stable oxide layer to reduce wear, whereas bulk 

oxidation of the TiNbWN film at 750 °C facilitated 

a wear reduction as a result of both hardness 

enhancement and a solid-lubrication effect. 

Figure 6(c) shows the phase diagram of the Ti–O 

system calculated using CALPHAD approach [66–68] 

based on the well-accepted thermodynamic dataset 

from the literature [52]. The γTiOx phase (marked in 

orange) is shown in the phase diagram, which exhibits 

a wide solubility range (from ~ 41.2 to 56.7 at% O) and 

a threshold formation temperature at ~456 °C. Since 

it stretches over wide composition and temperature 

ranges in the phase diagram, γTiOx is supposed to 

possess a high thermal stability, especially at high 

temperatures. Additionally, there are a number of 

stoichiometric compounds existing in the Ti–O phase 

diagram, such as Ti3O2, αTiO, and Ti4O7. The 
form

G  of 

selected oxides were further obtained to compare their 

thermodynamic stabilities. 
form

G  of a compound AnBm 

can be calculated using Eq. (4): 

 form
A B (A) (B)

n m

n m
G G G G

n m n m

 
     

   (4) 

in which G(A) and G(B) present the Gibbs energies  

of Components A and B at their reference states,  

respectively. G(A) and G(B) can be obtained using  

the CALPHAD approach. Figure 6(d) shows the 

calculated 
form

G  of the selected oxides. Among the 

selected oxides, TiO2 contains the lowest 
form

G  at 

temperatures below ~600 °C, while γTiOx becomes 

more thermodynamically preferable at higher 

temperatures. As for tungsten and niobium oxides, it 

appears that WnO3n−2 contains much lower 
form

G  than 

Nb2O5. The calculated results demonstrated that   

the TiO2, γTiOx, and WnO3n−2 binary oxides are 

thermodynamically preferable to form in the 

Ti–Nb–W–N–O system, which is highly in agreement 

with the current experimental observations. 

To clarify the effect of TiO2, γTiOx, and WnO3n−2 

formation on the wear performance of TiNbWN film, 

we investigated the adhesion behavior of the pristine 

and oxidized TiNbWN films against the sliding 

counterfaces by employing ab initio calculations. 

Due to the complexity of wear mechanisms, rough 

approximations at the DFT level are made to mimic 

the real physical interactions and provide the general 

trends. Since the 316ss counterface could easily be 

oxidized during sliding, FeO instead of pure iron   

or steel was considered as an adsorbate in all the 

adsorption calculations. Additionally, the calculations 

narrowed down to the adsorption on the (001) surface 

due to its lower surface energy compared with other 

crystallographic planes in an fcc structure [69], and it 

is one of the facets obtained in this work (Fig. 1). The 

calculated adsorption energies of FeO molecule on 

the WO3(001), TiO2(001), and TiNbWN(001) surfaces 

are shown in Fig. 7(a), in which typical slab models 

with the O atom approaching the surface metal 

atoms are presented. Although the lateral size of the 

considered configurations is not the same, only minor 

deviations in the adsorption energy can be expected 

based on the previous work [70]. The present results 

show that the FeO molecules with O end toward the 

surface of WO3(001), TiO2(001), and TiNbWN(001) 

exhibit lower adsorption energies compared with  

the FeO molecule with Fe end (notated here as OFe), 

demonstrating that there are stronger adhesions 

between O atoms and the metal atoms on crystal 

surfaces. The TiNbWN(001) surface exhibits the lowest 

adsorption energy (the strongest interaction) compared 

with the TiO2(001) and WO3(001) surfaces, when  
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Fig. 7 (a) Calculated adsorption energies of iron oxide molecule 
on the WO3(001), TiO2(001), and TiNbWN(001) surfaces with 
the slab models inserted. Notations FeO and OFe pertain to the 
orientations of the FeO molecule atop the surfaces. The insets 
show the FeO case. The VASP code was employed. (b) Summary 
of the reported adsorption energies of species and molecules on 
various surfaces [71–83] compared with the currently calculated 
adsorption energies. 

considering both FeO and OFe orientations of iron 

oxides. This indicates that when the oxides were 

formed on the surface of TiNbWN films, the interfacial 

adhesion could be distinctly mitigated, leading to the 

improved performance of friction and wear. 

We further compared our calculation results with 

the literature pertaining to the adsorption of other 

substances on various surfaces, as shown in Fig. 7(b). 

The adsorption energy on the WO3 surface varied in 

a range of −1.25–0.97 eV/atom, depending on the 

types of adsorbates (NO, CO, or H2O) [71–75], while 

those of NO and CO2 on the TiO2 surface were in a 

narrow range of 0.03–0.74 eV/atom [76–78]. As for the 

nitride surfaces, the adsorption sites obviously 

impact the adsorption energies [79–81]. The interaction 

between oxygen/H2O molecules and the metal atoms 

in the nitrides was considerably stronger, resulting  

in a lower adsorption energy [80, 81]. Furthermore, 

the Fe atom adsorbed strongly on TiN(001) surface, 

exhibiting the adsorption energies in the range of 

−5.81–(−4.12) eV/atom at different adsorption sites. 

The currently calculated adsorption energies of iron 

oxides with the O end (FeO) varied between −2.73 

and −1.30 eV/atom, which was within the adsorption 

energy range of NO/CO/H2O on WO3 and oxygen 

on nitrides, and slightly lower than the adsorption 

energy of CO2/NO on TiO2. FeO with the Fe end (OFe), 

however, exhibited slightly weaker interactions  

with the WO3(001), TiO2(001), and TiNbWN(001)  

surfaces and contained higher adsorption energies      

(−2.00–(−0.66) eV/atom). Clearly, the TiNbWN 

outperforms the benchmark coating TiN since   

the interaction with oxidized steel surfaces (wear 

counterpart) is considerably weaker. Based on the 

calculation results, the WO3 and TiO2 oxides are 

expected to achieve an ameliorated adhesion with the 

iron oxide in comparison with the TiNbWN film, 

which is consistent with the experimental data. 

Hence, by combining the CALPHAD and DFT results, 

the wear mechanism transition of the TiNbWN film 

between 600–750 °C can be delineated as follows: (i) 

When the sliding temperature reaches ~600 and 750 °C, 

a large quantity of tungsten and titanium oxides 

readily form (Fig. 6); (ii) mechanical properties of the 

film could be slightly enhanced, following the 

Hall–Petch relationship (Section 3.3), thus increasing 

the wear resistance; (iii) the tungsten and titanium 

oxides can obviously alleviate the interface adhesion 

between the film and the sliding counterparts, as 

suggested by DFT calculations (Fig. 7). Therefore, the 

nano-oxides generated at high temperatures could 

act as solid lubricants to reduce wear losses. 

4 Conclusions 

We have designed and synthesized a new MEN film, 

TiNbWN, with a near-equiatomic composition and an 

fcc solution using a reactive magnetron sputtering. 

The wear performances of the thin film at a temperature 

range of 25–750 °C were examined. In the temperature 

range of 25–600 °C, the wear resistance of the film 

was dependent on the surface hardness, which 

decreased monotonously as the temperature rose. At 

a higher temperature (750 °C), the nanocrystalline 

oxides (WnO3n−2, TiO2, and γTiOx) were formed during 

sliding, enhancing the hardness of the film and 

providing solid lubrication, both of which contributed 

to a reduced wear loss. This is corroborated 

theoretically on both continuum and atomic level. 

Thus, the work presented herein delineated the 

role of the in situ formed nanocrystalline oxides in 

the wear mechanism transition of TiNbWN thin 

films, which could in general shed light on the high- 

temperature wear behavior of refractory HEN/MEN 

films. 
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