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Abstract: Water-based lubrication has attracted wide attention as an oil-free lubrication method owing to its 

greener and cleaner lubrication means. However, due to operating in the water environment, most moving parts 

would inevitably suffer from abrasion, rusting, and aging problems. Developing a novel solid-water composite 

system with ultra-low friction and wear will open new possibilities for innovative lubrication material research 

and development. Here, we first revealed the water-based lubrication behavior of a high-hardness niobium 

nitride coating (NbN). In a three-phase contact environment (water, air, and NbN), oxidation and hydrolytic 

reactions of NbN result in the formation of “colloidal solutions”, containing Nb2O5 colloidal particles between 

the tribo-pairs. Utilizing the double electric layer repulsion and weak shear action of the “colloidal solution”, NbN 

achieves ultra-low friction and wear; the corresponding values are as low as 0.058 and 1.79 × 10–10 mm3·N–1·m–1, 

respectively. In addition, other VB transition metal nitrides (VB TMNs) exhibit the same low friction feature as 

NbN in the three-phase contact environment; the friction coefficients are even lower than those in an oil-based 

environment. The water-based lubrication of VB TMNs provides a new reliable scheme for optimizing solid-water 

composite lubrication systems without additives and is expected to be applied in environments with high 

humidity or insufficient water coverage. 
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1  Introduction 

Water-based lubrication can effectively save natural 

resources and ensure the normal operation of mechanical 

equipment in a clean environment. Compared with 

traditional oil lubrication, water-based lubrication is 

a greener and cleaner lubrication method. However, 

there remains a disparity between the lubricating ability 

of water and oil [1–3]. Adding additives to water is  

an effective method of improving its water-based 

lubrication ability [4, 5]. Various two-dimensional 

layered materials, such as the combination of black 

phosphorus and graphene oxide [6] or graphene oxide 

and ethanediol [7], have been added to water to 

reduce friction by the typical weak shear properties 

of layered materials. In addition, polyhydroxy acids 

[8, 9], ionic liquids [4, 10, 11], or the combination of 

acids and organic alcohols [12] also exhibit outstanding 

lubrication properties in water environments by 

forming a hydration layer and electrostatic repulsion. 

However, in actual engineering conditions, water- 

based lubrication with additives will face many 

problems. For layered additives, dispersibility in water 

is a key factor in restricting their lubricating ability 

[13, 14], and additives need to be added in time to 

prevent lubrication failure. Furthermore, materials 

commonly used in moving parts, such as metals  

and engineering plastics [15, 16], are often at risk of 

failure due to severe wear caused by corrosion or 

microstructure aging when exposed to water for a  
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long time. In particular, acid-based lubrication further 

increases the risk of failure [7, 8]. As a moving part 

itself, chemical reactions within the environment or 

media should be avoided as far as possible to reduce 

the probability of component damage, shortened life, 

or safety accidents caused by consumption. From   

a protective mechanical equipment perspective, the 

deposition of protective coatings with excellent 

mechanical properties and water-based lubricating 

behavior on the surface of a moving part should be a 

simpler and more effective method than the scheme 

for optimizing the water environment. 

According to recent research on TMNs in our 

group, TMNs possess prominent high hardness, wear 

resistance, and chemical inertness features [17–19], 

which make them widely used in cutting protective 

coatings [20, 21], scratch-resistant devices [22], hard 

components of metal-matrix composites, and anti- 

corrosive coatings [23, 24]. The excellent mechanical 

properties and environmental stability of TMNs 

indicate that they have great application potential as 

protective coatings in water environments. However, 

few studies have focused on TMNs as the lubricant 

material; in particular, the tribological behaviors of 

TMNs in water environments, are unclear. Here, we 

prepared three typical VB TMNs (NbN, VN, and TaN) 

and found some interesting phenomena when studying 

the tribological behavior in water. The VB TMNs exhibit 

outstanding water-based lubricating behavior when 

simultaneously exposed to water and air and their 

friction properties are superior to those of similar nitride 

coatings in a solid–oil composite lubrication system 

[25]. The NbN coating was selected as a representative 

to conduct the corresponding mechanism research, 

which suggests that the tribochemical reactions among 

the coating, air, and water contribute to the ultra-low 

friction. Moreover, VB TMNs with high hardness 

attained an ultra-low wear rate of ~10–10 mm3·N–1·m–1. 

These findings identify the VB TMNs as a mechanically 

strong coating material that exhibits outstanding 

water-based lubrication behavior, with simultaneous 

non-additive lubricating functionality and superior 

protection, guaranteeing the service life and safety of 

mechanical equipment in an environment with high- 

humidity or inadequate water cover; the material 

shows great potential for applications ranging from 

microdevices to large-scale industrial equipment. 

2 Experimental  

2.1 Coating preparation 

The VB TMNs were deposited on polished Si(100) 

substrates using a DC reactive magnetron sputtering 

system. Individual targets of transition metals (Nb, 

Ta, and V) with a diameter of 60 mm were used as 

source materials. The substrates were ultrasonically 

cleaned in acetone, alcohol, and distilled water in an 

ultrasonic bath for 20 min and then inserted into the 

substrate holder. Prior to deposition, the system was 

evacuated to a base pressure of 1 × 10–4 Pa using     

a turbomolecular pump. To remove the surface 

adventitious contamination, the targets were pre- 

sputtered with Ar+ for 10 min. During all depositions, 

the mixing gas (Ar and N2) pressure was maintained 

at 0.8 Pa by controlling the pumping speed with a 

throttling value. The targets were powered by direct 

current and the sputtering current on the targets 

was maintained at 0.4 A. The deposition parameters 

are listed in Table 1. By adjusting the deposition 

time, the thickness of all coatings was controlled at 

approximately 1.7 μm. 

2.2 Characterization 

The phase structures of the VB TMNs were 

characterized by X-ray diffraction (XRD) using a 

Bragg–Brentano diffractometer (D8 tools) in the θ–2θ 

configuration, with Cu Kα radiation. The microstructure 

was further identified by the high-resolution trans-

mission electron microscope (HRTEM, field emission 

JEOL 2100F, Japan). The surface morphology coupled 

with root-mean-square roughness (Rq) was obtained 

by an atomic force microscope (AFM, Dimension Icon, 

USA). The intrinsic hardness (H) and elastic modulus 

(E) of the coatings were evaluated by an MTS 

Nanoindenter XP nanoindentation system, with a 

continuous stiffness measurement (CSM) mode. A  

Table 1 Summary of the deposition parameters of VB TMNs. 

Sample Target
Target power 

(W) 
Ar2:N2 
(sccm) 

Temperature/
Bias 

NbN Nb 90 70:10 200 °C/–80 V

TaN Ta 90 70:20 200 °C/–80 V

VN V 90 60:30 200 °C/–80 V



844 Friction 10(6): 842–853 (2022) 

 | https://mc03.manuscriptcentral.com/friction 

 

3-side pyramid Berkovich tip indented the coatings 

to a maximum of 600 nm and H and E were taken 

at a depth of approximately 40–90 nm. To minimize 

data error, at least six indentations were set on each 

sample. 

2.3 Tribological tests 

The tribological behaviors of the VB TMNs were 

determined by sliding a 6.0 mm diameter stainless 

steel ball on a CSM ball-on-disc tribometer at room 

temperature (27 °C), with a relative humidity of 32%, 

where the diameter of the sliding track, normal load, 

and sliding speed was fixed at 4 mm, 1 N, and 1 cm/s, 

respectively. After friction tests, the wear depth of the 

sample was examined using a surface profiler (Veeco 

Dektak 150, USA). The wear track morphology was 

observed using an optical microscope (Leica DFC450 

C, Germany). The roughness of the wear track and 

wear scar were measured using a three-dimensional 

profiler (Olympus OL3000, Japan). The oxidation 

states of NbN before and after the friction test were 

analyzed by an X-ray photoelectron spectroscope 

(XPS, ESCALAB-250, USA), using Al Kα as the X-ray 

source, with an energy of 1 keV. Raman characterization 

using a Renishaw-1000 spectrometer with a 514 nm 

line from an Ar–Kr ion laser was also conducted to 

investigate the chemical compositions of the friction 

products at the wear track. The laser output power 

was set to 1,000 mW. The pH value of the “colloidal 

solution” between the friction interfaces was measured 

by a pH meter (AZ 8692). The viscosity of the “colloidal 

solution” was measured via an advanced rotary 

rheometer (Anton Paar MCR 92, Austria) at 25 °C, 

without changing the pH value. 

3 Results and discussion 

3.1 Composition and phase structure 

Utilizing magnetron sputtering equipment, NbN with 

good crystallization can be obtained if the deposition 

temperature is properly increased. As shown in   

Fig. 1(a), the peaks at 35.7°, 41.3°, and 60.1°, which are 

dominated by c-NbN (111), c-NbN (200), and c-NbN 

(220) orientations, respectively (PDF# 65–9399), appear 

in the XRD pattern over the 2θ range of 30°–65°, 

indicating the formation of a cubic NaCl-structure 

NbN. According to the HRTEM results shown in  

Fig. 1(b), c-NbN (111), and c-NbN (200), with interplanar 

spacings (d) of 0.248 and 0.214 nm, respectively, are 

observed; this further verifies the XRD results. The 

surface three-dimensional image of NbN is shown by 

AFM in Fig. 1(c). It was found that the NbN surface 

exhibits clear island-like undulations and there are 

many grooves around the protrusions (Rq ≈ 5.54 nm). 

The appearance of hillocks is usually related to the 

typical columnar growth of NbN [26]. In addition, 

mechanical characterization (Fig. S1 in the Electronic 

Supplementary Material (ESM)) demonstrates that 

the NbN with good crystallization also possesses 

excellent mechanical properties; the corresponding 

hardness and elasticity modulus are 23.74 ± 0.58 GPa 

and 288.33 ± 4.48 GPa, respectively. 

3.2 Tribological behavior 

To study the effect of water on the tribological behavior 

 

Fig. 1 (a) XRD pattern in the θ–2θ mode for the NbN; (b) typical HRTEM image for NbN, the interplanar spacings (d) are marked on 
the image; the inset shows its selected area (electron) diffraction (SAED) pattern; and (c) AFM 3D micrograph in the dimension of 
2 μm × 2 μm for NbN, the root-mean-square roughness (Rq) is also marked. 
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of NbN, three friction environments, including three- 

phase contact, dry friction in the atmosphere, and 

full water-covered were constructed by controlling 

the amount of water between the friction interfaces. 

Here, a pipette was used to drop approximately 5 μL 

of deionized water onto the contact area between  

the tribo-pairs to achieve three-phase contact; a clear 

diagram is presented in Fig. 2(a). Compared to the dry 

friction in the atmosphere and a full water-covered 

environment, a three-phase contact environment 

allows the friction interfaces to maintain contact with 

both air and water during the sliding process owing 

to the participation of a small amount of water. Thus, 

a three-phase contact of solid (NbN), liquid (water), 

and gas (air) is formed. In the as-modified environment, 

NbN presents a very stable ultralow-friction feature, 

as shown in Fig. 2(b), with an average value as low as 

0.058. In contrast, in a dry friction environment, the 

friction feature of NbN is much higher. After the run-in 

period, the friction coefficient rises linearly and remains 

at approximately 0.78 for a long time. Regarding the 

full water-covered environment, the friction coefficient 

of NbN exhibits a significant downward trend and 

its average value can be reduced to approximately 

0.61 over the entire friction cycle. That is, the friction 

coefficient in the three-phase contact reduces by one 

order of magnitude. To verify the repeatability of the 

ultralow-friction phenomenon and the relationship 

between the test environment and friction performance 

of NbN, multiple repeated tests were performed and 

the corresponding results are counted in the form of 

a point distribution in Fig. 2(c). In the three-phase 

contact environment, the average value is maintained 

between 0.04 and 0.09. In the other two comparison 

environments, the mean friction coefficient of NbN 

fluctuated within the range of 0.47–0.87, with great 

dispersion. The reduction of one order of magnitude 

in the friction coefficient further proves that the 

excellent ultra-low friction performance of NbN in a 

three-phase contact environment is not accidental. 

The three-phase contact allows NbN to give full 

play to its outstanding ultra-low friction ability; its 

excellent anti-wear ability is also highlighted. According 

to the optical microscope images shown in Fig. 3(a), 

after 10,000 laps of testing, NbN inevitably shows 

slight wear and there is no significant accumulation 

of wear debris around the wear track. Through further 

measurement, it was determined that the width of  

 

Fig. 2 (a) Schematic diagram of the friction test equipment, with the ball-on-disk rotating mode in three friction environments; (b) measured
friction coefficient μ vs. the number of cycles while sliding a stainless steel ball on NbN; and (c) friction coefficient distribution of NbN 
after multiple repeated tests. 
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the wear track was approximately 207 μm and the 

diameter of the wear scar of the counterpart ball is 

approximately 227 μm, which is consistent with the 

width of the wear track. In addition, along the shear 

direction of the counterpart ball, it can be found that 

a small amount of dark wear debris accumulation 

appears at the front and back of the wear scar. Using 

a surface profiler, the deepest depth of the wear track 

was measured as approximately 65 nm, as shown in 

Fig. 3(b), which also confirms the shallow wear track. 

By further fitting and calculation, the resulting wear 

rate of NbN in a three-phase contact environment is as 

low as 1.79 × 10–10 mm3·N–1·m–1. However, in the other 

two test environments, NbN exhibits more serious 

wear phenomena with different degrees. The surface 

of the wear track in dry friction exhibits obvious 

wear and a large amount of wear debris is randomly 

attached in the wear track area. The wear track width 

is up to approximately 539 μm and the diameter of 

the wear scar of the counterpart ball is approximately 

546 μm. Furthermore, distinct grooves can be observed 

on the wear scar surface. The deepest depth of the wear 

track is also up to 563 nm and the corresponding 

wear rate is approximately 1.49 × 10–8 mm3·N–1·m–1. 

Regarding the full water-covered environment, the 

wear of NbN becomes more severe and there is no 

debris accumulation around the wear track. The 

wear track width is approximately 319 μm and the 

counterpart ball also has distinct grooves and is 

approximately 353 μm in diameter. According to the 

cross-sectional view of the wear track, the deepest 

depth of the wear track reaches 1,107 nm and the 

corresponding wear rate is approximately 2.63 × 10–8  

mm3·N–1·m–1. As presented in Fig. 3(c), compared 

with the other two environments, the wear rate for 

three-phase contact has been reduced by at least two 

 

Fig. 3 (a) Optical microscope images of the NbN wear tracks and the counterpart ball wear scars after tribo-tests in three environments; 
(b) cross-sectional views of NbN wear tracks; and (c) wear rates of NbN after tribo-tests in three environments. 
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orders of magnitude, indicating that NbN has ultra-low 

friction and ultra-low wear in the as-modified 

environment. 

3.3 Friction mechanism 

Experimental results show that constructing different 

friction environments could regulate the tribological 

behavior of NbN and the tribological properties of 

NbN are greatly improved by simply dropping the 

water method. Regarding the test environment, the 

biggest characteristic of three-phase contact is that 

the tribo-pairs can simultaneously contact the air and 

water during the friction process. To some extent, this 

environmental difference determines the direction of 

the tribochemical reaction at the friction interfaces, 

which may be the key factor affecting the tribological 

behavior of NbN. To further analyze the friction 

mechanism, XPS and Raman characterizations of the 

NbN and counterpart ball after the friction tests were 

conducted. Figure 4(a) shows the schematic diagram  

of the test points on the friction interfaces for XPS 

and Raman. “a,” “b” and “c” in Fig. 4(a) represent the 

original NbN coatings, the center, and edge positions 

of the wear track, respectively; “d” and “e” in Fig. 4(a) 

represent the center and edge positions of the wear 

scar of the counterpart ball, respectively. The XPS 

spectra of N 1s and Nb 3d are displayed in Figs. 4(b) 

and 4(c). On the original NbN area, the Nb–N bond 

(397.4, 206.2, and 203.6 eV) is detected [27–30]. On the 

center of the wear track, in addition to the Nb–N peaks 

from the original coating, newly presented Nb–O–N 

peaks, which bond at 401.4, 399.3, 208.2, and 205.1 eV, 

have also been detected [27–29]. Furthermore, two 

peaks at 209.3 and 207.5 eV in the Nb 3d spectrum 

can be divided by the Gaussian function, which both 

belong to the Nb2O5 bond [27–29]. It is worth noting 

that although the intensity of the main peak of 

Nb–O–N is similar to that of the Nb–N peak in the N 

1s spectrum, the intensity of the Nb2O5 peaks was, 

overall, much higher than that of the Nb–O–N peaks 

 

Fig. 4 (a) Simulation diagram of test points on the friction interfaces for XPS and Raman after tribo-tests in three-phase contact 
environment; (b) XPS N 1s spectra of original NbN and wear track; (c) XPS Nb 3d spectra of original NbN and wear track; (d) Raman
spectra of original NbN, wear track, and wear debris; (e) Raman spectra of the counterpart ball wear scar and debris; (f) tyndall effect 
generated by the “colloidal solution” after friction test in three-phase contact; (g) disappearance of the Tyndall effect caused by the
addition of an NaCl solution; and (h) schematic of the friction model of NbN in the three-phase contact environment. 
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in the Nb 3d spectrum. This suggests that friction 

promotes the oxidation reaction during the friction 

process and the main oxidation product is Nb2O5. The 

Raman results further confirm the above inference, as 

presented in Figs. 4(d) and 4(e). Three weak peaks are 

detected on the original NbN area; the peak located 

at 635 cm–1 can be assigned to NbN [31] and the other 

two peaks centered at 250 and 901 cm–1 belong to 

Nb2O5 [32, 33]. On the center and the edge positions of 

the wear track, a strong Nb2O5 peak appears at 680 cm–1 

[32, 33]. In addition, the Nb2O5 peaks on the edge of 

the wear scar, at 250, 807, and 901 cm–1, can be clearly 

detected [32–34], which is consistent with the wear 

debris accumulation observed in Fig. 3(a). In contrast, 

the intensity of the Nb2O5 peaks at the center of the 

wear scar is weaker and the NbN signal at 635 cm–1 

is stronger. Therefore, the formation of Nb2O5 at the 

friction interface is an important component that 

affects the tribological behavior of NbN in a three- 

phase contact environment. However, comparing the 

frictional performances in the other two environments, 

we can conclude that Nb2O5 is not the only factor. 

It is known that environmental differences are 

another key component. In the atmosphere, the initial 

absorption and dissociation of oxygen on the VB TMN 

surface are exothermic, resulting in rapid coverage of 

the VB TMN surfaces by atomic oxygen. According 

to Ref. [35], there is a large number of available 

electrons near the Fermi level of the VB transition 

metal, locating the initial reaction activation site    

of oxygen on the VB TMN surface at the metal site. 

Therefore, oxidation starts from the defect sites on 

the VB TMN surface and the metal atoms and trace 

oxidation can occur spontaneously on the VB TMN 

surface. However, due to the existence of strong 

covalent bonds in TMN, when oxygen continues to 

diffuse into the TMN bulk, high energy is required 

for the N/O exchange to remove N, creating an energy 

barrier for further oxidation [35, 36]. In our work,  

the three-phase contact environment provides the 

possibility for oxidation. During the friction process, 

shear action will cause a high flash temperature 

between tribo-pairs and then induce interfacial 

oxidation on the NbN surface. XPS and Raman results 

confirm that a large amount of Nb2O5 and a minute 

amount of NbOxNy are the typical friction products 

on the NbN wear track surface and the counterpart 

ball wear scar. In addition, in a charge-balanced system, 

tribochemical reactions must affect the pH value of the 

surrounding environment. To verify this hypothesis 

and elucidate the possible tribochemical reaction, the 

pH values of the water droplet between the friction 

interfaces before and after the test were measured 

using a pH meter. It was found that the pH value 

increases from 7.0 ± 0.1 to 7.8 ± 0.1 after the test. 

Based on the above results, the tribochemical process 

of NbN activated by shear action can be described as 

follows: NbN + H2O + O2 → Nb2O5 + NbOxNy + NH4
+ + 

OH–. In addition to being attached to the tribo-pair 

surfaces, the friction products are also incorporated 

into the water droplet to transform into the “colloidal 

solution” and the corresponding evidence is obtained 

by the Tyndall effect experiment [37]. As shown in 

Fig. 4(f), a series of luminous points are observed when 

a laser beam passes through the “colloidal solution”, 

which can be attributed to the friction products 

scattering the light rays that fall on them. According 

to the Tyndall effect, it is preliminarily proven that a 

large number of friction products exist in colloidal 

form. When the electrolyte solution (NaCl) is injected 

into the “colloidal solution”, the discernible beam path 

disappears (Fig. 4(g)) because the colloidal stability 

of an electrostatically stabilized dispersion is broken 

down [37]. The above experiments are consistent with 

the classical “Derjaguin–Landau–Verwey–Overbeek” 

theory [38, 39], which proves that the friction products 

(Nb2O5) present as colloidal particles in water. The 

“colloidal solution” becomes an excellent medium for 

obtaining low friction. The film thickness of “colloidal 

solution” between the tribopairs was estimated using 

the Hamrock−Dowson equation [40] in the ESM. The 

estimated film thickness under a sliding velocity of  

1 cm/s and 1 N normal load is approximately 36.3 nm. 

The calculations in the ESM demonstrate that the 

ratio of the film thickness of “colloidal solution” to 

the combined surface roughness is in the range of 1−3, 

and hence, the lubrication regime for tribo-contact is 

located in the mixed lubrication regime during the 

low friction period [41]. It can be concluded that in the 

three-phase contact environment, the friction products 

attached to the tribo-pair surfaces and the “colloidal 

solution” between the tribo-pairs together constitute 
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the lubricating phase. The schematic model is shown 

in Fig. 4(h). On the tribo-pair surfaces, the attached 

friction products with negatively charged bridging 

oxygens can capture the positive electrical ions in the 

surrounding environment [42, 43] and so the upper 

and lower surfaces will remain positively charged,  

on the whole. Simultaneously, the attached friction 

products can also lock the water molecules by means 

of hydrogen bonds and so the upper and lower 

surfaces all have a fixed “hydration layer”. Between 

the tribo-pair surfaces, a large number of friction 

products are dispersed in a “colloidal solution”. The 

ability to capture the positive electrical ions in a 

“colloidal solution” enables the conversion of friction 

products into positively charged colloidal particles. 

The nature of positivity causes the colloidal particles 

to repel each other, which is the reason for the good 

dispersion of colloidal particles in “colloidal solutions”. 

The various particles in a “colloidal solution” move 

with the movement of the bulk water molecules and 

remain dispersed to form a dynamic balance; thus, 

the whole “colloidal solution” can be regarded as a 

positively charged “flow layer”. In essence, both the 

“fixed hydration layers” and “flow layer” belong   

to the “hydration layer” consisting of the “colloidal 

solution”; hence, the rheological properties of the 

“hydration layer” can be evaluated by characterizing 

the “colloidal solution”. The friction linear velocity used 

in our work was 1 cm/s so the corresponding shear 

rate was 0.796 s–1. In combination with the analysis of 

Fig. S2 in the ESM, the “hydration layer”, consisting 

of the “colloidal solution”, exhibits the characteristics 

of a Newtonian fluid. Compared with pure water 

(approximately 0.89 mPa·s at 25 °C), the “colloidal 

solution” has a higher viscosity (approximately  

32.05 mPa·s), which improves the poor film-forming 

and lubricating abilities of interfacial water due to its 

low viscosity [4]. In addition, the continuous fluidity 

of the colloidal solution is also better. During the 

friction process, the “flow layer” will naturally be 

repelled from the “hydration layers”, which are fixed 

to the upper and lower surfaces. The repulsion 

interactions of electric double layers between the fixed 

“hydration layers” and “flow layer” — combined 

with the natural water-based weak shear capacity 

[44, 45] of the “flow layer” — is the fundamental 

reason for the ultra-low friction. Therefore, a solid– 

water composite lubrication system based on the 

water-based lubricating behavior of NbN was formed 

in a three-phase contact environment. 

Moreover, the wear robustness of NbN is very 

prominent. First, it is closely related to the excellent 

mechanical properties of NbN. Second, it is the oxidation 

feature of NbN. As mentioned above, slight oxidation 

on the NbN surface can occur spontaneously but there 

is an energy barrier for oxygen to continue to diffuse 

into the NbN bulk and replace nitrogen. Friction can 

only promote the oxidation process of the NbN 

surface layer. Third, the special friction mode of NbN 

in the as-modified environment has a greater impact. 

The slight wear on the NbN surface comes from the 

initial stage of friction and the NbN consumed at the 

wear track is the only source of the lubrication phase 

between the friction interfaces. When sufficient friction 

products are distributed on the tribo-pair surfaces and 

in the “colloidal solution” to form stable ultra-low 

friction, the wear rate becomes very slow. Furthermore, 

the repulsion interactions of the electric double layers 

further alleviated the wear caused by the direct 

contact of the tribo-pairs. By measuring the area of the 

counterpart ball wear scar, the contact stress in the 

friction process is estimated to be approximately  

24.5 MPa. The low contact stress also contributes to 

the reduction in friction and wear. 

According to the above discussion, the water in the 

three-phase contact is the fundamental difference that 

determines the tribological behavior of NbN. The 

method of dropping water provides two beneficial 

conditions for the formation of ultra-low friction. First, 

it can ensure timely contact of NbN with air (for the 

oxidation reaction) to continuously supply oxides; 

second, it is conducive to obtaining good dispersion 

and repulsion forces of the friction products in the 

“colloidal solution” with appropriate concentration. 

However, if the amount of water between the friction 

interfaces is too small or too large, it is difficult to 

obtain ultra-low friction for NbN. In the case of dry 

friction with 32% humidity, an increasing number of 

friction products accumulate on the wear track surface 

and do not disperse well during the friction process, 

before inevitably sticking together to form wear debris; 

this increases the friction coefficient. At the same  
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time, part of the debris accumulation in the wear 

track causes it to become uneven, which increases  

the friction fluctuation. However, in a fully water- 

covered environment, plenty of water brings three 

disadvantages to friction reduction. First, the NbN 

surface is isolated from the atmosphere by being 

covered with water, the oxidation reaction is limited, 

and the oxide supply is insufficient. Second, the low 

concentration of trace oxides in large amounts of 

water leads to the disappearance of repulsion and the 

shear force between the friction interfaces increases. 

Finally, the scouring effect of water flow makes it 

difficult for the newly formed oxide to adhere to the 

wear track stably, resulting in wear that cannot be 

alleviated. Thus, the three-phase contact environment 

is the ideal condition for NbN to achieve ultra-low 

friction. To prove that the particular tribological 

behavior originates from NbN itself and is independent 

of the dual material, we replaced the counterpart ball 

with Al2O3 and repeated the original experiment many 

times. The results in Fig. 5 demonstrate that the 

tribo-pairs of NbN and Al2O3 can also achieve ultra-low 

friction in a three-phase contact environment. Moreover, 

the friction coefficient is generally lower, between 

approximately 0.031 and 0.075. According to the 

feasible friction mechanism proposed above, it can be 

assumed that a stable ultra-low friction phenomenon 

can be achieved while the “colloidal solution” — with 

a sufficient concentration of transition metal oxide 

colloidal particles — exists between the friction 

interfaces. Here, the other two common VB TMNs 

obtained under the same preparation conditions, 

namely TaN and VN with a standard cubic NaCl- 

structure (Fig. S3 in the ESM) were used to perform 

friction tests under three different environments. 

After repeated trials, the results are shown in Fig. 6. 

The friction phenomena of the two VB TMNs are 

approximately the same as that of NbN. In the three- 

 

Fig. 5 (a) Measured friction coefficient vs. the number of cycles during the sliding of an Al2O3 ball on NbN in a three-phase contact 
environment and (b) friction coefficient distribution after multiple repeated tests. 

Fig. 6 (a) Measured friction coefficient μ vs. the number of cycles while sliding a stainless steel ball on TaN; (b) measured friction
coefficient μ vs. the number of cycles during the sliding of a stainless steel ball on VN; and (c) friction coefficient distributions of TaN 
and VN after multiple repeated tests. 
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phase contact environment, the friction coefficients 

are controlled to be very low, fluctuating in the range 

of 0.035–0.088, while the friction coefficients are 

generally high in the other two environments. This 

further confirms our hypothesis and demonstrates 

that the VB TMNs system has the excellent properties 

of ultra-low friction and ultra-low wear in a three- 

phase contact environment. 

4 Conclusions 

NbN with a typical cubic NaCl-structure was prepared 

via magnetron sputtering, a three-phase (NbN, water, 

and air) contact, atmosphere with 32% humidity, and 

fully water-covered environments were constructed to 

study the effect of water on the tribological behavior 

of NbN. The three-phase contact environment makes 

the NbN, air, and water contact each other during 

friction, contributing to the formation of a “colloidal 

solution” containing Nb2O5 colloidal particles between 

the friction interfaces. The formation of the double 

electric layer repulsion between the friction interfaces, 

together with the natural water-based weak shear 

capacity of the “colloidal solution”, helps NbN to 

obtain a stable ultra-low friction phenomenon and 

the friction coefficient fluctuates between 0.04 and 

0.09. Simultaneously, the anti-wear capability is also 

demonstrated, which reaches an ultra-low wear rate 

of ~10–10 mm3·N–1·m–1. However, too much or too little 

water between the friction interfaces is not conducive 

to the formation of three-phase contact, which greatly 

reduces the probability of ultra-low friction and wear. 

Tribo-tests of the other two VB TMNs further confirm 

the above views. These findings indicate that the VB 

TMNs are non-additive water-based lubricants with 

high mechanical strength; the discovery of this new 

water–solid composite lubrication system provides 

new ideas for designing distinct advanced lubrication 

and protection schemes. 
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