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Abstract: Black phosphorus (BP) with a layered structure has been used gradually as a lubrication additive 

in the tribological area. In this study, BP powders are produced via an easy method of high-energy ball 

milling using red phosphorus as a raw material. Subsequently, BP nanosheets are prepared via liquid 

exfoliation in N-methyl pyrolidone solvent. The tribological behavior of BP nanosheets as water-based 

lubrication additives (BP-WL) is evaluated under Ti6Al4V (TC4)/GCr15 contact. The results suggest that 

the 70 mg/L BP-WL sample exhibits excellent lubrication performance, whose coefficient of friction (COF) 

and ball wear rate reduced by 32.4% and 61.1%, respectively, compared with those of pure water. 

However, as the load increased, the tribological properties of BP-WL reduced gradually because of the 

agglomeration of BP nanosheets. Based on tribological experiments and worn surface analysis, boundary 

lubrication mechanisms are proposed. The friction reduced, which is primarily attributed to the low 

interlaminar shear and adsorption of BP nanosheets. In addition, a tribochemical reaction film comprising 

TiO2, Al2O3, and Fe2O3 effectively protects the surface of titanium alloy/steel from wear. This new water-based 

lubrication additive can be used to process titanium alloys. 
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1  Introduction 

Owing to their excellent physical-chemical properties, 

titanium alloys have been widely used in aviation, 

aerospace, and ocean engineering [1, 2]. However, 

titanium and its alloys are difficult-to-cut metal; hence, 

high friction is produced between the workpiece and 

tool during cutting. Titanium alloys have lower 

thermal conductivity and elastic modulus, and 

their chemical activity is extremely high; therefore, 

adhesive wear occurs easily on the surface of 

titanium alloys [3, 4]. High temperature, friction, 

and wear are presented in the cutting zone, resulting 

in high machining costs, low accuracy, and poor 

workpiece surface quality. These defects hinder the  

further application of titanium alloys in aviation and 

aerospace [5–7]. Lubrication is an effective method 

to solve the major processing problems encountered. 

However, owing to the extremely poor tribological 

properties of titanium alloys, they are difficult to 

lubricate during manufacturing using traditional 

lubricants used in metal plastic processes [8–12]. Wang 

et al. [8] added molecularly modified Cu nanoparticles 

capped with O,O’-di-n-octyldithiophosphate (nano- 

Cu–DTP) particles into rapeseed oil to study the 

lubricating performance of a Ti6Al4V disk/AISI52100 

ball and discovered that Cu-DTP lubricants can 

increase the wear resistance of TC4 at low applied 

loads. Jiménez et al. [13–15] studied the lubricating 

properties of ionic liquids as lubricants on titanium  
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alloy/steel friction pairs at different temperatures 

and discovered that ionic liquids can reduce the 

coefficient of friction (COF) at 300 ℃ and improve 

the lubrication performance of ionic liquids. Currently, 

a few water-based lubrication additives are used 

for processing titanium alloys. To achieve highly 

efficient titanium alloy machining, new lubricating 

materials and methods must be sought.  

In metal cutting, a lower concentration of phosphorus- 

based additives can significantly increase the tribological 

properties of the lubricants used. The phosphorus 

elements in the base oil, which provide nutrients, 

are beneficial to the reproduction of microorganisms 

and improve the biodegradability of lubricants 

[16–18]. Different computational studies have analyzed 

the anisotropy and superlubric properties of phos-

phorene based on dynamic and static simulations 

[19, 20]. Black phosphorus (BP) offers attractive 

thermodynamic stability, an adjustable bandgap, and 

favorable mechanical properties [21–23]. Currently, 

BP is being investigated as a novel lubrication 

additive in base oil [24–29]. Lv et al. [24] discovered 

that the microfriction of few-layer BP nanosheets 

presented layer dependence and anisotropic friction. 

In addition, the degradation of BP nanosheets in a 

moist environment can improve their tribological 

properties [26]. In a previous study by our group, 

modified BP nanosheets as water-based lubrication 

additives presented superlubricity characteristics 

with Si3N4 ball/SiO2 disk as the friction pairs [27]. 

With regard to oil-based lubrication additives, the 

results suggested that BP nanosheets possessed 

outstanding carry capacity under high loads and 

excellent lubricating characteristics at ultralow 

concentrations [28]. The lubrication performance of 

BP nanosheets is not only related to its slippage but 

also its friction interface film, particularly under high 

loads (contact stress above 1.67 GPa) [29]. Although 

some investigations regarding BP nanosheets as 

lubrication additives have been conducted on steel/ 

steel friction pairs in oil or water- based lubricants, 

few studies have revealed the lubrication mechanisms 

of titanium alloy/steel friction pairs under BP 

lubrication. 

This investigation focused on BP nanosheets as 

water-based lubrication additives (BP-WL) in the 

processing of titanium alloys. The tribological pro-

perties of BP-WL were investigated under GCr15 

ball/TC4 titanium alloy disk contact. The lubrication 

mechanisms of BP-WL are discussed and analyzed 

herein. 

2  Experimental 

2.1  Materials and methods 

In this investigation, red phosphorus (RP), N-methyl 

pyrrolidone (NMP), absolute ethanol, and petroleum 

ether were used as raw materials. All chemicals and 

reagents were used without further purification. 

Ultrapure water was produced using an ultrapure 

water purifier. 

The preparation process of BP-WL is shown in Fig. 1. 

The RP powders were ball-milled using a QM-3B 

high speed vibrating ball mill. The ball-to-powder 

weight ratio, ball milling rotation speed, and milling 

time were 50:1, 1,200 rpm, and 0.5–2 h, respectively. 

After high-energy ball milling (HEBM) was performed, 

BP powders were collected. BP nanosheets were 

obtained via liquid exfoliation in an NMP solvent. 

First, pristine BP powders of weighing 30, 90, and 

150 mg were added to 30 mL of the NMP solvent to 

form BP dispersions at diverse initial concentrations, 

i.e., (Ci): Ci1 = 1 mg/mL, Ci2 = 3 mg/mL, and Ci3 = 5 

mg/mL. Next, for each concentration, after an 

ultrasonic treatment for 10 h in an ice bath, the 

dispersions were further centrifuged for 20 min at 

3,500 rpm to gather the supernatants; subsequently, 

the supernatants were further centrifuged for 30 min 

at 11,000 rpm to collect the precipitates. Finally, 

the precipitates were washed repeatedly using 

deionized water and ethanol. Finally, the collected 

BP nanosheets were dispersed in pure water via 

ultrasonication and stirring for 10 min to obtain 

BP-WL. The concentrations of the obtained BP-WL 

were 35, 70, and 200 mg/L, as shown in Table 1. 
 

Table 1  Resultant BP concentration for each initial BP 
concentration. 

Concentration 
(Ci)  

Initial BP 
concentration (mg/L) 

Resultant BP 
concentration (mg/L)

Ci1  1 35  

Ci2 3 70  

Ci3 5 200  
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Fig. 1  Schematic illustration of BP-WL preparation process.  
 

2.2  Tribological testing 

A ball-on-disc friction tester (UMT-5) was used. The 

friction pairs comprised GCr15 steel balls (6 mm) 

and TC4 titanium alloy discs (24 and 8 mm). For 

comparison, ultrapure water was evaluated under 

the same conditions. Tribological tests were performed 

under different loads (8–15 N) at a rotating speed 

of 150 r/min for 30 min. The corresponding contact 

stresses were calculated by using Hertz’s contact 

theory as follows [30]:  
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where P, a, W, R, and E are the Hertz contact stress, 

contact diameter, applied load (8–15 N), ball radius, 

and effective elastic modulus, respectively. Furthe-

rmore, E was calculated using Eq. (3) [31]. 
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where E1 (110 GPa) and E2 (210 GPa) are the elastic 

moduli of the friction pairs; μ1 (0.34) and μ2 (0.30) 

are the Poisson ratios. The maximum contact 

stresses ranged from 1,000 to 1,300 MPa. The wear 

rates of the GCr15 balls were calculated as follows 

[32]:  
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where V, r, and d are the wear volume, ball radius, 

and wear scar diameter, respectively. 

2.3  Characterization  

The phases of the RP and BP powders were analyzed 

using X-ray diffraction (XRD, D/max2200PC); further-

more, their structures were analyzed via laser Raman 

spectrometry (HORIBA JYT64001). The micrographs 

and size distribution of the powders were observed 

via scanning electron microscopy (SEM, Gemini 

300). The morphology and thickness of the BP 

nanosheets were observed via transmission electron 

microscopy (FEI Tecnai F20) and atomic force 

microscopy (AFM, NT-MDT Prima). The chemical 

compositions of the worn surfaces were identified 

using X-ray photoelectron spectroscopy (XPS, 

Thermo ESCALAB 250XI). The worn surfaces of 

the friction pairs were evaluated via SEM and 

energy dispersive spectroscopy (EDS) to obtain the 

elemental distribution. A three-dimensional (3D) 

white light profilometer was used to analyze the 

TC4 discs. Furthermore, Raman spectroscopy was 

performed to analyze the worn surface. 

3  Results and discussion 

3.1  Materials characterization  

To investigate the morphologies and phase structures 
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of the powders, an SEM image of the RP powder was 

obtained, as presented in Fig. 2(a). The initial RP 

powders were spherical, and the size ranged 

between 2 and 8 μm. Figure 2(b) shows the XRD 

patterns of the RP powder after different milling 

time. Two broad diffraction peaks of RP were 

observed at 30° and 55°, indicating that the RP 

structure was amorphous. After milling for 0.5 h, 

the two broad peaks disappeared, and diffraction 

peaks were detected at 26.480°, 35.008°, and 

55.892°. These results suggest that the amorphous 

RP was transformed into BP [33]. Compared with 

RP, the intensity of the diffraction peaks of BP 

improved with increasing milling time. A local 

high-energy region was formed by the significant 

mechanical energy generated within a short time, 

and this energy was conducive to the phase 

transformation [34]. After HEBM for 2 h, the RP 

was completely transformed into BP. In addition, a 

shift occurred at the (111) crystal plane of BP. This 

might be attributed to the grain refinement of BP 

as the milling time increased. To further confirm 

the phase transformation from RP to BP, the corre-

sponding Raman spectra were characterized. As 

shown in Fig. 2(c), the characteristic peak appeared 

at 350 cm‒1, which belongs to the B1 vibrational 

mode of RP. After HEBM for 0.5 h, the broad peak 

of RP in the Raman spectrum disappeared. Meanwhile, 

new diffraction peaks appeared at 357.4, 431.7, 

and 460 cm‒1. According to Refs. [35, 36], those 

peaks indicate the crystal structure of BP, 

corresponding to phonon modes 1

g
A , 

2g
B , and 

2

g
A , respectively. The intensity of 2

g
A  was higher 

than that of 
2g

B  owing to the excitation laser 

polarization along the armchair direction [37, 38]. 

To analyze the micrographs and elementary 

composition of the BP powders, the SEM images 

and EDS analysis of the BP powders after HEBM 

for 2 h are shown in Figs. 2(d)–2(f). The particle 

size ranged from nanometers to micrometers. The 

high-magnification image in Fig. 2(e) exhibits the 

lamellar structure of BP. The EDS analysis shows 

that the mass ratios of P and O were 97.75% and 

2.25%, respectively.  

Figure 3(a) shows the morphology of the BP nano-

sheets and the selected area electron diffraction 

(SAED) pattern. It was observed that some diffraction 

spots corresponding to the (020), (021), and (111) 

planes of the BP lattice appeared. The high-resolution 

transmission electron microscopy (HRTEM) image 

(Fig. 3(b)) further confirmed that the BP nanosheets 

were orthorhombic in the crystal structure and 

possessed high crystallinity. Figure 3(c) shows the 

AFM image of the BP nanosheets: The measured  

 

 
 

Fig. 2  (a) SEM image of RP powders; (b) XRD patterns; (c) Raman spectrum. (d–f) SEM images and EDS mapping of BP 
after HEBM for 2 h. 
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Fig. 3  (a) SAED pattern, (b) HRTEM image, and (c) AFM image of BP nanosheets. 
 

width and thickness of the nanosheets were appro-

ximately 100 and 7 nm, respectively. This indicates 

that the BP nanosheets prepared via liquid exfoli-

ation exhibited the multilayer structure. 

3.2  Tribological properties of BP-WL 

Figure 4 shows the COF curves and wear rates for 

pure water and BP-WL at different concentrations 

(35, 70, and 200 mg/L) under 8 N and 150 r/min. As 

shown in Fig. 4(a), during the first two minutes of 

the test, the COF of pure water first decreased to 

0.28 and then continued to increase as friction 

continued to occur. In terms of third body lubrication, 

wear debris is the main reason for the decrease in 

the COF [39–41]. Moreover, oxides can be produced 

when a sphere rubs against disc surfaces because 

of frictional heat [42]. When the BP nanosheets 

were added to pure water, regardless of the content, 

the COF of BP-WL was always lower than that of 

pure water. During the friction process, the COF  

curves of BP-WL were stable after 5 min. With the 

addition of 70 mg/L of BP-WL, the average COF 

and wear rate decreased, whereas the contents of 

BP-WL increased from 70 to 200 mg/L, as shown in 

Fig. 4(b). The COF and wear rate of the 70 mg/L 

BP-WL were the lowest, and they were reduced by 

32.4% and 61.1%, respectively. However, when the 

content of BP-WL increased to 200 mg/L, the COF 

and wear rate of the GCr15 balls increased slightly, 

which might be due to the agglomeration of the BP 

nanosheets [43]. During friction processing, the BP 

nanosheets barely entered the contact region and 

adsorbed on the surface of the friction pairs at 

high concentrations [44].  

Figure 5 shows the COFs and wear rates of the 

GCr15 balls lubricated by pure water and the 70 mg/L 

BP-WL under different loads. As shown in Fig. 5(a), 

the COF of pure water increased with the load and 

reached the highest value (0.3061) at 15 N. When 

the applied load was increased from 8 to 15 N, the 

 

 
 

Fig. 4  (a) COF curves and (b) wear rates of GCr15 balls for pure water and BP-WL with different concentrations.  
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Fig. 5  (a) COF values and (b) wear rates of GCr15 balls for pure water and 70 mg/L BP-WL under different loads.  
 

average COF of the 70 mg/L BP-WL increased from 

0.2154 to 0.2672. Compared with the COF of pure 

water, the COF of BP-WL was lower than that of 

pure water under each load. As the loads increased, 

the wear rates of the GCr15 balls exhibited a similar 

trend (Fig. 5(b)). At a load of 8 N, the pure water 

showed a relatively high wear rate of 84.63 mm3/(N·m). 

On the contrary, the 70 mg/L BP-WL presented an 

extremely low wear rate of 43.27 mm3/(N·m). These 

results show that the 70 mg/L BP-WL is highly 

promising in improving friction-reducing and anti- 

wear performance under lower loads. 

3.3  Worn surface analysis 

The SEM images of the worn surfaces of the GCr15 

balls and TC4 disks at different concentrations 

under 8 N and 150 r/min are shown in Fig. 6. As 

shown from the worn surface of the GCr15 balls in 

Figs. 6(a)–6(d), it is clear that the wear scar on the 

surface of the balls is elliptical. This can be explained 

by the fact that under the external load, the local 

deformation between the sphere and disc is the 

main factor that formed the elliptic shape [45, 46]. 

The difference in hardness between the GCr15 ball 

(650 ± 17 HV0.3) and TC4 disc (345 ± 15 HV0.3) 

resulted in a local deformation. Because of the 

worn TC4 disk material during friction and wear, 

the contact area in the vertical direction was 

higher than that in the sliding direction [47]. The 

wear scars of the GCr15 balls lubricated with pure 

water (Fig. 6(a)) was rough, with severe wear and 

wear debris. By contrast, the worn surface 

lubricated by BP-WL on the surface of the GCr15 

ball showed slight traces of wear, and the wear 

area decreased. In particular, the surface 

lubricated by the 70 mg/L BP-WL (Fig. 6(c)) barely 

exhibited worn marks, and the wear area was the 

smallest among those of all lubricants with 

different concentrations. However, a small amount 

of debris was observed on the surface at a 

relatively high concentration of BP-LP (Fig. 6(d)). 

This is because the agglomeration of BP nanosheets 

resulted in high friction and wear on the frictional 

interface [48, 49]. As shown in Fig. 6(e), the worn 

surface of the TC4 titanium alloy disc lubricated 

by pure water was scratched to a width of approxi-

mately 762 μm, which was much wider than those 

shown in Figs. 6(f)–6(h). In addition, deep furrows 

and scratches were observed in the wear scar 

lubricated by pure water. As the concentration of 

BP-WL increased from 35 to 200 mg/L, the wear 

widths first decreased and subsequently increased. 

The minimum width of the wear track was 680 μm 

at 70 mg/L. As shown in Fig. 6(g), the worn surface 

of the disk became smooth. This indicates the good 

lubrication effect of the BP nanosheets.  

Figure 7 shows the EDS images of the worn surface 

of TC4 disks lubricated by pure water and BP-WL 

under 8 N and 150 r/min. As shown in Fig. 7(a), deep 

grooves and severe desquamation appeared on the 

worn surface lubricated by pure water. After 

adding the BP nanosheets into pure water, the pits 

on the surface of TC4 disk were filled by a large 

amount of BP nanosheets regardless of the BP-WL 

concentration used (Figs. 7(b)–7(d)). Three main 

elements were detected on the frictional surface, 

i.e., Ti, Fe, and P. The detected Ti elements were 

primarily from the TC4 matrix. Additionally, the 
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Fig. 6  (a–d) SEM images of worn surface of GCr15 balls lubricated by pure water, 35, 70, and 200 mg/mL BP-WL, 
respectively. (e–h) SEM images of worn surface of TC4 disks lubricated by pure water, 35, 70, and 200 mg/mL BP-WL, 
respectively. 
 

 
 

Fig. 7  EDS images of worn surface of TC4 disks lubricated by (a) pure water and BP-WL with different concentrations: (b) 35 
mg/L, (c) 70 mg/L, and (d) 200 mg/L. 
 

Fe detected on the surface of TC4 disk was 

transferred from the GCr15 ball. Furthermore, P 

appeared on the worn surface, indicating that the 

BP nanosheets had adsorbed on the surface of the 

TC4 titanium alloy disk. As the concentration of 

BP-WL increased, the contents of P increased 

gradually. 

The morphology and full profiles of the worn 

surfaces under 8 N and 150 r/min were evaluated 

using a 3D profilometer (Fig. 8). The width and 

depth of wear tracks of the TC4 disk decreased as 

the concentration of BP-WL increased from 0 to 70 

mg/L and subsequently increased from 70 to 200 

mg/L. In addition, the wear volume lubricated by 

pure water was 0.452 mm3. As the concentration of 

BP-WL increased from 35 to 70 mg/L, the wear 

volume decreased from 0.445 to 0.359 mm3. However, 

the wear volume increased to 0.411 mm3 at 200 mg/L. 

This is attributable to the low concentration of 

BP-WL, which rendered it much easier for the 
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Fig. 8  3D Micrographs and profiles of wear tracks of TC4 disks lubricated by (a) pure water and BP-WL with different 
concentrations: (b) 35 mg/L, (c) 70 mg/L, and (d) 200 mg/L. 
 

nanosheets to enter the contact area and achieve  

a better lubricating effect compared with the high 

concentration of lubricants [39]. These results 

clearly demonstrate that BP-WL can significantly 

improve the anti-wear performance of pure water 

for titanium alloy/steel contacts. 

Figure 9(a) shows the optical microscopy image 

of the worn surface of the TC4 disc lubricated by 

the 70 mg/L BP-WL under 8 N and 150 r/min. 

Some dark patches appeared on the worn surface 

and they might be the tribochemical reaction film. 

To further identify their chemical compositions, 

Raman and XPS analyses were adopted (Figs. 9(b)–9(i)). 

From the Raman spectrum (Fig.  9(b)) ,  the 

characteristic peaks of 1

g
A ,  

2g
B ,  and 2

g
A  at 

approximately 360, 430, and 460 cm‒1, respectively, 

confirmed the presence of BP nanosheets [35]. This 

suggests that an adsorption film had formed between 

two contact surfaces. The formed protective film 

can provide effective coverage of the friction 

surface. Figure 9(c) illustrates the full spectrum on 

the wear scar of the disk lubricated with the 70 mg/L 

BP-WL; C 1s, O 1s, Fe 2p, Ti 2p, Al 2p, and P 2p 

were detected. As shown in Fig. 9(d), the three C 

1s peaks located at 284.6, 285.9, and 288.0 eV 

mainly existed in the form of C–H/C=H, C–O, and 

C=O [50]. The O 1s peaks at 530.4 eV (Fig. 9(e)) and 

the Fe 2p3/2 at 710.9 eV (Fig. 9(f)) both corresponded 

to the chemical state of oxygen in Fe2O3 [51, 52]. Fe2O3 

appeared owing to the oxidation of Fe during the 

tribochemical reaction. The O 1s peak at 531.1 eV 

and the Al 2p peak at 74.7 eV (Fig. 9(h)) both 

indicated the existence of Al2O3 [53]. As shown in 

Fig. 9(g), the Ti 2p XPS spectrum exhibited doublet 

peaks at 458.5 and 464.2 eV, which corresponded 

to the Ti 2p3/2 and Ti 2p1/2 characteristic peaks of 

Ti4+ inside the TiO2 lattice, respectively [54]. The O 1s 

peak at 529.5 eV was attributed to O2‒ inside the  
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Fig. 9  (a) Optical microscopy image; (b) Raman analysis; (c–i) the XPS spectra of worn surface lubricated with 70 mg/L 
BP-WL. 
 

TiO2 lattice [55]. These oxides indicate that the 

tribochemical reaction occurred during the friction 

process. The two typical peaks located at 129.8 and 

130.9 eV were assigned to P 2p3/2 and P 2p1/2 in the 

P 2p spectrum, respectively. P 2p3/2 and P 2p1/2 are 

the characteristic peaks of crystalline BP [56]. It 

was confirmed that the BP nanosheets adhered to 

the worn surface. Therefore, the tribochemical reaction 

formed a film comprising Fe2O3, Al2O3, and TiO2 on 

the worn surface. These absorption film and 

tribochemical reaction film were key in reducing the 

friction and wear of the titanium alloy/steel contact. 

3.4  Lubrication mechanism of BP-WL 

Based on the results above and the worn surface 

analysis, a schematic illustration of the lubrication  

model of BP-WL is shown in Fig. 10. The lubrication 

mechanisms of BP-WL have been proposed [27, 28]. 

First, the interlayer shearing force in the water-based 

lubrication additives is critical to the friction- 

reducing ability. During the friction process, a few 

BP nanosheets entered the rubbing surfaces because 

of their low interlaminar shear stress. The maximum 

friction force occurred at the interface of the rough 

peak between the ball and disk. The BP nanosheets 

were exfoliated and absorbed on the surface of the 

friction pairs during sliding processing (Figs. 10(a) 

and 10(b)). The lamellar slip of the BP nanosheets 

was beneficial for reducing the COF [57, 58]. 

Moreover, BP-WL can form an adsorption film and 

a tribochemical film on the worn surfaces. Raman 

spectroscopy was confirmed that the BP nanosheets  
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Fig. 10  Schematic illustration of the lubrication model of BP-WL. 

 

were absorbed on the surface to form a BP film. 

According to classical lubrication theories, lubrication 

regimes can be identified in a lubrication regime 

map in terms of two variables, 
v

g  and 
E

g , expressed 

as follows: 

 
3

v 2

GW
g

U
 (6) 

 
8/3

E 2

W
g

U
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where   /U V E R ,  G E ,  2/W F E R , R (3 mm) 

is the radius of the GCr15 ball, V (63.0 mm/s) is the 

linear velocity,   is the viscosity of the lubricants, 

  is the viscosity–pressure coefficient, E  (162 

GPa) is the finite elastic modulus, F (8 N) is the 

applied load, and k (≈ 1) is the elliptical parameter. 

According to the Hamrock–Dowson theory, the 

theoretical minimum film thickness and the ratio 

 can be calculated using the following equation [46]: 

   
0.53 0.67

0.73

min 0.067
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min
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h
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where 
1
 and 

2
 are the roughness of the ball 

and disk, respectively  
1

( 2.850μm,  
2

4.424μm).  

Through a series of calculations,
min

h was obtained as 

approximately 13.07 nm, and λ was approximately 

0.29, i.e., smaller than 1. Hence, the current 

lubrication state can be defined as the boundary 

lubrication regime [59]. Moreover, the XPS results 

suggested that complicated tribochemical reactions 

had occurred and consequently formed a tribochemical 

film composed of TiO2, Fe2O3, and Al2O3 on the 

rubbing surfaces. Hence, the BP nanosheets were 

bonded more tightly to the metal surface through 

the formation of chemical bonds [60]. The absorption 

and tribochemical films can effectively protect the 

contact surface from wear and improve the anti- 

wear performance of the TC4/GCr15 friction pairs. 

4  Conclusions 

In summary, BP powders were prepared using 

HEBM, and BP nanosheets were fabricated via 

liquid exfoliation. The tribological behavior of BP- 

WL was evaluated at different Hertzian contact 

stresses (1,119–1,281 MPa) under titanium alloy/steel 

contact. The results demonstrated that the 70 mg/L 

BP-WL exhibited the optimal lubrication performance. 

Its COF and wear rate decreased by approximately 

32.4% and 61.1%, respectively. The friction-reducing 

properties of the BP nanosheets were closely asso-

ciated with their lamellar structure; furthermore, 

the BP nanosheets adsorbed on the worn surfaces 

through physical electrostatic actions. In addition, 

the anti-wear performance of BP-WL mainly depended 

on the adsorption and tribochemical films formed on 

the worn surfaces. These factors prevented the direct 

contact of the rubbing surfaces and significantly 

reduced the friction and wear, resulting in the 

superior tribological properties of the BP nanosheets. 
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