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Abstract: The stability of the tribological properties of polymer coatings is vital to ensure their long term use. 

The superlubricity of the poly(vinylphosphonic acid) (PVPA)-modified Ti6Al4V/polytetrafluoroethylene (PTFE) 

interface can be obtained when lubricated by phosphate-buffered saline (PBS, pH = 7.2), but not when 

lubricated by deionized water and ethanol. Therefore, the mechanisms for the superlubricity of PVPA coatings 

affected by lubricant were investigated in detail. The stability of the PVPA coatings and their compatibility with 

the lubricant are critical factors in realizing ideal tribological properties of PVPA coatings. Robust PVPA 

coatings are stable under a wide range of pH values (6–10) using PBS as the basic solution, and are also 

characterized by superlubricity. The hydrolysis kinetics of phosphate anhydride is the main reason for the pH 

responses. In addition, along with stability, PVPA coatings exhibit different friction coefficients in salt solutions 

which are composed of various ions, which indicates that the compatibility between PVPA coatings and the 

lubricant can be used to regulate the superlubricity properties. Based on a fundamental understanding of the 

mechanism of surperlubricity by considering the effects of the lubricant, PVPA coatings with stability and 

perfect tribological performance are expected to be applied in more aspects. 
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1  Introduction 

Friction and lubrication failure are the primary reasons 

for the poor stability of cervical disc replacements [1]. 

Surface characteristics seriously influence their per-

formance in the human body. As such, improving the 

stability and service life of artificial cervical discs via 

surface modification is receiving increased attention 

[26]. Inspired by some biological synovial joints, 

such as knees, hips, and shoulders, which display 

excellent tribological properties from the support of 

water-based lubricants due to the highly hydrated 

macromolecular polymers attached to their surfaces 

[7, 8], many research groups paid sufficient attention 

in surface modifications with hydrophilic polymers.  

The tethering of hydrophilic polymers on surfaces 

has been widely reported as being associated with 

superlow friction properties in aqueous solutions. 

Poly(ethylene glycol) (PEG) has been widely studied 

as an effective polymer for achieving ultralow 

friction [9]. Cross-linked chitosan and hyaluronan 

layers can be resistant to wear and protein 

adsorption [10]. pMPC-modified surfaces showed a 

low friction coefficient below 0.01, due to the highly 

hydrated phosphorylcholine-like monomers on 

2-methacryloxyethyl phosphorylcholine (pMPC) 

chains [1113]. 

Despite the excellent frictional properties of 

hydrophilic polymer-modified surfaces, the stability 

of their tribology is of more critical importance  

due to the implants being located adjacent to neural 

structures. Therefore, the robustness of dramatic 

tribological responses was successively investigated in 
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numerous studies. Lubricants can affect the tribological 

properties. Precise investigations have found that 

solvent quality influences the stability of polymer 

brushes [14, 15]. When polymer-modified surfaces 

slide in “good” solvents, friction can be greatly reduced 

due to the maximum swell of the polymer chains. 

However, polymer brushes will collapse due to minimal 

contact between the polymer chains and the solvent 

in a “poor” solvent, which leads to a significant increase 

in friction [16, 17]. pH is a basic characteristic of 

lubricants, whose change will influence the charac-

teristics of polymer. The pH-dependent protonation 

of amine groups and conformational rearrangements 

of poly(N,N-dimethylaminoethyl methacrylate) brushes 

in alkaline, neutral, and acidic solutions leads to 

different swelling and deswelling rates [18]. Further, 

the tribological properties of polymer-modified surfaces 

have been proved to be affected by pH, especially for 

hydrophobic polymer [19].  

In addition, according to research by Zhou, the 

swelling and collapse of polymer brushes caused by 

the constituents of lubricants also greatly influence 

their lubricating capabilities [20]. That is, the com-

patibility between the surface properties of tribo-pairs 

and the lubricant is critical in superlubricity. The 

interfaces of silicon-nitride/water [21] and phosphoric 

acid/quartz [22, 23] displayed superlubricity with the 

help of a lubricant by a tribochemical reaction with the 

tribo-pairs. High-density poly(methyl methacrylate) 

(PMMA) brushes showed low friction coefficient in 

response to toluene, due to the moderate interaction 

between the brush surface and the sliding probe, 

whereas the opposite phenomenon occurs in hexane 

[24]. MPC was widely researched in surface modifica-

tion used in artificial joints. However, the lubricity 

of MPC is reduced in toluene, probably due to more 

collapsed MPC brushes and decreased solvent uptake 

in the coating [25]. For the same reasons, MPC do 

not exhibit good tribological properties in ethanol 

and water mixtures [26]. In addition, with respect  

to polyelectrolytes, the compatibility of the charging 

characteristics between the ions in lubricants and 

polymer brushes is also a critical factor for reducing the 

friction coefficient, due to the influences of electrostatic 

and hydrophobic interactions [27]. 

In this study, the tribological performances of 

poly(vinylphosphonic acid) (PVPA) coatings in 

different lubricants were explored on a ball-on-disc  

machine. Our experimental results showed that ultralow 

friction and wear of PVPA-modified Ti6Al4V could 

be achieved over a wide pH range. However, even 

with stability, PVPA coatings showed different friction 

coefficients in various salt solutions, indicating that 

the compatibility between PVPA coatings and lubricants 

regulates the superlubricity properties. PVPA-modified 

Ti6Al4V displayed excellent tribological properties  

in a great number of lubricants, which thus extends 

their applications. 

2 Materials and methods 

2.1 Materials 

PVPA (97%) with the average molecular weight of 

24,817 g/mol and phosphate-buffered saline (PBS, pH = 

7.2) were purchased from Sigma Aldrich. All inorganic 

salts were purchased from Sinopharm. The lubricants, 

unless otherwise specified, were prepared by adding 

appropriate inorganic salts into deionized water    

to obtain salt solvents (pH = 7.2). Ti6Al4V (50 mm × 

50 mm, 1 mm thickness) foils were supplied by 

Goodfellow, Inc. To achieve smooth surfaces (Ra ≈   

2 nm), these foils were then cut and polished. 

Polytetrafluoroethylene (PTFE) balls (D ≈ 6 mm, Ra ≈ 

280 nm) were obtained from Quanying, Inc. All reagents 

mentioned above were used without purification. 

2.2 Universal micro-tribometer for the evaluation 

of tribological properties 

Formation details and mechanism of the PVPA coating 

on Ti6Al4V were discussed in our last paper [28]. The 

tribological performance of PVPA-modified Ti6Al4V 

in different lubricants was investigated on a machine 

called universal micro-tribometer (UMT-3, CETR). 

PTFE balls were chosen as another tribo-pair during 

reciprocating movement. In all measurements, 

temperature was controlled at 37 °C. The normal load 

was chosen as 2.5 N, which yielded a nominal contact 

pressure of 25.19 MPa in our experiments, while the 

average sliding speed used was 12 mm/s. All tribological 

experiments were carried out in a lubricating system 

of complete immersion. The same friction coefficient 

during back and forth movements can be sustained 

by carefully regulating the down-holder.  
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2.3 X-ray photoelectron spectroscopy (XPS) for 

detecting elements of the PVPA coatings on 

Ti6Al4V 

The surface composition of PVPA-modified Ti6Al4V 

in the wear tracks were characterized by XPS. These 

measurements were carried out on an ESCALAB 250 

XI (Thermo Scientific Instrument, USA) equipped with 

a monochromatized Al K R X-ray source. All spectra 

were obtained at a 90° photoelectron takeoff angle 

from the surface. Two spots on two replicates of each 

sample were analyzed. The data for each element 

represent averages of the peak intensities determined 

at each spot. All binding energy values were charge- 

referenced to the C1s peak at 285 eV. Data analysis 

was performed with software (Thermo Advantage 

v5.41) to calculate the elemental and component 

composition from the peak areas. 

2.4 Contact angle goniometry 

The wetting abilities of PVPA-modified Ti6Al4V with 

different lubricants were investigated in terms of 

contact angle. Contact angles were measured using  

a JC2000A (POWEREACH, Inc.) system. A drop with 

the volume of 2 μL was placed on each test point   

to measure static contact angles. Three spots of each 

sample were examined. The values were obtained by 

averaging values of nine spots on three samples. 

2.5 Stereo light microscope for evaluating the wear 

on the two tribo-pairs 

A stereo light microscope (SZX12, OLYMPUS, Japan) 

was used to test the scratches on the Ti6Al4V and the 

wear scars on the PTFE balls following the experiments. 

The test areas were amplified at least 10-fold to clearly 

display the morphology. At least three repetitions of 

each experiment were performed. 

3 Results and discussion 

3.1 Tribological performance of PVPA coatings in 

different lubricants 

PVPA coatings precisely control the surface chemistry 

of Ti6Al4V. To explore the effect of lubricants on PVPA 

coatings, tribological behaviors of PVPA-modified  

Ti6Al4V were evaluated in different lubricants. 

Figure 1(a) shows a summary of the friction coefficient 

results. When the entire system was immersed in PBS 

(pH = 7.2), the friction coefficient of PVPA-modified 

Ti6Al4V sliding against PTFE balls was ultralow 

(approximately 0.005) at an average sliding speed  

of 12 mm/s, with a normal load of 2.5 N, yielding an 

initial contact pressure of 25.19 MPa. A superlow and 

stable friction coefficient is the common state of natural 

joints and is the desired outcome for artificial joints. 

However, when lubricated by water and ethanol, the 

friction coefficient of the PVPA-modified Ti6Al4V/PTFE 

interface shows a dramatic increase compared to the 

result for PBS, approximately 0.02 for ethanol and 

0.03 for water. Reasons for the difference on friction 

coefficient were firstly investigated by analyzing wear 

track. Figure 1(b) displays the XPS spectra collected  

 

Fig. 1 Tribological properties of PVPA-modified Ti6Al4V 
lubricated by PBS, water, and ethanol: (a) variations in the friction 
coefficient of PVPA-modified Ti6Al4V sliding against PTFE balls, 
and (b) XPS survey scans of the wear track on PVPA-modified 
Ti6Al4V after sliding for 0.5 h.  
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from the wear tracks after tribological experiments in 

different lubricants. In contrast to the other results, 

Ti2p peak can be found in the sample lubricated by 

water. Therefore, the PVPA coatings were damaged 

when tribological experiments were performed in 

water, which explains the increased friction coefficient. 

However, a very interesting thing can be found by 

carefully analyzing the spectrum (the blue line in 

Fig. 1(b)) collected from the wear trace of the PVPA- 

modified Ti6Al4V lubricated by ethanol. The P2s and 

P2p peaks are high, but no Ti2p peak can be found, 

which is similar to the results of the PVPA-modified 

Ti6Al4V lubricated by PBS, but with a high friction 

coefficient. 

A comprehensive analysis of the tribological 

results of PVPA-modified Ti6Al4V in water and PBS 

confirms that the basic condition for ensuring the 

superlubricity of PVPA coatings is their stability in 

lubricants. In addition, the experimental results that 

lubricated by PBS and ethanol ensure that stability  

is not the only reason for the superlubricity. While 

PVPA coatings are robust in ethanol, superlubricity is 

not achieved due to the differences in the tribological 

interface properties. There are several reasons. The 

PVPA molecules used in our research contain a large 

number of phosphate groups, whose hydrophilic per-

formance is remarkable, and show excellent properties 

in reducing friction [22]. It is assumed that hydration 

sheaths may be formed around the PVPA molecular 

chains that stretch outward from the surface of the 

PVPA coatings. Water molecules trapped in these 

hydration sheaths are exchanged quickly with other 

hydration or free water molecules [11, 28], which 

maintain a fluid-like manner at the interface, and 

thus increase the lubricity in the contact region. In 

addition, water molecules will adsorb onto salt ions 

in PBS, forming a sort of molecular ball bearing, 

which also improves the boundary lubrication. 

In addition, compatibility between the tribo-pairs 

and lubricants is critical in achieving superlubricity. 

Figure 2 shows the measurement results of contact 

angle on PTFE. Owing to the abundant fluoride within 

PTFE, PTFE presents super hydrophobic nature. The 

contact angle of water on the PTFE surface is 

approximately 130°, as shown in Fig. 2(a). Therefore, 

with the adsorbed water molecules on PVPA coatings,  

 

Fig. 2 Contact angle on PTFE: (a) water and (b) ethanol. 

there is little adhesive force between two tribo-pairs, 

which can further reduce the shearing resistance and 

lead to a superlow friction coefficient. However, the 

contact angle of ethanol is only about 70° (Fig. 2(b)), 

associated with a larger adhesive force, which increases 

the friction. 

According to the analysis above, the superlubricity 

of PVPA-modified Ti6Al4V is related to its stability 

and compatibility with lubricants. Therefore, designs 

must simultaneously consider the robustness of 

polymer coatings and lubricant compatibility to 

improve the tribological properties. 

3.2 Novel pH-stable frictional behaviors and 

mechanisms of PVPA-modified Ti6Al4V in PBS 

The stability of PVPA coatings provides basic assurance 

for the superlubricity of PVPA-modified Ti6Al4V. 

The robustness of PVPA coatings on Ti6Al4V has 

been proved in neutral PBS. To further investigate 

the mechanism for the stability of coatings and to 

expand the application of PVPA-modified Ti6Al4V, 

their tribological properties were evaluated in PBS, 

whose pH are regulated to 5, 6, 7.2, 8, 9, 10, 11 and  

12 using sodium hydroxide and hydrochloric acid 

successively. Friction tests were performed without 

changing other experimental parameters. Figure 3(a) 

shows the average friction coefficients versus pH. 

When pH is in the range of 6 to 11, the friction 

coefficient is approximately 0.005, which proves the 

negligible effects of pH on superlubricity. Further, the 

curves of the friction coefficients versus time for pH 

variation from 6 to 11 in Fig. 3(b) display only small 

fluctuations in each curve, confirming the excellent 

stability of PVPA coatings over a wide pH range.  

However, when PVPA-modified Ti6Al4V was 

immersed into acidic conditions (pH = 5), the friction 

coefficient increased to about 0.009. The reasons for 

this can be determined from the wear morphology of  
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Fig. 3 Tribological properties of PVPA-modified Ti6Al4V 
lubricated by PBS with different pH values: (a) average friction 
coefficients versus pH, (b) curves of friction coefficients versus 
time for pH values in the range of 5 to 12, (c) wear patterns at a 
pH of 5, and (d) wear patterns at a pH of 12. 

the two tribo-pairs after sliding for 2 h, as shown in 

Fig. 3(c). The PVPA coatings on modified Ti6Al4V 

collapse and are worn through when sliding against 

PTFE in PBS (pH = 5), indicating their weak stability. 

Fortunately, the PVPA coatings are not completely 

collapsed, which can be ensured by the stacked 

coating on the edge of the scratches. Therefore, wear  

on the PTFE ball is not severe, showing a wear scar  

of 423 μm. This result indicates that PVPA coatings 

can only maintain stability in weak-acid lubricants. 

The superlubricity of PVPA-modified Ti6Al4V will 

disappear when the pH is below 6. Moreover, in the 

case of pH = 12, the friction coefficient is especially 

high with huge fluctuations, as shown in the star point 

curve in Fig. 3(b). In these conditions, the PVPA 

coatings were destroyed completely. The left picture 

in Fig. 3(d) displays the wear trace on PVPA-modified 

Ti6Al4V. Apart from the distinct scratch, no PVPA 

coatings can be found. In accordance with the collapse 

of the PVPA coatings, a large wear scar with a 

diameter of 655 μm appears on the PTFE ball. This 

phenomenon makes it clear that PVPA coatings   

are only robust in alkaline lubricants whose pH is 

below 12. 

From the above analysis, it is assumed that the 

superlubricity of PVPA-modified Ti6Al4V can be 

obtained not only in a neutral lubricant, but also in 

weak-acid and weak-base lubricants. Moreover, the 

stability of PVPA coatings is more sensitive to acid. 

In weak-acid and weak-base lubricants, the collapse 

of PVPA coatings is the main reason for the absence 

of superlubricity. Therefore, the mechanisms for 

stability of PVPA coatings in lubricants were analyzed. 

The PVPA coatings are linked to titanium alloy 

through Ti−O−P due to the chelating properties of 

phosphate groups to titanium, which has been well 

confirmed [29, 30]. These covalent links ensure the 

stability of the underlying PVPA molecular layer. 

Further, within the coatings, interchain condensation 

[31] between two phosphonic acid groups forms 

phosphonic acid anhydrides, which accounts for the 

cross-link between the PVPA molecules in the coatings 

[28]. Unfortunately, phosphate anhydrides, whose 

stability is sensitive to water molecules [32, 33], will 

be hydrolyzed in some water-based solvents. The 

anhydride hydrolysis reaction begins with the attack 

of a hydrogen or hydroxyl ion. If phosphate anhydrides 

are in acid condition, the hydrogen ion is the inducing 

factor for the hydrolysis reaction, as shown in 

Expression (1). With the hydrolysis of anhydrides, 

free PVPA molecules and then the phosphate groups 

in the lubricant will constantly increase. More 

hydrogen ions are then ionized, which accelerates the 
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hydrolysis reaction. When the PBS buffer function is 

ineffective, the pH of the lubricant will continue to 

decrease, leading to the collapse of the PVPA coatings. 

Similarly, if the phosphate anhydrides are in alkaline 

conditions, the hydroxyl ion is the critical factor. 

Expression (2) shows the hydrolysis reaction of 

phosphate anhydrides in an alkaline environment. 

With the increased number of free PVPA molecules 

from the hydrolysis of anhydrides, the number of 

hydrogen ions will increase, leading to a neutral 

reaction between the hydrogen and hydroxyl ions, 

which will be in favor of decreasing pH value and 

maintaining the stability of the anhydrides. This 

phenomenon explains the wider pH range in which 

PVPA coatings are stable under alkaline rather than 

acid environments. Obviously, the higher the pH 

value, the more the PVPA coatings will be destroyed 

before the pH of the lubricant becomes neutral. 

Therefore, the superlubricity of PVPA coatings can 

be maintained within a pH range of 6 to 11, which is 

consistent with their stability. 

RPO2H-O-PO2HR + H2O = 2RPO3H2    (1) 

RPO2H-O-PO2HR + 2OH− = 2RPO3H− + H2O  (2) 

3.3 Superlubricity of PVPA-modified Ti6Al4V 

regulated by the compatibility with lubricants  

PVPA coatings with perfect stability in PBS display 

ultralow friction. In order to extend the range of their 

application, as required in artificial joint replacements, 

the mechanism of compatibility between PVPA coatings 

and lubricants was investigated. Considering the buffer 

function of PBS, the lubricants were simplified to salt 

solutions with buffer ions. Water-based lubricants with 

Na2HPO4, (NH4)3PO4 and NaHCO3 were prepared 

respectively. The salt ion concentration in all lubricants 

was 0.05 M, which is the same as that of PBS. pH of 

the three lubricants was regulated to 7.2 according to 

their identity using sodium hydroxide and hydrochloric 

acid. Then, The PVPA-modified Ti6Al4V disks were 

lubricated with the above solutions and tested them 

against a 6.35-mm PTFE ball at a sliding speed of 

12 mm/s under an initial pressure of 25.19 MPa. The 

contact pressures are large enough to ensure that the 

artificial cervical discs are used at a safe level for   

the human body. The friction coefficients of PVPA- 

modified Ti6Al4V in these salt solvents are all less 

than 0.01 with very little fluctuation, as shown in 

Fig. 4(a), thus indicating their superlubricity. In addition, 

Figs. 4(b), 4(c), and 4(d) show the surface topographies 

of two tribo-pairs after sliding successively for 0.5 h. 

The absence of wear tracks strongly confirms the 

ultralow wear. The experimental data show that PVPA 

coatings can be stable in buffer salt ion solutions 

other than PBS, further accompanied with the result 

of superlubricity. That is, the superlubricity property  

 

Fig. 4 Tribological properties of PVPA-modified Ti6Al4V in 
different lubricants: (a) average friction coefficients versus time, 
(b) surface topography on two tribo-pairs after sliding for 0.5 h in 
Na2HPO4, (c) surface topography on two tribo-pairs after sliding 
for 0.5 h in (NH4)3PO4, and (d) surface topography on two tribo- 
pairs after sliding for 0.5 h in NaHCO₃. 
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of PVPA coatings can be generalized to other salt 

solutions with a buffer function, which will extend 

the range of their application. The reason may be that 

the salt ions help to stabilize the PVPA coatings, so the 

hydrolysis reaction of the phosphate anhydrides is 

slow. Also, even with few hydrogen ions produced by 

hydrolysis, salt ions with a buffer function can regulate 

a lubricant to be neutral and thus ensure stability of 

the PVPA coatings and further the superlubricity. 

However, a careful analysis of Fig. 4(a) reveals that 

the friction coefficient of PVPA coatings lubricated by 

NaHCO3 solution is larger than those of (NH4)3PO4 

and Na2HPO4. This phenomenon is associated with 

the interfacial properties in the contact area. The 

properties of the phosphate groups in (NH4)3PO4 and 

Na2HPO4 are similar to that in PVPA molecular chains. 

Therefore, their influence on the interfacial properties 

is negligible. However, HCO3
− in NaHCO3 solution 

may disturb the lubricating property of phosphate 

groups on PVPA molecules at the frictional interface 

by changing their hydrophilic characteristics, leading 

to the increased friction coefficient. Therefore, it    

is assumed that the compatibility between PVPA 

coatings and lubricants is another factor influencing 

superlubricity, since PVPA coatings have been shown 

to be robust in those lubricants. 

With a fundamental understanding of the mechanism 

responsible for the superlubricity of PVPA coatings, 

tribological properties of PVPA coatings were 

researched in more variety of lubricants. Inspired by 

the experimental results for pH in the range of 6 to  

11, the conclusion that the superlubricity of PVPA 

coatings is independent with pH can be obtained. 

Therefore, the lubricants were simplified to salt solutions 

without any buffer function further. NaCl, NaNO3, 

and Na2SO4 solutions of 0.05 M were regulated. 

Friction tests were performed using these solutions 

as lubricants without changing other experimental 

parameters. The friction coefficients in Fig. 5(a) are 

all less than 0.01 without running-in time. There is 

very little fluctuation of the curves, indicating the 

stability of the superlubricity property. In addition, 

ignorable wear on the surfaces of two tribo-pairs 

(Figs. 5(b), 5(c), and 5(d)) indicates anti-wear properties 

and the stability of the PVPA coatings lubricated by 

these lubricants. Based on the above analysis, the  

 

Fig. 5 Tribological properties of PVPA-modified Ti6Al4V in 

different lubricants: (a) average friction coefficients versus time, 

(b) surface topography on two tribo-pairs after sliding for 0.5 h in 

NaCl, (c) surface topography on two tribo-pairs after sliding for 

0.5 h in Na2SO4, and (d) surface topography on two tribo-pairs 

after sliding for 0.5 h in NaNO3. 

ideal tribological properties of PVPA coatings can be 

extended to a wider variety of salt solutions, which 

lack buffer functions. There are several reasons that 

salt ions without any buffer function help maintain 

superlubricity. One reason can be revealed by comparing 

the XPS results in Fig. 1(b) with the surface topography 

of PVPA-modified Ti6Al4V in Figs. 5(b), 5(c), and 5(d), 

which show that salt ions can help improve the stability 

of PVPA coatings to maintain their surperlubricity.  

In addition, according to Klein’s research [34], water 
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molecules adsorbing on salt ions retain the shear 

fluidity characteristics of the bulk liquid, which may 

further account for the lower friction coefficient 

compared to that of water. 

4 Conclusions 

The stable superlubricity of the poly(vinylphosphonic 

acid) (PVPA)-modified Ti6Al4V/polytetrafluoroethylene 

(PTFE) interface is regulated by lubricants. Phosphate- 

buffered saline (PBS, pH = 7.2) is a “good” lubricant 

for PVPA coatings, but deionized water and ethanol 

are not. The robustness of PVPA coatings is the main 

reason for their ideal tribological properties. PVPA 

coatings are stable in lubricants regulated based on 

PBS, whose pH ranges widely from 6 to 11, as well as 

being characterized by superlubricity. The hydrolysis 

kinetics of phosphate anhydride is responsible for the 

pH-response result. Further, compatibility with the 

lubricant is a critical factor in the surperlubricity   

of PVPA coatings. The friction coefficient of PVPA 

coatings lubricated by the NaHCO3 solution is larger 

than those of (NH4)3PO4 and Na2HPO4, due to the 

influence of ions on the frictional interface. Anions 

with stronger hydration are more beneficial in reducing 

the friction coefficient. In addition, with stability, PVPA 

coatings perform superlubricity in a variety of salt 

solutions without buffer functions. With a fundamental 

understanding of the synergistic mechanism between 

PVPA coatings and lubricants, the superlubricity of 

PVPA coatings is expected to be a wide application. 
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