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Abstract: In thin-film lubrication (TFL), generally, the viscosity of the lubricant and its coefficient of friction 

(CoF) increase. Finding a method to reduce the CoF in TFL is a significant challenge for tribologists. In the present 

work, we report a robust superlubricity attained by using polyalkylene glycols (PAGs, polar molecules) and 

poly-α-olefins (PAOs, nonpolar molecules) as lubricants on steel/steel friction pairs that have been pre-treated 

by wearing-in with polyethylene glycol aqueous solution (PEG(aq)). A steady superlubricity state with a CoF of 

0.0045 for PAG100 and 0.006 for PAO6 could be maintained for at least 1 h. Various affecting factors, including the 

sliding velocity, normal load, and viscosity of the lubricants, were investigated. Element analysis proved that 

composite tribochemical layers were deposited on the worn region after the treatment with PEG(aq). These layers 

were formed by the tribochemical reactions between PEG and steel and composed of various substances 

including oxides, iron oxides, FeOOH, and Fe(OH)3, which contributed to the superlubricity. In addition to 

the tribochemical layers, ordered layers and a fluid layer were formed by the PAGs and PAOs during the 

superlubricity periods. All the three types of layers contributed to the superlubricity, indicating that it was 

attained in the TFL regime. Accordingly, a mechanism was proposed for the superlubricity of the PAGs and PAOs 

in the TFL regime in this work. This study will increase the scientific understanding of the superlubricity in 

the TFL regime and reveal, in the future, the potential for designing superlubricity systems on steel surfaces for 

industrial applications. 
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1  Introduction 

Since the hydrodynamic lubrication (HDL, 1886) theory 

was proposed by Reynolds [1], boundary lubrication 

(BL, 1921) [2] and elasto-hydrodynamic lubrication 

(EHL, 1949) [3] have been proposed to distinguish 

different lubrication regimes. For a thick film, the 

contact surfaces are separated completely by a fluid 

layer, which makes the ordered layers less important 

and leads to a lubrication regime that shows EHL 

behavior [4, 5]. When the thickness of a film is 

decreased to a few nanometers, the fluid layer and 

ordered layers are destroyed, only the adsorbed 

layers (or tribochemical layers) function between the 

contact surfaces, and BL [6] is established there. Clearly, 

a transition regime is expected between EHL and BL, 

where the fluid layer, ordered layers, and adsorbed 

layers (or tribochemical layers) coexist and function to 

reduce the friction. Decades later, a new lubrication 

regime with this three-layer structure was proposed 

and named as thin-film lubrication (TFL, 1996) [7, 8]. 

The molecular model of TFL has been directly proven 

by experimental detection [9]. By controlling the 

alignment of nematic liquid crystal molecules in a 

nanogap, a nano-sandwich structure consisting of an 

adsorbed layer, an ordered-molecule layer, and a 
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fluid layer was demonstrated, which was a typical 

TFL model [9]. The TFL theory depicts the entire map 

of the lubrication regimes as well as provides insight 

into the molecular form in the confined liquid layers 

[8]. In the TFL regime, the thickness of the ordered 

layers is related to the initial viscosity and molecular 

size of the lubricant, polarity of the lubricant molecules, 

and characteristics of the solid surfaces [7]. Other 

factors that can change the orientation of the molecules, 

such as an external electrical field, can also change the 

film thickness and friction characteristics in TFL [10]. 

The latest research has extended the thickness of TFL 

to approximately 200 nm [11], and the thin-film behavior 

has been studied under very a high pressure [12] and 

at starvation conditions [13] with inlet replenishment 

mechanisms [14]. 

However, generally, the lubricant viscosity in the 

TFL regime can increase the coefficient of friction (CoF) 

owing to the confined effect. Therefore, identifying a 

method to reduce the CoF in TFL is still a significant 

challenge for tribologists. In Part One of this serial 

work, polar additives in nonpolar base oils were found 

to exhibit an enrichment effect in the Hertz contact 

region. The enrichment of the additive molecules could 

enhance the film-forming ability of a lubricant and 

reduce CoF by over 60% [15]. However, the friction is 

still in a traditional range. Because significant progress 

has been made for reducing friction, a lubrication state 

that provides super low friction or sliding resistance 

is proposed and named as superlubricity. In general, 

superlubricity is defined as a state in which the CoF 

is less than 0.01 owing to the measurement precision 

level [16]. Substantial research studies on superlubricity 

have been conducted [17−19]. Some are on liquid 

superlubricity with oil-based lubricants, such as poly- 

α-olefins (PAOs), applied to Si3N4/diamond-like carbon 

(DLC) film friction pairs [20] and on castor oil applied 

to Nitinol 60 alloy/steel friction pairs [21] in the BL 

regime. Glycerol is known to provide superlubricity 

to a DLC film because it can easily slide on the tribo- 

formed OH-terminated surfaces [22]. Additionally, 

glycerol can achieve superlubricity between steel/steel 

friction pairs in environments having various humidity 

levels [22] or with nano-diamond additives [23]. Room- 

temperature ionic liquids, which are of tremendous 

interest in both fundamental and applied research in 

the lubrication field, have been found to provide 

superlubricity [24, 25]. In addition, some acids such 

as phosphoric acid aqueous solutions (H3PO4(aq)), 

have been reported to achieve superlubricity [26]. The 

superlubricity mechanism of H3PO4(aq) is based on 

the synergy effect of the H+ ions and a hydrogenated 

network. However, the strong acidity of this type of a 

lubricant limits its applications in engineering. Recently, 

a type of weak acid (boric acid) was found to provide 

superlubricity when mixed with a polyethylene glycol 

aqueous solution (PEG(aq)) [27]. The superlubricity 

of this lubricant can be attributed to the equilibrium 

between the production and consumption of H+ ions, 

making the superlubricity achievable under neutral 

conditions. 

Even though liquid superlubricity has been attained 

and investigated in both the BL [6, 21, 28] and EHL 

regime [29], it has been barely investigated in the TFL 

regime. To solve this issue related to the TFL regime, 

in this work, a robust superlubricity state with a 

superlow CoF of 0.004 was attained in the TFL regime 

by the formation of tribochemical layers on the contact 

surfaces via a pre-wearing-in treatment. Polyhydric 

alcohols are known to exhibit excellent friction reduction 

between steel/steel friction pairs because of tribo- 

formed OH-terminated surfaces [22, 23]. Among the 

polyhydric alcohols, PEG has proved to be a good 

lubricant [27], and thus, its aqueous solution was 

used in the wearing-in process. Steel and commercial 

oils were selected as the friction pairs and lubricants, 

respectively, with the objective of making advances 

in industrial lubrication. The robust superlubricity 

was investigated and analyzed in detail, and a possible 

model of superlubricity in the TFL regime was 

developed. 

2 Experimental conditions 

PEG, four types of PAGs (polar molecules), and four 

types of PAOs (nonpolar molecules) were used, and 

their chemical structures are presented in Fig. 1. PEG 

with 99.5% purity was purchased from Sinopharm 

Chemical Reagent Co., Ltd. The PAGs (purity>99%) 

and PAOs (purity>99%) were purchased from Dow 

Chemical Company and Exxon Mobil Corporation, 

respectively. No further treatment of these lubricants 

was performed. PEG(aq) was composed of 33 wt% 

PEG and 67 wt% pure water (resistivity>18 MΩ·cm). 
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A Universal Micro-Tribotester (UMT-5, Bruker, USA) 

was used to perform the pure sliding friction tests using 

a rotating ball-on-disk model. The 20-mm-diameter 

upper steel ball and lower steel disk (with roughness 

(Ra) of approximately 10 nm and 15 nm, respectively) 

were made of AISI52100 steel. Before conducting  

the experiments, the steel balls and disks were first 

washed in ethanol and acetone, then washed in pure 

water, and finally dried in an air oven. The volume of 

the lubricant used in each test was 50 μL. The normal 

load between the friction pairs ranged from 2 to 4 N 

(corresponding to contact pressure 370−470 MPa), 

and the sliding velocity of the steel disks varied from 

0.0125 to 0.25 m/s. The levelness of the rotating 

platform was regulated to achieve similar CoFs in both 

clockwise and counterclockwise rotations, providing 

test results accurate to within ±0.001. All the tests were 

conducted at 24−27 °C and with a relative humidity of 

10%−20%, and each sample was tested thrice. 

A standard rheometer (Physica MCR301, Anton Paar) 

was used to measure the viscosity of each lubricant at 

25 °C. The worn scar diameter (WSD) and roughness of 

the worn region were probed with a three-dimensional 

(3D) white-light interferometry microscope (ZYGO, 

Nexview). The worn region topography was obtained 

using a scanning electron microscope (SEM, Quanta 

200 FEG). Furthermore, the chemical elements pre-

sented in the worn region were probed via X-ray 

photoelectron spectroscopy (XPS) to explore the 

chemical characteristics of the tribofilm. 

3 Results and discussion 

The steel/steel friction pairs were treated by PEG(aq) 

in advance by the following method. First, 50 μL 

PEG(aq) was injected in the pre-cleaned steel/steel 

friction pairs. Next, a normal friction test was con-

ducted under 3 N and 0.2 m/s to perform the wearing-in 

 

Fig. 1 (a) CoF of PEG(aq) and PAG100 on untreated steel/steel friction pairs and of PAG100 on steel/steel friction pairs treated by
PEG(aq). The insets are the chemical structures of PEG and PAG. (b) CoF of PEG(aq) and PAO6 on untreated steel/steel friction pairs
and of PAO6 on steel/steel friction pairs that have been treated by PEG(aq). The inset is the chemical structure of PAO. (c)
Long-duration experiment of the lubricants; after the achievement of superlubricity for 2 h, the experiment was paused for 12 h before 
restarting. The normal load and sliding velocity were 3 N and 0.2 m/s, respectively. 
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process for these friction pairs. When the CoF of PEG(aq) 

decreased to less than 0.01 and was maintained con-

stantly for 3 min, the friction test was stopped, and the 

steel/steel friction pairs were cleaned with pure water, 

yielding the steel/steel friction pairs were to be used. 

The CoF of PEG(aq) during the wearing-in process 

is presented in Fig. 1(a). It can be seen that the CoF 

decreases from 0.2 to 0.005 after a wearing-in period 

of 800 s and maintains at 0.005 for 200 s. After this 

wearing-in treatment by PEG(aq), the worn region 

was cleaned by pure water to wash out the remaining 

PEG(aq). Next, PAG100 and PAO6 were injected to 

the same wear track and their CoFs were measured 

again between the steel/steel friction pairs that were 

treated by PEG(aq). It is found from this figure that 

the CoFs of PAG100 and PAO6 directly decrease to 

approximately 0.0045 and 0.006, respectively, by an 

order of 0.001. This is referred to as superlubricity, as 

exhibited in Figs. 1(a) and 1(b). Therefore, superlubricity 

can be attained by using PAG100 and PAO6 to lubricate 

friction pairs that have been treated by PEG(aq) in 

advance. Moreover, the superlubricity states of both 

PAG100 and PAO6 are maintained for at least 1 h, 

indicative of the robustness of the superlubricity state. 

To study the differences between the friction pairs 

that were and were not treated by PEG(aq), the lubricity 

of PAG100 and PAO6 on the latter friction pairs was 

studied as well. The results show that neither PAG100 

nor PAO6 can attain superlubricity on the untreated  

friction pairs. The CoFs of PAG100 and PAO6 remain 

at approximately 0.07 and 0.05, respectively. These 

results confirm that the treatment of friction pairs by 

PEG(aq) plays the key role in realizing superlubricity. 

Moreover, another experiment was conducted to 

examine the life time of the superlubricity state. The 

procedure of the achievement of superlubricity was 

the same; the difference was that after the superlubricity 

state was maintained for 2 h, the experiment was paused 

for 12 h with no change and then the experiment was 

restated. It can be seen in Fig. 1(c) that the superlubricity 

states for both PAG100 and PAO6 are still stable even 

though the experiment is paused for 12 h in the absence 

of shear and pressure, indicative of the robustness of 

the lubricating film in its natural state. 

To study the relationship between the sliding velocity 

and CoF during the superlubricity period, the CoFs 

of PAG100 and PAO6 between the steel/steel friction 

pairs that were treated by PEG(aq) were measured at 

various sliding velocities, as presented in Fig. 2(a). 

When the sliding velocity increases from 0.0125 to  

0.1 m/s, the CoFs of both PAG100 and PAO6 decrease 

rapidly from 0.1 to 0.01. When the sliding velocity 

further increases from 0.15 to 0.25 m/s, the CoFs of 

both PAG100 and PAO6 decrease to less than 0.01, 

entering the superlubricity state. Moreover, PAO6 

yields a slightly higher CoF than PAG100 for sliding 

velocities higher than 0.1 m/s. For PAG100 and PAO6, 

the minimum average CoFs during the superlubricity 

period are 0.0043 and 0.0062, respectively, which were 

correspondingly obtained at 0.2 m/s and 0.15 m/s. 

Both the CoFs slightly increase when the sliding 

velocity is higher than the velocity at which the 

minimum average CoF is obtained. Therefore, after 

the steel/steel friction pairs are treated by PEG(aq), 

both PAG100 and PAO6 can realize superlubricity 

when the sliding velocities are higher than 0.15 m/s. 

The shapes of the both curves seem to be consistent 

with those of the typical Stribeck curve, which indicates 

that the superlubricity state is between the BL and 

EHL regimes. To reveal the relationship between the 

normal load and CoF during the superlubricity period, 

both PAG100 and PAO6 were tested under various 

normal loads ranging from 2 to 4 N at a constant 

sliding velocity (0.2 m/s), as shown in Fig. 2(b). Both 

the lubricants can achieve superlubricity under all the 

five normal loads. The minimum CoFs of PAG100 and 

PAO6 during their superlubricity periods are 0.004 

and 0.006, which are obtained under normal loads 

of 2 N and 3 N, respectively. Moreover, the CoF of 

PAG100 slightly increases with increasing normal 

load, whereas that of PAO6 remains nearly constant. 

PAGs and PAOs with four different viscosities were 

tested and compared to study the effect of viscosity 

on lubricity. As exhibited in Fig. 2(c), when the used 

friction pairs are not treated by PEG(aq), the CoFs of 

PAGs decrease with increasing viscosity and all the 

PAGs yield average CoFs between 0.05 and 0.1. The 

same phenomenon applies to the PAOs, whose CoFs 

decrease from 0.1 to 0.07 with increasing viscosity. 

When the used steel/steel friction pairs are treated  

by PEG(aq) in advance, there is a significant CoF 

reduction for all of the PAGs and PAOs, as presented 
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in Figs. 2(c) and 2(d). When the viscosity of the 

lubricant is less than 20 mPa·s, then owing to the low 

viscosity, both PAG and PAO yield relatively high 

CoFs (>0.01). This is because according to Hamrock- 

Dowson (H-D) theory [30], it is difficult for them to 

generate hydrodynamic films at such low sliding 

velocities and under high normal loads. When the 

viscosity of both PAGs and PAOs is higher than    

30 mPa·s, CoFs less than 0.01 (the benchmark for 

superlubricity) can be obtained between the steel/steel 

friction pairs that are treated by PEG(aq). The minimum 

CoFs during the superlubricity periods of PAG and 

PAO are 0.0045 and 0.006, which are obtained at   

35 mPa·s and 49 mPa·s, respectively. These results 

indicate that when the PAGs and PAOs are used to 

lubricate the steel/steel friction pairs that are pre-treated 

by PEG(aq), their CoFs can be affected by the fluid 

effects. Therefore, a fluid layer is required between 

each steel/steel friction pair, which can influence the 

lubricities of the PAGs and PAOs. 

To determine how the PEG(aq), PAGs, and PAOs 

affected the CoFs during the superlubricity period, 

the worn regions lubricated with PEG(aq) as well as 

those(which were treated by PEG(aq) in advance) 

lubricated with PAG100 and PAO6 were observed 

using a 3D white-light interferometry microscope and 

SEM, as presented in Fig. 3. Ra is 42 nm for the worn 

region on the steel ball lubricated with PEG(aq), and 

it remains nearly unchanged after lubrication with 

PAG100 (Ra ≈ 46 nm) and PAO (Ra ≈ 39 nm). The 

WSD of the steel ball lubricated with PEG(aq) was 

approximately 490 μm (corresponding to a contact 

pressure of 15 MPa), as exhibited in Fig. 3(a), and  

it remains nearly the same after lubrication with 

PAG100 and PAO6, as exhibited in Figs. 3(b) and 3(c), 

respectively. These results indicate that once superlu-

bricity is attained, no wear can occur during the 

superlubricity period. Enlarged images of the worn 

regions of the steel balls are presented in Figs. 3(d)−3(f). 

It can be seen that after treatment by PEG(aq), the worn 

region (Fig. 3(d)) is rough with a few clear grooves. 

When using PAG100 to lubricate the friction pairs  

 
Fig. 2 Average CoFs during the superlubricity periods of (a) PAG100 (and PAO6) with respect to sliding velocity, where the steel/steel 
friction pairs have been treated by PEG(aq) in advance and the normal load was 3 N; (b) PAG100 (and PAO6) with respect to normal load, 
where the steel/steel friction pairs have been treated by PEG(aq) in advance and the sliding velocity was 0.2 m/s; (c) the PAGs with respect 
to viscosity; and (d) the PAOs with respect to viscosity. For (c) and (d), both steel/steel friction pairs that have been treated by PEG(aq)
and ones that have not been treated were used, and the normal load and sliding velocity were 3 N and 0.2 m/s, respectively. 
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that were treated by PEG(aq), the grooves become more 

intense and clear, as exhibited in Fig. 3(e). When using 

PAO6 to lubricate the friction pairs that were treated 

by PEG(aq), the worn region is slightly smoother 

than of that lubricated with PEG(aq) and the observed 

grooves are very shallow, as presented in Fig. 3(f). The 

worn surfaces of the steel disks are in good agreement 

with those of the steel balls, and thus, only the latter 

results are presented. The similar topographies of 

the worn regions on the steel balls exhibit that the 

micro-structure on the worn surfaces is formed during 

the period of treatment with PEG(aq) because of the 

severe rubbing motion. Tribochemical layers can also 

form owing to the tribochemical reaction between 

PEG(aq) and steel. During the superlubricity periods 

of PAG100 and PAO6, the topography of the steel 

surfaces remain nearly unchanged, indicating that 

no severe rubbing occurs between the friction pairs, 

and thus, there is no tribochemical reaction. During 

the superlubricity periods, only ordered layers can be 

formed by PAG100 and PAO6 molecules on the steel 

surface. Both the tribochemical layers and ordered 

layers contribute to the robust superlubricity of PAG100 

and PAO6. 

It is known that PEG and iron can react and form a 

series of compounds, as presented in Eqs. (1)−(3) [31]. 

Fe + ROH → FeROad + H+ + e–          (1) 

FeROad→ FeRO+ + e–                   (2) 

FeRO+ + H+→ Fe2+ + ROH                (3) 

where ROH represents the PEG molecule 

(HO(CH2CH2O)nH) and RO– denotes its anion 

(HO(CH2CH2O)n
–). It is rational to consider that  

these compounds are generated during the period 

of treatment with PEG(aq) in our experiment. To 

explore the chemical characteristics of the worn regions, 

XPS was performed to explore the chemical elements 

on the worn regions, as presented in Fig. 4. The C 1s 

deconvolution spectrum of PEG(aq) exhibits the 

 

Fig. 3 SEM images of the worn regions on the steel balls that were lubricated with (a, d) PEG(aq), (b, e) PAG100 (the friction pairs were
treated by PEG(aq)), and (c, f) PAO6 (the friction pairs were treated by PEG(aq)). (a–c) Overall perspectives and (d–f) detailed images 
of the worn regions. (g–i) Partial worn region profile of the balls obtained by a 3D white-light interferometry microscope: (g) lubricated 
with PEG(aq); (h) lubricated with PAG100 (the friction pairs were treated by PEG(aq)); and (i) lubricated with PAO6 (the friction pairs 
were treated by PEG(aq)). The normal load and sliding velocity were 3 N and 0.2 m/s, respectively. 
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characteristic peaks of a C-C chain and C-H bond at 

284.8 eV and a C-O bond at 286.2 eV [32], as presented 

in Fig. 4(a). The same spectrum applies to PAG100 

(where the steel surfaces were treated by PEG(aq) in 

advance), as shown in Fig. 4(d). The C 1s spectrum of 

PAO6 (when the steel surfaces are treated by PEG(aq) 

in advance) is similar to that of PEG(aq) and PAG100, 

showing a strong peak at 284.8 eV (C-C chain and 

C-H bond) and weak peak at 286.2 eV (C-O bond). 

This may have resulted from the absence of oxygen 

atoms in the molecules of PAO6, as displayed in 

Fig. 4(g). In the O 1s spectra in Figs. 4(b), 4(e), and 4(h),  

three peaks ranging from 530 to 532 eV are evident. 

These results indicate that the steel surface and 

lubricants (PEG(aq), PAG100, and PAO6) can react 

under a rubbing motion and generate various oxygen- 

containing complex compounds [33, 34]. In Figs. 4(c), 

4(f), and 4(i), the peaks of Fe 2p3 ranging from 710  

to 714 eV and around 724 eV prove that complex 

oxygen-containing iron compounds such as iron 

oxides, FeOOH, and Fe(OH)3 [35, 36] are generated 

and deposited on the steel surfaces. These oxygen- 

containing iron compounds have proven to be effective 

boundary lubricants [33−36]. The XPS results demon-

strate that on lubrication with PEG(aq) during the 

treatment period, composite tribochemical layers are 

formed between each pair of steel surfaces. Moreover, 

when the lubricant is changed to PAG100 and PAO6, 

the composite tribochemical layers remain on the 

surface with little change and contribute to the super- 

low friction. 

In general, film thickness measurements are per-

formed based on the optical interference principle, 

requiring a steel ball and glass disk with anti-reflection 

coating on one side and a semi-reflective chromium 

layer on the other side. Moreover, no wear or wearing-in 

 

Fig. 4 XPS results for the worn regions on the steel ball after being (a–c) lubricated with PEG(aq): (a) C 1s, (b) O 1s, and (c) Fe 2p3; 
(d–f) lubricated with PAG100 (the friction pairs were treated by PEG(aq)): (d) C 1s, (e) O 1s, and (f) Fe 2p3; and (g–i) lubricated with 
PAO6 (the friction pairs were treated by PEG(aq)): (g) C 1s, (h) O 1s, and (i) Fe 2p3. The normal load and sliding velocity were 3 N and 
0.1 m/s, respectively. 
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period is allowed during the measurement [37]. In this 

study, there were wearing-in periods and wear on the 

steel surfaces, making it inappropriate to measure the 

film thickness using the optical interference method. 

Therefore, the film thickness (h) during the superlu-

bricity period was instead estimated using the H-D 

equation [30]: 

0.53 0.67
0.73

0.067
2.69 (1 0.61 )kG RU

h e
W

         (4) 

where G E  , /U u E R  , 2/W F E R , and k ≈1 

is a coefficient. The pressure-viscosity coefficients (α) 

of PAG100 and PAO6 are 10 GPa−1 and 15 GPa−1, 

respectively [38, 39]. The viscosity (η) is 35 mPa·s for 

PAG100 and 47 mPa·s for PAO6. In this study, the 

average sliding velocity (u) was 0.075 m/s and normal 

load (F) was 4 N. The equivalent elastic modulus (E') 

of a friction pair is given by 

2 2

1 1 2 2
2 / (1 ) / (1 ) /E v E v E             (5) 

where v is the Poisson ratio of the material. 

To estimate the equivalent radius of the ball (R), the 

worn region on the ball was regarded as the Hertz 

elastic deformation region of an equivalent ball under 

the same normal load (4 N). Thus, the WSD of the ball 

(d = 0.49 mm) can be described by Eq. (6) [40]: 

1

33

2 4

d RF

E

 
   

                (6) 

Then, R is given by Eq. (7) [40]: 

3

6

E d
R

F


                  (7) 

where the effective elastic modulus (E″) of the two 

materials can be expressed as 

2 2

1 1 2 2
1 / (1 ) / (1 ) /E v E v E              (8) 

Accordingly, R ≈ 570 mm is obtained, and h between 

the friction pairs is found to be 211 nm, taking PAG100 

as an example. This result indicates the existence of a 

fluid layer between the steel surfaces. 

Based on the above results, a possible mechanism 

of the superlubricity was proposed, as displayed in 

Fig. 5. When the steel surface is treated by PEG(aq), BL 

can occur between the solid asperity contact region 

during the initial period (Fig. 5(a)). The asperities rub 

against each other in the presence of PEG molecules 

to perform the wearing-in process, which is responsible 

for the surface smoothening and contact pressure 

reduction. Moreover, tribochemical layers are formed 

gradually by the tribochemical reaction between PEG 

and the steel surfaces (Figs. 5(b) and 5(c)). This com-

posite tribochemical layer consists of iron oxides, 

FeOOH, Fe(OH)3, and other oxygen-containing com-

ponents, which have proven to be effective boundary 

lubricants [33−36]. When lubricated with PAGs (or 

PAOs), after the friction pairs are treated by PEG(aq) 

(Fig. 5(d)), the surface topography is not reformed, 

as presented in Fig. 3. This indicates that there is no 

rubbing motion between the asperities, and therefore, 

no further tribochemical reaction occurs between PAG 

and the steel surfaces. According to the XPS results, 

the tribochemical layers formed by the PEG(aq) during 

the treatment period remain on the steel surfaces. 

Even though it is difficult to directly observe the 

formed ordered layers [9], PAGs [39] and PAOs [8, 11, 

41] have been widely used to study TFL owing to 

their ability to form ordered layers on steel surfaces. 

Taking PAGs as an example, because they have an 

ether bond, it makes the molecules highly polar, and 

thus, they can easily be adsorbed on steel surfaces 

and form ordered layers. Therefore, it is deduced that 

in this work, the ordered layers are formed by PAGs 

and PAOs. Moreover, the velocity- and viscosity- 

dependent CoFs presented in Fig. 2 and estimation 

result of the film thickness suggest that a fluid layer 

is present between each friction pair. There is high 

probability of obtaining a full-film EHL owing to 

the film thickness, in which regime the fluid layer 

dominates the lubrication condition. In this work, the 

superlubricity state is attributed to both the tribo-

chemical layers formed during the wearing-in period 

and the layers formed by PAG and PAO according 

to the results in Fig. 1. The tribochemical layers are 

supposed to match with the layers formed by the 

lubricants (PAG and PAO in this case) to achieve 

superlubricity. Therefore, all the tribochemical layers, 

ordered layers, and fluid layer contribute to superlu-
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bricity rather than only the fluid layer, indicating that 

the lubrication regime is TFL, as presented in Fig. 5(d). 

These analyses suggest that the wearing-in period 

is essential for realizing superlubricity with PAGs or 

PAOs on steel/steel friction pairs. When a complete  

wearing-in process with PEG(aq) is performed on the 

steel/steel friction pairs, superlubricity can be attained 

when they are lubricated with PAGs and PAOs via 

the formation of the TFL state between the friction 

pairs. This work proves that liquid superlubricity 

can be attained in the TFL regime under particular 

conditions. Based on the above results, this method 

of performing a wearing-in process on steel surfaces 

with PEG(aq) before the lubrication of PAGs and PAOs 

could be applied in industrial applications. However, 

a problem is also exposed during this study, i.e., the 

WSD of the steel balls is extremely large, which is 

harmful to mechanical components and can reduce the 

service life of the mechanical equipment. Therefore, we 

are attempting to improve the superlubricity further 

based on the proposed superlubricity mechanism in 

the TFL regime. Moreover, we believe that in the near 

future, such a new superlubricity system could be 

designed to lubricate mechanical systems. 

4 Conclusions 

In summary, this work shows that robust superlubricity 

of PAGs (polar molecules) and PAOs (nonpolar 

molecules) can be achieved in the TFL regime between 

steel/steel friction pairs that are treated by PEG(aq) in 

advance. A plane is formed on the ball by the wearing-in 

process with PEG(aq), which reduces the contact 

pressure as well as forms composite tribochemical layers, 

thereby reducing the friction between the asperities. 

PAGs and PAOs form ordered layers and fluid layers 

to protect the tribochemical layer from being sheared 

off and to reduce the friction between the friction pairs. 

The attainment of TFL between the steel/steel friction 

pairs contributes to the robust liquid superlubricity. 

 

Fig. 5 Proposed superlubricity model in the TFL regime: (a) initial period in the BL regime lubricated with PEG(aq); (b) wearing-in 
period in the BL regime with PEG(aq) lubrication; (c) superlubricity period with PEG(aq) lubrication; and (d) superlubricity period in 
the TFL regime with PAG lubrication. (a)−(c) are the treatment processes of the steel/steel friction pairs by PEG(aq). 
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Using the method described in this work, superlubricity 

can be achieved in the TFL regime by using PAGs 

and PAOs if the sliding velocity and viscosity can  

be well matched. The superlubricity attained using 

PAGs and PAOs is very important for its scientific 

understanding and will facilitate the design of 

superlubricity systems on steel surfaces for industrial 

applications in the future. 
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