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Abstract: In this study, we address the superlubricity behavior of sapphire against ruby (or sapphire against itself) 

under phosphoric acid solution lubrication. An ultra-low friction coefficient of 0.004 was obtained under a very 

high contact pressure, with a virgin contact pressure up to 2.57 GPa. Related experiments have indicated that 

the load, sliding speed, and humidity of the test environment can affect superlubricity to some degree, so we 

tested variations in these conditions. When superlubricity appears in this study a thin film is present, consisting 

of a hydrogen bond network of phosphoric acid and water molecules adsorbed on the two friction surfaces, 

which accounts for the ultra-low friction. Most significantly, the wear rate of the sapphire and ruby in the 

friction process is very slow and the superlubricity state is very stable, providing favorable conditions for future 

technological applications. 
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1  Introduction 

Since the 1990s when the term superlubricity was 

coined [1], it has been used to describe the physical 

phenomenon that the friction force between two 

surfaces is very small. Usually, when the ratio of friction 

force to load in a sliding system is less than 0.01, it  

is referred to as being in a state of superlubricity   

[2]. Superlubricity is beneficial for saving energy  

and reducing wear in mechanical systems, so it has 

attracted a great amount of attention among tribology 

researchers [3−7]. At present, there are two main 

methods for obtaining superlubricity. The first is to 

change the properties of the friction surfaces so they 

have incommensurate contact or interfacial interaction 

(solid superlubricity). This method is used in manu-

facturing diamond-like carbon (DLC) film [8], MoS2 

film [9], and CNx film [10]. The second method is to 

add a lubricant between the two friction surfaces to 

separate them (liquid superlubricity). However, the 

most common lubricants, various kinds of oil, cannot 

realize superlubricity due to their high pressure– 

viscosity coefficients. Water lubricants have greater 

potential for achieving superlubricity because of their 

low pressure–viscosity coefficients [11]. Klein et al. 

obtained superlubricity between two mica surfaces 

lubricated by a surfactant layer and charged polymers 

at a nano-scale using a surface force apparatus (SFA) 

[12–14]. Kato et al. obtained superlubricity between two 

ceramic surfaces (Si3N4/CNx/SiC) with water lubrication 

at a macro-scale using a traditional tribometer [15, 16]. 

Superlubricity has also been achieved using lubricants 

such as glycerol (between two DLC surfaces) [17, 18], 

a polymer brush (between two SiO2 surfaces) [19], 

and plant mucilage (between two glass surfaces) [20]. 

In our previous work, we also obtained superlubricity 

between ceramic (Si3N4) and glass surfaces lubricated 

by a phosphoric acid solution and mixtures of 

polyhydroxy alcohol and acid solutions [21–23]. 

However, the contact pressures for the liquid super-

lubricities mentioned above are not very high (less 
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than 1 GPa). There is a question as to whether  or 

not superlubricity can be achieved under much 

higher contact pressure. Obviously, high pressure has 

many disadvantages for liquid superlubricity, such  

as the potential for significant deformation, severe 

wear, and the lubricant molecules being squeezed  

out. These challenges have made it very difficult to 

achieve superlubricity under high pressure. If these 

three disadvantages can be solved, then the liquid 

superlubricity under high pressure becomes possible. 

Recently, we found that the liquid superlubricity can 

be achieved even when the initial maximal contact 

pressure between two friction surfaces reaches up to 

2.57 GPa, when using sapphire and ruby (or sapphire 

against its own) surfaces lubricated by a phosphoric 

acid solution (pH = 1.5). This superlubricity state is 

very stable, and can last for more than 9 h. Therefore, 

in this paper we investigate the superlubricity behavior 

and mechanism when using these surfaces and this 

lubricant, and discuss the relationship between the 

lubrication conditions (load, speed, and humidity) 

and superlubricity. 

2 Experimental section 

The friction pairs are a ruby or sapphire ball with a 

diameter of 5 mm and a sapphire plate with a diameter 

of 20 mm and a thickness of 3 mm (both obtained from 

Zhaohong Technology Co. Ltd., China). The surface 

roughness (Rz) of the ball and plate is about 12 nm. 

Both the ball and the plate were cleaned in an ultrasonic 

bath with acetone and ethanol for 15 min sequentially, 

and then washed with deionized water and dried 

with compressed air prior to the test. The lubricant, a 

phosphoric acid (H3PO4) solution with a pH value of 

1.5 (corresponding to a concentration of 1.6% (w/w)), 

was prepared by diluting commercial phosphoric 

acid (obtained from Beijing Chemical Works, purity > 

99% and concentration > 85%) with deionized water. 

Before the friction test, a few droplets of this lubricant 

(10 μL) were dripped between the ball and the plate. 

The friction coefficient was measured on a Universal 

Micro-Tribotester (UMT-3, Bruker) using a ball-on-disk 

model. The load applied on the disk ranged from 0.5 N 

to 15 N. According to the Hertz contact theory and 

with regard to the mechanical properties of friction 

surfaces (elasticity modulus = 425 GPa, Poisson’s ratio = 

0.30), the maximal contact pressure is between 0.95 GPa 

and 2.94 GPa. The rotation speed of the disk ranged 

from 5 rpm to 1,200 rpm, and the radius of the sliding 

track on the disk was 3 mm, corresponding to a linear 

sliding speed of 0.00157 m/s to 0.377 m/s. The ambient 

temperature was about 25 °C and the relative humidity 

of the test environment ranged from 10% to 100%. To 

obtain an accurate friction coefficient value, measuring 

errors were eliminated by adjusting the disk levelness 

until the same friction coefficients were obtained in 

reverse sliding directions (for more details see Ref. 

[19]) [24].  

The topography of the friction surfaces was inves-

tigated with a white light interferometer (MICROXAM- 

3D) and an optical microscope (Olympus). The details 

of the wear region were investigated with an atomic 

force microscope (AFM, Nanoman VS). The images 

were obtained under ambient conditions in tapping 

mode. The chemical composition of the worn surfaces 

was measured with a confocal Raman spectrometer 

(Jobin Yvon HR800). The laser, with a wavelength of 

514 nm, was focused on the sample through a 50× 

objective microscope. 

3 Results and discussions 

Figure 1 shows the evolution of the friction coefficient 

over time for sapphire against ruby lubricated with 

an H3PO4 solution (pH = 1.5). The friction coefficient 

is 0.2 at the beginning of test. After about 320 s, the 

friction coefficient reduced to a value of 0.004, entering 

the superlubricity regime. Here, the time elapsed from 

the beginning of the test to the appearance of the lowest 

friction value is defined as the running-in period. After 

this 320 s running-in period, the friction coefficient 

maintains this ultra-low value (μ = 0.004) until the 

end of the test (2,000 s). The friction coefficient was 

measured more than ten times, and all the friction 

curves over time (decreasing during the running-in 

period and then approaching a steady-state value) 

are almost identical in every test. We then changed 

the ruby ball to a sapphire ball, and found that 

superlubricity can also be obtained using sapphire 

against sapphire; the resulting friction curve is the 

same as that for sapphire against ruby. This indicates  



166 Friction 2(2): 164–172 (2014) 

 

 

Fig. 1 Friction coefficient over time with the H3PO4 solution 
lubricant (pH = 1.5), with a load of 3 N, a rotation speed of 180 
rpm, and humidity at 30%. 

that the superlubricity is independent of the chromium 

(Cr) in the ruby. In addition, we found that the ultra- 

low friction state (μ = 0.004) can last for more than 9 h, 

indicating the stability of this superlubricity state. 

Next, we studied the effect of speed and applied 

load on superlubricity, as shown in Figs. 2(a) and 2(b). 

We found that superlubricity (μ < 0.01) can be obtained 

when the rotation speed is greater than 15 rpm 

(sliding speed = 0.00471 m/s). In addition, when the 

rotation speed is greater than 30 rpm (sliding speed = 

0.00942 m/s), the friction coefficient remains nearly 

constant (μ = 0.004). However, when the rotation speed 

decreases from 30 rpm to 5 rpm, the friction coefficient 

increases from 0.004 to 0.017. And when the rotation 

speed reduces to 5 rpm (sliding speed = 0.00157 m/s), 

superlubricity (μ < 0.01) can no longer be achieved. 

With respect to load, we found that the friction 

coefficient remains nearly constant (μ = 0.004) when 

the load ranges from 0.5 N to 10 N, but increases when 

the applied load increases from 10 N to 15 N. When the 

applied load reaches 15 N, superlubricity (μ < 0.01) 

can no longer be obtained. From these results, we 

conclude that when the sliding speed is greater than 

0.00942 m/s and the applied load is less than 10 N, 

changes in speed and load have almost no effect on 

superlubricity. 

To investigate the superlubricity behavior of sapphire 

against ruby, as observed above, we carried out a 

series of experiments as follows. At the beginning of 

test, the H3PO4 solution was in a fluid state and was  

 

Fig. 2 (a) Lowest friction coefficient when using H3PO4 solution 
lubrication (pH = 1.5) with different rotation speeds, a load of 3 
N, and humidity at 30%. (b) Lowest friction coefficient when 
using H3PO4 solution lubrication (pH = 1.5) with different loads, 
a rotation speed of 180 rpm, and humidity at 30%. 

confined between the two friction surfaces. During the 

running-in period, the free water in the solution was 

evaporated gradually. When superlubricity appeared, 

there was almost no fluid remaining on the sapphire 

plate, and a transparent solid-like film had formed 

on the plate instead. To observe this film in greater 

detail, we used the optical microscope to study both 

the plate and the ball, as shown in Figs. 3(a) and 3(b). 

We found the thin film to be adsorbed both on the 

track of the plate and on the top region of the ball.  

To analyze this thin film’s chemical composition, we 

measured its Raman spectrum, as shown in Figs. 3(c) 

and 3(d). We observed that the thin film adsorbed on 

the track had a strong scattering peak at 910 cm–1 (with 

other peaks at 378 cm–1, 417 cm–1, and 643 cm–1 that 

are typical of sapphire bonds), indicating the bond of 
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the P–OH symmetric stretch of the H3PO4 molecule 

and the H2PO4
– ions (by ionization) [25]. A shift to a 

higher frequency has been observed relative to the 

typical bond of a P–OH symmetric stretch (890 cm–1) 

in dilute H3PO4 solution [26], which indicates that a 

strong hydrogen bond effect exists in the film adsorbed 

on the track [27]. Therefore, we concluded that a 

hydrogen bond network composed of H3PO4, H2PO4
–, 

and H2O had formed in the thin film. We also found 

that the Raman spectrum of the thin film adsorbed 

on the top region of the ball (910 cm–1) was almost 

identical to that on the track, indicating the presence 

of the same thin film with a hydrogen bond network 

adsorbed on the top region of the ball. 

To further investigate the topography of the friction 

surfaces, we measured both the track on the plate 

and the top region of the ball using a white light 

interferometer after washing the adsorbed film with 

de-ionized water for about 10 min, as shown in Figs. 4(a) 

and 4(b). We can see a concave track with a width of 

160 μm and a depth of 15 nm on the plate. The depth 

is so shallow that the track is difficult to identify with 

the optical microscope. On the top region of the ball, 

there is a worn flat region with a diameter of 200 μm. 

From these two images, we determined the wear 

volume of the sapphire and the ruby to be about 4.52 × 

10–5 mm3 and 3.14 × 10–4 mm3, respectively, with a 

corresponding wear rate of 2.67 × 10–10 mm3/Nm and 

1.85 × 10–9 mm3/Nm, respectively. These results indicate 

that the wear rates of sapphire and ruby is much lower 

than the wear rates of ceramics (10–8–10–6 mm3/Nm) 

with water lubrication [28]. 

To study the friction surfaces in greater detail, both 

the track on the plate and the worn region of the ball 

were observed under an AFM, as shown in Figs. 5(b) 

and 5(c). We found many shallow micro-grooves 

along the sliding direction on the track surface. From 

Fig. 5(e), it can be seen that the width of the grooves 

is several micrometers and the depth is several nano-

meters. Compared with the original surface of the  

 

Fig. 3 (a) Optical image of the track on the sapphire plate after the friction test. (b) Optical image of the top region on the ruby ball 
after the friction test. (c) Raman spectrum of the thin film adsorbed on the track after the friction test. (d) Raman spectrum of the thin 
film adsorbed on the top region of the ball after the friction test. 
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Fig. 4 (a) Topography of the track on the plate. (b) Topography 
of the top region of the ball. 

sapphire (Fig. 5(a)), the surface roughness (Rz) increases 

from 0.486 nm to 5.506 nm, indicating that the rubbing 

surface becomes much rougher when superlubricity 

appears. On the worn region of the ball, there are 

also some shallow micro-grooves along the sliding 

direction. In addition, there are many nano-particles 

of different sizes adsorbed onto the worn region of 

the ball, which are the abrasive particles from the 

worn surfaces. From these results, we infer that the 

micro-grooves on the rubbing surfaces are produced 

by the plowing effect of these nano-particles between 

the two surfaces during the running-in process. 

As mentioned above, there is a thin film with a 

hydrogen bond network of H3PO4, H2PO4
–, and H2O 

molecules between the two friction surfaces when 

superlubricity appears. It can be inferred that if excess 

free water is introduced in the contact region, it would 

destroy the hydrogen bond network by breaking the 

equilibrium state between the H3PO4 and H2O 

molecules, which would then lead to high friction. To 

confirm this inference, different volumes of deionized 

water (1 μL, 3 μL, and 5 μL) were added to the track 

when the friction coefficient reached its lowest value, 

as shown in Fig. 6. We found that the friction coefficient 

becomes suddenly high (from 0.004 to 0.07) once 

deionized water is introduced. However, superlubricity 

can be restored after a short running-in period. In  

 

Fig. 5 (a) AFM image of the original surface of the sapphire. (b) AFM image of the track on the surface of the sapphire. (c) AFM image 
of the worn region on the ruby ball. (d) Cross-sectional profile (white line in (a)) of the original surface of the sapphire. (e) 
Cross-sectional profile (white line in (b)) of the track on the surface of the sapphire. (f) Cross-sectional profile (white line in (c)) of the 
worn region on the ruby ball. 
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Fig. 6 Friction coefficient with the H3PO4 solution (pH = 1.5) 
lubrication after adding different volumes of deionized water (1 μL, 
3 μL, and 5 μL) to the track, with a load of 3 N, a rotation speed 
of 180 rpm, and humidity at 30%. 

addition, the running-in period becomes longer as the 

volume of deionized water increases (106 s for 1 μL, 

173 s for 3 μL, and 312 s for 5 μL). This is because 

excess deionized water requires a longer evaporation 

period from the contact region as the volume of water 

becomes larger. Once the excess deionized water has 

evaporated completely (the mass of the remaining 

solution on the plate remains constant), the hydrogen 

bond network can be restored and superlubricity  

can again be achieved. Therefore, we conclude that 

superlubricity is closely related to the hydrogen bond 

network adsorbed on the two friction surfaces.  

According to this phenomenon, we can infer that 

humidity probably does affect superlubricity, because 

high humidity indicates the presence of water vapor 

in the air, which can then interfere with the hydrogen 

bond network and destroy the equilibrium state bet-

ween the existing H3PO4 and H2O molecules. To verify 

this inference, the humidity of the test environment 

was changed from 10% to 100% when superlubricity 

appeared. The friction results at different humidities 

are shown in Fig. 7. We found that when the humidity 

is less than 70%, changes in humidity had almost no 

effect on superlubricity (the friction coefficient remains 

at 0.004). However, when the humidity increased from 

70% to 100%, the friction coefficient increased from 

0.004 to 0.018. When humidity increased to 85%, 

superlubricity (μ < 0.01) could not be obtained. This is 

because the water vapor can easily enter the hydrogen  

 

Fig. 7 Relationship between humidity and the friction coefficient 
with H3PO4 solution lubrication, at a load of 3 N and a rotation 
speed of 180 rpm. 

bond network when there is a high content of water 

vapor in the air. Thus we verified that when high 

humidity occurs, the hydrogen bond network of the 

H3PO4, H2PO4
–, and H2O molecules can be destroyed, 

leading to high friction, in accordance with the 

phenomenon seen in Fig. 6. However, when the 

humidity is not high (less than 70%), the water vapor in 

the air cannot easily enter the hydrogen bond network. 

Neither can the water molecules in the hydrogen bond 

network easily evaporate from the network, due to 

the moisture retention tendency of phosphoric acid 

molecules. Therefore, when humidity is in the range 

of 10%–70%, the equilibrium state between H3PO4 

and H2O remains constant, so the friction coefficient 

also remains constant. 

What causes superlubricity? In our previous work, 

we found two preconditions for superlubricity: first 

that hydrogen ions be adsorbed on friction surfaces 

and second that a hydrogen bond network be formed 

between two surfaces [29, 22]. As for sapphire and 

ruby, if they are immersed in a strong acid solution 

(pH < 4.1), hydrogen ions can be adsorbed on their 

surfaces by a protonation reaction (AlOH + H+→

AlOH2
+, Al2OH + H+→Al2OH2

+) because there are so 

many Al–OH bonds on the surfaces of sapphire and 

ruby [30]. Therefore, during the running-in period, 

the hydrogen ions in the phosphoric acid solution  

can be adsorbed on the surfaces of sapphire and ruby, 

which can lead to the two surfaces becoming positively 

charged. This results in the formation of a stern layer 
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and an electrical double layer on the two friction 

surfaces that reduce the friction force. In addition, a 

hydrogen bond network among the H3PO4, H2PO4
–, 

and H2O molecules also forms on the two friction 

surfaces (Figs. 3(c) and 3(d)). Therefore, the super-

lubricity occurring between sapphire and ruby satisfies 

the two preconditions for superlubricity stated above. 

We can conclude that the mechanism of superlubricity 

between sapphire and ruby is attributable to the 

formation of the hydrogen bond network between 

the phosphoric acid and water molecules on the stern 

layer (induced by hydrogen ions) after the running-in 

period [29]. 

With regard to the relationship between rotation 

speed and the friction coefficient, we can infer that 

the friction pairs are present in the mixed lubrication 

when superlubricity appears. As shown in Figs. 5(b) 

and 5(c), the contact surface is not very smooth (Rz = 

5.506 nm) so we can infer the probability of direct 

asperity contact. We believe there to be three kinds of 

contact models in the contact region, as shown in 

Fig. 8. The first is the hydrogen bond network contact, 

which can be affected by the load and rotation speed 

due to the hydrodynamic effect between the two 

sliding surfaces. The second kind is the stern layer 

contact, which originates from the strong adsorption 

of hydrogen ions on the friction surface. The third is 

the direct contact, which occurs when the stern layer is 

destroyed by high contact pressure. When the sliding 

speed is high (more than 0.00942 m/s), the hydrogen 

bond network bears most of the load and plays the 

primary role in reducing friction. In this case, the  

 

Fig. 8 Schematic illustration of the contact region between the 
two friction surfaces (ruby and sapphire). 

relative proportion of stern layer contact is very small 

so there is almost no direct asperity contact. Because the 

shearing strength between hydrogen bond networks 

and the stern layers is very low (forming a hydrated 

water layer) [31], this leads to ultra-low friction. But 

when the speed is low (less than 0.00471 m/s), the 

bearing pressure on the hydrogen bond network 

reduces due to the reduction in the hydrodynamic 

effect, which then leads to an increase in the bearing 

pressure on the stern layer. When the bearing pressure 

on the stern layer is so high that the stern layer is 

destroyed, direct asperity contact occurs, which then 

leads to high friction due to the high shearing strength 

associated with direct asperity contact. With respect 

to load, when it is less than 10 N, the hydrogen bond 

network and the stern layer can bear the load, so 

there is no direct asperity contact, which can lead to 

ultra-low friction. But when the load is more than 15 N, 

the contact pressure is so high that the hydrogen 

bond network and the stern layer can be destroyed, 

which leads to direct asperity contact and high friction. 

Therefore, when the sliding speed is lower than 

0.00471 m/s and the load becomes higher than 15 N, 

the proportion of direct asperity contact increases, 

resulting in an increasing friction coefficient.  

Compared to the superlubricity that occurs between 

Si3N4 and glass lubricated by phosphoric acid [21], 

the maximal contact pressure between sapphire and 

ruby (2.57 GPa) is much higher than that between 

Si3N4 and glass (0.7 GPa). How is superlubricity 

achieved using phosphoric acid lubrication under such 

high pressure? As mentioned in the introduction, high 

pressure usually leads to significant deformation, 

severe wear, and the lubricant molecules being 

squeezed out, all of which impede the formation of 

superlubricity. The key to achieving superlubricity 

under high pressure is the excellent surface properties 

of sapphire and ruby. Both have a high elastic modulus, 

hardness, and durability under hard wear. When they 

are in contact with each other, their deformation is 

very small; the diameter of the contact region is about 

67 μm under a load of 3 N. According to our white 

light interferometer images (Figs. 4(a) and 4(b)), the 

wear is also very minor. The hydrogen bond network 

adsorbed on the two friction surfaces prevents the 

phosphoric acid molecules from being easily squeezed 
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out even under a high pressure, due to the strong 

adsorption of hydrogen ions on the surfaces of sapphire 

and ruby by a protonation reaction. It is thus clear 

that the excellent surface properties of sapphire and 

ruby provide favorable conditions for achieving 

superlubricity under a high pressure. Using friction 

pairs other than sapphire and ruby that do not have 

the same surface properties, it is very difficult to 

obtain superlubricity with phosphoric acid solution 

lubrication under such high pressure. 

4 Conclusion 

In summary, this study investigated the superlubricity 

behavior of sapphire against ruby (or sapphire against 

itself) using phosphoric acid solution lubrication.  

The resulting ultra-low friction is attributed to the 

formation of a hydrogen bond network on the stern 

layer induced by hydrogen ions. We found the 

superlubricity state to be very stable when the load is 

in the range of 0.5 N to 10 N, the sliding speed is in the 

range of 0.00942 m/s to 0.377 m/s, and the humidity 

of the test environment is in the range of 10% to 70%. 

Moreover, the degree of wear to the sapphire and ruby 

that occurs during the running-in period is also very 

small. These excellent friction properties point to the 

potential application of phosphoric acid solution in the 

lubrication of sapphire bearing under high pressure, 

which would not only greatly reduce the consumption 

of friction energy, but also provide nearly wear-free 

conditions in the lubrication system. 
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