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The perfluorooctyltrichlorosilane molecular layer was self-assembled on glass plate. The tribological 
properties of the molecular layer in water were studied with the method of ball on disk. An interesting 
phenomenon was found that low friction coefficients of 0.02―0.08 were obtained when the friction pair 
was lubricated with only a water droplet. Whereas, when the friction pair was encircled with large 
amount of water or fully immersed in water, the friction coefficient was higher than that under a droplet 
lubrication. A mechanism of water droplet lubrication was proposed that the surface tension caused by 
the solid-liquid-air three-phase interface makes water molecules enter into the contact zone, which 
separates the two friction surfaces and provides a low friction coefficient. However, water film can 
hardly form when more water encircles the friction pair, due to the attraction between water molecules.  

hydrophobic surface, water lubrication, friction coefficient 

1  Introduction 

Water-based lubrication has been paid more attention 
than ever by scientists and engineers because of its ad-  
vantages such as environment friendly, uninflammable, 
and excellent cooling performance. At present, water is 
mainly used as lubricants for ceramic friction pairs due 
to electrostatic double layer effect and tribochemistry 
effect with silica[1―6], and also for polymer friction pairs 
due to the their elastic deformation for forming lubricat-  
ing film[7,8]. However, the water can hardly form film in 
elastohydrodynamic contact due to its low viscosity and 
low pressure viscosity coefficient, which makes water 
hardly be used as lubricant in elastohydrodynamic contact. 
Many surface modifying arts (for example, coated with 
DLC, grafted with self-assembly monolayer with dif-  
ferent chemical groups, etc) were used to change the 
interaction between water and friction pairs to improve 
the applied possibility of water lubrication in many 
fields. A lot of studies have been done by investigating 
the interaction between self-assembling molecular brushes 
or polymer and water through experimental and molecular 
dynamics methods to discover the mechanism of water  

lubrication. Klein’s researches[9,10] realized super lower 
friction coefficients about 0.0006―0.001 with polyelec-  
trolyte brushes in water. Spencer et al.[11―13] used poly(L-  
lysine)-g-poly(ethylene glycol) as additive to improve 
the lubricating properties of water for metal-oxide-based 
tribo- systems. Consta et al.[14] studied an ultra-thin wa-
ter film confined between two moving surfaces using 
langevin molecular dynamics and found that the hydro-
philic surfaces exhibited a lower friction than the hy-
drophobic ones. Jiang et al.[15] studied the nanoscale 
friction between alkyl monolayers immersed in liquid 
solvents using nonequilibrium molecular dynamics simula-  
tions and the results showed that friction was dependent 
not only on surface hydrophobicity, but also on solvent 
polarity. Beside that, Suzuki et al.[16] studied the load- 
carrying capacity and friction force of a water droplet 
about 8 μL confined between two hydrophobic surfaces  
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and obtained a low friction force at low shear velocity. 
In addition, the influence of adsorbed water on the tri-  
bological performance was also studied by some re-  
searchers[17,18]. Most of the above studies focused on the 
effect of the surface characters on the water film form-  
ing capability and the interaction between water mo-  
lecular and chemical groups. Although the water lubri-  
cation has been studied for a long time, problems such 
as whether water can form a lubricating film in elasto-  
hydrodynamic contact remains unsolved. In this paper, 
the behavior of water between two hydrophobic surfaces 
was studied, and an interesting phenomenon was presented. 

2  Experimental details 

In this paper, 1H, 1H, 2H, 2H-Perfluorooctyltrichloro-  
silane (C8F) self-assembling layer was prepared on glass 
plates with size of 24 mm×24 mm to obtain the hydro-  
phobic surface. Before the cultivation of the self-as-  
sembling layer, two pre-treatments for the glass surface, 
cleaning and hydroxylating, were taken. First, all sub-  
strates were ultralsonically cleaned in acetone and chlo-  
roform for ten minutes, respectively to remove any or-
ganic contamination on the glass surface. After being 
flushed with deionized water (resistrivity＞18 MΩ·cm), 
these cleaned substrates were dipped in piranha solution, 
which was a mixture of hydrogen peroxide and concen-  
trated sulfuric acid with the volume ratio of 3:7. The 
temperature was controlled at 90  by wat℃ er bathing, 
and the reaction time was 60 min. Then, these hydroxy-
lated substrates were cleaned with deionized water and 
dried with dry nitrogen flow. After pre-treatments, these 
substrates were dipped in the solution of toluene and 1H, 
1H, 2H, 2H-Perfluorooctyltrichlorosilane (C8F) (Aldrich, 
USA) for the growth of the silicane self-assembling 
layer. After 5 h, these samples were taken out from the 
solution and then ultralsonically cleaned with toluene to 
remove the physical adsorbed molecules. Finally, these 
specimens were dried with nitrogen flow and then were 

placed into an enclosed drying apparatus waiting for the 
surface analysis and friction tests. 

To characterize the linkage between glass and C8F, 
XPS analysis was performed on a PHE-5100X instru-  
ment. The morphology of glasses, self-assembling layer 
and their tribological counter part, a silicon nitride ball 
were investigated by atomic force microscope (Nano-
scope IIIa Multimode). All provided morphology images 
were recorded using a contact mode with silicon canti-  
lever tips (Park Scientific, CA). They are shown in 
height mode without any image processing except flat-  
tening. Analysis of the AFM images was carried out 
using Nanoscope III software (version 5.12r2). 

The static contact angle between water and the glass 
plates with and without the self-assembling layer were 
measured by an optical contact angle meter (JC2000A, 
China). The volume of the water drop was about two 
micro liters. Three samples with the same treatment 
were used for the measurement, and the measurements 
were carried out on at three different positions for each 
sample. The reported values in this paper are averages of 
these measurements. 

Friction tests were performed on UMT-2 (CETR, 
USA) tribometer with a mode of ball-on-disk. The upper 
specimen was a Si3N4 ball with a diameter of 4 mm. The 
rotary speed of the samples was 30 r/min, providing a 
linear sliding speed of 21.2 mm·s−1 at a track diameter 
of 13.5 mm. The Si3N4 ball was cleaned ultrasonically 
with acetone before the test and a new ball was used for 
each test. In the study, this kind Si3N4 ball offered a hy-  
drophobic surface for the tribology test. The normal load 
of 0.4 N gave a maximal contact pressure approximately 
330 MPa (calculated using the Hertzian Contact Model). 
All tests were performed at the temperature about 26  ℃

and the relative humidity about 50%.  
In this work, the friction tests were carried out under 

dry friction, droplet lubrication and full water immersion 
conditions separately, as schematically described in 
Figure 1.  

 
Figure 1  Schematics of the three friction conditions. (a) Dry friction; (b) droplet lubrication; (c) full water immersion. 
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3  Results 
3.1  Surface characteristics 
Figure 2 shows the XPS spectra of the surface of bare 
glass plate and glass plate modified with C8F self-as-  
sembling layer. The peaks of O, C, Si, Ca and Mg in 
Figure 2(a) came from the composition of glass, while 
the peak of fluorine in Figure 2(b) came from the −CF3 
group of the C8F molecules, indicating that C8F layer 
has grown on the glass plate surface.  

 
Figure 2  XPS curves of (a) bare glass plate and (b) glass plate modified 
with C8F. 

The average contact angles of water on bare glass 
plate and C8F self-assembling layer are 22° and 104°, 
respectively and their typical images are shown in Fig-
ure 3. The interaction energy between specimens and 
deionized water can be calculated according to Young 
equation:  

 SLV(1 cos ) Wγ θ+ = Δ  (1) 

where γ is the water-air energy and its value is about 
0.072 N/m, θ is the experimental contact angle, ΔWSLV 
is the energy per unit area at the interface between the 
solid and liquid surfaces in room environmental. Ac-
cording to the above equation, the calculated ΔWSLV 
between water and bare glass is about 138.7 mN/m 
while ΔWSLV between water and C8F layer is about 
54.6 mN/m. 

Figure 4 shows the three dimensional topographies of 
the Si3N4 ball, the bare glass plate and the C8F 
self-assembling layer. The scanning scope for all the 
specimens is all 5 μm×5 μm. It should be noted that the 

 

Figure 3  Contact angle images of water drop on (a) bare glass plate and 
(b) C8F layer. 

 
Figure 4  AFM images of (a) the Si3N4 ball, (b) the bare glass, (c) glass with C8F self-assembling layer and (d) glass with C8F self-assembling layer after 
being immersed in water for 30 min. 
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images of the Si3N4 ball and the glass (Figures 4(a) and 
(b)) were obtained in atmosphere. While in order to ob-
tain clear signals, the images of C8F layer (Figures 4(c) 
and (d)) were captured in deionized water environment. 

As shown in Figure 4(a), the surface of the Si3N4 ball 
is full of micro pits and micro bulges, and the root mean 
square roughness is about 2 nm. The topography of the 
glass shown in Figure 4(b) is smooth and its roughness 
is 0.33 nm. After the glass surface was covered by C8F 
layer, its roughness reduced to 0.18 nm. However, the 
roughness increased to 0.8 nm after the sample with C8F 
layer was immersed in water for about 30 min. And 
some pin holes can be found on the surface as shown in 
Figure 4(d). The degradation of C8F layer in water is 
attributed to the hydrolysis of slicane[19,20]. 

3.2  Friction tests 

Figure 5 shows the friction coefficients of bare glass 
against the Si3N4 ball under dry friction and full water 
immersion conditions. It can be seen that the friction 
coefficient quickly increased from the initial value 0.6 to 
0.8 and remained at that value till the end of the test 
whatever the friction with water lubrication or not.  

The friction coefficients of the glass with C8F layer 
against the Si3N4 ball under dry friction and droplet lu-
brication (volumes: 5 μL, 10 μL) are shown in Figure 6. 
Under dry friction, the friction coefficient increased 
rapidly from about 0.18 to 0.8 which was similar to the 
friction coefficient of bare glass in Figure 5. Under wa-
ter droplet lubrication with the water volumes of 5 and 
10 μL, lower friction coefficients appeared in the begin-
ning and then the friction coefficients increased to about 
0.8 at the end of the tests. 

When increasing the volume of the droplet to 20 μL, 
an interesting phenomenon was found that the friction 
coefficient reduced to 0.04 after running a short-time 

 
Figure 5  Friction coefficients curves of bare glass against Si3N4 ball 
under dry friction and full water immersion. 

 
Figure 6  Friction coefficients curves of the glass with C8F layer against 
Si3N4 ball under dry friction and water droplet lubrication with water 
volumes of 5 and 10 μL, respectively. 

and kept constant till the end of the test, as shown in 
Figure 7. With the water volume varying from 20 to 
200 μL, the friction coefficient fluctuated from 0.02 to 
0.08, without obvious dependence on the water volume 
(Figure 7). 

However, with increasing the droplet volume con-
tinuously, the friction coefficient changed. When the 
droplet volume increased to 250 μL, the friction coeffi-
cients rose up slowly from the lower level around 0.16 
to a higher level about 0.8 during the tests, as shown in 
Figure 8. For the droplet volume of 300 μL, the friction  

 
Figure 7  Friction coefficient curves of C8F against Si3N4 ball under 
water droplet lubrication (volumes: 20, 30, 40, 50, 75, 100, 150, 200 μL). 

 
Figure 8  Friction coefficients curves of C8F modified glass plate against 
Si3N4 ball under water droplet lubrication (volumes: 250, 300 μL) and full 
immersion. 
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coefficient increased quickly as compared with the case 
of 250 μL. The friction coefficient curve is similar to 
that in the case of full immersion, as shown in Figure 8. 
These interesting results indicate that the water droplet 
with appropriate volume could act as a lubricant to 
separate the two surfaces effectively. 

4  Discussion 

As described in the previous section, the friction coeffi-  
cient of glass with C8F layer shows quite different in 
different lubricating conditions. Figure 9 shows the de-
pendence of friction coefficient on the volume of water 
droplet. For comparison, the friction coefficients of the 
bare glass under dry friction and water lubrication are 
also included. 

 
Figure 9  Final values of friction coefficients between the hydrophobic 
C8F layer and the hydrophobic Si3N4 ball under water lubrication with 
series volumes. 

The shape of the curve shown in Figure 9 appeared 
like a capital “U”. At the left part, the friction coeffi-
cients of the C8F layer under dry friction are similar to 
those of the bare glass. This can be attributed to the low 
strength of C8F layer. The C8F layer was worn out at 
the beginning of the test under the contact pressure of 
330 MPa. And then, the Si3N4 ball contacted the glass 
substrate directly. When the volume of water was 
smaller than 10 μL, the friction coefficients were 
equivalent to those in dry friction, meaning that water 
molecules could not enter into the contact zone to act as 
lubricant in such conditions. At the right part of the 
curve, high friction coefficients were obtained under full 
immersion or water droplet with a volume lager than 
200 μL. In such cases, it was supposed that water could 
not enter into the contact zone too although the contact 
region was encircled by water. In other words, water 

could not form a film to lubricate the friction pairs. 
However, an interesting phenomenon appeared at the 
bottom of “U” when a proper amount of water was 
added to the contact zone. In the experiments, low fric-  
tion coefficient at the order of 10−2 was obtained when 
the water volume in the range of 20 to 200 μL. A rea-  
sonable explanation for the low friction is that a thin 
water film forms in the contact area.  

To investigate the role of the water in the contact area, 
the evolution of the water around the friction pair was 
recorded by a video camera, and some typical frames are 
shown in Figure 10. When the volume of water droplet 
was 10 μL, the small water droplet accumulated at the 
exit of the contact area, and no water can be seen in the 
entrance. As a result, the water can not enter into the 
contact zone to lubricate the friction pair. When the 
droplet volume increased, the water was sufficient to 
surround the Si3N4 ball as shown in Figure 10(a), and a 
three-phase interface of solid-liquid-gas was formed at 
the entrance of the contact area. With further increasing 
the droplet volume, redundant water gathered at the exit 
of the contact area and went along with the ball to form 
a tail, as shown in Figure 10(b). In such a case, the fric-
tion coefficient decreased to a value in the range of 0.02 

 
Figure 10  Photographs of water shape close to the contact zone under (a) 
40 μL, ( b)150 μL, (c) 450 μL immersion. 
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to 0.08. However, when the droplet volume was big 
enough (＞200 μL), the tail was so long that the entrance 
reached the end of the tail to form a closed water circle 
and the friction coefficient increased to about 0.8 rapidly. 
In fact, when the volume of water was bigger than 250 μL 
in our tests, the droplet would change into a pool that 
more water would surround the friction pair like the 
condition of full immersion, as shown in Figure 10(c). 

Based on the above observation, a simple model at-
tempting to illustrate the lubrication mechanism of water 
film forming under droplet lubrication was proposed, as 
shown in Figure11. 

 
Figure 11  Mechanism of water film (a) forming under droplet lubrica-
tion and (b) its failure under full immersion. 

When the water was sufficient, a meniscus was 
formed at the entrance of the contact zone due to the 
interaction between air, water, C8F layer and the upper 
ball, as shown in Figure 11(a). Some water molecules 
were compelled into the contact area by the surface ten-  
sion and formed a thin water layer. Due to the lower ad-  
hesion between the water molecule and the C8F mole-  
cule, the water layer adhered to the ball surface and went 
along with the ball together. In such case, the friction 
force comes mainly from the van der Waals attraction 
between the water molecules and the C8F molecules. 
The proposed model of water droplet lubrication is 
based on a hypothesis that the water film in the contact 
zone can support the applied load. The load carrying 
capability of the droplet confined to the two hydropho-
bic surfaces can be calculated by multiplying the 
Laplace pressure by solid-liquid interfacial area as fol-
lows[21,22]: 

 22cos 1 π ,w R
d R
θγ ⎛ ⎞= − +⎜ ⎟

⎝ ⎠
 (2) 

where d is the distance between the two separated sur-
faces, R is the radius of the droplet, γ is the surface ten-
sion of water (0.072 N/m), and θ is the contact angle of 
the water droplet on the sample surface. Under the ap-
plied normal load, the spherical cap of the ball deformed 
elastically and the radius of the contact area “b” is about 

22 μm. Only the water confined to this contact zone 
plays an important role to support the normal load de-
spite other water surrounding the ball. So in this study, it 
is reasonable to set the value of “R” in the order of “b”, 
that is in the range of 20―100 μm. Under the normal 
load, the water droplet should be deformed and a larger 
contact angle nearly 180° should be obtained. Consider-  
ing the friction coefficient in the order of 10−2, the lubri-  
cating state in the tests should be mixture lubrication. It 
means that the film thickness of water in the contact area 
is similar to the surface roughness. Then, a separation 
distance “d” less than 3 nm is reasonable. Substituting R 
of 40 μm, θ of 180°, d of 2 nm into eq. (2), a supporting 
force of 0.36 N can be achieved, which is quite similar 
to the normal load of 0.4 N applied in the experiments. 
As a result, the two surfaces were separated by the water 
layer. And a lower friction coefficient was obtained due 
to the low adhesion force between the water layer and 
the hydrophobic C8F layer. 

When the friction pair was surrounded by large 
amount of water, the simple model for the lubrication 
mechanism would be described in Figure 11(b). The 
three-phase interface at the entrance of contact area is 
substituted by the solid-liquid two-phase interface. There 
is no surface tension to force the water molecules to en-  
ter into the contact area. The water molecules incline to 
leave the contact area due to the cohesive force among 
water molecules and the weak affinity between the water 
molecules and the hydrophobic surfaces. As a result, the 
ball contacts with the C8F film directly. The C8F film is 
worn out very quickly due to its poor strength. The high 
friction coefficient of 0.8 comes from the direct contact 
between the ball and glass substrate.  

According to above analysis, it is the key for water 
droplet lubrication that the surface tension comes from 
the solid-liquid-air three-phase interface. To verify our 
supposition, additional experiment was carried out. 
When a low friction coefficient was achieved during the 
water droplet lubrication test, an extra water droplet 
with volume of 50 μL was dropped ahead the entrance. 
Figure 12 shows the variation of the friction coefficient 
during the test. With the specimen rotating, the extra 
water droplet met with the friction pair and merged with 
the water at the entrance of contact area. When the mer-
gence happened, the three-phase-interface disappeared 
and an increase of friction coefficient was found simul-
taneously. Rapidly, the extra water at the entrance 
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Figure 12  Friction coefficients before and after an extra droplet merging 
with the water at the entrance. 

moved to exit of the contact area, forming a part of the 
water tail. The three-phase-interface reappeared and the 
friction coefficient decreased to the original level. The 
experiment result confirmed that the solid-liquid-gas 
plays an important role in water droplet lubrication, and 
the mechanism of water droplet lubrication proposed 
above has been proved.  

5  Conclusion 

In this work, the tribological behavior between two hy-  

drophobic surfaces with water lubrication has been in-  
vestigated by the tribometer UMT-2. Low friction coef-  
ficients in the range from 0.02 to 0.08 were achieved 
when the hydrophobic friction pair was lubricated by a 
water droplet of proper volume. However, high friction 
coefficient of 0.8 was obtained in the cases where the 
friction pair was encircled by large amount of water or 
the friction pair was immersed in a water pool. It was 
considered that a thin water film can be formed in the 
contact region to separate the two sliding surfaces under 
droplet lubrication due to the surface tension at the 
solid-liquid-air three-phase interface. Such a water film 
can support the normal load and provide a low friction 
coefficient. Under full immersion or the friction pair was 
encircled by large amount of water, the attraction among 
water molecules themselves and the low affinity be-
tween the water molecules and the surface would lead 
the water molecules to escape from the contact zone, 
resulting in the direct contact between the two sliding 
surfaces. A conclusion can be derived that the solid- 
liquid-air three-phase interface is the key for achieving 
low friction in water droplet lubrication.  
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