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In the present study, the speed dependence of liquid superlubricity stability with phosphoric acid (H3PO4)

solution was studied. Achieving superlubricity with H3PO4 solution is the result of the formation of

a hydrated water layer with low shear strength combined with the hydrodynamic effect. The

experimental results show that the superlubricity stability of a Si3N4/glass pair with H3PO4 solution

strongly depends on speed and stable superlubricity is achievable when speed ranges from 0.075 m s�1

to 0.209 m s�1 under given loading conditions. Superlubricity failure under low speed is mainly attributed

to the weak hydrodynamic effect. However, when the speed is too high, the hydrated water layer can

hardly form due to the insufficient running-in process and serious substrate damage. Based on these

results, a method was proposed to promote the achievable speed of stable superlubricity to m s�1 level,

namely performing the pre-running-in process under low or medium speed and then running at high

speed. The results may help understand the liquid superlubricity failure mechanism and open a door to

the wide application of liquid superlubricity in industrial areas.
Introduction

The concept of superlubricity was proposed by Hirano and
Shinjo in the 1900s. Since then, superlubricity has attracted
considerable attention because of the strong demand for energy
saving, emission reduction and excellent lubricant performance
in the mechanical industry.1,2 Superlubricity is used to describe
the physical phenomenon of an ultra-low friction coefficient
(near zero) between two contacting surfaces. However, the
judging boundary of superlubricity increases to 0.01 because of
limitations in measuring precision and other factors in actual
experimental conditions.3–5 Given that the superlubricity
behavior is strongly restricted by the requirement of working
conditions, hardly any of the superlubricity achieved in a labo-
ratory environment can be applied in industrial activities.

In the past few years, several superlubricity systems have
been reported. Superlubricants can be simply divided into solid
and liquid. Solid lubricants mainly include diamond-like
carbon, molybdenum disulphide, graphite and CNx lms.6–11

Liquid lubricants mainly include ceramic material with water,
polymer brushes, glycerol solution with acid or polyhydric
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alcohol and polysaccharide mucilage from plants.12–16 Water-
based solutions are one of the most promising liquid super-
lubricants because they are low-cost, highly reproducible and
environment friendly.17 However, the speed achieved super-
lubricity in the past studies were mostly in a low level
(�mm s�1) which is considerably lower than that in actual
industry productions, such as the working speed of ceramic
bearing in actual running conditions (�m s�1).18 Stable super-
lubricity with long working life achieved at high speed remains
a serious challenge in industrial applications of superlubricity
systems.

Recently, Li et al. reported that Si3N4/glass pair with H3PO4

solution resulted in an ultra-low friction coefficient of 0.004
aer two steps of running-in process.19 Further studies showed
that superlubricity mechanism was mainly attributed to the
formation of a three-layer water-containing nanolm with
hydrogen bond network (hydrated water layer) between two
contacting surfaces aer the tribochemical reaction between
acid solution and tribopair surfaces during the running-in
process.20–22 The special composite lubricating nanolm can
effectively separate the tribopair surfaces and provide
a hydrated water layer with ultra-low shear strength instead of
a direct frictional contact. Meanwhile, the inuences of the
types of acid, hydrogen ion concentration and volume of
lubricant on the superlubricity behavior of Si3N4/glass pair have
also been studied.19,23–25 Moreover, friction force and wear
between the moving contacting parts usually increase dramat-
ically and further induce equipment failure because of the
excessive impact force and system instability under high
RSC Adv., 2017, 7, 49337–49343 | 49337
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working speed.26 Until recently, few investigations have focused
on the speed capacity of phosphoric acid superlubricity system,
especially the superlubricity stability under high speed. There-
fore, to understand the superlubricity failure mechanism and
promote their applications in practical industrial activities, it is
essential to investigate the effect of speed on the superlubricity
stability of Si3N4/glass pair with H3PO4 solution.

In this study, the superlubricity stability of Si3N4/glass pair
with H3PO4 solution was investigated at various speeds. It is
found that the superlubricity stability strongly depends on
speed, and stable superlubricity could be achieved only when
the speed ranges from 0.075 m s�1 to 0.209 m s�1 under given
loading conditions. Failure under low and high speeds may be
attributed to the absence of either hydrodynamic effect or
hydrated water layer. Based on these results, a stable super-
lubricity state could be acquired under high speed aer pre-
running-in process under low or medium speed.
Experimental materials and methods

The H3PO4 solution used in all friction tests was a commercial
product purchased from Sinopharm Chemical Reagent Co., Ltd.
Its mass fraction is about 85 wt% and the purity is larger than
99%. It was diluted with deionized water to a pH value of 1.5,
and the corresponding mass fraction of phosphoric acid solu-
tion was about 0.3 wt%. The upper sample was a Si3N4 ball with
a diameter of 4 mm (Shanghai Unite Technology Co., Ltd), and
the substrate was a glass slide with a root-mean-square (RMS)
roughness of about 0.5 nm over a 400 mm2 area. Before friction
tests, both Si3N4 balls and glass slides were ultrasonically
cleaned in methanol, ethanol and deionized (DI) water for
10 min in sequence to remove surface contamination, and then
dried by pure nitrogen gas.

All the friction tests were performed by a universal micro-
tribotester (UMT-3, Bruker, USA) with ball-on-disk mode, as
illustrated in Fig. 1. A drop (10 mL) of H3PO4 solution was added
between the Si3N4 ball and glass substrate before tests. The
applied normal load was 3 N, which provided a maximum
contact pressure of 830 MPa based on the Hertzian contact
theory.27 The rotation speed of the glass substrate was varied
from 100 rpm to 1500 rpm, and the corresponding linear speed
was calculated from 0.042 m s�1 to 0.628 m s�1 with a track
Fig. 1 The schematic illustration of friction measurement system with
ball-on-disk mode. The tribopair samples are Si3N4 ball and glass slide,
and the lubricant is a drop (10 mL) of H3PO4 solution (pH ¼ 1.5).

49338 | RSC Adv., 2017, 7, 49337–49343
radius of 4 mm. During the tests, the temperature was
controlled at 25 � 2 �C and the relative humidity was about
60%. In order to ensure the measurement accuracy of friction,
the measurement errors could be reduced signicantly by pre-
commission. More details about this process have been
described in previous literature.28 The macro-topographies of
the wear tracks were observed by white light interferometer
(MFT-3000, Rtec, USA) and optical microscope (BX60M,
Olympus, Japan). The microstructures and RMS in the wear
tracks of glass substrates were measured by an atomic force
microscope (AFM, SPI3800N, Seiko Instruments Inc., Japan),
using a silicon nitride probe (MLCT, Veeco, USA) with a curva-
ture radius of approximately 15 nm and spring constant of
around 0.1 N m�1. The element compositions of wear scar on
glass surface aer the friction test at 0.628 m s�1 was also
characterized by energy disperse spectroscopy (EDS, SEM,
EVO18, ZEISS, Germany).
Results
Speed dependence of friction coefficient of Si3N4/glass pair

Fig. 2 shows themeasured friction coefficient of Si3N4/glass pair
with H3PO4 solution under ve different speeds. When the
speed is lower than 0.075 m s�1, the friction coefficient
decreases from 0.5 to 0.04 aer a running-in period of 400 s and
then stabilizes. This result indicates that superlubricity is
unachievable under this speed. However, when the speed
increases to 0.075 m s�1, the friction coefficient decreases to
less than 0.01 aer a running-in period of 300 s and the
superlubricity state remains stable during the entire experiment
period. The friction coefficient decreases from 0.008 to 0.005
with the increase in speed from 0.075 m s�1 to 0.209 m s�1.
Meanwhile, the sliding time of the running-in process before
superlubricity is achieved decreases along with the increase in
speed. When the speed further increases to 0.334 m s�1, the
friction coefficient decreases to 0.04 gradually during the
running-in process and then increases sharply to lubrication
failure. The evolution of friction coefficient with time under
0.628 m s�1 is similar with the result under 0.334 m s�1,
however, the time for lubrication failure is shorter.

Based on the above friction results, it is found that the
superlubricity behavior strongly depends on speed, and the
lubrication system with H3PO4 solution could not achieve
superlubricity and even lead to lubrication failure at high speed.
The relationship between the nal friction state and speed is
shown in Fig. 3. It can be seen that with the increase in speed,
the friction coefficient initially decreases, reaches a minimum
value and eventually increases. The speed for superlubricity
achieved within 600 s ranges from 0.075 m s�1 to 0.209 m s�1.
When the speed is lower than 0.075 m s�1, the nal friction
coefficient ranges from 0.01 to 0.05 (in ordinary lubrication
state). In both cases, lubrication states including ordinary
lubrication and superlubricity are stable until the end of the
tests. When the speed is higher than 0.334 m s�1, the friction
coefficient experiences a short instability period of ordinary
lubrication and then enters into lubrication failure. In these
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Friction coefficient of Si3N4/glass pair under various speeds. The applied load is 3 N.

Fig. 3 Variation of the final friction coefficients of Si3N4/glass pairs
with sliding speeds. The dashed line was fitted by B-spline based on
the experimental points.
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cases, superlubricity is unachievable and even ordinary lubri-
cation state is unstable.
Speed dependence of surface damage of Si3N4/glass pair

Previous studies have shown that the wear behavior of tribopair
is closely related to interfacial friction behavior.29–32 To examine
the effect of speed on the friction behavior of Si3N4/glass pair
Fig. 4 Comparison of optical images and line profiles of glass surfaces
after the tests under various speeds. The sliding distance is 30 m.

This journal is © The Royal Society of Chemistry 2017
lubricated with H3PO4 solution, the surface damage of Si3N4

balls and glass substrates were characterized by the white light
interferometer. Fig. 4 and 5 display the optical images and line
proles of the wear tracks on glass substrates and Si3N4 balls.
The wear rates of Si3N4/glass pair as a function of speed are
shown in Fig. 6. All wear scars under various speeds were
obtained aer the same sliding distance of 30 m. These results
reveal that wear behavior also strongly depends on speed and
the trend is consistent with the friction results. When the speed
is less than 0.075 m s�1, the wear depth of glass substrate and
ball is approximately 1 mm and 2.2 mm, respectively. When the
speed increases to 0.209 m s�1, the friction state enters into
superlubricity and the depth of wear scars on glass substrate
and Si3N4 ball decreases to 0.55 mm and 1.3 mm, respectively.
When the speed exceeds 0.334 m s�1, lubrication failure occurs
and tribopair wear begins to increase.

Moreover, the wear rates of Si3N4 balls are found to be lower
than those of glass substrates under all speeds. Notably, all the
wear scars on Si3N4 balls are smooth and experience little slight
variations under different speed tests. However, the differences
on the glass surfaces are signicant and the surface roughness
of wear areas under high speed is considerably rougher than
that under low speed. The differences in surface topographies
of ball and substrate may be resulted from the great
Fig. 5 Comparison of optical images and line profiles of Si3N4 surfaces
after the tests under various speeds. The sliding distance is 30 m.

RSC Adv., 2017, 7, 49337–49343 | 49339
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Fig. 6 Comparison of wear rate of glass surfaces (a) and Si3N4 balls (b)
after the tests under various speeds. The dashed line was fitted by
B-spline based on the experimental points.
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discrepancies inmechanical properties and wear resistance. For
example, the hardness of Si3N4 (�35 GPa) is considerably larger
than that of glass (�7 GPa).33 Considering that the thermal
stability and mechanical properties of Si3N4 ball are much
better than those of glass, the stronger impact force with the
increase in speed induces severe surface damage for the fragile
glass substrate. However, a slighter wear and smoother wear
area can be produced on the Si3N4 surface. In addition, the wear
debris produced in the sliding process may also aggravate the
destruction of glass surface. Therefore, the lubrication state will
be mostly inuenced by the surface roughness of wear scars on
glass substrates rather than those of Si3N4 balls.

To further analyze the surface damage under various speeds,
the microstructures of sliding tracks on glass substrates were
scanned by AFM. Fig. 7 shows the typical surface topographies
and RMS roughness (over 100 mm2) of the sliding tracks aer
the running-in period. In the superlubricity state, large smooth
contact areas are observed in the wear area of glass substrate,
and surface damage mainly consists of pressure pits and slight
scratches. However, under lubrication failure state, the
substrate surfaces are severely damaged and the RMS rough-
ness (0.25–0.35 mm) increases by more than 10-fold compared
with those rubbed at low andmedium speeds (0.015–0.025 mm).
Based on the theoretical calculation in previous studies, when
stable superlubricity is achieved, the lubricating lm thickness
Fig. 7 (a) Typical AFM images of the wear tracks on glass substrates
after the running-in process under various speeds, and the white
dashed line showing the sliding direction of Si3N4 ball. (b) Comparison
of the surface roughness of the wear tracks on glass surfaces after the
running-in process under various speeds. All the samples were ultra-
sonically cleaned in ethanol and deionized water for 10 min before the
RMS measurements.

49340 | RSC Adv., 2017, 7, 49337–49343
between Si3N4 ball and glass substrate is approximately dozens
of nanometers, which is also plotted in Fig. 7 for comparison.22

Obviously, the theoretical lubricating lm thickness is close to
the roughness of superlubricity surface and considerably
smaller than that of failure surface.
Discussion
Superlubricity failure mechanism under low and high speeds

In order to verify the lubrication failure mechanism at high
speed, the surface topographies of glass substrates aer the
high- and medium-speed running-in process were observed
using an optical microscopy. Fig. 8a shows the optical images of
glass aer the running-in process under the sliding speed of
0.628 m s�1 before and aer cleaning. At this moment, the
friction coefficient begins to increase from the bottom of the
friction curve. The wear track is covered with a layer of residual
lubricating lm which is dried to lumps obviously, and several
lubricating lm fragments scatter around the runway. More-
over, the glass substrate aer ultrasonic cleaning using ethanol
and deionized water shows the actual wear area. It is found that
the contact area in the wear track looks smooth because the
surface damage may be lled with the dehydrated lubricating
lm. In comparison with the severely damaged substrate
surface under high speed, the main damage of the wear area
run under medium speed is only some slight scratched marks,
as shown in Fig. 8b. When the speed ranges from 0.075 m s�1 to
0.209 m s�1, the lubricant solution is volatilizing moisture
continually due to the frictional heat in the running-in process
and in equilibrium with the moisture in the air while the stable
superlubricity behavior is achieved. As displayed in the optical
image of uncleaning glass substrate, the sliding track was
covered by the adsorbed liquid lm completely. It can be
speculated that the lubrication failure at high speed is attrib-
uted to the acceleration of the evaporation of free water in the
sliding interface during the friction process. Once the water
evaporation rate is sufficiently high to exceed the limit of the
liquid system, the lubricating lm may be destroyed and
lubrication failure occurs. The surface morphology and element
compositions of wear scar aer the running-in procedure at
0.628 m s�1 and original surface were also characterized by SEM
and EDS. Before the EDS detection, the surface was rinsed by
plentiful DI water to eliminate the inuence of liquid
Fig. 8 Uncleaning (I) and cleaning (II) glass surface after running-in
process under the speed (a) v¼ 0.628m s�1 (lubrication failure) and (b)
v ¼ 0.075 m s�1 (stable superlubricity).

This journal is © The Royal Society of Chemistry 2017
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lubricating lm. The EDS results (Fig. S1 of ESI†) showed that
no obvious difference was identied between worn surface and
original surface in the elemental compositions.

Friction tests were also conducted at medium speed aer the
running-in process with various speeds to verify the effect of
surface damage on superlubricity failure, as shown in Fig. 9.
The other experimental parameters are the same as the tests in
Fig. 2. At low-speed running-in case, ordinary lubrication is
achieved aer 300 s running process and friction coefficient
cannot further decrease (Fig. 2). However, when the speed
increases to 0.125 m s�1, superlubricity state is achieved
suddenly without a running-in period and then remains stable
until the end of the test. For comparison, the test is stopped
when the lubrication system undergoes ordinary lubrication
state aer high-speed running-in process and the friction
coefficient has no sign of increasing at this moment. Subse-
quently, the test restarts under the speed of 0.125 m s�1. The
friction coefficient suddenly decreases to a low value of
approximately 0.023 and then stabilizes until the end of the test.
In this case, stable ordinary lubrication state caused by the
reduction of speed replaces the lubrication failure phenomenon
in Fig. 2, but still fails to achieve stable superlubricity. The
results indicate that excessive moisture loss in the lubricating
lm during the high-speed process is not the only factor inu-
encing lubrication instability, and other factors inuencing the
realization of the stable superlubricity state also exist.

Previous studies have indicated that the superlubricity ach-
ieved under medium speedmay be attributed to a thin lm with
hydrogen bond network among H3PO4, H2PO4

� and H2O that
are absorbed on the stern layer. This process is induced by
hydrogen ions aer the free water in the liquid lubricant
Fig. 9 Friction coefficient with time under the lubrication of H3PO4

solution after the running-in process under low speed (a, 0.042 m s�1)
and high speed (b, 0.628 m s�1), the insets are the corresponding
optical images of glass surfaces after the running-in process.

This journal is © The Royal Society of Chemistry 2017
decreases to a constant value.19 The special composite lubri-
cating nanolm is the core difference between H3PO4 and other
acids that can only achieve ordinary lubrication state.23 More-
over, the sliding of two surfaces with each other results in
a hydrodynamic effect in the limited hydrated water layer,
which also plays an important role in the lubrication state of the
liquid system.21 The hydrodynamic effect in the contact area
signicantly weakens with the decrease in speed. The subdued
lubricating lm can barely support the high contact pressure
from the upper Si3N4 ball and results in the direct solid–solid
contact of tribopair surfaces, thereby failing to achieve super-
lubricity state. In addition, due to the short and insufficient
running-in process under high speed, the tribopair surfaces can
be inferred to be separated quickly by H3PO4 molecular layer
before the formation of the special hydrated water layer. Given
the large friction force and great heating efficiency at high-
speed running-in process, serious substrate damage and prob-
able temperature increase may cause excessive moisture loss,
which eventually results in lubrication failure. Therefore, the
stable superlubricity of H3PO4 system is the result of the
formation of hydrated water layer combined with the hydrody-
namic effect. As shown in Table 1, here we proposed that
superlubricity failure under low and high speeds may be
attributed to the absence of either hydrodynamic effect or
hydrated water layer. Moreover, the high-speed induced super-
lubricity failure of Si3N4/glass pair with H3PO4 solution provides
the following two critical insights into the failure mechanism
created by the failed formation of the hydrated water layer: (I)
the serious surface damage on glass substrate results in the
superlubricity failure by restricting the formation of a uniform
and effective liquid lubricating layer; (II) excessive moisture loss
destroys lubricating lm, which causes lubrication failure.
High-speed superlubricity achieved aer low- or medium-
speed running-in process

Friction reduction will greatly save energy and achieve huge
economic benets, and the speed limit on long working life of
superlubricity state severely restricts the applications in actual
industrial elds. Thus, improving the speed capacity of super-
lubricity system is of great signicance. The above mentioned
failure mechanism reveals that stable superlubricity is
unachievable under high speed running-in condition due to the
serious substrate damage and temperature increase. To avoid
such running-in process and create a good sliding condition,
friction tests are divided into two steps: (I) achieve ordinary
lubrication state (0.01 < m < 0.05) aer the running-in process
under low or medium speeds; (II) increase the speed and run
under normal experimental operation. Fig. 10 shows the results
that friction coefficient decreases to 0.016 aer a running-in
period of 300 s under the speed of 0.075 m s�1, and the coef-
cient is expected to be less than 0.01 if the system continues
running (refer to Fig. 2). When the speed is increased to
1.6 m s�1, the friction coefficient further decreases without the
running-in process and the stable superlubricity is sustained for
at least 5 hours with a corresponding sliding distance of
approximately 30 km, and the sliding track of substrate surface
RSC Adv., 2017, 7, 49337–49343 | 49341
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Table 1 Superlubricity failure mechanism of Si3N4/glass pair lubricated with H3PO4 solution at low and high speeds

Sliding velocity v (m s�1) Hydrodynamic effect Hydrated water layer Lubrication state

v < 0.075 7 3 Ordinary lubrication
0.075 < v < 0.209 3 3 Superlubricity
v > 0.209 3 7 Lubrication failure

Fig. 10 After the running-in process under medium speed
(0.075 m s�1), the superlubricity state is sustained for at least 5 hours
under the high speed (1.6 m s�1). The insets are the corresponding
optical images of glass surfaces after sliding tests.
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remains smooth at the end of test. The result indicates that
shear and pressure even under high speed barely destroys the
special hydrated water layer. Furthermore, the superlubricity
state of Si3N4/glass tribopair with H3PO4 solution cannot be
directly achieved at high speed due to serious damage on glass
substrate, but is achievable aer the formation of phosphoric
acid–water network under low or medium speed. The suitable
running-in speed for the subsequent superlubricity behavior at
high speed is also veried to be less than�0.209 m s�1 (low and
medium speeds). This work may help us to introduce a new
insight in achieving superlubricity under high speed, and lead
to the wide application of superlubricity in future technological
and industrial areas.
Conclusions

In present work, the effect of speed on the superlubricity
stability of Si3N4/glass pair with H3PO4 solution was investi-
gated, and the failure under low and high speeds was also
discussed. Based on these results, the method of realizing
stable superlubricity under high speed was proposed. The main
conclusions can be summarized as follows:

(1) The superlubricity stability of Si3N4/glass pair with H3PO4

solution strongly depends on speed. Stable superlubricity state
can be achieved only when the speed is in the range of
0.075 m s�1 to 0.209 m s�1.

(2) The results are consistent with an interpretation that the
superlubricity failure under low or high speedmay be attributed
to the absence of either hydrodynamic effect or hydrated water
layer. When the speed is low, the unachievable superlubricity is
mainly attributed to the weak hydrodynamic effect, which is not
strong enough to separate the tribopair surfaces completely.
Under high speed, the special hydrated water layer can hardly
49342 | RSC Adv., 2017, 7, 49337–49343
form due to the insufficient running-in process, which causes
serious surface damage on the glass substrate and further
results in the superlubricity failure by restricting the formation
of the uniform and effective liquid lubricating layer.

(3) Based on the failure mechanism of superlubricity system
with H3PO4 solution, the stable superlubricity state was ach-
ieved under high speed aer the phosphoric acid–water
network formed under the speed less than �0.209 m s�1.
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