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Investigation of ultra-low friction on steel surfaces
with diketone lubricants

¢
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In this study, the lubricating properties of ethylacetophenone (EAP) solutions with different benzoylacetone
(BZA) concentrations on steel surfaces were investigated. The results indicate that with an increase in the

BZA concentration in the solution, the friction coefficient decreases, and an ultra-low friction coefficient
(v = 0.005-0.008) is obtained for the solution with 50 wt% BZA concentration. This demonstrates that
both the applied normal load and the sliding velocity have significant influence on the realization of

ultra-low friction for the 50 wt% BZA solution. Furthermore, the chemical states of the friction surfaces

and the components of the 50 wt% BZA solution were detected via X-ray photoelectron spectroscopy

(XPS) and infrared spectroscopy (IR), respectively. The analyses reveal that a tribochemical reaction

occurs between the BZA molecules and the rubbing surfaces, and the chelate not only can disperse in

the solution, but can also form chemical adsorption layers on the rubbing surfaces. In addition, the
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mechanism of ultra-low friction has been discussed based on the results of these analyses. Both the

influence of the hydrodynamic effect and the existence of chemically absorbed films on the steel
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1. Introduction

The concept of superlubricity was first put forward by Hirano
and Shinjo in the 1990s (ref. 1 and 2) to depict the phenomenon
that the friction force between two relatively moving surfaces
entirely vanishes. However, the friction force cannot be
completely cancelled due to various defects, such as the exis-
tence of phonon dissipation and electron dissipation, on the
surfaces.®* In addition, a friction coefficient below 0.001 is
difficult to be detected accurately using most modern trib-
ometers. In practical systems, the lubrication state can be called
superlubricity when the sliding friction coefficient is less than
0.01.*° Ever since the concept of superlubricity was proposed, it
has been widely discussed in many studies. Over the last two
decades, significant progress and achievements of super-
lubricity have been made, particularly in the field of solid
lubricants and water-based lubricants. For solid lubricants such
as molybdenum disulfide,” diamond-like carbon film,® carbon
nitride film,” and graphite," the superlubricity phenomenon
was observed under certain conditions. For water-based lubri-
cants with an extremely low shear strength, a friction coefficient
of less than 0.01 can be achieved in many systems including
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surfaces lead to a reduction in the friction coefficient. This study reveals that diketone is a promising
lubricant for ultralow friction and has great potential in industrial applications.

hydrated ion lubrication,"" polymer brush immersed in water,*?
ceramic materials with water lubrication,**** phosphoric acid
solution," a mixture of polyhydroxy alcohol and acid,'**® and
some types of biological mucus.*>**

Water as a lubricant has many excellent attributes such as
safety, non-toxicity, low-cost, environmental friendliness, and
cooling performance. However, water-based lubricants are also
subject to certain restrictions. For instance, many mechanical
parts are susceptible to water-induced corrosion in engineering
applications. On the contrary, oil-based lubricants have been
widely used in practical mechanical systems, such as gears and
bearings, due to their non-perishable and non-susceptible
characteristic to ambient temperature and humidity. However,
the minimum friction coefficient of the traditional oil-based
lubricants is typically above 0.04 due to their high viscosity-
pressure coefficient and viscosity.® Although studies on super-
lubricity in oil-based lubricants have not attracted widespread
attention, some innovative results have been obtained. Li et al.
found that super-low friction (1 = 0.004) of silicone oil was
achieved between a Si;N, ball and glass disc by running-in with
an acid solution.”* Moreover, the superlubricity mechanism was
proposed, where a micro-slope plain bearing between two
sliding surfaces was generated by the running-in process with
an acid solution, and a hydrodynamic film of silicone oil was
formed at a certain speed. Recently, Li et al. found that the
friction coefficient of 1,3-diketone lubricants on steel surfaces
was 0.005, which was much lower than that of a variety of
standard oil-based lubricants.**>* This is mainly attributed to

This journal is © The Royal Society of Chemistry 2018
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the formation of complexes between 1,3-diketones and iron
ions on the steel surfaces during the friction test. The chelate
has excellent thermodynamic stability, which not only can be
used to improve the stability of oil-based lubricants, but can
also be conducive to the realization of ultra-low friction.>

At present, the study of liquid superlubricity mainly focuses
on water-based lubricants or oil-based lubricants under some
specific environments; however, these lubricants do not satisfy
industrial applications and cannot result in direct economic
benefits. In comparison, diketone lubricants have great
advantages in industrial areas although their friction properties
have not attracted significant attention. In this regard, the
present study highlights the sliding friction and wear behaviors
of ethylacetophenone (EAP) solutions with different benzoyla-
cetone (BZA) concentrations on steel surfaces by controlling the
tribotesting conditions (e.g. velocity and load). In detail, the 3D
morphologies and the chemical states of the rubbing surfaces
were analyzed using white-light interferometry and X-ray
photoelectron spectroscopy, respectively. A component anal-
ysis of the solution with 50% BZA concentration before and
after the friction test was conducted using infrared spectros-
copy. After this, the mechanism of ultra-low friction has been
discussed based on the results of these analyses.

2. Materials and method

B-Diketone is a bidentate ligand, which can form a stable six-
membered ring chelate with metal ions. In this study, BZA is
selected as the experimental model because its molecular
structure is very similar to that of the superlubricious matter
reported in the literature.””>* It is generally believed that
B-diketone compounds can appear in both the enol and keto
tautomeric forms due to the active chemical properties of the
methylene hydrogen atoms between two carbonyl groups. It can
be seen that there is a six-membered ring linked by hydrogen
bonds in the enol form, as shown in Fig. 1(a). In this study, BZA
is in the form of a light-yellow solid purchased from Alfa Aesar,
and it has good solubility in the EAP solution that is mainly
attributed to the similar molecular structures of these two
substances. The chemical formulas of BZA and EAP are shown
in Fig. 1. Herein, EAP was used as a solvent, and BZA was used
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Fig. 1 Molecular structures of (a) BZA and (b) EAP.
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as a solute. Moreover, three different concentrations of 10 wt%,
30 wt%, and 50 wt% were prepared for comparison.

The friction coefficient was measured using a Universal
Micro Tribotester (UMTS5, Bruker, USA) in the rotation mode of
ball-on-disc under solutions with different BZA concentrations.
The ball was made of GCr15 bearing steel with a diameter of
12.7 mm (R, = 20 nm). The disc was also made of GCr15 with
the hardness of HRC 60, which was polished by an automatic
polishing-grinding machine to achieve the surface roughness
(R,) of 15 nm. Before tribotesting, the ball and the disc were
cleaned with acetone and ethanol in an ultrasonic bath for
10 min, respectively, and then dried with compressed air. The
solution was added between the ball and the disc with a volume
of 5 uL at the beginning of the tests. The applied normal load
was 3 N, and the rotation speed of the substrate was 960 rpm
with a rotation radius of 5 mm, corresponding to a linear speed
of 502.4 mm s~ *. Based on the Hertz contact theory, the initial
maximum contact pressure was about 576.5 MPa under the load
of 3 N. All tests were carried out at room temperature (25 °C).

The 3D morphology of the rubbing surface was observed
using a white-light interferometer (NeXView, Zygo). The radius
of curvature and the surface roughness of the worn region on
the steel balls were obtained. The elemental compositions and
the chemical bonding state inside the wear tracks were detected
using an X-ray photoelectron spectrometer (XPS, PHI QUAN-
TERA II). Before the XPS test, the samples were ultrasonically
cleaned in an acetone and ethanol bath. To further analyze the
changes in the solution with a 50 wt% BZA concentration before
and after the friction test, infrared spectroscopy (IR, Bruker) was

conducted with spectral resolution better than 0.16 cm™".

3. Results and discussion

3.1 Tribological properties of EAP solutions with different
BZA concentrations

The evolution of the friction coefficients achieved between the
steel ball and steel disc lubricated by EAP solutions with different
BZA concentrations is shown in Fig. 2. It can be seen that the
friction coefficient is significantly influenced by the BZA
concentration in the solution. When the friction pair was lubri-
cated with pure EAP, the friction coefficient stably remained at
0.11 after the running-in period. When the BZA concentration
was 10 wt% in the EAP solution, the friction coefficient fluctuated
at around 0.1 at the beginning of the test. After this, it decreased
to 0.07 and remained constant until the end of the test. The
friction coefficient decreased from 0.13 to 0.025 after the
running-in process when the BZA concentration was 30 wt%.
With a further increase in the BZA concentration to 50 wt%, the
friction coefficient decreased significantly to below 0.01 after the
running-in process of 40 min. Moreover, the ultra-low friction
(u = 0.005-0.008) could be maintained stably until the end of the
test. The abovementioned results indicate that BZA can improve
the lubricating performance of EAP, and the friction reduction is
closely related to the BZA concentration in the EAP solution. In
addition, the solution changed from initial light-yellow to red
after the tests. For the solution with a BZA concentration of
50 wt%, its color even became deep red. In contrast, the color of
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Fig. 2 Friction coefficient curves for the steel surfaces lubricated by
EAP solutions with different BZA concentrations.

the pure EAP did not change during the test. Moreover, no debris
was observed during the test when BZA was added to the solu-
tions. It is speculated that a tribochemical reaction occurs
between the BZA molecules and the rubbing surfaces, which may
play a key role in achieving the low friction.

The 3D morphologies of the wear scars and tracks on the
frictional surfaces are shown in Fig. 3. It can be seen that both
the steel ball and the disc were worn in all the cases. When the
solution with 10 wt% BZA concentration was applied, a circular
worn region with a diameter of 280 pm was formed, as shown in
Fig. 3(a). Moreover, there were numerous micro-grooves inside
the wear track with the width of 300 um, as shown in Fig. 3(d).
When the BZA concentration was 30 wt% in the solution, the
diameter of the wear scar and the width of the wear track were
about 550 um and 450 pm, as shown in Fig. 3(b) and (e),
respectively. With an increase in the BZA concentration to
50 wt%, a wear scar with a diameter of 590 um was observed on
the steel ball, and the width of the wear track was 560 um on the
steel disc, as shown in Fig. 3(c) and (f), respectively. These
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results indicate that with an increase in the BZA concentration
in solution, the wear of ball materials increases obviously.
However, a smoother worn surface (R, = 15 nm) on the steel ball
was obtained under the solution with 50 wt% BZA concentra-
tion as compared to the cases with 30 wt% and 10 wt% BZA
concentration (R, of 34 nm and 45 nm, respectively). Thus, it is
speculated that chemical polishing may occur during the test
due to the presence of BZA. In addition, the depths of the wear
tracks on the steel discs were about 0.48 um, 0.54 um, and 0.93
um when the BZA concentrations of the solution were 50 wt%,
30 wt%, and 10 wt%, respectively. It can be seen that more
uniform grooves inside the wear track are obtained when the
EAP solution with a 50 wt% BZA concentration is applied on the
frictional surfaces.

The initial maximum contact pressure was calculated to be
576.5 MPa using the Hertz contact theory before the friction
test. The curvature radii of the wear scars on the steel balls were
obtained from the 3D morphology shown in Fig. 3. Then, the
contact pressures after the friction test were calculated using
the radii of curvature and the Hertz theory. When the BZA
concentrations were 10 wt%, 30 wt%, and 50 wt% in solution,
the maximum contact pressures after the tests decreased to
103.9 MPa, 88.3 MPa, and 55.3 MPa, respectively. It can be seen
that the decrease in the contact pressure is mainly due to the
expansion of the contact area. The results show that with an
increase in the BZA concentration in the solution, the contact
pressure decreases significantly; this results in a dramatic
reduction in the friction coefficient.

The influence of the sliding velocity and the applied load on
the friction coefficient of the EAP solutions with different BZA
concentrations was investigated. It can be seen from Fig. 4(a)
that the typical Stribeck curve is obtained for the relationship
between friction coefficient and velocity. For all four solutions,
the friction coefficient decreased as the velocity increased from
31.4 mm s~ ' and reached the minimum when the velocity was
around 565.2 mm s~ '. Subsequently, the friction coefficient
increased with the continuously increasing velocity. It can also
be found that super-low friction (friction coefficient less than
0.01) is achieved only in the case of lubrication with the solution
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Fig. 3 3D morphologies of the friction pairs ((a)—(c) steel balls and (d)-(f) steel discs) lubricated by EAP solutions with different BZA concen-

trations: (a) and (d) 10 wt%, (b) and (e) 30 wt%, and (c) and (f) 50 wt%.
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Fig. 4 Effects of (a) velocity under the load of 3 N and (b) load at a linear velocity of 502.4 mm s™* on the friction coefficient lubricated by EAP

solutions with different BZA concentrations.

containing 50 wt% BZA concentration. From the Stribeck curve
shown in Fig. 4(a), it is deduced that the lubrication state is
mixed lubrication when super-low friction is obtained. The
dependence of the friction coefficient on the applied load also
presents a typical Stribeck curve. The minimum friction coef-
ficient was achieved at the load of 3 N for all four solutions. In
addition, an ultra-low friction coefficient (u = 0.008) was ach-
ieved at the load of 2 N or 3 N when the BZA concentration in the
EAP solution was 50 wt%. These results show that both the
sliding velocity and the applied load have important influence
on the friction coefficient, particularly on the realization of
super-low friction for EAP solutions with 50 wt% BZA
concentration.

3.2 XPS analysis inside wear tracks after lubrication by EAP
solutions with different BZA concentrations

It can be hypothesized that a tribochemical reaction can occur
between 1,3-diketones and iron ions during the friction
process.”® As can be seen in Fig. 5, a complex with stable ther-
modynamic properties was formed due to its octahedral struc-
ture with the coordination bond between the carbonyl group
and iron ion. To verify the existence of the chemically adsorbed
film on the steel surface after the friction test, XPS analysis was
performed. The types of compositions and amounts of func-
tional groups adsorbed on the surfaces can be determined by
the binding energy, which is sensitive to the chemical envi-
ronment of the atoms.

The peaks of C 1s on the initial surface and the wear tracks
under solutions with different BZA concentrations are shown in
Fig. 6. Gaussian multimodal fitting was used to separate the
peaks to obtain information about the chemical states of the
wear tracks. The peak of the C 1s spectrum was decomposed
into several different chemical environments such as C-H, C-C,
and C=O0. The positions of these signals are well consistent
with those of similar compounds reported in the litera-
ture.****” It should be noted that the same atom in different
chemical environments can give rise to discrete components.
The existence of the adsorbed film was estimated according to
the chemical shift of the C 1s peak.

The peaks of the C 1s spectra mainly appeared in two
chemical environments (C=C and C-C/C-H) on the initial
surface, as depicted in Fig. 6(a). Moreover, the binding energies

This journal is © The Royal Society of Chemistry 2018

of these two signals were 284.6 eV and 285.3 eV, and their area
fractions were 85.88% and 14.12%, respectively. It can be seen
in Fig. 6 and Table 1 that the area fractions of C=C and C-C/C-
H change significantly when the surfaces are lubricated by EAP
solutions with different BZA concentrations. Due to the exis-
tence of C=0 in the BZA molecular structure, the peaks of the
carbon atoms in the 2 and 3 bonding states (Fig. 6(e)) shifted to
higher binding energies. With an increase in the BZA concen-
tration in the solution, the area fraction of C=O increased
evidently, whereas the area fractions of C=C and C-C/C-H
changed in the opposite trend. Specifically, when the BZA
concentration in the solution was 10 wt%, 30 wt%, and 50 wt%,
the area fractions of C=0 were 12.4%, 23.05%, and 26.12%,
respectively. It should be mentioned that there is a peak at
282.9 eV with the area fraction of 5.01% for the solution with
30 wt% BZA concentration, which corresponds to metal carbide.
Moreover, when the BZA concentration was up to 50 wt%, this
peak for the metal carbide was observed with the area fraction
of 2.2%. In addition, there was a pi-pi* peak at 292.2 eV when
the BZA concentration was 50 wt%. This is mainly attributed to
the existence of a pi bond in the carbonyl group itself, which
means that an empty anti orbital pi* is present. The oxygen
atom in the carbonyl group can provide a lone pair of electrons
to form a coordination bond with the metal iron ion (Fe**). The
formation of the coordinate bond can promote electronic
transition from the pi to pi* orbital, and then, the peak of pi-pi*
can be detected at around 292 eV. These results indicate that the
BZA molecules are adhered inside the wear track through
coordination bonds. It is speculated that when the BZA
concentration is 50 wt% in the solution, complete chemically
adsorbed layers of BZA molecules can be formed on the worn

o (0]

3
3 M +Fe+-0—&

1
R R

Fig. 5 Chemical reaction of the 1,3-diketones and iron during the
tribological test. R represents phenyl-p-alkyl and R’ represents alkyl
chains with different chain lengths.
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Fig. 6 XPS analysis of the C 1s spectra measured from the (a) initial surface and as-formed wear tracks after lubrication by EAP solutions with
different BZA concentrations of (b) 10 wt%, (c) 30 wt%, and (d) 50 wt%. The C 1s components refer to the carbon atoms numbered in the

molecular structure (e).

surface, which are conducive to the realization of an ultra-low
friction coefficient.

3.3 IR analysis of the EAP solution with 50 wt% BZA
concentration before and after the friction test

As abovementioned, the EAP solution with 50 wt% BZA
concentration changed from light-yellow to deep red during the
friction test. To further explain this phenomenon and confirm
the tribochemical reaction, the component analysis of the EAP
solution with 50 wt% BZA concentration before and after the
friction test was investigated via infrared spectroscopy (IR), as
shown in Fig. 7. For the solution before the friction test, it can

be seen that there is a strong absorption band at 1679 cm ™,

which is related to the stretching vibration of the C=0 bond
both in the EAP molecule and the keto form of the BZA mole-
cule. However, the position of this absorption band was slightly
lower than normal due to the conjugation between the aromatic
ring and carbonyl group. In addition, BZA molecules can appear
in both the enol and keto tautomeric forms. In the enol form of
the BZA molecule, the stretching vibration of the C=0 bond
and in-plane deformation vibration of the O-H bond are
assigned to the absorption bands at 1570 cm™ ' and 1606 cm ™,
respectively. It can be found that the absorption bands of C=0
are different in the enol and keto forms of the BZA molecule due

Table 1 Parameters of the component C 1s peak on the surfaces lubricated by EAP solutions with different BZA concentrations (the bonding

states of carbon atoms displayed in Fig. 6(e))

C 1s component

1 2 3 4 5 Metal carbide
Binding energy (eV) 284.6 285.3 286 288.3 292.2 282.9
Area fraction (%) 10 wt% BZA 54 33.6 — 12.4 — —
30 wt% BZA 45.54 4.9 21.5 23.05 — 5.01
50 wt% BZA 38.18 12.6 15.81 26.12 5.09 2.2

9406 | RSC Adv., 2018, 8, 9402-9408
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before and after the friction test.

to the formation of a six-membered ring hydrogen bond
between the carbonyl and hydroxyl group in the enol form.

For the solution after the friction test, the characteristic peak
at 1679 cm ™' was still detected, which mainly corresponded to
the stretching vibration of the C=0 bond in the EAP molecule.
However, the intensity of the absorption band at 1606 cm™*
obviously weakened or even disappeared. This result indicates
that the structure of the BZA molecules changes in the EAP
solution; this confirms the occurrence of a tribochemical reac-
tion during the friction test. The oxygen atom in the carbonyl
group of the BZA molecule can provide a lone pair of electrons
to form a coordination bond with iron ions. Due to the forma-
tion of the coordination bond, the electron cloud density of the
coordination atom (oxygen atom of C=O) decreases; this
results in the shift of the stretching vibration of C=O0 to the low
absorption band at 1587 cm . In addition, a new absorption
peak at 1510 cm™ " was observed for the solution after the fric-
tion test. This is mainly attributed to the formation of a chelate,
which may reduce the symmetry of the ligands and make the
inactive infrared vibrational ligands become active.

Thus, the IR spectra results indicate that the chemical states
of the EAP solution with 50 wt% BZA concentration changes
significantly during the friction test. Combined with the XPS
analysis, it is reasonable to conclude that the tribochemical
reaction between the BZA molecules and iron ions is confirmed,
and the as-formed chelate not only can disperse in the solution,
but can also form chemically adsorbed layers on the rubbing
surfaces.

3.4 The ultra-low friction mechanism of the EAP solution
with 50 wt% BZA concentration

Li et al. established the liquid superlubricity region depending
on the pressure and the pressure-viscosity coefficient, and the
superlubricity of oil-based lubricants could only be achieved at
low pressures due to their high pressure-viscosity coefficients.”®
In our present study, ultra-low friction (1 = 0.005-0.008) was

This journal is © The Royal Society of Chemistry 2018
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obtained when the maximum contact pressure decreased to
55.3 MPa with the progress of the tribotest. To study the state of
lubrication and the ultra-low friction mechanism, the theoret-
ical minimum film thickness was calculated using the Ham-
rock-Dowson formula.* The viscosity of the EAP solution with
50 wt% BZA concentration after the friction test was 3.82 mPa s,
which was measured by a rotary rheometer (MCR302, Anton
Paar) with a cone-plate geometry (CP50-1). The minimum film
thickness was calculated to be about 60.4 nm when the applied
normal load and velocity were 3 N and 502.4 mm s, respec-
tively. The surface roughness of the steel ball and steel disc after
the test was 15 nm and 51 nm, respectively, which were
measured by a white-light interferometer. Thus, the ratio of the
minimum film thickness to the combined surface roughness
was 1.14, which illustrated that the lubrication was in the
regime of mixed lubrication. Thus, the friction coefficient is
influenced by the fluid effect and the asperity contact in mixed
lubrication.

Based on the previous results, it can be found that the
concentration of BZA in the EAP solution has an important
influence on the friction coefficient. Only when the concentra-
tion of BZA in the EAP solution reaches a certain value, an ultra-
low friction coefficient will be achieved; this is mainly due to the
occurrence of a tribochemical reaction between the BZA mole-
cules and iron ions. Moreover, the running-in time was signif-
icantly shortened, and the diameter of wear scar on the steel
ball obviously increased when the EAP solution with 50 wt%
BZA concentration was applied, as shown in Fig. 2 and 3(c). In
this case, the proportion of C=0 in the solution increases
dramatically, which can increase the rate of the tribochemical
reaction of C=0 with iron ions. As a result, a large plane on the
steel ball is generated in a short time. In addition, stable
adsorbed tribo-chemical layers are formed on the steel surface
during the friction test, which can avoid the direct contact of the
asperity. It is speculated that specific molecular orientations of
these chemical adsorption films may be formed during the
tribo-test; this is conducive to the realization of an ultra-low
friction coefficient. However, the effects of the tribo-
chemically adsorbed films are still not very clear, which need
to be studied in future research.

The abovementioned results demonstrate that the realiza-
tion of ultralow friction using an EAP solution with 50 wt% BZA
concentration not only depends on the effect of hydrodynamic
lubrication, but also relies on the tribo-chemically adsorbed
films on the frictional surface.

4. Conclusion

In summary, the lubricating properties of EAP solutions with
different BZA concentrations on steel surfaces were investi-
gated. The results reveal that with an increase in the BZA
concentration in the solution, the friction coefficient is reduced
obviously, and the contact pressure decreases significantly. In
particular, ultra-low friction (u = 0.005-0.008) is achieved when
the BZA concentration in the solution reaches 50 wt%. The
ultra-low friction could be achieved when the applied normal
load was 2-3 N and the sliding velocity was in the range from
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502.4 t0 565.2 mm s '. Based on the XPS analysis of the rubbing
surfaces and the IR analysis of the solution with 50% BZA
concentration, a tribochemical reaction occurs between the BZA
molecules and iron ions, and the adsorbed tribochemical layers
are formed, which can avoid the frictional surface from direct
contact. In addition, the ultra-low friction of the EAP solution
with 50 wt% BZA concentration is in the regime of mixed
lubrication. Combining the results of these analyses, it can be
concluded that both the influence of the hydrodynamic effect
and the existence of chemically absorbed films lead to the
reduction of the friction coefficient.
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