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ABSTRACT: The electric field induces complex effects on the 
tribological properties of zinc oxide (ZnO) under lubricated 
conditions, particularly at the nanoscale, where the friction process 
and mechanism remain unclear. I n this paper, the tribological 
behaviors of ZnO under the lubrication of poly α-olefins (PAO) 
were investigated by molecular dynamics (MD) simulations with 
reactive force field ( ReaxFF). T he r esults r eveal a  significant 
enhancement in the tribological performances of ZnO with the 
application of the electric field, resulting in a 58.6% reduction in the 
coefficient of  fr iction (COF) from 0.193 at  0 V/Å to  0.080 at  0.1 
V/Å. This improvement can be attributed to the weakening of 
interfacial interaction, evidenced by a reduction in the number of
C−O covalent bonds under the influence of the electric field, along with the formation of an adsorption film due to applied load and
shear effects. Notably, the effect of the electric field and applied load extends the impact of interface slip on the tribological
performance of ZnO. Overall, this study provides a comprehensive understanding of the impact of the electric field on reducing the
friction of ZnO-based structured models, shedding light on explaining their tribological properties and lubrication mechanisms.

■ INTRODUCTION
Piezoelectric semiconductor materials (e.g., ZnO, GaN, ZnTe,
etc.) have attracted much attention1−3 due to their unique
properties,4−6 such as dual piezoelectric and semiconductor
properties. Among these materials, ZnO has been widely used
in triboelectric nanogenerators4 and surface coatings since they
exhibit excellent flexibility, biocompatibility, and good
lubricity.

The tribological behaviors of ZnO have been widely
investigated and are associated with its intrinsic single-crystal
structure. It was found that the nanocrystalline grain structure
and oxygen stoichiometry contribute to the low COF of ZnO
films.7−9 After the high-temperature annealing process, the
reconstruction occurred on the (0001) surface, forming defects
and adsorbates, contributing to the low friction of the ZnO
single crystal.10 Goto revealed that the piezoelectric effect
helps to improve the tribological performance of the ZnO films
in a vacuum or at high temperatures.11,12 Sasaki et al.4

recognized that the friction force of B-doped ZnO strongly
depends on the piezoelectric force of nanodomains. In our
previous study, based on classical MD simulations, it has been
demonstrated that the interaction between ZnO and lubricants
can enhance the tribological performance of the system.13,14

They focused on studying by traditional experimental and
simulating methods, whereas the tribological performance of

ZnO at the atomic scale is still unclear, especially the deeper
understanding of the tribology interface.

Interest in applying the external electric field on a lubrication
system to adjust its frictional properties has found to be
prevalent in recent years. For instance, Peng et al.15 showed
that the mechanism of MoSe2 under the external electric field
is related to electrostatic force and adsorption. More recently,
Chen et al.16 indicated that the electrostatic interaction plays a
dominant role in the improvement of nanotribological
performance under the external electric field. Gao et al.17

investigated the coupling effects of shear and electric field on
friction, and the results indicated that the friction force
decreases with the voltage increasing in the low-speed range
and the external electric field rarely works in the high-speed
range. These friction experiments show the effect of the
external electric field on the tribological performance.
However, the influence of the external electric field on ZnO
nanotribological performance using the MD simulation has
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rarely been reported. Moreover, the effect of the electric field
on chemical bonding at the interface of ZnO is not well
understood at the atomic scale.

ReaxFF MD simulations can describe the breaking and
formation of interatomic bonds and thus can be used to explain
the occurrence of tribochemical reactions in materials.18−20

According to ReaxFF MD simulations, Yu et al.21 revealed the
significance of shear stress in a tribo-oxidation reaction. Wang
et al.22 found that the formation of interfacial C−Fe bonds has
a remarkable influence on the tribological performances of
steel sliding contacts. Hence, it is considered that this
simulation approach is a superior choice for investigating the
nanotribological performances of ZnO at the atomic level.

This study aims to investigate the tribological behavior of
ZnO under the external electric field using ReaxFF MD
simulations. By varying the magnitude of the applied electric
field and load at high temperatures, the nanofriction
mechanism of ZnO will be elucidated, with a focus on
analyzing the COF, structural characteristics, and tribochem-
ical reactions at the interface. This research will contribute to a
comprehensive understanding of the tribological performance
of ZnO, further enhancing our mechanistic insights.

■ SIMULATION MODEL AND METHODS
In this study, both ZnO and lubricant (i.e., PAO) models were
constructed by Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS)23 and Packmol.24 The ZnO model was the
arrangement of a ZnO single crystal, with the (0001̅) plane as the
friction interface.13 To simplify the model of PAO, the lubricant was
composed of 20 linear polydecene molecular chains with five
polymerization degrees.25,26 The size of the model was 32 × 31 ×
55 Å3.

Figure 1 presents the configuration and schematic diagram of the
friction model. As shown in Figure 1a, the simulation model was
periodic along with the x and y axes and nonperiodic along the z
direction. It can be seen that the ZnO layer was divided into three
parts, including the rigid layer, the thermostatic layer, and the Newton
layer. The bottom rigid layer was fixed throughout the whole
simulation process, the thermostatic layer was set to keep the system

temperature constant, and the lubricant layer was set as the newton
layer, where the molecule was able to move under the load. The
normal load (z-direction) and velocity (x-direction) were applied to
the top layer.

The whole simulation process was divided into three stages,
relaxation stage, loading stage, and sliding stage: (i) In the relaxation
stage, the thermostatic layer imposed the Nose−Hoover thermostat
to conduct heat generated because of loading shock. Atoms in the
Newton layer using the NVE ensemble were able to move freely and
subjected to a constant loading pressure on the system in this
stage.27,28 The simulation process lasted 2 ns. (ii) The top rigid layer
applied a normal load to compress the system until the energy was
stable and then kept this process lasting 0.5 ns. The bottom rigid layer
was fixed during the whole stage. (iii) The upper and bottom ZnO
layers were applied with the constant electric field (shown in Figure
1b) until the system was stable, and then a sliding velocity Vx was
applied to the upper rigid layer along the x direction. Note that the
normal load was kept constant at the upper rigid layer when the
velocity was applied.

All simulations were performed in open source software
LAMMPS,23 and then the model was visualized in the Open
Visualization Tool (OVITO).29 In this work, combining previous C/
H/O and Zn/O/H potentials, proposed by Sengul,30 the reactive
force field was selected, which was used to describe the interaction of
the solid/liquid interface. The core of the ReaxFF reaction force field
is the expression of the bond order, as follows:31
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where BOij
σ, BOij

π, and BOij
ππ are the bond-order contributions from σ

bonds, π bonds, and double π bonds, respectively. The pbo variables
are the parameters used in the force field to describe bonding
interactions. rij is the atomic distance between the ith and jth atoms,
and various ro values are the optimal bond radii. To describe
electrostatic interaction, the charge equilibration process was ensured
by the qeq/reax method at each time step,32 the convergence of

Figure 1. (a) Configuration of the ZnO−PAO−ZnO model in the MD simulation, and the size of the model is 32 × 31 × 55 Å3. (b) 2D friction
model showing three parts of the system: rigid layer, thermostatic layer, and newton layer. The direction of the external electric field is along the z-
axis.
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accuracy was 1 × 10−6 kcal/mol, and the time step was 0.25 fs. The
velocity verlet algorithm was used to solve the motion of particles.33

Based on the fact that the carbon tribofilm was formed under an
extreme loading condition,34 the applied load σz on the top rigid layer
was set to three values, 1, 2, and 3 GPa, respectively.35,36 The sliding
velocity Vx was set to 20 m/s with a simulation time of 250 ps. In this
study, four intensity values E (i.e., E0 = 0 V/Å, E1 = 1 × 10−3 V/Å, E2
= 1 × 10−2 V/Å, and E3 = 1 × 10−1 V/Å) were applied to ZnO. The
temperature of the thermostatic layer was set at 500 K based on the
previous study that ZnO can achieve excellent tribological perform-
ance at a high temperature on the vacuum.12 The temperature is
smaller than the onset temperature of base oil decomposition to
simulate the conditions at a high temperature and fasten the reactions
of the system.37 In addition, a high temperature helped with
accelerating the speed of the chemical reaction without changing
the reaction pathway and the deformation of species.

During the friction process, the friction force was collected by
calculating the atom force of the upper rigid layer and the bottom

rigid layer along the x direction, and then the COF was calculated by
the following expression:38

=
F
F
xz

z (2)

where Fxz and Fz represent the atom lateral force and the normal
force, respectively. Besides, the distribution of C atoms under
different conditions is calculated. The interface slip ratio was
calculated by the following formula to analyze its relationship with
the applied load and electric field:39,40

=S
V V

V
s 1

s (3)

where Vs and Vl represent the velocity of ZnO and lubricant near the
interface at the end of the simulation, respectively. For achieving
relatively accurate results, Fxz and Fz were obtained from the last 10 ps
of simulation. Additionally, the mean squared displacement (MSD)

Figure 2. Evolution of (a) COF and (b) surface charge density with different electric field intensities. σ represents the surface charge density of
upper slab ZnO that contacted with PAO, which was achieved at the end of the simulation.

Figure 3. Distribution of C element along the cross section of the model under (a) different electric field intensities and (c) normal loads and (b)
the snapshot of C element distribution in the built model at 3 GPa. The dashed blue rectangle in (b) showing the adsorption layer corresponding
to the gray area in (a). For easy observation, the H atoms were hidden in the lubricant layer. (d) The velocity distribution of the system along the
normal load direction. All results were obtained from the end of the simulation.
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along the x direction of lubricant during the sliding stage was
computed by the following equation:41

= | |t r t rMSD( ) ( ) (0)t t
2 (4)

where ri(t) and ri(0) represent the displaced position of molecules
and the original position before the sliding stage, respectively. The
distribution of the C atom was obtained at the end of the simulation.
In order to explore the change at the solid/liquid interface and the
structure of the lubricant, we counted the number of C−O covalent
bonds.

■ RESULTS AND DISCUSSION
Tribological Performance. Figure 2a shows the evolution

of the ZnO friction coefficient (by eq 2) with the change of
electric field intensity at 500 K. It can be seen that the COF of
ZnO fluctuates slightly, with a generally decreasing trend under
increasing electric field intensity. The COF was approximately
0.193 without an external electric field at the load of 1 GPa and
decreased to 0.129 with an electric field intensity of 0.1 V/Å.
At 2 GPa, the COF decreased from 0.161 without an external
electric field to 0.113 at 0.1 V/Å. Similarly, the COF was
around 0.168 without electric field at the load of 3 GPa and
reduced to 0.081 with an electric field intensity of 0.1 V/Å.
The presented findings reveal that the tribological character-
istics of ZnO undergo alterations when subjected to an electric
field. It is important to note that the COF is influenced by the
chosen number of output frequencies, repetitions, and
averaging steps in the model, with error bars plotted in the
curves to illustrate deviations.42 Figure 2b shows the surface
charge density of ZnO under different electric field intensities.
The ZnO crystal lattice was distorted as a result of the applied
load, causing electrical polarization and decreasing the surface
charge density. Under the influence of the electric field, the
surface charge density gradually decreased. It was obvious
when the electric field intensity increased to 0.1 V/Å. This
result suggests that the Coulomb repulsion between ZnO and
PAO increases under the effect of an electric field, which
contributes to the decrease in shear resistance. Additionally,
the COF of ZnO decreases with increasing load without
applying the electric field, which is in agreement with the
results of the previous studies.11,12 Previous experimental
studies proposed that, based on the piezoelectric property of
crystal nanodomains, the normal load can alter the polar part
of the surface energy, thereby decreasing the COF of ZnO. It is
inferred that the electric field enhances the effect of the normal
load, leading to a reduction in COF. Consequently, the electric
field effectively contributes to the enhancement of tribological
performances. Interestingly, when the electric field intensity
was 0.1 V/Å, the difference in surface charge density was small
but the difference of COF was large.

Structural Characteristics. The structure of boundary
films formed by lubricant molecules plays a crucial role in
determining friction and wear reduction performance.43,44 To
better understand the structural features of the carbon-based
tribofilm under heavy load conditions, the number density
distribution of C atoms has been counted. Figure 3a illustrates
that under a pressure of 3 GPa, two atomic layers were formed
for carbon, with the adsorption layer positioned close to ZnO,
while the middle layer was farther away. The formation of
adsorption layers is attributed to atomic attractions from ZnO.
Because of the existence of PAO, direct contact between ZnO
friction pairs was avoided. As shown in Figure 3c, with
increasing normal load, PAO molecules undergo compression
and C atoms present a dense state, exhibiting a solid-like
phenomenon, which is characterized by the formation of a
layered structure. Furthermore, it also indicates that the
adsorption film formed by PAO provides an excellent bearing
performance. Tighter adsorption between internal lubricant
molecules occurred due to the shearing effect. In conjunction
with Figure 3b, it is evident that the number of C atoms near
the boundary is higher, indicating a greater concentration
compared to the layer with a lower concentration. This result
indicates that lubricants tend to move toward the boundary of
the ZnO layer in the sliding process and form an adsorption
layer. However, it is found that the electric field has a weak
influence on the distribution of atom density in Figure 3a,
which is probably related to the interaction between the
interface and lubricant. Consequently, the formation of an
adsorption film under the applied load emerges as a key factor
contributing to friction reduction. Figure 3d shows the
distribution of the PAO velocity along the normal load
direction. It can be observed that there is a velocity difference
between ZnO and PAO, and this difference is gradually
obvious with the increase in the electric field intensity.
Therefore, the electric field has a weakening effect on the
movement ability of PAO. It is necessary to analyze the motion
of PAO.

In order to explore the change of the lubricant motion under
the influence of the electric field, the MSD of the lubricant has
been counted by eq 4. It is reported that the MSD reflects the
diffusive motion of particles, which affects the frictional
performance.45 Figure 4 depicts the change in the MSD of
PAO molecules along the x direction at different loads and
electric field intensities. The diffusion trend of PAO molecules
can be intuitively observed with a significant change in the
MSD slope. The simulation results show that the diffusion
ability of PAO gradually increases with the increase in applied
load under the condition of constant electric field intensity. For
instance, the diffusion of PAO under the 3 GPa load (Figure
4c) is superior to that under the 1 GPa load (Figure 4a) at an
electric field intensity of 0 V/Å. The long chain length of PAO

Figure 4. Evolution of MSD of lubricants over time in different cases: (a) σz = 1 GPa, (b) σz = 2 GPa, and (c) σz = 3 GPa.
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molecules makes it easier for them to form a lubricating film
adsorbed on the solid surface. And then, PAO molecules
gradually diffuse as the shear motion proceeds. It is worth
noting that the changes in all MSD curves are relatively slow
within the first 100 ps when the load is 1 GPa, indicating a
basically consistent diffusion trend of PAO. After 100 ps, the
differences between the MSD curves gradually become
apparent and the diffusion performance of PAO changes to
varying degrees. This change occurs at a time point of about 75
ps when the load grows to 2 GPa, and it happens at a time
point of about 50 ps when the load increases to 3 GPa. The
self-diffusion rate of PAO is relatively slow under the constraint
of heavy loads. Additionally, the interaction between PAO and
ZnO is strengthened because of the compressed space, which
promotes PAO adsorption on the surface of ZnO.
Furthermore, with the introduction and increase in electric
field intensity, the molecules’ motion tends to weaken, which
contributes to the stability of the adsorption film.

Figure 5 shows the diffusivity of PAO under different electric
field intensities and normal loads. With the introduction and

improvement of the electric field, the diffusivity of PAO
decreases, suggesting that the electric field weakens the ability
of PAO to move along the shear direction. With the increase of
load, the diffusivity of PAO gradually increases, so the increase
of load enhances the movement ability of PAO along the shear
direction. The above results can be attributed to the synergistic
effect of shear, heavy load, and electric field. It can be
concluded that the electric field indirectly has a weakening
effect on the diffusive motion of the molecules in the lubricant
and an increase in the electric field intensity (i.e., 0.1 V/Å)
could negatively affect the diffusive effect of PAO.

It is widely known that interfacial slip can affect the
tribological performance of the system.46−48 Figure 6 depicts
the slip ratio between ZnO and interfacial lubricants under
different electric field intensities and loads (calculated in eq 3).
The results show that the slip ratio increases with increasing
load under constant electric field intensity as the solid-like
degree increases at the interface. Higher loads lead to higher
velocity of the lubricants, manifested as a higher interfacial slip
rate. It is found that the increase in slip ratio is most significant
when the electric field intensity is 0 V/Å and less pronounced
when the electric field intensity is 0.1 V/Å. The slip ratio
increases with increasing electric field intensity and gradually
levels off under the same load. For instance, the ratio increased
from 0.1656 to 0.2970 at a load of 1 GPa. The intensity of
interfacial interaction plays a pivotal role in determining
interfacial slip. It has been reported that a weaker solid/liquid

interfacial interaction is more conducive to slip.46,49 It can be
inferred that the introduction of the electric field causes a
decrease in the solid/liquid interface interaction, consequently
leading to an increase in the slip ratio. Combined with the
coefficient of friction in Figure 2, it can be found that a higher
slip ratio corresponded to a lower coefficient of friction when
the electric field intensity gradually increased. Ultimately, the
shear resistance of ZnO was decreased under the influence of
the slip ratio. Intriguingly, the most substantial increase in slip
ratio occurred under a load of 1 GPa, whereas the increase was
less pronounced under a load of 3 GPa. This discrepancy can
be attributed to the reduction in distance between ZnO and
PAO under the heavy load, strengthening the interface
interaction. Consequently, the impact of the electric field on
interface slip tends to weaken.
Tribochemistry Analysis. For investigating the changes in

interfacial interactions, the results of the temporal variation of
C−O covalent bonds under an electric field from 0 to 0.1 V/Å
and loads of 1 to 3 GPa conditions were determined using
statistical analysis of C−O covalent bonds, as shown in Figure
7. The results showed that the number of C−O covalent bonds

gradually increased during the shear motion process in all
conditions. In the beginning, shear motion accelerated the
thermal motion of molecules, facilitating the activation energy
by PAO molecules and making it easier for the combination of
C and O atoms.50 Subsequently, the distance between O atoms
and C atoms became less than the bonding length, creating
favorable electronic cloud overlap for electron transfer and
inducing the formation of C−O covalent bonds.51,52 The
number of C−O covalent bonds increased with increasing load
under the condition of constant electric field intensity. This is
due to compression of the space between the wall and
lubricant molecules under heavy loads, greatly increasing the
probability of bond formation for relevant atoms. It was also
found that the number of C−O covalent bonds decreased with
increasing electric field intensity when the load was constant,
indicating that the electric field hindered the formation of

Figure 5. Diffusivity of PAO under different electric field intensities
and normal loads.

Figure 6. Variation of the slip ratio between ZnO and PAO with
different electric field intensities.

Figure 7. Variation of the number of C−O bonds over time under
different applied loads during the sliding process. (a) σz = 1 GPa, (b)
σz = 2 GPa, and (c) σz = 3 GPa.
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covalent bonds. Because the existence of an external electric
field generated an electric field force, it caused an increase in
the distance between some of the O atoms and C atoms and
reduced the formation of the C−O covalent bond. Compared
with the Figures 2a and 7, it can be found that the lower COF
generally corresponds to a lower number of C−O covalent
bonds with increasing electric fields. This is due to the decrease
in C−O covalent bonds, which weakens the interface
interaction and decreases the shear resistance.

Figure 8 shows a snapshot of the friction model with
magnified views, showing the generated bonds on the left side

(Figure 8a) and defects on the right side (Figure 8b),
respectively. As shown in Figure 8a, three types of covalent
bonds were identified on the interface after the sliding process.
The first kind of bond was the C−O bond, which was
composed of C atoms from PAO molecules and O atoms from
the ZnO surface (indicated by black circles in Figure 8a). The
second kind of C−O bond is indicated by red circles, where
the C atom has not yet entered the bonding distance range.
The strong attractive force between C and O causes the O
atom to detach from the original surface and combine with the
lubricant, forming a covalent bond. The third kind of bond was
the C−H bond indicated by yellow circles in Figure 8a, it is
observed that H atoms are broken from the carbon chains and
then combine with O atoms on the ZnO surface, forming
hydroxyl groups.53 These phenomena confirm the generation
and composition of the tribofilm adsorbed on the ZnO surface.
Figure 8b shows defects with O atoms detached from the ZnO
surface, indicated by yellow circles. Previous studies have
reported that defects can affect the tribological performance of
the system54,55 and the mechanism is complex but is not the
main focus of this paper. It is worth noting that the ZnO
interface structure was unstable at 500 K because the O atoms
on the ZnO surface were unsaturated and the coordination
number was not sufficient. Figures 9 and 10 present the

changing trend toward the number of molecules and species in
the lubricant under different loads and electric fields. During
the sliding process, the carbon chain on the lubricants was
likely to decompose and then form two or multiple smaller
molecules, leading to an increase in both the number and type
of molecules. It is also observed that electric fields hinder the
decomposition of the lubricants, with a relatively slower
increase in the number of species with increasing electric fields.
For this reason, complete and longer carbon chains were more
likely to remain under electric fields, which provide a more
stable tribofilm and hence obtain better lubricating abilities,
corresponding to the results in Figure 2.

Figure 11 shows a schematic of the lubrication mechanisms
of the ZnO−PAO−ZnO model under the external electric
field. Based on the discussion above, the formation of the
tribofilm on the mated surface contributes to the good
lubrication properties of the system. Under the effect of the
normal load, the lubricating oil exhibits severe solid-like
behavior,56 enhancing the adsorption stability of the film.
Furthermore, the slip ratio between ZnO and PAO near the
wall surface increases with the increase of load, which
contributes to the decrease in shear resistance of ZnO and
then improves the tribological performance of ZnO. However,
the powerful interfacial interaction affects the tribological
performance of ZnO, which is manifested in the formation of
the C−O bond.

The introduction of the electric field hinders the formation
rate of the C−O bond. The probability of bonding between C
and O atoms at the interface diminishes, resulting in a
weakening of the interaction at the interface. Due to the
reduced interface interaction, it enhances the interface slip
upon introducing the electric field, and the consequent
increase in slip ratio contributes to a decrease in the shear
resistance of ZnO. Simultaneously, the diffusion degree of
PAO along the shear direction decreases. While the electric
field indirectly hinders the decomposition of the lubricants and
improves the lubrication performance of PAO. This proves to
be beneficial in enhancing the overall tribological performance
of ZnO. Consequently, apart from the surface adsorption film,
the influence of interface slip on the tribological performance
of ZnO becomes more pronounced with the introduction of
the electric field. In other words, leveraging the coupling of
applied load and electric field, the adsorption film and interface
slip exhibit a synergistic effect on the tribological performance
of ZnO.

In this work, we focused on the influence of the normal load
and electric field on the tribological performance of ZnO.
However, it is necessary to acknowledge the limitations of this

Figure 8. Snapshot of the friction model showing the (a) generation
of the C−O and the O−H bonds and (b) breaking of the Zn−O bond
at 3 GPa and 0.1 V/Å.

Figure 9. Number of total molecules as a function of time with different applied loads: (a) σz = 1 GPa, (b) σz = 2 GPa, and (c) σz = 3 GPa.
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work. Temperature is an important factor in tribology, but we
have not considered the synergistic effect between temper-
ature, normal load, and electric field. It is complex to
investigate and needs to be further studied in future work.

■ CONCLUSIONS
This study explores the influence of the electric field and load
on the tribological properties of the ZnO−PAO−ZnO model
lubricated with PAO through MD simulations, enhancing our
comprehension of its tribological and lubrication mechanisms.
The key conclusions can be summarized as follows:

(1) The application of the electric field significantly
enhanced the tribological performances of ZnO, as
evidenced by a notable 58.6% decrease in the coefficient
of friction (COF) from 0.193 at 0 V/Å to 0.080 at 0.1
V/Å. Under the influence of normal load and electric
field, the lattice distortion of ZnO occurred, which
caused polarization, thus the surface charge density
changed, and the Coulomb repulsion between ZnO and
PAO was enhanced.

(2) Under the influence of applied load and shear, a
lubricating film adhered to the surface of ZnO,
delivering exceptional bearing performance and prevent-
ing direct contact between the frictional pair. The
interface slip between ZnO and PAO occurred and
increased with the rise of normal load. At the same time,
increased load facilitated the motion of PAO along the
shear direction. However, the tribochemical reaction
between ZnO and PAO promotes the formation of C−
O covalent bonds, which enhances the interfacial

interaction and weakens the tribological performance
of ZnO.

(3) The introduction of an electric field led to a reduction in
the number of C−O covalent bonds, resulting in a
weaker interface interaction and an increased slip ratio at
the interface. The influence of the electric field on
interface slip diminished with an increase in applied
load. The electric field impeded the decomposition of
lubricants, thereby enhancing the lubrication perform-
ance of PAO. In addition, the synergistic effect of the
electric field and applied load extended the impact of
interface slip on the tribological performance of ZnO.
This, in turn, lowered the shear resistance of ZnO,
thereby improving its overall tribological performance.
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Figure 11. Schematic model for the lubrication mechanisms of the system without and with an electric field.
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