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We describe simulations of lubrication by a hexadecane molecular lubricating film during the shearing process of a
Cu—Zn alloy performed using the atomistic method. The results indicate that with increasing Zn contents, the interface
slip between the alloy wall and the lubricating film first decreases and then increases, according to variations of the radius
distribution function (RDF), while the interface slip reaches its lowest value of 0.12 during the shearing of CuZn30 alloy. We
also discuss the relationship between interface roughness and the lubricating film. During film lubrication, the interface’s
roughness effectively inhibits interfacial slip. For the convex contact model, the presence of the hexadecane lubricating film
reduces the interfacial contact pressure from 11.9 GPa to 8.7 GPa and the friction coefficient from 0.81 to 0.52.

Keywords: molecular dynamic simulation, nanotribology, Cu—Zn alloy, interface slip

PACS: 02.70.Ns, 68.35.Af, 68.35.—p, 73.43.Cd

1. Introduction

Due to its excellent properties of heat conduction, electri-
cal conduction, and wear and fatigue resistance, Cu—Zn alloy
has broad application prospects in manufacturing fields such
as mechanical equipment transmission and braking. !~ How-
ever, some research results have shown that fatigue damage
to mechanical parts caused by alternating loads accounts for
50%-90% of the service process.>! Fatigue failure generally
begins on the material’s surface; friction and lubrication are
macro-dynamic behaviors of the material’s surface. The sur-
face morphology of Cu matrix composites has a large impact
on their mechanical and lubricative properties.[®! Therefore, it
is of practical significance to explore the frictional and lubrica-
tive behaviors of the surfaces of alloys. In particular, with the
progress of micro-precision machinery and nanotechnology,
increased lubrication requirements have been proposed. From
micron-scale thin films to nanoscale lubricating-film proper-
ties, this has gradually become a research focus. Based on
experimental research, some scholars have used comprehen-
sive analysis methods to study macroscopic frictional and lu-
bricative phenomena. However, nano-lubricating films have
a different series of phenomena from macroscopic lubricat-
ing films when the friction pair gap is at the nanometer scale.
This is because the flow scale of the Iubricating film is sim-
ilar to the mean free path of a molecule, so the conventional
continuous-medium hypothesis ceases to be applicable. In ad-
dition, the relative importance of various flow forces, such as
inertial force, viscous force, surface force, and volume force is
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changed due to the reduction of scale.!”-8! Therefore, it is nec-
essary to study the phenomena of lubrication and friction, and
explain their mechanisms at the microscopic or atomic levels.

Previous researchers have used MD methods to address
various problems at the microscopic level. Ta et al.!9 stud-
ied hexadecane films confined on the surfaces of different
types of iron and iron oxides. Their results showed that in-
terfacial slip becomes severe with an increase in the loading
pressure and shear rate, but that it is insensitive to tempera-
ture. The shear stress increases with an increase in the loading
pressure, whereas the coefficient of friction shows a contrast-
ing propensity. Koike and Yoneyah!!'!l discussed the interfa-
cial slip of alkane molecules with chain lengths from 6 to 80
under different pressures. Tartaglino er al.!'?! probed the lu-
bricating effect of n-butane and isobutane on curved surfaces;
the results indicated that n-butane can effectively protect metal
surfaces when used for thin-film lubrication. Savio et al.l!®!
considered the effect of the interfacial slip phenomenon for
lubricating films with chain lengths ranging from n-pentane
to n-hexadecane. Their study showed that as the molecular
chain length increases, the interfacial slip phenomenon be-
comes more obvious. Jabbarzadeh and Gupta!'*!3! probed the
influence of alkane molecular branching on the interfacial slip
phenomenon, and reached the conclusion that the degree of
interface slip increased with an increase in molecular branch-
ing. Mendona et al.''%! probed the frictional properties of ionic
lubricant film in nanostructures; the friction factors obtained
were consistent with experimental results. Suwa ez al.!!”! con-
cluded that a solid surface with regularly arranged nano-slit
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structures increases the adsorption of lubricant molecules, and
that the surface nanostructure affects the adsorption character-
istics and tribological characteristics.

In general, previous scholars have only considered the in-
fluence of common factors, such as the chain length and the
structure of the lubricating film, on lubrication. However, the
influence of solid interface properties on lubrication has not
been explored in detail. Hence, in this study, the molecular dy-
namics simulation method was utilized to explore the relation-
ship between alloy interfacial properties and lubricating film.
The interface adsorption layer and stratification phenomenon
were systematically analyzed. The effect of the Zn content of
the alloy on the lubricating film’s interfacial slip was studied.
Additionally, by considering the relationship between the in-
terfacial roughness and the lubricating film, the interfacial slip
was thoroughly analyzed. Finally, the deformation pressure
relationship between the lubricating film and the interface was
revealed by the convex peak contact model.

2. Simulation and method
2.1. Model setup

N-hexadecane is the principal component of the base oil
in conventional lubricating films, and the study of its tribo-
logical properties has practical significance; it has excellent
thermal stability and low-temperature fluidity. The Visualizer
module was used to construct hexadecane molecules, and their
geometry was optimized using the Smart Minimizer method.
Using the Amorphous Cell tool in Material Studio (MS), 60
hexadecane molecules of lubricating film were packed into a
cell at a predefined density of 0.836 g/cm3.!'8] As shown in
Fig. 1(a), face-centered cubic (FCC) structured crystalline Cu
was set up as the unit cell, and expanded in the x, y, and z
directions to obtain Cu walls with sizes of 30 A, 30 A, and
15 A, respectively. Cu—Zn alloys with different Zn contents
were constructed by randomly replacing Cu atoms with Zn
atoms, according to ratio. It can be seen from Fig. 1(b) that a
three-layer structured model consisting of a Cu—Zn wall, the
lubricating film, and another Cu—Zn wall was built along the

CuZnl0 CuZn20

CuZn30

hexadecanep

B e T

Fig. 1. (a) Cu—Zn wall with 10%, 20%, 30%, 40%, and 50% Zn contents, re-
spectively; (b) initial configuration of the alloy (CuZn30) and the hexadecane
lubricating film.

z-axis; a vacuum layer with a thickness of 20 A was added to
the top. Periodic boundary conditions were adopted in the x
and y directions. The length a, width b, and height ¢ of the
model were 30 A, 30 A, and 69.7 A, respectively.

2.2. Simulation steps

In this study, the all-atom molecular dynamics simulation
method called the condensed phase optimized potentials for
atomistic simulation studies (COMPASS) force field!'”] was
adopted, and this force field proved to be applicable to de-
scribing the tribological properties of the polymer, as shown
below:

Eiotat = Epond + Eangle + Etorsion 1+ Einversion
+Ecross + Eelectrostatic T Evdw, ()

where Epong represents the bond stretching energy, Eangle is
the angle bending energy, Eiysion represents the torsional an-
gle energy, Eross represents the inversion, and Ecposs repre-
sents the cross energy. The last two energies are non-bonded
interactions: Egjecrrostatic and Eyqyw are due to the electrostatic
interaction and the van der Waals interaction, respectively.

The optimized steps and important parameters are sum-
marized in Table 1. The non-bonding truncation of the elec-
trostatic effect and the van der Waals (VDW) effect is based
on the atom based method, and the cutoff distance is 1.25 nm,
so the defined friction interface area is from the interface to
12.5 A. The control functions for pressure and temperature are
the Berendsen and Nose thermostat methods, respectively.

An optimization of the materials was performed. In this
process, Cu—Zn alloys and lubricating film molecules were op-
timized and annealed to obtain a stable structure in line with
the actual situation. The optimization and simulation of the
model system are presented here. The simulation processes are
as follows. First of all, the positions of the atoms were fixed
in the wall. At the same time, the Smart Minimizer method
was utilized to optimize the geometry of the system. Second,
a five-cycle annealing process was carried out at constant tem-
perature and volume (NVT ensemble) from 300 K to 500 K
for 500 ps to relax the simulated samples over a wider tem-
perature range to obtain the minimum energy of the resultant
trajectories. Importantly, the shear process set the temperature
to 298 K and used the velocity algorithm!?"! to solve the New-
tonian equation of motion under the NVT ensemble. Normal
loading was applied to the top layer by moving the alloy layer
at a speed of 0.2 A/ps for 500 ps under a loading of 101 MPa
to simulate the friction process. After relaxation, the length
a, width b, and height ¢ of the model were 30 A, 30 A, and
59.1 A. All the processes used 1.0 fs for the simulation time
step. The total simulation time was 1500 ps, and the final
500 ps trajectory file was utilized to analyze the calculation
results.
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Table 1. Important parameters of the simulations.

Step Algorithm Convergence criterion Temperature (K) Time (ps)
.. . —5
Optimization of materials geometry optimization Smart 107 kcal/mol (energy) 298 500
anneal Nose thermostat - 300-500 500
A . -5
Optimization of system geometry optimization Smart 107 kcal/mol (energy) 298 500
anneal Nose thermostat - 300-500 500
confined shear Andersen thermostat 2 x 1073 kcal/mol (energy) 298 500

3. Results and discussion
3.1. Lubricating film and alloy content

Figure 2 shows a snapshot of the CuZn30 wall and hex-
adecane lubricating film system at a shear rate of 20 m/s. It
can be seen that there were several noticeable changes during
the process. The hexadecane molecules are densely formed
near the surface of the alloy, forming an adsorption layer with
a thickness of 4 A, as displayed by the blue area. The lubri-
cating film changes from the random distribution of the initial
model shown in Fig. 1(b) to orderly adsorption on the alloy’s
surface at 50 ps. Meanwhile, the red arrow represents a slight
slip between the adsorption layer and the interface during the
shearing process. At 150 ps, the hexadecane molecules in the
adsorption layer are mostly arranged parallel to the surface. ]
In the middle area, molecules perform an isotropic irregular

motion, showing a state similar to that of the bulk fluid, which
[22,23]

is consistent with previous experimental results.

Fig. 2. Snapshots of the shear configuration of hexadecane lubricating film
at 0 ps, 50 ps, and 150 ps, respectively.

The molecules of the adsorption layer can be adsorbed
to the wall’s surface due to the strong attraction of the alloy’s
atoms, while the moving Cu—Zn wall layer generates a shear-
ing effect on the lubricating film. The reason for this is that
the adsorption layer moves along with the wall’s surface. As
the distance between the hexadecane molecules and the wall’s
surface increases, the adsorption effect of the alloy atoms on
these hexadecane molecules decreases. Thus, the interaction

between molecular chains becomes dominant; its energy is
265.8 kcal/mol. Finally, hexadecane molecules in the middle
area follow the adsorption layer molecules and flow together.
The entire lubricating film forms a certain velocity gradient,
presenting a state similar to a Couette fluid.*2>]
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Fig. 3. The (a) temperature, (b) van der Waals energy, and (c) stress during
shear process.
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Figure 3 shows the stress, temperature, and VDW energy
curves of the shearing process over time to confirm the de-
tailed characteristics of the adsorption layer. It is clear that the
values of temperature, VDW energy, and stress increase at the
beginning of the process, which indicates that the lubricating
film is adsorbed. The stress, temperature, and VDW energy of
the lubricating film are constant after 50 ps, which indicates a
normal shearing process between the alloy and the lubricating
film.

The lubricating film’s structural properties change signif-
icantly when the system reaches nanometer size. The salient
feature is that the lubricating film tends to form an adsorp-
tion layer near the solid boundary. Figure 4(a) shows the
relative concentration distribution inside the lubricating film
of the CuZn30 alloy at a shear rate of 20 m/s. The relative
concentration exhibits seven peaks with increasing film thick-
nesses, which means that the internal lubricating film is strati-
fied into seven layers. It can be seen that the relative concen-
tration has a high value at the interfaces between the alloy and
the lubricating film atoms at about 18 A and 42 A. Because
the hexadecane molecules exhibit an adsorptive behavior on
the surface of the Cu—Zn alloy, the relative concentration of
molecules near the wall is quite high. Figure 4(b) shows a
layered structural diagram of the hexadecane lubricating film
with the CuZn30 alloy, which also intuitively shows the de-
lamination phenomenon of the lubricating film, and that the
molecules between the lubricating layers are connected to each
other by branch chains. In the middle area of the lubricating
film, there is small gap in the values of the relative concen-
tration, which means that certain characteristics of the liquid

are still maintained. 26-27

I The analysis results also confirm the
formation of an adsorbed layer after analyzing the concentra-

tion distribution inside the lubricating film.

(a) (b) :zzbouuovhwbuy.y-v&
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Fig. 4. (a) Relative concentration distribution between the hexadecane lu-
bricating film and the CuZn30 alloy, (b) layered structural diagram of the
hexadecane lubricating film with the CuZn30 alloy.

In order to clearly understand the stratification phe-
nomenon caused by the relative concentration distribution in
the lubricating film, the interaction energy between the alloy
wall and each molecular layer of the lubricating film is pre-
sented in Table 2. The E; to E4 represent the interaction en-
ergies between the alloy wall and the first to fourth layers of
hexadecane molecules nearby, respectively. The negative val-

ues suggest that the Cu—Zn alloy walls and the molecular layer
are mutually attracted.

Table 2. The interaction energies between the Cu—Zn wall and the lubricat-
ing film’s hexadecane molecular layers.

Zn% (Cu—Zn) E; (kcal/mol) E; (kcal/mol) E3 (kcal/mol) Ej (kcal/mol)

10% —1074.5 —45.7 -10.3 0
20% —1105.1 —54.3 —14.2 0
30% —1156.5 —69.5 —15.1 0
40% —1131.1 —62.2 —13.2 0
50% —1095.4 —46.7 —11.2 0

The interaction energies between the wall and the first
to fourth layers of the hexadecane molecules of the lu-
bricating film are —1156.5 ~ 1074.5 kcal/mol, —69.5 ~
—45.7 kcal/mol, —15.1 ~ —10.3 kcal/mol, and 0 kcal/mol, re-
spectively. This indicates that the first layer of hexadecane
molecules near the alloy wall is strongly attracted to the wall,
thus forming an adsorption layer. However, the alloy wall is
less attractive to the hexadecane molecular layer when the hex-
adecane molecular layer is far from the alloy wall. There is no
attraction between the fourth layer of hexadecane molecules
and the wall, which clarifies the formation of the stratification
phenomenon.

3.2. Effect of Zn content on interfacial slip

When the alloy wall slides at a particular speed, the lubri-
cating film moves with the wall’s surface because of the strong
attraction between the alloy wall and the lubricating film; a
certain speed gradient is produced along the z-axis in the lu-
bricating film. In order to analyze the sliding characteristics of
the lubricating film, we slide the upper and lower alloy walls in
the horizontal direction to form a steady-state shear flow and
then calculate the flow velocity profile.

Figure 5 shows the simulation results for the velocity pro-
file of the lubricating film at a 20 m/s shear rate for different
Zn contents. The horizontal dashed lines represent the velocity
of the alloy wall, and the middle part is the velocity distribu-
tion of the hexadecane film. There is an obvious relative speed
between the wall and the lubricating film, which is interfacial
slip. Another interesting phenomenon observed is that there is
a step jump in the velocity profile between the first layer and
the second layer. This indicates that layer slip occurs inside the
lubricating film.[?8) The flow velocity is linearly distributed in
the middle of the lubricating film, which shows that the in-
termediate film’s hexadecane molecules exhibit the velocity
distribution state of a liquid fluid.

This study was intended to compare the velocity distribu-
tions of lubricating films for different Zn contents of Cu—Zn.
It can be seen from Fig. 5 that the film interface velocities
of CuZnlO are relatively small; its interfacial velocities are
—11.3 m/s and 11.5 m/s. Then, as the Zn content in the al-
loy increases, the interfacial velocities also increase. The film
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interface velocities of the CuZn20 alloy are —13.9 m/s and
12.9 m/s. Finally, the film interface velocities at the interface
with the CuZn30 alloy reach the highest values of —17.6 m/s
and 17.8 m/s, indicating that most of the molecules in the first
layer still move with the wall. However, when the Zn con-
tent reaches that of CuZn40, the velocities of the film interface
molecules are reduced, compared to those of CuZn30; the val-
ues are —14.6 m/s and 14.5 m/s. In the case of CuZn50 alloy
lubrication, the velocities decrease further, to —12.3 m/s and
12.5 m/s.

20 SR - - - - - - - - - - - — S

15 . —o—7Zn10% ,

I ——7n20% b

10k —=-7Zn30% '
—v- Zn40%

——7Zn50%

I I

15.20.25.30.35.40.45
Distance (A)

Fig. 5. Velocity distribution diagram of a hexadecane lubricating film with a
thickness of 30 A used to lubricate CuZn surfaces with varying Zn contents.

In the classic theory of hydrodynamic lubrication, fluid
molecules adjacent to a solid wall are considered to move at
the same velocity as the wall, which is known as the ‘no-
slip’ boundary condition and widely used in practical fluid
engineering.?”) However, there is an interfacial slip in microl-
ubrication. The degree of interfacial slip between the wall and
the lubricating film is represented by the interfacial slip factor
S, whose calculation method is shown below: 3%

(@)

where V;, and V; are the wall velocity and the average film
interface velocity in adjacent areas of the wall, respectively.
Also, V,, and V; can be obtained from Fig. 5.

This study calculated the interface slip S of Cu—Zn alloys
with different Zn contents adjacent to the film, as shown in Ta-
ble 3. It is clear that when the Zn content in the alloy is 10%,
the interface slip S has its largest value of 0.43. When the Zn
content in the alloy is 20%, S is reduced to 0.34. When the
Zn content in the alloy is 30%, S reaches its smallest value of
0.12. However, with a continued increase of the Zn content
in the alloy, the S of the CuZn40 alloy reaches 0.21, and the
S of the CuZn50 alloy further increases to 0.36. This shows
that when the Zn content of the alloy is less than 30%, the in-
terfacial slip associated with the Cu—Zn alloy decreases with
increasing Zn content. Conversely, when the Zn content in the

alloy is increased above 30%, the interfacial slip of the Cu—Zn
alloy increases with increasing Zn content.

Table 3. Interfacial slip factor for different Zn% (Cu—Zn).

Alloy CuZnl0 CuZn20 CuZn30 CuZn40 CuZn50

S 0.43 0.34 0.12 0.21 0.36

In order to explore the influence of Cu—Zn alloys with dif-
ferent Zn contents on the interface slip S in detail, this study
analyzed the internal structures of Cu—Zn alloys with differ-
ent Zn contents using the RDF method. The g(r) of the RDF
can be interpreted as the ratio of the local area density to the
average density. In other words, the RDF reflects the charac-
teristics of the aggregation of atoms in the alloy, which helps
us to understand the internal structure of the alloy.*!! The for-
mula for the RDF is given as

g(r)

where p is the density of the system and N represents the num-
ber of molecules in the system. Taking any atom as the refer-
ence atom, the number of atoms within the distance r to r+ dr
from Zn is dN.

Figure 6 shows that the Cu—Zn alloy atoms exhibit max-

dN

- p4nridr’ 3

imum aggregation at a distance of 2.51 A. However, by ex-
amining the different values of Zn content in the alloys, it can
clearly be seen that the g(r) value of Zn10% is 30.00, the g(r)
value of Zn20% is 30.40, and the g(r) of Zn30% has the max-
imum value, at 30.74. Then, as the percentage of Zn content
continues to increase in the alloy, it weakens the atomic aggre-
gation: the g(r) values of Zn40% and Zn50% are 30.56 and
30.13, respectively.

31.0
—e—7Znl0%
—A—7Zn20%
30.5 1 —8— Zn30%
—u— 7Zn40%
S
on
I 29.5F
@)
~
29.0 -
28.5
28.0 L . L .
2.50 2.51 2.52 2.53

Distance (A)

Fig. 6. Radial distribution function graph of alloys with 10%, 20%, 30%,
40% and 50% Zn (in Cu—Zn).

Figure 7 shows the RDF values of the different Cu—Zn
contents compared to a H atom in the lubrication film during
the shearing process, which explains the interaction between
the alloy and the lubricating film.3% The value of the interac-
tion between the alloy and the lubricating film reaches a maxi-
mum at 2.4 A. Different values appear because the Zn content
in the alloy causes the ratio of the maximum RDF of the alloy
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to the H atom in the lubrication film to be different. The RDF
ratio reaches a minimum for CuZn10 versus the H atom in the
lubrication film, and the ratio reaches a maximum for CuZn30
versus the H atom in the lubrication film.
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Fig. 7. RDF ratios between the Cu—Zn alloys and the H atom in the lubrica-

tion film during the shearing process.

As shown in Table 4, V represents the gap between the
wall velocity and the average film interface velocity. The ga(r)
values represent the RDF ratios of the different Cu—Zn alloys
to H atoms in the lubrication film. E represents the energy of
the interaction between the alloy wall and the lubricating film.
With increasing Zn contents in the alloys, the trend of atomic

aggregation g(r) is consistent with those of g»(r) and E. It
can be seen that increasing the Zn content changes the atomic
aggregation g(r) inside the alloy, resulting in an increase in
g>(r) and adsorption E. The high interaction E reduces V be-
tween the lubricating film and the alloy, and ultimately leads
to a small interfacial slip S. It is found that the interaction be-
tween the alloy and the lubricating film reaches a maximum
when the Zn content is 30%. A subsequent increase of the Zn
content reduces the interaction between the alloy wall and the
lubricating film.

Table 4. The values of g(r), g2(r), E, V, and S for different Zn% (in Cu—Zn).

CuZnl0 CuZn20 CuZn30 CuZn40 CuZn50
g(r) 30.00 30.40 30.74 30.56 30.13
g(r) 5.59 6.89 7.62 7.03 6.13
E (kcal/mol) —1130.5 —1173.6 —1241.1 —1207.2 —1153.3
V (m/s) 8.6 6.8 2.4 4.2 7.2
S 0.43 0.34 0.12 0.21 0.36

3.3. Lubricating film and interface roughness

In practical engineering applications, roughness is an un-
avoidable problem. When machines and parts are examined
at the micro or nanoscales, the macroscopic laws of friction
break down for nanoscale contacts due to atomic-scale surface
roughness. This has encouraged research into the effects of
atomic roughness on lubrication and friction.3? In order to
fully understand the influence of roughness on the lubricating
film in the shearing process, this study selected the CuZn10
alloy as the research object with which to explore interfacial
slip. The reason for this is that the interface slip of the lubri-
cation film is the largest for CuZn10 alloy.

00 ps
—

CuZnl0 rough wall

100 ps
—

200 ps
—

CuZnl0 smooth wall

Fig. 8. (a) Simulated snapshots of the lubricating film applied to CuZn10
rough walls at 0 ps, 100 ps and 200 ps, respectively. (b) Simulated snapshots
of the lubricating film applied to CuZn10 smooth walls at 0 ps, 100 ps and
200 ps, respectively.

Importantly, the lubrication state of rough CuZnl0 was
monitored at different stages and compared with that of
smooth surfaces, as shown in Fig 8. It can clearly be seen
that the lubricating film has a certain slip when applied to the
smooth interface at 100 ps; the value of the interfacial slip
length is 12.4 A. However, the lubrication film applied to the
rough interface did not produce interfacial slip. The figure
shows that the slip length of the smooth interface has further
increased at 200 ps; the value of the interfacial slip length is
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now 24.8 A. However, when comparing the internal changes
of the lubricating film, it can be seen that the rough interface
still has no slip.

Figure 9 shows the relative concentration of the lubricat-
ing film for rough and smooth interfaces. It can be seen that the
rough interface reaches a value larger than zero earlier than the
smooth interface, which indicates that hexadecane molecules
have been adsorbed in the rough gaps. Comparing the mid-
dle area of the concentration distribution, it can be seen that
the concentration change of the rough interface is more stable,
and that the numerical value is relatively low. These results
suggest that a certain degree of shear thinning occurs in the
lubricating film applied to the rough interface.
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Fig. 9. Relative concentration distributions of the lubricating film applied to
rough and smooth interfaces.

The degree of interfacial slip is determined by the prop-
erties of the wall, such as the attraction between the wall and
the lubricating film, and the shear of the wall. When the lubri-
cating film is weakly attracted, for example, by the CuZn10
alloy, the action of the wall shearing movement overcomes
the attraction between the alloy wall and the lubricating film,
forming a speed gap V with the wall’s movement, and, as a
result, causes the interface slip S. However, when the smooth
and rough walls of the CuZn10 alloy were explored, we found
that when the wall was rough, molecules were adsorbed due
to the existence of gaps, as shown in Fig. 9. Although the at-
traction was not able to overcome the shear when the wall was
sheared and moved, the protruding wall atoms hindered the
interfacial slip of the hexadecane molecules in the gaps. The
rough peak atoms forced the hexadecane molecules to become
closer to each other. For the hexadecane molecules in the mid-
dle area, the speed of the adsorption layer of the rough wall’s
surface was larger than the speed of the adsorption layer of the
smooth wall’s surface. The middle area of the rough wall was
more prone to shear thinning.

The lubricating friction changes from thin film lubrica-
tion to a convex peak contact as the thickness of the lubri-
cating film decreases. To fully understand the change in the

rough peaks during the shear process, the dry friction lubri-
cation model and the hexadecane molecular lubrication film’s
friction model were compared. Except for the difference in al-
loy morphology (a triangular rough peak with a base length of
15 A and a height of 12 A), the settings for the rough interface
shown in Fig. 10 are completely consistent with the settings

shown in Table 1.

-IE N , 4
o 12 A dry friction &) I
\ te .

F LS

. r o tile deformation”‘ &
o BN

o of 347% S oe¢

Fig. 10. (a) Optimized dry friction initial model. (b) Optimized cetane lu-
brication initial friction model. (c) Dry friction model simulation snapshot at
120 ps, (d) Lubricated friction model simulation snapshot at 120 ps. (e) Par-
tial schematic diagram of the rough peak deformation of convex peak dry
friction contact. (f) Partial schematic diagram of the rough peak deformation
of convex peak lubricated friction contact.

The dry friction of the convex peak contact and the lu-
bricated friction model were established using 60 hexadecane
molecules. Figures 10(a) and 10(b) show the models after the
geometric optimization and the annealing operation. To move
the alloy and make the asperities contact, the alloy walls of
the upper and lower layers were given opposing x-speeds of
20 m/s. The lubricated friction model formed an adsorption
layer at the interface and presented an orderly arrangement, in
agreement with Fig 2. The dry friction model and the lubri-
cated friction model can be seen at 120 ps, respectively. Due
to the contact of the rough peaks in the shearing process, it can
be seen from Figs. 10(c) and 10(d) that the rough peaks of the
dry friction and lubricated friction models have undergone a
certain amount of deformation. We observed a partial enlarge-
ment of the rough peaks, as shown in Figs. 10(e) and 10(f).
It can clearly be seen that the degree of deformation of the
rough peaks in the lubricating film model was much smaller
than for the dry friction model. Moreover, we calculated the
deformation values for dry friction and lubricated friction. For
dry friction, the convex peak deformation scale was 32.7%,
and the convex peak’s deformation value for lubricated fric-
tion was about 12.4%. Therefore, the hexadecane molecular
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lubricant film protects the original morphology of the interfa-
cial rough peaks to a certain extent.

To reveal the mechanisms of the lubricating film pro-
tecting the interface morphology in detail, we calculated the
pressure profile and van der Waals energy during the shear-
ing processes of dry friction and lubricated friction, as shown
in Fig 11. The VDW energies of the dry friction model and
the lubricated friction model were —433983.9 kcal/mol and
—437215.1 kcal/mol at 0-60 ps, respectively, because the
rough peaks of the alloy wall had not yet been contacted, and
the VDW energy remained constant during the process. At
60 ps, the stress force abruptly decreased and a negative value
was observed, while the VDW energy decreased. The reason
for this was the close approach of the surface atoms of the up-
per and lower rough peaks, which exhibited the characteristic
of mutual attraction. As the shearing process progressed, in-
terfacial pressure started to appear and kept increasing; then,
the rough peak was deformed at 60—100 ps and the VDW en-
ergy increased when the alloy atoms were in frictional contact.
After 10 ps, the rough peaks ceased contact completely.

12.5 (a) e dry friction
i é‘%&f» — lubrication friction
10.0 '
s L
& 7.5
g L
" 5.0 r A
¢
a 251 ‘
‘i
O [ wl‘ - 5
I %
T
—2.5
70 80 90 100 110 120
Time (ps)

—4.2

~~~~~~~ dry friction
—— lubriction friction

6441.1 kcal/mol

5733.5 kcal/mol

1 1 1 1 1 1
90 100 110 120

—4.4 [T R S R
50 60 70 80

Time (ps)

Van der Waals energy (10° kcal/mol)

Fig. 11. Interfacial pressure (a) and van der Waals energy (b) over time from
45-120 ps.

Figure 12 shows simulated snapshots of dry friction and
lubricated friction at 80 ps. At this point, the upper and lower
interfaces of the model were completely in contact. At the
same time, the interfacial pressures of dry friction and lu-
bricated friction reached maxima of 11.9 GPa and 8.7 GPa,
respectively. 33341 Compared with the dry friction system, the

maximum pressure of the lubricated friction was reduced by
26.8%. Also, the VDW energies of dry friction and lu-
bricated friction also reached maximum values, which were
—427542.8 kcal/mol and —431481.6 kcal/mol, respectively.
Compared with the initial VDW energy, the dry friction model
increased the VDW energy by 6441.1 kcal/mol during the fric-
tion process and the lubricated friction model increased the
VDW energy by 5733.5 kcal/mol. The dry friction generated
more energy than the lubricated friction, which indicates that
the presence of the lubricating film reduced the pressure be-
tween the rough peaks during the shearing process, thereby
reducing the degree of deformation of the rough peaks and
protecting the interface morphology.

Moreover, Fig. 13 shows the variation of the friction co-
efficients of dry friction and lubricated friction. It is clear that
at the previous stage of convex peak contact, the friction coef-
ficient with lubrication is larger than that of dry friction, due
to the early contact caused by the presence of the lubricating
film. However, the friction coefficient of lubricated friction is
smaller than that of dry friction during the main contact time
of the rough peaks. In addition, the friction coefficient of dry
friction fluctuates around 0.81, while the friction coefficient of
lubricated friction is about 0.52, which suggests that the pres-
ence of the lubricating film reduces the friction coefficient.

| 80 ps

dry friction

contact

— _— _1

Fig. 12. (a) Dry friction vs. (b) lubricated friction at 80 ps (simulation snap-
shot).

1.6

— — dry friction
—— lubrication friction

Friction coefficient

65 70 75 80 85 90

Time (ps)

Fig. 13. Variation of the friction coefficients of dry friction and lubricated
friction.

4. Conclusion

In this study, MD simulations were used to investigate
the lubricated shear processes of a hexadecane molecular lu-
bricating film applied to CuZn alloy walls, which revealed the
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inherent mechanisms of the lubricating film and the alloys at
an atomic level. We draw the following conclusions:

(i) From our analysis of the relative concentration of the
lubricating film and our calculation of the interface adsorp-
tion energy, the results suggest that the lubricating film forms
a solid-type layer at the interface, while still maintaining fluid
characteristics in the middle.

(ii) The Zn content of the alloy affected the adsorption
of the interface with the lubricating film. The RDF values in-
dicate that increasing the Zn content increases the adsorption
of the lubricating film, and finally inhibits the interfacial slip.
The interfacial slip reaches its smallest value of 0.12 between
CuZn30 and the hexadecane molecular lubricating film.

(iii) The relationships between the interfacial roughness
and the lubricating film were explored. In the film lubrica-
tion model, the interface roughness greatly inhibited the in-
terface slip of the lubricating film. In the convex peak contact
model, the lubricating film reduced the interface pressure from
11.9 GPa to 8.7 GPa and reduced the friction coefficient from
0.81 to 0.52.
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