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A coarse-grained molecular dynamics simulation model was developed in this study to investigate the friction process
occurring between Fe and polytetrafluoroethylene (PTFE). We investigated the effect of an external load on the friction
coefficient of Fe-PTFE using the molecular dynamics simulations and experimental methods. The simulation results show
that the friction coefficient decreases with the external load increasing, which is in a good agreement with the experimental
results. The high external load could result in a larger contact area between the Fe and PTFE layers, severer springback as
a consequence of the deformed PTFE molecules, and faster motion of the PTFE molecules, thereby affecting the friction
force and normal force during friction and consequently varying the friction coefficient.
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1. Introduction

Friction exists at the interface between two surfaces in
contact when they slide against each other, and it resists the
relative motion that occurs between them. The frictional per-
formance of materials is usually evaluated via the friction co-
efficient and wear rate.!'=] A large friction coefficient indi-
cates that a high driving force is required to overcome the fric-
tional resistance, thereby increasing the friction and decreas-
ing the system efficiency. Solid self-lubricating materials pos-
sess lower friction coefficients in the absence of lubricants,
and therefore, have been widely applied in situations where
liquid lubricants cannot be used.*>! polytetrafluoroethylene
(PTFE) is a self-lubricating material, which is extensively
used in engineering fields due to its low friction coefficient,
high temperature stability, and chemical resistance.®) How-
ever, the friction coefficient of PTFE is affected by many fac-
tors, such as the external load, " sliding velocity,! and oper-

10.11] Furthermore, the external load plays

ating temperature. |
an essential role, thereby attracting researchers to study its
mechanisms of influence on the friction coefficient of PTFE.
Bi et al.!'! studied the effect of the external load on the
friction coefficient of PTFE through experiments. The results
showed a severe deformation of the PTFE asperities with an
increase in the external load, thereby increasing the contact
area between PTFE and its counter surface and reducing the

friction coefficient of PTFE. Wang et al.!'3! concluded that a
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large external load leads to the formation of a PTFE transfer
film on its counter surface. The transferred PTFE converts the
friction between PTFE and its counter surface to PTFE-PTFE
friction, and consequently decreasing the friction coefficient.
Qiu et al.!'*] defined the ratio of a larger load to a smaller load
of a step load as the load ratio and found that a large load ratio
is beneficial for the transfer film formation. Moreover, when
PTFE is operated under variable loading, the higher dynamic
load may result in heat build-up, thus, affecting the friction
coefficient of PTFE.[°]

The above-mentioned experimental studies are benefi-
cial for exploring the mechanisms of influence of an external
load on the friction coefficient of PTFE. However, the PTFE
friction mechanisms, acquired from friction tests, are usually
speculated by comprehensive analysis of the sample in terms
of morphological features and composition variation. To com-
pletely understand the mechanisms of influence of an external
load on the friction coefficient of PTFE, we would need to in-
vestigate the frictional changes of the PTFE molecules at an
atomic level. PTFE is a semi-crystalline polymer that presents
a crystalline and amorphous structure.!'>! Barry et al.l'®-1°]
studied the tribological characteristics of PTFE with a crys-
talline structure by simulating a molecular dynamics (MD)
friction model with regular distributed PTFE molecules. Their
simulation results showed that both the friction force and nor-
mal force increase with an increase in the load applied to the
upper PTFE layer.['7-1%1 Pan ez al.1?! built a two-layer PTFE—~
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PTFE friction model to analyze the frictional mechanisms of
PTFE with an amorphous structure. They found that the fric-
tion coefficient of PTFE decreases along with a rise in the
external load. This occurs because the normal force has a
higher rate of growth than the friction force whenever there is
an increase in the external load. Considering that the coarse-
grained method could not only represent the characteristic fea-
tures of polymer, but also reduce the computational time, it is
usually used to describe the properties of polymer materials.
Li et al.>'! adopted the coarse-grained method to describe the
perfluoropolyether (PFPE) spreading process. He et al. built
a coarse-grained model to study the static and dynamic prop-
erties of a grafted ring polymer.[??) Pan et al.!*}! developed a
coarse-grained PTFE-PTFE friction model by mapping sev-
eral atoms into one bead and explored the frictional mecha-
nism of amorphous PTFE. They concluded that the friction
force and normal force increase with a rise in the external load.
However, the factors behind the rise of the friction force and
normal force are unclear. In addition, the published MD mod-
els with regard to PTFE friction are mostly used to investigate
the friction between PTFE and PTFE.

Furthermore, PTFE usually slides against the steel

surfaces. 242

1 For the friction process to be similar to the ac-
tual application of PTFE, a steel-PTFE model needs to be de-
veloped. Considering that the basis of steel is Fe, we built
a Fe-PTFE friction model to analyze the variations of amor-
phous PTFE during the friction process on the basis of our pre-
viously developed coarse-grained PTFE model. The mecha-
nism of influence of an external load on the friction coefficient
of the amorphous PTFE was investigated at an atomic level by
analyzing the bond energy, bond angle energy, and kinetic en-
ergy of amorphous PTFE, and the interaction energy between
Fe and PTFE layers. The results obtained would be beneficial
for exploring the PTFE frictional mechanism and providing a
basis for designing PTFE composites with low friction coeffi-
cients and high wear resistance.

2. Experimental methods

Although researchers have investigated the effect of an
external load on the friction coefficient of PTFE, the experi-
mental setup and test conditions used would vary. To compare
the experimental results with the MD simulation results, the
conditions employed for the MD simulation model should be
similar to those of the experiments. Therefore, we first de-
signed an experiment to analyze how an externally applied
load affects the friction coefficient of steel-PTFE.

We performed the steel-PTFE friction test using Anton
Paar high temperature tribometer, as shown in Fig. 1. A PTFE
specimen with the dimensions of 10 mmx 12 mmx3 mm and
a GCrl5 steel ball measuring 6.0 mm in diameter were used

to perform the friction test. Before each test, the working sur-
face of the PTFE was polished using silicon carbide paper (grit
#1000 and #2000). Next, the GCr15 steel ball and the polished
PTFE specimens were washed for 15 min in an ultrasonic
cleaner unit filled with an alcoholic solution, and then dried
for testing. The reciprocating friction stroke was 8§ mm, and
the sliding speed was 0.05 m/s. The friction tests were con-
ducted with an average contact pressure of 9-12 MPa. Each
test condition was repeated thrice, and the average friction co-
efficient was considered to be the final friction coefficient for
the corresponding condition. We performed the experiments
at a temperature of approximately 25 °C and a humidity of
40RH% +5%.

reciprocating tribometer

external load

Fig. 1. Working principle of the friction tester.

3. Model
3.1. Interaction potential

We chose a-Fe with a body-centered cubic (bcc) struc-
ture to develop the coarse-grained model of Fe. Figure 2
depicts the mapping scheme of the a-Fe from the all-atom
model to bead—spring model. Figure 2(a) shows an all-atom
model of the ¢-Fe built using Materials Studio (MS) soft-
ware. The dimension of the simulation box is 22.93 A3. 1t
contains 512 crystal lattices with a lattice parameter of 2.86 A.
We applied the periodic boundary conditions to the simulation
box. The COMPASS (Condensed-phase Optimized Molecu-
lar Potentials for Atomistic Simulation Studies) forcefield and
the Nosé—Hoover thermostat (~ 300 K) were employed dur-
ing simulation. The system reached the equilibrium state af-
ter running for 50 ps with a time step of 1 fs, as shown in
Fig. 2(a). When we built the coarse-grained model of the
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a-Fe, one «-Fe crystal lattice was treated as one Fe bead,
and its geometric center was defined as the coordinate of the
corresponding bead. Then, the radial distribution functions
(RDFs) of the Fe bead could be calculated on the basis of
the equilibrium distribution of the -Fe atoms, as shown in
Fig. 2(b). The RDF of Fe was considered as the target dis-
tribution of the coarse-grained Fe model. Figure 2(c) shows
the initial regular distribution of the 512 Fe beads built in
the large-scale atomic/molecular massively parallel simula-
tor (LAMMPS).!?®l The dimensions of the simulation box
are 22.93 Ax22.93 Ax21.06 A. A Lennard—Jones truncated
and shifted (LJTS) potential was used to describe the interac-
tion between the Fe beads; its mathematical expression is as

follows:[27]

12 6
u(r) _48[<0)u_ (3)6— <G> + <G> } r<re, (1)
r r re re
where € is the well depth, ¢ is the zero-crossing distance for
the LJ potential, r is the distance between the two Fe beads,
and r; (~ 18 A) is the cutoff distance.

To run the coarse-grained MD simulation, firstly, we ini-
tialized € and o. Based on the mapping scheme of ¢-Fe from
the all-atom model to bead spring model, the central distance
between two neighboring beads (2.8 A) was set to be the ini-
tial value of o. Considering that the interaction strength be-
tween the Fe beads is greater than that between the PTFE
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beads,?3! the initial value of € was chosen to be 10 kcal/mol.
Then, the size of the coarse-grained model was adjusted using
the “fix deform_box” command?%! until it was similar to that
of the all-atom model. The simulation was conducted in the
Langevin thermostat!?®! assuming a microcanonical ensemble
(also called NVE ensemble). The size of the system reached
22.93 A3 after running for 10 ps with a time step of 1 fs, as
shown in Fig. 2(d). The coarse-grained MD simulation ac-
quired an equilibrium state after running for 50 ps by maintain-
ing a constant box size, Langevin thermostat, and time step, as
shown in Fig. 2(e).

The RDF distribution g;(r) obtained from the coarse-
grained Fe model based on the estimated € and ¢ might be
There-
fore, we chose to employ iterative Boltzmann inversion (IBI)

different from the target RDF distribution gareet(r).

method?*! to optimize and determine the final values of € and
o by comparing the difference in RDFs acquired from the all-
atom model and coarse-grained model, respectively. This pro-

29]
&t ) : @

8target ( r )

cess can be expressed as follows:!
U,’+1 (r) = U,'(r) +kBThl (

where g;(r) and gurget(r) are the i-th RDF distributions ob-
tained from the coarse-grained Fe model and the target distri-
bution acquired from the all-atom @-Fe model, respectively.
kg is the Boltzmann constant and 7 is the temperature.

6
(b) {1 —e&— all-atom model
| —<— coarse-grained
model
4}
E
>
2t
0
0

Fig. 2. Mapping scheme of the o-Fe from the all-atom model to coarse-grained model: (a) all-atom model of ¢-Fe atoms, (b) comparison of
the RDF distributions, (c) regular distribution, (d) random distribution, and (e) equilibrium distribution of the Fe beads.

The values of € and o for the coarse-grained Fe model
were determined to be 80 kcal/mol and 2.45 A, respectively,
after a number of iterations. A comparison between the RDF
distributions of the coarse-grained model and the all-atom
model is shown in Fig. 2(b). We can observe that both the

RDF distributions of the coarse-grained model and all-atom
model contain a number of peaks, and the positions of their
first peaks are well in line with each other. Although a slight
RDF distribution offset is observed from the second peak on-
ward, the overall trend of these two distributions remains the
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same. Considering that the interaction between the two Fe
beads sharply decreases with an increase in their separation
distance, we chose 80 kcal/mol and 2.45 A, respectively, as the
final values for € and o to describe the interaction between the
Fe beads in the developed coarse-grained model. While devel-
oping the coarse-grained model of PTFE, the PTFE moelcule
with a molecular weight of 1038 was buit. 3! It contained ten
repeat units and one repeat unit was simplied into one bead.[>’!
Therefore, one PTFE molecular chain was simplied into eight
backbone beads and two end beads. The interaction param-
eters among the PTFE beads were depicted in our previous
work %% in detail.

The interactions between Fe beads and PTFE beads are
described while simulating the friction process between Fe and
PTFE. In this study, the LJ potential was adopted to describe
the interactions between the Fe and PTFE beads, and the com-
bination rule was used to determine the Fe—PTFE interaction
parameters as follows: 3!

()','j=1/2(0'i+(7j), 3)
8ij=(85><€j)1/2, “4)

where o; and 0; are the zero-crossing distances for bead types
i and j, respectively, and & and €; are the well depths for bead
types i and j, respectively.

When simulating the Fe—PTFE friction process, we de-
fined three kinds of non-bonding interactions; the interaction
between the Fe beads was called non-bonding_1, the interac-
tions among the PTFE beads were called non-bonding_2, and
the interactions between the Fe beads and PTFE beads were
called non-bonding_3, as shown in Fig. 3.

non-bonding_1

. non-bQnding_3
non-boyding_3

non-bonding_2
non-boyding_2

Fig. 3. Schematic of the interactions between beads.

3.2. Friction model

To simulate the friction process between Fe and PTFE, we
built a two-layer friction model including Fe and PTFE layers.
Figure 4 depicts the detailed modeling process. Figure 4(a)
shows the regular initial distribution of the Fe and PTFE beads.

The upper Fe layer with a size of 30 Ax32 Ax240 A con-
tains 8000 Fe beads. The lower PTFE layer with a size of
216 Ax32 Ax276 A contains 1600 PTFE molecules. Con-
sidering that the size of the upper specimen is usually smaller
than that of the bottom one in the contact surface during a fric-
tion test, the length of the upper Fe layer is smaller than that of
the bottom PTFE layer along the x direction in our MD simu-
lation. The relaxation process of the Fe—PTFE friction model
is divided into two steps.

In the first step, we ran the PTFE layer until it reached
an equilibrium state. To decrease the effect of the regular ini-
tial configuration on the simulation results, we adjusted the
cutoff distance of the LJ potential (non-bonding_2) until only
repulsive forces existed between the PTFE beads. However,
the distribution controlled by the repulsive forces cannot be
random for a short running time. When run for a long time,
spacing between the PTFE molecules is large and they scat-
ter in the simulation box. To randomize the PTFE molecules
within a certain space, the “fix wall/reflect” command was
used to restrict the motion of the PTFE molecules in the range
of 0-280 A along the z direction. Periodic boundary condi-
tions were applied in x and y directions to remove edge effects.
The simulation was performed assuming a canonical ensemble
(NVT ensemble) with a time step of 1 fs. The PTFE molecules
were randomly distributed after running for 50 ps, as shown in
Fig. 4(b). To bring the density of the PTFE layer closer to
reality (~ 2.2 g/cm?), we compressed the PTFE layer along
the z direction for 30 ps (Fig. 4(c)). Then, the simulation was
continued for 20 ps until the PTFE layer reached equilibrium.
The Langevin thermostat considers the effect of friction force
between the PTFE beads when controlling the system temper-
ature. Thus, the Langevin thermostat was used to control the
temperature based on the microcanonical ensemble (NVE en-
semble) instead of the NVT ensemble. The equilibrium dis-
tribution of the PTFE molecules was obtained after 50 ps, as
shown in Fig. 4(d). The dimension of the PTFE layer along
the z direction is approximately 185 A.

In the second step, the relaxation of the Fe layer was con-
ducted. Considering that the simulation would be interrupted
if the initial distance between the Fe beads was too short, we
assigned a relatively large (~ 3 A) initial spacing between
the Fe beads, and then slowly compressed the Fe beads along
the x direction. The non-bonding interaction (non-bonding_1)
would occur in the Fe beads while maintaining a certain dis-
tance. Figure 4(e) shows the distribution of the Fe beads after
being compressed for 20 ps. We can observe that the Fe layer
deforms and shrinks in the x and z directions from 30 A and
240 A to 22 A and 231 A, respectively, due to the non-bonding
interaction between the Fe beads. Based on the Langevin ther-
mostat and NVE ensemble, the relaxation was sustained for
30 ps. The equilibrium distribution of the Fe beads is shown
in Fig. 4(f).
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(a) (b)
Fe
PTFE

(c) (d)

a
position 1 T position 3
position 2

@ Fe bead @ backbone bead @ end bead

Fig. 4. Fe-PTFE friction model: (a) initial distribution of the Fe beads and PTFE beads, (b) random distribution of the PTFE beads, (c)
compressed PTFE molecules, (d) equilibrium distribution of the PTFE molecules, (e) compressed Fe layer, (f) equilibrium distribution of the

Fe beads, (g) final distribution of the Fe and PTFE beads.

To enable the friction model to reach equilibrium, we con-
tinued to run the simulation for 50 ps. The final distributions of
the Fe and PTFE beads are shown in Fig. 4(g). The bottom of
the PTFE layer (z < 20 A) was fixed to provide support to the
system during simulation. Moreover, to reduce the effect of
the initial contact position on the final simulation results, three
contact positions (Fig. 4(g)) were randomly selected. Further,
the average of the simulation results for the selected contact
positions was considered as the result of the corresponding
condition.

4. Results and discussion

4.1. Effect of the external load on Fe-PTFE friction coeffi-
cient

Figure 5 shows the upper Fe layer in contact with the bot-
tom PTFE layer at position two. When simulating the friction
process, we first reduce the spacing between Fe and PTFE to
approximately 5 A, as shown in Fig. 5(a). Then, the Fe layer
with an external load of 9 MPa is moved along the x direction
at a velocity of 0.05 m/s. The Fe layer starts to come in con-

tact with and immerses into the PTFE layer, and the immer-
sion depth increases with an increase in the simulation time.
The distributions of the Fe and PTFE layers, after 200 ps, are
shown in Fig. 5(b).

(a) (b)

external load

o x

Fig. 5. Contact and separation processes between Fe and PTFE lay-
ers when the external load is 9 MPa and the velocity is 0.05 m/s: (a)
T =0ps, (b) T =200 ps.
By varying the external load applied on the Fe layer, we
can obtain the effect of the external load on the friction coef-
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ficient of Fe—PTFE at a fixed velocity of 0.05 m/s. Figure 6
shows a comparison between the MD simulation and experi-
mental results. We can see that the friction coefficient acquired
from the MD simulation decreases linearly with the external
load increasing, which is in good agreement with the experi-
mental results. To elucidate the mechanisms of influence of the
external load on the friction coefficient of PTFE, we analyze
the variations of radius of gyration Ry, energies of the PTFE
layer, and the interaction forces between the Fe and PTFE lay-
ers with different external loads.

0.20
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£ o.16}

=

&

T 0.12}

8]

§ 0.08f

s L]

é 0.04}— Exp results (R?=0.61)
0 —— MD results (R?2=0.8)
0 4 8 12 16 20

Load/MPa

Fig. 6. Comparison between experimental and MD simulation results.

4.2. Effect of PTFE molecular deformation on forces

The deformation of polymers can be described using ra-
dius of gyration Rg. A high probability density of R, indicates
that more polymer molecules exist in the corresponding shape.
Here, we calculate the x and z components of R, on the basis
of the following equation'*?! to elucidate the deformation of
PTFE molecules under different external loads:

2 _ p2 2 2
Rg o Rgx+ng+RgZ

M

4

= 2 Lo [ =x) + 0= yn) + @ = 2)’ ], )
=1

where M is the mass of one PTFE molecule, Nj is the number
of beads within one PTFE molecule, m; is the mass of the i
bead, (x;, y;, z;) denote the bead coordinates, and (X, Y, Zim)
denote the center of mass of the PTFE molecule.

The distributions of the x and z components of R, are
plotted in Fig. 7. Here, we consider the distributions of Rgy
and Ry corresponding to the absence of contact between the
Fe to PTFE as reference lines. We note that the peaks of Rgy
and Ry are in the ranges of 6-8 A and 1-3 A, respectively,
by comparing Fig. 7(a) and Fig. 7(b). This indicates that most
of the PTFE molecules are distributed along the x direction
and slightly bended along the z direction. With an increase in
the external load, the probability densities of Rg, and Rg; lo-
cated in the ranges of 6-8 A and 1-3 A, respectively, reduce.
This implies that a portion of the PTFE molecules experience
severe bending along the x and z directions, and the degree
of bending rises with an increase in the external load. More-
over, by comparing Fig. 7(a) and Fig. 7(b), we can observe

that more severe PTFE molecules deformation occurs in the x
direction than that in the z direction. This is probably caused
by the relatively low stiffness of the PTFE molecules along the
main-chain direction. Figure 8 depicts the structural evolution
of one PTFE molecular chain for different loads during the
friction processes. We can observe that the initial distribution
the PTFE molecule is along the x direction and slightly bends
along the z direction, which corresponds to the results shown
in Fig. 7. With an increase in simulation time and external
load, a distinct bend is observed. This is consistent with the
variation trends of R, and R, (Fig. 7).

o
)

0.4}

0.3

0.2}

0.1f

Probability density

Probability density

10

Rg./A

Fig. 7. Distributions of (a) the x and (b) z components of the radius of
gyration.
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Fig. 8. Snapshots of the structural evolution of one PTFE molecular
chain under (a) 5 MPa, (b) 11 MPa, and (c) 18 MPa during the friction
processes.

Figure 9 shows the following energy evolutions for differ-
ent external loads: bond energy, bond angle energy, kinetic en-
ergy of the PTFE layer, and the interaction energy between the
Fe and PTFE layers. When the Fe layer starts to come in con-
tact with the PTFE layer, no variation can be observed in terms
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of the energy distributions for different external loads. How-
ever, with an increase in the contact time, the bond energy and
bond angle energy gradually increase, as shown in Figs. 9(a)
and 9(b). The differences of the bond energy and bond angle
energy gradually become larger for different loads. This is be-
cause a rise in the external load leads to the bond length and
bond angle deviating from their equilibrium values, thereby
enhancing the bond energy and bond angle energy. The varia-
tions of the bond length and bond angle also result in the de-
formation of the PTFE molecules (Fig. 8), which corresponds
to the changes of Ry, and Ry, (Fig. 7). The kinetic energy of
the PTFE layer slightly fluctuates during contact for different
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Fe—PTFE interaction

T
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g oL : : .
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external loads. Further, the kinetic energy increases a bit as the
external load increases as shown in Fig. 9(c). With an increase
in the load, the Fe layer immerses deeper into the PTFE layer
within the same contact time, thereby leading to more PTFE
molecules moving far away from their original positions, in
turn, enhancing the velocity of the PTFE beads, and finally
generating a larger kinetic energy. Figure 9(d) shows the non-
bonding interaction energy between the Fe and PTFE layers.
The minus sign denotes a repulsive force. We see that the non-
bonding interaction energy increases with an increase in the

contact time and external load.
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Fig. 9. (a) Bond energy, (b) angle energy, (c) kinetic energy, and (d) Fe-PTFE interaction potential energy as a function of simulation time for

different external loads.
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Fig. 10. Variation of (a) friction force and (b) normal force with simulation time under different loads.

We also analyze the effect of the external load on the
friction force and normal force, as shown in Fig. 10. It can
be observed that both the friction force and normal force in-
crease with the external load increasing. Moreover, the nor-
mal force has a higher increment rate than the friction force,
consequently reducing the friction coefficient (Fig. 6). During
the Fe to PTFE contact, the friction force and normal force are
primarily attributed to the variation of the energies shown in
Fig. 9. Therefore, by combining Figs. 9 and 10, we arrive at

a few potential cause for the change in the Fe—PTFE interac-
tion forces with the external load. Firstly, the higher external
load results in a larger immersion depth during the same con-
tact time, thereby increasing the Fe—-PTFE contact area, ulti-
mately enhancing the non-bonding interaction force between
the Fe and PTFE layers. Secondly, for higher external load, the
greater degree of springback caused by the severely deformed
PTFE molecules also contributes to an increase in the friction
force and normal force. Moreover, the stiffness of the PTFE
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molecules along the main-chain direction is lower than that
along the z direction, resulting in an increment of the friction
force that is lower than that of the normal force for different
external loads, thus generating a lower friction coefficient for
a higher external load. Thirdly, the increase of the kinetic en-
ergy also contributes to the Fe to PTFE interaction forces. A
larger kinetic energy would increase the Fe—PTFE interaction
probability, thereby raising the friction force and normal force.

5. Conclusions

We developed a coarse-grained molecular dynamics
model for a-Fe. Further, a coarse-grained Fe-PTFE friction
model was built on the basis of estimated interaction param-
eters of Fe and PTFE. The influence of the external loads on
the friction coefficient of Fe-PTFE was investigated using MD
simulation and experiments. It was found that the friction co-
efficient decreases with the external load increasing. The de-
formation of the PTFE molecules and the variation of the inter-
action energies were analyzed to arrive at a reason for this phe-
nomenon. An increase in the external load could increase the
depth of the Fe layer immersed into the PTFE layer, thereby
enhancing the contact area between the Fe and PTFE layers,
eventually leading to an increase in the non-bonding interac-
tion energy. In addition, the springback caused by the defor-
mation of the PTFE molecules may also contribute to the vari-
ation of the friction force and normal force. The increase of
the PTFE molecular moving velocity under high external load
enhances the interaction probability between the Fe beads and
PTFE molecules, thereby increasing the Fe and PTFE interac-
tion forces.
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