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During the friction process, the polytetrafluoroethylene (PTFE) adhered on the counterpart
surface was known as the PTFE transfer film, which was fundamental to the lubricating
performance of the PTFE. However, the adhesive interaction between the iron surface and
the adhered PTFE transfer film is still unclear. In present study, molecular dynamics
simulations were used to reveal the adhesive interaction between the iron surface and
PTFE transfer film. Based on the atomic trajectories obtained through the molecular
dynamics, the interaction energy, concentration profile, radial distribution function, and
mean square displacement were calculated to analyze the structure of the interface. The
negative values of the interaction energy demonstrated the adhesive interaction between
the PTFE transfer film and Fe surfaces, resulting in the accumulation of the PTFE transfer
film on the Fe surface. Among the (100) (110), and (111) surfaces of α-Fe (110) surface
owns the strongest adhesive interaction with the PTFE transfer film. Compared with the
original PTFE molecule, the chain broken PTFE, hydroxyl substituted PTFE, and carbonyl
substituted PTFE exhibited stronger adhesive interaction with Fe surface. The adhesive
interaction between the PTFE transfer film and Fe surfaces was mainly originated from the
Fe atoms and the F atoms of the adsorbate PTFE transfer film, which was governed by the
van der Waals force. The bonding distance between the Fe atom and the F atom of the
adsorbate PTFE transfer film is around 2.8 Å. Moreover, the chain broken of PTFE
molecule and the rise of temperature can remarkably increase the mobility of polymer
chains in the interface system.
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INTRODUCTION

Multifarious polymers are widely used in the field of self-lubricating. As one of the famous self-
lubricating polymers, polytetrafluoroethylene (PTFE) owns the low coefficient of friction originated
from the PTFE transfer film (Yeo and Polycarpou, 2014; Zhang et al., 2009; Zuo et al., 2015a), which
is defined as the polymermolecules transferred onto themetal counterpart surface during the friction
process. Therefore, the investigation on the formation of PTFE transfer film can be helpful to reveal
the self-lubricatingmechanism of PTFE. The component of composites and the morphology of PTFE
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transfer film has direct impacts on the tribological performances
of PTFE composites. Researchers found that certain fillers can not
only enhance the antiwear property of PTFE, but also be more
conducive to the formation of PTFE transfer film (Wang and Yan,
2006; Bahadur, 2000; Friedrich et al., 2005; Unal et al., 2004). The
PTFE transfer film with the thin and uniform morphology
exhibited better antifriction property than that of the thick
and uneven morphology (Xie et al., 2010; Ye et al., 2013).

With the rapid development of computational techniques,
molecular dynamics simulation has now developed as an effective
tool to be utilized in the tribological field, which can provide more
information at the atomic level (Ewen et al., 2018). Molecular
dynamics simulations were used to study the relationship
between the molecular structure and the tribological property
of PTFE (Jang et al., 2007; Chiu et al., 2011). Pan et al. (2019)
analyzed the influence of the normal pressure on the friction
performance of PTFE. Also, the formation of the PTFE transfer
film on the Al2O3 surface was investigated by the molecular
dynamics simulations (Onodera et al., 2013; Onodera et al., 2014;
Onodera et al., 2017). However, to the best of our knowledge, the
adhesion mechanism of PTFE transfer film on the Fe surface has
not been reported.

To date, a large number of molecular dynamics calculations
were applied to evaluate the interfacial interaction of polymers.
For instance, the interfacial adhesive interaction between the
graphene oxide and calcium silicate hydrate was calculated by
the molecular dynamics (Wang et al., 2020). Liu et al. (2015)
investigated the interfacial interaction between the graphene and
two type of polymers (polyethylene, polymethyl methacrylate).
Molecular dynamics calculations were utilized to evaluate the
interfacial properties of the epoxy composites containing the
oxygen-functionalized graphene (Yang et al., 2019). Johnston
et al. performed molecular dynamics simulations to study the
interaction between the carbon fiber and DGEBF epoxy resin
substrate (Johnston et al., 2017). Using the molecular dynamics
simulations, Moon et al. (2017) analyzed the interfacial
strengthening mechanism between the graphene and
polypropylene.

This study aims to illustrate the adhesive interaction between
the iron surface and the adsorbate PTFE transfer film. Molecular
dynamics simulations were used to calculate the interaction
energy, in terms of different component of the transfer film
and various Fe surfaces. The concentration profile of the
adsorbate PTFE transfer film along the direction perpendicular

FIGURE 1 | Top (above) and side (below) views for the (A) (100), (B) (110), and (C) (111) surface models of α-Fe.
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to the Fe surface was discussed for the Fe/polymer interface
systems. To reveal the bonding distance between the adsorbed
transfer film and Fe surface, the radial distribution function of the
inter-molecules was calculated for the Fe-F, Fe-C, and Fe-O
atomic pairs. In addition, mean square displacement was
employed to elucidate the dynamics of the polymer chains in
the interface systems.

METHODOLOGY

The Forcite module of the Materials Studio 7.0 was utilized to
perform the molecular dynamics calculations. The ab initio
COMPASS (condensed-phase optimized molecular potentials
for atomistic simulation studies) forcefield was used for the

molecular dynamics calculations. The PTFE molecule with ten
repeat units was employed to build the PTFE layer, which is long
enough to represent the PTFE (Zuo et al., 2015b). The Smart
algorithm composed of the steepest descent, quasi-Newton, and
adjusted basis set Newton-Raphson methods was adopted for the
geometry optimization of interface models. During the geometry
optimizations, the convergence condition of the energy change,
force, stress, and displacement were less than 2 × 10–5 kcal/mol,
0.001 kcalmol-1Å−1, 0.001 GPa, 1 × 10–5 Å, respectively. The
electrostatic and van der Waals non-bond interactions were
described by the Ewald summation and atom based summation
methods, respectively. The canonical NVT ensemble was employed
for the molecular dynamics calculations. The Andersen algorithm
was selected for the temperature control of dynamics simulations.
The duration of the molecular dynamics was set as 10,000 ps.

FIGURE 2 | Side views of the (A) (110)/PTFE, (B) (100)/PTFE, and (C) (111)/PTFE interface models before (above) and after (below) the molecular dynamics.
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Body-centred cubic Fe (α-Fe, JCPDS No. 6–0696) was used to
build surface models. As shown in Figure 1, (100) (110), and (111)
planes of α-Fe were considered to construct the Fe/polymer interface
models. The layer numbers of 18, 12, and 33, and the super cells of
11× 11, 13× 13, and 8× 8were used to build the surfacemodels of the
(100), (110), and (111) planes, respectively. The length and width of
the surfacemodels both are larger than 3.1 nm, and the thicknesses are
larger than 2.4 nm. The parameters of the (100), (110), and (111)
super cell surface models are as follows: (100) surface, a × b × c �
31.53 Å × 31.53 Å × 26.05 Å, α � β � c � 90o; (110) surface, a × b ×
c� 32.27 Å× 32.27 Å× 24.30 Å,α � β � 90o, c � 70.53o; (111) surface,
a× b× c� 32.43 Å× 32.43 Å× 27.43 Å, α � β � 90o, c � 120o. Instead
of the physical properties of metal crystal, the molecular dynamics
simulation on the interface system mainly focused on the interaction
between the adsorbedmacromolecules andmetal substrate, indicating
that the thermal vibration of metal atoms can be ignored (Kornherr
et al., 2003). Therefore, the atomic coordinate of the Fe atoms in the
interface models was fixed. Based on the atomic trajectories obtained
through the molecular dynamics, the interaction energy,
concentration profile, radial distribution function, and mean square
displacement were calculated to analyze the structure of the interface.

RESULTS AND DISCUSSION

Adhesive Interaction Between PTFE and
α-Fe Surfaces
Interaction Energy
The interaction energy (Eint) between the substrate surface and
adsorbate polymer can be calculated by (Nikkhah et al., 2015):

Eint � (Einterface − EFe − Epolymer)/S (1)

where S is the interfacial contact area, Einterface, EFe, and Epolymer

are the total energies of the interfacial model, isolated Fe surface,
and adsorbate polymer, respectively. The negative values of
interaction energy correspond to the adhesive interaction
between the substrate surface and adsorbate polymer. In
addition, the non-bond interaction of interface is composed of
van der Waals energy (EvdW) and electrostatic energy (ECoul):

Eint � ECoul + EvdW (2)

For the α-Fe/PTFE interface models, the coordinate axis
perpendicular to the Fe surface is defined as z-axis. Due to the
periodic boundary condition of the interface model, it is necessary
to remove the interaction between the uppermost and the bottom
atoms in the z-axis direction. This can be achieved by adding a
thick vacuum layer above the adsorbate polymers. In this study, the
vacuum slabs with the layer thickness of 200 Å were added in the
α-Fe/PTFE interface models. The parameters of the (100)/PTFE,
(110)/PTFE, and (111)/PTFE interface models are as follows:
(100)/PTFE, a × b × c � 31.53 Å × 31.53 Å × 260.08 Å, α � β
� c � 90o; (110)/PTFE, a × b × c � 32.27 Å × 32.27 Å × 257.84 Å, α
� β � 90o, c � 70.53o; (111)/PTFE, a × b × c � 32.43 Å × 32.43 Å ×
262.11 Å, α � β � 90o, c � 120o.

The interaction energies of the (100)/PTFE, (110)/PTFE, and
(111)/PTFE interface systems were −1.107, −1.276, and −1.042
kcal/molÅ2, respectively. These negative values demonstrated the
adhesive interaction between the PTFE and α-Fe surfaces. The
interaction energy of PTFE adhered on different Fe surfaces is
ordered as (110) < (100) < (111). The interaction energy of (110)/

FIGURE 3 | Concentration distribution of F and C atoms along z-axis for the (110)/PTFE (100)/PTFE, and (111)/PTFE interface systems.
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PTFE interface system (−1.276 kcal/molÅ2) is lower than those of
(100)/PTFE (−1.107 kcal/molÅ2) and (111)/PTFE (−1.042 kcal/
molÅ2) interface systems, indicating that the (110) surface owns
the strongest adhesive interaction with the adsorbate PTFE. In
addition, the interaction energy of Fe/PTFE interface is totally
composed of EvdW, indicating the adhesive interaction between
the Fe surface and adsorbate PTFE is caused by van der Waals
interaction. Therefore, among the three crystal planes of α-Fe,
(110) surface has the strongest adhesion strength with the PTFE,
and the adhesive interaction between the adsorbed PTFE and Fe
surface is contributed by the van der Waals forces.

Concentration Distribution of Adsorbed PTFE Along
the Z-Axis
The Fe/PTFE interface models before and after the molecular
dynamics are shown in Figure 2. It can be clearly seen that a part
of PTFE molecules in the interface is accumulated on the α-Fe
surfaces after the molecular dynamics, which is caused by the
adhesive interaction between the Fe surface and adsorbate PTFE.

FIGURE 4 | Radial distribution function of the F-Fe and C-Fe pairs for the (A) (110)/PTFE, (B) (100)/PTFE, and (C) (111)/PTFE interface systems.

FIGURE 5 | Mean square displacement of PTFE molecule in the (100)/
PTFE (110)/PTFE, and (111)/PTFE interface systems.
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The concentration distribution of adsorbate PTFE along the
z-axis can be revealed intuitively by the concentration profile of
the C and F atoms in the periodic interface system. The relative
concentration (R) of the atoms can be calculated by:

R � (Nslab/Vslab)/(Ninterface/Vinterface) (3)

whereNslab is the number of atoms in the slab perpendicular to the
z-axis,Ninterface is the number of atoms in the total interface system,
Vslab and Vinterface is the volume of the slab and total interface
system, respectively. As shown in Figure 3, the abscissa represents
the distance between the adsorbate atom and Fe surface, and the
ordinate indicates the relative concentration of atoms.

TABLE 1 | The interaction energies of PTFE transfer film on α-Fe surfaces.

Surface Eint (kcal/molÅ2) Proportion of EvdW

PTFE-S PTFE=O PTFE-OH PTFE PTFE-S PTFE=O PTFE-OH

(110) −1.332 −1.304 −1.307 −1.276 100% 100% 100%
(100) −1.157 −1.132 −1.113 −1.107 100% 100% 100%
(111) −1.064 −1.065 −1.077 −1.042 100% 100% 100%

FIGURE 6 | Side views of the (A) (110)/PTFE-S, (B) (110)/PTFE-OH, and (C) (111)/PTFE � O interface systems before (above) and after (below) the molecular
dynamics.
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For the original PTFE, F atoms are mainly located in the
range of 2.5–33 Å from the α-Fe surface. However, after the
adsorption of PTFE, F atoms are moved to the position of
2–40 Å. Especially, two high peaks of F atom are found around
2.5 and 5 Å, indicating that the PTFE is adsorbed and
accumulated on the Fe surface. This agree well with the side
views of the α-Fe/PTFE interface system before and after the
molecular dynamics (Figure 2). The highest peak intensities of
the F atom for the (110)/PTFE, (100)/PTFE, and (111)/PTFE
interface systems were 28.7, 18.5, and 12.6, respectively, which
is attributed to the difference in the adhesive interaction
between the Fe surfaces and adsorbate PTFE. The stronger
the adhesive interaction between the Fe surface and adsorbate
PTFE, the higher is the peak intensity for the first peak of
F atom.

Before the molecular dynamics, the C atoms can be found
in the range of 3–32.5 Å from the α-Fe surface. After the
adsorption of PTFE, the C atoms moved to the position of
2.5–40 Å. The high peaks locate at 3.55, 3.01, and 3.23 Å can

be observed for the (110)/PTFE, (100)/PTFE, and (111)/PTFE
interface systems, respectively, indicating the PTFE molecules
are accumulated on the α-Fe surface. However, these distances
(3.55, 3.01, and 3.23 Å) are larger than those of F atoms
(2.5 Å), indicating that the Fe surface mainly interact with
the F atoms of adsorbate PTFE. The highest peak intensities of
the C atom for the (110)/PTFE, (100)/PTFE, and (111)/PTFE
interface systems were 31.57, 27.58, and 24.01, respectively,
which follows the sequence of (110)/PTFE > (100)/PTFE >
(111)/PTFE. This result is consistent with the changing
tendency of the concentration distribution of F atoms
along z-axis, resulting from the difference in the adhesive
interaction between the Fe surfaces and adsorbate PTFE.

Radial Distribution Function
The distance between the Fe atom and the atom of the adsorbate
PTFE can be revealed by the radial distribution function (RDF) of
inter-molecules. The radial distribution function gAB(r) can be
calculated by (Luo and Jiang, 2010):

FIGURE 7 | Concentration distribution of F, C, and O atoms along z-axis for the (110)/PTFE-S, (110)/PTFE-OH, and (110)/PTFE � O interface systems.
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gAB(r) �
1

4πr2ρAB

∑S
t�1 ∑NAB

j�1 ΔNAB(r→ r + δr)
NAB × S

(4)

where r is the distance from the reference atom, ρAB is the density
of the interface system, δr is the interval of distance, NAB is the
sum of the number for the atom A and atom B, ΔNAB is the
number of atoms within the distance of r ∼ r + δr from the
reference atom, S is the number of step time.

The radial distribution function of the F-Fe and C-Fe pairs for
the (110)/PTFE, (100)/PTFE, and (111)/PTFE interface systems are
shown in Figure 4. Fe, F, and C represent the iron atom in the
topmost layer of the α-Fe surface, the fluorine atom of the
adsorbate PTFE, and the carbon atom of the adsorbate PTFE,
respectively. The highest peak of the F-Fe pairs for the (100)/PTFE,
(110)/PTFE, and (111)/PTFE interface systems locate at 2.77, 2.81,
and 2.73 Å, respectively, which indicates the bonding distance
between the Fe atom and the nearest F atom of the adsorbate
PTFE. The first peak of the C-Fe pairs for the (100)/PTFE, (110)/
PTFE, and (111)/PTFE interface systems locate at 3.45, 3.93, and

3.27 Å, respectively. These distances (3.45, 3.93, and 3.27 Å) are
longer than those of F-Fe pairs (2.77, 2.81, and 2.73 Å), indicating
that the Fe surfacemainly interact with the F atoms. This agree well
with the results of the concentration distribution of F and C atoms
in the adsorbed PTFE along the z-axis.

The intensity for the first peak of the F-Fe pairs follows the
sequence of (110)/PTFE < (100)/PTFE < (111)/PTFE, which is
attributed to the difference in the atomic density of α-Fe surfaces.
The atomic density of the α-Fe planes follows the sequence of
(110) > (100) > (111) (Spencer et al., 2002). The intensity for the
first peak of the F-Fe pairs increase with the decrease of the
atomic density of α-Fe surfaces. As the close-packed plane of
α-Fe, (110) surface owns the largest atomic density, leading to the
(110)/PTFE interface system exhibits the lowest intensity for the
first peak of F-Fe pairs. In addition, there is little difference in the
position and intensity of the peaks for the radial distribution
function of the C-Fe pairs, which is ascribed to the weak
interaction between the carbon atoms of adsorbate PTFE and
the topmost Fe layers.

FIGURE 8 | Radial distribution function of the F-Fe and C-Fe pairs for the (A) (110)/PTFE-S, (B) (110)/PTFE-OH, and (C) (110)/PTFE � O interface systems. Radial
distribution function of the (D) O-Fe pairs for the (110)/PTFE-OH and (110)/PTFE � O interface systems.
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Dynamics of Polymer Molecules
Due to the mobility of polymer chains can be affected by the
adhesion of Fe surfaces, polymers will exhibit various dynamic
characteristics in different interface systems. The dynamics of the
polymer chains can be revealed by the mean square displacement
(MSD). Average value for the square of particle displacement
relative to the initial position is defined as mean square
displacement (MSD), which can be calculated by (Luo and
Jiang, 2010):

MSD(Δt) � 1
T − Δt ∫

T−Δt

0
[r(t − Δt) − r(t)]2dt

� 〈[r(t − Δt) − r(t)]2〉 (5)

where T is the total MD duration, r(t) and r(t−Δt) are the position
at the time of t and t−Δt, respectively. The mean square
displacement of the PTFE molecules in the (100)/PTFE, (110)/
PTFE, and (111)/PTFE interface systems are shown in Figure 5.
In the first 7,500 ps, the difference in the mobility of PTFE
molecules in these three interface systems is very slight.
Within the duration of 7,500–9,500 ps, the mobility of PTFE
molecules follows the sequence of (100)/PTFE < (111)/PTFE <
(110)/PTFE. But within the duration of 9,500–10,000 ps, the
mobility of PTFE molecule in the (110)/PTFE interface system
is higher than those of (100)/PTFE and (111)/PTFE interface
systems, and the adsorbate PTFE on the (111) surface exhibits the
lowest mobility.

Adhesive Interaction Between PTFE-Based
Polymer and α-Fe Surfaces.
Interaction Energy
Previous published studies demonstrated that the PTFE transfer film
is composed of PTFE, hydroxyl substituted PTFE, carbonyl
substituted PTFE, and chain broken PTFE (Krick et al., 2012;

Zuo et al., 2014; Harris et al., 2015). In this study, the interaction
between the component of PTFE transfer film (PTFE-OH, PTFE�O,
and PTFE-S) and the Fe surfaces were also investigated by the
molecular dynamics. The hydroxyl substituted PTFE, carbonyl
substituted PTFE, and chain broken PTFE are represented as
PTFE-OH, PTFE�O, and PTFE-S, respectively. The vacuum slabs
with the layer thickness of 200 Å were added in the Fe/polymer
interfacemodels. The parameters of the Fe/polymer interfacemodels
are as follows: (100)/PTFE-S, a × b × c � 31.53 Å × 31.53 Å ×
259.75 Å, α � β � c � 90o; (100)/PTFE�O, a × b × c � 31.53 Å ×
31.53 Å × 258.47 Å, α � β � c � 90o; (100)/PTFE-OH, a × b × c �
31.53 Å × 31.53 Å × 260.05 Å, α � β � c � 90o; (110)/PTFE-S, a ×
b × c � 32.27 Å × 32.27 Å × 257.44 Å, α � β � 90o, c � 70.53o; (110)/
PTFE�O, a × b × c � 32.27 Å × 32.27 Å × 256.86 Å, α � β � 90o, c �
70.53o; (110)/PTFE-OH, a × b × c � 32.27 Å × 32.27 Å × 257.86 Å, α
� β � 90o, c � 70.53o; (111)/PTFE-S, a × b × c � 32.43 Å × 32.43 Å ×
261.77 Å, α � β � 90o, c � 120o; (111)/PTFE�O, a × b × c � 32.43 Å
× 32.43 Å × 260.49 Å, α � β � 90o, c � 120o; (111)/PTFE-OH, a ×
b × c � 32.43 Å × 32.43 Å × 262.07 Å, α � β � 90o, c � 120o.

As detailed in Table 1, the interaction energy of the PTFE
transfer film on three α-Fe surfaces all exhibited negative values,
indicating the adhesive interaction between the polymer and α-Fe
surfaces. The interaction energy of the PTFE-S, PTFE-OH, and
PTFE�O molecules adhered on different Fe surfaces follows the
sequence of (110) < (100) < (111), indicating that the (110) and
(111) surfaces possess the strongest and weakest adhesive
interaction with the PTFE-based polymer, respectively.
Combined with the interaction energy results of PTFE, it
demonstrates that the (110) surface owns the strongest
adhesive interaction with the PTFE transfer film.

Adhered on a same surface, the interaction energies of PTFE-
S, PTFE-OH, and PTFE�O molecules are always lower than that
of PTFE molecule, indicating that the hydroxyl substitution,
carbonyl substitution, and chain scission reactions of PTFE
increase the adhesive interaction of PTFE during the
generation of PTFE transfer film. For instance, the interaction
energies of PTFE-S, PTFE�O, and PTFE-OH (−1.332, −1.304,
−1.307 kcal/mol Å2) adhered on the (110) surface are all slightly
lower than that of PTFE (−1.276 kcal/mol Å2). The smallest value
of the interaction energy of PTFE-S on (110) surface (−1.332 kcal/
mol Å2) demonstrating the strongest adhesive interaction
between the PTFE-S and (110) surface. There is only a
marginal difference in the interaction energies of PTFE�O
(−1.304 kcal/mol Å2) and PTFE-OH (−1.307 kcal/mol Å2)
adhered on the (110) surface, but they are slightly larger than
that of PTFE-S (−1.332 kcal/mol Å2). Moreover, the interaction
energy of Fe/polymer interface systems is composed entirely of
EvdW (100%), which is accordant with the Fe/PTFE interface
systems. This indicates that the adhesive interaction between the
Fe surface and PTFE transfer film are dominated by the van der
Waals force. Compared with the original PTFE molecule, PTFE-
OH and PTFE�Omolecules exhibit stronger adhesive interaction
with α-Fe, which could provide guidance in enhancing the
adhesion strength of PTFE transfer film on the iron surface. We
suppose that the introduction of carbonyl and hydroxyl into the
PTFEmolecule before frictionmight be conducive to the formation

FIGURE 9 | Mean square displacement of polymer molecules in the
(110)/PTFE � O, (110)/PTFE-OH, and (110)/PTFE-S interface systems.
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of PTFE transfer film, thereby improving the lubricating
performance of PTFE. And the generation of carbonyl and
hydroxyl can be achieved through the surface modification of PTFE.

Concentration Distribution of Adsorbate Polymer
Along the Z-Axis
As mentioned above, among the (100), (110), and (111) surfaces of
α-Fe, the (110) surface has the strongest adhesive interaction with the

PTFE-S, PTFE�O, and PTFE-OH molecules. Therefore, the (110)/
polymer interface models and the concentration distribution of
adsorbed PTFE-S, PTFE-OH, and PTFE�O on the (110) surface
along the z-axis before and after molecular dynamics are illustrated
inFigures 6, 7, respectively.As shown inFigure 6, before themolecular
dynamics, the PTFE-OH, PTFE�O, and PTFE-S molecules do not
aggregate on the (110) surface of α-Fe. But after the molecular
dynamics, it can be seen intuitively that PTFE-OH, PTFE�O, and

FIGURE 10 | Side views of the (110)/PTFE interface models (A) before and after the molecular dynamics of different temperatures: (B) 25°C (C) 100°C, (D) 200°C,
and (E) 300°C.
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PTFE-Smolecules are accumulated and piled up on the (110) surface of
α-Fe. This phenomenon is caused by the adhesive interaction of the
PTFE-OH, PTFE�O, and PTFE-S molecules on the (110) surface.

As shown in Figure 7, for the original polymers, F atoms are
located at the position of 2.5–33 Å from the Fe surface. But the F
atoms are moved toward the Fe surface obviously after the
molecular dynamics, corresponding to the high peaks locate
around 2 and 5 Å from the Fe surface. This indicates that the
PTFE-OH, PTFE�O, and PTFE-S molecules are transferred and
accumulated on the (110) surface. Due to the deviation of Eint for
the (110)/PTFE-OH, (110)/PTFE�O, and (110)/PTFE-S interface
systems are less than 3%, there is little difference in the intensity of
the highest peaks. This agree well with the side views of the (110)/
PTFE-OH, (110)/PTFE�O, and (110)/PTFE-S interface systems
before and after the molecular dynamics (Figure 6).

Before themolecular dynamics, C atoms can be found in the range
of 3–32 Å from the (110) surface. After themolecular dynamics of the
interface systems, C atoms are moved to the positions of 2.5–42 Å.
The high peaks locate at 3.51, 3.55, and 3.45 Å can be observed for
the (110)/PTFE-S, (110)/PTFE-OH, and (110)/PTFE�O interface
systems, respectively, demonstrating that the PTFE-S, PTFE-OH, and
PTFE�O molecules are accumulated on the (110) surface. The

position of the high peak of the C atoms (3.51, 3.55, and 3.45 Å)
are larger than those of F atoms (2.50, 2.54, 2.44 Å), indicating that
the Fe surface mainly interact with the F atoms of adsorbate PTFE.

For the (110)/PTFE�O and (110)/PTFE-OH interface systems, O
atoms are the characteristic atoms of PTFE�O and PTFE-OH
molecules. Thus, the concentration profile of O atoms for the
(110)/PTFE-OH and (110)/PTFE�O interface systems can be
seen in Figure 7. Before the molecular dynamics, O atoms are
mainly distributed within the distance range of 5–30 Å from the
α-Fe surface. After the molecular dynamics, the position of the
concentration peak moves toward the Fe surface, especially two
new peaks appeared around 3 and 5 Å. This demonstrates the
accumulation of PTFE�O and PTFE-OH molecules on the
(110) surface, agreeing well with the concentration distribution of
F and C atoms.

Radial Distribution Function
The radial distribution of the F-Fe and C-Fe pairs for the (110)/
PTFE-S, (110)/PTFE-OH, and (110)/PTFE�O interface systems are
shown in Figures 8A–C. Fe, F, and C represent the iron atom in the
topmost layer of the (110) surface, the fluorine atom of the adsorbate
PTFE, and the carbon atom of the adsorbate PTFE, respectively. The

FIGURE 11 | Concentration distribution of F atoms along the z-axis for the (110)/PTFE interface system under different temperatures: (A) 25°C, (B) 100°C, (C)
200°C, and (D) 300°C.
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highest peak of the F-Fe pairs for the (110)/PTFE-S, (110)/PTFE-
OH, and (110)/PTFE�O interface systems locate at 2.85, 2.79, and
2.81 Å, respectively, which indicates the bonding distance between
the Fe atom and the nearest F atom of adsorbate macromolecules.
There is only amarginal difference in the peak intensity of F-Fe pairs
between these three different interface systems.

The first peak of the C-Fe pairs for the (110)/PTFE-S, (110)/
PTFE-OH, and (110)/PTFE�O interface systems locate at 3.49, 4.01,
and 3.93 Å, respectively. These distances (3.49, 4.01, and 3.93 Å) are
longer than those of F-Fe pairs (2.85, 2.79, and 2.81 Å),
demonstrating that the (110) surface mainly interact with the F
atom of polymers. This agree well with the results of the
concentration distribution of F and C atoms in the adsorbed
PTFE along the z-axis. There is little difference in the peak
intensity of C-Fe pairs between these three different interface systems.

The radial distribution of the O-Fe pairs for the (110)/PTFE-
OH and (110)/PTFE�O interface systems are shown in Figure 8D.
The first peak of the O-Fe pairs can reveal the bonding distance
between the Fe atom and the nearest O atom of the adsorbate
macromolecules. The first peak of the (110)/PTFE-OH and (110)/
PTFE�O interface systems locate at 2.77 and 2.91 Å, respectively.
The peak intensity for the first peak of the (110)/PTFE-OH

interface system is smaller than that of the (110)/PTFE�O
interface system, indicating that more Fe-O bonds were formed
between the Fe surface and the O atoms in the PTFE-OH.

Dynamics of Polymer Molecules
The mean square displacement of the PTFE-based polymers in
the (110)/PTFE�O, (110)/PTFE-OH, and (110)/PTFE-S interface
systems can be seen inFigure 9. There is only amarginal difference in
the mobility of PTFE�O and PTFE-OH molecules in the (110)/
PTFE�O and (110)/PTFE-OH interface systems. But the mobility of
PTFE-S molecule is far higher than those of PTFE�O and PTFE-OH
molecules. This is due to the fact that the chain broken decreases the
chain length of PTFEmolecule, leading to the increase in themobility
of PTFE-S molecule.

Adhesive Interaction Under Various
Temperatures
Interaction Energy
As mentioned above, among the (100), (110), (111) surfaces of α-Fe,
the (110) surface has the strongest adhesive interaction with the PTFE
transfer film. Thus, the adhesive interaction between the (110) surface

FIGURE 12 | Concentration distribution of C atoms along the z-axis for the (110)/PTFE interface system under different temperatures: (A) 25°C, (B) 100°C, (C)
200°C, and (D) 300°C.
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and PTFE under various temperatures were analyzed by molecular
dynamics. The interaction energy of the (110)/PTFE interface system
under the temperatures of 25, 100, 200, and 300°Cwere−1.276,−1.303,
−1.297, and −1.259 kcal/molÅ2, respectively. These negative values
indicate the adhesive interaction between the PTFE and (110) surfaces
under different temperatures. The interaction energy at 100 and 200°C
exhibit lower values than those of 25 and 300°C, but there is little
difference in the interaction energy among different temperature
(<3.5%). The interaction energy under different temperatures is
composed entirely of EvdW, indicating that the adhesive interaction
between the (110) surface and PTFE is always contributed by the van
der Waals forces.

Concentration Distribution of Adsorbed PTFE Along
the Z-Axis
The (110)/PTFE interface models after the molecular dynamics of
different temperatures are shown in Figure 10. A part of PTFE
molecules in the interface is accumulated on the (110) surface of
α-Fe, which is caused by the adhesive interaction between the PTFE

and (110) surface. In addition, with the increase of temperature, the
PTFE molecules moved a farther distance towards the direction of
vacuum layer, and this will be quantitatively characterized by the
concentration profile along the z-axis.

The concentration distribution of F atoms along the z-axis for the
(110)/PTFE interface system under different temperatures can be
seen in Figure 11. Before the molecular dynamics, F atoms can be
found in the range of 2.5–33 Å from the (110) surface. After the
molecular dynamics, F atoms of (110)/PTFE interface system under
the temperatures of 25, 100, 200, and 300 C were moved to the
locations of 1.5–40, 1.5–42, 1.5–47, and 1.5–55Å, respectively. The
difference in the range of abscissa is consistent with Figure10, which
is attributed to the increase of the molecule chain mobility with the
increasing of temperature (Figure 14). In addition, two high peaks of
F atom can be observed around 2.5 and 5 Å for the (110)/PTFE
interface system under different temperatures, indicating that the
PTFE is adsorbed and aggregated on the Fe surface. This agree well
with the side views of the (110)/PTFE interface system under
different temperatures (Figure 12).

FIGURE 13 | Radial distribution function of the F-Fe and C-Fe pairs for the (110)/PTFE interface system under various temperatures: (A) 25°C, (B) 100°C, (C)
200°C, and (D) 300°C.
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As shown in Figure 12, for the original PTFE, C atoms can be
found in the range of 3–32.5 Å from the (110) surface. After the
adsorption of PTFE, C atoms of (110)/PTFE interface system under
the temperatures of 25, 100, 200, and 300 C were mainly distributed
in the range of 2.5–40, 2.5–42, 2.5–47, and 2.5–55Å, respectively.
This is attributed to the increase of the mobility of polymer chain
with the increasing of temperature (Figure 14). In addition, two high
peaks can be observed around 3.5 and 9 Å for the (110)/PTFE
interface system after the molecular dynamics, indicating that the
PTFE is adsorbed and aggregated on the (110) surface. This agree
well with the side views of the (110)/PTFE interface system after the
molecular dynamics (Figure 12). These two distances (3.5 and 9 Å)
are larger than those of F atoms (2.5 and 5 Å), indicating the Fe
surface mainly interact with the F atoms of adsorbate PTFE.

Radial Distribution Function
The radial distribution function of the F-Fe and C-Fe pairs for the
(110)/PTFE interface system under different temperatures are
shown in Figure 13. Fe, F, and C represent the iron atom in the
topmost layer of the (110) surface, the fluorine atom of the adsorbate
PTFE, and the carbon atom of the adsorbate PTFE, respectively. The
first peak of the F-Fe pairs for the (110)/PTFE interface system
locates at 2.81 Å, which indicates the bonding distance between the
Fe atom and the nearest F atom of the adsorbate PTFE. The first
peak of the C-Fe pairs for the (110)/PTFE interface system locate at
4 Å, which is longer than that of F-Fe pairs (2.81 Å). This indicates
that the Fe surface mainly interact with the F atoms, corresponding
to the concentration profile of F and C atoms along the z-axis.

Dynamics of PTFE Molecules
The mean square displacement of PTFEmolecules in the (110)/PTFE
interface system under different temperatures are shown in Figure 14.

Temperature exhibits significant influence on the mean square
displacement of PTFE molecules. The mobility of PTFE molecules
increases remarkably with the rising of temperature. Especially, the
mean square displacement of the PTFE molecules at 200 and 300 C
are far larger than those of 25 and 100°C, indicating that the PTFE
molecules own higher mobility under high temperatures.

CONCLUSION

In this study, the interaction between the PTFE transfer film
and iron surface was investigated by the molecular dynamics
calculations. The interaction energy between the iron surface
and PTFE transfer film was negative, demonstrating the
adhesive interfacial interaction. This leads to the
accumulation of PTFE transfer film on the Fe surface.
Among the (100), (110), and (111) surfaces of α-Fe, (110)
surface owns the strongest adhesive interaction with the
PTFE transfer film. Compared with the original PTFE
molecule, PTFE-S, PTFE-OH, and PTFE�O molecules
exhibit stronger adhesive interaction with α-Fe.

The adhesive interaction between the adsorbate PTFE transfer
film and Fe surface is contributed by the van der Waals energy,
which is originated from the Fe surface and the F atoms of the
adsorbate PTFE transfer film. The bonding distances between the
Fe atom and F atom of the adsorbate polymer for the (100)/PTFE,
(110)/PTFE, (111)/PTFE, (110)/PTFE-S, (110)/PTFE-OH, and
(110)/PTFE�O interface systems are 2.77, 2.81, 2.73, 2.85, 2.79,
and 2.81 Å, respectively. The bonding distances between the Fe
atom and O atom of the adsorbate polymer for the (110)/PTFE-
OH and (110)/PTFE�O interface systems are 2.77 and 2.91 Å,
respectively. In addition, the chain broken of PTFE molecule and
the increase of temperature remarkably increase the mobility of
polymer chains.
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