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Abstract Multifunctional tribological coatings rely on

combinations of materials to improve properties, such as

lubricity and wear resistance. For example, some polymer

composites exhibit favorable tribological performance as

solid lubricants. Here, classical molecular dynamics simu-

lations are used to investigate the tribological behaviors of a

mixed system of polyethylene (PE) sliding over polytetra-

fluoroethylene (PTFE) with the results compared with the

sliding of the relevant homogeneous systems. In particular,

oriented cross-linked PTFE and PE surfaces are slid in sev-

eral relative sliding directions such that the surface chains are

in-registry or out-of-registry and at various applied normal

loads. The simulation results quantify the ways in which the

mixed PTFE–PE system behaves differently than either of

the homogeneous systems due to the lack of interlocking

phases at the interface. These findings are compared with

experimental production of polyetheretherketone (PEEK)–

PTFE composites that have unusually low wear rates of

7.0 9 10-8 mm3/Nm, coupled with a steady, low friction

coefficient of l = 0.11 for over two million sliding cycles.

The simulation results explain the atomic-scale origins of the

frictional properties of this composite.

Keywords Dynamic modeling � Nanotribology � Self-

lubricating composites � Friction mechanisms � Wear

mechanisms � Polymers (solid) � Fluorocarbons � PTFE

1 Introduction

The primary goal of the development of polymer com-

posites for tribological applications is to increase the wear

resistance and to reduce the dry sliding friction coefficient

relative to the individual constituents. Typically, engi-

neering thermoplastics such as polyetheretherketone

(PEEK) and polyimides are blended with solid lubricants in

order to abate their intrinsically high friction coefficients

[1]; recently, there have also been significant parallel

efforts to mitigate the high wear rates of traditionally

lubricous polymers like polytetrafluoroethylene (PTFE) [2,

3]. The working hypothesis regarding the origins of

increased wear resistance and reduced friction coefficients

resulting from polymer/polymer composites is that the

transfer films which develop during sliding provides both

protective and low shear interfaces [4, 5].

Since the early 1960s, attempts have been made to

elucidate the nature of PTFE’s low friction properties [6,

7]. These efforts have resulted in the hypothesis that PTFE

friction is governed largely by molecular-scale interactions,

as opposed to asperity scale interactions. PTFE is widely

used as a transfer film forming solid lubricant. It has a low

coefficient of friction, high melting point, and is biocom-

patible [8], but has poor wear resistance [9]. PTFE-filled-

PEEK is a polymer composite used because it has ultra-low

wear [3, 10–12]. Bijwe et al. [13] investigated PTFE

inclusions in PEEK and reported a 30 times reduction in

wear rate and a five times decrease in friction coefficient

due to the inclusion of PTFE. In addition, Burris et al. [14]

examined PEEK/PTFE composites and found that the

composite material was 900 times as wear resistant as

the unfilled PEEK and 260,000 times as wear resistant as

the unfilled PTFE. PTFE-epoxy composite coatings have

shown a 100 times improvement in wear resistance as
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compared with either PTFE or epoxy alone [15]. Nano-

composites of PTFE filled with alumina nanoparticles have

been reported to show up to a 600 times improved wear

resistance over unfilled PTFE [16–18]. A recent study by

Blanchet et al. [2] investigated the effect of filler content

and counter surface roughness and concluded that nano-

composites with increasing filler content were able to

maintain wear resistance to higher levels of counter surface

roughness; the critical roughness required to induce this

transition seemed to increase with the square of the filler

content.

Using classical molecular dynamics (MD) simulations,

the friction and wear of surfaces of aligned chains of PTFE

and polyethylene (PE) were investigated individually [19–

21] to better understand the way in which nanometer-scale

anisotropy can influence friction. For example, MD simu-

lations by Jang et al. [19] predicted that the molecular profile

and structural orientation at the interface of sliding PTFE

surfaces strongly influence friction and wear. Sliding of

oriented PTFE chains parallel to the chain backbone of each

surface resulted in low friction forces, while sliding per-

pendicular to the chain backbones resulted in high friction

forces and molecular-scale wear. In particular, in the per-

pendicular sliding configuration both molecular reorienta-

tion and chain scission were observed; subsequent atomic

simulations by Barry et al. [20] demonstrated how the rela-

tive chain orientation changed their responses at low and

high normal loads. It was found that the magnitude of the

interfacial atomic displacements exhibited little dependence

on load over the range considered (5–33 nN). The predicted

friction coefficients were also found to vary with chain ori-

entation. These predictions are in overall good agreement

with experimental measurements [19, 21]. Specifically,

microtribological measurements on PTFE aligned films

showed a strong anisotropy in friction and wear where the

parallel sliding of oriented films produced low friction while

perpendicular sliding produced higher friction.

Through classical MD simulations, Chiu et al. [22]

investigated the effect of crosslink density on the tribolog-

ical behavior of atomic-scale models of PE and PTFE. The

results indicate that random crosslinks can be successfully

used to model polymer tribology over nanometer-scale

regions of the sliding interface as long as the crosslink

density is sufficiently high to transfer the applied loads and

there are no uncrosslinked chains where chain entanglement

or physical crosslinks may occur. Experiments of oriented

transfer films of PTFE at different temperatures

(173–317 K) by McCook et al. [23] found that, due to van

der Waals interactions between adjacent PTFE molecules,

there was an increase in friction coefficient as the sample

surface temperature is decreased.

In order to mimic a transfer film interface that includes a

bulk polymer and PTFE, the work reported here uses

classical MD simulations to investigate the sliding of PE

over PTFE in different sliding directions and applied nor-

mal loads. The tribological behavior of the mixed PTFE–

PE system is compared with the behavior of the individual

components on their own, and the differences and simi-

larities relative to the pure systems are discussed. Further,

the results are compared with the experimental findings of

a PEEK/PTFE composite that utilized oriented PTFE fila-

ments as filler. Lastly, the MD simulation findings are used

to explain the extraordinary low wear behavior exhibited

by the composite.

2 Computational Details

The classical MD simulations carried out here numerically

integrate Newton’s equation of motion with a third-order

Nordsieck predictor corrector using a time step of 0.2 fs.

The short range inter-atomic forces are calculated using the

second-generation, carbon-hydrogen many-body, reactive

empirical bond order (REBO) [24] potential. Long-range

van der Waals interactions between polymer chains are

calculated in the form of a Lennard-Jones potential [25].

The orthorhombic unit cell [26] of crystalline PE or PTFE

is considered in the simulations, and the simulation setup is

shown schematically in Fig. 1a. There are 17 monomers in

each polymer chain, leading to a chain length of 4.4 nm for

PE and 4.5 nm for PTFE. Although electrostatic interac-

tions play a prominent role in modeling polymers [27], the

effect of these interactions are somewhat diminished by the

high contact pressures explored in our simulations. Our van

der Waals treatment of these long-range forces may

slightly underestimate the true interactions. They should,

however, give a reasonable description of the non-bonded

intermolecular interactions.

Periodic boundary conditions are applied within the

planes of all the surfaces to remove edge effects and to

mimic infinite surfaces. The simulation cells contain two

slabs, each containing regions of rigid atoms, thermostatted

atoms, and active atoms, as illustrated in Fig. 1a. The

thermostat is turned off in the direction of sliding to pre-

vent the introduction of numerical artifacts into the pre-

dicted friction forces. Thus, in the case of parallel sliding,

the thermostat is turned off in the z direction, while in the

case of perpendicular and violin sliding, the thermostat is

turned off in the x direction. Langevin dissipative and

stochastic forces are applied to the atoms in the thermo-

statted regions to maintain the temperature at 300 K. The

active regions are not constrained and can evolve freely

under the forces produced across the tribological surface.

The bottom-most layer of the lower surface is fixed, while

the topmost layer of the upper surface moves as a rigid unit

to produce compression and sliding. The forces are
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recorded on the rigid topmost layer, then smoothed and

averaged with weighted boxcar averaging in the same way

as in Ref. [20].

The pure PE system is comprised of two PE slabs in

sliding contact, where each slab contains seven layers for a

total of 84 chains. The top six chains of the bottom slab and

the bottom six chains of the top slab form the interface. The

thickness of each surface slab is 3.4 nm and the sliding

surface area is 4.4 9 4.4 nm. This is the same configura-

tion as in Ref. [20]. The pure PTFE system is comprised of

two PTFE slabs that also each contain seven layers for a

total of 70 chains. In this case, the topmost five chains of

the bottom slab and the bottom five chains of the top slab

form the interface. The thickness of each surface slab is

3.4 nm and the sliding surface area is 4.5 9 4.5 nm. This is

the same configuration as in Ref. [21]. The mixed PTFE–

PE system is comprised of a top PE slab containing seven

layers for a total of 84 chains and a bottom PTFE slab

containing seven layers for a total of 70 chains. The bottom

six PE chains of the top slab and the top five PTFE chains

of the bottom slab form the sliding interface. The thickness

of each surface slab is 3.4 nm and the sliding surface area

is 4.45 9 4.45 nm.

All systems are equilibrated at a temperature of 300 K.

This study investigates the wear behavior and friction

coefficients of pure PTFE sliding, pure PE sliding, and

PTFE–PE composite sliding at ambient conditions.

Each tribological system is initially equilibrated with a

1.5 nm gap between the two surfaces. The rigid atoms of

the top slab of chains are then lowered toward the bottom

surface. This compression process entails incrementally

compressing and equilibrating the system at a rate of

10 m/s until the target normal load is reached. Additional

equilibration of the system is done to fully relax the

system before sliding. The sliding process involves

moving the top polymer slab against the stationary bottom

polymer slab. There are three sliding configurations: in

parallel sliding, the chains slide parallel to their axes; in

perpendicular sliding, the chains slide perpendicular to

their axes; in violin sliding the axes of the chains of the

two sides of the interface are perpendicular to each. These

sliding scenarios are indicated schematically in Fig. 1b–d.

The predicted friction and normal forces for each estab-

lished contact pressure are then recorded. These values

are used to quantitatively determine the friction coeffi-

cients and adhesive forces for the different sliding con-

figurations for each polymer system. In particular, the

friction in most cases is found to change linearly with the

applied load in agreement with Amontons’ first law. The

slope of the friction force versus normal force is the

friction coefficient, and the intercept of this line is the

adhesive force.

3 Experimental Details

Experimental samples used PEEK (Victrex 450 PF PEEK)

and expanded polytetrafluoroethylene (ePTFE) thread

(PlastomerTech Solar Thread). The thread is composed of

three filaments of ePTFE with diameter of 180 lm; all

threads were trimmed to 50 mm in length. To construct the

composites, PEEK powder is alternated with filaments

which are aligned perpendicular to the sliding direction, as

described in Vail et al. [28]. The layers are repeated until

the desired composition is reached and compression mol-

ded at 340 �C. Final samples contain 8, 10, and 15 vol% of

ePTFE and are machined to 7 9 7 9 13 mm.

A linear reciprocating tribometer [29] is used to evaluate

the tribological properties of the samples. The composites

are run against a 304 stainless steel counterface with a

lapped surface finish. The average applied normal load is

250 N and the sliding rate is 50.8 mm/s. Mass loss mea-

surements are made after a prescribed number of cycles

and are used to calculate the wear rate.

Fig. 1 a Simulation cell of two

aligned cross-linked polymer

surfaces. Each PTFE surface is

4.0 nm thick with rigid,

thermostat, and active regions

of approximately 0.6, 1.2, and

2.2 nm thickness, respectively.

Each PE surface is 3.4 nm thick

with rigid, thermostat, and

active regions of approximately

0.5, 1.0, and 1.9 nm thickness,

respectively. The system is

periodic along the x and

z directions. Schematic views of

the x–z plane at the sliding

interface for b parallel,

c perpendicular, and d violin

sliding

Tribol Lett (2012) 45:79–87 81

123



4 Results

Prior to sliding in the MD simulations, both PTFE and PE

surfaces are equilibrated with a 1.5 nm gap between them.

The top surface is then incrementally displaced toward the

bottom surface and equilibrated against it to establish a

distinct applied load. The two films are further equilibrated

to minimize the forces between the compressed polymer

chains. The top film is then slid unidirectionally against the

stationary lower film. The evolution of the predicted fric-

tional and normal forces for each established normal load is

then recorded.

In Fig. 2, the friction forces plotted against the corre-

sponding normal force follow a least square linear fit for all

sliding directions of the PTFE–PE composite sliding where

the top PE surface is slid over the bottom PTFE surface.

Table 1 summarize the predicted friction coefficients and

adhesive forces. At the same normal load, the friction force

for parallel sliding is less than for violin sliding, which in

turn is less than perpendicular sliding. This most likely

arises from the changing topography of the interface in the

sliding direction. Parallel sliding has the lowest friction

force. Violin sliding has a higher friction force because the

topography of the interface is different. The top interfacial

chains are aligned perpendicular to the bottom interfacial

chains; the polymer chains slide over each other at these

‘‘intersections’’. This results in a higher friction force

compared with parallel sliding where the chains at the

interface slide are commensurate. In the case of perpen-

dicular sliding, the interface topography is the same as

parallel sliding but the polymer chains ‘‘roll’’ over each

other during sliding: the chains move from the initially

interlocked configuration to directly on top of each other,

back to the interlocked configuration to repeat this cycle.

As a result, perpendicular sliding has the greatest friction

force at the same normal load.

Comparing the PTFE–PE composite sliding with that of

pure PTFE sliding and pure PE sliding for the

perpendicular sliding case, the friction coefficient of

PTFE–PE sliding is greater than the friction coefficient of

pure PE sliding but less than the friction coefficient of pure

PTFE sliding, as shown in Table 2 and Fig. 3. To shed

light on this, a look at the behavior of the chains at the

interface is needed. As illustrated by the series of snapshots

in Fig. 4, there is chain scission in the PTFE interfacial

chains in a manner similar to that in pure PTFE sliding

[20]. In our simulations, the chain fragments from chain

scission during sliding are classified as debris. This debris

formation occurs at the sliding interface in PTFE–PE

sliding, as is the case in pure PTFE sliding. Bunching and

rolling of the PTFE interfacial chains is then observed,

followed by molecular reorientation (as illustrated in

Fig. 4a, b). Most of the interfacial chain movement is to the

sub-surface (Fig. 4c), which does not occur in pure PTFE

sliding [20]. Therefore, pure PTFE sliding has the highest

friction coefficient because of the more severe wear pro-

cesses involved at the sliding interface and the lack of

diffusion to the sub-surface; the wear processes responsible

Fig. 2 Friction force as a function of normal force for all sliding

orientations of the PTFE–PE system. The friction coefficients and

adhesive forces are reported for each orientation

Table 1 Friction coefficient and adhesive force for all sliding ori-

entations of PTFE–PE sliding

Sliding orientation Friction coefficient Adhesive force (nN)

Perpendicular 0.251 ± 0.048 25.7 ± 0.612

Violin 0.192 ± 0.004 0.9 ± 0.003

Parallel 0.134 ± 0.018 -1.2 ± 0.393

Table 2 Friction coefficient and adhesive force of pure PE, PTFE–

PE, and pure PTFE systems for perpendicular sliding

System Friction coefficient Adhesive force (nN)

PE 0.23 ± 0.014 12.3 ± 0.32

PTFE–PE 0.25 ± 0.048 25.7 ± 0.61

PTFE 0.31 ± 0.089 7.8 ± 1.83

Fig. 3 Friction force as a function of normal force for perpendicular

sliding of the PTFE–PE, PTFE, and PE systems. The friction

coefficients and adhesive forces are reported for each material
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Fig. 4 a Snapshots illustrate chain movement for PTFE–PE com-

posite sliding in the perpendicular direction. PE is shown from the

bottom up; PTFE shown from top down. b Trajectory of selected PE

and PTFE chains. c Snapshots illustrate (left) initial configuration of

PTFE interfacial chains before sliding, (middle) debris formation

resulting from green chain scission, circled, and (right) subsequent

sub-surface movement during sliding, circled

Tribol Lett (2012) 45:79–87 83
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for the high friction coefficient of pure PTFE sliding are

chain scission and reorientation of the resultant molecular

debris along the direction of sliding.

In the case of the PE interfacial chains, there is little

chain movement (see Fig. 4a, b), which is consistent with

pure PE sliding results [20, 21]. The chains remained

mostly oriented in the original alignment apart from a

couple of examples of chain bowing. The adhesive force is

much greater in the PTFE–PE sliding than both pure PE

sliding and pure PTFE sliding. In both pure PTFE and pure

PE sliding, the applied load is absorbed by an overall

compression and interlocking of the polymer surfaces

themselves, rather than by an increase in the load at the

interface [20]. The much greater adhesive force in

the PTFE–PE composite sliding suggests the opposite: the

applied load is primarily absorbed at the interface. It is

thought that this is due to the inherently incommensurate

interface in the PTFE–PE system which precludes the

uniform compression or interlocking of the chains that can

occur in the pure PTFE and PE systems.

In the case of violin sliding, the friction coefficient and

adhesive force of PTFE–PE sliding is in between that of

pure PE sliding and that of pure PTFE sliding, as shown in

Table 3 and Fig. 5. Owing to the topography of the inter-

face where the chains are aligned perpendicular to each

other and slide over the intersections, the area of contact

between the top PE surface and bottom PTFE surface is the

smallest. Therefore, of the three sliding configurations

investigated, the violin PTFE–PE sliding has the least

interaction between PTFE and PE chains. The violin slid-

ing direction has bowing and displacement of the interfa-

cial chains in the direction of sliding. This wear mechanism

in the violin PTFE–PE sliding is also predicted to occur in

violin sliding in both PTFE–PTFE and PE–PE sliding.

Since the interfacial chain rearrangements for the PTFE–

PE system are not noticeably more or less gross than in the

homogeneous systems, the resulting tribological properties

are in between those of the pure component counterparts.

Interestingly, the friction coefficient of PTFE–PE sliding

for the parallel sliding simulations is greater than the friction

coefficient of both pure PE sliding and pure PTFE sliding, as

indicated in Table 4 and Fig. 6. While the commensurate

surfaces are initially interlocking for pure PTFE or PE par-

allel sliding, this is not the case for PTFE–PE parallel sliding.

The PTFE and PE chains at the interface do slide over the

molecular profile of each other but do not interlock as they

have different lattice parameters and are not in perfect reg-

istry. Hence, in the parallel sliding case, PTFE–PE com-

posite sliding has the greatest friction coefficient. On the

other hand, the adhesive force is the lowest for PTFE–PE

sliding compared with both pure PE sliding and pure PTFE

sliding due to the smallest area of contact, which again is due

to the mismatch of the interfacial chains.

The simulations illustrate how the interlocking of the

PTFE and PE chains, or lack thereof, at the interface affects

the tribological properties. The orientation of the polymer

fibrils and the polymer–polymer interface plays an impor-

tant role in the design of composite tribological coatings.

Table 3 Friction coefficient and adhesive force of pure PE, PTFE–

PE, and pure PTFE systems for violin sliding

System Friction coefficient Adhesive force (nN)

PE 0.13 ± 0.001 -2.5 ± 0.001

PTFE–PE 0.19 ± 0.004 0.9 ± 0.003

PTFE 0.30 ± 0.077 1.9 ± 0.041

Fig. 5 Friction force as a function of normal force for violin sliding

of the PTFE–PE, PTFE, and PE systems. The friction coefficients and

adhesive forces are reported for each material

Table 4 Friction coefficient and adhesive force of pure PE, PTFE–

PE, and pure PTFE systems for parallel sliding

System Friction coefficient Adhesive force (nN)

PE 0.077 ± 0.002 -0.1 ± 0.04

PTFE–PE 0.134 ± 0.018 -1.2 ± 0.39

PTFE 0.085 ± 0.006 7.9 ± 0.11

Fig. 6 Friction force as a function of normal force for parallel sliding

of the PTFE–PE, PTFE, and PE systems. The friction coefficients and

adhesive forces are reported for each material
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In Fig. 7, an ultra-low wear aligned PTFE–PEEK com-

posite comprised of high strength PEEK matrix and highly

oriented PTFE filaments is shown. A sample made entirely of

PEEK gives very erratic friction coefficient behavior

(l = 0.37), but with additions of PTFE the friction coeffi-

cient is reduced to below l\0.2. The 10 vol% PTFE fila-

ment sample yielded a low wear rate of K = 7.0 9

10-8 mm3/Nm and a steady, low friction coefficient of

l = 0.11 for over two million sliding cycles. The PTFE

fibrils created a thin, oriented transfer film (Fig. 8) and this

film is believed to be a significant contribution to the low

friction and wear of the composite. It is produced during

sliding by the interlocking PTFE fibrils in the PEEK matrix.

5 Discussion

Experimentally, the alignment of the filaments appears to

limit the availability of the PTFE to form transfer films. In

the simulations, PTFE–PE sliding in the perpendicular

direction initially has the interfacial chains misaligned;

during sliding, there is significant mobility of the PTFE

interfacial chains creating debris and orienting the debris

along the shearing direction. In these simulations, the

interfacial chains are not perfectly interlocked and the

friction coefficient value of the heterogeneous system is in

between the values for the homogeneous systems (for per-

pendicular and violin sliding) or the highest predicted

(parallel sliding), consistent with the significant influence of

molecular profile observed in the simulations of pure PTFE

[19] and pure PE surface sliding [21].

The addition of PTFE to engineering thermoplastics

such as PEEK is well known to reduce the dry sliding

friction. As discussed by Vail et al. aligning the PTFE

filaments normal to the sliding surface provided a

remarkable reduction in wear rate and provided thin

transfer films that are sufficiently well attached to the

counter surface to be suitable for wear protection. Simula-

tions have shown that molecularly thin interfaces of PTFE

are able to provide friction reductions, although experi-

mentally such thin films are not routinely established in

polymer composites. A new optimization paradigm aims to

regulate the expression of PTFE to the transfer film by

constraining availability of large particles and forcing chain

fragments to establish the transfer film. It has been previ-

ously observed that thinner transfer films result in lower

Fig. 7 a Ultra-low wear

aligned PTFE–PEEK composite

comprised of high strength

PEEK matrix and highly

oriented PTFE filaments.

b Close up of PTFE filament

extracted from high tenacity

threads. The material has very

high crystallinity with the

orientation of the PTFE chains

in the drawn direction

Fig. 8 Focused Ion Beam (FIB)

cross section of PEEK–ePTFE

transfer film

Tribol Lett (2012) 45:79–87 85
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wear rates [5, 30], and opportunities to regulate the debris

morphology and transfer film chemistry offers opportunities

for even greater tribological performance.

6 Conclusions

The simulations investigate the relationship between the

movements and rearrangements of the polymer chain

structures at the sliding interface for several polymer

interfacial systems and the resulting associated changes in

friction. The perpendicular sliding direction has the most

gross interfacial chain rearrangements and thus corre-

sponds to the highest friction regardless of polymer type.

The violin sliding direction has bowing and displacement

of the interfacial chains in the direction of sliding. This

chain movement is greater than in the parallel sliding

direction, which has less chain movement because it is

sliding along the molecular profile of the chains. Thus, the

violin sliding configuration yields a larger friction force

than the parallel sliding configuration.

Composite sliding of PTFE and PE surfaces generally

exhibit tribological properties such as friction coefficient and

adhesive forces values that are in between pure PE sliding and

pure PTFE sliding. In parallel sliding, the friction coefficient

in PTFE–PE sliding is highest compared with pure PTFE

sliding and pure PE sliding because the interfaces are

incommensurate, which in turn leads to the lowest adhesive

force in all the polymeric systems investigated. Mechanisms

at the interface for PTFE–PE sliding are similar in perpen-

dicular sliding (rolling) and violin sliding (at intersections)

but not parallel sliding (incommensurate). Comparison of the

mixed system with the pure systems showed that the observed

behavior depends on sliding orientation and the polymer type.

The transfer films produced experimentally and measured

under the lowest wear rate conditions are found to be thin and

comprised of aligned PTFE filaments.
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