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Abstract. We present molecular dynamics friction calculations for confined hydrocarbon solids with molec-
ular lengths from 20 to 1400 carbon atoms. Two cases are considered: a) polymer sliding against a hard
substrate, and b) polymer sliding on polymer. In the first setup the shear stresses are relatively indepen-
dent of molecular length. For polymer sliding on polymer the friction is significantly larger, and dependent
on the molecular chain length. In both cases, the shear stresses are proportional to the squeezing pressure
and finite at zero load, indicating an adhesional contribution to the friction force. The friction decreases
when the sliding distance is of the order of the molecular length indicating a strong influence of molecular
alignment during run-in. The results of our calculations show good correlation with experimental work.

PACS. 31.15.Xv Molecular dynamics and other numerical methods — 62.20.Qp Friction, tribology, and

hardness — 68.35.Af Atomic scale friction

1 Introduction

Tribology is the science and technology of surfaces in con-
tact in relative sliding motion. The subject is of huge prac-
tical and theoretical importance as lubrication, friction
and wear are key properties in almost all applications with
moving parts [1,2].

In medical devices designed for injecting medicine
through the human skin polymer materials are extensively
used. In some devices polymers are used against hard sub-
strates but predominantly polymer against polymer con-
tacts are seen. Most of the devices are driven manually by
the hand of the patient so low dosage force is a prerequisite
in device conception. At Novo Nordisk several millions of
such devices are produced yearly so the price of the used
polymeric material is also of significant importance. The
challenge is to control and lower the friction between these
low-cost materials without external lubrication as this is
banned in a high volume production.

Very little information is available in the literature con-
cerning friction between polymers whereas the frictional
properties between polymer and metal surfaces have been
extensively investigated [3]. One of us [4] has developed an
experimental method capable of establishing the tribolog-
ical properties of polymeric materials. The method uses
two injection molded circular polymeric specimens which
are slid against each other (rotational motion) at vary-
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ing sliding velocities, normal pressures, relative humidities
and temperatures [4]. The results can be used when de-
signing new medical devices and the investigations have
led to the discovery of new tribologically favorable poly-
meric compounds never envisaged before.

In the experiments it has been observed that the fric-
tion between two identical polymeric materials is always
very high and erratic whereas replacement of one of the
materials with a different one typically divides the friction
by at least three (see Fig. 1). Note also that the nominal
shear stress is (approximately) proportional to the applied
pressure. This result is expected since the sliding systems
are most likely of the multi-asperity contact type, where
one expects a linear dependence of the real area of con-
tact on the applied pressure as long as the area of real
contact is small compared to the nominal contact area.
Since the typical shear stress when polymer slides on poly-
mer (complete contact) is of the order of ~ 20-40 MPa at
low normal pressures (see below), the area of real contact
A in the experiment reported on in Figure 1 is likely to
be of the order of a few % of the nominal contact area
Ap. The same fractional contact area is expected from
the penetration hardness oy of the polymers (which is
oy ~ 0.1-0.3 GPa) and the applied nominal pressures p in
Figure 1 (A/Ag =~ p/oy =~ 0.01).

Experimental data in the literature indicate that both
the friction between a polymer and a metal and between
polymers is a consequence of a shearing of polymeric ma-
terial [5]. In general a polymeric film is sheared also in the
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Fig. 1. The nominal frictional stress for acetal sliding on ac-
etal (polyoxymethylene, POM), for polyethylene (PE) sliding
on polyethylene and for polyethylene sliding on acetal. Experi-
ment at room temperature with sliding velocity v = 0.001 m/s
and the nominal applied pressure p = 1, 2 and 3 MPa.

polymer-metal case as a polymeric film is transferred to
the hard surface resulting in friction originating from the
shear of this film [3,5,6].

Shearing of polymers is characterized by an initial
aligning of the molecules. After this alignment of the
molecules (run-in phase) the shear stress decreases signif-
icantly [3,5-9]. Increasing the normal pressure in a poly-
meric contact also increases the shear stress. At low nor-
mal pressures the main contribution to the shear stress
comes from adhesion which is constant. At higher normal
pressures the shear stress becomes proportional to the ap-
plied pressure [5,8,10-12].

In the following we present Molecular Dynamics (MD)
calculations for confined polyethylene with chain lengths
from 20 to 1400 carbon atoms. MD calculations for con-
fined polymer films have been presented in several earlier
papers [13] but we use larger systems, a wider distribu-
tion of chain lengths, and a more accurate way of remov-
ing the frictional heat from the sliding system, than in
earlier publications. We also present for the first time a
detailed study of the modifications of the polymer film
during run-in, which requires exceptionally long (for MD)
simulation time periods. We note that in these theoretical
calculations most parameters, such as contact area, are
easier to control than in experiments. Thus MD calcula-
tions present an important supplement to experiments in
order to understand polymer friction.

In Section 2 we describe the model used in the present
study. In Section 3 we study run-in. We show that, in par-
ticular for the longest hydrocarbon chains, very long run-
in distances (in the context of MD simulations) are neces-
sary before reaching a steady state. In Section 4 we study
the pressure dependence of the frictional shear stress.
We find a linear dependence of the frictional shear stress
on the squeezing pressure, as also observed in some ear-
lier studies, both for the polymer-polymer and polymer-

T =4000 K
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Fig. 2. Snapshot pictures of the polymer-solid wall system
during the preparation phase. The polymer system is initially
in a hot (T = 4000 K) gas-like state, and slowly cools down by
colliding with the solid walls. When the temperature has fallen
enough the molecules condense on the solid walls. The prepa-
ration phase for CgoHi22 “metal”’-polymer system is shown.

substrate sliding interfaces. However, in the latter case
both the shear stress and the rate at which it increases
with increasing pressure is much smaller, and we explain
this with a simple model. Section 5 contains the summary
and conclusions.

2 The model

In this paper we present computer simulations and an-
alytical argument about the frictional behavior of linear
hydrocarbons under applied pressure. Our model is similar
to those described in references [14-16], but we review its
main features here. We consider a block and a substrate
with atomically flat surfaces separated by a polymer slab.
Two cases are considered: a) polymer sliding against a
hard substrate which we will denote as “metal” for sim-
plicity (the metal-polymer case), and b) polymer sliding
on polymer (the polymer-polymer case).

The solid walls are treated as single layers of “atoms”
bound to rigid flat surfaces by springs corresponding to the
long-range elastic properties of 50 A thick solid slabs. Peri-
odic boundary conditions were used in z- and y-directions,
similar to references [14-16].

The systems were prepared in the following way (see
Fig. 2). We started with large distance between the sub-
strate and the block surfaces (several hundred A) and high
temperatures (usually several thousand K) so that alkane
molecules were in the gas-like phase. The temperature of
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the solid walls was kept close to 300 K by coupling the
substrate and the block atoms to a thermostat. Due to
frequent collisions of the alkane molecules with the walls,
the gas cooled down and condensed on the solid walls. The
cooling down process was simulated together with decreas-
ing the distance between the walls. After around 10 ns the
system reached thermal equilibrium at the temperature
300 K. For the case of sliding of polymer on “metal”, all
molecules adsorbed on the block surface only due to dif-
ferent parameters of interaction of alkane molecules with
the walls, whereas for the case of sliding of polymer on
polymer about a half of the molecules adsorbed on the
block surface and a half on the substrate surface. Then
the polymer was put into contact with the substrate sur-
face in the first case and two polymer slabs were put into
contact in the second case and after equilibrium temper-
ature (300K) was achieved we started to move the block
surface.

The molecular dynamics calculations have been per-
formed by keeping the temperature of the solid walls fixed.
This is a realistic treatment, and it implies that heat flows
from the polymer to the confining walls. In the present cal-
culations the temperature of the solid walls was equal to
300 K.

Linear alkanes C,Hs, 2 (with n ranging from 20 to
1400) were used as “lubricant” in the present calculations.
The CHy/CHj beads are treated in the united atom rep-
resentation [17,18]. The Lennard-Jones potential was used
to model the interaction between beads of different chains

o=@ (2)]. o

and the same potential with modified parameters (e1,71)
was used for the interaction of each bead with the sub-
strate and block atoms. The parameters were ¢y =
5.12meV for both the interior and end beads and rg =
3.905A and o = 1 in all cases. For the interactions
within the C,Hs,12 molecules we used the standard
OPLS model [17,18], including flexible bonds, bond bend-
ing and torsion interaction, which results in bulk proper-
ties in good agreement with experimental data.

For polymer sliding on polymer we need the polymer-
metal bond to be so strong that no slip occurs at these
interfaces. This is the case with r; = 3.28 A, €1 = 40 meV
and a = 3. We also did some simulations with o = 2, but
in this case some slip was observed at the polymer-metal
interface.

For sliding of polymer on “metal” we used the same
parameters as above for the polymer-block interaction. For
the polymer-substrate interaction we used a = 1 and ¢; =
10meV.

The choice of higher values of €; compared to € re-
flects the stronger (van der Waals) interaction between the
beads and “metal” surfaces than between the bead units
of different lubricant molecules (this stronger interaction
results from the higher electron density in the metals).
The lattice spacings of the block and of the substrate are
a=b=26A.

We used linear alkane molecules with the number of
carbon atoms 20, 60, 100, 140 and 1400 as lubricant. The

Fig. 3. (Colour on-line) Snapshot picture of the C19oHz202 poly-
mer slab after run-in at the sliding velocity v = 10m/s and
background temperature 7" = 300K. (a) The molecules are
(arbitrarily) colored in order to better observe the shear align-
ment of the chains. (b) The same as in (a) but with atoms
presented as points in order to observe layering in the system.
Seven monolayers of molecules are clearly seen.

number of Cyg9Hag2 molecules was equal to 200. The num-
ber of Co9H4o molecules was equal to 1000. This gave from
6 to 8 monolayers of lubricant molecules between the solid
surfaces. The (nominal) squeezing pressure py was varied
from 0 to 3 GPa.

As an illustration, in Figure 3 we show the contact be-
tween a flat elastic block (top) and a flat elastic substrate
(bottom). The polymer slab (~ 30 A thick) is between
them. Only the interfacial block and substrate atoms and
polymer atoms are shown.

3 Run-in

In general, we find that the run-in distance increases as
the length of the alkane molecules increases. We did some
studies with different sliding velocity which indicate that
not only the sliding distance but also the sliding veloc-
ity matter for the degree of run-in. This is in accordance
with experimental data [19]. During the run-in time pe-
riod rearrangement in the polymer film takes place. This
rearrangement is larger for the sliding of polymer on poly-
mer than for the sliding of polymer on metal due to much
higher corrugation felt by polymer molecules sliding in
contact with the same kind of polymer molecules.

The run-in distance is especially long for the
Ci400H2g02 polymer-polymer interface, and results in a
strong decrease in the shear stress (see Fig. 4). The max-
imal value of the shear stress for Ci409H2g02 during run-
in is ~ 8 times higher than the shear stress value after
run-in. In the initial state (before sliding) each of the
C1400H2g02 molecules binds to both solids walls, and the
large initial shear stress in Figure 4 corresponds to stretch-
ing the molecules between the two surfaces (see Fig. 5 for
the behavior of one polymer molecule in the film). The
polymer-solid wall bond is very strong (in order to avoid
wall slip after run-in), and the polymers are stretched to
a length of ~ 2000 A (or more) before the bond breaks to
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Fig. 4. The shear stress for CaoHaz2, Ci00H202 and Cia00H2s02
polymer-polymer during run-in at the sliding velocity v =
100 m/s and the applied pressure p = 10 MPa. The strong vari-
ations in the shear stress reflect changes in the structure of the
polymer films during run-in.
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Fig. 5. Stretching of a Ci400H2s02 polymer molecule in the
polymer film during sliding. The bond to the bottom surface
of the block breaks after the sliding distance ~ 2000 A.

one of the walls. In reality, chain scission may occur under
these circumstances, but this is not allowed in our model.
The sharp drop in the shear stress at the sliding distance
~ 3000 A is associated with breaking polymer-solid-wall
bonds in such a way that for larger sliding distances each
polymer molecule is bound to only one wall (and roughly
half of them to each wall). A rearrangement of the poly-
mer molecules takes place during run-in, so that after run-
in the molecules tend to align in the direction of motion
of the block, which results in lower shear stress. Thus the
shear stress for Cy400Hagp2 becomes lower than for CogHys.

The results in Figure 4 are for the sliding velocity
v = 100m/s, but even at this relatively high sliding ve-
locity the frictional energy dissipation in the polymer film
gives rise to negligible temperature increase. The reason
for this is that the polymer film is very thin, and that the
wall atoms are coupled to a thermostat (at temperature
T = 300K) so that the excess (friction-induced) thermal
energy is effectively removed from the system, leading to
the negligible temperature increase.

In Figure 6 we show the changes in alignment of
CooHyo and CiggHop2 molecules for polymer sliding on
polymer at the velocity v = 10m/s, and for the applied
pressure p = 10 MPa. For C1gpH2g2 the molecules become
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Fig. 6. Changes in alignment of CooHy2 and CiooHa02 mole-
cules for polymer-polymer during run-in at velocity v = 10m/s
and for the applied pressure p = 10 MPa. For CigoH202 the
molecules become more elongated in the sliding x-direction and
also their head to tail length increases, i.e. they become more
straight.

more (almost twice) elongated in the sliding a-direction
and also their head to tail length increases, i.e. they be-
come more straight. Alignment of the molecules in the
CooHyo polymer film is much smaller. Note, however, that
the head to tail length of the Ci9oHog2 molecules is only
~ 2 times longer than that of CooHys while the number
of carbon atoms is 5 times more. The reason for this of
course is that CooHys is more “rod-like” than the longer
chain CyggHzg2. However, the persistence length for long
alkanes is of the order of ~ 0.5nm [20] so one would ex-
pect that even CooHys has, on the average, some curva-
ture. (The natural length of the CogHys is about 23.75 A
which is slightly longer than the (average) head to tail dis-
tance ~ 20 A in Fig. 6.) However, as we will show below,
the CooHys film consists, at least in part, of small three-
dimensional (3D) crystalline regions (lamella), where the
chains are straight and parallel.

In our previous calculations of sliding and squeezing
with the linear alkanes we observed areas of one monolayer
thick lubricant film in which the molecules were aligned al-
most parallel to each other (2D domains). This alignment
was observed for one monolayer thick lubricant films, for
instance, before expelling the last monolayer of lubricant
molecules during squeezing. In the present calculations we
observe 3D regions of CooHys in which the molecules are
aligned almost parallel to each other. In Figure 7 we show
the views on the Co9Hyo metal-polymer system (the same
as presented in Fig. 8) at two different angles. The 3D do-
mains of ordered CogHyo molecules are clearly seen, with
the molecular backbones parallel to each other and sub-
tending an angle ~ 70° to the lamellar plane, which is
very similar to that of bulk CyoHyo [21]. In this metal-
polymer sliding system sliding occurs only at the interface
between the first monolayer of polymer molecules and the
substrate. During sliding the domains remain almost the
same, their boundaries only slightly change, but stronger
alignment of the domains at the sliding surface may occur
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Fig. 7. The views on the CyoHao metal-polymer system (the same as presented in Fig. 8) at two different angles 45° (upper
snapshot) and 30° (lower snapshot) from the z-direction (rotation in the yz-plane). The system includes 1000 CzoHyz lubricant
molecules. Applied pressure p = 10 MPa; temperature 7' = 300 K. The block is moving to the right with velocity v = 10m/s.
The system is presented after sliding the distance 1400 A. Only CH2/CHjs beads of lubricant molecules are shown. The 3D
domains of aligned CsoH42 molecules are clearly seen.
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Fig. 8. Side view (zz-plane) of the contact between an elastic block with a flat surface and a flat elastic substrate (only the
interfacial layers of atoms are shown) including 1000 Co9Hy4o lubricant molecules. Applied pressure p = 10 MPa; temperature
T = 300 K. The block is moving to the right with velocity v = 10m/s. The metal-polymer system is presented after sliding the
distance 1400 A. Eight distinct monolayers of molecules are clearly seen.
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Fig. 9. A schematic view of the 3D domains observed in the
lower snapshot of Figure 7. 3D domain represents a 3D region
with the close-packed hexagonal structure of almost parallel
Co0H42 molecules.

if the wall-film interaction is stronger [7]. So the domains
move with the average velocity v, ~ 10m/s. This is be-
cause the whole polymer is attached to the block and
moves (in average) with the block velocity.

In Figure 9 we present a schematic view of the 3D do-
main observed in Figure 7 (lower snapshot). In the figure
CooH4o molecules which form one 3D domain are aligned
parallel to each other and are stretching in the z-direction
(z-axis directed from us, y-axis directed to the left, z-axis
directed up). The figure represents the yz-plane. It could
be assumed that under rather high normal pressure the
system (in certain regions) prefers to be close-packed. This
is achieved when packing of parallel molecules is hexagonal
because this is the most close packing possible for parallel
long linear objects like CooHyo linear polymer molecules.
If now we rotate the system 30° from the normal (yz ro-
tation) and look at it from above in the direction marked
“30°” in the figure, we will see the 3D domain as it is ob-
served in Figure 7 (lower snapshot). In this direction we
see the molecules one under the other as the ordered re-
gions in Figure 7. We also see the same ordered structure
of molecules (one under the other) in 3D domains when
we look in the direction marked “—30°” in the figure. So
we conclude that 3D domains (with CygHys molecules al-
most parallel in the z-direction) are the ordered regions
with the close-packed hexagonal structure.

The 3D crystalline domains can occupy the whole
width of the polymer film from the block to the substrate
(8 monolayers observed in Fig. 8) in the case of CogHys
polymer sliding on metal. The 3D crystalline domains are
also found in the CypHys film in the case of polymer slid-
ing on polymer, but in the latter case the domains only
extend a few monolayers in the z-direction.

In Figure 10 we show the average length in the slid-
ing x-direction of the CjpgHsgo molecules during run-in,
as a function of the z-position and the sliding distance.
The result is for polymer sliding on polymer at the ve-
locity v = 100m/s and the applied pressure p = 10 MPa.
The molecules in the center of the contact align faster
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Fig. 10. The average length in the x-direction of the molecules
for CipoH202 polymer-polymer during run-in, as a function of
the z-position and the sliding distance, for the sliding veloc-
ity v = 100m/s and the applied pressure p = 10 MPa. The
molecules in the center of the contact align faster than those
adsorbed to the surfaces.
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Fig. 11. The average length in the x-direction of the molecules
for CooHy42 polymer-polymer sliding during run-in at velocity
of the block v = 10m/s for the applied pressure p = 10 MPa as
a function of the z-position and the sliding distance. Note that
the immobile molecules close to the substrate do not reach
the same alignment in the z-direction as do the remaining
molecules.

than those adsorbed to the surfaces. In Figure 11 we show
similar results for CogHys during run-in at velocity of the
block v = 10m/s. Note that in this case very little shear
alignment occurs, which is consistent with the result in
Figure 6. Note also that the immobile molecules close to
the substrate do not reach the same alignment in the -
direction as do the remaining molecules.

4 Dependence of the frictional shear stress o
on the pressure pg

Figure 12 shows the relation, after a 200nm run-in dis-
tance, between the frictional shear stress and the normal
pressure for a CygoHog2 polymer slab, when the polymer-
metal bond is so strong that no slip occurs at the polymer-
metal interfaces. The solid line is a linear fit to the data
o = 0. + Bpo, with o, = 31.5MPa and 5 = 0.07. We
have also performed calculations for the sliding velocity
v = 1m/s but the results are nearly the same as for
v=10m/s.
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Fig. 12. The relation, after 200 nm run-in distance, between
the frictional shear stress and the normal pressure for CioHazo2
polymer slab sliding on CigoHz02 polymer slab (see Fig. 3).
Sliding velocity v = 10 m/s and background temperature 7" =
300 K. The solid line is a linear fit to the data of = o. + Op,
with . = 31.5 MPa and (3 = 0.07.

The value for § found above is very similar to the value
found by Rottler and Robbins [22] for the pressure depen-
dence of both the yield stress and the friction of models
of glassy polymer where 5 ~ 0.08. A similar value (0.07)
was found for glassy atomic solids, indicating that sliding
at interfaces involving the same glassy solid on both sides
of the interface gives a pressure coefficient of the order
of ~ 0.06-0.08, independent of the detailed system under
study, at least as long as the interaction is of the simple
LJ type.

That the slip occurs inside the polymer film, rather
than at the polymer-metal interfaces, is illustrated in Fig-
ure 13 which shows the velocity profile and the number
density of bead units as a function of the distance be-
tween the two solid walls. Note the strong layering and
that most of the slip occurs between the most central layer
of lubricant molecules and the two nearby layers.

When the polymer-metal bond is somewhat weaker
than in the study above, slip occurs at the metal-polymer
interface. In this case the friction becomes much smaller.
This is shown in Figure 14. The solid line is a linear
fit to the data of = o. + Bpg, with 0. = 1.4 MPa and
B =9 x 10~*. The small magnitude of the friction is re-
lated to the fact that the distance between two nearby
metal atoms is much smaller than the natural distance be-
tween two nearby bead units of two different hydrocarbon
molecules; this gives a very weakly corrugated adsorbate-
substrate potential energy surface (see below). We note
that Bureau et al. have observed an order of magnitude
change of the shear stress for polymer (PMMA) sliding on
strongly and weakly interacting substrates [23].

Note that for very small loads (or squeezing pressures)
the frictional shear stress depends non-linearly on the
load. A similar non-linear dependence of the nominal shear
stress on the load has been observed experimentally by
Bureau et al. [11] for PMMA in contact with smooth glass
surfaces. We have analyzed snapshot pictures which indi-
cate that in the present case the newly prepared polymer
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Fig. 13. The velocity profile and the number density of bead
units as a function of the distance between the two solid
walls, for CipoHz202 polymer slab sliding at the sliding velocity
v = 10m/s and background temperature 7' = 300 K. Note the
strong layering and that most of the slip occurs between the
most central layer of lubricant molecules and the two nearby
layers.
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Fig. 14. The relation between the frictional shear stress
and the normal pressure for CigoHz02 polymer slab sliding
on a “metal” surface (see text for details). Sliding velocity
v = 10m/s and background temperature 7' = 300 K. The solid
line is a linear fit to the data o¢ = o. + Bp, with 0. = 1.4 MPa
and 3 =9 x 1074,

film exhibits surface roughness, which gets smoothened
out as the two solids are squeezed together with increas-
ing load. This will increase the contact area and the nomi-
nal shear stress will therefore increase in a non-linear way
with the load. At least for thick enough polymer films,
the surface roughness is likely to be due to frozen capil-
lary waves [24,25] and the non-linear behaviour may be
explained using contact mechanics theory [25].

We have studied the sliding friction for several other
polymer systems with chain length ranging from Csgq to
C1400, and obtained very similar results as described above
for Cygp. Thus, in all cases, when the wall-polymer interac-
tion is so strong that no slip occurs at the polymer-metal
interface, we observe that the slip is localized in a narrow
region in the center of the polymer slab.
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The results presented above for polymer sliding on
polymer are in good agreement with experimental data.
Thus, Whitten et al. [8] have studied the shear stress when
a spherical glass indenter is sliding on different types of
polymers. It is likely that polymer molecules will be trans-
fered to the glass surface so that the sliding interface will
be polymer against polymer. The experimental data for
the frictional shear stress o; as a function of the normal
stress or pressure pg was fitted to a linear relation

or = 0.+ Bpo -

For four different polymers (PMMA, PS, PPO and PC)
it was found that o. = 39, 25, 20 and 17 MPa (average
25 MPa) while the parameter 5 = 0.10, 0.13, 0.05 and 0.06
(average 0.09). For the Cygg system we find o, = 31.5 MPa
and § = 0.07 which are similar to the experimental results.
Note also that the frictional stress o. is roughly one tenth
of the penetration hardness of the glassy polymers.

For polymer sliding on hard smooth substrates, the
frictional shear stress will, of course, depend on the in-
teraction potential and the lattice constant of the sub-
strate. However, since most of hard substrates (e.g., met-
als or metal oxides) usually have much smaller nearest-
neighbor distance between the surface atoms than the nat-
ural nearest-neighbor distance between bead units of two
(nearby) polymer molecules, the pressure dependence of
the shear stress will in general be much weaker (i.e., 3
much smaller) for the polymer-substrate interface than
for the polymer-polymer interface.

The basic physics behind the pressure dependence of
the frictional shear stress can be understood based on the
picture presented in Figure 15 (see also Ref. [26]). Dur-
ing slip the separation between the atoms or molecules at
the sliding interface increases by a small amount Ah. This
expansion makes a work against the applied pressure pg
given by fAR = poa?Ah, where a is the block lattice con-
stant. In addition, the binding energy will decrease in the
on-top position because of the reduced number of nearest-
neighbor substrate atoms (or molecules). If we denote this
energy difference by ¢y > 0, we get the energy difference
(per unit block atom or molecule)

AFE = ¢y + poa’ Ah.

If this increase in energy between on-top and bridge posi-
tions is fully lost into heat during the slip downhill from
the on-top to the bridge position, then

ora’b = AE,
where b is the substrate lattice constant, giving

€0 Ah
= oy + 5 Pos
or
ot = 0c+ Bpo = B(Pad + Po),
with 0. = €9/(a?b), paa = €0/(a*Ah) and 8 = Ah/b. For
a bridge and on-top positions as in the figure (assuming
a=2R,b=2r)

Ah =R+ r — (R* 4 2Rr)'/?, (2)

bridge
position

b

Fig. 15. During slip the separation between the atoms or
molecules at the sliding interface increases by a small amount
Ah. This expansion makes a work against the applied pressure
po given by U = fAh = poa®Ah, where a is the block adsor-
bate constant. If all the pressure-induced increase in energy is
dissipated in the rapid slip downhill from the on-top to bridge
position, then ora?b = U, where b is the substrate constant.

For the polymer-polymer sliding interface, r = R (and
b=a=2R) we get Ah = (2—+3)R and f = Ah/b =
1 —/3/2 ~ 0.13, which is similar to the molecular dy-
namics result for polymer sliding on polymer and exper-
imental results presented above. The estimation of Ah
using the geometrical argument presented above is very
crude. In the present case an accurate estimate of Ah
for the molecule-metal slip interface can be obtained from
the potential energy surfaces calculated by adding up the
Lennard-Jones interaction potential between a hydrocar-
bon bead unit and the substrate atoms. For more com-
plex adsorbate-substrate interactions the potential energy
surfaces can be deduced (or estimated) using electronic
structure calculations. In general Ah rapidly decreases
as the ratio R/r increases, e.g., Ah ~ r?/2R (and thus
8 =~ r/4R) according to (2) when R/r > 1. The case
R/r > 1 will prevail in most cases if the slip occurs
not within the polymer film but at one of the metal-
polymer interfaces. Indeed in this latter case we observe a
much smaller value for 3 (see Fig. 14) while p,q is similar
(pag =~ 0.5 and 1.5 GPa for slip at the polymer-polymer
and polymer-metal interface, respectively).

In the analytical calculation presented above we have
neglected the influence of temperature (or thermal fluctu-
ations) on the process of “going over the barrier”. That
is, it was assumed that the external applied tangential
force (or stress) alone pulls the system over the lateral
pinning barriers, and that this happen everywhere simul-
taneously. At the high sliding velocities used in our MD
simulation, thermal effect should be rather unimportant.
However, for small sliding velocities, thermal fluctuations
will be very important. In this case slip will not occur
everywhere simultaneously, but small nanometer-sized in-
terfacial regions of linear size D will be individually pinned
and perform stress-aided thermally induced jump from
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one pinned state to another (local interfacial rearrange-
ment processes). (Note that thermal effects can only be-
come important for small (nanometer-sized D) regions,
since simultaneous going over the barrier everywhere re-
quires infinitely large energy for an infinite system, except,
perhaps for an incommensurate interface.) This process
has been studied in detail both theoretically [27-30] and
experimentally [31,32].

We emphasize that the effective corrugation of the in-
teraction potential experienced by the molecules at the
sliding interface is the most important parameter influ-
encing the magnitude of the friction and the dependence
on the external (squeezing) potential. Indeed, the fact
that the lattice constant of the substrate is much smaller
than the size of the polymer molecules and also very dif-
ferent from the natural separation between the polymer
molecules implies that the effective corrugation of the in-
teraction potential between the polymer and the “metal”
substrate will be very small, and this explains the small
friction observed in this case, compared to the case when
the slip occurs at the polymer-polymer interface.

The linear relation between the frictional shear stress
and the normal (or squeezing) pressure found above has
also been observed in MD calculations for other systems,
e.g., in reference [33] for a low concentration of molecules
between solid walls with incommensurate atomic struc-
tures. In reference [33] it was argued that this is the origin
of the proportionality between the friction force and the
normal load (the Amontons’ law) observed in most prac-
tical situations. However, we do not believe that this is
the correct explanation in most cases. Rather, almost all
surfaces in nature or in engineering applications have sur-
face roughness on many different length scales. In these
cases contact mechanics theories predict that the area of
real contact is proportional to the load and the stress dis-
tribution in the contact region is independent of the load.
In this case the Amontons’ law will follow, independent
of how the frictional shear stress depends on the load.
For very smooth surfaces or for elastically soft solids, con-
tact may occur everywhere in the nominal contact area,
but in this case one cannot expect the Amontons’ law to
hold even if the frictional shear stress is proportional to
the load, since the area of contact will now depend non-

linearly on the load, e.g., as Fli/ ? for a spherical surface
in contact with a flat, assuming that the Hertz contact
theory can be applied to this situation.

5 Summary and conclusions

We have presented results of molecular dynamics calcu-
lations of friction performed for a block sliding on a sub-
strate separated by ~ 3nm thick polymer film. Two types
of systems were considered: a) a polymer film pinned to
one of the solid surfaces and sliding at the other solid sur-
face (the “metal”’-polymer case). The second case b) was
with the polymer layers pinned to both solid surfaces and
shearing at the polymer-polymer interface (the polymer-
polymer case). We used linear alkane molecules with the
number of carbon atoms 20, 60, 100, 140 and 1400.

The run-in distance increases when the length of the
alkane molecules increases. During run-in rearrangement
in the polymer film takes place and the molecules tend
to align along the sliding direction. The run-in distance is
especially long for the C1490Hog02 polymer-polymer inter-
face, and results in a strong decrease in the shear stress.

The frictional shear stress for the polymer-polymer
systems is much higher than for the “metal”-polymer
systems. This is due to the same size of the atoms or
molecules on both sides for the polymer slip plane re-
sulting in strong interlocking (as for a commensurate in-
terface), while the “metal”’-polymer interfaces are incom-
mensurate (the lattice constant of the “metal” substrate
is different from the distance between the atoms of the
lubricant molecules).

The frictional shear stress is (almost) constant when
the applied pressure increases from 0 to 10 MPa, while
there is a sharp increase when the applied pressure is in-
creased to 500 MPa. We explain this with the use of the ad-
hesion pressure p,q. When the applied pressure py < pad,
the shear stress is (almost) independent of the applied
pressure. When py > paq, the shear stress increases lin-
early with the applied pressure.

A part of the present work was carried out in frames of the ESF
program “Nanotribology (NATRIBO)”. Two of the authors
(I.M.S. and V.N.S.) acknowledge support from IFF, FZ-Jiilich,
hospitality and help of the staff during their research visits.
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