
The effect of surface nano-corrugation on the squeeze-out of molecular thin

hydrocarbon films between curved surfaces with long range elasticity.

I.M. Sivebaek1, 2, 3 and B.N.J. Persson1, 4
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The properties of linear alkane lubricants confined between two approaching solids are investigated
by a model that accounts for the roughness, curvature and elastic properties of the solid surfaces. We
consider linear alkanes of different chain lengths from C3H8 to C16H34, confined between corrugated
solid walls. The pressure necessary to squeeze out the lubricant increases rapidly with the alkane
chain length, but is always much lower than in the case of smooth surfaces. The longest alkanes form
domains of ordered chains and the squeeze-out appear to nucleate in the more disordered regions
between these domains. The short alkanes stay fluid-like during the entire squeeze out process which
result in a very small squeeze-out pressure which is almost constant during the squeeze-out of the
last monolayer of the fluid. In all cases we observe lubricant trapped in the valley of the surface
roughness, which cannot be removed independent of the magnitude of the squeezing pressures.

PACS numbers:

I. INTRODUCTION

Lubricants are used in many mechanical devices to
reduce friction and wear. Many lubricants consist of
a base oil, usually a hydrocarbon fluid, with additives.
The additives usually form protective coatings on the
solid walls. If the base oil is squeezed out from the
contact regions, the adsorbed film, at least if in a (two-
dimensional (2D)) solid-like state, can reduce the friction
and the wear. However, even long-chain hydrocarbons
can adsorb on solid walls and form protective coatings
which can survive relative high contact pressures with-
out getting removed[1, 2]. Thus in Ref. [2] we have
shown that adsorbed C14H30 films between smooth sur-
faces may for short time withstand contact pressures ap-
proaching 1 GPa, which is similar to the plastic yield-
stress of steel. In the present paper we will extend the
study of [2] and present results for solid walls with peri-
odic short-wavelength nano-roughness. We note that this
study, and that in [2], involve fluid squeeze-out between a
curved surface and a nominally flat surface. This differs
from our earlier (frictional) studies involving flat surfaces
[3–6].
We are concerned about the squeeze-out of lubricant

between rough surfaces until dry contact is reached[7].
The squeeze-out of liquids has been studied using the
Atomic Force Microscope (AFM)[8–11] and the Surface
Force Apparatus [12–14]. In the former case it has been
established that huge wear occurs when the last lubricant
layer has been squeezed out.
A common method to study wear is shown in the insert

of Fig. 1. Here a steel ball is slid in reciprocating mo-
tion on a lubricated steel disk under standard conditions
[15, 16]. The resulting wear scar diameter on the ball ex-
presses the lubricity of the tested lubricant. This set-up
has been used to test the lubricity of a series of alka-
nes [17]. Fig. 1 shows the wear scar diameter measured
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FIG. 1: The wear expressed as the wear scar diameter as
a function of the chain length of the hydrocarbon. The in-
sert shows the ball on disk configuration in a wear test rig.
Adapted from [2].

on the ball as a function of the hydrocarbon molecular
length [2]. Note that the wear volume depends non-linear
on the wear scar diameter D as V ≈ πD4/(64R), where
R is the radius of the ball. Hence the wear volume de-
pends highly non-linearly on the alkane chain length and
the wear volume is ∼ 11 times higher when C3H8 is used
as lubricant as compared to C16H34.
Fig. 1 shows that the longer alkanes have higher

lubricities than the shorter ones, suggesting that the
longer chain molecules are better boundary lubrication
films. However, the viscosity also increases with the chain
length so an influence of this (bulk) property on the wear
scar diameter could not be excluded.
Using a molecular dynamics model that accounts for

the curvature and long range elasticity of surfaces [18],
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the influence of the alkane length on the lubricity has
been investigated [2]. It appeared that longer alkanes are
capable of including more lubricant atoms in the contacts
than shorter ones. This results in a higher binding energy
per unit surface area, which makes them better boundary
lubricants. However, the effect was not so strong and the
pressure to nucleate squeeze-out only increased with a
factor of ∼ 2 as the chain length increased from C3H8 to
C16H34.
The theoretical study [2] investigated smooth surfaces

whereas the steel surfaces in wear tests supposedly have
roughness on many length scales. The purpose of the
present study is to clarify the role of surface corrugation
in lubricant layer transitions and wear. We will also pro-
pose a theory which can explain the molecular dynamics
simulation results. When including the short-range nano-
corrugation we find in this study a much larger variation
in the pressure to nucleate squeeze-out, which increases
with a factor of ∼ 20 as the chain length increases from
C3H8 to C16H34.

II. THE MODEL

The model is described in Refs. [2, 18, 19], but we
review it briefly here. We are concerned with the prop-
erties of a lubricant film squeezed between the curved
surfaces of two elastic solids. In experiments, a system
of this type is obtained by gluing two elastic slabs (of
thickness W1 and W2) to “rigid” surface profiles of arbi-
trary shape. If the radii of curvature of the rigid surfaces
are large compared to W1 and W2, the elastic slabs will
deform, reproducing with their free surfaces the (nearly
arbitrary) shape of the underlying rigid profiles.
In what follows we denote the lower solid as substrate,

which is taken to be fixed in space. The upper solid,
denoted as block, will be moving. To account for the
elastic response of the slabs, without dealing with the
large number of atoms required to simulate a mesoscopic
elastic solid we treat explicitly, at the atomistic level,
only the last atomic layer of the solids at the interface.
These atoms are connected to a rigid curved surface (or
profile). The force constants connecting these atoms to
the rigid profile, however, are not the bare parameters,
determined by the model interatomic potential. Instead,
those force constants are treated as effective parameters
that implicitly re-introduce the elastic response of the
slabs of arbitrary width W1 and W2.
The model is illustrated in Fig. 2 (see also Refs.

[2, 18]). The atoms in the bottom layer of the block (open
circles) form a simple square lattice with lattice constant
a, and lateral dimensions Lx = Nxa and Ly = Nya. In
the following, periodic boundary conditions are assumed
in the xy plane. The atoms interact with each other
via “stiff” springs (thick lines) and execute bending and
stretching motion characterized by a bending force con-
stant k0B and a stretching force constant k0, respectively.
Moreover, each atom is connected to the upper rigid sur-
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FIG. 2: The model used in this study (schematic). The white
circles are the block and substrate surface atoms and the col-
ored ones are lubricant atoms or molecules[18]. The slab
thicknesses W1 and W2 are also shown together with axes
indicating the x, y and z directions.

face profile by “soft” elastic springs (thin lines), of bend-
ing force constant k1B and stretching force constant k1.
As described in Refs. [2, 18], the numerical values of all
these force constants k0, k0B, k1 and k1B are determined
in such a way as to mimic the elastic response of the
entire slab.

The substrate is treated in a similar way as the block,
but we use slightly different lattice constant in order
to avoid having (low order) commensurate structures
formed at the interface. The space between the block
and the substrate is occupied by a layer (monolayer or
more) of the lubrication fluid (full circles in Fig. 2).

The MD (molecular dynamics) calculations have been
performed keeping the temperature of the solid walls
fixed at their outer boundaries by a Langevin thermo-
stat with a coupling time constant of 10−11 s for both
the substrate and the block. (see Ref. [18]). This is a
realistic treatment, and it implies that heat flows from
the lubricant to the confining walls. The walls have been
thermostatted at 300K except for the study investing the
influence of temperature on the squeeze-out where we use
temperatures between 0K and 700K.

Below we study mainly the average pressure. The pres-
sure acting on a wall atom is defined as the total normal
force acting on the wall atom from the lubricant atoms
and from the other wall, divided by the area a2. The av-
erage pressure is the z-component of the total force acting
on the solid block from the lubricant and the substrate,
divided by the total area Lx × Ly.

The elastic modulus and Poisson ratio for the block
and substrate were E = 7.72 · 1010 Pa and ν = 0.42,
respectively, corresponding to the values for gold. We
used systems with two types of substrates – smooth and
“nano-corrugated” (see details below). In the case of the
system with smooth substrate we used the same thick-
ness for the block and substrateW = 50 Å. This choice of
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FIG. 3: The squeezing set-up with surface corrugation. The
atomically corrugated block has a cosine shaped surface, and
the substrate has nano-corrugation. The lubricant is octane
(C8H18) and the distance between the block and the substrate
is 20 Å.

thicknesses implies that the block and the substrate used
in our simulations will deform elastically similar to each
other. In the case of the system with nano-corrugated
substrate we used the substrate thickness W1 = 10 Å
and the block thickness W2 = 90 Å. A larger substrate
thickness would make the nano-corrugation collapse ren-
dering squeeze-out less visible. In the simulations we used
a system of lateral dimensions Lx = 506 Å, Ly = 75.9 Å.
For the substrate we used Nx = 200 and Ny = 30 atoms
in the x and y directions, forming a square lattice with
lattice constant a = 2.53 Å. The corresponding parame-
ters for the block were Nx = 180, Ny = 27 and a = 2.81

Å.

The block rigid profile was taken to be cosine corru-
gated in the x direction, with corrugation amplitude (dif-
ference between maximal and minimal surface heights)
0.1Lx and wavelengthLx. We used two types of substrate
corrugations – smooth surface and “nano-corrugated”
surface. In the latter case the rigid substrate profile had
a sine corrugation of the form

h(x, y) = h0 sin(qxx) sin(qyy), (1)

where qx = 2π/λx and qx = 2π/λy, and with the

roughness amplitude h0 = 5 Å and the wavelengths
λx = Lx/13 and λy = Ly/2. Thus we studied the ef-
fect of nano-corrugation of the substrate on the confined
lubricant structure and dynamics of squeezing.

Alkane lubricants were used in the present calculations.
We considered alkane molecules of different chain lengths
C3H8, C4H10, C8H18, C9H20, C10H22, C12H26, C14H30

and C16H34. We considered CnH2n+2 chain molecules
consisting of n beads in the united atom representation.
The Lennard-Jones potential was used to model the in-
teraction between beads of different chains with relevant
parameters [20–22]

For interaction between atoms of the block and the
substrate we used the Lennard-Jones potential with the
same parameters as for the interaction of each bead with
the block and substrate atoms. We estimate this ap-
proach to be accurate enough to compare the squeeze-out
pressures of alkanes of different lengths.

III. SIMULATION RESULTS

In this section we describe the results obtained from
our simulations for eight different linear alkanes as lubri-
cants. Two cases are investigated: One with pure squeez-
ing and one with combined squeezing and sliding. All
velocities are 1 m/s and at the start of the squeezing the
systems are in thermal equilibrium at the temperature
300K.
We focus mainly on the processes involved in removing

the last monolayer of adsorbed alkanes, as this is most im-
portant for the wear. Fig. 3 shows the squeezing set-up
with surface corrugation. The block has a cosine shaped
bottom surface and the substrate surface is nominally flat
with nano-corrugation. The lubricant is octane (C8H18)
and the distance between the block and the substrate is
20 Å.
Fig. 4 shows snapshot pictures of the lubricant film, af-

ter removing the substrate and the block, during squeeze-
out of the last monolayer. Results are shown for C3H8,
C8H18 and C16H34, in the pressure range between the
black and open circles in Fig. 5. The snapshots are num-
bered 1-5, the average pressure and the distance traveled
by the block in each case are indicated under the snap-
shots.
Fig. 5 shows the average pressure as a function of

the distance moved by the upper surface of the block.
Results are shown for several chain lengths and for the
squeezing velocity 1 m/s. The black dots correspond to
the pressures and distances at which the squeeze-out of
the last monolayer is initiated (initial contact), and the
open circles to what we denote as full wall-wall contact.
The insert of Fig. 5 shows the pressure evolution as the
lubricant is squeezed out.
At the nanoscale many studies have discussed when

there is actual contact between two surfaces [23–26]. In
the present study, we define initial contact as the first
squeeze-out of lubricant between the block and the sub-
strate. This is observed visually by detecting holes in the
lubricant film illustrated by the images with the number
2 in Fig. 4. Full wall-wall contact is obtained when
there is clear squeeze-out in more corrugation points cor-
responding to the images 5 in Fig. 4.
Note that for the C3H8 case in Fig. 4, the alkane

molecules are arranged in a disordered pattern on the
surface, indicating a 2D liquid-like state. However, for
the C16H34 system, small domains of molecules, with the
molecular axis aligned in the same direction, can be ob-
served. We refer to this state as a 2D solid-like state with
local order (crystalline domains) but without long range
order. Detailed inspection of the snapshot pictures for
the C16H34 system shows that the squeeze-out of the last
monolayer start in the regions between the crystalline
domains. Clearly, these disordered domain-wall regions
are the weak points with respect to squeeze-out. This is
similar to the propagation of cracks in natural rubber:
natural rubber undergoes strain crystallization at large
strain. Thus, at high crack speed, where the strain at the
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FIG. 4: Snapshots of the squeezing out of the alkanes C3H8, C8H18 and C14H30. The squeezing velocity is 1 m/s. The average
pressure and the distance traveled by the block in each system are indicated under each snapshot. The snapshots are numbered
1-5.

crack tip is very high, close to the crack tip the hydrocar-
bon chains form an ordered crystalline arrangements [27],
which results in a strong increase in the crack propaga-
tion energy, i.e., the crystalline regions are mechanically
much stronger than the disordered (amorphous-like) re-
gions [28, 29].

Note the low and nearly constant pressure p0 ≈

10 MPa necessary to remove the C3H8 monolayer. We at-
tribute this to the liquid-like nature of this adsorbed film
(see discussion section). For the longer alkane chain sys-
tems much higher squeeze-out pressure is required, and
the squeeze-out takes much longer time than for the C3H8

system. We attribute this to the solid-like nature of these
lubrication films, and to the pinning barriers experienced
by the monolayers. As compared to the present case, for
smooth curved surfaces (see Ref. [2]) we observed much
higher squeeze-out pressures, and much weaker depen-
dency of the squeeze-out pressure on the alkane chain
length. Thus, for smooth surfaces, under the same con-
ditions as above, the (average) pressure at the nucleation
of squeeze-out increased nearly linearly with the chain

length from ≈ 350 MPa for C3H8 to ≈ 800 MPa for
C16H34, i.e., ∼ 35 times higher pressure for the C3H8 sys-
tem than in the present case, but only ∼ 3 times higher
for the C16H34 system. This reflects the different phys-
ical processes involved: for the smooth surfaces the nu-
cleation of squeeze-out involves a fluctuation (thermally
activated process) where a small “hole” is first formed in
the lubrication film. In this process the solid walls bend
inwards into the hole, which reduces the elastic energy
stored in the system. As will be shown in the discussion
section, in the present case with nano-corrugation, the
onset of squeeze-out is more like an indentation process
in a soft solid (here alkane film).

Fig. 6 shows snapshot pictures of the C3H8, C8H18

and C16H34 systems when the upper surface of the block
has moved 10 Å towards the substrate after the point
where the substrate and the block first mad contact in the
absence of the lubricant. The islands of trapped alkanes
cannot be removed independently of the magnitude of
the applied pressure. Similar effects will take place when
a rubber block is squeezed against a rough surface in a
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FIG. 5: The average pressure as a function of the chain length.
The squeezing velocity is 1 m/s. The black dots correspond
to the pressures and distances at which the squeeze out of
the last monolayer is initiated. The open circles show the
point of wall-wall contact, which refer to the state shown in
the last images (image 5) in Fig. 4. The insert shows the
detailed squeeze-out pressures of the last monolayer for the
three systems. The numbers 1-5 correspond to images 1-5 in
Fig. 4.

fluid. In this case the trapped fluid will effectively smooth
the surface and reduce the viscoelastic contribution to the
friction [30].

In Fig. 7 we show the pressure at the squeeze out
of the last monolayer, as a function of the chain length.
Results for squeezing, and for squeezing and sliding, are
shown. The squeeze-out pressure refer to the squeeze-out
state shown by the last images (image 5) in Fig. 4. The
solid line is the dependency of the pressure on the chain
length N when the lubricant film is in the 2D fluid-like
state. Note that the dashed fit-line extrapolate to zero
pressure before reaching N = 1, indicating two regimes
of different behavior associated with 2D fluid-like and
solid-like monolayers, respectively.

Fig. 8 shows the pressures at initial contact between
the block and the substrate as a function of the tempera-
ture. The distance traveled by the block at this contact is
also shown. Notice that the lowest squeeze-out pressures
and the shortest distances are found when the alkanes
are close to or above their boiling point. On the other
hand the squeeze-out pressures are about the same (∼
200 MPa) at the melting point. The discussed physical
properties of the alkanes can be found in table I. Under
ambient conditions, in presence of oxygen, the C8H18 and
C16H34 systems would auto-ignite at temperature above
500K. In our MD simulations oxygen is absent so this
reaction scheme is not an issue here.

c)

b)

a)

FIG. 6: Snapshot pictures of the C3H8, C8H18 and C16H34

systems when the upper surface of the block has moves 10 Å
towards the substrate, after the point where the substrate and
the block, in the absence of the lubricant, first made contact.

IV. DISCUSSION

One remarkable observation made above is the small
pressure needed to squeeze-out the C3H8 lubricant as
compared to the C16H34. We will now show that this
is due to the fact that at room temperature the C3H8 lu-
bricant is in a 2D liquid-like state, while the C8H18 and
C16H34 films are in a 2D solid-like state.

The corrugated substrate surface can locally, in the
vicinity of the top of an asperity, be approximated by a
spherical (or elliptic) bump with the (mean) curvature
1/R = qxqyh0. Let us assume that the lubricant mono-
layer is in a 2D liquid-like state.

We neglect the elastic deformations of the solid walls,
and also the direct interaction between the asperity (here
sphere) and the substrate (which requires that the min-
imum separation u (see Fig. 9) between the solid walls
is not too small). We now consider how the 2D fluid is
squeezed out from an asperity contact region.

Fig. 9 shows a sphere (radius R) pushed against an ad-
sorbate layer where the adsorbates are treated as spheres
with the radius r0. Let u be the shortest separation be-
tween the sphere and the substrate. From Fig. 9 we
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get

(R+ r0)cosθ + r0 = R+ u

r = (R+ r0)sinθ

Combining these equations gives the surface area A with-
out adsorbates

A = πr2 = π [4Rr0 + u(2r0 − 2R− u)]

u

r

r0

R

θ

F

FIG. 9: A hard asperity, here represented as a sphere, pene-
trating an adsorbed film of molecules (green spheres).

substrate

block

liquid

(a) (b) lubricant

the work = S A,    S = speading pressure, A = area

area A

FIG. 10: The spreading pressure S is the energy per unit
surface area to move a patch (surface area A) of the lubricant
film from the region between the block and the substrate, to
the lubricant fluid outside of the contact region. This energy
can be obtained by subtracting the calculated Lennard-Jones
interaction energy between the patch of molecules and the
surrounding in the two different configurations (between the
walls and in the fluid).

Where r0 is negligible compared to r. The work necessary
to remove the adsorbates from this area is U = SA, where
S the spreading pressure. Thus the normal force acting
on the sphere is

F = −

dU

du
= 2πS(R+ u− r0)

If we assume that u−r0 is small compared to R this gives
F ≈ 2πSR, corresponding to the pressure

p =
F

λxλy

=
qxqyF

(2π)2
=

SqxqyR

2π
=

S

2πh0

TABLE I: Some Physical properties of the investigated alka-
nes [31]

Melting point (K) Boiling point (K)
C3H8 85 231
C8H18 216 398
C16H34 291 560

In the present case h0 = 5 Å, and using the esti-
mated spreading pressure (see Fig. 10) for the C3H8
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lubricant, S ≈ 0.2 J/m2, gives the pressure needed to
squeeze out the lubricant: p ≈ 67 MPa. The average
pressure at the squeeze-out of the last monolayer from
the molecular dynamics calculations is p0 ≈ 10 MPa.
If we assume the whole applied normal force is acting
on the 4 Hertz’s contact regions, then the average pres-
sure acting in one of the λx × λy contact regions will be
p = (13 × 2/4)p0 = 65 MPa i.e., very close to the calcu-
lated pressure. Thus this simple model not only predicts
the correct squeeze-out pressure but also explain why p
is approximately constant during the initial phase of the
squeeze-out of the last monolayer.

Let us now consider the fluid squeeze-out for the longer
chain alkane systems. In these cases the adsorbed mono-
layer film is in a solid-like state with small domains of
ordered alkane chains, which are likely to be pinned by
the substrate potential, even if no commensurate adsor-
bate layer is formed globally. If a transversal force acts
on the adsorbate film from a nano-scale asperity (as in
Fig. 9), only a small lateral displacement of the adsorbed
molecules will take place, unless the parallel force is large
enough to move the film over the top of the (local) pin-
ning barriers. Thus, depending on the pinning barrier
height, the onset of the squeeze-out could be at much
higher applied pressure than when the film is in a 2D
liquid-like state. Furthermore, when the monolayer is in
a solid-like state the squeeze-out maybe unrelated to the
concept of spreading pressure.

In Ref. [2] we found that the number of carbon atoms
per unit surface area in the monolayer film increases with
the alkane chain length as c ≈ (9.55 + 0.62N) nm−2,
where N is the number of carbon atoms in the chain.
Assuming in a fist approximation that the spreading pres-
sure is proportional to the concentration c we get when
the alkane film is in the 2D liquid-like state the scaling
p0 ≈ (10 MPa)× (0.84 + 0.054N). The solid line in Fig.
7 shows this function.

The fluid squeeze-out mechanism presented above as-
sumes that the surfaces have short wavelength (nano-
scale) surface roughness. In Ref. [2] the surfaces were
smooth and in this case a very different squeeze-out
mechanism prevail, involving the nucleation of a small
circular open area in the lubrication film, and the bending
of the solid walls into the cavity. This process gives rise to
much larger squeeze-out pressures than found above, in
agreement with the molecular dynamics results presented
in Ref. [2] where the squeeze-out pressure increased
nearly linearly with the chain length from ≈ 350 MPa
for C3H8 to ≈ 800 MPa for C16H34.

We have verified the above calculations by extending
our Molecular Dynamics calculations. We have squeezed
the alkanes at temperatures from OK to above their bulk
boiling points (see tabel I). Fig. 8 shows that the initial
squeeze-out pressures are ∼ 10 MPa for all the systems
when they are in the 2D liquid state. This is realised
at the bulk boiling point of the alkanes. In addition to
this, the distance traveled by the block at squeeze-out is
similar for all the systems in the 2D liquid state. As the

temperature is decreased we observe that the squeeze-
out pressure, in average, is higher for the longer alka-
nes, which is in good accordance with our discussion re-
garding the increased ability to form crystallin domains
for longer alkanes. It is interesting to observe that the
squeeze-out pressure is about the same for all the sys-
tems at their melting point. At this phase transition
the molecules show the same resistance to squeeze-out
regardless of their length. This analysis shows that all
the systems behave similarly at their melting and boil-
ing points. It is therefore less crucial to calculate the
squeeze-out pressures of C5 to C7 in Fig. 7.
The picture presented above for the squeeze-out is valid

for any type of lubrication molecules. Fatty acids are
often added to the base oil of lubrication fluids. These
molecules form grafted monolayer films on iron oxide sur-
faces and reduce the friction and wear. In a beautiful
study Rabinowicz and Tabor[32] performed friction and
wear experiments (and electric contact resistance mea-
surements) on iron surfaces lubricated by palmic acid.
They observed low friction and negligible wear below
T = T0 ≈ 110◦C, but a rapid increase in the friction
and wear above this temperature. This was interpreted
as resulting from melting of the 2D grafted monolayer
film at T ≈ T0, and rapid squeeze-out of the fluid bound-
ary lubricant film. This picture is consistent with our
theory and simulation results.

V. SUMMARY AND CONCLUSIONS

The squeeze-out mechanism of hydrocarbon lubri-
cants between a smooth curved surface and a flat nano-
corrugated one has been been investigated by molecular
dynamics simulations. The pressure required for squeeze-
out increases drastically with increasing of the hydrocar-
bon molecular length. It is remarkable that a pressure
more than 20 times larger is required for squeezing out
C16H34 than for C3H8. C3H8 is fluid-like at the tem-
perature chosen for the simulations (300K). This means
high mobility of the molecules on the surfaces which re-
sults in squeeze-out at low pressures. The longer hydro-
carbons (C8H18 and C16H34) form domains of equally
oriented molecules that render nucleation more difficult
and thereby increase the pressure required for squeeze-
out of the lubricant. By varying the temperature dur-
ing squeeze-out we can observe that all the investigated
alkanes show very low initial contact pressures at about
and above their bulk boiling point which indicates that
they are in the same 2D liquid state at these temper-
atures. Regardless of the applied pressure, hydrocar-
bons are trapped in the valleys of the surface roughness.
Longer molecules also form hydrocarbon bridges between
the valleys which supposedly decrease the wear of the
surfaces in practical applications.
We find good accordance between our simulations and

experiments showing that longer hydrocarbons are better
boundary lubricants than shorter ones.
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