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Surfaces can be slippery or sticky depending on surface chemistry and roughness. We demonstrate in atomistic sim-
ulations that regular and random slip patterns on a surface lead to pressure excursions within a lubricated contact that
increase quadratically with decreasing contact separation. This is captured well by a simple hydrodynamic model
including wall slip. We predict with this model that pressure changes for larger length scales and realistic frictional
conditions can easily reach cavitation thresholds and significantly change the load-bearing capacity of a contact. Cav-
itation may therefore be the norm, not the exception, under boundary lubrication conditions.

INTRODUCTION

Many surfaces are heterogeneous. They exhibit natural local variations
in surface chemistry (1-3) and roughness (4), and they can be artificially
patterned to the desired interfacial chemistry (5, 6) and topography
(7, 8). These factors affect wettability (9) and the amount of friction be-
tween solids (3) or between wall and fluid during flow (10). Wall friction
is usually quantified by the Navier slip length b (11), the fictive distance
from the wall where the flow profile becomes zero when extrapolated
linearly. Wall slip can be neglected when the channel height 4 is much
larger than b. This is the case in most macroscopic flow geometries
where no slip is assumed to take place at the wall (12). In confined geo-
metries, such as those encountered in nanometer-thin lubricants in
sliding contacts or in boundary lubrication (13), h ~ b and slip can
no longer be ignored. Slip lengths on the order of nanometers and lon-
ger (10, 14, 15) are observed on surfaces with weak interactions and low
commensurability with the fluid (16-20). Slip reduces friction in lubri-
cated devices (21, 22) and can be used to control the flow of fluid mix-
tures (23). It thus can be exploited in engineering applications (24) by
tailoring the surface into slipping and nonslipping domains (25, 26).

Here, we use molecular dynamics (MD) simulations (see Materials
and Methods) and analytical models to show that such local variations
in surface slip can give rise to large pressure excursions within a lubri-
cated contact under shearing. We present simple scaling expressions
that capture the magnitude of the pressure oscillations as a function
of geometry, viscosity, and slip length for regular and random slip
patterns. The amplitude of these pressure variations can be orders of
magnitude larger than the applied pressure and therefore have a pro-
found impact on flow.

RESULTS

We first simulate the simple shearing of a confined lubricant over
alternating patches with small and large slip lengths. Our MD system
is periodic and has a length L of 95.94 nm and a width of 6.92 nm in the
x and y directions, respectively, with two surfaces separated at & = 5 nm
along z (see Fig. 1). We use linear pentane (CsH;,) as the reference fluid
and change the chain length to vary fluid viscosity (see Materials and
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Methods). The upper surface has no slip, whereas the lower one
contains one slipping and one nonslipping domain of equal length A =
L/2 oriented transversely to the shearing direction. Shearing is per-
formed under conditions representative of a highly loaded lubricated
contact. An external pressure P.,; = 250 MPa is applied to the upper
wall, which is displaced at a constant velocity of u, = 30 m/s.

We also carry out simulations of smaller homogeneous systems
without local variations in wall-fluid interaction to assess slip behavior
on homogeneous surfaces and compute the slip length. In this case, the
system is 6.0 nm long and its lower surface is either slipping or sticking.
In agreement with many previous studies on this type of geometry
(16, 18), we obtain linear (Couette) velocity profiles u(z) across the film
thickness z (red points in Fig. 2, A and B). Slip causes partial plug flow
(Fig. 2B), which increases the flow rate relative to the configuration with
two nonslipping walls (Fig. 2A).

The flow profile in the heterogeneous system is not linear despite the
simple shear geometry. The blue points in Fig. 2 (A and B) show that the
fluid indeed sticks and slips in the respective domains, but the velocity
profile curves toward higher velocity in the sticking region and toward
lower velocity in the slipping region. Because mass is conserved, the
global flow rate through the channel needs to be constant. Slip increases
mass transport near the interface, which must be compensated by the
lower mass transport in the bulk of the fluid flowing over the slipping
region and the enhanced mass transport in the fluid flowing over the
sticking region.

To test whether Navier-type slip boundary conditions apply to the
heterogeneous system, we quantify the local slip length for each of the
192 bins from the local velocity profiles as shown in Fig. 2 (A and B).
The local slip length is given by b(x)=u(x,2)/(0u(x,2)/0z)|,—o , where u is
the fluid velocity and z is the position within the channel. Local
variations in slip are shown in Fig. 2C and are large. This can be
attributed to the large error introduced by extrapolating the velocity
profile. Nevertheless, we find an approximately constant value on each
domain: in the nonslip region, we find b = 0, whereas on the slipping
side, b ~ 2.3h, consistent with calculations from the reference system
with homogeneous walls (shown by the red line in Fig. 2C).

Slip is hence a local property. This is because the geometrical expres-
sion for the slip length stems from the fluid viscosity 1 and the tangential
momentum transfer at the wall-fluid interface (11, 27), which are local
properties independent of the neighboring domains. The transition
zone from no slip to slip is located at the domain boundaries within the
slipping domain (Fig. 2C). Its length is ~ 4 nm, which is approximately
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Fig. 1. MD simulation setup. The fluid is confined between two surfaces. There is no slip on the top surface and the bottom surface is patterned into
slipping and sticking domains.
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Fig. 2. Profiles of dimensionless velocity u = u/u, across the normal-
ized film thickness z = z/h for the heterogeneous system. (A to C)
Sticking domain (A), slipping domain (B), and corresponding normalized slip
length b = b/h (C) along the shearing direction X = x /.

10 times the chain length of pentane. It does not change significantly for
other short n-alkanes or for other domain lengths A used in this work
and may thus be considered negligible compared to typical pattern sizes
(on the order of micrometers) that can be realized experimentally.
The velocity profiles shown in Fig. 2 (A and B) are fully captured by a
simple hydrodynamic model that assumes a constant slip length on each of
the surface domains. The starting point for this model is the classical Navier-
Stokes equation for fluid flow along the shearing (x) direction. Because the
estimated Reynolds number for the chosen system Re = 0.22 is low and the
thin-film approximation /A < 1 applies, the expression can be simplified
for laminar flow and negligible inertia effects (12). In steady state, this gives

871373 aj (1)
ox 0z \0z

where we have normalized the fluid velocity by the driving velocity u,,
# = u/uy; all lengths by A, x = x/A; and all heights by h, z = z/h.
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This leads to a normalized pressure P = P/Py, where P, = Ato/h and
To = Nuy/h is the shear stress necessary to drive the Couette flow of a
Newtonian fluid of shear viscosity n. Integrating Eq. (1) twice in the z
direction with a no-slip condition and velocity u, on the upper wall and
a Navier slip boundary with slip length b = b/h on the lower surface
gives the velocity profile

wo- () B C0-Hm)E @

The first summand in Eq. (2) is of linear order and hence Couette-like,
whereas the second summand is of quadratic order and Poiseuille-like.
The pressure gradient dP/0x in Eq. (2), which is the origin of the
Poiseuille contribution, is given by the well-known Reynolds equation,
obtained from combining Eqs. (1) and (2) with the continuity equation (12)

9 [(1 + 4B(x)> oP 6 )

x [\ 1+0b(x) ) ox 1+b(x)]_0

Equation (3) accounts for slip on the lower surface and is valid for in-
compressible, isoviscous fluids under isothermal and steady-state
conditions. It can be solved directly by integration (see discussion S1).
For the geometry used in our MD calculations, b(X) = 0 for 0 < X <
1 and b(x) = b, for 1< X < 2. Accounting for the periodicity of the
system along the shearing direction P(x = 0) = P(x = 2), the pressure
gradient is

0=x<1

dp_ —6Kx/5 if
1<x<2

dx | 6x/5 if (4)

with k = 5b,/(2 + 5by). This factor, valid for two grains of the same
length A, varies between k = 0 for by =0 (homogeneous limit) and k =
1 for by — oo.

The black solid lines in Figs. 2 and 3 show that this simple hydro-
dynamic model perfectly reproduces MD results despite the severe con-
finement of the fluid. The curved velocity profiles in Fig. 2 (A and B) are
captured well by Eq. (2), confirming that fluid flow even down to a
channel height of a few nanometers for molecules that are ~ 1 nm in
size can be described by continuum hydrodynamics (28). The pressure
along the channel is obtained trivially by integrating Eq. (4) once. This
gives a pressure drop of 8P = +6xnu, A/ (5h) over each of the domains.
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Figure 3 shows that the total pressure P(x) indeed drops linearly on the
sticking domain, followed by an increase in the slipping region. Pressure
excursions become larger with the applied shear rate through either
higher wall velocity u, or smaller film thickness 4, with the viscosity
n of the fluid, and with the system length L. For example, longer »-
alkane chains lead to higher fluid viscosity 1 and factor «, which gives
larger pressure gradients.

Changing the length of the system shows that dP/dx is independent
on the domain length; thus, the overall pressure variations along the
shearing directions scale linearly with the periodicity length L. This
leads to vanishing pressure excursions when L is very small, that is,
when it is comparable to the chain length of the fluid molecules. Addi-
tionally, the heterogeneous slip/no-slip character of the lower surface
disappears if the chain length becomes larger than the domain width
for regular patterns (28), which also contributes to vanishing 8P . Con-
versely, large pressure variations, of the order of magnitude of the ex-
ternal pressure, can be reached when L is increased. Figure 3 shows that
results of a wide variety of MD simulations with varying u, , b, m, and L
all collapse on the same curve when the pressure is expressed as P/x.
The same scaling relationship is obtained in numerical solutions of the
Reynolds equation for two-dimensional patterns (see fig. S1). The pres-
sure decreases and increases almost linearly along the shearing direction
on the sticking and slipping regions, respectively, with maximum
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Fig. 3. Dimensionless pressure distribution along the shearing direc-
tion. Points indicate MD results; the line is the result from the hydrodynamic
model. Reference conditions are u, =30 m/s, h=5nm,L=9591 nm, and
pentane viscosity n = 0.50 mPa-s at an external applied pressure P, =
250 MPa . The legend indicates variations of these values. (Inset) Probability
distribution of the dimensionless pressure in the presence of N randomly
distributed slipping and sticking domains along the shearing direction.
Points are obtained from MD simulations with L = 191.8 nm and for six rea-
lizations each of N=24 (A =8 nm),N=48 =4 nm),and N=192 (A=1nm).
Scaling with 1/+/N collapses MD data to a single Gaussian distribution with
standard deviation v/3%/5.
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excursions amounting to 66 to 80% of the analytical expression for
the pressure drop &P.

Many surfaces may not be artificially patterned in regular slipping
and nonslipping domains but exhibit intrinsic, random variations in
slip length. Examples are a metal surface that exposes grains of random
orientation to the fluid or a diamond surface with mixed hydrogen and
oxygen terminations. A simple model for a realization of such a
configuration is a channel with a random sequence of domains with
either b = 0 or b = b,. Assuming that the total length of the slipping
and nonslipping domains is the same, the normalized pressure gradient
within each of the domains (of length 1) is then given by Eq. (4) with a
random sign, 8P = +6x /5. The resulting pressure P in our periodic MD
simulations is a random walk in channel position x. For a periodic sys-
tem with N = L/A domains, the pressure distribution is Gaussian and
has a standard deviation of AP = |3P|/N/12 (see discussion S2).
Pressure excursions thus scale as AP = v/3LAknu,/(5h*), which is
in agreement with the MD results shown in the inset of Fig. 3. This
estimate works remarkably well even for very short patterns of
atomic-scale length, A ~ 1 nm, where the thin-film approximation
h <A must break down. Such patterns could be realized, for instance,
by patches of oleophilic and oleophobic terminating groups.

We therefore obtain similar scaling relationships for regular and
random patches. AP increases with pattern size, fluid viscosity, and sur-
face speed, or by lowering film thickness. In some cases, the pressure
drop may exceed the externally applied pressure Py, leading to loca-
lized spatial regions where P decreases below ambient. This favors the
occurrence of dewetting, bubble formation, and dynamic cavitation. We
test this in MD calculations on a system that features regular slipping
and sticking domains at low external pressure. Figure 4 shows that the
pressure excursions are indeed larger than P,;. On the nonslipping
domain, a bubble forms and the fluid detaches from the lower surface in
a region of negative pressure (see movie S1). This creates hydrodynamic
lift under shearing, and the surface separation increases by 10% com-
pared to the stationary case with zero wall velocity. We also solve the
Reynolds equation (Eq. (3)) on the noncavitated domain where the
pressure calculated from MD is positive. Specifically, we use a no-slip
boundary condition on A4, a slip boundary condition on A,, and a zero-
pressure condition at the crossover from both regions to A, (see Fig. 4
and discussion S1). This simple cavitation model almost exactly repro-
duces the pressure in the noncavitating regions.

DISCUSSION AND CONCLUSIONS

The pressure variations described here can be obtained experimentally
when surfaces have very low roughness or are treated with oleophobic
coatings in only limited regions of the whole contact area. Data for
slipping walls at ambient pressure are available for a hexadecane lubri-
cant on photoresist-coated glass surfaces, where b = 25 nm (14), and for
glycerol confined between gold surfaces with chemisorbed thiol layers,
where b = 40 nm is found (15). For a film thickness of 50 nm and a low
shearing speed of 10* m/s, the continuum formulation predicts pres-
sure gradients of the order of 10° to 10'° Pa/m. In the presence of surface
patterns with a length of ~ 10 pm, which can be easily realized in
experiments, this leads to pressure variations of the order of 10 to 100 kPa.

In addition to the previous low-pressure examples, slip has also
been reported in highly loaded contacts. An estimate of slip lengthb =
0.2 for diamond-like carbon (DLC) lubricated by polyalphaolefin with
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h =100 nm and u, = 0.4 m/s was given by Kalin et al. (29). In the pres-
ence of bare steel (sticking) and DLC-coated (slipping) domains, and
using an oil viscosity 1 = 70 Pa-s at a peak contact pressure of 1 GPa
(29), one obtains dP/dx ~ 10" Pa/m, which is several orders of magni-
tude larger than the above low-viscosity examples.

A pressure below ambient should be reached for patterns of ~ 1 um
in all aforementioned cases. Thus, cavitation phenomena such as dewet-
ting or bubble formation should then occur, which can significantly en-
hance the load-bearing capacity of such contacts (30). This opens
exciting perspectives for exploiting the properties of slipping surfaces
in engineering applications and has important implications for surfaces
with natural heterogeneity in slip. The scaling relationships for pressure
presented here can be used to estimate the onset of surface-induced cav-
itation. We note that even on surfaces with naturally occurring random
variations in slip, cavitation of the form shown in Fig. 4 can ensue. Dur-
ing squeeze-out of a contact, the channel height & drops continuously
and our scaling relation predicts a divergence o i of the amplitude of
pressure fluctuations as the channel height approaches zero. When
transitioning from hydrodynamic to boundary lubrication during
sliding, cavitation may therefore be unavoidable in many situations
and could control friction and wear of the contact. This picture is fun-
damentally different from our current understanding of squeeze-out of
a contact at rest that involves fluid layering (31) and liquid-solid transi-
tions (32).

In summary, we found a Couette-like and a pressure-driven, Poiseuille-
like contribution to shear-driven flow between two surfaces with heter-
ogeneous slip lengths. The Poiseuille contribution emerges because a
constant flow rate along the shearing direction must be sustained. The
amplitude of the overall pressure excursion increases with the applied
shear rate, fluid viscosity, and system length, and decreases with channel
height for regular and random arrangements of slipping and sticking do-
mains. This can lead to dramatic pressure changes under normal tribo-
logical conditions and the onset of cavitation in the contact area.

08t O MD simulation
’ Hydrodynamic model
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0.6 : : o
@
O
N

X/ N\

Fig. 4. Snapshot of a cavitation bubble under shearing and corresponding
dimensionless pressure distribution along the shearing direction. The
hydrodynamic model is applied to the noncavitated domains A; and A,,
whose extents are obtained from MD results with the condition P> 0. System
parameters are u, = 10 m/s, h = 5.5 nm, L = 143.9 nm, and P, = 1 MPa. At
this pressure, the fluid (n-decane) has viscosity n = 0.30 mPa-s.
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MATERIALS AND METHODS

All lubricants considered in this study are short n-alkanes. We varied
their chain lengths from 3 to 10 carbon groups to study the influence of
fluid viscosity. Intramolecular and intermolecular interactions are de-
scribed by a United Atom TraPPE force field (33) with a cutoff distance
of 1 nm.

The walls are composed of single rigid layers of a (111) surface of a
face-centered cubic crystal with a gold lattice constant of 4.08 A. Wall-
fluid interactions are of Lennard-Jones nature with ¢ = 2.65 A for the
wall atoms. Different slip behaviors can be obtained by simply changing
the well depths of the wall-fluid potential energy (16). We thus set this
parameter for the slipping and sticking regions to € ipping = 0.1€rand
Ewtsticking = € Tespectively, with ecbeing the average interaction energy
within the fluid.

MD simulations were performed with a time step of 1 fs and ran for
100 ns in the case of the heterogeneous system. After reaching steady-
state flow and a stable film thickness in approximately 1 ns, the local
shear response was obtained through statistical averaging over 192 bins
and 99 ns of simulation time in the shearing direction. In the case of
smaller systems with homogeneous surfaces, simulations ran for
10 ns. The fluid velocity u(z) was obtained by averaging over the whole
domain and 9 ns of simulation time. Slip length b and fluid viscosity
M = 1/(du/0z) can then be calculated directly from this velocity profile.
Here, 7 is the shear stress measured at the walls.

In all simulations, the temperature of the fluid was kept constant at
303 K by means of a Nosé-Hoover thermostat applied in the y direction
only, that is, perpendicular to the shearing direction.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/3/e1501585/DC1

Discussion S1. Analytical solution of the Reynolds equation with slip and a cavitated zone.
Discussion S2. Pressure excursion for random alternations of slip.

Fig. S1. Pressure excursion for two-dimensional slip patterns.

Movie S1. Formation of a cavitation bubble under shearing.
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