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An ultrathin water film confined between two substrates in moving contact is studied using Langevin molecular dynamics with

coordinate- and velocity-dependent damping coefficient. The correlations between the structure of the water lubricant film and its

frictional properties are found in a wide range of applied loads and for various strengths of interactions between water and surfaces.

A self-organization of the film into a low-friction state under driving is observed to occur. Surprisingly, it is found that the

‘‘hydrophilic’’ surfaces exhibit a lower friction than the ‘‘hydrophobic’’ ones. The viscosity of the confined water estimated from the

simulations is in a good agreement with the experimental value.
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1. Introduction

Water adsorbed on solid surfaces is omnipresent. It
almost always contaminates contact areas between solid
bodies in natural or industrial environment, where it
usually comes from the atmosphere [1]. As is well known
from everyday experience, wet surfaces are very slippery
and, thus, dangerous for car traffic especially when
temperature is close to 0 �C. Lubrication properties of
water had been known already from ancient times, when
Egyptians (2400 BC) used water to lubricate wooden
sledges to transport large stones to build the pyramids.
Moreover, nature selected water as a base for the bio-
logical lubricants, that are far superior to the man-made
oil-based lubricants [2]. However, water itself did not
attract, until recently, much attention as a lubricant in
man-made devices, due to two reasons: first, many sur-
faces undergo corrosion in the presence of water, and
second, the water may be squeezed out from the contact
area due to its very low viscosity. However, both of these
problems could be resolved by a proper choice of surfaces
coated for protection against corrosion and by use of
hydrophilic surfaces to avoid squeezing out the water. It
seems surprising therefore, that in spite of all this
importance of water in tribology, the problem of friction
of a thin water layer between two substrates in moving
contact has not been explored in detail until now.

Understanding of the role of water in friction as well
as of the effect of the nature of surfaces involves
knowledge of the phase behaviour of water under
confinement. Even in the bulk, the phase diagram of
water is quite intricate around the freezing point, where
water demonstrates anomalies related to the hydrogen
bonding between its molecules [3]. Its behavior can be
dramatically different in a confined geometry, i.e. in a
thin nanoscale layer. Both experiments [4,5] and
computer simulations [6–8] of thin layers of water
reveal the transitions between various liquid, amor-
phous and crystalline phases of water and ice not
found in the bulk.

Our aim in the present article is to explore how the
complex phase portrait of the confined water can man-
ifest itself in its dynamics, namely in the frictional
properties of a thin water film, when the confining
surfaces move relative to each other. As we will show,
water indeed can operate as a quite good and cheap
lubricant.

2. Model

To study a thin film of water confined between two
flat substrates, we use Molecular Dynamics (MD)
technique based on Langevin equations with coordinate-
and velocity-dependent damping coefficient [9]. Each of
the substrates is made of two layers of Nsub ¼ 24� 11
atoms organized into lattices of square symmetry with
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the lattice constants ax = ay = 2.5 Å. The outmost
substrate layers are rigid, while the atoms belonging to
the layers in the immediate contact with the lubricant
are allowed to move in three spacial directions. The
outmost layer of the bottom substrate is kept fixed,
while the outmost layer of the top substrate is driven by
a stage with a velocity vs through an attached spring of
elastic constant ks = 10)3 eV/Å2 per atom. Between the
substrates we put NH2O ¼ 336 water molecules as shown
in figure 1. In the x and y directions we apply periodic
boundary conditions.

For the interactions in water, we use the central-force
(CF) model due to Lemberg, Stillinger and Rahman [10]
with refinements to correct the hydrostatic pressure [11],
which yields a quite reliable description of water. In the
CF model, the pair interactions between all oxygen and
hydrogen atoms have the following form:
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where the index ij is equal to OO, OH or HH for the
corresponding atomic pair, and the values of all coeffi-
cients in equation 1 are taken from Ref. [11]. The long-
range Coulombic part of the interaction is handled via
3D Ewald summation with z-dipole correction for the
slab geometry [12]. The size of the system in the z
direction is taken as Lz = 60 Å, compared to a typical
slab thickness of 10–13 Å and the box sizes in the
periodic directions Lx = 60 Å and Ly = 27.5 Å. We
use the Ewald parameter rE = 3.33 Å, whereas the
reciprocal space sum has been cut off at the distance
1.13 Å)1, which includes 1274 wavevectors into the
summation. All short range interactions in the model are
smoothly truncated at rc = 10 Å.

The substrate atoms interact with the water and be-
tween themselves via generalized Lennard–Jones (LJ)
potential
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For the interaction between the substrate atoms (denoted
as S) the parameters arel= 8, m = 4, V(0)

SS = 1 eV and

Figure 1. (color online): The model of the confined water film. Red/gray spheres show the oxygen/hydrogen atomic sites in the water molecules,

while yellow and blue spheres depict the atomic sites of the outer (rigid) and inner (flexible) substrate layers, respectively. The load and shear are

applied to the rigid part of the top substrate. The rigid part of the bottom substrate is fixed. The panels (a)–(d) demonstrate the structures of the

water lubricant film that correspond to different values of the load fl and the water–substrate interaction VSO. (a) The completely flat one-layer

structure observed at high loads fl ¼ 1��10 eV/Å (the concrete value of fl depends on the water–substrate interaction VSO). (b) The flat

structure of oxygen atoms with protruding hydrogen atoms observed at moderately high loads and water–substrate interactions. (c) The

‘‘buckled’’ one-layer structure of oxygen atoms observed at intermediate loads and intermediate water-substrate interactions (the bottom figure

shows the same configuration without hydrogen atoms depicted). (d) The two-layer structure (either liquid or solidified) observed at lower loads

and lower values of the substrate–water interaction.
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r(0)SS = 2.5 Å. For the interactions between the substrate
andwater we took l=12 and m=6, and the parameters for
the substrate–oxygen and substrate–hydrogen interaction
are rSO = 3.55 Å, rSH = 3.19 Å and VSH = 0.5 VSO,
which describe approximately the van der Waals interac-
tion between a water molecule and a quartz (SiO2) surface
[7]. The value of VSO was varied from 0 up to 0.25 eV
which is a value of the order of the hydrogen bonding
interaction between water molecules. In friction studies we
mainly use two values for the water–substrate interaction:
a relatively strong interaction VSO = 0.05 eV which we
interpret as the ‘‘hydrophilic’’ surface, and a very small
interaction VSO = 0.0025 eV which corresponds to the
‘‘hydrophobic’’ surface.

The atomic masses were taken as mO = 16 amu and
mH = 1 amu, and for the atoms of the substrates, the
silicon atom mass mS=28.1 amu. The equations of
motions were integrated using the velocity–Verlet algo-
rithm with the time step of 0.5 fs dictated by the CF
model. The load force applied to the upper substrate
was varied within the interval fl = 10)3–10 eV/Å per
one substrate atom, which corresponds to the pressures
P = fl/(axay) = 2.56� 107–11 Pa. Note, however, that
even the corrected CF model still overestimates the
normal pressure of 1 Bar in about 100 times [11], so that
the use of even higher pressures in simulation could be
considered as reasonable ones.

The coordinate- and velocity-dependent damping
coefficient g(z,v) in Langevin equations has been de-
signed to mimic a realistic situation, as described in detail
in Ref. [9]. Here we sketch only its main features: (i) the
damping gðz; vÞ ¼ g1ðzÞg2ðvÞ exponentially decays away
from the substrates as g1ðzÞ ¼ 1� tanh ðz� a�Þ=a�½ �,
where a* = 3 Å is a characteristic distance of the
order of lattice spacing; (ii) its velocity dependence
g2ðvÞ ¼ gmin þ gphðxwashÞ, where xwashðvÞ ¼ 2pv=a� is the
washboard frequency of driving, includes a frequency-
dependent phonon term gph(x) vanishing beyond a cut-
off (Debye) frequency of the substrate x� � 65:5 ps�1,
and an additional damping gmin due to multiphonon
processes and the creation of electron-hole pairs in the
substrate. In our simulations we used a reasonable esti-
mate for an adsorbed atom [13], gmin ¼ 0:01xs, where
xs ¼ V00SSðrSSÞ=mS

� �1=2� 41:9 ps�1 is a characteristic
frequency of the substrate.

Finally, initial configurations were prepared from
disordered high-temperature configurations by anneal-
ing with the temperature slowly decreasing towards
T = 300 K. This results in a liquid or amorphous-ice
film as a typical initial state.

3. Structure of the confined water film

We begin with the study of the equilibrium structure of
the confined film as it changes with variation of the applied
pressure fl and the water–substrate interaction VSO.

The MD runs proceed as follows. We start from the
lowest value of the load force fl = 10)3 eV/Å and
anneal the system at T = 300 K during time period of
20 ps, and then, also during 20 ps, we measure the total
potential energy of the system and the position of the
top substrate z which characterizes the thickness of the
lubricant film. We checked that this time is sufficient for
our system to reach the equilibrium. Then we increase
the applied load by the logarithmically equidistant steps
up to the maximum value fl=10 eV/Å, repeating at
every step the measurements described above. After
that, the whole procedure is repeated during the
decrease of the load back to fl = 10)3 eV/Å.

The simulation results showed that on the decom-
pression, the film is always thinner than during the
compression process. The relative stability of the film
structure can be estimated by the value of the total
potential energy. We found that if the interaction of the
water with the substrates is high enough, VSO J 0:1 eV,
the system state during the decompression process is
energetically preferred over the ‘‘uncompressed’’ one.
This can be explained by the following argument: When
the water film is more compressed, then more oxygen
and hydrogen atoms interact simultaneously with both
(top and bottom) substrates via the attractive part of
the LJ potential. Therefore, if VSO is high enough, this
attraction results in the net decrease of the overall
energy of the system, compared to the uncompressed
state, even in spite of the increase of energy due to the
repulsive core interaction between the H and O atoms
because of compression of the water layer.

Visual inspection of the atomic configurations sug-
gests that the film can exist in several distinct states, or
phases. At lower loads fl and water–substrate interac-
tions VSO the water film is always in the two-layer liquid
state, which solidifies with the increase of the load
(figure 1(d)). With the further increase of the applied
load, the film is transformed finally to a completely flat
state (figure 1(a)), where all O and H atoms are situated
in one layer and all water molecules have in-plane ori-
entation. In between these extreme cases, depending on
the load and the magnitude of the interaction with the
substrates, the water film can exist in two other states.
One of them, which is observed at higher loads, is
characterized by flat in-plane structure of oxygen atoms,
while the hydrogen atoms are protruded to both sides of
the film (figure 1(b)). Another structure of the film is the
‘‘buckled’’ structure, where the oxygen atoms form a
buckled layer, and hydrogen atoms are again protruding
on both sides of the film (figure 1(c)). The buckling of
the very thin water film has earlier been observed in
numerical experiments of the layer confined between
two substrates with the change of the distance between
the substrates at a fixed pressure [7]. The buckling
emerges, because the out-of-plane positions of the oxy-
gen atoms in the buckled monolayer help to minimize
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the distortions of the hydrogen bonds. The complete
phase diagram of the water confined between the flat
surfaces has recently been calculated within the help of
the TIP4P model of water, and the place of the buckled
‘‘monolayer ice’’ phase in the diagram has been located
[14]. Although we use a different model (the CF model
with atomically corrugated walls and the fixed number
of water molecules), we observe similar transitions
to/from the buckled ice structure with the change of
pressure. The buckled phase is observed in between two
other ice structures, the flat one- and two-layer ice
phases.

4. Static and kinetic friction forces

In friction experiments, we slowly increase the
driving velocity vs starting from zero to a given value,
keeping the temperature at T = 300 K. Typical
dependences of the spring force f (per one substrate
atom) on time are presented in figure 2. When the
stage moves with a low velocity (vs = 0.3 Å/
ps = 30 m/s), the spring elongates and the force in-
creases linearly with time until it reaches the value of
the static friction force (fs � 0.03–0.04 eV/Å). At this
moment the top substrate begins to slide and catches
up with the stage, so that f decreases, the substrates
stick again, and the whole cycle is repeated. This is
the stick–slip regime shown in Figs. 2(a) and (b). At a
higher stage velocity (vs = 3 Å/ps = 300 m/s), the
smooth sliding is observed, Figs. 2(c) and (d), and the
spring force is equal to the kinetic friction force fk.

Let us first present the simulation results for the
‘‘hydrophilic’’ surface, VSO = 0.05 eV. At this VSO

value, the ‘‘uncompressed’’ configuration of the water

film obtained during the compression process, is more
stable with respect to the ‘‘compressed’’ configuration.

Starting from the configurations obtained during the
compression/decompression runs described above, we
measured both static fs and kinetic fk friction forces as
functions of the applied load fl.The results are presented
in figure 3, where solid symbols and curves are for the
friction forces obtained from the ‘‘uncompressed’’ (more
stable) configurations, while open symbols and dotted
curves, for the ones obtained from the ‘‘compressed’’
(metastable) initial configurations.

First, the static and kinetic frictional forces stay
approximately constant up to the load fl � 0:1 eV/Å, both
for the ‘‘uncompressed’’ and ‘‘compressed’’ initial config-
urations. Therefore, the ‘‘tribological’’ friction coeffi-
cients l = fs, k/fl strongly decrease with the load. For the
‘‘uncompressed’’ configurations (solid symbols and curves
in figure 3), the structure of the film always corresponds to
two layers, up to the load fl � 0:1 eV/Å. The lubricant film
is always solidified, as it is attested by nonzero values of the
static friction force fs � 0.02–0.03 eV/Å. During slips in
the stick–slip regime at lower driving velocities, the film
does not melt, and it advances approximately half the
distance travelled by the top substrate. Thus, the stick–slip
is governed by inertia effects. At higher driving velocities
the system exhibits smooth sliding. At a lower load,
fl ¼ 10�3 eV/Å, the smooth motion corresponds to the
‘‘layer-over-layer’’ sliding, accompanied by noticeable
diffusion of water molecules between the lubricant layers.
At higher fl values, the lubricant remains solid during
sliding, and the film moves as a whole. In both cases the
sliding is symmetric, the film in averagemoves with the half
of the top substrate velocity, vfilm � vs/2, and the kinetic
friction force fk � 0:02 eV/Å is approximately equal to the
static one.

 
 

Figure 2. Typical time dependences of the spring force [panels (a) and (c)] and the velocity of the upper substrate [panels (b) and (d)] for the

regimes of stick–slip motion [panels (a) and (b)] and smooth sliding [panels (c) and (d)]. The values of the driving velocity are vs = 0.3 Å/ps [(a)

and (b)] and 3 Å/ps [(c) and (d)]. The parameters are VSO ¼ 0:05 eV and fl = 1 eV/Å.
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The structure and frictional behavior of the
‘‘compressed’’ configurations (open symbols and dot-
ted curves in figure 3) are different. At the low loads
fl< 0.1 eV/Å, the lubricant film always has the ‘‘buck-
led one-layer’’ structure (figure 1(c)), which is metasta-
ble with respect to the two-layer ‘‘uncompressed’’
configuration. It also shows stick–slip motion at lower
driving velocities and smooth sliding at higher driving
velocities, with approximately two times higher values of
both static and kinetic friction forces as compared with
those for the ‘‘uncompressed’’ initial configurations.
Now, however, the kinetic friction force ( fk � 0:033 eV/
Å) is smaller than the static one ( fs � 0:045 eV/Å). An
important difference from the ‘‘uncompressed’’ case is
that now the sliding is asymmetric both during the slips
in the stick–slip regime and in the smooth sliding regime.
The water film moves being attached to one of the
substrates. The increase of both the static and kinetic
friction forces for the ‘‘compressed’’ configurations as
compared to the ‘‘uncompressed’’ ones can be explained
in the following way. Let us consider the number of
bonds participating in the interaction of the film with

the substrates. While in the two-layer ‘‘uncompressed’’
film, only half of water molecules interact with a sub-
strate, this fraction is much larger than 0.5 (and
approaches 1) for the film in the (buckled) one layer
configuration. Therefore, when the film moves, the rate
of the breaking/forming of these bonds is much higher
for the case of the ‘‘compressed’’ film, resulting in the
increase of the friction forces.

Now let us describe the friction properties at high
loads fl > 0.1 eV/Å. As one can see from figure 2, the
static friction force decreases directly in the course of
the stick–slip motion. This decrease is associated with
the structural transition in the driven lubricant film.
Namely, let initially the film had the ‘‘buckled structure’’
as that of figure 1(c), which is characterized by a high
static friction force fs � 0:09 eV/Å. However, already
after the first slip, the film restructures itself towards a
flatter, more ‘‘compressed’’ structure, which is charac-
terized by much lower value of the static friction force
fs � 0:03 eV/Å (such decrease of the friction force is
denoted with the ‘‘error bars’’ in figure 3). Note that the
tendency of the lubricant film to self-organize into a

(a)

(b)

Figure 3. (color online): (a) The static friction force fs versus the applied load fl for the hydrophilic surfaces, VSO = 0.05 eV. Solid symbols and

curve indicate the friction force obtained from the ‘‘uncompressed’’ (more stable) configurations, while open symbols and dotted curve denote the

friction force obtained from the ‘‘compressed’’ (metastable) ones. The highest/lowest values of the friction force found in the simulation runs are

denoted with ‘‘error bars’’. Inset shows the ‘‘tribological’’ friction ls = fs/fl. (b) The same for the kinetic friction fk at the driving velocity

vs = 3 Å/ps.
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low-friction phase has also been observed in a simple
system of Lennard–Jones atoms [15] as well as in a more
realistic MD simulation of a dodecane film confined
between mica surfaces [16].

At the high loads, fl � 0.1 eV/Å, the friction forces
grow with the load. The static coefficient ls ¼ fs=fl
achieves a plateau ls � 0:03 in this case (in agreement
with Amontons’ law), while the kinetic coefficient
lk ¼ fk=fs continues to decrease with load growing.

Next, let us consider the case of the ‘‘hydrophobic’’
surfaces with the water–substrate interaction VSO ¼
0:0025 eV, and repeat the simulations as described above
at two values of the load force, fl ¼ 0:46 eV/Å and
fl = 1 eV/Å, in both cases starting from the ‘‘uncom-
pressed’’ configurations of the lubricant film.

While the overall behavior during these runs is the
same as described above (stick–slip motion with a tran-
sition to smaller values of the static friction force at lower
driving velocities, and smooth sliding at higher driving
velocities), the values of both friction forces are system-
atically higher in the case of the ‘‘hydrophobic’’ walls.
The increase in friction is moderate at the smaller load
fl ¼ 0:46 eV/Å, where we found fs� 0.05–0.09 eV/Å and
fk � 0:04 eV/Å for the ‘‘hydrophobic’’ system as
compared with the forces fs � 0.02–0.06 eV/Å and
fk � 0:025 eV/Å for the ‘‘hydrophilic’’ system (figure 3).
However, the effect is much more pronounced at the high
load fl = 1 eV/Å: now we obtained the values
fs � 0.1–0.17 eV/Å and fk � 0:1 eV/Å, i.e., 3-fold
increase of the friction for the ‘‘hydrophobic’’ system
comparing with the ‘‘hydrophilic’’ one, where fs � 0.03–
0.09 eV/Å and fk � 0:03 eV/Å (figure 3).

A reason for such behavior can be rationalized from
the inspection of atomic configurations. Typical snap-
shots during smooth sliding under the load fl = 1 eV/Å
are shown in figure 4(a) for ‘‘hydrophilic’’ surfaces and
figure 4(b) for ‘‘hydrophobic’’ surfaces. In the ‘‘hydro-
philic’’ case, figure 4(a), the water molecules form dur-
ing sliding almost purely flat triangular structure, while
in the ‘‘hydrophobic case’’, figure 4(b), more water
molecules are protruding towards the substrates from
both upper and lower surfaces of the lubricant layer,
thus forming the point-like defects. This is the conse-
quence of the much weaker interaction of the water
molecules with the substrate atoms, so that the
‘‘hydrophobic’’ surface cannot impose its flat structure
on the water layer, contrary to the situation observed for
the ‘‘hydrophilic’’ surface. Namely a rougher morphol-

ogy of the water layer in contact with the ‘‘hydropho-
bic’’ surfaces results in the increase of both static and
kinetic friction in this case.

It is interesting to point out that in the case of
‘‘hydrophilic’’ surfaces, figure 4(a), the water molecules
form the triangular structure, which is weakly com-
mensurate with the structure of the substrates. Namely,
in the y direction (perpendicular to the driving), the
commensurability is perfect (the water molecules are
arranged with the same lattice constant as the substrate
atoms), while in the x direction (direction of the driving)
we found that every 15 rows of water molecules are
placed approximately within the length of 12 substrate
lattice constants, so that the 24 � 11 substrate lattice
can almost perfectly accommodate 336 water molecules,
from which 30� 11 ¼ 330 molecules form a perfect
structure, while the remaining 6 water molecules are
accommodated as in-plane extended dislocation-like
defects, and the layer structure remains flat.

In the case of the ‘‘hydrophobic’’ surfaces, the
structure of the water layer is also triangular, but now it
is (almost) incommensurate with the substrates. This also
is the consequence of the much weaker interaction of the
water molecules with the substrate atoms, so that the
‘‘hydrophobic’’ surface cannot impose its structure on
the water layer, contrary to the situation observed for
the ‘‘hydrophilic’’ surface. As is well known, an
incommensurate structure at the interface should result
in much smaller friction, thus the ‘‘hydrophobic’’ sur-
face has to exhibit lower values of fs and fk contrary to
what we observed in simulation. However, the effect of
roughness of the water layer in contact with the
‘‘hydrophobic’’ surfaces is stronger than the incom-
mensurability effects, thus resulting in the increase of
friction in ‘‘hydrophobic’’ systems.

Thus, we come to a surprising counter-intuitive con-
clusion: a stronger attractive interaction of the water
with the substrates results in smaller both static and
kinetic friction forces, i.e. more ‘‘hydrophilic’’ substrates
lead to decreased friction.

In the simulations presented above we used fixed
number of water molecules, which may lead to unde-
sired artifacts in our system with periodic boundary
conditions. To check this point, we also repeated the
sliding experiments at different numbers of water mol-
ecules in the lubricant layer, NH2O=294, 315, 336, 357,
378, 399, and 420. The results showed that the static and
kinetic friction forces change in antiphase: while the

Figure 4. (color online): Side views of the atomic configurations during smooth sliding (vs = 3 Å/ps) for the cases of ‘‘hydrophilic’’ (a) and

‘‘hydrophobic’’ (b) surfaces.
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static friction force fs grows monotonically with NH2O,
the kinetic friction force fk demonstrates an overall de-
crease with NH2O. However, all conclusions reached
above remain unchanged.

Now let us compare our results with those available
from other simulations and experiments. For the flat
geometry, the frictional force per unit area is
Fx=A ¼ �

P
a r0xadaz, where a = x, y, z, A is the total

area of the surfaces in contact, and the stress tensor in
the linear approximation for uncompressed liquid is
determined by the viscosity coefficient eg,

r0ab ¼ eg
@va

@xb
þ @vb

@xa

� �
:

Thus, the total kinetic frictional force is
F ¼ �Ar0xz ¼ �Aeg@vx=@z � �Aegvtop=d, where d is the
width of the lubricant film and F ¼ �fNsub, so that we
finally obtain

eg ¼ fd=vtopaxay:

The experimental value for the viscosity coefficient of the
bulk water is known to be eg � 10�3 kg/(m s). Even
though we have not calculated directly this property for
the modified CF water model used, we may estimate,
using the Stockes–Einstein relation and the known
experimental and CF model values for the diffusion
coefficient in the bulk [17], that the CF model overes-
timates only slightly (�1.6 times) the viscosity coeffi-
cient of the bulk water. At the same time, in our
simulation of the confined water layer for smooth
sliding with the velocity vs = 3 Å/ps we found that
d � 10 Å and fJ 0:02 eV/Å, which corresponds to the
‘‘hydrodynamic’’ viscosity coefficient egJ 1:7� 10�3 kg/
(m s), i.e. one obtains about the same value of eg as
expected for the bulk.

One has to note that, unfortunately, only very high
shear rates 108–1012 s)1 are currently accessible in MD
simulations (even though some attempts to circumvent
this problem have been made recently [18]). These rates
are 7–9 orders of magnitude higher than those used in
the experiments [19]. Such rapid shear may result in so-
called ‘‘shear thinning’’ effect, i.e. in the decrease of the
viscosity of the film, as illustrated e.g. in a recent
simulation by Leng and Cummings of thin water layers
confined between two mica plates [20]. The authors of
Ref. [20] observed that for the thinnest water layer they
studied (�0.9 nm) the viscosity is very high (�80 times
the bulk value) at low shear rates, whereas a strong
decrease of the viscosity down to the bulk value occurs
at the shear rates higher than 109s)1 (the authors
associate this effect with the rotational correlation time
for the water dipoles). At the same time, for the thicker
layers (1.65 and 2.4 nm) almost no shear thinning is
observed in Ref. [20], and the viscosity is found to be
comparable to the bulk value at all shear rates studied.
It is difficult to directly compare our results with those

of Leng and Cummings, mainly because of the pres-
ence of large solvated K+ ions, bound to the surfaces,
in their system. In particular, two layers of K+ ions
must already account for most of the width of the
thinnest layer they studied (figure 1 of Ref. [20]), so
that there seems to be virtually no intermediate water
in between, and the shear dynamics should be very
different from that found for the thicker layers. How-
ever, the results of Ref. [20] for the thicker layers can
be better compared with our results (in our system we
have always at least 1.5 uncompressed water layers
between the substrates). Such comparison (corrobo-
rated also by the data drawn from figure 4 of Ref. [18])
allows us to predict that the possible decrease of the
viscosity due to the shear thinning effect in our system
should not be stronger than �2 times or so. Thus we
obtain a very good agreement with experiments on the
viscosity of water film confined between two mica
plates with a thickness about 1–2 molecular layers,
where the values within a factor of 3 or so of the
viscosity of bulk water were observed [19]. The values
of the coefficient of friction l ¼ f=fl � 0:01 that we
obtained in simulations at high loads, also lie in the
range of experimentally observed values [21].

5. Conclusion

In the present paper we reported the detailed MD
study of the friction properties of the ultrathin water film
confined between two solid surfaces in moving contact.
With the increase of the load, the film is solidified
(at room temperature) passing through two ice-like
structures and taking finally a completely flat configu-
ration. The viscosity of the thin water film takes values
within a factor ofJ2 of the viscosity of bulk water, which
is in good agreement with available experimental data.
The complex phase portrait of the confined water mani-
fests itself into its frictional properties. We found
numerous and specific for water correlations between the
lubricant structure and the changes in both static and
kinetic friction forces. Besides, we observed the transition
from the high- to low-friction phases of the water film
directly in the course of the stick–slip motion, which
emerges due to self-organization of the lubricant film.

The system demonstrates the transition from stick–
slip to smooth sliding at an atomic-scale velocity of the
order vc � 1 Å/ps=100 m/s. The film remains solidified
during slips; therefore the stick–slip motion is governed
by inertia effects contrary to the melting/freezing
mechanism of oil-like lubricants. The film may be mel-
ted due to driving, but this occurs at a quite high driving
velocity v>10 Å/ps. Note that such features are similar
to those observed for simple Lennard–Jones lubricants
[9, 22, 23].

Amontons’ law (which states that the ratio l ¼ f=fl is
approximately constant) operates only for the static
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friction coefficient and only at high loads fl> 1 eV/Å,
where it reaches a value ls � 0:03. The kinetic friction
coefficient monotonically decreases with the load and
takes relatively low values lk � 0:01 and even lower at
high loads. Thus, the water film can operate as a quite
good lubricant for surfaces which are protected from
corrosion.

However, an important question is about squeezing
of the water film out of the contact area at the high
load. If the water will be squeezed out so that the
surfaces will come to a direct contact, this may result
in their wearing or damaging. This question needs
further investigation. In this context we note, however,
that squeezing is less expected to occur for hydrophilic
surfaces, when the water is strongly adhered to the
surface. Surprisingly, we found that the hydrophilic
surfaces demonstrate much better friction properties
than hydrophobic surfaces.
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