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Molecular dynamics simulations were performed to study the friction between hydroxylated a-
Al2O3(0 0 0 1) surfaces at the temperature of 300 K. Effects of the degree of surface hydroxylation and
sliding velocity have been discussed. Results indicate that the friction coefficient decreases with
increased degrees of hydroxylation. For all degrees of surface hydroxylation, the friction law crosses over
from thermal activation to viscous damping at sliding velocity of 80 m/s.
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As micro- and nano-scale devices continue to develop and
evolve it is increasingly important to control the surface properties
and device interaction with its surrounding environment. Thin film
coatings have been applied to numerous microelectromechanical
systems (MEMS) structures for optical application, insulation, bio-
compatibility, anti-stiction, wear and corrosion inhibition, etc.
through a variety of chemical surface modification processes. The
application and commercialization of MEMS devices suffers from
reliability problems, many of which are due to the friction and
wear between the moving parts. Recent studies have demonstrated
that a nano-scale Al2O3 layer deposited by atomic layer deposition
(ALD) yields a hard and protective conformal coating that signifi-
cantly reduces the abrasive wear in MEMS [1,2].

Alumina surfaces are easily hydroxylated due to the ready reac-
tion between alumina and water molecules in air and solution
environments. The reaction between the outermost Al atoms and
the adsorbed water leads to dissociation of water molecules. The
protonated H atoms then react with the exposed O atoms to form
hydroxyls [3,4]. Hydroxylation can influence the structure and sta-
bility of the outmost layer of Al2O3 crystal [5]. Friction between
alumina surfaces has been studied experimentally using surface
force apparatus (SFA) [6,7] and tribometer [8]. Using MD simula-
tions, many basic problems at the atomic scale such as friction
coefficient [9], friction law [10], interfacial interaction [11], tem-
perature gradients and energy dissipation during sliding [12,13]
have been addressed. However, all of these experimental and sim-
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ulation studies on friction of alumina have been focused on bare
and fully hydroxylated surfaces. Partially hydroxylated alumina
surfaces exist under low-pressure conditions and have signifi-
cantly different adhesion and nucleation density compared with
fully hydroxylated ones [14,15]. Detailed investigations of friction
between partially hydroxylated alumina surfaces are not currently
available.

In micro- and nano-scale, without the presence of chemical
and/or environmental adhesion across the interface, friction law
that friction force Fx is in logarithmic dependence on sliding veloc-
ity vs can be safely drawn [16] and has been demonstrated in stud-
ies of tip-surface [17–20] contacts. But considering wider sliding
velocity ranges, previous studies have shown that the dependence
of Fx on vs has a crossover. Crossovers between logarithmic and lin-
ear dependence [21–23], logarithmic and power law dependence
[22,23], and velocity-independence and linear dependence
[23,24] have been shown. Interested readers are referred to Szlu-
farska et al. [16] for detailed reviews on the velocity dependence
of friction force.

In this letter, we studied the friction between a-Al2O3(0 0 0 1)
surfaces at the temperature of 300 K using MD simulations. Effects
of the degree of hydroxylation p on the friction and dependence of
Fx on vs are discussed in detail. In MD simulations, an interaction
potential including two- and three-body terms [25,26] is used to
describe the van der Waals (vdW), Coulombic, and bonding inter-
actions between Al, O, and H atoms. This interaction potential
was used to simulate the alumina crystals and surfaces. The calcu-
lated structures of bulk crystals, surface energy, and surface relax-
ation of alumina were shown to be in excellent agreement with
experimental results [25]. It was also properly applied to describe
the silica/alumina interface interaction [26,27], in which the silica/
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alumina interface formation by a sol–gel transition and the aniso-
tropic dissolution of alumina surface into silicates had been well
simulated. Very recently, a new interaction potential for alumina
has been proposed to account for the effect of charge-induced di-
pole interaction [28], however the parameters for H atoms are
not currently available.

To construct the sliding model, a-Al2O3(0 0 0 1) surface is gen-
erated via cleaving and relaxing the bulk crystal of a-Al2O3, com-
prised of 6 � 6 � 1 unit cells with a volume of 6a� 3

ffiffiffi
3
p

a� 1c,
where a and c are crystal cell parameters with a = 4.76 Å and
c = 12.99 Å at 300 K. A fully hydroxylated surface is constructed
by removing the outmost layer Al atoms and adding H atoms to
the exposed O atoms in each unit cell, which results in 108 H
atoms, 396 Al atoms, and 648 O atoms included in the fully
hydroxylated surface. A partially hydroxylated surface is formed
by placing hydroxylated unit cells and bare unit cells side-by-side
in a ratio [15]. A mirror image of the generated a-Al2O3(0 0 0 1) is
used to create a bottom surface at a given distance which is much
greater than the cutoff radius of the interactions. To make the two
surfaces contact, a compression process is conducted by moving
the top surface down slowly. After each movement, the system is
equilibrated with a MD run of at least 50 ps. The sliding simulation
is carried out at a constant separation D between the outermost
Al–O3–Al layers of the top and bottom surfaces. The atoms in the
outermost Al–O3–Al layer of the top surface are given a constant
sliding velocity, vs, in the x direction and are kept fixed in the y-
and z-directions, while the atoms in the outermost layer of the bot-
tom surface are kept fixed in all directions [10,29]. A snapshot of
the sliding simulation is shown in Fig. 1. The lateral dimensions
of the sliding system are 28.6 Å � 24.7 Å with periodic boundary
conditions in the x- and y-directions. A vacuum layer of 15 Å is in-
serted along the z-direction to avoid the interaction between out-
ermost layers of the two surfaces. Berendsen thermostat is
implemented to Al–O3–Al atoms next to the outermost layers. A
cutoff distance of 5.5 Å for the two-body interactions [25,26] and
a time step of 0.25 fs and are used in all simulations. Since separa-
tion D between the two surfaces is kept at constant, the normal
force has a slight fluctuation of ±5% during sliding. The friction
force Fx and the normal force Fz discussed below are average forces
of all atoms in the top surface in x- and z-directions, respectively
[10,29]. For each sliding simulation, only one configuration is used.
Fig. 1. A snapshot of the sliding simulation at initial time with p = 100%: red, O;
green, Al; and gray, H. (For interpretation of the references in colour in this figure
legend, the reader is referred to the web version of this article.)
The top surface slides at least 20 Å to assure enough statistical
data.

Fig. 2 shows the relationships between the friction force Fx and
the normal force Fz for a-Al2O3(0 0 0 1) surfaces with different de-
grees of hydroxylation. For p = 0% and 100%, a linear relation of
Fx ¼ aAþ lFz can be used to fit the data, where l is the friction
coefficient, A is the surface area and a is a constant under a given
degree of hydroxylation. The fitting results give l = 0.12 for
p = 0% and l = 0.039 for p = 100%. We can see that the friction coef-
ficient prominently decreases when the alumina surface is fully
hydroxylated. The reason for the decrease of the friction coefficient
mainly comes from reduced interfacial interaction (Coulombic and
vdW interactions) due to the substitution of the weak attraction
between H and O for the strong attraction between Al and O at
the interface. Lodziana et al. [5] have shown that hydroxylation
greatly lowers the surface energy of a-Al2O3 surface. Previous
MD simulations of friction between alumina surfaces with differ-
ent surface potentials have shown that weaker interfacial interac-
tion can lead to lower friction coefficient [11]. Similar results have
also been shown in studies of friction between diamond-like car-
bon films with hydrogen termination [30]. In addition, the friction
coefficient of l = 0.12 between the bare alumina surfaces is within
the range of experimental measurements, from 0.08 to 0.15, for
smooth Al2O3 surfaces [7,8]. For the fully hydroxylated alumina
surfaces, no experimental results are currently available. Our result
of l = 0.039 is smaller than the simulation result of l = 0.14 from
Mann and Hase [9]. This discrepancy might due to the differences
in potential energy function. The Coulombic interaction between
atoms was not included in their wok.

For partially hydroxylated surfaces with p = 33.3%, 50%, and
66.7%, the linear relationship between Fx and Fz does not appear
until the normal force greater than a threshold value of Fc. The non-
linear behavior at Fz < Fc may result from the increased surface
roughness due to partial hydroxylation. We calculated the
atomic-scale roughness r before sliding as r ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hhzðx; yÞ2i � hzðx; yÞi2i

q
, where z(x, y) is the distance of an area of

2 Å � 2 Å at position (x, y) from the geometric center of the surface,
and the outer angle brackets indicates an average over areas [31].
For p = 0%, 33.3%, 50%, 66.7%, and 100%, r is 0.1, 0.9, 0.8, 0.5, and
0.2 Å, respectively. The atomic-scale roughness of partially hydrox-
ylated surfaces is higher than those of the bare surface and fully
hydroxylated surfaces. The increased roughness of partially
Fig. 2. Relationship between friction force Fx and normal force Fz for a-Al2O3

surfaces at vs = 200 m/s with different degrees of hydroxylation (p). The solid lines
are linear fits and the friction coefficients are given. For p = 33.3%, 50%, and 66.7%,
linear fits are on data when Fz is greater than Fc indicated by arrows.



Fig. 4. (a) Sliding velocity vs dependence of friction force Fx under various normal
forces for bare aluminum surface under different normal forces; (b) semi-logarithm
plots of friction force versus sliding velocity for different degrees of hydroxylation
under normal force Fz = 170 ± 8 nN. The solid lines are for viewing guidance. The
dotted lines and the dash lines are linear fittings of Fx versus log vs and Fx versus vs,
respectively.
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hydroxylated surfaces might increases the normal force necessary
to bring the surfaces into contact and thus leads to the initial inde-
pendent relationship between Fx and Fz. Although the potential we
used cannot describe the chemical reactions, tribochemical effects
at the interface such as wear can also lead to independent relation-
ship between Fx and Fz under lower normal forces [32].

To obtain the friction coefficient for partially hydroxylated sur-
faces, the curves after Fz > Fc were linearly fitted. In Fig. 3, the var-
iation of friction coefficient with the degree of hydroxylation is
presented for different sliding velocities. At the same sliding veloc-
ity, friction coefficient decreases with increased degree of hydrox-
ylation. This trend is in agreement with the MD simulation results
of partially hydrogen-terminated carbon surfaces [32], in which
the reduced adhesion due to the substitution of weak C–H bonding
interaction for the strong C–C bonding interaction leads to a de-
crease of friction coefficient. Friction coefficient has been shown
to be proportional to the square of the surface corrugation
[33,34]. However in our study, both the surface roughness and
composition change as the degree of hydroxylation varies. For
hydroxylated surfaces, despite surface roughness increases in com-
parison with the bare surface, our simulations consistently show
friction coefficient decreases with the increase of the degree of
hydroxylation. These results imply that the weakened attractive
interaction between surfaces due to hydroxylation plays a domi-
nant role in changing the friction coefficient. Previous studies have
also shown that the orientation of the terminal groups at the inter-
face have a significant impact on friction [35,36]. Here we also no-
ticed that both the average and standard deviation of the
orientation angle between the O–H bond vector and the normal
(z-) direction of the hydroxylated alumina surface before sliding
increase when the degree of hydroxylation decreases. This wide-
range distribution of the orientation angles might correlate with
the higher friction coefficient at low hydroxylation. In addition, re-
sults in Fig. 3 indicate that the friction coefficient increases with
the sliding velocity, and the trend is slightly more significant for
the partially hydroxylated surfaces.

In Fig. 4a, the relationships between friction force and sliding
velocity under different normal forces are shown. The friction force
Fx increases with the sliding velocity vs; a prominent linearity ap-
pears at vs > 80 m/s. In Fig. 4b Fx versus log vs are plotted for vari-
ous degrees of hydroxylation. At vs < 80 m/s, Fx shows a linear
dependence on log vs for all alumina surfaces. This logarithmic
dependence has been observed experimentally from tip-surface
friction study and derived using reaction rate theory based on
the Tomlinson model [18]. At lower sliding velocities, thermal fluc-
Fig. 3. Variation of friction coefficients with the degree of hydroxylation at different
sliding velocities.
tuation is important to induce stick-slip motion [37], which results
in a logarithmic dependence of friction on sliding velocity [38].
When the sliding velocity vs � 80 m/s, this trend starts to change.
At vs > 80 m/s, Fx shows a linear dependence on vs, as shown in
Fig. 4b by the dash lines. At higher sliding velocities, the thermal
activation becomes less important and the stick-slip motion of
interfacial atoms is replaced by viscous damping motion, which
gives rise to a viscous friction [24]. Viscous friction between solid
surfaces has been explained as the anharmonic coupling of pho-
nons at the interface [39]. Recent study on simulation of friction
between a-Al2O3 surfaces also shows that viscous friction occurs
at high sliding velocity, where the motion of interfacial atoms is
damped by excited phonons and is not controlled by the static
interfacial energy barrier [10]. However to understand the mecha-
nisms that cause the crossover for hydroxylated a-Al2O3 surfaces,
detailed studies on the dynamics of kinetic friction and energy dis-
sipation during the sliding need to be performed [24,40].

In conclusion, we report the influences of hydroxylation on the
friction properties of a-Al2O3(0 0 0 1) surfaces using MD simula-
tions. Hydroxylation reduces the friction coefficient of alumina
surfaces despite it increases the atomic-scale roughness of surface.
The friction coefficient has a slight increase with the sliding veloc-
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ity within the velocity range we studied. The sliding velocity
dependence of the friction force is observed to have a crossover
at vs � 80 m/s. The simulation results explain the roles of surface
hydroxylation on the friction behavior of metal oxide surfaces
and confirm recent experimental findings of the dependence of
friction force on sliding velocity. In spite of the discrepancy with
experimental SFA studies in time and size scales, MD simulations
give convincing results about the friction properties between the
hydroxylated alumina surfaces.
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