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Abstract: In water-based boundary lubrication regime, the contact gaps (or boundary lubricated film thickness)
and surface pressure distribution must be determined to really understand the boundary lubricated contact
mechanism. However, the accurate determination of these parameters is limited. In this study, a mechanical model
based on boundary lubricated contact involving surface force effects is developed. The surface force distribution
characteristics, normal force vs. central film thickness curve, and macroscale water-based boundary lubricated
contact are investigated numerically. The results show that hydration directly affects surface force interaction. The
accurate boundary lubricated film thickness and surface pressure distribution can be obtained using this model in
point contact. Furthermore, the mechanism of macroscale water-based liquid boundary lubricated contact is
investigated, in which a water-based boundary lubricated film is formed under appropriate operating conditions
based on surface force effects during running-in. This study can reveal the water-base boundary lubricated contact
behavior and the carrying capacity of the surface force effect, and provides important design guidance for the
surface force effect to achieve liquid superlubricity in water-based boundary lubricated contacts.
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1 Introduction

Because water-based lubricants offer advantages
of green environmental protection, low cost, and
biocompatibility, they are widely used in engineering
applications such as bioengineering [1, 2], marine
equipment [3], and ceramic bearings [4]. Water-based
liquid lubrication yields excellent lubrication perfor-
mance and has therefore garnered the attention of
researchers [5]. Since the water molecular can easily
adsorb on the hydrophilic or electrically charged solid
surface forming an ordered water layer, the properties
of water boundary film exhibit different from the bulk
properties of water liquid in boundary lubrication
regime [6, 7]. Therefore, the solid-liquid interface
effects are vital to the performance of water-based
lubrication [8], which is an important research content
in water-based boundary lubrication.
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In water-based boundary lubrication, owing to the
polarity of water molecules and the ionization of ions
in aqueous solutions, an electric double layer effect is
formed between ions and water molecules on the
charged solid-liquid surface under a nanometer-scale
gap. The Derjaguin-Landau—Verwey—Overbeek (DLVO)
theory can be used to describe the electric double
layer (EDL) and van der Waals interactions between
two planar surfaces in thin liquid film. The interaction
distance of the electric double layer is relatively long,
and the kinetic electric viscosity generated during
motion affects the rheology of the water-based lubricant
under the nano thin film [9]. Some researchers
discovered that the effect of the electric double layer
is vital to water-based nano thin film lubrication under
macroscale motions from experiment and numerical
approach [10-15]. While the surface contact gap is
down into the molecular scale, researchers have
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Nomenclature
a Hertz contact radius, m rms root mean square of surface height, m
. Radius of the ball wear surface, m R Equivalent radius of ball, m
Au Hamaker constant, | R. Equivalent radius of surface after
E Effective elastic modulus, GPa running-in, m
F Normal load. N T Absolute temperature, K
h Contact gaps or boundary film thickness, m XY,z Position c001jdir1ates '
ho Original gap between ball and disc, m Bx By Autocorrelation lengths of the surface profile
. along the x-axis, y-axis direction, m
B Ball geometric shape, m
4 Surface energy, |
k Boltzmann constant .
] Eauilibrium separation. m Ve Proportion of the load supported by the
’ d . p ’ asperity contact in the total load, %
Pe Asper.lty contact pressur.e, Pa o the comprehensive surface roughness height, m
PrpL Electric double layer acting pressure, Pa Parameter determining the depth of the
Pu Maximum Hertz contact pressure, Pa potential well, ]
Prya Hydration acting pressure, Pa i Debye length, m
Phydo Hydration constant of different lubricant, Pa Hydration decay constant, m
Poaw van der Waals attraction pressure, Pa o Distance at which the interparticle potential
p, Surface pressure, Pa is zero, m
Prep Short-range repulsive contact pressure, Pa ¢ Surface potential, V

found hydration interactions under this nanoconfined
condition [16-18]. Water molecules are firmly adsorbed
onto the interface to form an interface hydration layer
on a hydrophilic surface. When the surfaces adsorb
the hydration layer, they can provide a high pressure
to support an external load [18, 19]. Based on the
surface force appearance, Ma et al. [20] analyzed the
surface force action and friction dissipation form of a
NaCl water solution. Diao and Espinosa-Marzal [21]
performed atomic force microscopy (AFM) test to
measure and analyze the DLVO and hydration
effect considering calcite’s nonclassical Stern layer on
nanoconfined calcite—solution interface. These studies
confirmed that surface forces varied from long-range
van der Waals attraction and electric double layer
forces to short-range strong hydration forces, thereby
affecting the boundary lubrication contact behavior
in electrolyte solutions. Li et al. [22] investigated
the lubrication contact characteristics between silica
spheres and substrates of different wettability in an
aqueous solution. The surface force was primarily
the competition between van der Waals attraction
and repulsive hydration interaction. In these studies,
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investigations were primarily based on experiments
to explore the mechanic of the water-based boundary
lubricated contact behavior considering surface force
effects. However, the quantitative determination of
macroscale boundary lubricated contact behavior
such as the contact gaps (or boundary film thickness)
and surface pressure distribution based on surface
forces remains challenging.

Meanwhile, the shear force between the water
molecular layers becomes extremely weak to achieve
excellent lubrication. In water-based liquid lubricated
contact, different surface force interactions directly
affect the macroscale contact behavior, sometime
benefitting for achieving ultralow friction lubrication.
Therefore, water-based liquid superlubricity systems
have garnered considerable attention [23, 24]. Based
on experiments, researchers discovered that a boundary
thin film was present when superlubricity is reached
as water molecules adsorbed on the two friction surfaces
under water-based liquid lubricated point contact after
running-in [25, 26]. During running-in of steel/steel
friction pairs sliding contact, Ge et al. [27] pointed
out that the tribochemical layers, ordered layers, and
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a fluid layer were formed during the superlubricity
periods. The relatively soft tribochemical layer helps
to reduce the contact pressure after running-in, which
attributing to reduce the friction coefficient. Moreover,
the interface adsorption can form an ordered lubricated
film with molecular orientation on the solid-liquid
interface. Liang et al. [28] discovered that the lubrication
state may transit into thin film lubrication at high
speeds under severe starvation. They thought that
the possible mechanism is that the high-speed flow
prompts the rearrangement of lubricant molecules at
the interface to form an ordered lubricating film.
Relevant experiments confirmed this hypothesized
mechanism of orderly arrangement lubricant that
enhances the film-forming ability and reduces the
friction coefficient [29]. So, it can be summarized that
the ordered layers on interface enhances the surface
force effects, which provide strong carrying capacity
to benefit for the realization of ultralow friction under
boundary lubrication. Han et al. [30, 31] proved that
macroscale liquid superlubricity of point contact
can be realized through the boundary hydration
effect generated in different salt ion solutions after
running-in. Li et al. [32] introduced hydrated salt
ions into a polymerized aqueous solution to achieve
liquid superlubricity under a high pressure via the
synergistic effect of the hydrodynamic effect and
boundary hydration effect. Although great progress
has been made in the study of water-base boundary
lubrication with ultra-low friction based on surface
force by experiment approach, there are still some
shortcomings in the analysis of numerical theoretical
model. A few researchers [15, 33, 34] analyzed the
contribution of surface force effects to thin film
lubrication based on the modified Reynolds equation
coupling surface force action to investigate ultralow
friction liquid lubrication. However, the quantitative
analysis of the carrying capacity of the surface
force effects to achieve liquid superlubricity is less
studied. To bridge this gap between experiment and
theoretical model, this study attempts to propose a
numerical model of water-based boundary lubrication
based on surface force effects in point contact, to
investigate the mechanism of water-based liquid
superlubricity, especially the hydration force effect.
Herein, a universal equation for surface force
interaction is proposed for a water-based boundary

lubrication contact problem. Subsequently, a macroscale
water-based boundary lubrication model based on
the surface force effects is established in point contact.
Then, the numerical calculation procedure for this
model is provided. Finally, the effect of hydration on
the surface force distribution, the characteristic curves
of normal load vs. central film thickness, and the
macroscale boundary lubricated contact behavior based
on surface force in roughness surface point contact
are analyzed. This mechanical model can provide
insights into the macroscopic water-based boundary
lubricated contact behaviors with the molecular
interaction at the nanoscale. Furthermore, the mechanics
of water-based liquid boundary lubricated contact
behavior is revealed, which can provide an effective
numerical analysis method and theoretical guidance
for water-based boundary lubrication performance.

2 Boundary lubricated contact model based
on surface force effects

2.1 Surface force effects

The charged solid surface can selectively adsorb ions
with opposite charges in the polar solution, most
notably ions in water. Ions with the same charge are
repelled from the outer layer, thereby yielding charge
balance and forming electric double layer electrostatic
interactions at the solid-liquid interface. According
to electrostatic interaction theory, the pressure exerting
on an electric double layer can be expressed as

Eq. (1) [8]:
PeoL (X, Y¥)=Pepr, tan h* (ze(p/4kT)e*Kh(x,y) )

where p.,, =64kTp_, k is the Boltzmann constant,
T is the absolute temperature, p, is the molecular
number density, Z is the valency of the ion, e is the
number of charges (1.602 x 10" C), ¢ is the surface
potential (V), x is the Debye parameter, and h(x,y)
is the contact gap or boundary film thickness.

As contact gap decreases down molecular scale,
water molecules are tightly bound to ions or ionized
surfaces in an aqueous medium, thereby resulting in
the formation of a hydration layer on the solid-liquid
interface. The effect of the hydration layer can
generate a high repulsion pressure when the two
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surfaces are in the subnanometer scale (approximately
1 nm distance). Several researchers have proposed
an average exponential function to represent the
interfacial hydration pressure action, as Eq. (2)
[16, 17]:

Paya (x,y) _ thdoe—h(x,y)/% (2)

where p, ,, is the hydration constant and 4, is the
hydration decay constant. Through Egs. (1) and (2),
both the electric double layer and hydration forces
decay based on an exponential function, and their
most influencing factor is their interaction distance.

Meanwhile, the solid surface exhibits a van der
Waals attraction force and a short-range repulsive
contact force. The van der Waals attraction force
originates from the material’s inherent polarization,
whereas the repulsive contact force originates from
the overlapping of electron clouds when the molecular
spacing is small. These two forces generally appear in
the interaction contact surface region. In general, the
Lennard-Jones (L-J) potential energy between two
atoms can be expressed as

. o '12_ o 6
w(h(x/y))“l{(h(x,y)J (h(x,y)] ] Y

where ¢ is the depth of the potential well, and o is

the distance at which the interparticle potential is
zero.

The potential energy of the L-J surface action can
be used to deduce the van der Waals attraction and
repulsive pressure at any point on the surface [35, 36].
Hence, the formula for the van der Waals attraction
pressure can be obtained as Eq. (4):

AH lO ’
P ) = [ h(x,y)j @

The short-range repulsive pressure is expressed as

AH lO ’
P )= 2l [ h(x,y)) ®)

where A, is the Hamaker constant and [, is the

equilibrium distance between the surfaces. According
to Ref. [36], Egs. (4) and (5) can also be described
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via the surface adsorption energy, which can be
characterized by the surface wettability, which is
expressed as

_ 8Ay lo ’

Poae 57 = 31, (l’l(x,y)] ©
_8Ay[ ’

e (¥:Y) = 31, (h(x,y)] 7

Here, Ay is the energy of adhesion expressed as
Ay=y,+y,-r, and y, , v, , 7, are the surface
energies of the two bodies and their interface,
respectively. Surface wettability can be changed by
modifying the physical and chemical properties of
the surface.

Figure 1 shows an illustration of the interaction
surface force between two surfaces under an aqueous
lubricated point contact. In this study, the water-
based solid-liquid surface force effects are primarily
considered, including the hydration force, electric
double layer effect, van der Waals attraction force, and
repulsive contact force between the contact surfaces.
Those surface forces have their interaction distance.
The van der Walls attraction with weak interaction
usually exists between any two surfaces. With the
separation gap decreased, the EDL and hydration
force play a leading role since they have different
characteristic distance, respectively. Hydration has
shorter interaction length than the EDL interaction.
Once liquid molecules are squeezed out, the solid
atoms are directly contact caused by the short-range
solid repulsive. Under this condition, it could be

\ -
—— —— —_— m—— —— -

EDL/hydration force

i i Solid repulsive force
P
| 29 29 | J J
BT A BT JﬁJ P
| BARBRR_Y | T e e e e 0 00
S IeTe )ﬂ) JUY | ‘h

Fig.1 Schematic illustration of interaction surface force under

aqueous lubricated point contact.
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considered that the contact would be degraded to the
normal rough surface contact model. Therefore, it can
be assumed that their interactions are independent of
each other, they can be added to each interaction
distance. The surface pressure can be expressed as

P (X, Y) = Prya (X )+ P (6 W)+ Py (4 Y) 4P, (X, ) (8)

The distribution of the surface force is determined
based on the physical and chemical characteristics of
the contact surface and boundary lubricant molecular
structure. For different situations, if only the surface
adhesion contact is considered, then the surface
pressure is composed of the van der Waals force and

short-range repulsive force based on the L-J potential.

Subsequently, Eq. (8) can be simplified expressed as
Po(X,Y) = Poaw (X, Y) + P, (X, ) )

In the microscopic interaction between colloids or
nanoparticles, the interaction force between two
surfaces is primarily comprised of the van der Waals
attraction and electric double layer interactions, which
is the classic DLVO theory. Hence, Eq. (8) can be
written as

ps(x'y) = pvdw(x’y)+pEDL(xly) (10)

By compared between Egs. (9) and (10), it can be
inferred that Eq. (8) is more universal for describing
the surface force interaction and can account for a
wider range between the contact surfaces.

2.2 Boundary lubricated point contact

In the macroscale contact profile between the worn
ball and plane substrate, as shown in Fig. 2, it can be
equivalent to the contact between the elastic ball and
rigid plane. The surface contact gap is also defined as
the boundary lubricated film thickness between the
contact surfaces. The boundary film thickness can be
expressed as

h(x,y)=hy +h,(x,y)+u(x,y)+06 (11)

where h; is the rigid gap, h (x,y) is the spherical
geometric profile shape considering that the surface
contact profiles can be changed after running-in, J is
the comprehensive surface roughness of the contact
surface, and u(x,y) is the surface elastic normal
deformation. The composite elastic normal deformation
of the two surfaces u(x,y) due to surface pressure
p,(x,y) over the region (2. can be determined by the
Boussinesq integral formula is expressed as

p(x" )

dx'dy’  (12)
XY +(y-y)

2
u(x,y) = EUQC Jor-

where E is the effective elastic modulus of two contact
homogeneous material.

Owing to the running-in wear under the ball-disk
sliding contact, the geometric shape of the spherical
surface will be changed, as shown in Fig. 2. Based on
the contact geometry after running-in wear and the
Hertz contact theory, the following geometry equations

Worn region

Fig.2 Contact profile geometry considered during running-in.
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are proposed:

R—{R* = (x* +y%) X +yt>a)’

i, (x,y)= _[p2 .2 2 2 2 2
R, —yR; —(x*+y*)+h, x*+y’<a,

(13)

where R is the radius of the ball, R, is the curvature
radius of the worn spherical surface, h, is determined
by the geometric relationship: h, =\R*-a* -
JR*-a?+R-R, and a, is the radius of circular
worn region on the ball surface and a, should be
greater than or equal to the Hertz contact radius a.
According to the Hertz contact theory, the equivalent
radius of the surface after running-in can be obtained:
R - 2aw3E'

° 3F

Because the applied load F is constant, the balance

equation of the contact surface pressure and load can
be determined as Eq. (14):

F = [[p,(x,y)dxdy (14)

Based on Egs. (8), (11), and (14), the established
numerical model can be considered as a combination
of the microscopic effect of lubricant molecules on the
lubricated surfaces and the macroscale point contact
between two surfaces with water-based lubricant.
This numerical model can be extended to obtain
the boundary lubricated film thickness and surface
pressure under different conditions, such as oil-based
lubricant.

2.3 Numerical calculation process

To facilitate the calculation process, the main control
equations are first normalized. The following

y

. . . X
dimensionless parameters are defined: X =—, Y=+,
a a

hR . .
H=—-, and P= Pe (considering the macroscale
a

pH
contact analysis), where a is the Hertz contact radius
and p,, is the maximum Hertz contact pressure in
point contact. The calculation region is determined
based on the operating conditions, and the grid nodes
are partitioned into 256 x 256 square elements. Using
these dimensionless parameters, all equations of the
surface acting pressure, lubricated contact gap, and
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load balance are deduced as dimensionless equations.
Finally, the dimensionless equations are discretized
for the numerical calculation.

The programming calculation for this model is
performed in MATLAB. In the calculation, the initial
value of the contact pressure directly impacts the
convergence of the calculation and the improper initial
value could lead to the failure of the calculation.
Hence, based on the contact surface profile, the
conjugate gradient method (CGM) and discrete
convolution—fast Fourier transform (DC-FFT) method
are adopted to solve the elastic contact problem
to obtain the initial surface pressure [37, 38]. The
calculation has been proven to be convergent for
smooth and rough surface contact problem solution.
The contact pressures obtained via the CGM and
DC-FFT are applied as the initial surface pressures.
After that it enters the iterative calculation, the elastic
deformation is calculated by means of DC-FFT method
and contact gap (boundary film thickness) could been
then obtained. Subsequently, Using the surface force
equation to get the new surface pressure, a relaxation
iteration method is used to determine final surface
pressure. Then, check whether convergence conditions
of load balance and surface pressure are satisfied.
In the calculation, the load balance and pressure

W-F
convergence conditions are both set as % <1.0x107°

Nx Ny r f
+1
2 ‘,z ,Ipij _szl
i=1 j=1
Nx Ny
Zpi;‘

i=1 j=1

and <1.0x107%, where W is calculated

normal load in the each iterative. If the load balance
and pressure convergence condition are not satisfied,
the calculation enters into the next iteration. The
contact gap is adjusted by increasing or decreasing the
thickness AH . The pressure distribution is re-calculated
and then check the convergence conditions again.
The calculation is terminated when the convergence
conditions are satisfied. The contact gap (boundary
lubricated film thickness) and surface pressure
distribution under different conditions are output.
The flowchart of the proposed numerical solution is
shown in Fig. 3.

It is noteworthy that for the calculation, the
relaxation factor selection is determined based on
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< Input parmaters )

v

Set rigid gap Hy; the surface
topography; material property; etc.

Calculation the contact pressure using
CGM and DC-FFT

v

Calculation the displacement using DC=FFT]
get boundary contact thickness

v

Calculation the surface pressure based
surface force effect

Update gap AH +
A Relaxation surface pressure
p: - p:]d +w(p:ew_p:]d)
v
N Check whether convergence criteria of
load balance and surface pressure is
satisfied?

v Y

Output the contact thickness and surface pressure |

End

Fig.3 Flowchart of the numerical calculation for this model.

the operating conditions, which would affect the
convergence procedure, particularly when the contact
gap is less than the equilibrium distance I,. Because
the contact pressure of the solid surface contact can
change significantly under this situation, the calculation
will fail to converge. Therefore, a lower relaxation
coefficient ranging from 0.01 to 0.0001 is recommended
in different cases to ensure calculation convergence.

3 Results and discussion

3.1 Surface force distribution characteristics

Initially, the surface force distribution characteristics
are emphasized in the numerical investigation. To
select the surface force parameters, the parameters
of the electric double layer are set as follows: p, , =
15.9x10° Pa, Debye length x' =1.36nm, electric
potential ¢ =70 mV, and Hamaker constant A, =
—2x107 J; meanwhile, the equilibrium distance of the
solid surface is set as [;=0.2 nm. These parameters
will be used in all examples discussed below. The
hydration force parameter is set as p, 4 = 1.00x10° -

0.10x10° Pa, and the decay length of hydration is
changed from 0.2 to 0.5 nm. All those parameters
are cited from the Refs. [8, 20]. Figure 4 shows the
curve distribution of different interaction pressures
and distances. Figure 4(a) shows the surface force
distribution under the action of the L-J potential energy,
i.e., the classical surface adhesion interaction pressure
distribution. The contact behavior can be analyzed
based on adhesion contact [39, 40]. For water-based
lubricated contact, the form of surface force effect
function is shown in Eq. (8), and the curves shown in
Figs. 4(b) and 4(c) can be obtained by substituting
parameter values.

Figure 4(b) shows the curve of interaction pressure
vs. separation distance for various values of hydration
capacity, and the hydration decay length is 0.2 nm.
Under a large gap (= 2 nm), the water molecules are
weakly restricted, and the freedom of the water
molecules is high, which decreased the interaction
pressure between two surfaces. The surface force is
combined with the static electric double layer and
the van der Waals effect as the royal blue dash line
shown in Fig. 4(b). It can be discovered that the electric
double layer interaction distance is relatively large,
but its interaction ability is inferior relative to the
hydration effect. As the contact distance is decreased
from 2.0 to 0.4 nm, the surface interaction pressure
range is increased from several megapascal to hundreds
of megapascal as the purple dash line shown in Fig. 4(b).
The hydration interaction plays a dominant role that
can support high pressure at molecular scale. While
the hydration capacity decreased as p,4=0.10 GPa,
the hydration repulsive pressure is extremely weak,
and the maximum pressure is only approximately
several megapascal. It can be inferred that under this
surface force interaction, the hydration bearing capacity
is extremely weak. Meanwhile, considering the same
hydration capacity (py,q = 1.00 GPa), the hydration
decay length varied from 0.2 to 0.5 nm. Figure 4(c)
shows the interaction pressure vs. separation distance
for various hydration decay lengths. As the hydration
decay length increased, the distance in which the
hydration pressure is exerted increases significantly.

Finally, when the contact gap is less than 0.2 nm,
the surface pressure increases significantly, even can
exceed several gigapascals. It can be thought that
two surfaces are in contact through the surface solid

www.Springer.com/journal/40544 | Friction
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Fig. 4 (a) Interaction pressure vs. distance based on L-J potential,
(b) effect of hydration ability on surface interaction pressure
distribution (4,=0.2nm) , and (c) effect of decay length on
surface interaction pressure distribution (p, 4= 1.00 GPa).

asperities under this state, that means it degrades
to the normal contact. Based on this analysis, it can
be inferred that the proposed Eq. (8) of surface force
interaction involves multi surface force effects from
solid repulsion, hydration interaction, and the electric
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double layer to the van der Waals effect. Hence, the
analysis provides valuable insights for macroscale
contact modeling.

3.2 Boundary lubrication contact behavior under
surface force interaction

The surface force apparatus can be applied to measure
the surface force interaction between atomically smooth
mica surfaces of two crossed cylinders. According to
Hertzian mechanics theory, the contact of a sphere
ball over an elastic half-space plane with a boundary
lubricated film is equivalent to the contact between
two crossed cylinders. The proposed model is applied
to investigate the contact behavior of the surface
interactions. The contact radius is 1 cm, the equivalent
elastic modulus is E = 60 GPa, that is determined by
using mica as a contact material, and the surface force
is set based on the parameters presented in Section 3.1;
meanwhile, the hydration effect is set based on
Pryao=1.00 GPa and 4,=0.2 nm. Subsequently, the
boundary lubricated film thickness and surface
pressure distribution between two surfaces are
calculated.

Figure 5 shows the boundary lubricated film
thickness and surface pressure distribution under
different loads on the y axis. According to the thickness
distribution of the boundary lubrication, both the
electric double layer and van der Waals force serve as a
primary function of supporting under a relative low
normal load. Under this condition, the boundary film
is thicker and the contact surface profile is almost
not deformed because of the low surface pressure.
There is obviously no finite contact radius under low
normal load as shown in Fig. 5(a). With the load
increases, the boundary film thickness is gradually
decreased. Contact surface deformation intensified
and the contact region flattened as the increase of
surface pressure. the hydration interaction gradually
plays contributions to support the normal load. On
the other hand, the pressure distribution is relatively
wider than that the classical Hertz contact area, and
differs from the classical Hertz contact pressure
distribution under the low normal load as shown
by the dotted line in Fig. 5(b). It can be clearly found
that the maximal pressure is smaller than the maximal
Hertz contact pressure and the pressure distribution
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Fig.5 (a) Boundary lubricated film thickness and (b) surface
pressure under different loads.

region is become larger as for the surface force
interaction. Once the normal load continues to
increase, the boundary lubrication film thickness
thins down to approximately 2 nm. Subsequently,
the hydration effect becomes particularly important
for supporting the applied normal load. When
the normal load is 10 mN, the boundary lubricated
thickness is mostly less than 1 nm, the surface
pressure is almost contributed by hydration interaction.
It can also be observed that the hydration pressure
distribution of the interface is similar to the pressure
distribution of the elastic Hertz point contact under
high normal load, and the maximum surface pressure
is 25.31 MPa, that is marginally less than the maximal
Hertz contact pressure 25.92 MPa.

Figure 6 shows the curve of normal forces vs. the
boundary film thickness at the surface center across
several aqueous solutions. It is discovered that the

101
10° 4 T T T T T T T T T 3
—Phyao= 1.0 GPa
—Phyao= 0.5 GPa
105 i _phyd0= 0.3 GPa i
Ma. experiment data [20]
+ Ma. experiment data [20]

10% 4

10% 4

Normal force/Radius, F/R (uN/m)

Central film thickness / (nm)

Fig. 6 Curve of applied normal force F/R vs. central film
thickness.

normal force vs. film thickness curves calculated using
the present method is very similar to the experiment
results presented in Ref. [20]. This verifies the validity
of the established model and the numerical algorithm.
The normal load is supported by the electric double
layer and van der Waals effect under the long-range
interaction. As the boundary film thickness decreases
to 1 nm, the normal bearing capacity increases
significantly via the hydration effect. When the
hydration constant decreases from 1.0 to 0.3 GPa, it
can be inferred that the hydration capacity reduces,
and the central film thickness between two surfaces is
getting closer under larger normal forces. Therefore,
surface modification can be applied to enhance surface
hydrophilic adsorption, such as that polymer molecules
can be introduced to enhance the capability of surface
hydration ability so that the contact film thickness
in the contact area can be increased and an effective
boundary lubricated layer is formed [41].

These results show that the proposed model can
be effectively applied to quantitatively analyze the
water-based liquid boundary lubricated contact
behavior based on surface force effects. Furthermore,
if the surface force interaction can be obtained under
oil-based boundary lubrication experimentally, then
the Eq. (8) can be modified, and the proposed model
can be extended to oil-based boundary lubrication
contacts to determine the contact boundary film
thickness and pressure accurately, which will be
following research work to carry out.

www.Springer.com/journal/40544 | Friction



102

Friction 11(1): 93-108 (2023)

3.3 Macroscale water-based boundary lubricated
contact behavior

In this section, macroscale boundary lubricated contacts
based on the surface force effect are analyzed.
Furthermore, the ultralow friction lubrication state is
explained based on hydration lubrication. The input
parameters in this example are that: An applied
load is 3 N, the comprehensive elastic modulus is
set as 250 GPa, and the sphere radius is 2 and 8 mm,
respectively. The surface force action parameters are
set based on Section 3.2. To quantitatively analyze the
contact load capacity, the load-bearing ratio is defined

[[, p(x,y)dxdy

asy, ="—————
F

of the load supported by the asperity contact in the

total load. When the contact gap is less than 0.2 nm, it
is considered as the rough asperities contact between

, which reflects the proportion

solid surfaces, that p.is defined as asperity contact
pressure.

The rough surface topography is assumed to be a
Gaussian height distribution, which is generated by
two-dimensional digital filtering technology [42], as
shown in Fig. 7. Readers are referred to Ref. [42] for
further details. The root mean square of surface heights
(rms) is changed from 3 to 9 nm. Subsequently, the
surface roughness height data can be used in Eq. (11)
to consider the effect of roughness on the contact
behavior.

' <10°% (m)

x/a

Fig. 7 Gaussian random rough surface generation (rms = 3 nm,

:sz ﬂy = %451 )

Figure 8 shows the distribution of the boundary
lubricated contact film thickness and pressure before
and after running-in based on the cross section of y =
0 for a sphere radius of 2 mm (F =3 N, E = 250 GPa,
and rms = 3 nm). The Hertz contact radius is a =
33.02 um, and the maximum pressure can reach py =
1.31 GPa. The radius of circular worn region on
the ball a,, is 1.60a = 52.83 um after running-in. It is
observed that the minimum contact gap in the whole
region is 0.15 nm, and the rough asperities in the
contact area flattened under high pressure before
running-in. The applied load is supported by the
atoms between the solid surfaces in the contact area.
As the running-in wear area increases, the pressure
in the contact area decreases significantly, but the
pressure in the contact area is primarily borne by
the rough peak and hydration pressure. It can be
determined via calculation that the load bearing ratio

—r—o :
Before running-in
—— After running-in

)
)
N
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Fig. 8 (a) Boundary lubricated film thickness and (b) surface
pressure before and after running-in (R =2 mm).
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of the asperity contact before running-in is y, = 92.6%,
whereas the load bearing ratio of the asperity contact
after running-in is y_=34.8% . Under this condition,
the contact pressures of the rough peak still exist and
support the normal load partially. It is speculated
that the friction force in the lubricated contact area
will be reduced after running-in, but it remains
relatively high.

Figure 9 shows the distribution of the boundary
lubricated contact film thickness and pressure before
and after running-in based on the cross section of y =
0 for a sphere radius of 8 mm (F =3 N, E = 250 GPa,
and rms = 3 nm). According to the Hertz contact
theory, it is calculated that the Hertz contact region
radius a is 52.42 pm, and the maximum contact
pressure py is 521.38 MPa. Before running-in, owing
to the rough peak, the contact pressure exceeds
600 MPa, and the gap at the center of the contact area

(a) 5 T T T T T T T
Before running-in
— After running-in

4 4

0 .
-100 -75

50 25 0 25 50 75 100
x (pm)

(b)2.0 . ; . . . ; ,
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1.8 —— After running-in ||

1.6+ 1
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0.4 1
0.2 1

0.0 1
-100 -75

Boundary lubricated film thickness /2 (nm)

Surface pressure p (GPa)

T T T T

50 25 0 25 50 75 100
x (um)

Fig. 9 (a) Boundary lubricated film thickness and (b) surface
pressure before and after running-in (R = 8 mm).

is 0.17 nm. The abovementioned pressure can be
regarded as the solid atom repulsive contact pressure,
and hydration boundary lubrication could not be
formed. After running-in is performed, the radius
of circular worn region on the ball a, is set 1.60a =
83.86 um, the average pressure is approximately
100 MPa, and the gap in the contact center area exceeds
0.30 nm; this implies that a few solid rough peak
contacts appeared. By comparing the load-bearing
ratios of y =24.7% and y,=0.4% before and after
running-in, respectively, it can be discovered that
the hydrated film on the boundary lubrication area is
formed at this condition. In this state, it is beneficial
to realize an ultralow friction coefficient of hydration
boundary lubrication.

During running-in, the newly generated surface
roughness affects the lubricated-boundary contact
behavior. The calculation parameters are as follows:
Ball radius of 8 mm, applied load of 3 N, elastic
modulus of 250 GPa, and the radius of circular worn
region on the ball after running-in a,, = 83.86 pm. The
surface roughness rms is set as 3, 6, and 9 nm,
respectively. Figure 10 shows the effect of surface
roughness on the boundary lubricated film thickness
and surface pressure distribution on the y axis. The
increasing of roughness resulted in more asperity
contacts, and surface contact pressure is increased.
Figure 11 shows boundary lubricated film thickness
and surface pressure distribution for rough ball of
different roughness in the contact region. it can be
also easily found that the surface force effect can
be reduced with the roughness increased. It can be
calculated that the load-bearing ratio y, of the
asperity contact increased from 0.4% to 14.3% to 37.7%
with the roughness rms increased. In other words,
the lubricated film thickness can increase with the
roughness rms decreased. Therefore, it can be inferred
that during running-in, the surface roughness directly
affects the boundary lubricated contact behavior. The
newly generated surface roughness is expected to be
effectively reduced during running-in such that a
hydration layer can be formed to support the load.

Furthermore, as a tribomechanical chemical reaction
occurs during running-in, particularly in ceramic
materials, a new reaction film is generated in the
contact region. Consequently, the mechanical properties
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Fig. 11  Surface pressure and lubricated-boundary film thickness for rough ball of different roughness.

of the reaction film can be changed. In this part, the
effect of the elastic modulus of the contact material
on the boundary-lubricated contact behavior is
investigated. The effective elastic modulus of contact
system E is set as 250, 175, and 100 GPa (F=3 N, rms =
3 nm, R = 8 mm), respectively. It can be calculated
that Hertz contact radius a is 52.415, 59.03, and
71.11 pm, correspondingly. All of the radius of circular
worn region on the ball after running-in a,, are set the

it % £ 4wt

Tsinghua University Press

same value as 83.86 um. Figure 12 shows the effect of
effective elastic modulus on the boundary lubricated
film thickness and pressure distribution on the y axis.
It can be observed that the effective elastic modulus
of the contact pair reduced, resulting in a reduced
contact pressure. As the boundary lubricated film
thickness increased, the surface force effect resulted in
the formation of an effective boundary lubricated film.
It is beneficial to improve the lubrication performance
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based on a relatively low elastic modulus.

The above results (the effects of contact surface,
surface roughness, and material elastic modulus on
the film thickness and surface pressure of water-based
boundary lubrication) indicate that the water-based
liquid lubrication mechanism resulted in an ultralow
friction during running-in combined with relevant
experimental literatures [22, 31, 32]. Prior to running-in,
the contact pressure is relatively high under the
ball-disk contact. The water-based lubricant medium
doesn't support the load to form a boundary lubricated
film. The surface pressure is primarily generated by
rough surface asperities in the lubricated contact area.
During running-in, the contact area increases, while
the contact pressure can be decreased. The surface
pressures can be mainly supported by surface force
effects, especially hydration effect. Hence, a thicker
boundary lubrication film is obtained compared with

that prior to running-in. Water molecules easily enters
the contact area to form an effective lubricated water
film. Simultaneously, a tribochemical reaction is occurred
during running-in, and a new tribochemical reaction
film is generated on the contact surface, e.g., the silicon
dioxide reaction layer, thereby reducing the equivalent
elastic modulus of the contact area. The new reaction
layer can further reduce the pressure in the contact
area. Based on the characteristics of hydration
lubrication, the shearing force is extremely weak,
which is beneficial for achieving ultralow friction
lubrication and excellent lubrication performance.
Therefore, to achieve water-based liquid superlubricity,
the contact pressure should be within the carrying
capacity of surface force effects (hydration effect and
electric double layer).

4 Conclusions

A model for analyzing the water-based boundary
lubricated contact based on surface force effects is
proposed herein. The model enabled a deterministic
analysis of the boundary lubricated contact behavior
of smooth and rough surfaces. Based on the results
and discussion, the following conclusions can be
obtained:

1) Considering surface force effects, a water-based
boundary lubricated contact mechanical model is
established and can be used to deterministically analyze
water-based boundary lubricated contact behaviors
of different scales.

2) Under different gaps, the surface force interacting
with the solid-liquid interfacial effect can result in
different bearing load capabilities. Surface force
interaction distribution is directly affected through
regulating the hydration effect.

3) In the soft material ball contact on the smooth
plane, the electric double layer and van der Waals
force effects can be supported the relatively low
normal load with a long contact gap, whereas the high
normal load is supported by the hydration effect, and
the contact gap is in the molecular scale.

4) The contact radius, surface roughness, and contact
material properties significantly influence the boundary
lubricated contact behavior based on the surface force
effects. The contact area can be increased, whereas
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the surface roughness and elastic modulus of the
surface material are decreased during running-in;
consequently, the contact pressure can be gradually
decreased and boundary lubricated film can be formed
at the same time. When the contact pressure is
equivalent to the interaction range of the hydration
surface force, a hydrated film can be formed in the
entire contact area. According to the characteristics
of the hydrated film, liquid superlubricity can be
ultimately realized.
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