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In this study, we propose a numerical model to investigate the contact and friction
behaviors of hydration-lubricated contact in an aqueous solution confined in a gap of
several molecular diameters. A force—distance curve was obtained under different surface
forces, and friction behavior was determined using the modified Eyring thermal activation
model. The results showed that the normal boundary contact pressure and contact gaps
were obtained using the proposed numerical model. In addition, friction force increased
with the logarithm of sliding velocity. Hence, the Eyring model could predict the friction
behavior of hydration lubrication. Moreover, it could capture the underlying physical
principles of the contact and friction behaviors of hydration lubrication.

Keywords: hydration lubricated contact, surface force, friction behaviors, Eyring model, liquid thin film, numerical
model

INTRODUCTION

In nanofilm lubrication, where film thickness is in the range of a few nanometers, the physical, and
chemical properties of surfaces strongly affect the friction behavior of liquid thin films, particularly
of aqueous liquids. The hydration water layer is a particular form of water molecules tightly bound
to ionic or hydrophilic surfaces (Kim et al., 2013, 2015). It plays an important role in specific fields,
such as biolubrication (Hansen et al., 2013), hydration polymer brushes (Raviv et al., 2003; Chen
et al., 2009), and nanofriction.

In the past few decades, numerous studies have investigated the physical processes of
nanoscale thin film lubrication (TFL). The improvement of modern measurement techniques
has considerably facilitated the study of TFL with aqueous liquids. The surface force apparatus
(SFA) and atomic force microscopy (AFM) have significantly improved understanding of the
tribological behavior of thin films by providing techniques for measurement of nanoscale liquid
film thickness and normal and tangential forces. Jadhao and Robbins (2017), Israelachvili and
Pashley (1983), Israelachvili and Wennerstroem (1990), and Israelachvili and Wennerstrom (1996)
measured the short-range hydration repulsive force in water containing ionic or polar species. They
found that a water film separates contacting surfaces, and it is not completely squeezed out even
under high pressures. Additionally, they resolved several contradictions and findings that were
inconsistent with hydration models. Horn et al. (2006) and Manica et al. (2008) investigated the
dynamic forces maintaining relative separation between two deformable droplets. They reported
that hydrodynamic and disjoining pressures strongly influence the deformation of droplets. Raviv
and Klein (2002) measured the shear forces between solid surfaces sliding in aqueous salt solutions.
They found strong repulsive hydration forces in these systems. Ma et al. (2015) used surface force
balance to study the hydration lubrication between atomically smooth charged surfaces and found
viscous losses. Diao and Espinosa-Marzal (2018) used AFM to investigate the role of water in
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fault lubrication. They found that a lubricating film remains
confined under high pressure and friction is significantly reduced
at low sliding velocities. Experimental techniques have shown
that the thickness of a water film is in the nanometer range.
Additionally, the film is stabilized by the hydration repulsion
between hydrophilic surfaces rather than by hydrodynamic
lift forces. In nanoconfined water, surface interactions consist
of long-range van der Waals attraction, short-range repulsion
due to hydration force, and electrostatic repulsion with an
intermediate action range (longer than that of hydration
repulsion but shorter than that of van der Waals attraction).
These repulsive forces are effective for achieving negative
adhesion (Popov, 2020).

The above literature review shows that numerous studies
have experimentally examined hydration-lubricated contact.
However, there is no effective numerical model that describes
the hydration contact characteristics and energy dissipation
during sliding. The main experimental difficulty remains
the determination of separation of surfaces under hydration
repulsion because AFM experiments cannot provide accurate
information about surface separation and the shear rate. In this
study, we propose a numerical model for the boundary friction
due to hydration lubrication. This numerical model may provide
a promising method for further improvement of investigation of
hydration lubrication.

GOVERNING EQUATIONS

Contact Theory Considering Hydration
Effect

There are four interacting surface forces based on the interaction
range: electrical double layer (EDL) force, hydration force, van
der Waals force, and the repulsive force between two solid
hydrophilic surfaces under nanoscale separation. Derjaguin and
Landau (1941) firstly proposed the theory that surface force
is the sum of EDL force and van der Waals force under
long-distance interaction. Later, this theory was independently
proposed by Verwey and Overbeek, and it is known as the
Derjaguin-Landau-Vervey-Overbeek (DLVO) theory [also refer
to Israelachvili (2011)]. The DLVO theory can be applied to
accurately describe long-distance interaction forces in correlated
systems. In contrast with the DLVO force, hydration repulsive
force decays exponentially in the subnanometer range. Hydration
repulsive force has a significant effect at subnanometer distances,
and it decreases rapidly with surface separation. Therefore,
different surface forces can prevail depending on the thickness
of the thin film of an aqueous solution.

Based on the Lifshitz-Hamaker approach (Lifshitz,
1956; Israelachvili, 2011), van der Waals interaction and
repulsive contact interaction can be obtained as the Derjaguin
approximation by the integration of the Lennard-Jones
interatomic potential. The contribution of van der Waals
attractive interaction to overall disjoining pressure can be
expressed as

Ag

_6n'h(x,y)3 )

pvaw(h) =

The integration of the repulsive part of the Lennard-Jones
potential yields

Anly®

907 h(x, y)9 @

Prep (x, )’):

where Ay is the Hamaker constant of a material, [y is the
equilibrium separation when the interatomic force between two
molecules is zero (Yu and Polycarpou, 2004), and h(x, y) is the
separation of contact surfaces.

Typically, two similarly charged surfaces electrostatically
repel each other in a solution. However, they may interact at
small separations of several molecular diameters under certain
conditions. The EDL interactions of ionic aqueous liquids can be
expressed as follows:

pepL(h)=peprotanh®(zegq /4kT e <" 3)

where pepro is the initial EDL pressure defined by prpro =
64kTpso[M], k is the Boltzmann constant, T is the absolute
temperature, po is the concentration of alkali metal ions, ¢
is the electrostatic potential at the midplane, and «~! is the
Debye length.

When two hydrophilic surfaces or particles approach each
other up to a distance of a few nanometers, water is arranged in an
ordered manner in the vicinity of the surfaces. This structure can
generate an effective repulsive force to support the external load
between the surfaces. Hydration repulsive force (also referred
to as non-DLVO force) becomes extremely strong in the short
range. Hydration repulsive pressure can be described as a simple
exponential expression (Faraudo and Bresme, 2005).

Phyd(%,¥) = phydoe ")/ @

where phyqo is the initial constant hydration pressure and 29 is
the characteristic decay length of hydration.

As analyzed above, the local distribution of the total contact
pressure between two contact surfaces has four terms, namely,
hydration pressure, EDL pressure, van der Waals attractive
pressure, and repulsive contact pressure.

Psf (%, ¥)=Phyd (%, ¥) + PEDL(X, ¥) + pyaw (%, ¥) + Prep(x, ) (5)

This study investigates the contact between an elastic sphere with
radius R and a smooth flat surface, as shown in Figure 1. The
contact profile under load can be expressed as

x2+2

2R

h(x,y) = ho + + u(x,y) (6)

where hyg is the initial gap of contact surfaces and u(x, y) is the
elastic deformation of the contact region. The elastic deformation
can be calculated using the Boussinesq integral (Johnson, 1987) as

_ 2 psf(x/’y/)
8(3@)/) - TE //SZL \/(x_
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dxdy 7)
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FIGURE 1 | Hydration-lubricated contact and its rupture under increasing load.

Thin film rupture

where E’ is the effective elastic modulus of contacting bodies,
% = %(% + %) with Ej, E;being the Young modulus, and
v1, V2 the Poisson’s ratio of two contacting bodies, respectively.

The total external force balanced with the surface pressure on
the contact region is given by,

F= / f pyr(x, y)dxdy (8)

Friction Evaluation Based on the Eyring
Model

If contact surfaces are subjected to relative tangential
displacement, the molecules of a hydration lubrication layer
must be rearranged. This rearrangement is supported by thermal
fluctuations. The Eyring model (Eyring, 1935, 1936) describes the
transition state theory of the reaction rate. It is used to evaluate
and analyze the friction force of hydration-lubricated contact.
The Eyring model assumes that, in the absence of tangential
loading, the heights of the energy barrier for the hopping of
molecules to adjacent positions have the same value (Ep) in
opposite directions; thus, the net flow is zero. The application
of shear force reduces the height of the energy barrier by AE
in the direction of flow and increases it by the same amount in
the opposite direction, as shown in Figure 2. When the fluid is
under shear stress t, the change in the energy barrier can be
approximated as V*r, where V* is an effective stress-activated
volume. The flow rates in the forward and backward directions

FIGURE 2 | Schematics of the shear stress modify the energy barrier in the
hydration confined liquid.

under shear stress are expressed as follows (Spikes, 2018):

vy = yoe~ (AE-VFD)/KT (92)

(AE+V*t)/kT (9b)

vy = voe
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FIGURE 3 | Flow chart of the numerical scheme.
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where vy is the frequency of the attempted rearrangements of a
hydration shell. In laminar flow, the rate of relative molecular
motion to a neighboring layer is given by

- CAEksT oy VT
V= (vf — V) = Voexp smh(kB—T) (10)

It is assumed that the shear strain rate is proportional to the rate
of activated molecular motion. Further, based on the definitions
of the Eyring stress, 7z = kgT/V* , and the Newtonian viscosity,
nN:ZE—ﬁO exp(AE/kgT), the following expression can be obtained
(Jadhao and Robbins, 2017, 2019):

v = 2 sinh(L) (11)
N TE

At a large value of 7/t , sinh(z/tg ) &~ 0.5exp(r/tg ). Taking
logarithms on both sides of Equation 11 and rearranging the
terms, the following equation can be obtained:

= ™) (12)

TE

Experimental investigations suggest that this equation should be
extended by an additional term 7

t(y) =10 + rgln(z’“:—”) (13)
E

where 1 is initial shear stress.

Therefore, when the shear rate is determined, shear stress
can be calculated using Equation 13. The shear force under
hydration-lubricated contact can be expressed as,

f= f/ 7(x, y)dxdy = // TE ln(Zm:—y)d_xdy—i— constant (14)
E

NUMERICAL SCHEME

In the numerical scheme, control equations were discretized
and expressed in the dimensionless form using dimensionless
variables as follows: X = 2, Y = %, H:};—I;, and Psf=%~ Here, a
is the Hertz contact radius, and Py is the Hertz contact pressure.

Surface repulsion force, the contact profile, and load balance

were numerically calculated to determine the contact pressure of
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surface force and the contact separation between the two surfaces.
Elastic deformation was determined by utilizing surface force;
this was the most time-consuming step. The discrete convolution
and fast Fourier transform (DC-FFT) technique (Liu et al,
2000) was used to improve the efliciency of calculating elastic
deformation. The relaxation method was applied to ensure the
robustness of the numerical scheme. The simulated area was five
times larger than the Hertz diameter in the x and y directions. It
was discretized into 257 x 257 nodes. The convergence criteria
for pressure and load were < 107*. The converged solutions
of thickness and pressure distributions were obtained after the
convergence criteria were satisfied. A flow chart of the numerical
scheme is shown in Figure 3.

RESULTS AND DISCUSSION

We obtained important data on hydration capacity from a
previous study (Ma et al., 2015). Then, we analyzed the surface
force of a thin film of a 0.1 mol NaCl water solution using
following parameters: peqip = 15.9 x 10° Pa, k! = 1.36 nm, ¢ =
70 mV, kg = 0.2 nm, ppygo = 1.00 x 10° Pa, Ay = —2x 1072 ],
and [y = 0.3 nm. The plots of interface pressure as a function of
surface separation h were obtained using Equation 5, and they are
shown in Figure 4. It can be observed that hydration repulsive
pressure and EDL pressure have remarkable characteristics in
the short and long ranges. Hydration repulsive pressure has a
significant effect in the range of 0.5-1.5 nm, while EDL pressure
may have a significant effect in the range of 2-5 nm in this
case. Further, for the ultrathin gap, interface pressure increases
rapidly and exceeds 1 GPa when the gap is < 0.3 nm. The sharp
increase in repulsive interaction can be interpreted as a sign of
the “direct contact” of the surfaces that are no longer separated
by a lubricant layer. The pressure-distance curve shows that
hydration pressure and EDL pressure could work synergistically
to separate the contact surface, so the liquid film would be not
squeezed out in contact region to produce beneficial results for
TFL. These repulsive pressures could support external load so
that contact surface would not contact directly.

We simulated hydration-lubricated contact under the
conditions of an experiment performed using the SFA.
Atomically smooth mica surfaces were bent in the form of
two crossed cylinders with a radius of curvature (R) of ~1cm
in salt solutions. The elastic modulus of mica is ~60 GPa
(Israelachvili et al., 2004). The contact profile and surface
pressure were obtained using the numerical model, and they
are shown in Figure 5. The surface contact profile is negligibly
affected by elastic deformation under low contact pressure
mainly caused by the EDL effect. The values of pressure are
< ~2.5 MPa. As contact load increases, contact separation
decreases and becomes < 1 nm when contact load is 10 mN. The
maximum contact pressure is 25 MPa. It can be inferred that the
hydration effect plays a dominant role in contact deformation.
This implies that the hydration effect generates a force to support
external load.

Figure 6 shows normal force as a function of surface
separation under different initial constant hydration pressure

Py

PIEI)I_+P

vdw

E= Pl\ydra

)
[~ ¥
)
o)
2 014
8
&
Q
g 0013
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|
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Surface separation (nm)

FIGURE 4 | Interface pressure due to surface force as a function of surface
separation in confined aqueous solution.

changing from 1GP to 0.3GP. As surface separation decreases,
normal force sharply increases at several molecular diameters.
This implies that hydration load decreases exponentially when
surface separation is < ~1nm. In addition, the surface
separations for the same normal force approach each other as the
hydration effect decreases. The repulsive pressure generated from
the interaction of solid atoms also supports a part of external load.
When the separation distance of surfaces is > 2 nm, the surface
force is mainly caused by EDL force and van der Waals attractive
force to support the external force.

After the separation, h, between contact surfaces is calculated,
the friction force due to the relative tangential motion of
surfaces can be determined. In the following example, the friction
behavior is shown for a load of 1 mN. The initial hydration
pressure is 0.3 GPa. Other parameters remain unchanged. The
minimum separation is 0.63 nm. Based on Figure 6, it can be
inferred that there is hydration-lubricated contact. The effective
stress-activated volume is V* = 2% 10723 m?, and the Newtonian
viscosity of the liquid is 1 mPa s~!. The constant of friction
force is set to 6.5 WN in Equation 14. It should be noted
that the parameters of the Eyring shear force can change in
different contact stages. In this case study, we only applied
the parameters given in Ma et al. (2015). Figure 7 shows the
dependence of friction force on sliding velocity under hydration-
lubricated contact. Friction force increases with the logarithm of
sliding velocity. Energy dissipation predominantly occurs under
hydration-lubricated contact. The maximum friction coefficient
is ~0.003 at a sliding velocity of 3 pm/s. This reveals that, to
achieve ultralow friction movement, it is extremely important
to utilize surface forces such as hydration force and EDL force.
Friction force mainly depends on the Eyring shear forces when
rubbing surfaces are separated by a liquid hydrated structure.
The hydration ions are not squeezed out and remain localized on
charged surface, once the shear force applied on the hydration
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FIGURE 5 | (A) Contact profile and (B) surface pressure distribution under
different loads.

shells reduces the energy barrier, and thereby, promotes the
thermally activated slip (Ma et al.,, 2015; Diao and Espinosa-
Marzal, 2018). Conversely, AFM shows a new regime of ultralow
friction in the transition from stick-slip to continuous sliding
(Socoliuc et al.,, 2004). Based on this phenomenon, in future,
we will consider the coupling of the proposed model with the
Tomlinson model to investigate surface forces and their potential
influence on friction behavior via AFM.

CONCLUSIONS

A numerical model of hydration lubrication was proposed to
evaluate contact and friction behavior at the nanoscale. The
effects of hydration lubrication on contact pressure, surface
profiles, and friction force were discussed. Preliminary numerical

10° 4
Y ] —— P,=1.0GPa
& —— P,;=0.5GPa
£ —— P,=0.3GPa
z 1073
E 4
2
2 ]
IS
& 10*4
[} ]
3 ]
—
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: ]
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=] ]
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b e S B =30 C A8 SR 6 o B O il

Surface separation (nm)

FIGURE 6 | Normal force as a function of surface separation under hydration
contact.

Friction force Fs (uN)

log(v,, nm/s)

FIGURE 7 | Dependence of friction force on sliding velocity in
hydration-lubricated contact under a load of 1 mN.

studies showed that surface forces significantly influenced
boundary lubrication. Friction behavior was determined using
the modified Eyring thermal activation model. It was observed
that friction force increased with the logarithm of sliding
velocity. This model is a preliminary investigation of the
behavior of hydration-lubricated contact. The model may be
further expanded to consider other factors that affect hydration
lubrication, such as surface roughness, interface viscosity, and
the hydrodynamic effect. The proposed numerical model may
provide a new method of investigating hydration-lubricated
contact at the nanoscale considering surface forces. This may be a
key for understanding superlubricity in ultrathin film-lubricated
contact at the nanoscale. One of the limitations of this study is
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that the influence of the atomic corrugation and the roughness
of surfaces were not considered explicitly. In the future work, we
plan to take these factors into account and expand the prediction
of friction under different surface force effect.
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