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ABSTRACT

The forces between surfaces determine the properties of many biological systems. This
makes them an important field of study. Measurements and numerical work of many
researchers showed that in ultrathin lubricating films the net interaction between two
surfaces separated by a polar lubricant involves both the electrostatic double layer force
and the Van der Waals' force and at small separation solvation pressure is aided. In this
work a numerical solution of the Reynolds' equation was developed using Newton-
Raphson technique to obtain the film shape and pressure distribution caused by the
hydrodynamic viscous action in addition to double layer electrostatic force, Van der
Waals' inter-molecular forces and solvation pressure due to inter-surface forces. The
numerical results showed that the effect of changing rolling speed and surface potential
on the formation of ultrathin lubricating film thickness for polar lubricant confined
between two Mica surfaces. The numerical results showed that the film thickness increase
by the increasing the rolling speed and surface potential. The increased value of the film
thickness is due to the effect of double layer electrostatic force. At small separation the
effect of solvation pressure dominates.

Keywords: Ultra-thin films, elastohydrodynamics, solvation, Van der Waals® force,
electrostatic force

NOMENCLATURE
a lubricant molecular diameter = 0.5 nm
A Hamaker constant= 5.51 x 102 Joules
b radius of Hertzian contact region
C constant defined in equation (11) = 172 MPa
D deformation influence coefficient matrix
Eas Young’s modulus of elasticity
E’ reduced modulus of elasticity
G* materials’ parameter, G*=E’a
h lubricant film thickness
H dimensionless film thickness, H=hR/b?
Ho dimensionless central oil film thickness
I dimensionless side leakage boundary distance
m dimensionless inlet distance
Nx,Ny number of computational grid nodes
P total contact pressure
Ph hydrodynamic pressure
Ps solvation pressure due to surfaces’ interaction force
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Pvdw pressure due to molecular van der waals’ force

P dimensionless total contact pressure, P=p/PHer

Ph dimensionless hydrodynamic pressure, Ph=pn/PHer
Prer maximum Hertzian contact pressure

Ps dimensionless solvation pressure, Ps=ps/PHer

Pvdw dimensionless van der waals’ pressure, Pvaw=pPvdw/PHer
N.M number of divisions in x and y direction.

K elliptical ratio

EHL elastohydrodynamic lubrication

R reduced radius of counterformal contact

W normal applied contact load

W* load parameter, W*=w/E R?

XY dimensionless co-ordinates, X=x/b, Y=y/b

u* speed (or rolling viscosity) parameter, U*=u#o/E 'R?
u speed of entraining motion, u= (ua+ug)/2

VA viscosity-pressure index

a pressure of viscosity coefficient

1) total elastic deformation

&é& constants used in Eq. (4)

lubricant dynamic viscosity

atmospheric lubricant dynamic viscosity
poisson’s ratio

under-relaxation factor

lubricant density

atmospheric lubricant density
dimensionless lubricant density, 5 = 5/,

dimensionless lubricant viscosity, 7 = /5,

IYVYT P OIS

Superscripts:

] discrete nodal points in both the X and Y directions
n iteration index

Subscripts:

AB denote the contiguous bodies in contact

kil covariant influence coefficient indices

INTRODUCTION

Oil film with a thickness in the nanoscale has been well studied from the beginning of the
1990s. The multi-subject nature of tribology research was enhanced due to rapid
development of economy and relative technologies. The foundation of
micro/nanotribology is not only a result of the integration of multi-scientific subjects, but
also originates from the understanding that a tribology process can proceed across several
scales. A reduction in the research scale from macro to micro meter is also determined by
the nature of the tribology process itself. In a friction process, for example, the macro
tribology property of sliding surfaces depends closely on micro structure or micro
interactions on the interface. Therefore, Micro/nanotribology provides a new insight and
an innovative research mode. It reveals mechanisms of the friction, wear, and lubrication
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on atomic and molecular scale, or both, and establishes a relationship between the
microstructure and macroscopic performance. This is very important for the further
development of tribology [1-4].

Israelachvili and Tabor [5] developed the surface force apparatus to measure the
Van der Waals' force and later becoming a more advanced one [6] to be well used in the
tribological test of thin liquid layer in molecular order. Alsten et al [7], Granick [8] and
Luengo et al [9] used surface force apparatus and observed that the adsorptive force
between two solid surfaces was strongly related to the distance between the two solid
surfaces and the temperature of the lubricant. A number of researcher such as Israelachvili
[10], Israelachvili and McGuiggan [11], Christensen and Horn [12] and Chan and Horn
[13] have measured the force between two crossed cylinders immersed in a fluid and
found that if the lubricant is polar, the force at large separations is well described by the
DLVO theory (i.e. the action of Van der Waals' and repulsive double-layer forces
together) and below 3 nm the force is oscillatory.

Johnston et al [14] found that elastohydrodynamic phenomenon did not exist with
films less than 15 nm thick. Tichy [15-17] proposed the models of thin lubricant film
according to the improved elastohydrodynamic theory and his results showed that the
effective viscosity increases by an order of magnitude near the surfaces due to molecular
forces. Hartle et al. [18] have showed that the film thickness of
octamethylcyclotetrasiloxane (OMCTS) exhibits a deviation from linearity on a log film
thickness versus log rolling speed in the thin film region, which is thicker than that
predicted from EHD theory in the low speed region and discretization of both central and
minimum film thicknesses can be observed at this low speed (below about 10 nm) and
the interval of the discretization is approximately 1 nm.

The effect of electric voltage on the film thickness formation in thin film
lubrication has been studied by Shen et al [19] and Luo et al [20]. They used hexadecane
with the addition of cholesteryl liquid crystals in chemically pure as the lubricant to check
the variation of its film thickness by applying an external DC voltage on the lubricant
film and found that as the voltage rises and the electrical field becomes stronger, the liquid
crystals molecules rearrange in the direction of maximum viscosity, causing an
enhancement in film thickness. When the voltage increases further to 500 mV, the film
thickness reaches a maximum value of about 30 nm. Then the film thickness hardly
changes with increasing voltage.

Al-Samieh [21] has studied the behavior of polar lubricants in concentrated
contacts in ultra-thin conjunctions. He showed that at separations beyond about five
molecular diameters of the intervening liquid, the formation of a lubricant film thickness
is governed by combined effects of viscous action and surface force of an attractive Van
der Waals' force and a repulsive double layer force. At smaller separations below about
five molecular diameters of the intervening liquid, the effect of solvation force is
dominant in determining the oil film thickness and the discretization of the film thickness
occurs at this low speed region.

This paper attempts to contribute to the on-going process of understanding of
ultra-thin film lubrication formation by investigating the relationship between the speed
of entraining motion and the film thickness and to investigate the relationship between
the surface potential and the film thickness under the condition where surface force action
of solvation, Van der Waals as well as electrostatic force are included, where the
intervening liquid between the two planner surfaces is polar.
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BACKGROUND THEORY

In the case of ultra-thin film thickness the total pressure caused by the Van der Waals;
Pvaw, Solvation; Ps, and double layer electrostatic force; Pe, in addition to the conventional
viscous pressure; Pn must be taken into consideration when calculating the film thickness.
Therefore, the total pressure P is given as:

vdw

P=P,+PR,, +P +P, 1)

Elastohydrodynamic Pressure

The Reynolds’ equation in dimensionless form under steady-state entraining motion can
be written as in Eq. (2):

8(,0T ap}ii(ﬁﬂ GP] ﬁi( )

oX\ i oX KoY\ 7 oY oX

)
where;
X=x/b, Y=y/a
_/ ’p_/oo _12[;770R2
Prer )
Ph= ph/pHer, H=nhR/b2,

The density of the lubricant variation with pressure is given by Dowson and Higginson
[22] as Eq. (3).
(C’P PHer
1+§Ph Her (3)

where € and ( are constants, dependent upon the type of lubricant used.
The Roelands [23] gives the equation expressing the influence of pressure upon
viscosity. This equation can be written in non-dimensional terms in the form of Eq. (4).

77 =exp[ing. + 9.67][(1+ 5.1*10°P,P,, ' - 1J @

where:

(04
 5.1*10°[In7. +9.67]

The dimensionless form of film shape equation is assumed to be of the same as
that reported by Hamrock and Dowson [24], given by Eq. (5).
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(X —m)? . K?R, (Y —1)? L RA(XY)
2 R, 2 b? 5)

where, the dimensional elastic deformation at any point x,y is defined by Hamrock and
Dowson [24] is in Eq. (6).

H(X,Y)=H. +

2 ny nx
§I,J (X’ y)=_zzpi,jDi*]j*

1§ By ey (6)
Where, i =|l—i|+1j =[J—j|+1

The Newton-Raphson method is applied to the Reynolds’equation in the
following numerical form of Eq. (7).

()

where, i, j are the discrete nodal points in both the X and Y directions, M, N are the number
of divisions in X and Y directions respectively, k =1, 2, ..M, [ =1, 2,...., N and the
Jacobian matrix given in terms of the residual derivatives as in Eq. (8).

oy =21
®)

The system state equation can be written using the Gauss-Seidel iteration method as Eq.

9).

APkr,]I = (_ Fi,j -J Ii<'—jl,l APkn—l,I -J li’+jl,| AF)krljl -J li',lj—lAPkrjl—l -J li’,|j+1APkr?|_+11) /1 1|<|j (9)

where n is the iteration counter in the above recursive equation.
For the reason of good numerical stability an under-relaxation factor (Q2) typically
chosen as 0.01 is employed to update the pressure according to Eg. (10).

n _ pn-l n
P} = P + QAR (10

The pressure convergence criterion is given as:

Zz(ﬁ? ep]”

N

<107
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while the load balance convergence criterion is given by:
2 ”
[[P(X.Y)dxdY -7 <10

Molecular and Surface Actions in Narrow Conjunctions

In polar lubricant, the interactions between solid surfaces consist mainly of three
important forces: Van der Waals, solvation and electrostatic double layer forces.

Solvation Pressure

Whenever liquid molecules are introduced into a highly restricted gap and are forced to
form a series of layers a solvation pressure occurs. This force takes an oscillatory and
exponentially decaying function of separation according to molecular ordering in the gap.
Israelachvili [6], Israelachvili et al [25], Horn and lIsraelachvili [26], Van Balderas
Altamiranoa and Gama Goicochea [27] and John Everett and David Faux [28] have
studied the solvation force in the narrow contact of contiguous bodies. The solvation
pressure is given by Israelachvili [6] is in Eq. (11).

-h

P, =—Ce 2 cos(27h/a) (11)

Van der Waals' Pressure

Many researchers [6, 27 and 29] studied the Van der Waals' force between two surfaces
when they are separated by a very thin liquid film. They found that, the pressure due to
the Van der Waals' forces can be written as Eq. (12):

-A
Pvdw = 3
67h (12)

Electrostatic Forces between Surfaces

As shown by many researchers [30-32] the electrostatic force between two charged
surfaces decays roughly exponentially with the distance. The repulsive electrostatic
pressure between two surfaces can be written as Eq. (13).

Pees. = 64KTp, 6™ (13)

where, x =tanh(zey, /4KT), z is the valency, e is the electronic charge, Yo is the
electrostatic surface potential, K is the Boltzmann constant, T is the temperature in

degrees Kelvin, P= is the electrolyte concentration in the bulk and & is the Debye length.
At less than 25 mV, the above Eq. (13) can be simplified as shown by Israelachvili
[6] to Eq. (14).
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pelest = 2‘c"‘goKza)Oze_Kh (14)

where, ¢ is the dielectric constant of the liquid (for propylene carbonate = 65), €0 js the
dielectric permittivity of the free space (8.854 X 1072 (farads / meter), k is the Debye

length and ®o s the surface potential.
RESULTS AND DISCUSSION

In this study, the solutions of the film thickness and the pressure in the lubricated contacts
are solved numerically using the properties of lubricants and contacting materials given
in Table 1. The lubricant used in the simulation study is propylene carbonate. This
lubricant has a rigid molecular diameter of 0.5 nm. Newton-Raphson method is used for
the solution of the Reynolds' equation to obtain the film shape and pressure distribution.
The numerical computing procedure of simultaneous elastic deformation and lubricant
pressures is the same for all the cases discussed in the paper. A nodal density in the range
of 10000-60000 is used for the evaluation of pressure and elastic deformation. The load
and speed of entraining motion are chosen in such that they promote the formation of
ultrathin lubricating film thickness to see the effect of changing the rolling speed and
surface potential. The validation of the numerical method employed in the paper is
explained in more detail by Al-Samieh [21] and the results showed that very good
agreement for the numerical results and that published by Kato and Matsuoka [33].

Table 1. Physical and geometrical properties of contacting materials and

PC lubricant
Designation Parameters Values

no Viscosity 2.8 mPa.s

a Molecular diameter 0.5 nm

A Hamaker constant 5.51 x 10-20 Joules
Ea Young’s modulus 34.5 GPa
Es Young’s modulus 34.5 GPa
VA Poisson’s ratio 0.205

VB Poisson’s ratio 0.205

a Pressure of viscosity coefficient 10 GPa!
Rax Radius of curvature of solid A in x-direction 0.01111m
Ray Radius of curvature of solid A in y-direction 0.01111m
Rex Radius of curvature of solid B in x-direction oom

€ Constant used in equation (3) 5.83 x 100 Pa
£ Constant used in equation (3) 1.68 x 10° Pa

Effect of Changing Rolling Speed on The Formation of Ultrathin Lubricant Film

In order to investigate the relationship between the rolling speed and the formation of
ultrathin lubricating film thickness a number of simulations study has been carried out for
different speed of entraining motion varying from (50-1000) um/s. Figures 1 and 2 show
the variation of film thickness with the rolling speed for W*=1.388 x 10! (0.05 mN) and
W"=2.381 x 10" (0.1 mN) for G*=360 and surface potential of 25 mV respectively. It is
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assumed that, the hydrodynamic theory can maintain down to a very low speed and the
film thickness can be estimated, using either Brewe el al [34] or Hamrock and Dowson’s
[35] extrapolated oil film thickness equations, both for elliptical point contact geometries
under iso-viscous rigid or iso-viscous elastic regime of lubrication respectively. As shown
in Figure 1 and 2 respectively, when the rolling speed of contacting surfaces decreases to
about U*=3.887 x 107*® (50 pm/s) and to about U*=7.775 x 1071® (100 pm/s), the film
thickness exhibits a deviation from linearity and the relationship between film thickness
and speed of entraining motion becomes much weaker than that in EHD, which is thicker
than that predicted from EHD theory in the low speed region, i.e., the thinner the film is,
the less the correlation between velocity and bulk viscosity will be. In this region, the film
thickness seems to stabilize around a limiting value even if the surface speed decreases
and then jumps down suddenly to the next stable thickness when the surface speed
amounts to some enough value. This means that, the dominant film forming mechanism
in this regime is due to the action of structural forces solvation. The physical explanation
for the increased values of the oil film thickness in this region is due to the action of strong
interaction between metal surfaces and a polar lubricant as shown by a number of
researchers such as Al-samieh [21], Kato and Matsuoka [33], Al-samieh and Rahnejat
[36], Chu et al [37] and Prakash Chandra Mishra [38].

150
+ Hydrodynamic+Electrostatic+VDW ‘
= Hydrodynamic (Calculated)
_ 120 -
E
~ Sol]\c/fation Electrostatic effect Hydrodynamic effect
@ 90 | effect
Q «—| <« > >
X
(@] L 4
£ 60 - :
£
o :
30 -
s
O 74'—‘ '\ T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6

Rolling speed (mm/s)

Figure 1. Variation of film thickness with rolling speed for W*=1. 388X10!

As the speed of entraining motion increased above that of U*=3.887 x 1076 (50
um/s), and above that of U*=7.775 x 1071 (100 um/s) as shown in figures 1 and 2
respectively, the relationship between the film thickness and speed of entraining motion
is in liner style follow the same pattern of hydrodynamic lubrication theory. The only
difference is the increased the value of the numerically obtained film thickness from the
current numerical analysis than that the value calculated using either Brewe el al [34] or
Hamrock and Dowson’s [35] extrapolated oil film thickness equations, both for elliptical
point contact geometries under iso-viscous rigid or iso-viscous elastic regime of
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lubrication respectively in the region of film thickness below than about 60 nm. This
increase in film thickness value is attributed to the fact that, the film thickness formation
in this region is caused due to the combined effect of hydrodynamic action and the effect
of Van der Waals' and the electrostatic double layer forces action. Therefore, the effect
of VVan der Waals' and the electrostatic double layer forces causes the film thickness to be
increased by about 20 to 25 % of the actual film. This means that, the increased in
lubricant film thickness is caused due to the fact that, a repulsive action of the electrostatic
force is greater than an attractive value of Van der Waals and this net repulsive value is
aided to the hydrodynamic action and this leads to the increased in the film thickness.

120 - ]
+ Hydrodynamic+Electrostatic+VDW

100 | ™ Hydrodynamic (Calculated)
- n
S
5 80 B Solvation
8 effect Electrostatic effect Hydrodynamic effect
GC) 60 - < < > >
S &
£

*
E 40 - .
= :
20 - M
i
.
O H T T T T T T T T

0 01 02 03 04 05 06 07 08 09 1
Rolling speed (mm/s)

Figure 2. Variation of film thickness with rolling speed for W* = 2. 381X10!

Figure 3 (a) and (b) show the dimensionless pressure profile P and the associated
dimensionless film thickness H in the direction of entraining motion through the central
film at constant applied load of W*=2.381X10** (0.1 mN) and G*= 360 for U"=3.599 x
1078 (50 um/s) and U=3.599 x 101 (500 um/s) respectively. Both figures show the well-
known features for lightly loaded contacts. The pressure profile shown in Figure 3 (a)
deviates from the conventional hydrodynamic pressure in that the oscillatory solvation
pressure is aided to the conventional hydrodynamic viscous pressure, where the solvation
pressure has an oscillatory repulsive-attractive nature. According to the Greenwood chart
[39], the condition of this example falls into Rigid-lsoviscos region where the elastic
deformation is negligible, therefore, the flattened shape of the film thickness shown in
Figure 3 (a) is due to the effect of solvation pressure and the dominant film forming
mechanism in this case is due to action of structural forces. In fact, the film thickness in
this case equal to 1.89 nm compared to the value of 0.434 nm calculated from extrapolated
oil film thickness equations of Brewe el al [34] for elliptical point contact geometries
under iso-viscous rigid regime of lubrication. Therefore, the solvation force causes the
film thickness to be increased by about 75% in this example. Therefore, in these narrow
conjunctions the use of extrapolated formulae is inappropriate.
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Figure 3. Total pressure profile and film shape in the central line of contact as the result
of combined viscous action and surface force of solvation and VVan der Waals forces and

electrostatic double layer forces for W* =2.381 x 107, (a) U =3.599 x 1071® and

(b) U* = 3.599 x 10°%5.
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the condition of this example falls into Rigid-lsoviscos region. The film thickness
obtained under these conditions of the effect of Van der Waals’ and the electrostatic
double layer forces (i.e. the action of DLVO theory) is equal to 32.98 nm compared to
the calculated value of film thickness using Brewe el al [34] extrapolated oil film
thickness equations of 28.37 (i.e. the film thickness increased by about 16 %.). This
increased in film thickness is due to the effect of electrostatic double layer force.

Effect of Changing Surface Potential on The Formation of Ultrathin Lubricant Film

In order to investigate the relationship between the surface potential and the formation of
ultrathin film thickness a number of a computational study has been carried out for values
of surface potential varied from (5-25) mV. The variation of film thickness against
applied load is shown in Figure 5 for different values of surface potential and for speed
of entraining motion of U"=7.199 x 1026 (100 um/s). It can be observed from this figure
that the energy barrier increased as the surface potential was increased. This appeared by
that, increasing the values of the surface potential of the surfaces, the values of the
minimum film thickness increased for the same values of the applied load. Under the
condition of surface potential of 25 mV, the film thickness obtained is higher than those
obtained for values of surface potential of 5, 10. 15 mV for the same values of the applied
load. This case can be explained as the increased the values of the electrostatic double
layer force with the increasing the surface potential. At high values of surface potential,
the double-layer repulsion is strong enough to keep the surfaces apart. With decreasing
the surface potential, the electrostatic repulsion is more and more screened. At a certain
value of surface potential, the Van der Waals' attraction overcomes the repulsive
electrostatic barrier and the two surfaces adhered together. This case appears for loads
greater than 0.05 mN for surface potential below than 25 mN. In fact, the film thickness
decreases with load in all the cases as in the same pattern as shown previously using either
Brewe el al [34] or Hamrock and Dowson’s [35] extrapolated oil film thickness equations,
both for point contact geometries under iso-viscous elastic or iso-viscous rigid regime of
lubrication respectively.

Figure 6 shows the variation of electrostatic and VVan der Waals' pressures with
distance for a surface potential of 25 mV for the load of 0.05 mN and speed of entraining
motion of 100 um/s. It is clear that, the extent of the electrostatic double layer and Van
der Waals pressures decrease with increase in distance. At small separation, the Van der
Waals' force dominates causes the two surfaces to be stick together. Fortunately, under
the previously mentioned condition, this is not happened, because the surfaces separation
is caused due to the effect of hydrodynamic action. On the other hand, the electrostatic
double layer repulsion is increased at larger separations cause the separation between the
two surfaces to be increased in comparison to the effect of hydrodynamic action alone.
By increasing the applied load, the film thickness decreases caused that the value of the
Van der Waals' force overcome the value of the hydrodynamic action and that of
electrostatic double layer forces causes the film thickness to be collapsed.
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Figure 5. Variation of film thickness with load for different values of surface potential
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Figure 6. Variation of electrostatic pressure and Van der Waal pressure against film
thickness for surface potential of 25 mV

Figure 7 shows the effect of variation of surface potential on the electrostatic
interaction pressure for the load of 0.025 mN and speed of entraining motion of
100 um/s. It can be observed from this figure that the extent of electrostatic pressure
barrier increased as the potential was increased. At very low values of surface potential
(say 5 mV) the electrostatic pressure value drops, and it has a little effect on the film
thickness formation. For speed of entraining motion of 100 um/s and applied load of

4998



Abd Al-Samieh / International Journal of Automotive and Mechanical Engineering 15(1) 2018 4987-5001

0.025 mN, the aforementioned conditions fall into Rigid-Isoviscos region in the
Greenwood chart [39] and the film thickness calculated using Brewe et al [34] formula
for circular point contacts under iso-viscous rigid regime of lubrication is 18.16 nm while
that obtained by adding the electrostatic force with surface potential of 5mV is 19.49 nm,
and that of 10 mV is 19.80 nm and that of 15 mV is 20.39 nm and that of 25 mV is 22.67
nm i.e the film thickness increased due to the action of electrostatic pressure by
approximately 7%, 9%, 12% and 25% respectively.
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-=-Surface potential = 10 mV
- -+ Surface potential = 15 mV
% ----Surface potential = 25 mV
®
>
)
3
5 1.0E-03 -
Q
IS
[%2)
o
3]
Q
w
0.0E+00 ‘ S S .
0 20 40 60 80 100

Film thickness (nm)

Figure 7. Variation of Electrostatic pressure against film thickness for different values
of surface potential for load of 0.025 mN and speed of 100 pm/s

CONCLUSION

The main result of simulations is to show the transition of the ultrathin film between
region dominated by the solvation effect and that dominated by electrostatic double layer
forces and also to show the effect of changing the surface potential on the formation of
ultrathin lubricating film. The film thickness increased with speed follow the same pattern
of either Brewe el al [34] or Hamrock and Dowson’s [35] extrapolated oil film thickness
equations, both for elliptical point contact geometries under iso-viscous rigid or iso-
viscous elastic regime of lubrication respectively. When the film thickness decreases to
about 60 nm with reducing speed, the film thickness is larger than that calculated from
hydrodynamic theory either of Brewe el al [34] or Hamrock and Dowson’s [35]. This
increased in value of the film thickness is attributed to the effect of electrostatic force and
the results are in agreement with that shown by Israelachvili [6], Israelachvili and
Mcguiggan [11] and Christensen and Horn [12]. As the speed of entrain motion is further
reduced, the film thickness value is greater than that calculated either of the formulas
mentioned above. This increased value of the film thickness is attributed to the effect of
the solvation pressure. The results also showed that, the extent of repulsive pressure of
electrostatic double layer force is increased against distance when the surface potential
increased.
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