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The mutual interaction between tribochemistry and
lubrication: Interfacial mechanics of tribofilm
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Neville, Mark C.T. Wilson

Institute of Functional Surfaces,
School of Mechanical Engineering, University of Leeds, Leeds, UK

Abstract

A new mechanism for the action of antiwear tribofilms is proposed. The an-
tiwear action of ZDDP additive is believed to be mainly due to the formation
of tribofilms that reduce wear by chemical action. In this study, a mixed lu-
brication model is developed and tribofilm growth integrated into this model
to simulate the effects of tribofilms on lubrication. The dynamic evolution of
the contacting surfaces due to plastic deformation, wear and tribofilm growth
continuously change the lubrication characteristics inside the contact. It is
observed that the growth of tribofilm roughens the contact and increase con-
tact severity. It was found that this roughness increase also helps to entrain
more lubricant, resulting in thicker lubricant films. Therefore, the plot of the
evolution of film thickness ratio (heentrai(t)/Ry(t)) shows that the lubrication
regime is improved by the presence of tribofilm. Therefore, not only the
chemical presence but the physical presence of the tribofilm on the surfaces
also helps to improve contact performance by retaining more lubricant and
improving the lubrication regime.

Keywords: mixed lubrication, tribofilm, ZDDP, lambda ratio,
roughness evolution.

1. Introduction

Friction and wear are reduced by providing lubricant to the contact. Lu-
bricants operate by providing a slippery interface under normal conditions
but under extreme conditions, the contact goes into the mixed lubrication
regime with distinct solid and lubricated contact regions and finally into the
boundary lubrication regime with no effective lubricant film. Protection un-
der such conditions is provided by the addition of chemical additives in the
lubricant. These additives are passively present within the lubricant and
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supply on demand protection under high shear conditions by forming thick
tenacious layers that reduce wear by several mechanisms [I]. There has been
a lot of research ongoing to study the formation, removal, mechanism of ac-
tion and the nature of these tribofilms. Recently, more efforts are being made
to understand the transient behaviour of formation of these films [2), 3.

The first successful EHL solution was presented by Petrusevich in 1951 [4].
Ever since, the study of EHL has continuously evolved for the last 60 years.
The EHL and boundary lubrication regimes can be considered as special
cases of mixed lubrication regime. Initially smooth surface point contact
EHL solutions were presented by Ranger et al. [5] and then by Hamrock and
Dowson [0, [7] in a series of papers. Several refined models were developed
later to access higher loads [8, @, [10], thermal EHL [T} 12], use of multigrid
methods [13, 14, 15, 6], transient effects [I7] and the inclusion of Non-
Newtonian effects [I8], [19] 20} 2T, 22]. Roughness was first included, in point
contact EHL solutions, stochastically by Zhu and Cheng [23]. Based upon
this, the first deterministic rough surface EHL model was given by Chang et
al. [24]. None of these studies considered asperity contacts.

The first mixed lubrication model (an EHL model with asperity contacts
incorporated) was first presented by Jiang et al [25] based upon the separate
approach where the asperity contacts and lubricant flow are solved separately.
Using this approach about 12 % solid contact area ratio could be achieved.
The unified EHL solution method was presented by Zhu and Hu [26] and
then by Holmes et al. [27] to solve the mixed lubrication problem in gear
applications. Li and Kahraman [28] presented a unified solution algorithm
based upon the asymmetric integrated control volume approach to overcome
the issue of grid dependence of EHL solutions [29]. The basic idea in unified
solution algorithm is to solve the asperity and lubricated contacts by using
only the Reynolds equation. This method can give detailed contact pressure
and film thickness values that can be used to extract macro-scopic system
variables like friction, flash temperature and surface and subsurface stresses.

The unified algorithm has been improved in many ways over the last 15
to 20 years. Wang et al. [30] implemented the DC-FFT to solve the defor-
mation convolution. This improved the calculation efficiency significantly.
The mesh dependence of EHL solution algorithms was addressed by Liu et
al. [29]. Zhu [31] provided detailed discussion on the use of a limiting value
of lubricant film thickness to define contact and suggested a range of accept-
able mesh densities. Wang et al. [32] compared the solutions from unified
algorithm using Reynolds equation with the boundary lubrication solvers to
further consolidate the unified modelling approach. Inclusion of interasperity
cavitation was presented by Wang et al. [33] by combining the concepts of
fractional film defect given by Jacobsson and Flodeberg [34] and the mass
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conserving algorithm proposed by Elrod [35].

In engineering components, several complex phenomenon are simulta-
neously taking place at the tribological interfaces, requiring integration of
several branches of science. The ultimate goal is to include advanced the-
ories to simulate such complex interfaces by releasing the assumptions one
by one. A need for such a model, enabling the study of complex interfacial
phenomenon, was suggested recently by Zhu and Wang [36]. They suggest
that the link between the micro- and nano-scale properties of interfaces and
the macroscopic contact performance parameters like friction and wear is
missing. Therefore, a multiscale engineering model capable of establishing
this link is greatly needed.

The current study builds upon the author’s recent work on the tribochem-
ical film growth model [37, B8]. The continuum restriction is overcome by
approximating tribochemical film growth as an empirical equation. Integrat-
ing the science of lubrication, contact mechanics and tribochemistry enables
not only the study of contact parameters on lubrication parameters but also
vice versa. Models that can enable the study of such complex phenomenon
are the need of time.

The current paper, therefore, studies the effect of presence and build
up of the antiwear tribofilms on the key lubrication parameters using the
multiscale engineering model that combines contact mechanics, lubrication
and tribochemistry in a clever way. The results from the current study unfold
a new mechanism of action of the antiwear additive ZDDP. To date, there has
been no study dealing with this issue and this is the first attempt to capture
the interfacial mechanics of the tribofilm growth by linking these difference
sciences.

This paper is organized by first introducing the model components and
then presenting a brief summary of the numerical implementation details.
Finally, the results for representative cases, with and without the inclusion
of tribofilm, are presented and discussed within the scope of action of the
antiwear additive ZDDP.

2. The complete tribochemical mixed lubrication model

A tribological contact is realized between a rough spherical ball and rough
disc. Rough surfaces are generated using in-house code written in Matlab
which is based upon the method of Tonder et al. [39]. Both the macro- and
micro-geometries are considered in this contact. The contact between the two
rough surfaces is solved to get the contact pressures and film thickness distri-
bution inside the contact. In the following, first the mixed lubrication model
is detailed and then the tribochemical model is outlined. The integration of
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these two models and the solution procedure have been presented elsewhere
[37, [40] but details are provided in the following sections for completeness.

2.1. Mixed lubrication model

The mixed lubrication problem can be effectively solved by using the the
Reynolds equation, the film thickness equation and the load balance equation
along with the two equations of state relating the density and viscosity of the
lubricant to pressure. First of all a mixed lubrication model is developed and
then the plastic deformation model is implemented. The model developed
in this work is based upon the semi-system approach [14] where terms from
both the pressure flow and entrainment flow parts of the Reynolds equa-
tion are used to build the coefficient matrix. This ensures that the diagonal
dominance is maintained under extreme conditions when the pressure flow
terms become insignificant. The Reynolds solver based solely upon the pres-
sure flow terms is likely to suffer from slow convergence or no convergence
at all especially when under high load cases with high frequency roughness.
It has been suggested by Hu and Zhu [41] that the pressure flow terms can
be turned off when the lubricant film thickness reduces to negligibly small
values. This approach enables the solution of the EHL and mixed lubrica-
tion problems in a unified manner. Therefore, both the lubricant and solid
contact pressures can be calcualted using the Reynolds equation alone. The
flow obstructions arising when solving the Reynolds equation for rough sur-
face contacts (asperity contacts) manifest themselves in the form of a very
small local film thickness. At the computational nodes where the lubricant
film thickness falls below a certain predefined value (1 nm in this study),
the reduction of the pressure flow terms in the Reynolds equation to neg-
ligible values represents obstructions to the flow. In the current study, the
Reynolds solver based upon the semi-system and the unified algorithm is ro-
bust enough to generate lubricant and solid pressures in a single framework.
The algorithm to calculate plastic deformation within the lubricated contact
will be explained in the next sections while a brief summary of the equations
describing the EHL and mixed lubrication system is presented next.

The complete pressure profile is computed by solving the Reynolds equa-
tion, given as

O [(ehY 0p] O [(h) O] _ () dph)  Ook)
Ox [\ 12n ) Ox oy |[\12n ) oy| 2 Ox ot
In this equation, the variables h, p and 7 represent lubricant film thickness,

density and viscosity, respectively. The pressure, speed of body 1 and speed
of body 2 are represented by p, u; and us where as x, y and t are the
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spatial and time variables. The lubricant properties are described through
its viscosity. The current study assumes the fluid to be Newtonian and the
flow direction is aligned to the x-coordinate. Two boundary conditions are
applied. At the boundaries of the solution domain, p = 0 is applied. The
diverging region formed at the exit of the EHL and mixed lubricated contact
is prone to cavitation due to the pressure in this region falling below the
fluid vapour pressure [42]. The Swift-Steiber boundary condition is applied
to handle cavitation by enforcing the pressure beyond cavitation boundary,
z, to be zero i.e. {Voz > x.,p<0=p=0}
The film thickness equation for the point contact is expressed as

2 $2

h = ho(t) + 5k, T oR.
Y

+ ’Ue-HD(aj Y, ) + 5(1‘, Y, t) (2)

The film thickness is also termed as gap as it defines the relative gap be-
tween mating surfaces. This equation describes the point contact. The vey,
describes the total deformation. It includes an elastic as well as plastic part.
The algorithm implemented in this study to deal with plastic deformation is
based upon the authors previously published work [40]. At this stage, within
the mixed lubrication solver, the deformation cannot be separated into indi-
vidual components. The details on how to extract the plastic deformation
will be presented in the next sectlon The term hg(t) defines the undeformed
gap where as the term 55~ + 5% and d(z, y,t) represent the macro-geometry
and the mlcro—geometry (determmlstlc roughness), respectively. The surface
elastic deformation is represented by the famous Boussinesq integral formu-

lation: 5 (z.4)
P,y

Vogp = —— dXdY 3

LR //a\/(:v’—a:)Q—l-(y/—y)Q )

It is to be pointed out at this stage that for loads which are likely to
cause plastic deformation, the elastic deformation will be unrealistically large.
Equation [0] is non-dimensionalised and converted into discrete form to get
the deformation matrix.

V= Q—ZZDngl (4)

In this equation, the matrix Dkl is called the flexibility matrix and the pres-
sure P, = ” kL where P, denotes the Hertzian pressure. The matrix Dkl forms
a convolutlon with pressure Py which can be solved more efﬁmently using
Fast Fourier Transforms (FFTs). The use of FFTs makes the solution pro-
cess much quicker and makes denser grids accessible.The deformation matrix
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is written as convolution

M-1
V(X3 Y;) = ) K(X; — X, Y) = Yi) * P(X, V2) (5)
k=1

The application of FFTs require the conversion of this linear convolution to
a cyclic convolution by pre-treating the pressure matrix and the flexibility
matrix [43]. The Direct Convolution - FFT method is computationally much
more efficient compared to the other methods for calculation of surface de-
formation [30]. The viscosity in an EHL contact is considered as a function
of pressure and the Roelands equation is used to describe it.

() = exp () + 967)(~1+ (1 + ~2p)") (6)
In this equation, the term 7y describes the viscosity at ambient conditions
and the exponent z is called the Roelands pressure viscosity index. It is a
dimensionless parameter obtained through curve fitting. The calculations in
the current study are based upon a value of z = 0.68. The lubricant density
is also considered a function of pressure only and is calculated using the
following equation,
0.6X107% -
1+1.7X10—9p) (7)

The final equation is the load balance equation which in the non-dimensional
form is represented as,

p=po(l+

Zo,Yo
2
Y P(X,Y)dXdY = g (8)

TiyYi

where the ¢ and o indices correspond to the inlet and outlet of the solution
domain.

The five equations (equation to form a complete set of equations. The
solution to this set of equations gives the pressure and film thickness profiles.
The equation set presented above is highly non-linear in character and a
robust numerical solution procedure is required. The equations are solved in
an iterative manner. A solver based upon the tridiagonal matrix algorithm
(TDMA) is designed where finite difference discretization is applied to the
Reynolds equation. The terms on the left hand side of equation (1] are called
the pressure flow terms. These are discretized using the central difference
approach. The terms on the right hand side of equation [I| are called the
entrainment flow terms. These are discretized using first order backward
differences. The resulting discretized equation is formulated in the form of
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a linear algebra problem AY = B where A is the coefficient matrix of the
order N x N. In the current study, the coefficient matrix is built from the
pressure flow as well as the entrainment flow terms. The vector Y contains
the unknown values. For a line contact problem only one system of equations
AY = B is solved but for a point contact problem, a series of systems of
equations AY = B is solved. The solution process uses a direct iterative
approach which takes the flexibility of the iterative solvers and the accuracy
of the direct solvers. A relaxation factor of 0.2 is used where the pressure
update takes only 20 % of the new guess values while 80 % of the old guess
values. This ensures that the solution moves slowly from the initial guess
towards the final guess. The convergence criteria for the pressure loop was
kept between 5 x 107 and 5 x 10~* while the convergence criteria for the
load balance condition was fixed at 1 x 107%. The pressures predicted by the
Reynolds solver update the flexibility matrix which is again used to update
the coefficient matrix for Reynolds solver again. Therefore, repeating this
procedure, converged pressure and film thickness values can been obtained.
It was found, in the current study, that change in the lubricant film thickness
predictions was less than 1 % when the mesh density was refined from 128
x 128 to 256 x 256. Therefore, a mesh density of 128 x 128 is employed.
Liu et al. [29] also found that this mesh density is sufficient to get desired
accuracy.

2.2. Plastoelastohydrodynamic lubrication (PEHL) model

The deformation obtained from the previous step is still elastic. It may
be elasto-plastic if the pressure exceeds the average yield stress of the mate-
rial. In that case, the deformation predicted by the Boussinesq formulation
(equation @ will be unrealistically high. Therefore, a method was developed
by the authors was developed to extract the plastic deformation magnitude
from the elasto-plastic deformation [40)].

The key idea behind the plastic deformation algorithm used int he cur-
rent study is that the nodes that deform plastically float on the surface to
form a plane. A computational node is considered to be undergoing elasto-
plastic deformation if the pressure at that node reaches or exceeds the average
yielding pressure (hardness of material). Therefore, if a node is experienc-
ing plastic deformation, the pressure at that node is limited to the yielding
pressure. This limiting procedure forces the surrounding nodes to support
the load as the plastically deforming node cannot support any further load
resulting in increase in contact area. It has long been accepted that the
yielding pressure is generally found to be 2.8 times the yield strength [44]
of the material. Eventually, all the plastically deforming nodes, within the
contact, will form a plane. A similiar approach was used by Sahlin et al
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[45] to develop an elastic-perfectly plastic model under mixed lubrication. A
dry contact model was actually used by assuming that only the solid contact
causes plastic deformation. Their model requires the application of comple-
mentarity condition and is not a true plastoelastohydrodynamic lubrication
(PEHL) model.

The PEHL model applied in the current study has been presented in
detail by the present authors [40] previously. Here, only brief discussion is
presented on the key concepts involved. The Reynolds solver is modified.
If the load exceeds the yielding pressure of the material then the load is
limited. This limit is applied inside the load balance condition within the
mixed lubrication solver. This means that the ability of a node to carry load
is limited to the average yielding pressure and these nodes are considered
to float i.e. no further load can be supported by these nodes unless the
pressure at these nodes falls below the average yielding pressure value. This
is achieved by limiting the pressure values during the summation in equation
to the yielding pressure i.e. VP > P,, P = P,. This summation is used to
update the undeformed film thickness value, h, in equation[2 Therefore, the
film thickness values are modified through successive iterations from purely
elastic to elasto-plastic values. This process gets repeated as it is a part of
the pressure and film thickness convergence loops.

Once the pressure and film thickness have converged, the nodal pressures
are truncated to the average yielding pressure and the reduced elastic defor-
mation is calculated using these truncated pressures. The plastic deformation
magnitude is evaluated by subtracting this new film thickness for all the plas-
tically deforming nodes from the minimum value of the new film thickness
among the elastically deforming nodes. The truncated pressure is then given
as initial guess to the EHL solver and the Reynolds solver is again used to
get the new pressure profile and film thickness. In this way, by repeating
this process, the solution moves from purely elastic to elasto-plastic until a
converged is achieved. More details on the method can be found in [40] and
[37).

It should be noted that the algorithm works irrespective of whether the
tribofilm is present or absent on the substrate material. For the substrate
material, a hardness value of 4 GPa was used while for the tribofilm of
maximum thickness, a hardness value of 2 GPa was assumed. The hardness
was assumed to vary linearly between these values due to tribofilm growth.

2.3. Tribochemistry model

At the tribological contact, frictional energy is generated due to localized
shear stress. This energy accelerates the chemical reactions at the interface
to form tribochemical layer. The formation of tribofilm has been linked to
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several mechanisms, like flash temperatures rise [40], pressure [47], triboe-
mission [48] and surface catalysis [49]. The most recent consensus is that the
formation of ZDDP tribofilms is a stress promoted thermal activation phe-
nomenon which means that the shear stress at the interface reduces the effec-
tive forward activation energy of a chemical reaction. Several attempts have
been made to capture this mechano-chemical film formation within contact
mechanics and lubrication simulations [50, 5] 52] 53]. Among these various
approaches, the model of Ghanbarzadeh et al. [51] is adopted to simulate the
ZDDP tribofilm growth in this study. Their model considers the formation
of tribofilms due to thermal as well as mechanical stimuli. It is assumed that
the tribofilm grows as a results of chemical reaction between the lubricant ad-
ditives and the substrate. A tribochemical reaction rate is introduced based
upon the approach of Bulgarevich et al. [54, [55]. The idea was to introduce
the importance of mechanical rubbing on chemical reactions. The thermal
reaction of tribofilm formation is captured by an Arrhenius type equation.
A factor, xy.p, is then multiplied with the reaction rate coefficient. This
captures the increase in the reaction rate due to mechano-activation. After
some mathematical manipulations and considering a second order reaction
rate, the tribofilm growth is expressed as:

h=hu — hmaxe(*%)mtribot (9)

where k; and h" are the Boltzzman’s and Plank’s constant while T and t are
the asperity flash temperature and time, respectively. Using this equation,
the local tribofilm growth can be modelled alongwith the local variation of
properties of the interface due to tribofilm build up. It should be stressed
that the assumption of second order chemical reaction may not be true as in
essence, multiple chemical reactions occur at the interface. Therefore, guess-
ing the true order of the tribochemical reactions becomes very difficult. How-
ever, the simplifications introduced in this approach provide a good starting
point for simulating tribofilm growth in engineering applications.

The parameters h,q, and Ty, in equation [J] are fitted to experimental
data on tribofilm growth. The fitted parameters can be used to simulate
tribofilm growth under different loading conditions. The temperature in
equation [9] is the flash temperature plus the bulk temperature. The flash
temperatures were calculated in the current study based upon slightly mod-
ified form of the Jaeger’s moving heat source analysis as given in [50].

The removal of tribofilm is also a key part of the model. The tribofilm
growth model assumes that the tribofilm formation and removal takes place
simultaneously and the net tribofilm thickness is a competition between for-
mation and removal of tribofilm. Several studies support this assumption
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[57, 58]. Another key reason to use the tribofilm growth model from [51] is
that the comparative study between tribofilm removal and wear can be per-
formed. An exponential function has been adopted to consider the tribofilm
removal. The complete tribofilm growth equation is achieved by adding re-
moval part to equation @

h=h (1 _ e(*%)ftribot) —C (1 eyt
— llmax 3 (& ) (10)

The constants C3 and C} are also fitted to experimental data on tribofilm
growth. The tribofilm growth model in equation mainly calculates the
growth of tribofilm as a dynamic balance between formation and removal of
tribofilm but not the wear of the substrate.

2.4. Mechanical properties of the tribofilm

The mechanical properties of the tribofilm are different compared to the
substrate material. This fact has been emphasized and physically considered
in the current work. The assessment of mechanical properties of the tribofilm
have been performed in several studies [59] [60} 61, 62, 63]. Based upon these
studies, it can be suggested that the tribolayer properties are load dependent
and are different at the surface than near the bulk substrate. To account for
this variable hardness, the approach presented by Andersson et al. [50] has
been used in the current work. The tribofilm hardness near the bulk substrate
is assumed to be 6 GPa. When the tribofilm has its maximum thickness
value, the hardness is assumed to be 2 GPa as done in previous studies
[51]. This was first implemented by Andersson et al. [50] and then used by
Ghanbarzadeh et al. [51]. The key idea is to have the hardness varying with
the thickness of the tribofilm as the tribofilm forms. The change in hardness
on the local scale changes the plastic deformation behaviour and vice versa.

2.5. Wear and tribolayer

The Archard wear equation is modified and implemented in this study.
The contact pressures are fed into this equation to estimate the substrate
wear. To scale up the simulation to compare against experiments, the sliding
speed and time step needs adjusting. Archard’s equation is implemented in
the form that it directly gives the localized wear depth.

Ah(z,y) = %P(m,y)Atv (11)

where K.H and v are dimensionless Archard’s wear coefficient, hardness
of the substrate and the sliding speed, respectively. The term P(x,y) is the
local discrete pressures. The wear coefficient is evaluated experimentally. In
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this work it is assumed, as in [64], that the coefficient of wear is reducing
linearly with the increase in film thickness, being maximum when there is no
tribofilm to minimum when the tribofilm is at its maximum thickness.

h
Ktr - Ksteel - (Ksteel - szn)—

hmaac

(12)

This formulation of the wear coeflicient enables the simulation of antiwear
and extreme pressure characteristic of the tribofilm. It is to be noted that
the wear modelled in this work is the mild wear and it considers the loss of
substrate material due to reaction with the lubricant additives.

3. Numerical details

In this study it is assumed that the tribofilm only forms at the contacting
asperities. The mixed lubrication model calculates the contact pressures and
film thickness profiles based upon the rough contact. These are used to
calculate the tribofilm growth which is added to the corresponding geometry
of ball and disc. The geometries for the next iteration have been changed by
plastic deformation, wear and the localized tribofilm growth. As the wear
modelled is the mild wear. The wear only alters the rough geometry and not
the tribofilm. The tribofilm wear is considered through the removal part in
[10] The mixed lubrication equations are solved in the non-dimensional form.
The area of study is the square area of 0.5 mm by 0.5 mm.

A simplified MTM-SLIM experimental ball-on-disc configuration is sim-
ulated. The steel ball has a diameter of 19.05 mm. In the simulations, the
wear track radius is taken to be 23 mm. The applied pressure is 1.15 GPa
the roughness on the ball and disc is Rq = 20 nm and Rq = 130 nm re-
spectively. The lubricant rolling speed / entrainment speed, Ur, is 0.1 m/s
with an SRR value of 5 %. The temperature of the contact is fixed at 80°C'.
A Newtonian lubricant with viscosity v = 0.004Pa.s and a pressure viscos-
ity coefficient a@ = 14.94G Pa~" is lubricating the contact. The equivalent
Young’s modulus for the interface is E = 229.67 GPa. The tribofilm growth
parameters are Amg, = 200 nm, Ty, = 1.66 x 107, €} = 0.05432 and O,
= 0.0004022 taken from [64]. For all the simulation cases presented in this
paper, the material yield limit is fixed at 6 GPa for the substrate and 2 GPa
for the tribofilm of maximum thickness. A wear coefficient of 5.45 x 1078
and 5.45 x 107 is used for the substrate wear and the wear in the presence
of tribofilm of maximum thickness respectively.

The simulation results labelled as ”with tribofilm” correspond to the case
with the complete tribofilm model active while the simulation results labelled
"without tribofilm” correspond to the case where the tribofilm growth model

11
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alongwith the hardness update are absent. No tribofilm grows and no change
in mechanical properties due to tribofilm occurs. The wear coefficient also
stays fixed at the substrate wear value.

4. Results and Discussion

The tribofilm growth affects the lubrication performance within the lu-
bricated contact. It is expected that the average film thickness (h.), lambda
ratio (\), contact area ratio, (A., the ratio of solid contact to the total
Hertzian contact area) and contact load ratio (W,, the ratio of load carried
by the solid contact to the total load) will change throughout the simulation
time. A close look at the evolution of these parameters will greatly help in
understanding the role of tribofilms in affecting lubrication performance of
the contact. This is the first attempt at modelling the interfacial interac-
tions between tribofilm growth and lubrication performance. Therefore, no
direct comparison is available and the discussion is mainly based upon the
observations of the evolution behaviour of the key lubrication parameters.

It is important to redefine some key parameters before presenting the re-
sults. The parameters h,,;, (minimum film thickness), h. and A have conven-
tionally been used to represent contact quality and performance. In practice,
the A, is the key EHL design parameter [65] but under mixed lubrication
conditions, this value is always zero. The point where h,,;, occurs is also
not fixed in space due to the transient nature of the contact. Moreover, h..
as defined by the Dowson-Hamrock equation [66] is no longer the true rep-
resentation of the effective lubricant film within the contact. Therefore, in
current study, the average of the nodal film thickness values within 2/3 of
the Hertzian zone, as defined in [20], is used used as the average central film
thickness hgyy. Therefore, two different A values are presented here, Aorp is
the ratio of h. to composite roughness while the general use of A parameter
refers to the ratio of hg,y to the composite roughness. It should be em-
phasized that both the central film thickness and the composite roughness
change throughout the simulation time due to the changes in tribofilm thick-
ness, wear, plastic deformation and the relative movement of the contacting
surfaces. Therefore the lambda ratio is not a static value as used in practice.

The first set of results is presented in figure [1] for the roughness evolu-
tion of the ball surface for a simulation of 2 hours experiment. It can be
clearly seen that the tribofilm roughens the ball surface and the roughness
stays higher throughout the simulation time. It suggests that the tribofilm
helps to retain the roughness features by reducing wear and limiting the con-
tact pressures at the interface due to the lower hardness of the tribofilm.
During the initial stages, the tribofilm growth is fast with minimal removal.
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The wear rate is also very high during the initial stages due to plastic de-
formation and absence of tribofilm but eventually slows down due to the
formation of the tribofilm and the running in of the high asperities due to
plastic deformation. The tribofilm thickness soon reaches its mean value due
to the dynamic balance between formation and removal. The growth of tri-
bofilm very quickly modifies the mechanical properties of the contact. This
is because the hardness of tribofilm is quite low compared to the substrate
hardness. Thus, plastic deformation at the interface is facilitated and the
maximum pressures are limited. Based upon the calculations, during the
first few iterations, the nodal pressure is even higher than 6 GPa at some of
the nodes (due to roughness) resulting in the steel yielding. With the growth
of tribofilm the yielding pressure is reduced to values between 6 GPa and 2
GPa and finally close to 2 GPa towards the end of simulation. Thus, the
contact transits from substrate yielding to the tribofilm yielding with time.

The A\orp based upon the conventional h, is plotted in figure 2 The h,
value used is obtained from Hamrock and Dowson formulations [66] and is a
fixed value while the roughness values are the composite roughness values of
the contact pair. Figure [ suggests that the mean roughness keeps decreas-
ing throughout the simulation time as evidenced by the increase in \opp.
Based upon the conventional understanding and also seen in figure I} the tri-
bofilm roughens the contact and therefore the Aorp is always smaller when
the tribofilm is present. Therefore, suggesting a reduction in lubrication
performance due to presence of tribofilm.

It was pointed out earlier that h., defined conventionally, does not truly
represent the true lubricant film thickness within the contact. Thus, in figure
the hgyg is plotted throughout the simulation time, both with and with-
out the presence of tribofilm. It can be readily pointed out that with the
tribofilm present, the h,4 stays higher throughout the simulation time and
the growth of tribofilm roughens both the counterparts. The thicker hg.4
suggests an improvement in the lubication performance while the roughness
increase is expected to degrade lubrication performance. To analyse the com-
parative influence of both h,,, and composite roughness, the ratio of these
two quantities, i.e. the \ ratio is plotted in figure [ It can be seen that
the lambda ratio stays higher throughout the simulation time when the tri-
bofilm is present signifying improvement in lubrication performance. Thus,
the roughness increase with the presence of tribofilm also helps to retain more
lubricant within the contact by forming cavities / pockets of fluid within the
contact.

The flow through the contact can be visualized by looking at the film
thickness profiles given in figure [7} The profiles have been drawn at X = 0
within the Hertzian contact zone. It can be seen that through the middle
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region of the contact, the overall film thickness values are thicker when the
contact evolves with the tribofilm growth model. A close look at figure
indicates that pockets of lubricant film are thicker when tribofilm is present.

To illustrate the entrapment of lubricant within the surface, bearing area
curves (BAC) are plotted. The BAC are used to analyse the load carrying
surfaces and represent the distribution of material graphically. The bearing
area evolution is presented in figure [§] The curve also shows the BAC for
the initial starting surface and the BAC of the final worn surface with and
without tribofilm. It can be seen that the material ratio for the region with
peaks, as shown by the positive part of the curves is almost the same for both
surfaces but the region representing the valleys, the negative part of the BAC
curves, shows oil retention or lubricant entrapment due to deep valleys. The
area on the right side of the curves below the zero line has increased by the
presence of tribofilm, signifying valley volume which is proportional to oil
retention.

Next, the results on the wear of the disc (rough) surface are presented
in figure [0} The final wear depth of the worn surface is 152 nm without
the tribofilm and ~ 132 nm when the tribofilm growth is considered. The
predicted average wear depth values are smaller in the current study but
agree well with experimental values of wear depth from Ghanbarzadeh et al.
[64] from which the parameters for the tribofilm growth model were taken.
It can be seen that the wear is reduced with tribofilm. The evolution of wear
is a complex result of the interplay between plastic deformation, wear and
tribofilm growth. It can be seen that the wear rate also changes throughout
the simulation time.

The simulation results presented in this paper provide new insights into
the action of the antiwear additive ZDDP. The antiwear film not only reduces
wear due to the formation of chemical layers but the physical presence of the
tribofilm is also expected to play a significant role in reducing wear. It can be
seen that the lambda ratio decreases in both the cases (see figure 4 but when
the tribofilm is present, the degradation of the lambda ratio is delayed. Also
the rate of decrease in the lambda ratio decreases with time and its final
values can be related to the steady state wear rate of the tribochemically
active system.

The change in the mechanics of the contact due to tribofilm growth is
even more interesting. The A, and W, evolution in figure |5/ shows that both
these parameters stay higher when the tribofilm growth is included into the
simulation model. Thus, the growth of tribofilm not only result in increased
roughness but also increases the area supported by the dry / tribofilm regions
and the load carried by this dry / tribofilm region is also higher compared
to when tribofilm growth is not included into the simulations. The increase
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in contact area ratio may also be linked to the fact that the tribofilm is
compliant and thus, undergoes yielding easily compared to the substrate.
The friction in contacts is directly proportional to the contact area ratio.
Therefore, the increase in contact area ratio may also be linked to the increase
in friction as more dry contact nodes within the Hertzian contact zone mean
more dry friction. A closer look at both the plots in figure [5| suggests that the
contact area ratio keeps on decreasing but the contact load ratio decreases
and reaches a limiting value.

Only the starting value of A is given in experimental results as well as
numerical studies. In reality, however, the A\ and h. change significantly
throughout the experiments due to the change in the roughness, wear, plas-
tic deformation, tribofilm growth. It has not been possible until now to study
the effects of tribofilm build up on the lubrication performance due to the
inability of experiments to capture detailed information about the contact.
On the other hand, simulation studies in lubrication science have not been
able to capture the effect of tribofilm due to not being able to capture the lu-
brication, contact mechanics and tribochemistry in a single framework. The
results from the current study suggest that the model developed effectively
merges the lubrication science with tribochemistry.

The extension of the modelling capabilities to include tribochemical ef-
fects has not received much attention yet. The potential reason behind this
can be the difficulties in defining asperity contact within the continuum re-
strictions. Boundary lubrication is defined as the state where contact char-
acteristics are dominated by asperity contacts and the state of contact is
considered as the absence of any lubricant / hydrodynamic film. It is to be
noted that the dry contact condition is defined using continuum principles
and the contacts are rough at the atomic scale where the atomic interactions
control interfacial chemical phenomenon. The limitations on the use of con-
tinuum models to describe contact mechanics were discussed by Luan and
Robbins [67]. They suggest that the continuum assumption breaks down as
the atomic dimensions are reached. The lubricant also loses its continuum
nature and starts to dissociate at the interface as suggested by the work of
Spikes [68] and Luo et al. [69] and recently pointed out by Zhu and Wang
[36]. Thus, the unified mixed lubrication models are not suitable for repre-
senting any atomic scale events in their conventional implementations. Some
studies using molecular dynamics simulations have started to appear |70, [71]
but these are limited to fundamental understanding of the interfacial phe-
nomenon. In the current study, the continuum restriction was bypassed by
considering an approximate model for tribofilm growth.
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Conclusion

The tribochemical mixed lubrication model developed earlier by the au-
thors [37] was used to study the effects of tribofilm growth on lubricaiton
parameters. The tribofilm growth was found to have significant effect on
the lubricaiton parameters. The roughness of the contact pair increases with
the presence and growth of tribofilm. This roughness increase was found to
retain more lubricant within the pockets formed by rough surface contact.
Thus, thicker lubricant films can be sustained. The lambda ratio was found
to stay higher with the growth of tribofilm on the contacting surfaces and a
new mechanism for the action of the ZDDP antiwear films in reducing wear
was proposed. Thus, it can be concluded that the ZDDP tribofilm performs
its antiwear action not only due to its chemical film formation but also due to
its physical presence by helping to retain more lubricant within the contact.
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Figure 1: Roughness evolution on the ball surface (smoother counterpart)
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Figure 2: The evolution of lambda ratio. The central film thickness is based upon the
Hamrock and Dowson [66] formulation and the roughness is the composite root mean
square roughness of the contact pair.
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Figure 3: Top: The evolution of the average film thickness inside the contact. Bottom:
The evolution of the root mean square roughnes on both the counterparts.
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Figure 4: The evolution of lambda ratio. The central film thickness is average of the nodal
film thickness values within 2/3 of the Hertzian contact zone and the roughness is the
composite root mean square roughness of the contact pair.
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