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Abstract

A tribochemical modelling framework that considers the ghootttribofilm on the contacting
surfaces has been used in this work. The model couplet @fdact mechanics model with
the thermodynamics of interfaces and captures the grofatine tribofilm on the asperities.
The model was shown to be able to capture the dynamagibbsystem and the evolution of
surface topography. The model considers the effect adtipl deformation and wear in
modifying the surface geometries. In a recent work oathbors, (Ghanbarzadeh et al. in Wear
2016) the same numerical model was validated against expesiwietite Micropitting Rig
(MPR) and the wear, topography and tribofilm thickness reslte compared. In this work,
while the validation of the model is presented, the etiéttibofilm kinetics and its hardness
have been numerically studied to assess the evolutisurfaice roughness in a rolling sliding
contact. Results suggest that the kinetics of thefiinb@rowth significantly influences the
roughness evolution with higher kinetics resulting in@gher interface. Similarly the tribofilm
hardness affect the roughness evolution and are marentifl in the later stages of roughness

evolution.

Key words: Surface Roughness, Boundary Lubrication, Tribochemistry, Wear, ZDDP

1 Introduction

Wear of materials is still a big problemengineering systems where material loss occurs due
to various mechano-chemical processes on the surfacesntdcting bodies. Wear has a
significant impact on the reliability of machine componeand is one of the most important
factors in design. At the theoretical level, a recemtiew H] highlighted the enormous
complexity of even a very simple tribological procdasction and wear are interlinked at all
length scales and studying them requires an in-depth uadéirsg of all the non-equilibrium
processes occurring at the molecular level to determinehalpgaiens at the macroscopic level.

Therefore it is a complex task to predict wear and dnctat different scales. Numerous
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attempts have resulted in various aspects of this praixerg investigated and many system-
dependent empirical and semi-empirical models have dixemiope.

One important characteristic of a tribological systseitine film thickness parameter known as
the A ratio which is a representation of the severity of the contact. Traditionally, A ratio was
used by designers of machine elements as a guide forirsg kaet right lubrication and material
parameterﬂﬁ]. Thisis a fairly good design parameter for less severe corgagtgontact in
ElastoHydrodynamic Lubrication (EHL) and Hydrodynamic Laoation (HL) When the
contact severity is greater, the lubricant film cannstan the load and the contact pressure
will be mainly carried by the surface asperities. The eptiof minimum film thickness will
be invalid but A ratio will still be a good representation of the severity of the contact. In the
boundary and mixed lubrication regimes, prediction ofdileamics of surface topography
evolution will result in a better estimation of thentact pressure and the contact conformity.
Running-in is an important phenomenon in the wear and fnigiiocess as the majority of the
surface modifications happen in this ph [6]. It han kEhown that the running-in is a
complex phenomenon where physical and chemical changes happemuickly at the

interface ' ﬁ .

A range of experimental work has investigated changesiiface roughness during running-
in of tribological contacts. Karpinskﬁl[9] studied twelation of surface roughness over time
for both base oil and base oil with Zinc Dialkyldithimsphate (ZDDP) antiwear additive. She
also studied the wear of surfaces at different instantaglmunning-in. It was suggested that
a ZDDP tribofilm significantly affects the topographichlanges of surfaces during running-
in. From a design point of view, it is important to be abl@redict the topography evolution

of surfaces in order to be able to predict their perfoomamnder different lubricating

conditions. Several previous works consider wear prediaising Finite Element Methods

(FEM) [10-13], Boundary Element Method (BET) [14}16] and camebli methodﬁ.

Due to complicated physical and chemical interactions irbtlumdary lubrication regime, it

is a difficult task to predict surface roughness changes aetyiwhile considering all the
possible mechanisms such as tribofilm formation, itorerty material transformations, wear,
friction, energy dissipation etc. A few recent works éaensidered the effect of protective
surface lubricant films in the wear calculati based on simplificationsf tribofilm

kinetics, mechanical properties and tribofilm frictid®ince then models of the kinetics of

tribochemical reactiong [24-26] have been developed bastwdypothesis of shear-induced




tribochemical reactions. In an earlier work by the argldthis papef [2"27], a tribochemical

kinetic model was developed based on the thermodynamitgidaces and a fitting parameter
was introduced that was responsible for the effect of rmécddarubbing on induction of the
tribochemical reactions. The model was an engineering agprimause the experimental
macroscopic tribofilm growth data at the microscopic agpsecale level and predict the
dynamics of the tribosystem with respect to surfaceghaess and contact mechanics.
Although it was semi-deterministic and dependent on expetaheata, it was a good

approach to couple tribochemistry and contact mechanics.

In another wor], the effect of tribochemical proteztantiwear films on the roughness
evolution in the boundary lubrication regime was ingsgd. The surface topography
evolution was reported to be due to three main componensticpieeformation, wear and
tribofilm growth. The prediction results were validated agaimstexperimental results of a
micropitting rig. In the current work, while the validationtb& model for one case against the
experimental measurements is presented for referdre@revious model has been explored
further to study the effect of the tribofilm kinetics ahe tribofilm hardness the prediction

of roughness evolution of the surfac&sperimental investigation of the effect of tribofilm
kinetics and its mechanical propertissdifficult as there is very limited control of these
variables and they can usually be measured only post-expesimiéerefore, in this paper, the
effect of these parameters is investigated numeriealtlyonly the experimental validation of
topography evolution for one case is presented. The seastihis paper will perhaps persuade
designers to take kinetics of the anti-wear tribofilna aesign parameter and are illustrating a
potential opportunity to steer future experiments. The sumwiaitye model is presented in
SectionB followed by the system configuratidhe experimental methodology and the
experimental results in Sectﬂw 3. Section 4 presentsalidation of the model by means of

one set of experiments and numerical results of fleeteinetics and hardness are reported in

Sectiorﬁ.

2 Summary of the model
The numerical model used here consists of the followirgetmain components:

- Anin-house contact mechanics solver with elastic-pdyfetastic model.
A robust contact mechanics solver is necessary to addcihe contact pressure
distribution and contact temperature.

- A semi-analytical time and space-dependent tribofilm growdteh



In order to study the effect of tribochemistry, the dyiws of the tribofilm growth at
the interfaces should be captured.

- A modified Archard’s wear model taking into account the local thickness of the
tribofilm.
The effect of the tribofilm dynamics in reducing wear is im@ot. The chemical
composition and hardness of the tribofilm evolve in tim#h pressure, temperature
and rubbing time and this should be somehow captured in thed byodely modifying

the Archard’s wear equation.

The components of the numerical model have been susedan a flowchart as shown in

Figure 1.
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Figure 1 Flowchart of the numerical model

2.1 Contact mechanics solver
When the rough surfaces of two materials come into chniaividual asperities will sustain

the load and the real area of contact will be signifigasihaller than the nominal Hertzian
contact area. Surfaces will be deformed with respect tmtimenogenous contact distribution.
The composite deformation of the surfacgéx, y) due to the applied load pf{x, y) can be

calculated by the linear convolution accordind@oussinesq-Cerruti theory:



ue=K*pd=f_ f_ K(x—¢&y—n)pn)dédn €9)

in which x and y are two-dimensional coordinates, Keésdonvolution kernel and can be
calculated from the half-space approximation as theviaig:
1 1

K(x—é,y—n)=nE*\/(x_f)2+(y_n)2 (2)

.2 2
where E* is the composite elastic modulus of both materiaE3I§=((1 - ), @ 2 ).
1 2

Here,v,,v,, E; and E, are the Poisson’s ratio and Elastic Modulus of material 1 and 2
respectively. For the contact of two rough surfaces, aneonsider the composite roughness
of the two contacting surfaces and a rigid plane to catleuthe contacting pointEFg]. By
movement of the rigid body in the normal directidre interference (i) between the contacting

surfaces can be obtained ($ee Figure 2). For the nogesiencing contact, the elastic

deformation must be equal to the body interferencetangressure is generated at the asperity.
The summation of the pressures on the nodes must ad¢spbkto the applied load. Therefore,

the set of equations for the contact of rough surfacas fisllows:

u(x,y) =i(x,y) = Z(x,y) — D(x,y) V(x,y) € 4, (3.1)
p(x,y) >0 v(x,y) € A, (3.2)

W = .Up(x,y)dxdy (3.3)

whereiis the asperity interferencg, is the composite surface roughness heighis the

distance between reference plane and the rigid plah&as the total applied load.

Contacting areas

Reference plane

Figure 2 Schematic of the contact of rough surfaces



For the case of elastic-perfectly plastic contabex,e will be an additional criterion that limits
the contact pressure to a maximum yield pressy® gnd Equation 3.2 will be converted to
0 < p(x,y) < p,. Itis considered that the nodes which are experiencirggymes very close
to p,, will not contribute to the elastic deformation calculataf the surface (Equation 1) and
they are free to flow from the moment the pressurehe=sache yield value. This is a
simplification of the real system as the work-hardensgeglected and also sub-surface
deformations are not considered. However, it is a fairdy faethod to calculate the plastic
deformation for rough surface contact mechanics. A sirng& transfer model was used in
this work to calculateht flash temperatures on the contacting asperities via Blok’s theory .
The model is based on quasi-steady-state models presgniean and Kennedml] which
uses the following equation for the square shaped heat source

2qb

T . = 4
flash = g [w(1.011 + pe) )

where b is the contact width, K is the thermal diffugiyk = pic), Pe is the Peclet numbdtd =

%V), g is the frictional heatingg(= p. P.V) where y, P andV are the coefficient of friction, contact

pressure and sliding velocity respectively. The flash temyreratilculated at the computational nodes

will be then used to predict the tribofilm growth explaiiethe next section.

2.2 Tribofilm growth model
The tribofilm growth model was initially develope'ﬂ for antiwear additives and

considered both formation and removal of the tribofiboe to the complex physics of the
combined effect of formation and removal, the model usétlirag calibration approach to
extract some parameters from the experiments. This agptimaits the applicability of the
model because it was only valid farcertain lubricant additive (ZDDP), however it was the
first attempt to consider both formation and removaswath tribofilms at the asperity level.
Computational nodes are in the range of micrometre dinedes are given later in Section
2.4) and the tribofilm can be formed on every computationdk that is in contact. The film
thickness k) model is a function of time (t), temperature (T @ome other parameters that
take into account the effect of mechanical rubbing;{,), maximum tribofilm formation
thickness &k,,,,,) and tribofilm removal ¢; andC,). The growth model was formulated as the

following:

k4T

h(t) — h-max (1 _ e(—#-xtribo-t)> . C3(1 _ e—C4t) (5)



in whichk; andh' are the Boltzmann and the Planck constants respectiMedytermx;, ;.
was introduced by Bulgarevich et , to account for the effect of mechanical rubbing
on the initiation of tribochemical reactions. In prplei this term relates to the proportion of
transition states in the tribochemical reaction thatilt from mechanical activation; in practice
it is a fitting parameter to be calibrated via experimgmts/iding in situ measurements of
tribofilm thickness. A detailed discussion on the dewlept of the growth model can be
found in Refs|[2 a 32-34]. This growth model was used on the asperity leveltlaad
inhomogenous time and space-resolved growth of the tribeféis predicted. Thiwas the

first step to mechanistically implement tribochemistry inttedwainistic tribology models. In
principle, the model of Equation 5 can be applied to anydabt additives that are part of the
tribochemical reactions. It should be noted that botmé&bion and removal of the tribofilm are
considered in this model. The model was initially developedhtiwear additives (ZDDP in
particular) since their kinetics were studied more widelyhi literature. It is important to
highlight thatx,,;,, cannot be predicted in the current state of the modet si is related to
the complicated physical and chemical properties of therfattes. These properties of
interfaces govern the kinetics of tribochemical reaxsti One of such properties is the chemical
nature of the lubricant additives. There is no meanadoommodating chemical structure of
the additives or their tribofilms and their interaciomith substrates into the numerical model
and further ab-initio studies of tribochemical reactions antlitecale modelling approaches
will add further insights into this. In the present forntted model, the term,,;;, cannot be
directly correlated to the external force quantitatiaaly future single-asperity studies will be
needed to study the effect of external force in morailddn order to move forward and
investigate the effect of tribofilm on wear of boundadyricated contacts, different physical

properties such as hardness of the film and its kine¢ied to be studied numerically.

2.3 Modéling wear
It is important to differentiate the removal of the ¢rfibm that is obtained from the second part

of Equation 5 and the wear of the substrate which is the efdhe material underneath the
tribofilm. Hereatfter, the term wear will refer to the mildaw of the substrate. Studies of ZDDP
tribofilms on steel show that the tribofilm containgostrate atoms at a concentration that
decreases towards the top of the tribofilm. Hence maffeoial the substrate is consumed in
forming (and maintaining) the tribofilm, and thereforgairt of the tribofilm is removed due
to the contact, this corresponds to an effective remdvalaterial from the substrate. This
principle is the basis of the mild wear model of Bosmaale], who linked the rate of



substrate wear to the rate of tribofilm removal by comsidehe volumetric percentage of iron
as a function of depth in the tribofilm, and the work &tAurin et al , who calculated the
growth of the tribofilm deterministically using a lineaear model with respect to the tribofilm
thickness that was validated against the experimental w@kanbarzadeh et ..

Therefore, referring to the same tribochemical wealagxgd above, the link between the
substrate wear and the tribofilm thickness takes a linear fio this paper. The details are
explained elseWherEFB]Jt, in brief, the wear model is a modified version of Archard’s wear
eqguation in which the local wear coefficient is reldtethe local tribofilm thickness. The local
wear depth of each point at the surface is given by:

Ah(x,y) =2 P(x,y).ALv  (6)
in which H, K(h), P, v, and At are the material hardness, dimensionless Archard’s wear
coefficient, local contact pressure, sliding speed, anel $tep respectively. All the parameters
in Equation (6) exce@ (h) are calculated in the contact mechanics simulatids.assumed
that the coefficient of wear is at its maximum faredtsteel contact (i.e. when no tribofilm is
present) and at its minimum when the tribofilm hasmximum thickness. Assuming, in

addition, a linear variation with tribofilm thicknessthe coefficient of wear is given by:
(7)

whereK (h) is the coefficient of wear for a substrate covered tibafilm with thicknessh.

h
K(h) = Ksteer — (Ksteel - Kmin)-_

hmax

Kieer @and K,,,;, are the coefficients of wear for steel and for tteximum ZDDP tribofilm
thickness respectively, arig, ., is the maximum tribofilm thickness. The valuesg{,.; and
K,..n, are determined from calibration experiments as describeRefs . Wear
measurements were conducted at different time periods ofngutimé experiments and the
initial wear rate was obtained and sekas,; and the steady-state wear rate was set,as

where a fully-formed tribofilm was separating the surfaces

2.4 Numerical discretisation
In order to solve the set of Equations 1-3, the numedoaiain should be discretised into

rectangular elements of similar size in which the atinpmessure can be assumed to be

constant. In discretised form Equatiobecomes:

N N
u(i,j)=K*pd=ZZK(i—k,j—l)p(k,l) ij=12..N @)

k=11=1



where p(k, 1) is the constant pressure acting on the element certttkd) aSolving Equation
8 along with Equation 3 requires an iterative process to fyndloe contact pressures and
finding the corresponding surface deformations. This easolved using the matrix inversion

process and requirds? X N2 operations. Using thBC-FFT algorithm widely reported in the

literature|[36-38] can reduce the computational demand drattatiEquation 8 will be then

converted to:
ug,) = IFFT|K;;. 5] i,j=12,...,N 9)

where K;; andp; jare the Fast Fourier Transforms of the influence azefft and contact
pressure matrices and are multiplied elenspélement. The FFT-based convolution is
accompanied by periodicity errors that can be minimized bynsne&zero-padding contact
pressure matrix (doubling the domain and putting zero pads inxbaill y directions) and
wrap-aroun]. It should be noted that dealing with 3-dinosagisurfaces (i.e. topography
varying in both x and y), both contact pressure and influerateices should be expanded in
both x and y directions. In order to increase the apipiity and efficiency of the method, the
number of nodes chosen for the numerical study shauldgower of 2. The surfaces used in
this study consist of 512x512 nodes &0um size.

3 Experimental set up
In this work, experimental tribological tests were @trout using the MPR. The schematic

representation of the MPR is show in Figupdl3is is the same contact configuration as the

one reported in R8].

Load

OJO,

Figure 3 Schematics of the load unit of the Micropitting fMPR)
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Micropitting rig is comprised of a load unit that containsker of 12mm in diameter with the
root mean square roughness)(Ralue of 50+10 nm and three larger cylindrical rings with R
value of 600+50 nm. The material used for ring and the raléex Steel AISI 52100 that had

elastic modulus of 210 GPa and Poisson’s ratio of 0.27. As can be seen in|Figure 3, due to the

number of parts and size differences, the roller willexzience more loading cycles than the
individual rings (~13.5 times more). The experiments were coedwita maximum contact
pressure of 1.5 GPa. Since there are independent motorsgsramnd the rollers, the rig can
simulate a sliding and rolling condition. The SlikeRoll Ratio (SRR) used in this study was
2% with the entrainment speed of 1m/s. The experimentahpders used in this study are
reported in a table in R8]. The lubricant used in thidystvas a poly-alpha-olef PAO

as a base with viscosity of 9.84 cSt at’@and 56.2 cSt at 40. 1wt% (1.2% molar fraction)
of primary zinc dialkyl dithiophosphate (ZDDP) was addedé&liase. The temperature of the
oil bath was controlled #&0°C.

In order to investigate the evolution of surface roughnests vath different time durations
were carried out and the surfaces were used for surfatgsiandhe Root Mean Square
roughness of surfaces were then measured using White highierometry (Wyko NT1100).
After every test, samples were cleaned using ultrasotiicfoa5 minutes using Acetone as
the solvent and ethylenediaminetetraacetic acid (EDTA) wed tes remove any tribofilm
from the surfaces. Zinc polyphosphates are known to hamep@ieent properties therefore
giving misleading results during light interferome[39ﬂ1e roughness of roller and the rings
were measured at 5 different positions in the wear tragkhentests were repeated 3 times and

an average value is reported here. Examples of sucsuneeaents are presented in Figu\re 4.

oo oo

BN NS
OO0 O00
S oo
N NS
OO0
| B TENE..
\

0 Initial Surface 7 ° After 100 kcycles ~ °7

(of the rings)
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Figure 4. Example of Wyko roughness measurements (alls/algein micro metre).
Rolling/sliding direction is perpendicular to the plane

3.1 Experimental results
The roughness measurements of the rings and the robgrsesented jn Figurg 5. Experiments

were conducted for different initial roughness values of thgsr{rollers all have the same
initial RMS) as reported in Re@S]. For validation purpesthe roughest ring surface
(R4rings=600 Nm) was selected since it assures a contact in thddguobrication regime. It
is interesting to see that the roughness of the roughfaceuwlecreases rapidly in the initial
stages of the contact and then increases gradually. @thérehand, the roughness of the roller
increases gradually. This is a well-known observation tmatréughness of two contacting
surfaces tend to converge to similar values close to each (stéasices conform to each
other] . It can be observed that due to the high valveugihness on the ring, the severity
of the contact is high (boundary lubrication) and sudaogerience high plastic deformation
at the start of rubbing. The plastic deformation draraliyichanges the surface topography at
the start of the rubbing. The tribofilm will form on therfaces of both materials and this will
delay the further smoothening of surfaces which will be foltbyg mild wear. Detailed
chemical and physical analysis of the effect of thefililm on the roughness evolution of the
surfaces are presented in the earlier work were SEMbgriaph of the wear scar and chemical
analysis confirm the morphology and chemistry of thefilim formed on the wear tra8].

4 Numerical validation
The configuration of roller and ring surfaces used in th&tact mechanics simulation are

shown in Figure B. In order to simulate the rolling andiisgj contacts, the surfaces of the ring

and the roller should move relative to each otherartahgential direction. This is possible by
shifting the matrices of surface asperity heights. Becatge high number of loading cycles

it is not possible to simulate all the loading cyckgn with the smallest appropriate domain
size. Selection of the size of the wear time-stegegendent on several parameters, the most
important of which are the contact pressure, yield stre®ecsolid, coefficient of wear and
the lubrication regime. For this reason it was dectddthve finer time-steps in the beginning
of the contact, due to higher plastic deformations, and biggger time steps following that.
Hence over the first 100 load cycles, the geometry was upd#texdevery loading cycle.
Thereafter the geometry was modified after every 100 loachees to increase the time
efficiency of the simulations. The numerical modeldal$ a semi-deterministic approach so

that some parameters in the model should be calibramd@any predictions. One important

12



calibration parameter is the initial coefficient of weg“ee’/ ) used in the wear model. The

other important parameters in the model are the tribgfibwth model parameters of Equation

5. These parametersc{iro, hmax, C3 @nd C,) are obtained by fitting the mathematical

expression of Equation 1 to experimental tribofilm thicknessits.

Number of Ring Loading Cycles
2000 4000 6000 8000
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Figure 5 Experimental results of roughness measuremeritstial Rq of 600 nm for the
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All these calibration parameters were obtained from the quewvork of the autho@S] and

are reported |n Tablg 1. Simulation results of thduian of the surface roughness for the case

of R,rings=600 nm are plotted [in Figure 7. Results show good divaitand quantitative

agreements with the experimental results shown in Ei@JAn example of the predicted
tribofilm growth that shows patchiness of the layersiedl on the rings are presented in Figure
Later in this paper, the same model (including model parasheseemployed to investigate

the effect of tribofilm yield strength and its kineticstbe roughness evolution. It was shown
in our previous paper that growth of the tribofilm on thataoting asperities can affect the
roughness evolution and the detailed discussion aroungddiniswas presented. Therefore in
this paper, a more thorough investigation on the effettbmfiim kinetics and the hardness
has been carried out. It should be noted that onlyaughness parametet ()was investigated

in this work. However it is well-known that characterising acefroughness needs a thorough
investigation of all the parameters such as skewness, isudtope of surface roughness etc.
There are current research undergoing in the tribologyraamty highlighting the importance
of such parameters on the real area of contact arh«immiss. These parameters should
be considered in characterising the surface roughness. Howvelies paper onlyz,has been

considered and investigating the effect of other parameittse the subject of future works.

14



0.05 : 3 . 5 (a)
Mean tribofilm Thickness
s T T T —0.58
£ — Rqevolution f '
e {Y 1" s e s e = SRMUS: (RPN S —0.56
i : . ; i ;
g SRR GV SR S S S S NS S 054
S s =
DL i S R S i e —0.52 -
E : : E
% """" | — s A m—— et | B ; """"" | St E """" —05 3
' o
=] 7] N—— S S— TH— R CI— — — o048 %
= : ! : ] :
o : ! :
8 ------- rommgfenn ,-----------------E--------.--------.-.------E ------- —0.46
= : —
0.01 Mg~ Y S, R HR— fenne feeenees —0.44
_______ = NS SUUUL . SUSIIUN  SEUUUUGL: | SUDRUUUL UGG SRR '
0 i i i i i 0.4

i i
0 1000 2000 3000 4000 5000 6000 7000 8000
Number of Loading Cycles for the Ring

Mean Tribofilm Thickness {um)

(=)
-

V]

w

i .

a3 SR
[=2]

~

(=]

w

5

Number of Loading Cycles for the Roller x 10

Figure 7 Simulations for validation of roughness evoluéind the tribofilm growth for (a)
the ring and (b) the roller

15



0.000

0.004500

0.009000

B 001350
0.01800
0.02250
0.02700
0,03150

0.03600

0.04050

0.04500

Figure 8 Example of the patchy tribofilm predicted by theetical model and formed on
the ring.

Table 1 Parameters used in the numerical simulation

Parameter Value Description
steel/H 1.25 x 1077 Dimensional wear coefficient for steé’l‘%/Nm)
Kmin/H 1.25 x 10718 Dimensional wear coefficient for maximum film thicklse(gls/Nm)
Pmax 176 Maximum local tribofilm thickness in the formation prae¢am)
Cs 0.112 Tribofilm removal constant
C, 6.80x107* Tribofilm removal exponential factor

5 Effect of the tribofilm kinetics and hardness on roughness evolution

5.1 Effect of tribofilm formation kinetics
Contact spots normally experience different shearefoidue to inhomogeneity of force and

other physical and chemical conditions and thereforetreiggherience different reaction rates.
In this model, there is no means of accommodatingerdifft shear stresses at different
contacting spots. In order to study the effect of extdaraés on the kinetics of tribochemical

reactions, simulations were conducted for different &ifex,,;,,. As discussed earlier in
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Section 2.2, this term in principle, is a numeric@resentation of the effect of entropy change

on the induction of the tribochemical reactions. Treneethanging the value at,;;, in the
kinetics model of Equation 5 enables the study of theceff entropy on the kinetics of
tribochemical reaction and therefore on the roughneskiton. It is important to highlight
that any external force that can reduce the barriéherhecal reactions will contribute towards
kinetics of tribochemical reactioGI]hese values are not adapted from any experiments
and are only altered numerically in the model. The valueschosen to be close to the
previously adapted values from experiments but alteredangerof one order of magnitude
to investigate its effect. This term appears on the expaidehe Equation 5 and is therefore
responsible for the rate of the tribochemical reactaetics and the corresponding film
formation. This means that keeping all other paramebersame and only changing the rate
of formation of the tribofilm £,,;,,) to investigate the effects on the topography evolution.
Studying the effect of shear stress on the tegm, can be subject of future studies in order
to present a more universal model. This can be conductedibitiatstudies of tribochemical

reactions and calculations of entropy change.

The values ok, Used in the numerical simulations are reporte¢d in Tgblé& evolution

of surface roughness was then predicted by means of tihel snad the results are plotted in

Figure 9. Simulation results suggest that the kinetiZ®@P tribofilm formation significantly

affect the roughness evolution of surfaces at diffeséejes. Different stages of roughness

evolution hae been shown |n Figure L0 for the case.Qf, = 4 x 10~1¢. The changes in surface

roughness have been divided into three main parts. Sjageich is the plastically-dominant
part and the changes in the surface roughness occur quickly tiheehigh plastic deformations
at the start of severe contact. This is followed by S{&gia which tribofilm is formed on the

surface and its mechanical properties significantly imibeethe conformity of the contact. As

shown in Figure P, the surfaces become rougher in themref tribofilm, which acts as a

solid-like material. Finally, in Stage (iii), once thabtfilm growth rate decreases, the
roughness evolution mainly occurs due to the mild wearparig-level. Results support the
hypothesis that growth and kinetics of the antiwear fitinacan affect the roughness evolution
at Stage (ii) and this can -on its own- considerably inflaghe surface topography changes.
It can be seen that at stage (iii), thevBlue is not decreasing and it can be attributed to the
existing effect of tribofilm growth. It takes time for teéfect of mild wear to be dominant and

decrease the value of.RHowever it is observed that the rate of increasharR, value drops
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and eventually this rate gets to zero (where the slopg f Zero). From this point onwards,
mild wear will result in decreasing the value gf R

Once the tribofilm forms on the contact asperities,ttpography of the surfaces is changed
and the contact conditions between surfaces may changessdtaThis change in the contact
conditions can lead to a different topographical evolugiothe interface in comparison to the
case when no such tribofilm is formed. This effectlmaseen in the numerical result@re

EI The tribofilm formed on the surfaces will change thealamechanical properties of the
surfaces as well as their micro-geometry. An increaseeimdughness of the rougher surface

can occur because of the growth of the tribofilm, whéch solid-like material [43-48Fast

growth of the tribofilm on the highest asperities in inening-in stage changes the geometry
of those asperities in the contact (ring). The newragp®onsists of a substrate (steel) and the
glassy polyphosphate tribofilm on t@49]. It can com® icontact with the counterbody
(roller) and increase the average péakalley height difference. The counter body also
consists of a tribofilm on top but, in the running-iags, there is a chance that some asperities
are not covered by the tribofilm y50]. This will leadthe contact of the high asperities
consisting of tribofilm into the asperities of the ctarbody that are not yet covered by the
tribofilm. After some time, the surface becomes gradwstipother because of the mild wear
occurring at the contacting asperities. It can be desnirt the case of,,,, = 1 x 107'°, the
formation of the tribofilm is quicker than other casesl the geometry changes rapidly and
some plastic deformation is happening. Therefore a shegthtiction in the roughness is

observed even at the second stage.

Table 2 Values of the,,;;,,used in the numerical simulations

Parameter Value Description

1x 10716;
2x 10716,
Xtribo 4 x 10716; Tribofilm formation rate constant
7 x 10716;
1x 1071

The results of average wear depth for all cases aed ligtTable 8. Figure 11 shows how the

tribofilm is evolving on the ring and the corresponding swfaxpography at the end of the
7000 cycles. For comparison purposes, only a 37.5%81#%area in the middle of the wear

track is shown. Results suggest that higher rates ofitnibgfowth make the interface rougher
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and prevent more smoothening of the rougher surface at som@ériod during runnings.
Smoothening of surfaces is known to be a key factor in conitfp of surfaces and running-in
EI. In this paper, we have only reported the average wesh aé the surfaces and no
attention is given to the micropitting phenomena. It sthéel noted that rougher surfaces may
enhance micropitting and thus fatigue of the roller eldérhearing l| In the future work,
the effect of tribofilm and roughness on the sub-serfaantact pressure history and initiation
of surface micro-pits will be investigated.

Table 3 Values of the substrate average wear depth for diffeitgofilm kinetics

Parameter Xtrivo Average wear depth iGm)
1x 10716 155
2x 107¢ 150
Values 4 x 10716 135
7 x 10716 127
1x10715 125
06
055}
E o5
=
O:G'
2 045} :
c
£
S
S 04

0.35}

0 1000 2000 3000 4000 5000 6000 7000 8000
Number of loading cycles (Ring)

Figure 9 Effect of the tribofilm kinetics rate on the agd roughness evolution
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Figure 11 Simulation results of tribofilm evolution forfdiient kinetics and the final surface
topography in the middle of wear track (only an area imiluklle of wear track is chosen for
comparison purposes)

5.2 Effect of tribofilm hardness
Mechanical properties of the tribofilm seem to be impdrteimen it comes to the tribofilm

separating the two substrates and protecting them sinceadbleanical properties play an
important role in the contact and rubbing of surfaesdness of the surfaces are known to be
essential in determining the wear of rubbing surfaces botlvarbody and three-body wear
mechanisms. Therefore, investigating the effect obfilin hardness on the evolution of
roughness is reasonable. The growth of the tribofilnss&imed to occur only at contacting

asperities. Therefore the local contact propertiesulzted from the contact model are
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responsible for the formation of the tribofilm at Heperity scale. It is observed experimentally
that the formation of the tribofilm on asperities caad to change in the mechanical properties
of interfaces and also results in an increase in &@adying capacities of the contacting bodies
. The tribofilm has been reported as a solid-like netevith different hardness from the
substratg [52-54]. The difference in the hardness of ZDDBfitm at different areas in the

bulk was related to the different chain lengths of polyphate, with shorter polyphosphates
being present deeper in the tribofilm and longer chainsimxistose to the surface of the film
55-57]. In the current model, the values of the tribofilandmess at the surface and
near the substrate can be approximated from experimestdils available in the literat 45]
This variation was assumed to be between 2 and 6 GPa, praheus studiem ﬁl
changing linearly from the surface to the substrates Nery challenging to measure the

mechanical properties of such thin films especially whey biaere varying properties across
their thickness. However in a recent work, authors Is&aesvn the stability and durability of
tribofilms after replacing the oi9]This iIs a gross assumption but, given the lack of
experimental data on the specific form of this variatibsgems reasonable. In addition, the

elastic properties of the tribofilm also vary from gheface to the bulk and this variation is

related to hardness variatio44].

In this work, the minimum value of the tribofilm hardse(at its maximum thickness) is

changed numerically in the model and the effect on thghwess evolution is evaluated.
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Figure 12 Effect of tribofilm hardness on the changes ifaseroughness

Figure 12 shows the results of tribofilm evolution for eliént values of iH Results suggest

that the hardness of the tribofilm influences theaefroughness and this becomes dominant

at the stage (ii) of roughness evolution when the tribodiiowth is dominant (s¢e Figure|10

and Figure 1P This is in-line with the discussion presented in Segidithat the growth of a

solid-like material at the interface (a rougher integjacan increase the petkvalley
distance. It can be noted that this effect is relgtivesignificant and changing the hardness of
the tribofilm for one order of magnitude will only resimt10nm difference in the Rvalue of
the underlying material. This is an interesting finding. Tikisbecause formation of the
tribofilm will take time (in order of a few minutes) to réato a relatively large thickness.
When the tribofilm reaches the high thickness, the lesiwill be the Kvalue. In this time
instant, the surfaces already have run-in and the confoohithe surfaces is high and the
changes in the topography will be minimum. On the other hanlde running-in stage, where
most of the topographical changes occur, the tribofilnoisgnown to the thickness that its
hardness will be able to influence the contact signiflgaitherefore the effect of tribofilm
hardness may become more dominant in stage (iii) vthermild wear is mainly responsible
for the topography evolution. It should be noted thathéngrevious paper of the auth [28]

the effect of substrate hardness was investigated and was sbiasignificantly affect its
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roughness evolution. This is not surprising, since hardeerralt are more resistant to

mechanical wear based on most of traditional wear laws.

6 Conclusons
A tribochemical model that considers quasi-static cawfarough surfaces along with a growth

kinetics model of tribofilm is used in this work. The deystent of the model was presented
in other works of the authors. The kinetics model wasaily developed for any lubricant
additive that is involved in tribochemical reactions boundary and mixed lubrication.
However the wear model might be valid for some of P-aoinig antiwear additives where
interfacial tribofilms physically act as barriers to direasperity-asperity contacts and
tribochemical wear becomes prominarithe model was previously validated against
experimental results of an MPR in terms of surface roegghand tribofilm growth predictions.
In this work, the effect of tribofilm kinetics and itardness are investigated for the same MPR
contact configurations and running conditions and the followarglusions are mad

e Kinetics of the growth of the tribofilm considerably affethe roughness evolution
with higher growth rate resulting in more roughening ofdindaces at stage (ii).

e The tribofilm mechanical properties (hardness in this stuslightly affect the
roughness evolution especially from stage (i) where thieofiim thickness is
comparable to surface roughness. This effect found to bévedfainsignificant (see
Figure 12). However it can be seen that this effect willobex gradually more

important where mild wear mainly contributes to the surfaceg@phy in stage (iii).

Findings of this research might be of interest forrfatee designers to tune the kinetics and
mechanical properties of tribolayer to engineer the elomluf surface roughness and severity
of contact. Design of certain lubricant additives tiesults in the formation of tribofilms with

desired mechanical properties may become a control pemame
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