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Abstract Tribochemistry plays a very important role in

the behaviour of systems in tribologically loaded contacts

under boundary lubrication conditions. Previous works

have mainly reported contact mechanics simulations for

capturing the boundary lubrication regime, but the real

mechanism in which tribofilms reduce wear is still unclear.

In this paper, the wear prediction capabilities of a recently

published mechanochemical simulation approach (Ghan-

barzadeh et al. in Tribol Int, 2014) are tested. The wear

model, which involves a time- and spatially dependent

coefficient of wear, was tested for two additive concen-

trations and three temperatures at different times, and the

predictions are validated against experimental results. The

experiments were conducted using a mini-traction machine

in a sliding/rolling condition, and the spacer layer inter-

ferometry method was used to measure the tribofilm

thickness. Wear measurements have been taken using a

white-light interferometry. Good agreement is seen

between simulation and experiment in terms of tribofilm

thickness and wear depth predictions.

Keywords Boundary lubrication � Tribochemistry �
Contact mechanics � Wear

1 Introduction

Wear is defined as the material loss that occurs on the

surface of contacting bodies in relative motion. Wear has a

major impact on the reliability of tribosystems and deter-

mines the durability of machine elements. Understanding

the true mechanisms of this phenomenon can help engi-

neers design more efficient machine parts and also results

in the better maintenance of those elements. Predicting

wear is one of the most important challenges in the whole

engineering field, and a lot of attempts have been made to

predict the material loss on the contacting surfaces. Wear

of surfaces mostly occurs when solid–solid contact happens

between the surfaces and the load is carried by the asper-

ities of the bodies.

One of the first attempts to model wear was made by

Archard [2]. A wear model was introduced based on the

load and rubbing distance of the contacting bodies. This

model has been used in a wide range of wear studies, and

the results show good agreements with experimental

observations.

A model was developed for oxidational wear in

boundary lubrication by Sullivan [3]. A mathematical

model was developed in which wear was related to applied

load and involves many other factors that together can be

assumed as Archard’s wear coefficient. Stolarski [4]

developed a statistical model for wear prediction in

boundary-lubricated contacts that could account for elastic

and plastic contacts and also was capable of predicting the

coverage of the tribofilm on contact asperities and thus

predicting wear. That approach used the Greenwood and

Williamson model of contact mechanics [5]. Zhang et al.

[6] derived a model for micro-contacts, considering elastic,

elastic–plastic and even fully plastic contacts and using a

Jaeger equation to calculate the asperity flash temperature
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[7]. They used classical wear theories to calculate the

probability of contact being covered by physically or

chemically absorbed layers. Several modelling works used

Archard’s wear equation in contact mechanics simulations

and predicted wear by applying Archard’s law at local

scales and modifying the geometries.

Bortoletto et al. [8] simulated a single ball-on-disc

experiment by the finite element method and used Arch-

ard’s wear equation to simulate wear. They validated the

simulation results with experiments and showed good

agreement. Oqvist [9] also used a finite element model to

simulate a contact and implemented Archard’s law to

calculate wear using an updated geometry with different

step sizes. Ilincic et al. [10, 11] used the boundary element

method and also a combined boundary–finite element

method to simulate wear in tribometers using a localized

Archard’s law. Sfantos et al. [12, 13] also developed

boundary element simulations to calculate wear in sliding

wear conditions.

Hegadekatte et al. [14] developed a multi-timescale

model for wear prediction. They used commercial codes

for determining their contact pressure and deformations

and then used Archard’s wear equation for calculating

wear. Andersson et al. [15] used a wear model and

implemented FFT-based contact mechanics simulations to

calculate contact pressure and deformations. They simu-

lated a ball-on-disc wear experiment and validated their

simulation results with experiments. All these models use

Archard’s wear law to calculate wear at local scales

without considering the tribofilm as an important mecha-

nism in defining the wear behaviour of the system.

Antiwear additives are generally known to form pro-

tective tribofilms on the surface of contacting bodies. The

most common such additive is zinc dialkyl dithiophosphate

(ZDDP) [16], which can form tribofilms on various mate-

rials including steel, diamond-like carbon (DLC) and Si/Al

alloys [17–27]. Though extensively studied, the specific

processes involved in formation and removal of tribofilms

in these different systems are not yet fully understood. In

the case of inert surfaces such as DLCs, tribofilms do form,

but some reports indicate that they can be easily removed

from the surface [25, 28]. The tribofilm has negligible

effect on the wear [25], with wear resistance properties

being dominated by those of the DLC itself, and with the

type of DLC having an important influence [24]. In con-

trast, ZDDP tribofilms formed on steel surfaces have been

shown to contain iron in the bulk [29], indicating a sig-

nificant interaction between the ZDDP and the substrate.

This can be due to several reasons: (1) chemical reaction

resulting from cation exchange in the polyphosphate (Fe3?

in place of Zn2?); (2) mechanical mixing in the process of

high load and shear stress; and (3) digestion of the iron

oxide abrasive particles in the bulk of the tribofilm. There

are different wear reduction scenarios reported for ZDDP,

but the most accepted one is coverage of the surface,

prevention of direct asperity–asperity contact and increas-

ing the load-carrying capacity of surfaces.

In recent work, Andersson et al. [30] used contact

mechanics of rough surfaces considering the ZDDP tri-

bofilm properties and also the tribofilm formation on

asperities. They used an Arrhenius equation for the tri-

bofilm formation and Archard’s wear equation for wear

predictions. The novelty of this work was considering the

tribofilm and also film formation rate during the time. The

film formation followed an exponential formulation based

on an Arrhenius equation. The model was based on contact

pressure and flash temperature, and these parameters were

responsible for tribofilm growth. One of the drawbacks of

that work was considering the same wear coefficient for the

tribofilm and the substrate which over-estimates the wear

of the system in the case where a tribofilm is separating

contacting asperities. The main output of the work was the

inhomogeneous tribofilm formed on the contacting spots of

the rough surfaces, but no prediction of wear with respect

to the formation of the tribofilm was reported in the work.

A model developed by Bosman et al. [31] proposed a

numerical formulation for mild wear prediction under

boundary lubrication conditions for ZDDP on steel sur-

faces. They suggested that ZDDP chemically reacted layers

are the main mechanisms responsible for protecting

boundary-lubricated systems, and when these layers are

worn off, the system will restore the balance and the sub-

strate will react with the oil to produce a tribofilm. The

model for the formation of the tribofilm on the surface was

based on a diffusion model. They also proposed a transition

from mild to more severe wear by making a complete wear

map [32]. Bosman et al. [31] suggested that the removal of

the tribofilm is due to the plastic deformation of the film

and the amount of wear is due to the chemical reaction that

takes place to restore the chemical balance, which is much

less than the amount of wear in direct interaction of

asperities. They showed that the concentration of the sub-

strate atoms across the depth of the tribofilm varies and the

removal of the substrate atoms present in the tribofilm is

the main reason for wear of boundary-lubricated systems in

the presence of the tribofilm. This model is a good expla-

nation of the effect of tribofilms on reducing the wear of

the boundary-lubricated system.

Recently, Ghanbarzadeh et al. [1] developed a numerical

framework that considers tribochemistry in the mechanistic

modelling of boundary lubrication. The model shows the

possibility of seeing the effect of tribofilms on the tribo-

logical behaviours of the system. In addition to modelling

the tribofilm formation via the thermodynamics of inter-

faces and kinetics of tribochemical reactions, a wear model

was included based on a modification of the Archard wear
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law to account for local tribofilm properties. The complete

model was calibrated against published ball-on-ring

experimental data, and then, brief illustrations were given

of how the numerical framework can predict the evolution

of surface roughness, tribofilm thickness, and the transition

from running-into steady-state wear.

Although in Ref. [1] the tribofilm growth model was

calibrated using tribofilm thickness data from the literature

[43], there was no validation of wear or surface topography

aspects of the model due to a lack of experimental data. In

this paper, the model is adapted to a new set of experi-

mental data in which wear measurements have been taken

to test the wear prediction capability of the model. In

essence, capturing the tribofilm behaviour is the first step of

the numerical framework. Once the tribofilm behaviour is

captured appropriately, its effect on the wear of the system

is studied. The study focuses on the effect of ZDDP tri-

bofilms on the reduction in wear on steel surfaces and will

apply to any system that operates with the same mecha-

nisms. The wear model and mechanism reported in this

paper do not necessarily apply for all antiwear additives

and surfaces. However, the assumptions made seem to be

reasonable for the case of steel and ZDDP. The model is

used to develop insights into the wear mechanism occur-

ring in the presence of the tribofilm over the whole duration

of a test, rather than just at steady state.

An outline of the model is given in Sect. 2, which

includes some additional relevant details not presented in

[1]. The experimental procedure and associated new data

are described in Sect. 3, after which the numerical pre-

dictions are discussed and compared with experiments in

Sect. 4. Conclusions are drawn in Sect. 5.

2 Numerical Model

The model applied here is that developed by Ghanbarzadeh

et al. [1], which implemented tribofilm formation and

removal into a deterministic contact mechanics simulation

for contact of two rough surfaces in different configura-

tions. The model contains the following major components:

(1) A deterministic contact code for rough surfaces

using elastic-perfectly plastic theory;

(2) A semi-analytical tribofilm growth model based on

thermodynamics of interfaces;

(3) Tribofilm mechanical properties;

(4) And a modification of Archard’s wear law consid-

ering the effect of ZDDP tribofilm.

A flowchart indicating the whole numerical procedure is

shown in Fig. 1. A brief description of the overall model is

given below, with focus on the wear modelling aspects.

Further details are available in Ref. [1].

The digitized rough surfaces needed for the determin-

istic simulations are generated using Gaussian random

number distribution and digital filters the same as in the

work reported by Tonder et al. [33]. The contact model is

based on that of Tian and Bhushan [34], which considers

the complementary potential energy and determines the

contact pressures and surface deformations. An elastic-

perfectly plastic contact model based on Sahlin et al. [35] is

then used, where it is assumed that the pressures above the

hardness of materials are truncated out of the calculation.

The asperities that experience pressures close to the hard-

ness of the material will float freely, and the contact cal-

culation is only carried out for elastically deformed ones.

The contact pressures calculated from this method are

realistic, but because of its shortcomings in considering the

nonlinear behaviour of the materials, the plastic deforma-

tions might be underestimated. However, this method is

well known in the literature. The detailed discussion on the

plastic deformation model can be found in Ref. [35].

Tribofilm growth is taken to be a combination of tri-

bofilm formation and removal at the same time. The for-

mation of the tribofilm is assumed to be due to chemical

reactions at the interface and follows the kinetics of tri-

bochemical reactions, which are activated not only by

temperature but also by mechanical rubbing [36–38].

Active collision theories used by Bulgarevich et al. [36, 37]

to explain tribochemical reactions were adopted in the

development of the tribofilm growth model used here. It

has been suggested that tribofilm removal can be as

important as tribofilm formation [40, 41], so the tribofilm

formation model is augmented with a phenomenological

term to account for concurrent removal of the tribofilms.

The resulting model for the growth of tribofilm thickness h

is as follows:

h ¼ hmax 1� e �k1T

h0 �xtribo�tð Þ
� �

� C3 1� e�C4t
� �

ð1Þ

where hmax; k1, k1 and h0 are the maximum tribofilm

thickness, Boltzmann and Plank’s constants and T is the

temperature at which tribochemical reactions occur. The

temperature used in this model is the temperature at

asperities, which is the summation of flash temperature and

bulk temperature [39]. The flash temperature is calculated

using Blok’s theory and the formulation that was reported

by Kennedy et al. [42]. The term xtribo was introduced by

Bulgarevich et al. [36, 37], to account for the effect of

mechanical rubbing on the initiation of tribochemical

reactions, and combined with the contact mechanics model

mentioned above by Ghanbarzadeh et al. [1]. In principle,

this term relates to the proportion of transition states in the

tribochemical reaction that result from mechanical activa-

tion; in practice, it is a fitting parameter to be calibrated via

experiments providing in situ measurements of tribofilm
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thickness. The tribofilm removal constants C3 and C4 are

also to be determined from calibration experiments.

2.1 Wear Modelling

The wear model proposed in [1] is based on the conven-

tional Archard wear formulation; the local wear depth of

each point of the surface is calculated using:

Dh x; yð Þ ¼ K

H
� P x; yð Þ � Dt � v ð2Þ

in which H, K, P and v are the material hardness, dimen-

sionless Archard’s coefficient, local contact pressure and

sliding speed, respectively, and Dt is the time step in which

contact occurs.

The wear coefficient is assumed to vary across the

thickness of the tribofilm. It is assumed that in the areas

where a tribofilm is formed, the coefficient of wear is less

than in the areas where a tribofilm is not formed. The

coefficient of wear is assumed to change linearly with

tribofilm height. Assuming that the coefficient of wear is at

its maximum for steel–steel contact and at its minimum

when the tribofilm has its maximum thickness, the equation

for calculating coefficient of wear is as follows:

CoWtr ¼ CoWsteel � CoWsteel � CoWminð Þ � h

hmax

ð3Þ

The relationship is represented graphically in Fig. 2. CoWtr

is the coefficient of wear for tribofilm with thickness h.

CoWsteel, CoWmin and hmax are coefficient of wear for

steel and coefficient of wear corresponding to maximum

ZDDP tribofilm thickness and maximum film thickness,

respectively.

The wear modelled in this work is considered to be mild

wear, which is the case for thick tribofilms. It was reported

experimentally [16, 44–46] that, even in the areas where

the tribofilm is fully formed, wear is occurring. It can be

interpreted as partial removal of the tribofilm and at the

same time formation of the film to restore the balance.

Therefore, formation and removal of the tribofilm will lead

Fig. 1 Flowchart of the numerical model
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to wear of the substrate [31]; however, this wear is much

less than the wear resulting from solid–solid interactions.

Note that this mechanism of wear does not apply in the

case of inert substrates such as DLC, as mentioned in

Sect. 1, but it is reasonable in the case of ZDDP tribofilms

on steel surfaces.

Studies show that the concentration of substrate atoms

decreases towards the top of the tribofilm produced by

ZDDP [29, 31] on steel. If material detaches from the tri-

bofilm due to the contact, some amount of the substrate

atoms is removed from the surface. This decrease in the

atomic concentration of the substrate as the distance from

the substrate/tribofilm interface increases supports the fact

that less wear of the substrate occurs if a thicker tribofilm

exists. This mechanism was reported by Bosman et al. [31],

who considered the volumetric percentage of Fe over the

depth of the tribofilm and assumed lower concentration in

upper layers of the tribofilm. It can be seen in Fig. 3 that

the tribofilm can be removed as a result of the severe

contact of the asperities and in this case a limited number

of the substrate atoms present in the uppermost part of the

tribofilm are detached from the surface. At the same time,

more substrate atoms diffuse into the tribofilm and move

towards the upper parts of the film to restore the chemical

balance. This movement can be due to different mecha-

nisms as explained in the introduction section. Replenish-

ment of the tribofilm then might occur due to different

surface phenomena including the tribochemical reactions

and mechanical mixing due to combined effects of material

removal and shear stress.

There is no experimental work reported in the literature

presented thus far that provides a specific form for the

variation in wear rate with local tribofilm thickness. The

linear form assumed here is the simplest mathematical

form that allows for a variation across the tribofilm as a

result of the nonuniformity in the concentration of substrate

ions across the tribofilm. This could be modified in future

iterations of the model, should further experimental results

become available, but the comparison with experiments in

Sect. 4 indicates that Eq. (3) is a sufficient representation

of the behaviour.

The wear discussed is the tribochemical that is wear in

the presence of a tribofilm. It is therefore different from the

concept of only fracture and removal of substrate due to

mechanical rubbing. It should be noted that the formation

of the tribofilm takes time as it takes time for the asperities

in contact to be covered by a tribofilm. It is also shown in

our simulation results (see Fig. 4) that the tribofilm grad-

ually covers the surface in time and the inhomogeneous

tribofilm is formed on the contacting asperities due to

inhomogeneity of local properties of surfaces. In this sense,

it takes some time for the coefficient of wear to reduce. The

wear and plastic deformation happen severely at the

beginning.

It is also important to note that this wear model does not

necessarily predict that the thicker tribofilms observed in

experiments result in less wear of substrate. There might be

more removal of the tribofilm and therefore more removal

of the substrate atoms because of the dynamic process of

growth and regrowth of the tribofilm. The coefficient of

wear used in this work is a local coefficient of wear which

is changed in time because of changes in tribofilm thick-

ness. It is very important to distinguish between these two

aspects. The wear results measured in different experi-

ments are shown in Sect. 3, and the validation of simula-

tion results is reported in Sect. 4.

2.2 Model Calibration Procedure

There are several parameters in the complete model that

require calibration before predictions of wear can be made.

For the wear calculation part of the model, the parameters

needed are the initial wear coefficient, K, and the minimum

coefficient of wear, CoWmin. These are determined using

experimental results for one operating condition and then

used for all other simulations under different conditions.

For the tribofilm growth part of the model, the four

parameters xtribo, hmax, C1 and C2 need to be determined for

each set of experimental conditions in order to capture the

tribofilm behaviour, which is different in each case. This is

achieved by fitting Eq. (1) to experimental measurements

of tribofilm thickness.

The procedure for determining the initial wear coeffi-

cient involves conducting simulations with different initial

coefficients of wear to identify the coefficient value that

exactly matches the wear behaviour observed in the cali-

bration experiment. The same initial coefficient of wear

Fig. 2 Schematic of coefficient of wear variation with tribofilm

thickness
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can then be used in all other simulations under different

conditions.

For simplicity, the value of CoWmin is chosen to be one-

tenth of the initial coefficient of wear for the case of steel-

on-steel contact. This is based on the experimental obser-

vations that wear in the presence of the ZDDP tribofilm has

been reported to be approximately one-tenth of the wear in

the absence of the ZDDP [46, 48–51]. The numerical

prediction results confirm that this is a reasonable

approximation.

3 Experimental Procedure

3.1 Tribotest Set-up

The experimental part of this study includes two parts.

Firstly, tribotests were conducted to have rolling/sliding

contacts in boundary lubrication using a mini-traction

machine (MTM). The tribofilm thickness was measured

using spacer layer interferometry to monitor the growth of

the film. MTM-SLIM is capable of measuring tribofilm

thickness in the range of 1–500 nm thicknesses in both

EHL and boundary lubrication regime with an accuracy of

±0.5 nm below 10 nm of thickness and ±2 above this

level. The measurements were taken two times for each

experiments, and the mean value is reported. As reported in

[47], there is no need to have reference film thickness for

calibration purposes which can make it significantly

important in the case of measuring thin films. The tri-

bometer set-up used in this work is shown schematically in

Fig. 5. One of the key points in using MTM is that slide-to-

roll ratio (SRR) can be changed in the experiments and it is

possible to run the experiment in a wide range of slide-to-

roll ratios (0\SRR\ 5).

In a standard configuration of the MTM, test specimens

are a 19.05-mm (3/4 inch) steel ball and a 46-mm-diameter

steel disc. The ball and the disc are loaded, and they are

connected to two different motors. The MTM is able to

simulate a rolling/sliding contact. In a rolling/sliding con-

tact, both surfaces (the ball and the disc) are moving. The

sliding/rolling contact is simulated in the numerical model,

and both surfaces are moving based on the slide-to-roll

ratio (SRR) defined in the experiments. The frictional force

is measured by a force transducer.

3.2 Materials and Lubricating Oil

The material used in this work was AISI 52100 steel for

both ball and disc with a hardness of 6 GPa. The balls and

discs are carefully cleaned by immersing in Isopropanol

and petroleum ether before starting the experiments. All

Removal of the film
Forma�on of the film

Substrate par�cles inside 
the removed tribofilm 

Diffusion or mixing of substrate ions 
into the tribofilm due to different 

surface phenomena

Concentra�on of 
substrate atoms
in the tribofilm

2+3+

Fig. 3 Justification of the wear

model
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the experiments were conducted at an applied load of 60 N,

which corresponds to the maximum Hertzian pressure of

1.15 GPa. The materials used in the experiments are shown

in Table 1.

Experiments were carefully designed to study wear in

boundary-lubricated contact at different ZDDP concentra-

tions and temperatures, and a small entrainment speed was

chosen for this purpose. This experimental matrix is chosen

to produce several different growth behaviours of ZDDP

tribofilm on steel surfaces and at the same time to be able

to measure wear at different times corresponding to those

growth behaviours. The lubricating oil is selected to be

Poly-a-Olefin (PAO) with 0.5 and 1 % wt ZDDP as anti-

wear additive. The working conditions and the corre-

sponding k ratios are reported in Table 2.

Fig. 4 Inhomogeneous growth of the tribofilm on rough surfaces at different times

Fig. 5 Experimental set-up for MTM-SLIM

Table 1 Material properties

Material properties Value

Hardness (GPa) 6

Elastic modulus (GPa) 210

Ball surface roughness (nm) 20

Disc surface roughness (nm) 130
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3.3 Wear Measurement

The samples were analysed after each experiments, and

wear measurements were taken by an interferometer.

Samples are taken out of the experimental set-up after the

complete tribotests. The tribofilm formed on the surfaces

are carefully cleaned. A white-light interferometer is then

used to analyse the profile of the wear track. Two-dimen-

sional and three-dimensional images were taken from the

wear track, and the average wear depth of different areas

inside the wear track is calculated. The experiments were

repeated two times for each working condition, and wear

was measured in all cases. The wear reported results

include the error bars and the variation in the experimental

results from the mean value. It should be also noted that the

wear depth was measured for six different points inside the

wear track for each experiment and the average value was

reported for the analysis.

Experiments for two different ZDDP concentrations and

temperatures were conducted at different times to be able

to test the model and the effect of evolution of the ZDDP

tribofilm on the wear of the system.

4 Results

4.1 Tribofilm Thickness Results

MTM-SLIM configuration results are shown in this section

for two ZDDP concentrations at three temperatures and

three times. Thickness measurements for 1 % wt ZDDP

concentrations in oil at two temperatures of 60 and 100 �C
for three different test durations are shown in Figs. 6 and 7.

In addition, the measurement results with the same con-

centration for different temperatures for 2-h test duration

are plotted in Fig. 8. Spacer Layer imaging results are also

plotted for 0.5 % wt ZDDP concentration in oil at three

different temperatures of 60, 80 and 100 �C in Fig. 9.
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Table 2 Working parameters

Parameters Value

Maximum contact pressures (GPa) 1.15

Temperature (�C) 60,80,100

Entrainment speed m
s

� �
0.1

SRR 5 %

Test durations (min) 30, 45, 120

k ratios Around 0.04

Oil used PAO ? 0.5 % wt ZDDP

PAO ? 1 % wt ZDDP
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Fig. 7 Tribofilm thickness measurements for 60 �C at different times
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Fig. 8 Tribofilm thickness measurements for different temperatures
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The tribofilm measurement results are used to calibrate

the tribochemical model of Eq. (1), and the calibrated

parameters are reported in Table 3. The goodness of the

fittings is also shown in Fig. 10 for one case of 1 % wt

ZDDP in oil. Figure 10 shows the tribofilm thickness

predicted by the simulation and measured experimentally

for the three temperatures (60, 80 and 100 �C) for 1 % wt

ZDDP. There is very good agreement between simulation

and experiment, and both show that the tribofilm formed

under these different conditions has a different thickness.

The tribochemical model predicts the growth of the tri-

bofilm at asperity scale. Therefore, the next step would be

to examine the effect of this formed tribofilm on wear of

the system using the proposed wear model. Wear mea-

surement results are shown in the next section, and the

predicted numerical results are reported in Sect. 4.

4.2 Wear Results

White-light interferometry was used to measure wear on

the discs. An example of wear measurement images is

shown in Fig. 11.

The samples were carefully cleaned by EDTA. Previous

works have shown that ZDDP tribofilm on the wear scar

can lead to misleading wear measurements when white-

light interferometry is used because of their transparent

characteristics.

The wear analysis in this work is based on the average

wear depth profile and is compared to the numerical

results. Wear depth is measured by comparing the average

heights of points inside and outside the wear track. An

example of this comparison is shown in Fig. 12.
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Fig. 9 Tribofilm thickness measurements for different temperatures

for 0.5 % wt ZDDP in oil

Table 3 Numerical inputs and calibrated parameters

Parameter 1 % wt ZDDP 0.5 % wt ZDDP Description

1000C 800C 600C 1000C

K 5.45 9 10-8 5.45 9 10-8 5.45 9 10-8 5.45 9 10-8 Initial dimensionless wear coefficient for steel

COWmin 5.45 9 10-9 5.45 9 10-9 5.45 9 10-9 5.45 9 10-9 Dimensionless wear coefficient for maximum film thickness

hmax 250 nm 200 nm 150 nm 250 nm Maximum local tribofilm thickness in the formation process

xtribo 1.66 9 10-16 1.66 9 10-16 1.66 9 10-16 1.30 9 10-16 Tribofilm formation rate constant

C1 0.08566 0.05432 0.08052 0.08052 Tribofilm removal constant

C2 0.000457 0.0004022 0.0004033 0.000406 Tribofilm removal exponential factor

E1, E2 209 GPa 209 GPa 209 GPa 209 GPa Young’s modulus of two surfaces

m1, m2 0.3 0.3 0.3 0.3 Poisson ratio

Hsteel 6 GPa 6 GPa 6 GPa 6 GPa Hardness of the steel substrate

Htr 2 GPa 2 GPa 2 GPa 2 GPa Hardness of the tribofilm at steady-state tribofilm thickness

Fig. 10 Example of numerical and experimental tribofilm growth for

1 % wt ZDDP in oil at three different temperatures
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The measurement results for different working condi-

tions as reported in Table 2 are shown in Fig. 13 for 1 %

wt ZDDP in oil and Fig. 14 for 0.5 % wt ZDDP which give

the wear depth measured for different samples. The

experiments were conducted for different times for 1 % wt

ZDDP to see the evolution of wear and validating the

model, but only 2-h experiments were carried out for 0.5 %

wt ZDDP in the oil.

Fig. 11 Two-dimensional and three-dimensional images of wear track

Fig. 12 Two-dimensional wear

track image and the image

profile of the surface after the

experiment
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From the comparison of the experimental results, it can

be interpreted that a higher concentration of ZDDP in the

oil increases the growth rate of the ZDDP tribofilm. It is

also shown that a higher concentration of ZDDP results in

less wear in the system. These conditions are simulated by

the model, and the results are reported in the next section.

4.3 Numerical Results and Discussion

The experimental wear depth measurement for 80 �C at 2 h

was used to calibrate the wear model as described in

Sect. 2.2. The initial coefficient of wear found agreed well

with values reported in the literature [30–32]. Wear is

calculated at every time step of the simulation using the

wear model described in Sect. 2.1, and plastic deformation

is calculated in the elastic-perfectly plastic contact model.

The amount of wear is accumulated in time at every

asperity in contact, and the wear depth can be calculated at

the end of simulation. The experiments reported in Sect. 3

were simulated via the model, and the predicted wear depth

as a function of time is shown in Fig. 15 for 1 % wt ZDDP

in oil and Fig. 16 for 0.5 % wt ZDDP. This strategy shows

that if the model is able to capture the tribofilm growth on

the surface, it is also able to capture wear in the systems

with this specific mechanism. The authors believe that this

model in combination with the experiments can open new

insights into the mechanisms of wear reduction in ZDDP

on steel surfaces and relate it to the tribofilm formation and

removal properties and can be extended to systems where

tribochemical reactions form reactive layers and these

layers offer a physical barrier to the surface. This would be

the case for most P-containing antiwear additives. For

comparison with experiments, calculations of wear depth

and tribofilm thickness are made by averaging values over

the entire computational surface. It must be noted that in

the previous work by the authors [1] the tribofilm growth

model was calibrated using experimental results from the

literature [43] which were obtained using a WAM (We-

daven Associates Machine) and spacer layer interferome-

try. The calibration parameters were then used to simulate

the model to see the pattern of surface topography and wear

of the system. No validation of such physical parameters

was then reported, and only the numerical model devel-

opment and its capabilities were studied. In this work,

experiments were conducted on MTM and the tribofilm

growth results are based on the new measurements.

Tribofilm thickness experimental results are used to

capture the growth behaviour by setting the simulation

values with respect to the experimental results. It is

important to notice that once the tribofilm behaviour is

captured, the model is able to predict the wear behaviour

for the case of ZDDP on steel surfaces. So far in this

research, capturing the tribofilm behaviour was dependent
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Fig. 13 Wear measurements for different temperatures and different

times for 1 % wt ZDDP in oil
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Fig. 14 Wear measurements for different temperatures for 1 % wt

ZDDP in oil at 2 h

Fig. 15 Simulation of wear for different temperatures at 2 h for 1 %

wt ZDDP in oil
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on the experimental results due to the lack of comprehen-

sive analytical understanding of the real mechanisms of

tribofilm formation and removal. Despite all the com-

plexities, such simplified semi-analytical models for tri-

bofilm growth can be good starting points for the problem.

As explained in detail in the previous work [1], there is

more need for experimentation to develop the proposed

tribofilm growth even further. The parameters used in the

tribofilm growth model such as xtribo, hmax, C1 and C2 for

different sets of experiments are reported in Table 3. It can

be seen from Table 3 that the fitting parameters are dif-

ferent for different experiments and this is not surprising

due to the different growth behaviour in each experiment.

The calibration results in this work reported in Table 3 are

in line with the theories explained in [1]. It can be seen that

xtribo is the same for different temperatures of the same

condition. It is also reasonable to have smaller xtribo for

lower concentration of ZDDP in the oil. These results are

in agreement with the concept of xtribo which was explained

in detail in [1]. In principle, this term relates to the pro-

portion of transition states in the tribochemical reaction

that result from mechanical activation; in practice, it is a

fitting parameter to be calibrated via experiments providing

in situ measurements of tribofilm thickness. The advantage

of this model is the ability to link to component scale

measurements. It must be noted that the work strongly

supports the fact the tribofilm reactions need shear stress to

initiate. The temperature dependency of the kinetics is not

exponential-like conventional Arrhenius-type equations.

The term xtribo is independent of the temperature, and it is

confirmed in the numerical results reported in Table 3. It

shows that concentration of lubricant additives can be

considered in the growth modelling of their tribofilm. Since

this is not the focus of this work, further discussion on the

growth model is not presented here.

As explained in Sect. 2.1, the coefficient of wear in the

simulation is time and position dependent. Therefore, the

average coefficient of wear at each time in the simulation

can be obtained by averaging the values for coefficient of

wear for all contacting points. The variation in the average

coefficient of wear with time for different temperatures in

the case of 1 % ZDDP in the oil is plotted in Fig. 17. It can

be interpreted from the results that growth of the tribofilm

on the contacting spots can reduce the average wear

coefficient and that results in the overall wear reduction.

The average wear coefficient tends to stabilize when the

tribofilm thickness stabilizes and this is where the steady-

state wear can start.

The predicted pattern of wear depth seen in Figs. 15 and

16 shows that a relatively fast plastic deformation happens

in the beginning of the contact and the rate of the wear

reduces as the rate of plastic deformation reduces. The

wear of material still remains and is responsible for the

reduction in depth of the contact. Formation of the tri-

bofilm on the contact spots results in the reduction of wear

rate and is responsible for less wear being observed in

numerical results. The amount of wear observed experi-

mentally after 30 and 45 min at 100 and 60 �C for 1 % wt

ZDDP in oil is also shown as discrete data points in

Fig. 15. The simulation predictions show reasonably good

agreement with the experimental measurements (see also

Table 4 for comparison of the data values).

Figures 10, 15 and 16 together therefore highlight that

the effect of the ZDDP tribofilm on the coefficient of wear

is well captured by the model.

Fig. 16 Simulation of wear for different temperatures at 2 h for 1 %

wt ZDDP in oil
Fig. 17 Variation in the average coefficient of wear with time for

different temperatures for 1 % wt ZDDP in oil
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The tribochemical wear model tested in this work can be

applied to systems similar to the one reported here, where a

reacted film with varying chemistry through the thickness

is formed. As discussed in Sect. 2.1, it is possible to have a

thick antiwear tribofilm yet a high wear of the surface. As

the tribofilm starts to grow on the surface, the rate of this

growth plays a significant role in the rate of reduction in the

coefficient of wear. The thickness reported in most

experimental studies is the steady-state tribofilm thickness,

but the coefficient of wear in this work is a function of time

and changes with the gradual changes in the thickness of

the tribofilm. Therefore, it is very possible to have a thicker

tribofilm in the simulation at steady state while also having

a higher wear. A visual example of this difference is shown

in Fig. 18.

It can be seen in Fig. 18 that in case 1 there is faster

growth of the tribofilm at the beginning, which can result in

faster reduction in the wear coefficient. It is also obvious

that tribofilm thickness in the steady state is thicker for case

2. Wear calculations show that case 2 has a higher wear in

comparison with case 1 and the results are shown in

Table 5. This example highlights the fact that a thicker

tribofilm in the steady state does not guarantee less overall

wear of the system.

The tribofilm thickness measurements resulting from

spacer layer interferometry were used to calibrate the tri-

bochemical model of Eq. (12). Simulations were carried

out using the calibrated parameters and working condi-

tions. The simulation results show that the assumption of a

lower time and spatially dependent coefficient of wear for

thicker tribofilms is reasonable for the case of different

temperatures and different concentrations of ZDDP in the

oil. It can be seen in Figs. 15 and 16 that at the start of the

tribocontact, simulations show almost the same wear

because of high plastic deformation. At some point, when

the tribofilm starts to grow, and because of variable reac-

tion rates (indicated by xtribo values), the coefficient of wear

starts to decrease and the rate of this decrease depends on

temperature and concentration of additive. This fact is also

confirmed in Fig. 17. The experimental results support the

model.

5 Conclusions

The recent mechanochemical model for boundary lubri-

cation developed by Ghanbarzadeh et al. [1] has been

tested against new experiments, focusing particularly on

the wear prediction capabilities of the model. The wear

model is applied locally at the asperity scale, where a local

coefficient of wear varies linearly with the current value of

the local tribofilm thickness. The model is time dependent,

with the surface topography updated at each time step as a

result of plastic deformation and tribofilm formation, and

the local wear coefficient changes in response to changes in

the thickness of the tribofilm at every time step. Following

calibration of the wear model parameters against experi-

ments under one set of conditions, simulations under dif-

ferent conditions are tested against further experiments.

Prediction of both the tribofilm growth and the wear depth

as a function of time shows good agreement with experi-

mental observations.
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Fig. 18 An example of two experimental cases with different

tribofilm growth rates and different tribofilm steady-state thickness

Table 4 Comparison between experimental measurements and

numerical wear depth calculations

Test (min) Experimental

wear depth

measurements (lm)

Numerical

wear depth

results (lm)

1 % wt ZDDP 1000C_30 0.0712 0.0778

1000C_45 0.0818 0.0839

1000C_120 0.1272 0.1208

800C_120 0.1482 0.1484

600C_30 0.1006 0.0917

600C_45 0.1252 0.1121

600C_120 0.2102 0.2215

0.5 % wt ZDDP 1000C_120 0.1505 0.1430

800C_120 0.1830 0.1682

600C_120 0.2550 0.2676

Table 5 Wear depth results for

different cases in Fig. 18
Case Wear depth (lm)

1 0.1355

2 0.1422
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The results support the argument that wear can happen

because of the removal of the substrate atoms present in the

tribofilm due to different tribochemical phenomena, and

the dynamic loss of material within the tribofilm through-

out the growth on the contacting asperities. The wear rate

under such conditions is much lower than that in the

absence of a tribofilm, and the model captures this dis-

tinction, predicting faster wear in the early stages of the test

where the tribofilm has yet to form.

Although the coefficient of wear in the model decreases

with increasing tribofilm thickness, it is seen that having a

thicker tribofilm at steady state does not guarantee lower

overall wear. Since the model captures the complete

dynamics of the system, from bare surface through to

constant average tribofilm thickness, it can be seen how the

initial rate of tribofilm formation, influenced by tempera-

ture and local surface topography, affects the overall

average wear depth seen in tribological tests. Example

simulations are shown in which the wear depth is greater

for a case with a thicker tribofilm.

The model tested in this work does not necessarily

capture the wear mechanisms for all boundary lubrication

systems such as DLCs and Al/Si alloys, but the framework

can be a good flexible approach to test different mecha-

nisms. There is still a need for more experimental evidence

to see how tribofilm formation and/or removal is respon-

sible for the wear of the boundary-lubricated systems for

ZDDP antiwear additive on steel surfaces. Hence, this

model will be a foundation for finding the correlation

between tribofilm growth and wear, and more experiments

are currently being carried out by authors. The study of

tribofilm removal and its chemical and physical effects on

wear of the boundary-lubricated contacts is the subject of

the ongoing research.

The model tested shows good agreement with experi-

ments, indicating that, once calibrated, it has predictive

capabilities that provide a beneficial tool for further

exploration of boundary-lubricated systems.
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