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Abstract: A new method for simultaneous in situ measurement and characterisation of molyb-
denum-based tribofilms is presented, based on lateral force microscopy. The simultaneity of meas-
urements is crucial for a fundamental understanding of the tribochemical phenomena. A new ana-
lytical method is also presented, which combines a BET multi-layer adsorption/desorption model
for boundary-active lubricant species-surface combination with the modified shear-promoted ther-
mal activation Arrhenius equation. Therefore, the expounded method integrates the mechanical,
physical and chemical aspects of the adsorption-bonding process as a detailed multi-step phenom-
enon. The method provides detailed explanations of the measured tribofilm growth, in a funda-
mental manner, not hitherto reported in the literature. Therefore, the combined experimental meth-
odology and modelling approach provides a significant advance in the understanding of tribofilm
formation. Furthermore, the developed model has the potential to explain the behaviour of many
complex lubricant formulations and the resulting multi-species tribofilms, generated through syn-
ergistic and/or antagonistic constituent adsorption and shear-promoted activation.

Keywords: Tribofilm growth; Lateral Force Microscopy; BET multi-layer Adsorption model; Arrhe-
nius Equation

1. Introduction

Lubrication is crucial for functional performance of a wide range of mechanical and
biological interfaces. Most interfaces operate under mixed regime of lubrication, meaning
that a certain degree of direct interaction of stochastic solid contacting surfaces occurs.
Therefore, the conditions endured by many interfaces require the formation of an inter-
vening fluid film to extend beyond its mere bulk microscale rheology. Protective bound-
ary-active additives are used to form surface-adhered/bonded tribofilms. These can con-
tribute to a reduction in contact friction and also prevent wear in the nanoscale interac-
tions of surface asperities in mechanical as well as biological interfaces. Hitherto, despite
significant improvements in lubricant technology, it is estimated that 23% of the world’s
total energy consumption is dissipated in tribological contacts [1].

Typically additives form around 5-24 wt% of fully formulated lubricants for engi-
neering applications [2, 3]. Depending on application, lubricants comprise a blend of hy-
drocarbon base stock, as well as detergents, dispersants, anti-oxidants, friction and vis-
cosity modifiers, anti-foaming agents, pour point depressants, corrosion inhibitors and
anti-wear additives [3]. In formulation the constituent physical chemistry enhances cer-
tain aspects of the lubricant system performance and can be adjusted to suit specific ap-
plications.

Despite their crucial intended functions, the mechanisms through which most addi-
tives adsorb or bond to surfaces remain somewhat empirical, particularly due to their
potential synergistic as well as antagonistic competition in occupying attachment sites on
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boundary surfaces [4]. The lack of a fundamental understanding is exacerbated by the
significant difficulty associated with taking in situ measurements of additives’ activation
and tribofilm characterisation.

Molybdenum-based additives were first patented in 1939 in the form of colloidal mo-
lybdenum disulphide (MoSz) as an anti-wear and friction modifying additive [5]. Use of
oil soluble molybdenum dialkyldithiophosphate (MoDDP) was reported in 1955 as an al-
ternative to zinc dialkyldithiophosphate (ZDDP) which was already in use [6]. Other
forms of oil soluble molybdenum-based friction modifiers have also been used commer-
cially, including molybdenum dithiocarbamate (MoDTC). The reaction process that trans-
forms an oil soluble molybdenum-based molecule into a functional friction-reducing layer
of MoS:2 is chemical and requires energy and suitable reactants for initiation.

The Arrhenius equation has long been applied in chemistry to model the rate-limit-
ing step in a reaction process [7]. Through modifying the Arrhenius equation, found in
the seminal works of Prandtl [8] and Eyring [9], the mechanical contribution to reaction
rates can also be considered as an energy input. Tysoe [10] and Spikes [11] have recently
provided detailed summaries of the evolution of these concepts and their application in
tribology through tribochemistry or mechanochemisty.

The shear-induced thermal activation model has recently gained prominence follow-
ing the work of Gosvami et al [12] on in situ activation of ZDDP via scanning Atomic Force
Microscopy (AFM). Using a range of contact pressures and temperatures, Gosvami et al
[12] recorded the change in surface height at intervals after scanning with an AFM tip over
a surface submerged in a lubricant containing ZDDP. The tip was scanned parallel to the
cantilever support in order to promote additive activation, and then operated in tapping
mode over the scanned area and its surroundings to assess the formed tribofilm height.
By evaluating the increased film height after intervals of time, they were able to determine
an exponential film growth rate which they linked to an Arrhenius model using the gen-
erated contact pressure as the source of supplied mechanical energy.

Zhang and Spikes [13] investigated the formation of ZDDP tribofilm using a Mini
Traction Machine (MTM) to provide the necessary input mechanical energy and interfer-
ometry to measure the tribofilm growth. They adjusted the slide-roll ratio and applied
contact load, thus the resulting shear and contact pressure respectively. They concluded
that shear, not normal pressure should be used as the main source of supplied mechanical
energy, also when using the Arrhenius equation as a predictive tool. Zhang and Spikes
[13] used the Eyring’s reaction path concept [14] to demonstrate that induced shear not
only lowers the activation energy barrier for the chemical reaction of boundary active ad-
ditives, but also increases the potential barrier for the reversal of the reaction. Adams et al
[15] showed that for the case of dimethyl disulfide on a copper substrate in Ultra-High
Vacuum (UHV), a Surface Force Apparatus (SFA) can be used to activate the molecules
through shear and bond them to the surface. They made full use of the UHV environment
by employing angle-resolved X-ray Photoelectron Spectroscopy (XPS) to track the chemi-
cal composition of the surface following the SFA activated chemical reaction.

The Prandtl [8] and Eyring [9, 14] models apply a force-distance term (work done:
FAx) as the mechanical input energy, whilst Gosvami et al [12] used the pressure volume
term (pAV) and Zhang and Spikes [13] used a shear stress-volume term (zAV). The pres-
sure and shear stress terms effectively represent the characteristic forces applied in the
contact, whilst the volume terms (referred to as the activation volume) are necessary to
provide a dimensionless exponential term in the Arrhenius equation. Zhang and Spikes
[13] and Tysoe [10] provided experimental evidence that shear stress is the most pertinent
characteristic force expression for the mechanical contribution to activation. The activa-
tion volume can be considered for vertically orientated molecules to be the area of the
surface occupied by the molecule multiplied by the activation length [11]. Previous stud-
ies have suggested that a molecular area between 20 and 400 A? and an activation volume
between 7.8 and 180 A3 are applicable for various molecules, including ZDDP, fatty acids
and base polymers [13, 16-20].
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A number of studies have measured the rate of growth of tribofilms with both fully 100
formulated and partially formulated lubricants [21-27]. These studies have shown that 101
there is a slow initial growth period, followed by an increased growth rate and finally a 102
steady state region with a minimal increase or decrease in tribofilm thickness with time. 103
This is particularly noteworthy in the study of Gosvami et al [12] who fitted a linear rela- 104
tionship to the initial growth stage, and modelled the subsequent faster growth rate with 105
the Arrhenius model. They noted a “limiting value”, beyond which the growth appears 106
to cease and some small patches of the tribofilm are removed from the edges of the scan 107
area under extreme AFM contact loads (600 - 1700 nN). An important point to note is that 108
neither the slow initial growth rate nor the limiting value can be explained by the Arrhe- 109
nius model alone. 110

Akchurin and Bosman [28] used the data from the experimental work of Gosvami et 111
al [12] and applied a simple wear term to explain the observed plateauing of the growth 112
rate. This wear rate term was included with the Arrhenius growth model and showed 113
good agreement with the experimental results, although the underlying physical nature 114
of the wear mechanism was not discussed in any detail. Many papers [29-31] have 115
shown that wear at the nanoscale does not follow the behaviour demonstrated at larger 116
scales described by classical wear models [32]. Therefore, despite the agreement between 117
the models presented for AFM (nanoscale) [28] and the tribometric activated film growth 118
(microscale) [24], it is unlikely that the same wear mechanism would be dominant at both 119
physical scales. This is particularly evident as the film height is not seen to reduce in AFM 120
studies, where the rate of growth merely decreases and the film height stabilises. This has 121
been hypothesised to be as the result of combined stable growth and wear rates acting in =~ 122
concert [24]. 123

AFM is well-suited to the investigation of activation of lubricant additives. However, 124
its use in simultaneous measurement of surface height and friction in Lateral Force Mi- 125
croscopy (LFM) has not hitherto been reported in the literature. Additionally, there are 126
some gaps in the current understanding of film growth characteristics, particularly inre- 127
lation to the initial and limiting film growth mechanisms. This paper presents an advance 128
in the understanding of tribofilm growth through novel simultaneous in sifu nanoscopic = 129
measurement of friction and film growth height. In addition, previously presented models 130
are adopted and further developed in order to provide better predictions of the early stage 131
tribofilm growth through the inclusion of an adsorption model. It is shown that the inclu- 132
sion of an adsorption model provides for better prediction of early stage tribofilm growth. 133
It explains the observed limiting maximum tribofilm thickness and allows for the inclu- 134
sion of additive presence at the adsorption sites. 135

2. Experimental Methodology 136

The current investigation uses a Group III high viscosity base oil with a 0.5 wt% con- 137
centration (approximately equating to 500 ppm) of MoDTC. The concentration MoDTC 138
used here guards against interruption in tribofilm growth on account of a limited supply 139
of the additive. MoDTC is a typical engine oil additive for generation of low friction MoSz 140
films and provides anti-oxidation properties [33]. The MoS: films are generally produced 141
in tandem with ZDDP films for combined wear protection and low frictional performance 142
where direct boundary interactions occur [34]. The base oil used here has been investi- 143
gated in detail for its shear characteristics as well as for boundary interactions of this ad- 144
ditive at microscale tribometry, using a s range of engineering surface materials [35]. The 145
investigation considered the interaction of a reciprocating sliding tribometer, intended to 146
replicate a piston ring to cylinder liner conjunction, with different lubricant-material com- 147
binations. These included Nickle-Silicon-carbide, Borided Steel and EN14 steel (for the 148
sliding strip). These materials were tested for frictional losses with the use of base oil con- 149
taining only a single friction modifier species. The base o0il, without friction modifier, was 150
also investigated in isolation using LFM to determine the Eyring shear stress of the lubri- 151
cant. The substrates used in the current investigation are super-finished EN31 steel 152
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specimens with isotropic topography and roughness of approximately 0.05 um (Sa). These 153
plates were washed in an ultrasonic bath with petroleum ether (40-60) for a period of 10 154
minutes and air dried prior to experimentation. 155

To determine a base line coefficient of friction for the test specimens, friction was 156
measured in the absence of any lubricant for a range of AFM probe tip contact loads. 157
Bruker DNP-10 twin-arm silicon nitride cantilever with a nominal tip radius of 20 nm was 158
used for these measurements. In order to characterise the cantilever a “blind” calibration 159
technique was employed in line with that proposed by Buenviaje et al [36] usinga TGF 11 160
monocrystalline silicon grating. Following the cantilever calibration, the tip geometry was 161
determined by taking a topographical measurement of a TGT 1 silicon wafer surface with 162
calibrated peaks. Off-line deconvolution of the topographical data enables the determina- 163
tion of tip geometry. The measured tip radii were within 1 nm of those specified by the 164
manufacturer, when averaged over 20 peaks from the calibration sample’s scanned area. 165

Measurements were taken from 3 areas of all the EN31 steel samples, with a new tip 166
calibrated and used for each test. The steel sample was a 50 mm x 20 mm x 5 mm plate 167
with two counter-sunk mounting holes. A range of loads were applied to the sample and 168
alx2 pm?area scanned (2 um in the fast scan direction) at a sliding speed of 2 um/s, whilst 169
simultaneously recording the applied load, friction and the height of the cantilever. The 170
results are shown in figure 1, indicating a coefficient of friction of 0.27 for the nominally 171

dry tested surface. 172
25 q
Mean coefficient of friction for the EN31 sample from
the 3 areas tested = 0.27
20 7 . ’*
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Figure 1. Measured frictional data from three areas scanned on the EN31 steel sample. 174

Figure 1 shows very good agreement between the results of the three tests, indicating 175
that the procedure and sample surface topography are both repeatable and precisely con- 176
trolled. The coefficient of friction is found as the gradient of the line and is in good agree- 177
ment with similar tests on EN14 steel [35, 37]. The contact is taken as nominally dry since 178
the tests were conducted in a controlled atmosphere with 50 + 2% relative humidity re- 179
sulting in a slight offset to the intercept, in agreement with water-surface condensation 180
and meniscus growth models [38, 39]. This is assumed to produce a constant offset to the 181
friction trace, providing a small positive intercept to the graph in figure 1, but insufficient 182
to cause any hydrodynamic lift at the slow sliding speeds investigated. 183

To investigate the in situ growth of the tribofilm, a tip load of 160 nN was applied 184
which produces a mean contact pressure of approximately 5 GPa. The scan rate was set 185
at 29.6 Hz in order to allow 5000 full scans of a 1 x 2 pm? (2 um in the fast scan direction) 186
region over a period of 6 hrs. These values are similar to those employed by Gosvami et 187
al [12] and have been shown to be sufficient for the formation of ZDDP-based tribofilms. 188
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These conditions result in a very high tip sliding speed of 118.4 um.s™! which is found 189
to result in non-Newtonian shear behaviour of the lubricant used in previous investiga- 190
tions [35]. 191

The experimental procedure for additive activation is commenced by following the 192
same calibration procedure described for the dry case, followed by measuring the surface 193
in a nominally dry state. The initial measurements were made to ensure that measured 194
friction was in line with the aforementioned initial dry testing condition and provide a 195
baseline surface height. The lubricant was then injected into the contact while the tip was 196
loaded against the surface, thereby restricting any drift. Sufficient lubricant was added to 197
ensure that the generated meniscus was far removed from the scanning location. Contin- 198
uous friction and height measurements were conducted for 5000 surface scans over a 6 hr 199
test duration. This procedure was repeated three times under the same scan conditions 200
with a different tip and test area in each case. The bulk material and ambient temperatures 201
during the testing was controlled to 20 + 0.5 °C. 202

3. Experimental Results 203

The results of three separate tests are provided in figures 2 and 3, showing the cumu- 204
lative tribofilm height relative to the initial scan and the evolution of coefficient of friction 205
with time. 206

700

600

500

400

300

Film height [nm]

200

100

0 . ‘ T T T T T 1
0 60 120 180 240 300 360

Scan time [min] 207

Figure 2. Measured surface height data from three scanned areas on the EN31 steel sample with 208
the base oil containing MoDTC. 209
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Figure 3. Measured coefficient of friction data from three scanned areas on the EN31 steel sample
with base oil containing MoDTC.

An overlay of the mean measured coefficient of friction and the mean surface height
for the three scans can be seen in figure 4.
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Figure 4. Mean coefficient of friction and mean surface height data from three scanned areas on
the EN31 steel sample with base oil containing MoDTC.

Figures 2-4 show several distinct trends. Firstly, there is a clear initial drop in friction
relative to the nominally dry contact measurement which is attributed to the reduction in
adhesion through wetting of the contact under partial (mixed) regime of lubrication in
line with that proposed by Bowden and Tabor [40], Tambe and Bhushan [41], and Chong
and Rahnejat [42]. Secondly, following this initial drop relative to dry friction, there is a
significant, but unstable further reduction in friction over the first 45 minutes of scanning.
This coincides with an unstable film growth rate. Referring back to figures 2 and 3, for this
region of variations an unstable film growth can be observed for tests 1 and 3, but not for
test 2 where a steady reduction in friction with a steady film growth is observed. In the
case of tests 1 and 3, an increase in friction is observed prior to a stable coefficient of
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friction being reached after 120 minutes of scanning. Test 2 displays a slower frictional 228
response rate, also reaching a stable coefficient of friction after approximately 120 minutes. 229

Contrary to the evolving frictional characteristics, there is almost negligible change 230
in the tribofilm height for the initial 30 minutes scanning duration, followed by an un- 231
steady film growth for the next 30 minutes interval for tests 1 and 3, whilst in test 2 a 232
slower, but smoother change in the growth of film height is observed. Finally, for all tests, 233
the film growth stabilises after an hour and appears to plateau near the completion of test 234
duration. The film growth in figure 2, between approximately 120 and 300 minutes, ap- 235
pears to follow a near linear growth rate which is in agreement with the shear-promoted 236
thermal activation model as the contact conditions and coefficient of friction remain al- 237
most unaltered. However, it is essential to modify the shear-induced thermal activation 238
model in order to account for the reduced growth rate nearing the end of these tests and 239
take into account the reduced film formation rate observed at the beginning of the tests, 240
despite relatively high friction. 241

Several studies have considered the wear of AFM tips through either scanning elec- 242
tron microscopy [43, 44], or measurement of calibration samples [45] or even measuringa 243
nominally worn tip using a second fresh tip [29]. These techniques are not possible in the = 244
current study due to the application of the lubricant to the sample surface and the fragility = 245
of the components. The tip wear reported elsewhere has been rather slight and it is unclear 246
what effects the lubricant and the formed tribofilm would have on the tip wear rate. There- 247
fore, the tip wear is neglected in the current study. 248

4. Discussion 249

The stress-dependent film growth rate is predicted by the Arrhenius shear-promoted 250
thermal activation model as: 251

_AEact_AEmech

l—‘g‘rowth =Tie kgT (1)

where Ty, oy is the growth rate with the unit: m3s™', T, is referred to as the pre- 252
exponential term, AE,., is the internal activation energy, given as the energy barrier in 253
the absence of any applied stress, kp is the Boltzmann’s constant (1.38064852 x 254
10723 JK1Y), T is the absolute temperature and AE,,,., is the expended mechanical en- 255

ergy as: 256
AE e = TAV 2)

where 7 is the mean value of stress component affecting the activation barrier, in 257

this case the contact shear stress and AV is the activation volume. 258
T, = vV, 3)

where v and 1}, are described by Gosvami et al [12] as the attempt frequency (i.e. the 259
rate of interactions between an additive molecule and the target surface) and the molar 260
volume (the volume occupied by one mole of the growth species) respectively. 261

In the current application, v and V;, should be defined rather differently as the me- 262
chanical input energy is produced through shear rather than application of pressure. 263
Therefore, the attempt frequency, v, becomes the number of molecules sheared by the AFM 264
tip per second. This can be estimated by the area occupied by a single molecule on the 265
surface, the footprint tip contact area and its sliding speed. The volume, V},, is therefore 266
no longer the molar volume, but the molecular volume (i.e. the volume of the product 267
produced by the reaction of one molecule). V,, is, therefore, regarded as the product of 268
the area occupied by a molecule and the molecular-chain length. 269

Applying these definitions and the conditions of the experiment to the Arrhenius 270
shear-promoted thermal activation model and adjusting for the best fit to the experimental 271
data, yields the results shown in figure 5. The best fit was found by applying the following 272
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conditions; AE,., = 0.695 eV, AV =160 x 1073 m3?, v = 1 x 1015 % and V, =140x 273
10727 m?3. 274
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X —— Arrhenius model results

100 -
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275

Figure 5. Comparison of the predictions of the Arrhenius shear promoted thermal activation 276
model with the experimental measurements. 277

However, as figure 5 shows, the Arrhenius shear-promoted thermal activation model 278
clearly does not predict a limiting value or any initial state of transience. Therefore, itis 279
rather inadequate for the evaluation of full tribofilm forming characteristics. 280

MoDTC and ZDDP are polar molecules and can adsorb to metallic surfaces through 281
van der Waals interactions [3]. This provides for a high viscosity weakly-adsorbed near 282
surface layer [34], which can be considered as the mechanism for the initial stages of tri- 283
bofilm formation, where as yet there would not be a significant bond or performance ben- 284
efit to the additive film formation in the case of MoDTC and ZDDP. This is thought to be 285
the form an additive film takes through application of thermal energy alone. Gosvami et 286
al [12] showed that for ZDDP such a layer is formed to a depth of approximately 10 nm, 287
but was easily removed using the scanning conditions which were later shown to induce 288
film growth. 289

From the state of an adsorbed layer, sufficient energy input is required to form a more 290
permanent structure and a stronger bond to form with the target surface (a process com- 291
monly referred to as ‘activation’). Adams et al showed that, in UHV tribometry with a 292
SFA, molecules bonded in a similar structure which can be sheared into activation [15]. 293
This proposition is supported by the work of Zhang and Spikes [13] among others at the 294
microscale of tribometry. It is hypothesised that with adequate shear the polar attachment 295
of the additives forms an anchor-point while the free ends are forced over and laid in the 296
direction of shear [46]. Essentially, it is thought that the shearing action in combination 297
with the available thermal energy would force the free ends of molecules into proximity 298
with each other or with the solid surface, forming covalent bonds and thus promote the 299
formation of a tribofilm. 300

The requirement for a molecule to be adsorbed to the surface prior to activation by 301
the sliding tip provides a physical restriction to the chemical reaction rate predicted by 302
the Arrhenius model. The finite coverage of molecules adsorbed to the surface should also 303
be considered unless a large period of time is elapsed between successive scanning passes 304
for a film covering the surface to stabilise. Therefore, the rate of adsorption must be taken 305
into account in the modelling of the activation process. 306
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Langmuir is credited with the first mathematical model for surface adsorption [47- 307
49]. The Langmuir model considers the formation of an adsorbed monolayer onto a sur- 308
face from a gas as a function of the adsorption, desorption rates and surface coverage 309

through a simple expression as: 310
do
EzKA(l—H)—KDH 4)
where K, is the rate of adsorption, K}, is the rate of desorption, 6 is the fraction of 311
the area covered by a deposited layer and ¢t is time. 312

A Langmuir adsorption model has been applied previously to the case of lubricant 313
additive film formation by Dacre and Bovington [50, 51]. They investigated the effect of 314
concentration, temperature and stirring on the adsorption of ZDDP on steel and deter- 315
mined values of K, and K} for a range of cases. 316

Although the Langmuir model allows for a limiting growth rate at the onset of the 317
scanning process, it does not provide an explanation for the limiting growth observed at 318
the culmination of the experiments. A possible reason for the reduction in the growth rate 319
and for the initial transience is provided through inclusion of a multi-molecular layer ad- 320
sorption model. The first multi-molecular layer adsorption model was provided by 321
Brunauer, Emmett and Teller [52] and have since been named after them as the so-called 322
BET model. Under the proposed conditions, additive molecules would have the ability to 323
adsorb in layers upon each other in the form of a stack. Desorption can also occur at all 324
points within the stack such that a steady state condition is always reached with a finite 325
number of layers. Under these conditions the shear experienced by each molecule at each 326
adsorption site may be considered as inversely proportional to the number of molecular 327
layers resident there [53, 54]. 328

A BET multi-molecular layer adsorption model can be applied and solved analyti- 329
cally for a finite maximum number of layers. For the current case, an initial condition at 330
which there would be no adsorbent coverage on the surface was applied. In the time be- 331

tween successive passes of the AFM tip, the growth on any layer x can be described as: 332
n 1
Hn,x = Hn—l,x + f gx—lKAx(l - gx) - sz Kp; dt (5)
n-1 i=x

where n denotes the descrete time step, Y.l_, Kp; accounts for the probability that 333
any molecule in the stack can desorb to reduce the coverage at layer x and the growth 334
rate would be limited by the fraction coverage of the layer x — 1, multiplying through by 335

61 [55]. 336
Applying the multi-molecular layer adsorption model to the Arrhenius equation 337
yields: 238
Xmax AEact_;—eAV
Lgrowtn = Z (Ht,x - Ht,xﬂ)vae kpT (6)
x=1

where X4, is the maximum number of molecules in a stack accounted for in the 339
simulation study. 340

Equation (6) shows that the effective shear stress term in the mechanical energy is 341
reduced as the number of adsorbed layers increases. The surface monolayer adsorption 342
and the shear-promoted thermal activation can therefore be modelled as a symbiotic loop 343
in which molecules adsorb over a given period of time, with a scanning pass activating 344
some proportion of these. Therefore, a new surface coverage is determined and adsorp- 345
tion is allowed over the next time period before another scanning pass occurs. 346

Another factor which should be considered concerns removal of the adhered mole- 347
cules which are unsuccessful in the bonding reaction. If the expended shear energy is suf- 348
ficient, these molecules may be removed from the surface and return to their dissolved 349
state in the bulk oil. As the desorption rate is energy dependent, it would be logical to 350
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relate the desorption rate to the generated thermal and mechanical energies, while only
using the former for desorption occurring outside the contact domain. As a result, a pro-
cess may be conceived as illustrated in figure 6. A similar process was described by Heu-
berger et al [56] for the tribochemical film formation of ZDDP using MTM.

Surface adsorbtion and
desorbtion occur.

K4(T), Kp(T)

Surface coverage is calculated. Surface coverage is calculated.
8.?1 8.?1—1

Shear event occurs to activate
and/or desorb some of the
molecules.

Tgrowth rate (8: T, T): KD (T: T)

Figure 6. Cyclic process illustrating adsorption and activation of additives by a cyclic tribological event.

Applying the multi-molecular layer model yields the results shown in figure 7, where
the average depth of the adsorbed film is added to the activated tribofilm height predicted
by the Arrhenius equation. An estimated layer height of 2.4 nm has been applied here as
this has been reported as the mean molecular length of free ZDDP molecules determined
by Georges et al [57] using dynamic light scattering.
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Figure 7. Growth of tribofilm height with time as measured and modelled using the BET adsorp-
tion model paired with the Arrhenius shear-promoted thermal activation model.
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Figure 8 shows the predicted fraction of the surface covered with bonded molecules
1, 2, 3, 4 and 5 layers deep within the test period. It can be seen that the mono-layer cov-
erage reduces after 60 minutes as it becomes increasingly covered with further molecular
layers.

Figure 9 shows that the total predicted surface coverage stabilises at 85% of the sur-
face after 180 minutes, although there remains slight fluctuation due to changes in shear
stress and activation rate.
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Figure 8. The predicted fraction of the surface coverage of multi-molecular layers within the test
period.
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Figure 9. Total predicted fraction of substrate surface coverage in the test period.

Referring back to Figure 7, it is shown that the multi-molecular layer adsorption
model not only provides a reduced initial growth rate in comparison with the use of the
Arrhenius model alone (figure 5), but also provides an explanation for the reducing film
growth at the end of the test period. With additional testing for further understanding of
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the adsorption and desorption rates for each of the multi-molecular layers, it is expected 381
that even better conformance of predictions to the measured data may be achieved. 382

In micro-scale contacts, some change would have to be made to the cyclic process 383
shown in figure 6 as the adsorbed multi-molecular layers, predicted through BET, may be 384
sheared-off under the contact conditions, particularly in asperity-pair ploughing. The un- 385
usual case of the AFM scanning probe removes this issue in the current investigation as 386
the fixed end of the cantilever holding the tip is a reactive loading system, which adjusts 387
the tip height in order to maintain a constant load over varying topography. This is of 388
course, not the case in micro-scale contacts. 389

Figures 7 and 8 show that the rate of growth of the tribofilm predicted through the 390
new combined BET and Arrhenius model begins to fall as the adsorbed film tends to an 391
average depth of 3 molecules. This can be seen to occur even though there is ample ad- 392
sorbed film coverage as shown in figure 9. 393

The inclusion of an adsorption model in the prediction of tribofilm growth offers an 394
opportunity for development of competitive/antagonistic additive technology, where 395
boundary active additives compete for adsorption sites. It has been observed that certain 396
additive combinations provide harmonic/synergistic or disruptive/antagonistic relation- 397
ships. In the case of MoDTC and ZDDP, it has been noted that there is a harmonic/syner- 398
gistic relationship in automotive lubricant applications where low shear strength MoS2 399
layers form within the ZDDP-based tribofilm, offering a slip plane which reduces friction, 400
whilst ZDDP offers exceptional wear protection [34, 58]. However, if the ratio of adsorp- 401
tion rates between the ZDDP and MoDTC are altered, then the ratio of the tribofilm com- 402
position can be tailored accordingly. MoDTC is one of several lubricant-soluble polar mol- 403
ecules capable of producing a MoS: tribofilm. Therefore, it may be possible to make a 404
selection based on the predicted performance by the expounded model. Alternatively, de- 405
tergents such as calcium sulfonate have been shown to disrupt the growth of ZDDP, lead- 406
ing to essential compromises in lubricant formulation [59, 60]. These relationships are 407
well-suited for predictions with a competitive adsorption model as they allow a limited 408
number of surface sites to be accounted for prior to the additive activation event. As a 409
result, it is possible to determine a fractional content of subsequent layers in combined 410
MoDTC and ZDDP competition and the growth of ZDDP in competition with a detergent 411
molecule as well as other surfactant combinations. 412

Ostwald and de Izaguirre [61] developed an early competitive adsorption model, 413
based on the work of Freundlich [62] and a similar model also exists for Langmuir-based 414
adsorption [63]. 415

Similarly, the current approach allows for discrepancies between additives’ perfor- 416
mances observed for different surface materials or coatings. In a typical fully formulated 417
lubricant there are many species competing for bonding/adsorbing to a finite number of 418
surface sites, and variation in the surface forces is likely to cause significant differencesin 419
tribofilm growth and subsequent lubricant system performance in mixed and boundary 420
regimes of lubrication. The analytical model proposed shows reasonable correlation to the 421
test results in Figure 7. However, the average results were generated from a limited num- 422
ber of tests supported by observed trends [12]. 423

5. Concluding remarks 424

The paper presents a novel method for simultaneous in situ measurement and char- 425
acterisation of tribofilms through use of AFM in lateral force mode. Crucially, this new 426
method allows for direct measurement of the generated tribofilm height as well as the 427
resistive shear force, which is an essential variable for accurate application of the Arrhe- 428
nius model to tribochemistry. In addition, a new predictive method is presented which 429
combines mechanical, physical and chemical processes in a multi-step model, accounting 430
for many of the observed and, not hitherto satisfactorily explained phenomena in complex 431
tribodynamic systems. 432
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The proposed analytical model allows the full lubricant-surface-additive system to
be evaluated in a transient manner. Through the potential extensions already outlined, it
is possible to account for complex lubricant formulations and generated tribofilms
through processes such as antagonistic/competitive adsorption.
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7. Nomenclature

ky Rate of adsorption
kg Boltzmann’s constant
kp Rate of desorption
t Time
T Absolute temperature
v Rate of interactions of molecules with target surface atoms
|78 Molar volume
Greek Symbols:
AE, . Internal activation energy
AEnecn,  Mechanical applied energy
0 Fraction area of deposited layer
I Pre-exponential term in the Arrhenius Equation
Tgrowtn Rate of growth
T Mean barrier stress
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