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Abstract

Water ingress into the lubricant as a contaminant affects performance leadimgjteration

in wear, corrosion and fatigue behaviour of the tribological components especially in the rolling
element bearings. The current study addresses the tribochemical phenomena involved in
micropitting in tribocorrosion systems where different levels of dissolved-water are present in
a model lubricant. In this study the effect of different temperatures, water concentrations and
relative humidities have been investigated on micropitting under rolling/sliding contacts. The
influence of free and dissolved water on tribocorrosive micropitting is clarified. The
tribochemical change of the reaction filisstudied using X-ray Photoelectron Spectroscopy
(XPS) which confirmed that the (poly)phosphate chain length and tribofilm thickness are

reduced with increased dissolved-water level.

1. Introduction

Water is known as an insidious lubricant contami [1, 2]. Water can enter into the lubricant

through several sources includiagumid environment [245] by absorption and condensation,
leakage from heat exchangEI' [2], by-product of chemical reans [ZWMEW], etc.

Depending on the extent of water ingress in the oil, beyond or within the oil saturation level,

water can exist as free-water or dissolved-water, respectively. The saturatioroflevel
lubricant, representing its hygroscopicity, depends on the physiochemical characteristics of the
base stock, additive package, environmental parameters (relative humidity and temperature)

and oil condition

load carrying capacit leading to deficient lubricant performance.

| Free-water in the lubricant forms an emulsion whichdrasferior



|. Tribo-corrosive influence of water in the lubricant

Water can accelerate oil oxidatiﬁl, 9] which in turn may increase the oil Total Acid Number
(TAN) resulting in standstill corrosion and corrosion-enhanced wear and fe [11].
Dissolved-water can be condensed inside the microcracks through capillary effectsteading
accelerated fatigue failure induced by stress corrosion cracking (EFC) [1]. Meanwhile, wate
contamination can favour hydrogen generation and permeation into the steel under tribological

contact] and accelerates rolling contact fati E

considered as a sufficient factor to induce white etching

, 15] although it may not be
k [16].

The presence of water in the lubricant promotes wear incidents in steel-steel contacts under
sliding ﬁ] rolling/sliding ] and in metal-metal contacts under fretﬂg [4] conditions. More
importantly water ingress into the lubricant is shown to promote fatigue failure where water in
oil was controlled at the concentration of 100 p, 17] and to accelerate surfaee pitti
incipient where water was dispersed in thdroi concentration range varying between 0.5%

and 2%]. Magalhaes et ﬂlS] examined the effect of water at two concentrationsd(1% a
5%) and reported that by increasing the lubricant contamination content (water and NaCl) depth
of the pits would not increase although, fatigue life was decreased through an increase in the

extent of damage.

Il. Tribo-chemical influence of water in lubricant

Cen et aI.IHB] carried out experiments under controlled humid environments (relative humidity
values of 60% and 90%) and using 1% water-containing lubricant. The results showed that
changesn the bulk properties of the oil (viscosity and TAN) are negliginladdition of small
amounts of water to a ZDDP-containing palgha-olefin (PAO) oiI] This suggests that
interaction of water with the lubricant additives imposes more significant changes in the

lubricant performance than in the bulk oil.

Zinc Dialkyl DithioPhosphate (ZDDP), as a well-known anti-wear additive, improves the
performance of the lubricant beyond its mechanical wear protection by tribofilm formation,
through its anti-oxidant and partial Extreme Pressure (EP) functionality. The detrimental
impact of water on the anti-wear performance of the ZDDP tribofilm has been reported in
several studieﬂﬂQ]. The hydrolysis/depolymerisation of the (poly)phosphate film formed
on the surface is mainly addressed as the root cause of the deleterious influence of the water
on ZDDP anti-wear performanﬁ”ﬁ 21]. Also, in wet clutch contacts water in lubricant



alters the tribofilm chemical compositi22] and adversely affects the frictional properties of
the ZDDP-tribofilm ] where water was added to the lubricant at a concentration of 2.9%.

The literature suggests that water as a ZDDP hydrolysis-cst [20], depolymerissmiong
(poly)phosphates to shorter chain (poly)phosph@@]&nd reduces the tribofilm thickness
EI]. The hydrolysis effect on different types of ZDDP varies depending on their hydrolyti
stability. Aryl>secondary>primary is the order of the hydrolytic stab [24]. The hydrolysis

of ZDDP in the presence of water is assumed to generate alkyl sulphide and zinc phosphate
or olefin and phosphate a20]. In addition to hydrolysis impact of water on the ZDDP-
tribofilm, water in oil is suggested to decay the stability of ZDDP-tribofilm through impairing

the tribofilm adhereceto the substratEillS].

lll. The effect of ZDDP and water on micropitting
In order to improve the lubricant performance, reduce scuffing and control abrasive and
adhesive wear, anti-wear additives (AW) and extreme pressure additives (EP) (S-

compounds) are used in bearings and gears lubricant formulati 26, 27]. Nevertheless,

AW(s) and EP(s) under certain conditions can improve fatigug life [R7-29] at low concentration
or can be detrimental to the fatigue life of the bear [28, B0-32]. The high chemical

activity of the reactive additives which can promote crack or pit nucleation is assumed to be
the reason behind their undesirable effect on rolling fatiguFBO, 31].

Furthermore, AW additives have been shown to accelerate micropitting {33-36]. ZDDP can

rapidly form a tribofilm on the surface resultingaelayed effect on proper running-in wear

and increasing the probability of asperity-asperity contact. The delayed runnirgtgh

nature of the ZDDP tribofilm and its chemical modification in severe rolling-sliding contacts
, which can enhance localised plastic deformation, are ascribed to be the reason behind
micropitting-enhancing behaviour of ZDEE'B?]. Alongside the ZDDP effect on micropitting,

water contamination is also assumed to enhance micropitting wear in the bearings and gears

lubricated with fully-formulated oil$ [38-40]. The water effect on micropitting is attributed to

its destructive effect on friction-reducing and anti-wear film formation together with
accelerated component surface corro, 39], although the tribochemical changes in the

reaction films were not studied in detalil.

The detrimental impact of water on bearings exceeds that of particle contamination under
certain circumstances and affects wide range of bearings from journal to rolling element

bearings. However, this effect is highly destructive where the bearings operate under severe



conditions i.e. bearings in wind turbine gearboXé® gear teeth and bearingsaimd turbine
gearboxes prevalently suffer from micropittinghich especially affects the bearing’s
functionality ]. Water contamination is common in wind turbine gearbs [40] especially
in off- and near-shore turbinll]. Therefore, it is significantly important to understand the
influence of water on micropitting in bearings operating in demanding applications i.e. wind

turbine gearbox.

Although, the detrimental effects of water on the rolling contact fa@ 7, 18] and ZDDP
anti-wear performance |3| 6] have been addressed, the influence of water and ZDDP-gontainin

oil dispersion on specifically micropitting and detailed tribochemical understanding is not
universally understood. Furthermore, the literature does not differentiate the impact of free-
water from that of dissolved-water on micropitting. In this regard, the approach taken in the
current studyis to assess the tribological and tribochemical phenomena involved in the
micropitting performance of water-contaminated lubricants containing ZDDP as an anti-wear
additive in a specially modified tribometer for evaluating the tribocorrosion performance of

lubricants.

The effect of 1 mass% water containing oil on micropitting is investigated for two different
temperatures: 75°C and 90°C. Humid air with Relative Humidity (RH) values of 60% and 90%
at 75°C are introduced to the test chamber in order to evaluate the effect of the dissolved-water
on tribocorrosive micropitting and related tribochemical processes. A detailed investigation of
the tribochemical change of the tribofilms in tribocorrosion conditions is carried out using X-
ray Photoelectron Spectroscopy (XPS). The influence of free-water on tribocorrosive
micropitting wear is examined through addition of 3 mass% water and inspecting the wear

scars generated with 3 mass% and 1 mass% water-containing oils after 62,500 contact cycles.

2. Experimental set up

l.  Micropitting tests

Micropitting wear was investigated using a modified PCS Instrument Micropitting Rig (MPR)

which is schematically represente¢Higure 1 In order to study the effect of dissolved-water,

the rig is coupled with a humidifier capable of applying different RH values. The MPR rig has
been described in Morales-Espejel and Brizmer 4, 35].

A commercial contamination sensor, HYDAC AquaSensor AS 1000, was also employed to

monitor the water saturation level in the oil. As showhRigure 1] the sensor is in contact with




the lubricant inside the chamber and records the saturation concentration of water relative to
the oil temperature. The sensor does not measure the water content in the oil and only records
the water saturation level in the oil with respect to the fully-saturated oil (100% saturation), in

a percent range varying between 0 and 100, where 100 percent saturation corresponds to the
solubility limit (saturation level) of water in the oil at the certain temperature. The state of water

in oil as either free-water or dissolved-water is determined using the sensor. Thereky, whe
the sensor shows 100%, the amount of water in oil is in excess of the saturation leve$ and thu
free-water condition exists in the lubricant. Accordingly, a percentage of less than 100 indicates

that water in oil is in the dissolved-water state.

Roller Ring

Humid air outlet Humid air inlet

HYDAC sensor

Lubricant

Figure 1. Schematic illustration of the MPR rig
The inspected surface is the wear scar of a steel spherical roller which is 12 mm in diameter.
As shown ir|||:iguj the roller is in the middle and undergoes cyclic load applied by three
larger and equal-diameter steel counter-bodies which are inner rings of cylindrical roller

bearing (designation NU209). The rings have transversely modified roughness with outside
diameter of 54.15 mm after grinding. Prior to the tribological tests rollers are thoroughly

washed in acetone using an ultrasonic bath. The experimental parameters in the current work

are listed ih Table|1.

In this study rings are carefully ground-finished transverse to the rotation-direction with the
roughness oR,=500+50 nm and rollers were circumferentially polished having a roughness
value ofR,=50+5 nm. In comparison to longitudinal or isotropic roughness of the counterbody
(rings), a transverse roughness is shown to accelerate the micropitting incipient on the contact
body (roller) having a smoother surface compared to counterbody in the b@ [33, 35] and
gears]. Slidee-roll ratio of two percent is set for the all experiments carried out in the



current study in accordance to Morales e [35] report showing that theostmleratio of

0.01-0.02 can prompt the maximum surface area affected by micropitting wear.

Table 1. MPR test parameters

Roller: 52100 steel, 50 nm, HV: 785

Specimens
Rings: 52100 steel,k 500 nm, HV: 745
Prmax 1.5 GPa
Temperature 75°C and 90°C
Relative Humidity (RH) @ 75°C Laboratory condition*, 60% and 90%
Contact cycles (on the roller) 62.5x10, 1x1¢
Slideto-roll ratio (%) 2
Entrainment speed 1m/s

*LabOI’atOI’y condition: -Environmen't 20 - 25°C and R"F_'nvironmen't 40 - 65%

The test procedure includes 4 pre-contact steps which are implemented in order to achieve
desired speed for rings and roller, lubricant temperature, load andcsholératio. The steps
durations are: 30 s, 900 s, 60 s and 15 s, respectively. In order to apply the desired relative
humidities, the tube which is blowing humid air was connected to the chamber assembly during
approx. last two minutes of the heating step as soon as the temperature was stabilised at the

desired value.

Il. Lubricants

The base oil employed in this study is a low-viscosity poly-alpha-olefin (PAO) base oil having
kinematic viscosity of 4.0 cSt at 100°C. The water-lubricant dispersions are prepared by adding
required amount of deionised water to the lubricant and mechanical shaking followed by an
ultrasonic mixing making sure that water is fully dispersed in the lubricant and no noticeable
deposition can be observed in the dispersion similar to the dispersing method used in Nedelcu
et al. ] report. Also, the temperature of the dispersions always was kept below 40°C during
mixing to avoid considerable water evaporation. Water-containing lubricant dispersions
became cloudy after mixing implying creatioresfemulsion phase and existence of free-water

in the lubricant. The lubricants to which water is added prior to the tests are denoted as the



lubricants with added-water further in the text. The effect of water on micropitting wear has

been examined using four lubricants; details are gividiabie 2

Table 2. Lubricant formulation table

Lubricant formulation Lubricant designation
PAO base oil v=4 ¢St @100°C BO
PAO + ZDDP (0.08 mass% phosphorus) BO+zZDDP

PAO+ZDDP (0.08 mass% phosphorus)+(1 mass %) deionised water ~ BO+ZDDP+1% water
PAO+ZDDP (0.08 mass% phosphorus)+(3 mass %) deionised water = BO+ZDDP+3% water

The minimum lubricant film thickness in the conté&tcalculated using Hamrock-Dowson

eq uation]in order to calculate Lambda ratio (A). The lhmbda ratio (1) has been defined as

the ratio of the minimum lubricant film thickness to the average root-mean-square roughness
of the two surfaces and is being used to identify the lubrication regime in the contact. The initial
lambda ratio at the start of the contact is A=0.04 and 2=0.05 at 90°C and 75°C, respectively

which is an indication of the boundary lubricated contact.

[ll. Experimental approach
In the current study at first effect of two temperatures (90°C and 75°C) on micropitting wear
and addition of 1 mass% of water to the lubricant at the two different temperatures &fter 10

contact cycles have been studied.

The effect of RH on tribocorrosive micropitting and the relevant tribochemistry are studied
through applying two different RH values (60% and 90%) at 75°C and compared with the
experiments carried out in the laboratory conditions with no added-water and with 1 mass%

added-water.

It should be noted that the absolute water-vapour pressure (awvp) in the laboratory conditions
(T Environment 20 - 25°C and REhvironment 40 - 65%) and at test temperature of 75°C are approx.
0.34 - 0.46 and 6 pounds per square inch (psia), respecly [43]. Therefore, change in the
humidity level in the laboratory conditions (25% RH) leads to a change in RH of 1.4 - 2 % at

the test conditions, which is negligible.

Controlling RH at 90°C and subsequent potential condensation is arduous in the current
experimental set-up which makes the results contentious. In this regard, the effect of dissolved-
water through absorption from humid air is only studied at 75°C. The water concentration in

oil after each test was measured by Karl Fischer Titration.



In order to assess the impact of free-water on tribocorrosive micropitting, tests are carried out
with 62.5x1G contact cycles and different added-water concentrations (1 mass% and 3
mass%). The data acquired from water saturation sensor showed that only after 90 seconds of
the tribological contact (~7 x¥@ontact cycles), due to the water evaporation, water saturation
level is below 100% for the lubricant with initial addition of 1 mass% water. This suggests that
most of the contact cycles performed under dissolved-water for the rollers lubricated with
BO+ZDDP+1% water.

While the roller lubricated with 1 mass% water-containing oil experienced ~7ceobfact
cycles under free-water condition, the roller lubricated with 3 mass% water-containing oil
tolerated all 62.5xT0contact cycles under free-water condition. Therefore, the roller surface
lubricated with BO+ZDDP+3% water and undergone 62.8xbhtact cycles represents the
impact of free-water on micropitting. In the interpretation phase, the tribocorrosive and
tribochemical effect of water on micropitting were addressed using white light interferometry
(WLI), scanningelectron microscopy (SEM), and optical microscopy and x-ray photoelectron

spectroscopy (XPS), respectively.

3. Surface analysis techniques

I.  Wear scar observation

The wear scar profile has been obtained utiligngker’s NPFLEX based on Wyko (white

light interferometry (WLI)) technology. The wear scar profiles of four spots of each specimen
have been generated. In this study attempts have been made to produce a well-representative
map from micropitted area in the wear scar on the surface of the roller by the implementation
of the Multiple Region (MR) data analysis technique which has been incorporated in the
Vision64 software. The scanned WLI images of the wear scars are analysed usingydR anal

with the minimum data pixel size get10. In order to screen the real data from data generated
through software error, the data which are smaller than Zdrusurface area were excluded

from the further analysis. Following careful MR analysis the total micropitted surface area on

the scanned WLI images are calculated through summing up the identified discrete

micropitting regions. This process schematically is showjFigure 2| The average of

measurements from three different specimens are reported as the average micropitted surface
area. Optical images from wear scars are also captured in order to inspect the wear scars of the

specimens lubricated at different water concentrations.
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Figure 2. lllustration of micropitted surface-area measurement using multiple regior
analysis

A Zeiss Supra 55 SEM is employed to capture images from the wear scars. A secondary
electron detector used in order to observe the surface morphology in details. The secondary
electrons emitted from the specimen have been excited by the electrons coming from the
electron-gun having acceleration voltage of 5 kV. A washing procedure of tissue wiping using
acetone followed by ultrasonic cleaning in acetone for 30 minutes has been conducted prior to
WLI and SEM analysis in order to remove residual oil and reaction film from the surfaces.

II. Chemical investigation of the reaction film

X-ray Photoelectron Spectroscopy (XPS) surface analysis is conducted to investigate the
chemical composition of the tribofilm and assess tribofilm thickness. A PHI 5000 Versa
Probe™ spectrometer (Ulvac-PHI Inc, Chanhassen, MN, USA) which uses a monochromatic
Al Ka X-ray source (1486.6 eV) is employed for this purpose.

The residual lubricant has been cleaned out the surface prior to the XPS analysis through

flushing n-heptane followed by an ultrasonic cleaning in n-heptane for three minutes.

In order to identify inside and outside of the tribological contact, survey spectra were collected

from different locations with an energy step size of 1 eV. The detailed spectra have been

collected from the wear scars approximately at the centre with a beam size of 100 um and a
power of 23.7 W in the fixed analysed transmission mode. The energy step size of 0.05 eV for
the oxygen, iron, phosphorous and sulphur acquisition and 0.1 for carbon and zinc have been
selected.



Using CASAXPS software (version 2.3.16, Casa Software Ltd, UK), the detailed XPS spectra
were fitted with Gaussiathorentzian curves after subtracting a Shirley background. Aliphatic
carbon Binding Energy (BE) is referred to 285.0 eV in order to correct the ahaffpet of

beam on specimenks accordance with spin-orbit splitting, area-ratio-constraint of 2:1 for the
two components of the signals(pand p2) has been considered to perform phosphorous (P
2p) and sulphur (signal S 2p) signal fitti@ 44]. Also, position-difference-constrain of 0.85
eV and 1.25 eV is applied for the two components of the phosphorus and sulphur signals,
respectivel ]. The detailed spectra from Zn AuflesMasMa4s) signal were collected and

fitted using two peaks in order to extract two signa@® énd>F) . Modified Auger
parameter (a’) was calculated using Zn 2pBE and Zn 1zM4sMas G Kinetic Energy (KE

signals.

Following detailed analysis of the tribofilm top surface, the tribofilm is sputtered using an Ar
ion source (2 keV energy, 2 x2 rimrea and 1 pA sputter current), in order to estimate the
tribofilm thickness and observe the elemental distribution of the tribofilm across its depth. The
ion sputtering performed every 60 s followed by XPS detailed acquisition after each sputtering.
The rate on steel was found to be 4.5 nm per minute by \ﬂ/ko [6]. The sputtering time at which
the concentration of O1s signal becomes less than 5% and traces of the tribofilm elements (Zn,

P, S) is not found in the detailed spectra, is considered as a measure of the reaction laye
thicknes].
4. Results

I. The effect of added-water and temperature on micropitting
Following the sample washing procedure to remove the reaction layer, WLI images are scanned

from the wear scar on the roller surfaces. The effect of 1 mass % added-water on micropitting

at two different temperatures of 90°C and 75°C are showhigaore 3| and(Figure 4

respectively. The generated micropitting maps from the wear scars using Multiple Region

(MR) analysis are shown on the right hand-side of the corresponding WLI wear scar profiles.

As can be seenl|iRigure 3landFigure 4{the generated micropitting maps effectively represent

the micropitted regions in the wear scar. The calculated micropitting surface areas aedndica
in the lower part of the corresponding micropitting maps. The average micropitted surface area

from measurements on three specimens are calculated and indigfaigaren3jandFigure 4
(e and f).
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Figure 3. Wear scar and MR profile, corresponding wear scar depth prdakes and
average micropitted surface area of the roller surfaces lubricated with a,c,e) B®
ZDDP and b,d,f) BO + ZDDP + 1% Water at 90°C R and M are the profile cursors whi
are placed at the wear track edges’» Abrasive marks

The wear scar cross-sectional depth profile corresponding to the black dashed line on the wear
scar profile of the rollers lubricated with BO + ZDDP and BO + ZDDP + 1% water are shown
below the wear scar profiles in ¢ and d section of the figures, respectively. The sudas

of the wear scar cross-sectional depth profiles are indicated below the corresponding depth
profiles. The wear scar cross-sectional area is a representative of the extent of the material loss

which is induced on the roller surfaces due to the tribological contact.
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Figure 4. Wear scar and MR profile, corresponding wear scar depth profike and
average micropitted surface area of the roller surfaces lubricated with a,c,e) B®
ZDDP and b,d,f) BO + ZDDP + 1% Water at 75°C. R and M are the profile cursors whi
are placed at the wear track edges+ Abrasive marks

A clear increase in micropitting can be observed on the roller surfaces lubricated with added-
water. The 1% of added-water increases the micropitted surface area by approx. 15% and 25%
for the experiments carried out at 90°C and 75°C, respectively. There is an approx. 30%
increase in micropitting of BO + ZDDP lubricant when the experiments are performed at 90°C
compared to the experiments performed at 75°C. A considerable rise in the wear scar cross-

sectional areas at 90°C compared to 75°C suggests that material loss at higher temperature is



increased. The increase in micropitting and material loss can be expected at higher temperature
(90°C) due to the increase in the severity of the contact which is resulted from the lower
viscosity of the oil at 90°C with respect to 75°C and consequent inferior lambda ratio. In
addition, an accelerated ZDDP-tribofilm formation at 90°C compared to 75°C enhances
micropitting on the surfac3]. Abrasive marks can be observed on the wear scars of the
surfaces lubricated with added-water. The abrasive marks on the wear scar profiles are

designated in the images using a black-filled star symbol.

BO + ZDDP (75°C) BO + ZDDP + 1% Water (75°C)
a) b)

20pm EHT = 5.00 kv 20 um EHT = 5.00 kv
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WD= 78mm File Name = roller 28 - Mag 200.tif Mag= 200X EKF H WD= B1mm File Name = RE3- 5K -Mag 200 tif Mag= 200X EKF

Figure 5. SEM images of the roller surfaces lubricated with a) BO + ZDDP ah
b) BO + ZDDP + 1% Water at 75°C

The wear scar cross-sectional depth profiles of the rollers lubricated with BO+ZDDP

formulation are shown |Rigure 3|(c) am{Figure 4{(c) suggesting shallow wear track at edge

containing deep and large discrete micropits concentrated in the middle of the wear scar which
is within the zone with highest contact pressure. In contrast, the rollers lubricated with added-
water I@ (d) andFigure 4| (d)) have a deeper wear scar depth profile at the edges,
suggestingnild wear on surface, with more initiated micropits, which are spread out across

the wear scar, compared to that of BO+ZDDP. Therefore, BO+ZDDP formulation protected
surface from mild wear while inducing large micropits and BO+ZDDP+1%water induces

larger wear and greater micropitted surface area.

Furthermore, comparir{l@igure 3la with b|Figure 4|a with b angFigure 5|a with b, it can be
observed that while micropitting surface area is increased on the rollers lubricated with added-

water, the dimensions of the discrete micropits are smaller. This suggests that the material loss
in the case of contacts lubricated with the added-water is generated through enhanced



micropitting nucleation and mild wear, while the material loss in the case of contact lubricated

with BO+ZDDP is mainly induced throughicropitting initiation andpropagation.

Il. The effect of relative humidity on micropitting

The effect of two different relative humidities (60% and 90%) on micropitsrghown in

Figure 6] The wear scars are extensively micropitted across the whole wear track. The

micropitted surface area of the roller lubricated under 60% of RH is close to that of
BO+ZDDP+1%water lubricated surface. The micropitted surface area of the roller lubricated
under 90% of RH increased by more than 60% compared to the laboratory conditions. Also,
abrasive marks become more intense by increasing the RH to 90%. Similar to what is observed

in the case of 1% added-water, the rollers lubricated under humid environments have a deeper

wear scar depth profile at the edges as shoWigure 6/(c and d) and show mild wear incident

on the roller surface|Figure 7| shows the SEM images of the wear scars generated in

laboratory and 60% of RH conditions which confirms enhanced micropitting initiation and

micropitting surface density in the case of 60% of RH.

In|Figure 8} the water saturation, which is recorded by the Hydac sensor, is shown throughout

the pre-contact and contact durations. Also, water concentration after each test, measured by

Karl Fischer Titration, is indicated |iRigure 8[(b). The pre-contact step which includes sub-

steps of achieving the desired speed for rings and roller, lubricant temperature, load and slid-
to-roll ratio, is plotted in black colour. The first 62.5%I®ntact cycles for the lubricants with

the added-water is plotted in red colour.

As can be seen ‘ilﬁigure 8|(a), data acquired from water saturation sensor show that the most

of the water in the lubricant with 1% of the added-water is evaporated during the pre-contact
steps specifically heating step and only approximately 7 ga@6tact cycles are carried out
under the free-water condition and most of the tribological contact is progressed under the

dissolved-water condition.

The Karl Fischer measurements are well in agreement with the sensor records. The dissolved-
water concentration in the lubricants reached a steady state condition after 260xta0t

cycles. The data from the sensor and the Karl Fischer measurements show that the relative
order of increasing dissolved-water concentration for a series of test conditions is BO + ZDDP
(RH 90%)> BO + ZDDP + 1% Water BO + ZDDP (RH 60%) for the tests conditions used

in this study.
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Figure 6. Wear scar and MR profile, corresponding wear scar depth praes and
average micropitted surface area of the roller surfaces lubricated with a,c,e) B®
ZDDP (RH 60%) and b,d,f) BO + ZDDP (RH 90%) at 75°C.R and M are the profile
cursors which are placed at the wear track edgges Abrasive marks

Furthermore, the micropitted surface area and abrasive marks increase along the series of test
conditions BO + ZDDP (RH 909 BO + ZDDP + 1% Water BO + ZDDP (RH 60%). This

suggests that an increase in the dissolved-water concentration brings about an enhancement in

micropitting and abrasive wegfigure 9la and b compare the micropits induced on the wear
scars on the roller surfaces lubricated with BO + ZDDP (RH 60%) and BO + ZDDP + 1%

Water, respectively.
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Figure 7. SEM images of the roller wear scars lubricated with a) BO + ZDDP and
b) BO + ZDDP (RH 60%) at 75°C

The appearance of micropits is similar and show that the micropits propagate opposite to the

sliding direction into the bulk of the material in agreement with Oila eEI. [46] and also
transverse to the rolling/sliding direction.

a) Water contamination sensor record b) Karl Fischer measuremen
100, Water concentration after 1
: : million contact cycles
. . T srmsvinam e T (mass%)
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= -— . :
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Figure 8. a) Water saturation level measured by Hydac contamination sensor and
water concentration of the oils after the tests

In thgFigure 9|(a) microcracks can be observed inside the micropits on the crack faces which

can be an indication of a crack branching which is typical for the tests conditions used in this
study.
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Figure 9. SEM images of the micropits appearance on the wear scars

lll. The effect of free-water on micropitting

The effect of free-water on micropitting has been investigated through adding 1% and 8% wate

and inspecting the roller surfaces after 62.5xbhtact cycles and comparing with the roller

surface lubricated with BO + ZDDP lubricant formulation without added-w&iguge 10).

The change in the water saturation level of the lubricant containing 3% of added-water is

displayed ilEigure 8|(a) which shows that the saturation level of the lubricant remains 100%

during first 62.5 x1®contact cycles. Therefore, 3% of added-water propelled the contact under
free-water condition throughout 62.52¥1®ntact cycles. Whilst, roller lubricated with BO +
ZDDP + 1%water and experienced 62.5 %t@ntact cycles, has been under tribological
contact in the free-water condition for approximately 11% of its tests duration. Optical images
taken from the wear scars of the rollers lubricated with BO + ZDDP, BO + ZDDP + 1%water
and BO + ZDDP + 3%water after 62.5%Hhd 1x16 contact cycles are showr{figure 10
(a) and (b), respectively.

As can be seen|iﬁigure 10|(a) the wear scar of BO + ZDDP has discrete micropits on surface

and no sign of abrasive wear can be observed. In the wear scar of roller lubricated with BO +

ZDDP + 1%water, micropits and an abrasive mark are visible. The micropitting density is less
compared to BO + ZDDP lubricated roller, considering that approximately 11% of the test
duration was in the free-water condition. However, on the wear scar of BO + ZDDP + 3%water,
which is lubricated in the free-water condition throughout the test duration (62.5 K cycles),
there is no trace of abrasive wear and only few and insignificant micropits are visible. Most

probably, the negligible micropits on the surface of BO + ZDDP + 3%water lubricated roller



are generated after the actual test and within the stopping-step in which the un-loading takes
place and rotation of the specimens is gradually halted. The stopping-step is completed
approximately two minutes after the actual test which provides the lubricant with the required
time to go through a transition from free-water to dissolved-water condition.

a) 62.5x18Contact cycles b) 1x1¢ Contact cycles

BO + ZDDP

BO + ZDDP + 1% Water

BO + ZDDP + 3% Water

Figure 10. Optical images of the wear scars on the rollers after a) 62.5%Hnhd b) 1x1¢
contact cycles. 4 Abrasive marks



In[Figure 10/(b), which shows the wear scars rollers aftércttact cycles, the micropitting

and abrasive wear are enhanced in the case of lubricants with added-water. The micropitting

and abrasive wear are also increased with an increase in the water concentration to 3% which

is due to the increase in the dissolved-water concentration as shbigniea 8| This suggests

that free-water profoundly favours mild wear process and subsequently micropitting is
hindered. On the other hand, dissolved-water facilitates mild wear and significantly enhances

micropitting initiation and abrasive wear simultaneously.

IV. Tribochemistry in presence of water in oil and humidity

IV.I  Chemical composition of the tribofilm top layer

In|Figure 11lthe detailed XPS spectra of the C 1s, O 1s, P 2p, Zn 3s, Fe 2p, S 2p and Zn
L3Ma4sM4 s for the roller lubricated with BO + ZDDP (RH 60%) are shown.
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Figure 11. XPS detailed spectra of the ZDDP-tribofilm elements in the wear &cof the
roller lubricated with BO + ZDDP (RH 60%)

All other spectra from other roller surfaces were fitted using the same curve-fitting procedure.

The details of the fitted spectra are liste@able 3 The carbon C 1s spectra collected from

the wear scars are resolved to four signals. The main signal appeared at 285.0 eV assigned to
the aliphatic carbon (C-C and &% The three other minor contributions exhibited at around



286, 287, and 289% 0.1 eV which are attributed to C-O, C-S and C=0 (carbonate and/or
carboxylic), respectively. The O 1s signal consists of two peaks in the wear scamsoSthe
intense peaks were found at 531.4 - 531.6 + 0.1 eV assigned to Non-Bridging Oxygen (NBO)
from phosphate chain (-P=0O and P-O-M; where M is metal: Zn) and from carbonates and
hydroxides]. The second contributions to O 1s signals appeared at 5&34 + 0.1

eV correspond to Bridging Oxygen (BO) from the phosphate chain (P-O-P). No metal oxide
peak at 529-530.7 eV and iron signal are detected in the XPS spectra collected from the top
layer of the ZDDP-tribofilm (s¢®able 3andFigure 11).

The P 2psignal corresponds to phosphorous in phosphate chain and the values of the P 2p

component of the phosphorous signals of the wear scars are shpvablen3 A peak

attributed to Zn 3s also is detected at 140140.6 + 0.1 eV which is considered to calculate

the quantification data (elemental atomic concentration) due to the approximately same
inelastic mean free path value of this peak as phosphorus and similar to the oxygen and sulphur
El. The S 2p spectra have signal in the oxidation state of -2 (SllI) which is assigned to
sulphides] as organic and metal sulphide (ZnS here at the very top surface) and sulphur
which is substituted for oxygen in the phosphate chain forming (polythio)phosphate (6-P-O
O-P-S) ] Using XPS is not possible to conclusively distinguish between (thio)phosphate

and metal sulphide.

The nodified Auger parameter (0’= Zn 2pa2 (BE) + Zn LsMasMas G (KE)) is calculated

using the zinc 24 signal. The zinc 2p and zinc 3s might not be a decisive and self-sufficient
signals in order to distinguish between zinc oxide and zinc sulphide. On the other hand,
52] derived fronZn 2p and Zn kM4 sMa4 5

modified Auger parameter (a’) and Wagner plot [51|

are strong features in order to inspect the zinc chemical status. The o’ for ZnOis reported to

be 2009.5- 2010.5eV while to be 2010.1 - 2011.4 eV for Z | 54]. The values of 2009.8
- 2010.2 £ 0.2 eVfor o’ in this study could be an indication that the most of the zinc is present
as ZnO rather than ZnS in agreement with the XANES study of similar trib 5, 56].

The phosphate chain length in the ZDDP-derived tribofilm is assumed to be an important factor
in determining its anti-wear performanﬁ 37]. The BO/NBO ratio has been widely used to
evaluate the chain length of zinc phosphate gls [57]. However, the BO/NBO ratio may be
affected by contaminants or overlaps with the peaks from other components. Hydroxides and
C=0 (carbonyl and carbonate) can contribute to NBO ;EG, 47] and P-O-C can contribute
to BO peak. Also, the adsorbed water at 533.3-434.3 eV can bring about errors in the
BO/NBO ratio ].



Table 3. Binding energy values of the elements/compounds of the tribofilm and atomic cemtration of

the Zn, S and O normalised to P

Temperature 90°C 75°C
a) b) 9) d) e) f)
Lubricant:
- 1% Water - 1% Water (RH 60%) (RH 90%)
BO + ZDDP +

P 2p2(eV) 133.56 +0.24 133.3+0.08 133.52+0.13 133.31+0.04 133.34+0.03 133.1+0.07

S 2p2(eV) 162.22+0.24 162.0+0.1 162.15+0.15 162.01+0.07 162.0+0.1 161.9+0.1

Zn LsM4sM45'G
BE (eV)

499.18 £ 0.08 Not measured 499.28 £ 0.12 498.83 +0.07 498.69 + 0.08 498.70 £ 0.13

Binding energy

Zn 3s - P 2p»BE

difference (eV)

6.85 + 0.05 7.05+0.02 6.88 + 0.02 6.95 +0.02 6.97+0.01 6.94 + 0.03

Zn modified Auge
2010.18 £ 0.1z Not measured 2009.88 + 0.0€ 2010.16 + 0.08 2010.19 £ 0.07 2010.22 £ 0.1
parameter

BO/NBO ratio 0.22 +£0.02 0.20 £ 0.02 0.18 £ 0.05 0.15+0.01 0.12+0.04 0.12 +0.02

c
o
b= Zn/P 1.07 £ 0.07 1.84+0.1 1.12+0.15 1.73+0.1 201+0.2 2.14 +0.08
c
8
S Suy/P 0.71+£0.08 1.09 +0.06 0.58 +£0.02 0.96 +£0.13 1.32 +0.05 1.27+0.09
o
8
5
Z OtphosphatdP 1.75+£0.12 2.67+0.2 1.96 £ 0.36 2.93+0.22 2.32+0.43 3.27£0.33

The maximum error for the measurements of the signal bindieigies was + 0.1 eV. The decimal digits in the table indicate

maximum deviation from the mean value of two fitted spectra (averageagurements on two specimens)

Therefore, considering BO/NBO ratio for phosphate chain length estimation may bring about
uncertainties and thus complementary parameters are required to confirm the change in the

phosphate chain length. The higher ratio of the cations (Zn and Fe) to phospEllous [58]



together with the increase in the O/P ratio in the zinc (poly)phosphate can suggest a greater
metal (Zn and Fe) oxide to,® mole fraction which infers shorter (poly)phosphate chain
developmen]. Also, with the more metal oxide fraction, a lower BO/NBO ratio and a shift
of P 2ps2 binding energy to lower values have been observe"d [45,59-61]. As far as the ZDDP-

tribofilms in this study are concerned, the tribofilms generated affezatfiact cyclsare not
expected to consist of long (poly)phosphate chains considering#bi2Ring energy values
(133.1-133.6 £0.1 eV) and BO/NBO ratios of 0.12 - 0.22, sincesPir2Ehe pure long chain
zinc polyphosphate appears at 134 - 135 eV [§2-64].

In order to eliminate the error which may arise from the calibration and sample charging, the
comparison of the (poly)phosphate chain length is also made through energy difference
between Zn 3s and P #4peaks (Zn 3s - P 2p). The Zn 3s - P 2@ binding energy difference

tends to increase with the decrease in the (poly)phosphate chain gth [65]. In addition, with

an increase in the zinc phosphate chain length a decrease in the modified Auger parameter (a’)

binding energy was observ 66].

Accordingly, to overcome the uncertainty around BO/NBO ratio, four parameters have been
used in the current study; which are BO/NBO ratio, change in the ratio of Zn/P and O/P, Zn 3s
- P 2p2 bindingenergy difference and Zn modified Auger parameter (a’) to investigate the

effect of water and humid environment on the (poly)phosphate chain length.

As can be seen |Mable 3 (a and b), decrease in BO/NBO ratio, increase in Zn/P and

OgphosphatdP ratio and Zn 3s - P 2pBE difference suggest that 1% of added-water decreases

the (poly)phosphate chain length in the ZDDP-derived tribofilm in agreement with the previous

report ].

Also, shown inTable 3 (c,d,e and f), a decrease in BO/NBO ratio, increase in Zn/P and

OghosphatdP ratio, Zn 3s - P 2p BE difference and the modified Auger parameter (o) can be
observed in the tribofilms derived from the lubricants containing added-water or dissolved-
water absorbed through humid environments. This suggests that the dissolved-water which is
absorbed into the lubricant through added-water or humid environment can decrease the
(poly)phosphate chain length in the ZDDP-derived tribofilms.

V.1l The tribofilm thickness and elemental distribution
In order to estimate the tribofilm thickness and inspect the elemental distribution of the
tribofilm in the wear scar, the tribofilms are sputtered using dndkr source. Although the

XPS Ar' ion sputtering is a valuable technique to observe the elemental distribution through



the tribofilm depth, chemical substances could be altered through preferential sputtering and
intermixing the compound?] especially in the case of transition metals. In the case of iron,
iron oxides can undergo reduction to other oxidation 58, 69]. Therefore, loss of analysis
resolution is expected through depth profiling.

a) BO + ZDDP b) BO + ZDDP (RH 60%)
100+ . 100+
A--h--A s 4
? 80_ . "" Ly ? 80_ ‘_’
< < i
S 60+ A —=—C S 60+
® & 20 ® :
: - A Fe :
g g
<] <]
(&] (&]
B o
E E
8 8
<< <<

T T T T T T T T T
0 180 360 540 720 0 180 360 540 720

Sputter time (s) Sputter time (s)
c) BO + ZDDP +1% Water d) BO + ZDDP (RH 90%)
100
‘._‘,.A--A--A“A
o

= = 80 s
: : ¢
S— S— -o-0
- B ¥ ol
E E A =
= [+ --¢-8
§ § --4--7n
[=] [=]
O O
Q . Q
E b E
8 8
< L <

dx” :

(|) 1 éﬂ 3{:‘.0 Sall-ﬂ TZIO (|) 1 éﬂ 3{:‘.0 5-;-0 72‘0

Sputter time (s) Sputter time (s)

Figure 12. Sputter depth profile of the tribofilms in the wear scars lubricatedwith a )
BO + ZDDP, b) BO + ZDDP (RH 60%), c) BO + ZDDP + 1%water and d) BO + ZDDF
(RH 90%) lubricants at 75°C

The sputtered profiles of the tribofilms are showfFigure 12 The sputtering and spectra

acquisition between the sputtering steps have been performed in exactly same conditions for
all the tribofilms shown i||’ﬁ'-igure 12| Also, it has been assumed that the impact of the chemical
modification of the tribofilms, induced by water in oil, on sputtering rate is negligilbie

tribofilm thicknesses are 12, 6, 5 and 4 minutes of the etching for the surfaces lubricated with
BO + ZDDP, BO + ZDDP (RH 60%), BO + ZDDP + 1%water and BO + ZDDP (RH 90%),
respectively. This shows that the dissolved-water absorbed into the lubricant through added-

water or humid environments decreases the tribofilm thickness in agreement with the previous

reports].



As can be seen JRigure 12 the phosphorous concentration decreases from approximately

18% to around 10-12% as a consequence of added-water and humidity. Also, the atomic
concentration ratio of phosphorotgssulphur is significantly decreased throughout the
tribofilm depth suggesting contribution of inferior (poly)phosphate to the bulk of the tribofilms

of the lubricants with added-water and tests under humid environments.

5. Discussion

. The effect of dissolved-water

Figure 13jis plotted using the information providégFigure 4{|Figure 6} Figure §| Figure

ﬂand Table Jrelative to the increase in the water saturation level at 75°C. The micropitted

surface area proportionally increases with an increase in water saturation level. Also, increase
in water saturation level in the lubricant brings about a decrease in the ZDDP-tribofilm
thickness and P 2p binding energy. The effect of water and humid environments on
decreasing the ZDDP-tribofilm thickness and phosphorous binding energy has also been

reported previouslﬂﬂm. Furthermore, the presence of abrasive marks in the wear scars of

lubricants is enhanced in respect to an increase in dissolved-watejHiguee (3{[Figure 4

andFigure 6).

The decrease in phosphorous binding energy can be explained considering the increase in O/P

ratio in the (poly)phosphate chain ($egure 13 a) which leads to an increase in partial

positive charge on each phosphorous attﬂs [70]. Therefore, decrease/ bindpg energy
implies the presence of shorter chain (poly)phosphate in the ZDDP-tribofilms of the lubricants

with dissolved-water. As can be seefFigure 13|(a and b) the ZDDP-tribofilms generated

under humid environments and from lubricants with added-water have inferior BO/NBO ratio,
greater ratios of Zn/P and O/P, higher Zn 3s - £ Bnding energy dikrence and greater o’

values which confirm the effect of dissolved-water on decreasing the poly(phosphate) chain
length in the ZDDP-tribofilm. The wear scar of the roller lubricated with BO + ZDDP (RH
90%) which has the highest level of the dissolved-water has the shortest (poly)phosphate chain
length considering least P #pbinding energy and BO/NBO ratio and significant increase in

the O/P ratio.

The ZDDP-tribofilm enhances micropitting incidences at the contact zone having highest
contact pressure and promotes micropitting propagation. On the other hand, the ZDDP-
tribofilm is an interfacial layer which assists in maintaining the contact bodies separated and

accommodating contact pressure. Therefore, the thinner ZDDP-tribofilm leads to a higher



probability of asperity-asperity contacts and consequently promotes micropitting nucleation.
Also, mild wear at the edge of the wear scars of the lubricants with the dissolved-water
increases the contact area which leads to nucleation of micropits across the wear scar and

expansion of the micropitting nucleation to the edge of wear scar. As obse@' ne 3

Figure 4{and|Figure 6[micropitting nucleatingis enhanced in the presence of water and

humidity and micropits can be observed spread out across the wear scars showing deteriorated

action of the tribofilms in preventing asperiggperity contac
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Figure 13. The effect of water and humid environments on micropitting and elevant
tribochemistry at 75°C

The enhancing impact of water and humidity on mild wear at the edge of the wear scar and
abrasive wear can be explained by the hard and soft acids and bases (HSAB) theory which is
established by Ho and Pears 72] and well-implemented to ZDDP by I\@tjn [57]
Abrasive wear can be induced through hard metallic oxide (iron-oxide) wear particles in the
lubricant which are originated from the steel substrate. Iron-oxide is a harder Lewis acid
compared to zinc-oxide in zinc (poly)phosphate glass. Therefore, in compliance with HSAB
the zinc (poly)phosphate glass can eliminate iron-oxide wear particles through a chemical
reaction. In addition, the thicker and longer-chain (poly)phosphate (hard base) in the ZDDP-

tribofilm has a superior potential to digest iron-oxide wear particles and avoid abrasive wear



compared to a thinner and shorter-chain (poly)phosphate. Water and humidity induce thinner

and shorter-chain (poly)phosphate ZDDP-tribofilm.

As far as the ZDDP molecule in the lubricant is concerned, water in the lubricant can attack to
the zinc atom and induce a hydrolytic react@, 74]. The rate of hydrolysis depends on
the size and nature of the alkyl group (primary or secon) [74] and the lubricant polarity
which affect the availability of the zinc atom to the water attack. The final product of the
hydrolytic reaction can be phosphoric a, 74] which hinders polyphosphate formation.
Therefore, tribofilm formation in the presence of water is mitigated through hydrolytic effect

of water leading to a thinner tribofilm formation in the presence of water.

Furthermore, it has been suggested that absorbed water in the lubricant depolymerise the long-
chain (poly)phosphate in the thermal/tribo film to the short-chain (poly)phoste [21]. This
s [60, 65]. As

can be seen [Rigure 8| the absorbed water to some extent is present in the BO + ZDDP

can be the case especially in the event of high contact pressure and she .~

lubricants (tests in laboratory condition) throughout the tests which can have a catalytic
influence on short-chain (poly)phosphate formation. Thereby, an increase in the dissolved-
water level accelerates water hydrolytic effect leading to a shorter-chain (poly)phosphate.

Also, as can be seen JRigure 12/ the phosphorus concentration, corresponding to

(poly)phosphate, is significantly decreased throughout the depth of ZDDP-tribofilms with
dissolved-water. A thinner ZDDP-tribofilm formation having a shorter chain (poly)phosphate
with less (poly)phosphate contribution to the tribofilm bulk is the reason behind emergence of
the abrasive wear and mild wear at the edge of the wear scars lubricated with the lubricants

containing added-water or under humid environments.

A higher ratio of Zn/P and S/P in the ZDDP-tribofilm induced under humid environments and

lubricants with added-water can be observg&igure 13/implying enhanced formation of

ZnS in the ZDDPRibofilms of the lubricants with dissolved-watEl [6]. The ZMusM 451G

in ZnS appears at higher Kinetic Energies (KE) (lower binding energies) compared @no [49,
, thereby increase in ZrsMa sM45G (KE) [Figure 13) is an indication of enhanced ZnS
formation. Also, an increase i in Wagner plot alseansuggest that ZnS formation is partly
enhancec'ES]. The Zn/P and S/P ratio alter with a similar trend with respect to the dissolved-

water level. In addition, ZndM4 sM45G (KE) and Zn moditd Auger parameter (a’) follow

similar trend to that of Zn/P and S/P ratios [Bepire 13). The trend observed for Zn/P and
S/P ratios, Zn §M4sM45'G (KE) and o’ shows greater ZnS formation in the ZDDP-tribofilm




of the lubricants with dissolved-water. Also, it can be implied that effect of humidity on
enhancing ZnS formation is more influential than that of added-water in the test conditions
used in this study. The importance of ZnO in the ZDDP-tribofilm and ZDDP-thermally
decomposition products can be addressed due to its ability to inhibit ZDDP hyd [75, 76].

Although an increase in Zn 3s - P32BE difference for the lubricants with dissolved-water

is an indication of a shorter (poly)phosphate chain, as can be $eguia 13 the Zn 3s P

2pz/2 BE difference is not following the trend of P32BE. Thisis arisen from the change in
the zinc states which affects the Zn 3s binding energy. Therefore, the Zn 32 BE2p
difference is influenced by the change in (poly)phosphate chain length and zinc states, thus in
the lubricant formulations where a shift in the zinc states is expected, the Zn 3s>BE2p
difference is not a self-sufficient parameter in order to determine the (poly)phosphate chain

length.

Il. The effect of free-water

In contrast to dissolved-water condition, almost no or negligible micropitting is observed in
free-water condition. As shown, dissolved-water prompts thinner ZDDP-derived tribofilm
formation and enhances mild and abrasive wear. In free-water condition ZDDP-derived
tribofilm formation is totally hindered and mild wear exceeds micropitting wear. Therefore,
micropitting propagation is suppressed and nucleated micropits will be immediately worn out

by the accelerated mild wear. This mechanism of micropitting elimination by mild wear is

schematically presented igure 14

Thereby, the negligible micropits on the roller surface lubricated in free-water condition are
initiated micropits which are either not eliminated by mild-wear or generated within the
stopping-step. Extending the tribological contact t& déntact cycles, the water saturation

level fell below 100% and dissolved-water condition will dominate the contact. As observed

in|Figure 10|(b) micropitting is enhanced under dissolved-water conditions and the lubricant

with a greater dissolved-water, resulted from BO+ZDDP+3%water Iubricant, shows

significantly intensified micropitting in the wear scar.



S -

-asperity
contact

=

o

P 2| E
_ D

( EJ‘

Figure 14. Immediate elimination of the initiated micropits by mild-wear in free-wate
condition.

6. Conclusions

The tribocorrosive influence of water and relative humidities on micropitting under boundary
lubricated rolling/sliding contacts is studied mechanistically using a specially modified MPR
for understanding tribocorrosion systems. Using WLI a promising procedure for micropitting
mapping is implemented in order to achieve a micropitting surface area. The micropits
propagate opposite to the sliding direction into the material bulk and also transverse to the
rolling/sliding direction. The tribocorrosive wear and micropitting nucleation are enhanced
with increased dissolved-water level in PAO + ZDDP lubricant formulation as the
consequences of the tribochemical changes in the tribofilms. From this work following

conclusions can be drawn:

e The micropitting surface area and abrasive wear proportionally increase with an increase
of dissolved-water level in the lubricant absorbed through added-water or humid
environments.

e The ZDDP-tribofilm thickness and (poly)phosphate chain length are inversely proportional
to the dissolved-water level in the lubricant. Also, water and humidity alter the ZnO/ZnS
ratio in the ZDDP-tribofilm to a certain extent.

e The thinner ZDDP-tribofilm formation in the presence of dissolved-water enhances

micropitting nucleation due to greater asperity-asperity contacts.



e Water and humidity favours mild wear through interfering with ZDDP-tribofilm formation.
Thinner ZDDP-tribofilm, shorter (poly)phosphate chain and less contribution of phosphate
to the bulk of ZDDP-tribofilm induced by dissolved-water are the reasons behind enhanced
mild and abrasive wear.

e While dissolved-water increases micropitting nucleation and expands the nucleation across
the wear scar, in free-water condition micropitting appearance is suppressed alue to

dominant action of the mild wear.
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