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Abstract

Water enters engine oil in different ways and moves in the lubrication system causing an increase in wear, oil degradation
and additives depletion. It has been proposed that water in the lubricants can transfer from dissolved to free phase leading
to additives depletion in the oil. Different additives in the lubricants can easily latch to water molecules forming reverse
micelles. The separation of reverse micelles from the oil causes additives depletion. This experimental and analytical study
aims to investigate how the separation of free water above the saturation level can diminish the efficiency of additives in
engine oils. The effect of varied levels of water on oil performance and its additives was investigated in this study. A new
saturation method was used to determine the water saturation level in engine oil at different temperatures. The results reveal
a decrease in additive concentration with increased separation of free water from the oil. Free water separation from engine
oil is expected to reclaim the tribological performance, however, the results demonstrate that tribological performance after
the separation of free water from the oil has been affected. The study showed not only does the removal of free water dimin-
ish the efficiency of additives due to additives depletion (=~ 10 wt%), but also the remaining dissolved water which is ~ 2600
ppm can also affect wear and tribofilm chemistry. The results prove that two main mechanisms influence oil performance
expressed as additives depletion by free water and remaining dissolved water.

Keywords Water saturation - Dissolved water - Wear - Additives depletion

1 Introduction oil changes [7]. Water in lubricants is found in three differ-
ent phases. Dissolved water when the water level in the oil

Water is one of the most destructive contaminants in engine  is under saturation level. The molecules of dissolved water

oil after soot [1-3]. Water in engine oil causes a host of
problems such as accelerating metal surface fatigue, increas-
ing wear, producing corrosion, reducing film thickness, and
inducing oil oxidation and additives depletion [2—-6]. Water
enters the engine oil in different ways and moves in the
lubrication system in several physical and chemical states
[7]. The most common sources of water in engine oil are
moisture absorption from the air, water as by-products dur-
ing the combustion and neutralization processes, leakage
from heat exchangers, moisture condensation due to changes
in atmosphere temperature, and free water entry during the
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disperse in the engine oil in very small invisible sizes. When
the amount of water exceeds the saturation level or the level
that water can be dissolved, the oil loses its ability to dis-
solve more water resulting in an emulsified phase. As water
content increases in the oil, the extra-water over the emul-
sified water level in the oil separates, forming free water.
Emulsified and free water are widely recognised as particu-
larly detrimental phases, significantly impacting lubrication
systems and contributing to subsequent failures [8].
Different types of lubricants can manage different levels
of dissolved water depending on the physical and chemi-
cal properties of the oil and its additives [4]. Dispersant/
detergent additives disperse water molecules in the oil and
prevent the formation of free water droplets. These additives
influence the character of mineral oil to hold the water at
different phases in terms of solubility and emulsion [9]. Dis-
solved water in oils could also be influenced by factors such
as relative humidity, pressure, additives, and temperature [7,
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9, 10]. According to Henry’s law, the relationship between
water content in oil and the amount of water in the air is lin-
early proportional [11]. Henry illustrates the varied levels of
dissolved water in oils that contain different additives [10]. It
is commonly agreed that water concentration in automotive
oils does not have to exceed 0.2 wt%. The water concentra-
tion in the drain oil was found to be typically below 1 wt%
and variations are widely seen in several studies [6, 11].

The hydrolysis effect on lubricants has been consid-
ered the main factor contributing to engine oil’s chemical
breakdown in the presence of water [2]. The physical and
chemical stability of engine oil is threatened by even a small
amount of suspended water. Water can hydrolyse, transform,
and wash additives out of the lubricant [2]. It is known that
water has a density higher than the engine oil. Excessive
water beyond the saturation level will result in separation,
potentially causing the removal of additives from the oil due
to the presence of free water [12]. Dispersants and detergents
in oils are used as the first barrier to protect the oil from
water contamination. Water, as a polar molecule, is similar
to oil additives that have polar heads. The heads of polar
additives latch onto water molecules and surround them,
forming reverse micelles. The non-polar tails of additives
allow the additives to dissolve easily into the oil. When the
water content in the oil increases, more reverse micelles are
generated until they reach a level where the water amount
overwhelms these additives and free water will separate [9].
Considering this, it could be assumed that extracting water
molecules through filtration or separation, particularly as
free water encapsulated by detergent, dispersant, or other
additives, can inadvertently lead to the removal of these
additives from the oil, however, this is not yet demonstrated
experimentally.

Dissolved water in the oils diminishes the additives’
performance and promotes corrosion. Water destroys the
Zinc dithiophosphate (ZDDP) additive, which is referred
to as antioxidation and antiwear additive, when it reacts
with water at a temperature of 60 °C and above, resulting in
increased wear [13, 14]. Rounds [14] suggested that ZDDP
decomposition occurred not only by thermal decomposi-
tion but also due to the hydrolysis process. Fuller et al. [15]
showed that long-chain phosphates, which result from the
decomposing of adsorbed ZDDP on rubbing surfaces, hydro-
lyse these long chains in the presence of water, causing the
formation of short-chain polyphosphates and phosphoric
acid as described in Eqs. (1) and (2) [16-18].

Water influences the interfacial chemistry of ZDDP tribo-
film formation, ZDDP adsorption and tribofilm adhesion to
metal surfaces resulting in increased wear [19]. The formation
of tribofilm can be influenced by the high polarity of water
molecules. Water molecules attach to the metal surfaces and
prevent additives from forming tribofilm [20]. The PAO lubri-
cant containing 1 wt% ZDDP was investigated in the exist-
ence of 1 wt% water. The results demonstrated an increase in
wear [20]. Parsaeian et al. [21] studied the effect of humid-
ity conditions on wear depth with different relative humidity
levels. The results revealed an increase in wear depth with a
higher level of humidity. Parsaeian et al. [22] also investigated
different levels of water 0.5, 1.5 and 3 wt% in the oil. The
results reported an increase in wear depth and a decrease in
tribofilm thickness with higher water concentration. Cen et al.
[23] reported that adding water or adsorbing more water from
humid air increases wear. The results agreed with the theory of
the hydrolysis effect of ZDDP tribofilm that water can decay
the stability of tribofilm by reducing tribofilm adhesion on
metal surfaces [24]. Dorgham et al. [25] demonstrated that
water in the oil causes a delay in the formation of tribofilm
ending in the formation of short-chain phosphates.

The water is rigorously mixed into the engine oil and the
lubrication fluid is pumped through the engine will have dif-
ferent water phases. While free water separation occurs when
it surpasses the saturation level, it remains uncertain whether
the oil can perform similarly to fresh oil after the separation
of free water or not. This is due to additional factors, such as
additives depletion caused by water or the presence of remain-
ing dissolved water, which can also impact the functionality
of the oil. The intent of this study is to understand how sepa-
rating free water and remaining dissolved water affects the
tribofilm chemical composition and tribological performance
of engine oil.

2 Materials and Methods

A fully formulated oil (FFO) with a viscosity grade of
15-40 W was used to investigate water depletion in engine
oil in this paper. The physical and chemical properties
of this oil are presented in Table 1. The inductively cou-
pled plasma (ICP-AES) technique was used to measure
the additive elemental concentration in the oil samples
at Oil Check Laboratory Services Ltd, UK according to
ASTM D5185 standard [26]. Some primary elements
(Table 1) such as zinc (Zn), phosphorus (P) and sulphur

7Zn(POs), + 6H,0 — Zn, (P50 ), (short chain polyphosphate) + 4H; PO, )]

2Zn(POs), + 3H,0 — Zn,P,0;(short chain polyphosphate) + 2H; PO, @)
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Table 1 Physical and chemical properties of fresh engine oil

Details Parameters
Density at 15 °C (g/ml) 0.874
Kinematic viscosity at 40 °C (mm?/s) 113
Kinematic viscosity at 100 °C (mm?/s) 15
Flashpoint (°C) 215
Total base number (mgKoH/g) 10
Zn concentration (ppm) 1306
P concentration (ppm) 1158
S concentration (ppm) 6366
Ca concentration (ppm) 1332
Mg concentration (ppm) 941

(S) originate from the antiwear compound (ZDDP). How-
ever, S and P elements could also come from dispersant/
detergent compounds such as sulfonates and phospho-
nates [27]. Calcium (Ca) and magnesium (Mg) come from
detergents, for example, calcium sulfonates and magne-
sium sulfonates, respectively [28, 29]. Other additive ele-
ments were detected at low levels (<30 ppm) in the oil,
for instance, molybdenum (Mo), silicon (Si) and sodium
(Na). Distilled water was used in saturation tests and tri-
bological experiments. Coulometric Karl Fisher (KF)
Titrator (Mettler Toledo Ltd, USA) was used to measure
the water content in the engine oil samples according to
ASTM D6304 standard [30]. Fourier-Transform Infrared
Spectroscopy (FTIR) manufactured by PerkinElmer was
conducted to monitor the formation of any degradation
by-products of tested oil samples [31]. KF and transmis-
sion FTIR measurements were repeated three times and
the average of the results was calculated. To study the
additives depletion in the oil, the water was removed from

Fig. 1 Schematic images of
water saturation method in the
oil. a sample preparation to cre-
ate two separated layers of water
and oil, b water solubility stage
at 80 °C applied with stirring of
100 rpm, c stability stage was
designed to stabilise the water

a). Sample preparation

in oil and separate any extra- 3) Complete

water which cannot dissolve in with oil
oil at a fixed temperature (no .
. o oil
stirring was used in this stage)
(1)150ml il
o water
(2)50ml water ——

T

stirrer

oils by centrifugation at a speed of 12,000 rpm and a tem-
perature of 25 °C for 1 h.

2.1 Water Saturation Method

There is currently no standardised method for determining
the water saturation level in engine oil. In this study, the
preparation of the saturation test was devised based on the
SAE J1488 standard [32]. While the SAE J1488 standard
is conventionally applied to assess water saturation levels
in fuel, adjustments were made to experiment periods for
its application to engine oil. The saturation experiment is
divided into three main stages as reported in Fig. 1. The
effect of different factors on the water saturation test is dis-
cussed in this study. These factors include the effect of the
stirring process and time on the water saturation test in the
engine oil. The saturation experiment stages are described
in detail as follows:

(a) Sample preparation: This stage is based on the SAE
J1488 standard [32]. A glass bottle with a capacity of 250
ml was used in the saturation experiment. The bottle was
washed before the test with distilled water and dried thor-
oughly. The 150 ml of the oil was placed into the dried bot-
tle, and a small magnetic stirrer was inserted into the oil. A
syringe fitted with a long needle was used to gently inject
50 ml of distilled water underneath the oil after removing
the air bubbles from the syringe. Finally, the glass bottle
was filled with engine oil, which will guarantee no water in
the top oil layer was contaminated during test preparation.
The bottle was fully sealed during the test. There were two
open holes on the top, the first open hole was used for the
temperature sensor surrounded by the rubber. The second
hole was closed with a rubber cap and is used for sampling
as described in Fig. 1a.

b). Solubility stage c). Stability stage

Syringe for sampling Temp sensor'
from top oil layer

Syringe for sampling

Temp sensor from top oil layer

Water jacket
1

N e

water
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I
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(b) Water solubility: This stage is designed to discover
water solubility in the oil over time. Two water solubility
tests were run under different conditions, in the first test,
the temperature was fixed at 80 °C over time without stir-
ring. The second test used both the temperature at 80 °C and
magnetic stirring of 100 rpm as shown in Fig. 1b. The lowest
stirring speed of 100 rpm was applied to avoid agitation of
the oil-water interface and the vortex as a result of stirring.
The results, as reported in Fig. 2, show the increase in the
level of water in engine oil progressively over time under
both conditions. The results show that the stirring acceler-
ates the solubility of water in oil. For the water solubility
test with stirring, as reported in Fig. 3, the oil appearance
indicates that water in the oil becomes emulsified after 48
h and reaches the milky state after 72 h. The water solubil-
ity test for the oil without stirring takes a longer time to
reach the milky state, as shown in Fig. 2. The water solubil-
ity stage proves that water does not stabilise at saturation
level even without stirring. Therefore, an additional action
is required to find the stable stage where the oil can hold

16000
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to emulsified

—0O— Water solubility at 80°C with stirring

14000 4 —O— Water solubility at 80°C without stirring
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Fig.2 Water solubility in oil at 80 °C with stirring and without stir-
ring

Fig. 3 Oil appearance develops
from dissolved water (transpar-
ent), as shown in 0 h and after
24 h, to an emulsified state
(cloudy) after 48 h and reached
the milky state of oil after 72 h
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only the dissolved water. The next stage will determine the
saturation points at a fixed temperature.

(c) Water stability stage (saturation level): The oil
appearance, as shown in Fig. 3, confirmed that water in oil
before 48 h transferred from dissolved state to emulsified
state (cloudy). After reaching the emulsified state (48 h), the
oil bottle was settled in the water bath at a fixed temperature.
In this stage, the bottle was placed in a water bath at 80 °C
without stirring to guarantee homogenous heating surround-
ing the test bottle as explained in Fig. 1c. The water in oil
during this stage was measured over time until it reached
the stable content of water in oil (Fig. 4), which is called
the saturation point. After calculating the water saturation
test at 80 °C, the water bath temperature was set at 60 °C to
determine the saturation level at 60 °C. The same process
is repeated with a fixed temperature of the water bath at 40
and 20 °C, and the water level was monitored over time until
it reached a stable level (Table 2). To calculate the water
saturation level at each temperature, the mean values (the

—u— Water separation at 80°C
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Fig.4 Water stability test after the test reached the emulsified state
moved to bath-temperated water to obtain the saturation points at 80

72hrs

Transition from dissolved state to emulsified state occurs at < 48 hrs

144hrs
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Table 2 Water readings (ppm) at the fixed temperature at the stability
test over time, + standard deviation was calculated from the mean

Time (hrs) Fixed test temperature
60 °C 40 °C 20 °C
0 2881 +88 2400+212 2077+ 146
24 2284 +316 2021 +160 1734 +130
48 2509 +253 2045+78 1626 +66
72 2527+218 1968 +4 1624 +76
96 2447+ 153 2030+113 1654 +146
120 2400+212 2077 + 146 1647 +102
—— Saturation points
3000 -
v

H ’ |
S 9500 Free water R

c

§el

©

<

8 2000 4

c

I}

o

g

= 1500 1

1000

Temperature (°C)

Fig.5 Water saturation level at different temperatures

last 4 points) of water readings after stabilisation were used
to calculate the saturation level. The stabilised values of each
temperature are given in Table 2.

After calculating the saturation levels at 80, 60, 40 and
20 °C, the saturation points were used to draw the water
saturation curve at different temperatures as plotted in Fig. 5.

The results exhibit that dissolved water content in the
engine oil increases with an increase in temperature (Fig. 5).
This confirms that as the temperature of engine oil decreases,
free water is separated into the oil. Regardless of the satu-
ration level of the oil, the saturation curve provides a true

indication of the risk when the free water starts to exist in the
engine oil. The higher temperature of engine oil, it can hold
more dissolved water compared to lower temperature oil
[6]. This phenomenon is because heating increases kinetic
energy among water molecules, causing them to break apart
and facilitating the entry of more dissolved water into the
oil [28].

2.2 Tribological Tests

TE77 tribometer was used to imitate the reciprocating
motion conditions in the engine according to ASTM G 181
[33]. The material properties of the pin and plate and experi-
mental test conditions are determined in Table 3. In these
test conditions, the Lambda is A=0.27 < 1 which refers to
boundary lubrication regime. The Hertzian contact equation
was used to calculate the maximum contact pressure (P,,,,)-
The test temperature was selected at 100 °C to replicate the
working conditions in a real engine.

2.3 Post surface Analysis

The wear volume loss on the pin surface after tribological
test was measured by an optical white light interferometer
(NPFLEX, Bruker, USA). The Vision64 programme from
Bruker corporation has been used to analyse the wear scar
of pins after NPFLEX measurement. The volume loss on the
pin surface, which is similar to a spherical cap, is calculated
using Egs. (3) and (4) as follows:

72.(3R — h)

Vpin volume loss — f 3

h=R- (R -)* “

r wear scar radius (um), R sphere radius (um), / spherical
cap height (um).

Atomic force microscopy (AFM, Bruker, USA) was used
as an imaging technique in this paper to measure the sur-
face topography of the sample surface with a picometer high
resolution. AFM cantilever was used with a nominal spring
constant of 40 N/m and a resonant frequency of 2 kHz.
High-resolution AFM images with an area size of 10X 10

Table 3 Materials properties

Material properties Pin Plate TE77 parameters Value
of contact surfaces and TE77
tribometer test conditions Material Steel EN31 Steel EN31 Temperature °C 100
Dimensions (mm) 10 radius T*T*3 Contact pressure (GPa) 0.92
Hardness (HRC) 58-62 58-62 Load (N) 28
roughness (nm) 30-50 400-600 Frequency (Hz) 25
Elastic modulus (GPa) 190-210 190-210
Poisson’s ratio 0.28 0.28 Test duration (mins) 120
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um? were captured. The AFM tip was centred in the wear
scar of the pin surface. The images were captured at a low
contact force of 45 nN and a speed of 40 um/s. The scan-
ning angle during the imaging was fixed at an angle of 90°.

After the friction test, elemental analysis of the surface
layer was carried out using X-ray Photoelectron Spectros-
copy (XPS) (Harwell XPS, UK). Before the XPS analysis,
all samples were cleaned with heptane to remove the oil
from the wear scar. The XPS spot of 200 pm X 100 um was
centred in the middle of the wear scar. The XPS was run at
an X-ray source energy of 1486.69 eV, an X-ray strength of
19.2 W, an Iron gun current of 150 pA and a voltage of 45 V.
The temperature and pressure during XPS analysis were 294
K and below 1078 Torr respectively. The spectra of samples
were analysed using CaseXPS software. The deconvolu-
tion of XPS signals was performed by fitting them with the
peaks using the line shape of the Gaussian/Lorentzian (GL)
formula. The fitted peaks were correlated to the available
literature [23, 29, 34-37].

3 Results and Discussion
3.1 Additives Depletion by Water

The results (Fig. 5) showed that the water saturation level
is correlated to the oil temperature. The change in oil tem-
perature over time causes a separation of free water, which
settles down in the bottom of the glass bottle. Free water
could affect the concentration of the additive due to the high
polarity of water molecules [9]. Additives can be depleted
when the free water separates from the oil. To study the
effect of separation of different levels of free water on addi-
tives depletion, the oil was aged with different levels of 0.3,
0.5, and 1 wt% of water for 48 h and at a stirring speed
of 500 rpm at a temperature of 80 °C. Ageing parameters
were chosen to ensure that water molecules in oils can inter-
act with additives sufficiently [13, 14]. The test bottle was
filled with oil containing different water levels and sealed
to avoid the evaporation of water during the ageing process.
The mixing of water in the oil at different levels guarantees
consistent test conditions, enough amount of oil for the tri-
bological test and further chemical analysis, producing the
aged oil containing water for the following tests in a short
period compared to the water saturation method presented
in this paper. The oils, after ageing, were centrifuged for 2 h
to remove the free water from the oil. Water content before
and after centrifugation was determined by KF, as shown
in Table 4.

ICP analysis was conducted on oil samples after centrifu-
gation to determine the change in the additive concentration,
as presented in Fig. 6. The results generally demonstrated a
reduction in additive elements concentration, after removing

@ Springer

Table 4 Water content in oils as measured by KF before and after
centrifugation

Details Added water

0.3% 0.5% 1%
Water in oil (ppm) 3828 6268 11,875
Water after 48h ageing (ppm) 2790 4648 7509
Water after centrifuge (ppm) 2045 2651 2637

the free water compared to fresh oil (the first reading point
is used as the reference point). The S, P, Zn, Ca and Mg
concentrations decrease with increased amount of removed
water. The results proved that additives depletion by water
occurred after removing the water from the oil. The reduc-
tion of S, P and Zn, as demonstrated in Fig. 6, comes from
the depletion of antiwear additives (ZDDP). Meanwhile, S
and P could also originate from dispersants/detergents such
as sulfonates and phosphonates [27]. The reduction in Mg
and Ca concentration originates from depletion in deter-
gents/dispersants such as magnesium or calcium sulfonates
[38].

The result can be described as water-polar molecules
with additives producing reverse micelles. The heads of
additives latch easily onto water molecules and surround
them, as illustrated in Fig. 7 [9]. When the water content in
oil exceeds the saturation level, water molecules surrounded
by additives separate from the oil, causing the depletion of
additives. The results align with the function of dispersants/
detergents where more polar groups capture or attach to
the organic contaminants. It is expected to be removed by
water, as illustrated in Fig. 7 [2, 18]. The results exhibit the
effect of a change in water level on additives depletion after
reaching saturation level, as demonstrated in Fig. 7. As more
water separates from oil above the saturation level, more
additives are depleted. The reduction in additive concentra-
tion could affect engine oil performance. Table 4 displays
that the remaining dissolved water is above 2,000 ppm after
centrifugation, which could influence wear. Post-investiga-
tions have been conducted to understand the effect of addi-
tives depletion and remaining water on wear.

3.2 Water Effect on Oil Degradation

FTIR data of bulk oils after removing the free water from
the aged oil by centrifugation are plotted in Fig. 8a. The
P — O — C region at 978 cm™! which indicates the pres-
ence of ZDDP anitwear additives are displayed in Fig. 8b
[39]. The sulfate by-products in FTIR spectra can be deter-
mined in regions around 1,150 and 1,250 cm™! [20, 40].
FTIR spectra can also identify the oil oxidation (C = O)
in region at 1,720 cm~! are shown in Fig. 8c [39]. The
results indicate that the anti-wear additive at the 978 cm™"
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Fig.6 Elemental concentration (S, Zn, P, Mg and Ca) of additive of
aged oil samples after removing free water. Four oil samples were
used, including fresh oil, aged oil+0.3 wt% water-after centrifuge,

Fig.7 Schematic images )
explain the principle of addi- oil )
tives depletion by water '

Water molecules

Additives =~

Before centrifugation

region decreased slightly. The chemical analysis of oils
demonstrates no degradation products (such as oxidation
or sulfation products) caused by water under ageing con-
ditions (Fig. 8b, c). Other studies [13, 14] suggested that
ZDDP decomposition occurred or was accelerated not only

Removed water (ppm)

aged oil+0.5 wt% water-after centrifuge, and aged oil + 1 wt% water-
after centrifuge

Remained water

Separation of water after
centrifugation on the
bottom of tube

After centrifugation

by thermal decomposition but also due to the hydrolysis
process during the rubbing of metal surfaces. The previous
studies [13, 14] suggested that water can destroy ZDDP
antiwear additive when it reacts with water at a tempera-
ture of 60 °C and above during the tribology test.
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3.3 Water Effect on Wear

Tribological tests were performed using the TE77 tribom-
eter for aged oils containing water. TE77 working condi-
tions are demonstrated in Table 3. The tribological tests
were run before and after removing the water from the oil.
Based on the wear results shown in Fig. 9, it can be observed
that wear increases with an increase in water content in the
oil, as expected. The results align well with other studies
[21-23] that stated that water contamination significantly
affects wear and tribofilm formation. Water contamination

influenced the formation and growth of tribofilm producing
higher wear [41]. Fitch et al. [42] showed that an antiwear
additive, which forms tribofilm at a high temperature, can be
destroyed even by a slight amount of water in the oil.
According to saturation tests, the water level was changed
depending on the oil temperature by releasing free water at
a lower temperature. Water separation from the oil caused
additives depletion, as shown in Fig. 6. Water level after cen-
trifugation was measured by KF, and the results show that
the remaining water in oils (which is less than 2,500 ppm)
represents the dissolved water in oil samples. To investigate
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whether additives depletion and remaining water influence
the wear rate, wear tests were conducted after removing the
free water from aged oil. Figure 10 shows a slight increase
in wear with an increase in removed water from oil due to
additives depletion. When the dissolved water is present in
the oil, hydrolysis of polyphosphates occurs, resulting in
the formation of short-chain polyphosphates causing higher
wear [41]. Chemical analysis of the tribofilm will result in
gaining insights into the real mechanism involved in the
post-analysis in this study.

3.4 Water Effect on Tribofilm Topography

Topography features of tribofilm were characterised using
the AFM technique. Wear results demonstrated an increase
in wear with the increase in the level of the water as dis-
played in Fig. 9. The presence of water in oils accelerates
the decomposition of antiwear additives and the formation
of shorter polyphosphate chains in tribofilm [14]. Tribofilm
formation was influenced by water according to previous
studies [22, 23] in terms of thickness of tribofilm and cov-
erage or uniformity of antiwear film on the metal surface.
Figure 11b—d show AFM images of tribofilm on the wear
scar of pins for oils containing different levels of water. The
images show a distribution or tribofilm pits in the surface
(distribution of dark spots) in the existence of water com-
pared to the tribofilm of fresh oil displayed in Fig. 11a.
Water level influences the uniformity of tribofilm and more
pits can be observed with an increase in the water content.
Oils after removing the water influence the oil perfor-
mance causing an increase in wear as shown in Fig. 10.

AFM images (Fig. 11b1, cl and dl) of oil samples after
centrifugation reveal less effect on tribofilm. There is still
discontinuity or pits in the tribofilm due to additives deple-
tion and remaining dissolved water. The growth rate and
morphology of these films, which are formed on steel sub-
strates, are distinguishable and influenced by dissolved water
and additives depletion.

3.5 Water Effect on Tribofilm Chemistry

The surface chemistry of tribofilm mainly consists of zinc
polyphosphate chains [29]. Zinc polyphosphates in the tri-
bofilm can be determined using the XPS technique [29, 34,
35]. The oxygen 1s signal from XPS data were fitted by two
peaks bridging (P-O—P) and non-bridging oxygen (P=0 and
P-O-M, with M being a metal) [34, 35]. It has been proved
that the chain length of zinc polyphosphates can be charac-
terised based on the intensity ratio of the bridging oxygen/
non-bridging oxygen (BO/NBO) and the binding energy
difference between Zn3s—P2p;,, [34, 43]. This combined
method is applied to characterise the polyphosphate chain
ranging from zinc orthophosphate to zinc metaphosphate
depending on BO/NBO values [34, 43]. Crobu et al. [34,
44] assessed the length of polyphosphate chains depend-
ing on the (BO/NBO) vales. If the BO/NBO values are less
than 0.2, short chains of polyphosphate, which are called
orthophosphate chains, will be formed. If BO/NBO val-
ues are bigger than 0.37, the long chains of polyphosphate,
which are called metaphosphate chains, will be found in the
tribofilm.
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removing the free water from [ Wear
oils by centrifugation ¥  water
- 7000
0.0005 -
. - 6000
(]
€
E
2 - 5000 ,g
S 0.0004 - 8
) - 4000 =
= } g
=) ©
o 3
2 - 3000
@ 0.0003
(]
= 3 - 2000
0.0002 - - 1000
e
T T T T -0
Fresh oil Aged oil+0.3%water Aged oil+0.5%water Aged oil+1%water

Sample name

@ Springer



74 Page 10 of 14 Tribology Letters (2024) 72:74

a) Fresh oil

147 4 nm

10 um -285.6 nm

b,) Aged oil+0.3%water-after centrifuge

Mribofilm Pits
? ¢ 98.8 nm

103.1 nm

s 10 -171.2nm

10 um -150.4 nm

1) Aged oil+0.5%water-after centrifuge

62.1.nm
98.0 nm

-83.9 nm
10 um
-156.6 nm

d,) Aged oil+1%water-after centrifuge

50.1 nm 91.2nm

823 10 um -142.0 nm

@ Springer



Tribology Letters (2024) 72:74

Page110f14 74

«Fig. 11 AFM images of tribofilm formed on pin surface; a fresh oil,
b aged oil+0.3 wt% water, ¢ aged oil+0.5 wt% water, d aged oil+1
wt% water. AFM images of the oils samples after centrifuging the
free water; bl aged oil +0.3 wt% water, cl aged oil +0.5 wt% water,
d1 aged oil+ 1 wt% water

In this study, the chemistry of tribofilm on pins for all
aged oils tests was conducted using XPS analysis. The oxy-
gen 1s peaks from XPS data were plotted and fitted by BO
and NBO peaks, as shown in Fig. 12a—c. The results show
that fresh oil is responsible for the longest polyphosphate
chains and metal oxide [34, 43] was found on the surface
as demonstrated in Fig. 12a. Figures 13 and 14 demonstrate
the results for BO/NBO and the binding energy difference
between Zn3s-P2p;, at different levels of water and after
removing the free water from oils. It can be noted that BO/
NBO values decrease and Zn3s—P2p;,, values increase in
the presence of water. Figure 12b reveals that the presence
of water in oil affects the length of polyphosphate chains
forming short chains. This can be interpreted as the presence
of water causing the formation of shorter orthophosphate
chains. The length of orthophosphate chains can be affected
by the water percentage presented in the oil as shown in
Fig. 13. The results are in line with studies in terms of the
formation of short orthophosphate chains in the presence of
water [23, 36]. It also supports the fact that a higher concen-
tration of water in the oil could also influence the length of
glassy phosphate chains [41].

The chemistry of tribofilm of tests after removing the
free water by centrifugation was analysed. Based on the BO/
NBO ratios represented in Fig. 14, the results indicate that
dissolved water and additives depletion by water can also
affect the length of polyphosphate chains. Figure 12c reveals
that the intensity of the BO peak decreases after removing
the water due to the removal of P-O-P compounds (BO
bridge). Figure 14 shows a decrease in BO/NBO values and
an increase in Zn3s-P2p;, values which refer to the forma-
tion of short polyphosphate chains.

The results are in line with other studies [15, 45] which
claimed that the chain polyphosphates can be depolymerised
by water to shorter chains. Equations (1) and (2) describe the
mechanisms of depolymerisation of polyphosphate chains
in the existence of water. The hydrolysis of polyphosphates
in the presence of water occurs producing short-chain
polyphosphates.

The XPS results of wear scar of pins were quantified
before and after removing free water from aged oil sam-
ples as shown in Table 5. The chemistry of tribofilm for oil
samples was compared to fresh oil sample. The XPS results
(Table 5) demonstrate a significant decrease in the elemen-
tal concentration of tribofilm such as sulphur, zinc and
phosphorus in the existence of free water in the oil (before
centrifugation). After centrifugation (after removing free
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Fig. 12 XPS oxygen 1s spectra from pins surface for oil samples a
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Table 5 XPS quantification of wear scar of pins to quantify the chemistry of tribofilm before and after centrifuge

Sample details

XPS quantification (At %)

Carbon (C 1s)  Iron (Fe2p)  Oxygen (O 1s) Sulphur (S 2p)  Zinc (Zn2p)  Phospho-

rus (P 2p)
Fresh oil 20.92 6.69 49.18 2.02 15.41 5.77
Aged oil + 0.3 wt% water 30.98 5.76 45.49 2.31 12.08 3.38
Aged oil + 0.5 wt% water 37.31 24 47.52 1.28 7.9 3.59
Aged oil+ 1 wt% water 21.38 13.98 51.81 1.29 8.73 2.81
Aged oil + 0.3 wt% water-after centrifuge 26.13 10.05 46.86 1.56 11.5 3.91
Aged oil + 0.5 wt% water-after centrifuge 22.61 11.53 50.64 1.89 9.7 3.62
Aged oil + 1 wt% water-after centrifuge 24.61 9.63 49.45 1.76 10.73 3.84

4 Conclusions

In this study, the effect of water contamination on oil perfor-
mance and its additives have been investigated. This study
determined the water saturation level in the lubricant for first
time. The water level in oils is unstable and changes from
one phase to another causing the separation of free water in
the oil. This influence oil performance and its additives. The
key findings are summarised as follows:

e The results showed the ability of the oil to hold more
dissolved water at a higher temperature.

e Removal of free water from the oil resulted in additives
depletion.

e Wear was increased after removing free water from the
oils due to additives depletion.

e Tribofilm topography of contact surface for oils con-
taining dissolved or free water showed the discontinu-
ity of antiwear film on the contact surface.

e The hydrolysis of polyphosphates in the presence of
dissolved or free water occurred producing short-chain
polyphosphates.
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