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A B S T R A C T

This paper presents insights into how Zinc Dialkyl Dithiophosphate (ZDDP) influences the formation and pro-
gression of micropitting. Experimental investigations were conducted using a twin-disc tribometer in rolling-
sliding contacts under mixed or boundary lubrication conditions, focusing on the impact of ZDDP on micro-
pitting in bearing steel samples. Results show that ZDDP reduces wear and increases surface friction by forming a
tribofilm. This facilitates micropitting formation, but also retards the progression of micropitting. It highlights
that understanding the chemical and mechanical interactions at the tribological interface is essential for
designing effective mitigation strategies for managing micropitting and avoiding related issues in bearing
applications.

1. Introduction

Micropitting is a type of fatigue failure that serves as a significant
precursor to failures in machine elements such as in rolling element
bearings and gears. These elements often employ heavily-loaded, roll-
ing-sliding, and lubricated contacts [1,2]. Micropitting results from
rolling contact fatigue (RCF) that arises from surface asperities under-
going repeated over-rolling and cyclic contact stresses. This phenome-
non is especially prevalent in contacts operating under a low lambda
ratio, signifying boundary and mixed lubrication regimes where the oil
film thickness is not adequate to avert asperity contacts. With the
continuous demand for higher power densities of mechanical systems,
increased fuel efficiencies and thus lower energy losses, there is a cor-
responding shift towards lubricants with lower viscosities and smaller
lambda ratios and thus higher potential for surface-to-surface in-
teractions. As a consequence, these increased metal-to-metal in-
teractions at the roughness asperity level have intensified, leading to a
heightened occurrence of micropitting [3].

Micropitting appears as surface-initiated pits with depth of up to 20
µm [4,5]. It is not necessarily the primary failure mode, but it can lead to
macropitting and accelerate the appearance of other failure modes like
debris indentations, surface-initiated spalling, increased vibration, and
in severe cases seizure [6–8]. Macropitting refers to the fully developed
macroscopic pits with widths in the hundreds of micrometres and depths
over tens of micrometres. These pits exhibit distinctive, discrete bottoms

that intersect the surface at either steep or shallow angles. Macropitting
can originate from surface defects, such as dents or micropits [8]. The
transition from micropitting to macropitting is a complex process
encompassing stages of plastic deformation and micro-cracking [9].
Within these stages, lubricant additives, particularly the anti-wear ad-
ditive Zinc Dialkyl Dithiophosphate (ZDDP), emerge as significant
influencers.

ZDDP is the most commonly used sulphur-phosphorus (S-P) based
anti-wear additive. Predominantly in boundary or mixed lubrication
regimes, ZDDP forms tribofilm during rubbing to reduce wear and
protect the surface. ZDDP tribofilm typically exhibits a rough and
irregular film with a thickness of approximately 50–150 nm thick [10,
11]. The structure of ZDDP tribofilm is characterised by a foundational
layer of iron/zinc sulfide, an intermediate layer enriched with iron/zinc
phosphates and polyphosphate, and a surface layer composed of mixed
oxide and zinc sulfide [12–14].

The role and implications of ZDDP tribofilm, especially its influence
on micropitting, have been a focal point of research since the early
2000′s. Olver and his team, utilising a three-disc tribometer, discovered
an inverse correlation between micropitting and mild wear. Their
findings underscored the effect of ZDDP in reducing wear and increasing
the possibility of micropitting production [15,16]. Subsequent studies
by Spikes and his team further expanded on the tribofilm’s role in
influencing friction and its impact on micropitting. Tests were con-
ducted by a ball-on-disc Mini-Traction Machine (MTM) to develop
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deeper understanding on the dynamics between ZDDP tribofilm growth
rate and micropitting evolution. Their findings revealed that although
the role of ZDDP in reducing surface wear was commendable, it
enhanced micropitting risks by inhibiting the proper running-in of
component surfaces [10]. Additional studies measured ZDDP tribofilm
thickness, friction forces induced by the tribofilm, and their cumulative
effects on micropitting, emphasising the multifaceted nature of these
interactions [11,17,18]. These studies demonstrated that ZDDP tribo-
film can elevate friction between contact surfaces. Detailed mechanisms
of ZDDP tribofilm’s frictional behaviour was studied recently by Sato
and his colleagues. They demonstrated that the robust adhesive force of
the ZDDP tribofilm significantly contributes to the rise in friction levels
[19]. Brizmer from SKF conducted experimental and theoretical studies
on tribofilm formation and highlighted that while the tribofilm was
advantageous for surface protection from wear, it could heighten
micropitting vulnerability due to higher friction levels. This increase in
friction induced elevated localised shear stress, thereby accentuating the
risk of micropitting [20].

However, other research provides opposite perspectives on the issue.
A 2019 study from Lulea showed that micro-pitting damage is a function
of surface roughness combination and hardness difference among other
factors. Their study found that ZDDP additive in engine oil protected
rougher surfaces, promoting wear on smoother surfaces, effectively
eliminating the micro-pitting damage mode [21]. Airey and colleagues
from Rolls-Royce conducted tests with base oil and ZDDP-enriched oil
separately and found that ZDDP led to faster progression and larger
amount of micropitting but the dimension of micropitting was smaller.
In contrast, the base oil exhibited slower initiation of micropitting, but
the micropits quickly propagated into severe macropitting [22]. The
underlying physics responsible for this slowed progression of micro-
pitting in the ZDDP test, however, remains not fully elucidated.

The relationship between friction and micropitting has also been
studied widely. As early as 2003, Benuzzi employed a Finite Element
Method (FEM) model to assess the stress intensity factor range and track
crack progression under rolling-sliding contact conditions. This study
unveiled that stress intensity factors are influenced by friction force on
both contact surfaces and crack faces [23]. It was found crack progres-
sion could be accelerated by high contact surface friction while retarded
by high crack face friction. Similar conclusions was drawn by M.C.
Baietto and co-authors [24]. Parametric studies on the influence of the
friction coefficient between the crack faces have been conducted. Higher
friction coefficients were found to reduce the value of the stress intensity
factor in mode II and therefore slow the crack growth.

As discussed above, while extensive research has been conducted on
the role of ZDDP additive in micropitting, conflicting perspectives
persist regarding its exact influence. Moreover, there remains a gap in
understanding the interplay of crack chemistry, friction, and micro-
pitting behaviour. To address these research challenges, the aim of this
paper is to provide further insight into the impact of ZDDP on the for-
mation and progression of micropitting. This is achieved by conducting
tribological experiments on a twin-disc tribometer with particular focus
on the mechanisms of ZDDP’s role in wear protection and friction. The
influence of ZDDP is isolated and studied under different lambda ratios
and sliding conditions. Surface topography of samples and friction are
analysed to reveal the mechanisms through which ZDDP tribofilm in-
fluences micropitting. These findings are not only crucial for under-
standing the underlying physics governing micropitting performance
but also for optimising non-pitting oil formulations for bearing
applications.

2. Test methodology

2.1. Experimental equipment

Experiments for this study were carried out using a Phoenix
Tribology TE74 twin-disc tribometer, which is illustrated in Fig. 1. The

TE74 tribometer is designed to study wear and RCF under lubricated
rolling and rolling-sliding conditions. The test rig incorporates a pair of
discs mounted on parallel shafts which can be driven independently by
three-phase motors. In this configuration, controlled sliding can be
induced into the disc contact by adjusting the rotating speeds of the
discs, which can range from 200 to 2000 rpm. The machine can apply up
to 12 kN onto the contact by employing a servo controlled pneumatic
actuator equipped with force transducer feedback. The actuator applies
load onto the contact through the movement of a pivot positioned on the
load arm. The drive to the lower disc incorporates an in-line torque
transducer, facilitating the measurement of the system’s input torque
with a sampling rate of 10 Hz. The coefficient of friction can be calcu-
lated by: input torque/(radius of lower disc × applied load). The
lubricant is pumped directly to the disc contact and support bearings by
a recirculation line incorporating a 40 µm filter downstream of the test
cell. Additionally, a heating element installed in the oil tank serves to
heat oil from ambient conditions to a pre-set temperature of up to 180◦C.

Before and after tests, the discs were ultrasonically cleaned with
acetone for 10 minutes and dried using high-pressure air. The roughness
of discs was measured using a contact-based profilometer, Intra Touch
(Taylor Hobson, Leicester, UK). This device performs a single 2D profile,
and calculates surface parameters such as form, waviness and rough-
ness. A stylus vertical range of 1 mm with a vertical resolution of 4 nm
was employed for the high precision roughness measurement. The sur-
face topography of discs was measured using a high-resolution non-
contact optical 3D surface measurement device, Alicona G4 Infinite-
Focus profilometer (Alicona Imaging GmbH, Raaba, Austria). The sys-
tem integrates features of an optical profiler and a micro coordinate
measurement device. Such integration facilitates comprehensive surface
characterisation in a single measurement with a vertical resolution of up
to 10 nm.

To quantify the extent of pitting, measurements were performed on
the area fraction, width, and depth of pits. To estimate the area fraction
and width, optical images obtained by Alicona were converted into bi-
nary formats using ImageJ software, where black pixels represented the
presence of cracks or pits and white pixels represented their absence. An
example of the process is shown in Fig. 2(a). The measurement of the
fraction of the black area enabled a quantitative representation of the
extent of pitting. For measuring the depth of the pits, the pitted areas
were observed using the 3D imaging capability of Alicona, which en-
ables the measurement of various surface irregularities. By analysing the
depth information in the acquired images, the system provided quanti-
tative data on the depth of pits. Subsequently, corresponding colour
maps were generated to visually represent the pits as shown in Fig. 2(b).
To ensure a comprehensive assessment, four randomly selected areas on
each disc were chosen for the measurements.

A JEOL JSM-7200 F scanning electron microscope (SEM) equipped
with EDAX EDS (Energy Dispersive X-Ray Spectroscopy) detector,
manufactured by JEOL Ltd., Tokyo, Japan, was used to observe cracks
and pits at higher magnifications and detect the presence of ZDDP tri-
bofilm. The main features of the SEM are “In-Lens SchottkyPlus”
technology-based electron optics, Gentle Beam (GB) mode, Through-

Fig. 1. An illustration of the TE74 twin-disc tribometer.
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The-Lens System (TTLS) that enables high resolution observation at low
accelerating voltage and control the number of low-energy signals to be
detected by the upper detectors, and a hybrid objective lens that com-
bines magnetic-lens and electrostatic-lens.

2.2. Materials

In the twin-disc setup in the TE74 tribometer, a pair of discs made of
AISI 52100 bearing steel were used for generating pitting. The 39 mm
diameter disc, termed "smooth disc", exhibited a roughness parameter,
Rq (Root Mean Square) of 0.03 µm and adopted a cylindrical surface
geometry. The 41 mm diameter discs, referred as "rough disc", had a
higher roughness Rq of 0.26 µm and featured a crowned surface

geometry with a transverse diameter of 100 mm. Both types of discs had
a width of 12 mm, as illustrated in Fig. 3. The design simulated the
contact between rollers and raceways in rolling element bearings and
ensured a self-aligning elliptical contact, which effectively minimised
stresses induced by edges. Furthermore, this configuration ensured that
wear tracks were positioned centrally, facilitating effective observations
of surface damage that generated during testing.

To investigate the influence of ZDDP additive on micropitting for-
mation and progression, base oil only and base oil + ZDDP tests were
conducted. The base oil used was PAO oil “Durasyn 168 poly-
alphaolefins” provided by INEOS Oligomers Group. PAO oil is a type of
hydrogenated synthetic hydrocarbon base fluid for use in fully and
partially synthetic, premium, long-drain lubricating oils, hydraulic
fluids, or transmission fluids. Due to its limited wear properties, it has
also been widely used in bearing steel tests to study the mechanisms of
micropitting [6,15,21]. Details of Durasyn 168 are shown in Table 1.
The ZDDP additive used was HiTEC 1656 primary-secondary mixed
ZDDP containing 8.35 % zinc, 9.2 % phosphorus, and 17.8 % sulphur,
provided by Afton Chemical Corporation. In base oil + ZDDP tests,
Durasyn 168 base oil was blended with 2 wt% ZDDP. The
ZDDP-enriched oil was prepared by slowly adding the ZDDP into
Durasyn 168 while stirring using a magnetic stirrer to blend the mixture
and ensure a homogeneous mixture.

2.3. Test conditions

Before the commencement of pitting tests, baseline tests operating
under mixed and elasto-hydrodynamic lubrication conditions were
conducted to ensure accurate measurement of friction in a controlled

Fig. 2. Binary format converted from an original image using ImageJ, and colour map generated using Alicona.

Fig. 3. Schematic drawing of the discs used in TE74 twin-disc tribometer.

Table 1
Properties of Durasyn 168 base oil.

Kinematic
viscosity, cSt,
100℃

Kinematic
viscosity, cSt,
40℃

Viscosity
index

Flash
point,℃

Specific
gravity (15.6/
15.6℃)

7.8 47.5 136 > 245 0.831
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environment. Subsequently, eight pitting tests were conducted on the
TE74 tribometer, with the test conditions outlined in Table 2. These
conditions were established based on two- or three-disc experiments in
previous studies [1,6,15,21,25,26] in which micropitting was success-
fully produced. In these experiments, the maximum contact pressure
was controlled between 1.7 to 4.7 GPa, and the lambda ratio was varied
between 0.1 to 0.7 to obtain boundary lubrication conditions conducive
to induce micropitting. The oil temperature was maintained between 65
to 100℃ to promote the formation of ZDDP tribofilm. Slide-to-roll ra-
tios (SRR) ranging from 1 % to 30 % were employed to ensure appro-
priate sliding conditions for fatigue crack initiation and ZDDP tribofilm
formation. It was widely observed in rolling-sliding contacts, the discs
operating at slower speeds exhibited a higher incidence of micropitting
formation. The durations of the experiments were typically set between
4 to 9 million cycles to ensure an adequate number of stress cycles for
micropitting occurrence.

Referencing the use of maximum contact pressures ranging from 1.7
to 4.7 GPa in tribometer tests [1,6,15,21,25] and 2.17 GPa in bearing
tests [26], a maximum contact pressure of 2.5 GPa was applied in all the
tests in this work. In Tests 1, 2, 3 and 4, the lambda ratio was set as 0.23
to achieve boundary lubrication conditions, and the SRR was set as
− 10 % to simulate the contact conditions between rollers and raceways
in rolling element bearings where micropitting is commonly observed
[26]. A negative SRR means smooth discs were slower than rough discs.
Tests 1 and 2 were conducted for 1.5 million cycles to specifically
observe the initiation of surface cracks and micropitting. Conversely,
Tests 3 and 4 were extended to 6 million cycles to monitor the pro-
gression of micropitting. Furthermore, Tests 5 and 6 aimed to investigate
the influence of ZDDP under different lambda ratios with a higher
lambda ratio of 0.74. Tests 7 and 8 explored the effect of ZDDP under
different SRRs, employing a larger SRR of − 20 %.

3. Results and discussion

3.1. Imaging micropitting and macropitting

Following the completion of the TE74 tests, the discs were observed
using optical and electron microscopy techniques to analyse the failure
modes and mechanisms. Initial inspections were performed using the
Alicona microscope system and the outcomes are presented in Fig. 4.
Cracks and pits were uniformly distributed across the wear tracks on
smooth discs. To illustrate the topography and extent of pitting, three
images at random locations of each smooth disc are presented in Fig. 4.
The width, depth, and fraction of pits, measured using the methods
presented in Fig. 2, are illustrated in Fig. 5. In this work, micropits and
macropits are distinguished according to depth. Pits with a depth of less
than 20 µm are classified as micropits [4,5], while pits with a depth
exceeding tens of microns are categorised as macropits [8], as illustrated
in Fig. 5(b). The width of the pits is not considered a criterion, as the
joined pits could potentially impact the differentiation.

In the base oil only test, with a lambda ratio of 0.23, small and
shallow cracks initiated on the smooth disc around or slightly prior to
1.5 million cycles (Test 1). Subsequently, by 6million cycles (Test 3), the
cracks had developed into pits characterised as macropits, with widths

measuring in the hundreds of microns and depths of tens of microns.
This resulted in a significant increase in damaged area. In contrast, with
the use of ZDDP-enriched oil, pits with depth up to 20 µm had formed at
1.5 million cycles (Test 2), characterised as micropits. However, after 6
million cycles (Test 4), their dimensions and areas experienced minimal
growth.

In the test conducted under a higher lambda ratio of 0.74 using the
base oil (Test 5), neither cracks nor pits were observed by 6 million
cycles. However, in contrast, in the base oil + ZDDP test (Test 6),
micropits were evident on the smooth disc. Under a higher SRR of
− 20 %, macropits were observed on the smooth disc after 6 million
cycles in the base oil only test (Test 7). Conversely, in the base oil
+ ZDDP test (Test 8), smaller micropits were observed on the smooth
disc. The observations indicate that the use of ZDDP resulted in the
earlier formation of micropits (Test 2 and 6); however, the rate of
micropit evolution was slower (Test 4 and 6). Referring to [7,21,22], the
fraction of pitting areas is employed to evaluate the extent of pitting. It is
revealed from Fig. 5(c) that for both base oil and base oil+ ZDDP tests, a
higher lambda ratio of 0.74 resulted in minimal pitting damage. When
using base oil only, an increased SRR of − 20 % resulted in less pitting
(Test 7).

As outlined in Table 2, Test 1 (1.5 million cycles) and 3 (6 million
cycles) had the same test conditions except for duration, and Test 2 (1.5
million cycles) and 4 (6 million cycles) likewise had the same test con-
ditions with differing durations. The discs used in Test 3 and 4 were not
removed from the TE74 tribometer for interval observations at 1.5
million cycles, as this required disassembly and reassembly, potentially
influencing the positioning of the contact patch and consequently
impacting generation of pits and the measurement of the coefficient of
friction.

To explore the repeatability of Test 1 and 3, as well as Test 2 and 4,
vibration signals obtained during these tests were analysed and
compared. The vibration monitoring and signal processing methods
were detailed in [27]. The root mean square (RMS) values of the vi-
bration signals acquired from the four tests are presented in Fig. 6. Slight
differences were observed between the vibration RMS values of Tests 1
and 3, as well as Tests 2 and 4, within the initial 1 million cycles, which
could potentially be attributed to variations during the running-in pro-
cess. However, by 1.5 million cycles, the signals for Tests 1 and 3
converged to comparable levels. Similarly, the signals for Tests 2 and 4
also converged by 1.5 million cycles. As explained in [27], the source of
vibration was attributed to cracks and pits on smooth discs and the vi-
bration RMS represented the extent of damage. The comparable level of
vibration RMS at 1.5 million cycles indicated similar extent of damage
was produced, therefore indicating the repeatability of Tests 1 and 3,
and Tests 2 and 4.

3.2. Formation mechanisms of micropitting and macropitting

Fig. 4 indicates that pitting damage was exclusively observed on the
smooth discs in smooth-rough combinations. The phenomenon aligns
with findings from previous studies [7,21]. These studies have demon-
strated that a smooth-rough contact configuration promotes the devel-
opment of surface-initiated cracks and pits on the smooth surfaces. The

Table 2
Test conditions for the base oil and base oil + ZDDP tests.

No. Oil Max. contact pressure (GPa) Entrainment speed (m/s) Lambda ratio Oil temp (℃) Slide-roll ratio (%) Duration (million cycles)

1 Durasyn 168 2.5 1.29 0.23 100 -10 1.5
2 Durasyn 168 +ZDDP 2.5 1.29 0.23 100 -10 1.5
3 Durasyn 168 2.5 1.29 0.23 100 -10 6
4 Durasyn 168 +ZDDP 2.5 1.29 0.23 100 -10 6
5 Durasyn 168 2.5 2.58 0.74 60 -10 6
6 Durasyn 168 +ZDDP 2.5 2.58 0.74 60 -10 6
7 Durasyn 168 2.5 1.36 0.24 100 -20 6
8 Durasyn 168 +ZDDP 2.5 1.36 0.24 100 -20 6

Z. Tian et al.
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Fig. 4. Post-test surface topography images of discs for Tests 1–8.
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likely explanation for this is the stress history from the fatigue
micro-cycles imposed by surface roughness [21,28]. In boundary or
mixed lubrication conditions where asperity contacts are severe, the
stress history is imposed by the dominant rougher surface upon the
smoother one. When a rough surface moves against the smooth one, the
smooth surface experiences a fluctuation in pressure from the rough
surface. Moreover, the individual asperities on the surface create
localised contacts, leading to a reduction in the actual contact area. This,
in turn, generates higher local stresses close to the surface, thereby

initiating the onset of cracks and pitting on the surface [28].
To study the mechanism behind the formation of macropitting and

micropitting, a detailed analysis of the pitting morphology on both the
surface and subsurface was conducted using the SEM. Fig. 7 shows
representative examples of macropitting produced in Test 3 on surface
and cross-section views. The plane of the section is parallel to the rolling-
sliding direction and passes through the middle of the pit in transverse
direction as shown in Fig. 7(a). On the surface the macropit was char-
acterised by the separation of fine flakes or platelike structures
comprising the embrittled metallic matrix. Extensive cracks were
observed in the vicinity of the macropit. The cross-section view shown in
Fig. 7(b) was obtained by cutting through the centre of the wear tracks
along the rolling and sliding direction. It is evident that cracks origi-
nated from the surface at a shallow angle of approximately 13◦ and
generally propagated against the sliding direction into the material. The
cracks interacted with each other, resulting in the removal of a segment
of surface material and generating macropits with a saw-tooth bottom
appearance. The depth of macropits exceeded 20 µm and cracks tended
to continue propagating into subsurface with the depth of approximately
118 µm, accompanied by additional cracks branching to produce sec-
ondary damage.

Fig. 8 shows a representative example of micropitting produced in
Test 4 on the surface and cross section views. As shown in Fig. 8(a), the
micropit had a width of around 200 µm and displayed a ‘crescent moon’
shape on the surface. On the cross-section view shown in Fig. 8(b),
similar to the observation of macropitting, the crack propagated counter
to the sliding direction into the material at a shallow angle of roughly 7◦

to the surface. Subsequently the interaction between cracks generated a
micropit with a depth of approximately 5 µm. The maximum depth of
the crack was only around 13 µm, and there was no distinct inclination
for substantial further propagation.

It is notable that in both tests, the cracks exhibited a tendency to
propagate in a direction opposing the direction of sliding which aligns
with findings in [29,30]. To investigate the mechanism of crack prop-
agation, the etched cross-section of the micropitted disc in Test 4 using a
2 % Nital solution was observed as shown in Fig. 9(a). It was seen that
the martensite phase near the surface was shaped into inclined lines and
the cracks followed the direction of the material flow. This phenomenon
could be explained by the plastic deformation induced by sliding friction
in the near-surface region as illustrated in Fig. 9(b). Within the
near-surface region, the material experiences plastic deformation due to
shear stress induced by sliding friction. The strain is pronounced closer
to the surface, leading to material flow against the sliding direction.
Initiated from the base of deformed asperities, cracks naturally tend to
propagate along the direction of deformation.

3.3. Identification of ZDDP tribofilm on contact surfaces and its effect on
micropitting formation

To identify the presence of ZDDP tribofilm and analyse its chemical
composition, SEM/EDS analysis was performed on surfaces of the discs
tested with the ZDDP-enriched oil. ZDDP tribofilm was identified on all
the discs in these tests. As an illustration, Fig. 10 shows the SEM image of
a micropitted area on the smooth disc in Test 2 (λ = 0.23, SRR=− 10 %,
1.5 million cycles) and the corresponding EDS profile. The EDS profile
confirmed the presence of peaks of zinc, phosphorus, and sulphur, which
are characteristic elements derived from ZDDP. The weight proportion
of these elements are listed in Table 3.

Fig. 11 illustrates the roughness parameter Rq of the discs, as
measured in the axial direction (perpendicular to the rolling-sliding
direction) by Intra Touch. The roughness measurements were conduct-
ed in regions without pits. After 6 million cycles in the base oil + ZDDP
tests, Rq of the smooth discs increased by 33–80 %, and Rq of the rough
discs increased by 3–12.5 %. The increase in Rq can be attributed to the
formation of ZDDP tribofilm. ZDDP tribofilm protects surfaces from
wear and maintains asperities [10,11,31]. Moreover, the tribofilm is

Fig. 5. (a) Pit width, (b) depth, and (c) fraction for Tests 1–8.

Fig. 6. RMS values of vibration signals collected from Tests 1–4. Signal
acquisition and processing methods see [27].

Z. Tian et al.
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composed by rough micron-scale circular or elongated pads, reaching up
to 150 nm in thickness [10,11]. The preservation of the original asper-
ities and the thickness of ZDDP tribofilm contributed to the increased

roughness.
In the base oil only tests, the disc surface roughness exhibited a

pronounced increase when compared to the ZDDP tests, indicating

Fig. 7. SEM observations of macropitting on (a) surface and (b) cross section of the smooth disc in base oil only test (Test 3).

Fig. 8. SEM observations of micropitting on (a) surface and (b) cross section of the smooth disc in base oil + ZDDP test (Test 4).

Fig. 9. (a) Observation of plastic deformation and crack propagation in Test 4; (b) Schematic of plastic deformation due to sliding friction.

Fig. 10. (a) SEM image of the smooth disc in Test 2 and (b) corresponding EDS profile.

Z. Tian et al.
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higher wear rates. Without ZDDP tribofilm which controls wear by
limiting direct contact of the two rubbing surfaces, the wear process was
faster and more severe in direct metal-metal contacts lubricated solely
by the base oil. As a result, wear induced the formation of irregularities
and alterations in surface topography, leading to a notable increase in
surface roughness.

The wear process in base oil only tests can be one reason for the
delayed formation of pits (Tests 1 and 5) as observed in Fig. 4. Pitting is a
material fatigue phenomenon caused by repeated rolling-sliding con-
tacts. Fatigue cracks typically initiate at locations of stress concentra-
tion, such as surface asperities. These stress concentrations lead to
localised increases in stress. When the stress exceeds a certain threshold,
microscopic cracks can develop at the surface asperities. Under cyclic
loading, these cracks may propagate, resulting in the formation of pits
through material loss. Wear, on the other hand, is a mechanical process
where material is removed from the surface. This action alters the sur-
face topography and removes stress concentration points i.e. surface
asperities. Furthermore, wear removes the uppermost fatigued layers,
therefore reducing the accumulation of pitting damage [7,32,33].

Under a lambda ratio of 0.23, by 1.5 million cycles, the base oil only
test (Test 1) exhibited a larger roughness compared to the base oil
+ ZDDP test (Test 2), as shown in Fig. 11 (a). This indicates formation of
more wear. Consequently, more asperities were removed, making it
more challenging for cracks to initiate and propagate. Therefore, the
formation of pits was delayed. In contrast, in the base oil + ZDDP test

(Test 2), ZDDP tribofilm retained asperities, facilitating sufficient stress
cycles for the initiation and progression of cracks into micropits. Under a
higher lambda ratio of 0.74, the base oil only test (Test 5) similarly
exhibited a greater increase in roughness compared with the base oil
+ ZDDP test (Test 6) as shown in Fig. 11 (b). Additionally, a larger
separation of contact surfaces led to fewer asperity contacts. Therefore,
crack initiation was further delayed, and no cracks were observed until 6
million cycles.

Upon comparing Fig. 11 (a) and (c), it is observed that in the base oil
tests, Rq of the smooth disc in Test 7 (λ = 0.24, SRR=− 20 %) underwent
a greater increase compared to Test 3 (λ = 0.23, SRR=− 10 %). Despite
the lambda ratio being comparable in these two tests, the larger increase
in roughness in Test 7 was attributed to increased sliding. With the
heightened sliding, a higher wear rate was resulted. Consequently, an
increased SRR of − 20 % resulted in reduced fraction of pitting area as
illustrated in Fig. 5(c).

Fig. 12 depicts the evolution of the coefficient of friction in Tests 1 to
8. It is observed that under the same test conditions except for lubri-
cants, tests conducted with the ZDDP-enriched oil exhibited higher co-
efficients of friction compared to those conducted with the base oil. The
increased friction can be attributed to the increased adhesion forces
induced by ZDDP tribofilm. The correlation between the adhesion force
and nano-friction force has been confirmed by previous research [19].

The earlier formation of micropitting in the base oil + ZDDP tests
(Tests 2 and 6) can also be attributed to the higher surface friction
induced by the ZDDP tribofilm. In the modelling study presented in [23],
in a general rolling-sliding contact, the possibility and mode of crack
propagation were studied by determining ranges of mode I (tensile) and
mode II (shear) stress intensity factor (K), ΔKI and ΔKII. The stress in-
tensity factor range can be calculated from the maximum and minimum
stress intensity for a cycle, and the crack growth rate is found to increase

Table 3
ZDDP elements and weight % of ZDDP tribofilm.

Element Fe Cr O Zn P S

Weight % 57.76 1.46 12.82 19.46 6.11 2.38

Fig. 11. Roughness parameter Rq of discs after tests with (a) λ = 0.23, SRR= − 10 % (Tests 1 to 4), (b) λ = 0.74, SRR= − 10 % (Tests 5 and 6), and (c) λ = 0.24,
SRR= − 20 % (Tests 7 and 8).
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with the increase in the range of stress intensity factor [18,23]. It was
demonstrated that under a wide range of crack propagation angles, both
ΔKI and ΔKII increase with the surface friction fs [23]. As a result, tensile
and shear stresses increase at the rear of the contact region [18], as
indicated in Fig. 13. This potentially promotes crack initiation. Once
cracks initiates, their interactions contribute to the formation of
micropitting.

Under a higher lambda ratio of 0.74, the coefficient of friction was
lower compared to lambda ratios of 0.23–0.24. This can be understood
by considering the relationship between coefficient of friction and
lubrication regime. At higher lambda ratios, the lubricant film thickness
between the contacting surfaces is increased. This thicker lubricant film
serves to separate the surfaces more effectively, reducing direct asperity
contact and thus lowering friction. As indicated in Fig. 5(c), a higher
lambda ratio of 0.74 resulted in minimal pitting damage, which could be
due to the low friction.

3.4. Identification of ZDDP tribofilm on crack faces and its effect on
micropitting progression

To explore the presence of ZDDP tribofilm within the cracks in the
base oil + ZDDP tests, SEM/EDS investigation was conducted on cross
sections of cracks, and examples of the results are depicted in Fig. 14. In
Fig. 14 (a), element distributions were obtained using EDS line analysis
at the disc surface and two positions along a crack path in Test 4
(λ = 0.23, SRR=− 10 %, 6 million cycles): the crack mouth and crack
tip.

It is evident from Fig. 14 (b) that the ZDDP elements, including zinc,
phosphorus, and sulphur, were concentrated on the disc surface. In
Fig. 14 (c) the ZDDP elements were prominently concentrated on the
crack faces at the crack mouth, while not detected inside the crack. In
Fig. 14 (d), similarly high concentrations of ZDDP elements were
observed at the crack tips. Due to the close proximity of the crack faces
at the tip, the presence of ZDDP elements on the two crack faces could
not be distinguished.

As discussed in Section 3.3, ZDDP tribofilm was identified on disc
surfaces. Comparing Fig. 14 (c) and (d) with (b), the film on crack faces
had the same elemental composition with that on the disc surface.
Moreover, considering the rapid reactivity of sulphur and phosphorus
with a fresh iron surface [34,35] and the rubbing between crack faces
induced by displacement during crack growth [36], it is reasonable to
conclude that ZDDP tribofilm was produced on the crack faces. Fig. 14
(e) shows the EDS profile on a crack path in Test 8 (λ = 0.24,
SRR=− 20 %, 6 million cycles), which also confirmed the formation of
ZDDP tribofilm on crack faces.

Fig. 12. Coefficient of friction for various numbers of cycles with (a) λ = 0.23, SRR= − 10 % (Tests 3 and 4), (b) λ = 0.74, SRR= − 10 % (Tests 5 and 6), and (c)
λ = 0.24, SRR= − 20 % (Tests 7 and 8).

Fig. 13. Effect of surface friction on near surface stresses and crack initiation.
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Fig. 14. (a) Positions for EDS analysis in Test 4 (λ = 0.23, SRR=− 10 %, 6 million cycles), (b) EDS line on the disc surface and corresponding EDS profile in Test 4, (c)
EDS line on the crack mouth and corresponding EDS profile in Test 4, (d) EDS line on the crack tip and corresponding EDS profile in Test 4, (e) EDS line on the crack
tip and corresponding EDS profile in Test 8 (λ = 0.24, SRR=− 20 %, 6 million cycles).
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As shown in Fig. 4, by 6 million cycles, the number of cracks
increased in the base oil only tests with lambda ratios of 0.23–0.24
(Tests 3 and 7) and they grew into large-scale macropitting, while in the
base oil + ZDDP test (Tests 4 and 8), only the number of micropits
increased slightly without seeing an increase in the dimensions.
Considering the analysis in Fig. 14, the slow progression of micropitting
in the base oil + ZDDP tests can be attributed to the high crack face
friction caused by the ZDDP tribofilm produced on crack faces as
depicted in Fig. 15. Once a crack initiates, the crack face friction be-
comes a dominant factor in crack propagation. When the crack faces
come into contact, their rubbing is influenced by the crack face friction
fc. An increase in fc leads to reduced slip between crack faces which is
indicated by a decrease in ΔKII [23,24] as indicated by the modelling
work presented in [23]. The reduced slip slows down the crack growth
[23,24], consequently retarding the progression of micropitting into
macropitting.

4. Conclusions

This study has investigated the effect of ZDDP additive in the for-
mation and progression of micropitting by conducting experiments on a
TE74 twin-disc tribometer. Lubricant chemistry, friction, and wear are
shown to be important factors for micropitting behaviour. Lambda ratio
and sliding are also found to influences wear, friction, and extent of
microitting. The following conclusions were drawn based on the
experimental results.

1. A twin-disc tribometer offers a suitable platform for generating and
investigating both micropitting (with depth up to 20 µm) and mac-
ropitting (with depth of tens of microns). For both base oil and ZDDP-
enriched oil, pitting were produced under boundary and mixed
lubrication conditions.

2. In base oil tests, more wear and lower friction were identified. Cracks
initiated later, but progressed rapidly into macropits. Conversely,
when using ZDDP-enriched oil, the friction was higher and micropits
initiated rapidly, however, their progression was slow.

3. The mechanism through which the ZDDP additive influences
micropitting formation involves its capacity to mitigate wear and
increase friction on contacting surfaces. ZDDP tribofilm formed on
the contacting surfaces maintains asperities and the number of
asperity stress cycles remains high. Moreover, ZDDP tribofilm con-
tributes to increased surface friction, which heightens the tensile and
shear stresses in the regions close to the surface, leading to increased
fatigue damage accumulation and micropitting damage.

4. The mechanism by which the ZDDP additive affects micropitting
progression involves the increased friction on crack faces induced by
ZDDP tribofilm. This internal ZDDP tribofilm increases the friction
between crack faces, leading to decreased crack face slip, slowing
down the crack propagation and consequently limiting the progres-
sion of micropitting. The findings serve to address debates regarding
the effect of ZDDP on micropitting and contribute to a deeper un-
derstanding of the underlying mechanisms.

5. In practical bearing applications, bearing surfaces do not frequently
suffer from micropitting. This work used relatively rough surfaces
and severe contact conditions to accelerate pitting formation.
Considering the findings obtained from this work, anti-wear addi-
tives such as ZDDP protect surfaces from wear and impede the pro-
gression of micropitting, which is beneficial for bearing operations.
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