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Abstract

The current trend for using lower viscosity lubricants with the aim of improving fuel economy of mechanical systems means that 
machine components are required to operate for longer periods in thin oil film, boundary and mixed lubrication conditions, where the 
risk of surface damage is increased. In addition, non-ferrous materials are increasingly being introduced in machine components to 
reduce wear and increase efficiency. Thus, understanding of the ZDDP antiwear tribofilm formation on both ferrous and non-ferrous 
surfaces is increasingly important in order to formulate lubricants that give desired antiwear performance with both types of materials. 
In this paper the effect of ferrous and non-ferrous rubbing materials, namely, steel, Si3N4, WC, SiC and a-C:H DLC coating, on ZDDP 
tribofilm formation was investigated. Among non-ferrous materials, it was found that ZDDP tribofilms were formed on Si3N4 and WC in 
the boundary lubrication regime, but almost no tribofilms were formed on SiC and a-C:H DLC. In addition, although tribofilms formed 
on some non-ferrous surfaces, they were easily removed under boundary lubrication by direct asperity contact because of their weak 
adhesion to the substrate. This tribofilm removal makes quantification of ZDDP tribofilm formation rate on non-ferrous surfaces under 
boundary lubrication conditions difficult. By contrast, under high shear stress EHL conditions, thick tribofilms formed without film 
removal with the tribofilm thickness being the greatest for steel, followed by Si3N4 and then WC, with no tribofilm formation observed 
on SiC and DLC. QCM results suggest that ZDDP tribofilm formation might be considerably affected by the extent to which ZDDP 
adsorbs on the substrate surface. The chemical properties of tribofilms are discussed and a possible mechanism by which ZDDP forms 
tribofilm on non-ferrous surfaces is suggested. This study has practical implications for ways in which non-ferrous surfaces can be 
protected from wear via lubricant formulation.
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1 Introduction

In recent years, the role of zinc dialkyldithiophosphate 
(ZDDP) as an antiwear additive in engine lubricants has 
become increasingly important because of the introduction of 
very low-viscosity oils in order to reduce hydrodynamic friction 
and thus increase engine efficiency. Such low-viscosity oils 
can cause the engine components to operate for long periods 
in thin film, boundary to mixed lubrication conditions, where 
wear of rubbing surfaces may occur. In addition, non-ferrous 
materials are increasingly being used in machine components 
both to reduce wear and, in the case of lightweight materials, 
to reduce vehicle mass to increase fuel efficiency. Therefore, 
understanding the mechanisms of ZDDP tribofilm formation 
on non-ferrous surfaces is increasingly important in order to 
protect these surfaces from wear.

The precise sequence of molecular reactions by which 
ZDDP forms tribofilm on ferrous surfaces has not been fully 
elucidated, but the overall process has been well-established. 

Initial surface adsorption of ZDDP [1] and reaction to form 
iron disulphide [2, 3] are now believed to be followed by 
three steps [4]. Firstly, thermal decomposition studies suggest 
that alkyl groups may transfer from oxygen to sulphur, to 
convert the dialkyl thiophosphate to dithioalkyl phosphate, 
although this process has yet not been proved to occur in 
tribofilm formation [5]. After this, intermolecular reaction 
between dialkyl phosphate or dithioalkyl phosphate species 
leads to rapid polymerization to form polyphosphate chains. 
Lastly, this polyphosphate is depolymerized to form primarily 
orthophosphate. Iron ions play an important role in forming 
iron sulphide and iron-zinc phosphate by diffusion of iron 
cations [6–8]. A previous study by the authors has suggested 
that this diffusion of iron cations into the tribofilm promotes 
the depolymerization of initially formed polyphosphate 
chains [9] and that this depolymerisation causes a structural 
transformation from a predominantly amorphous structure to 
one that is nanocrystalline, resulting in the tribofilm becoming 
much stronger. 



Tribology Online, Vol. 15, No. 5 (2020) /319Japanese Society of Tribologists (http://www.tribology.jp/)

ZDDP Tribofilm Formation on Non-Ferrous Surfaces

Studies on the formation of ZDDP tribofilms on materials 
other than steels are relatively rare. In addition, most studies 
on the behaviour of ZDDP with non-ferrous surfaces have 
been conducted using a non-ferrous on ferrous tribopair. These 
studies have reported presence of tribofilms on various non-
ferrous surfaces including Al-Si alloy, Si3N4, SiC, ZrO2 and 
DLC coatings [10–15] and researchers have generally suggested 
that these tribofilms have been transferred from the ferrous 
counterface during rubbing. This possible transfer of tribofilm 
or of ferrous or ferric ions from ferrous surfaces complicates the 
understanding of reaction mechanism of tribofilm formation on 
non-ferrous surfaces. A few authors have investigated ZDDP 
tribofilm formation on non-ferrous/non-ferrous tribopairs 
including DLC/DLC [16–19], DLC/Si [20], Si3N4/Si3N4 [21], 
Al2O3/Al2O3 [22] and Al/Al2O3 [23]. In most of these studies, 
although tribofilms formed on non-ferrous surfaces, some 
tribofilm properties, particularly adhesion to substrate surfaces, 
were different from those of ZDDP tribofilms present on ferrous 
surfaces. Tribofilms on non-ferrous surfaces were generally 
easily removed by rubbing or washing in an ultrasonic bath 
because of their weak adhesion to the surface [16–18]. Equey 
et al. [18] showed that while ZDDP tribofilm on a steel/steel 
tribopair remained after a scratch test, tribofilm on a DLC/
DLC tribopair was removed. This strength of adhesion might 
be affected by metallic elements in the DLC. Vengudusamy et 
al. [16] showed that ZDDP tribofilm on DLC/DLC tribopairs 
showed stronger adhesion to the surface and also increased 
thickness as the concentration of doped tungsten in DLC was 
increased. This increase of W concentration in DLC promoted 
the formation of a pad-like structure of tribofilm, while tribofilm 
did not form a pad-like structure on metal-free DLC surfaces [16, 
17, 19–21]. 

These studies suggest that although iron cations are not 
essential to form ZDDP tribofilm, the absence of iron or some 
other appropriate metal cation in non-ferrous/non-ferrous 
tribopairs results in a different overall ZDDP tribofilm reaction, 
and that metals in non-ferrous materials can play an important 
role in the tribofilm formation. However, the mechanism by 
which the ZDDP tribofilm forms on non-ferrous materials has 
not been systematically explored or understood.

This research aims to understand the extent to which ZDDP 
tribofilms form on non-ferrous surfaces in rubbing contacts and, 
if they do form, the chemical properties of these films. To avoid 
complications due to a possible transfer of the film between 
different surfaces, contacts between tribopairs of the same 
material are studied. The influence of five materials, namely, 
AISI 52100 steel, Si3N4, WC, SiC and a-C:H DLC coating, is 
investigated in both boundary and full film elastohydrodynamic 
lubrication (EHL) conditions. Tribofilms formed are analyzed 
using STEM-EDX and XPS and TEM. 

2 Test methods

2.1 Test lubricants
Solutions of ZDDP in a base oil were studied. To ensure thin 

film and thus boundary lubrication conditions Polyalphaolefin 
(PAO) with a relatively low viscosity of 18.5 mm2/s at 40°C 
and 4.1 mm2/s at 100°C was used as the base oil under low 
entrainment speed conditions in Mini Traction Machine 
(MTM) tests to ensure thin film and thus boundary lubrication 
conditions. Polyisobutene (PIB) having a relatively high viscosity 
of 156.8 mm2/s at 40°C and 15.3 mm2/s at 100°C was used as 
the base oil in high entrainment speed, high load Extreme 

Pressure Traction Machine (ETM) tests. The combination of 
relatively high viscosity and high entrainment speed ensures 
full-film elastohydrodynamic lubrication (EHL) conditions in 
these ETM tests. PIB has a high EHL friction and thus provides 
a sufficiently high shear stress to form ZDDP tribofilms on 
steel surfaces in full EHL conditions [24]. A single, secondary 
C6 ZDDP was used at a concentration of 800 ppm of P in all 
tests except those shown in Fig. 9 where additional results are 
presented for two other ZDDP concentrations corresponding to 
400 and 1200 ppm of P blended in PIB. 

2.2 Test materials
AISI 52100 steel, WC, Si3N4, SiC and a-C:H DLC were 

used to investigate the effect of surface material on tribofilm 
formation. For AISI 52100 steel, WC, Si3N4 and SiC bulk 
material, MTM and ETM balls and discs were employed. For the 
DLC, the a-C:H DLC coating was deposited on AISI 52100 steel 
balls and discs. This hydrogenated DLC consisted primarily 
of sp2 with 30% of sp3, had a thickness of 2-4 µm and did not 
contain any metal dopants. Its commercial name is Dymon-iC 
but it is denoted simply as DLC in this paper. The measured 
values of the surface roughness, hardness and elastic modulus 
of the balls and discs in each case are shown in Table 1. These 
are the average value of at least four measurements in different 
locations on each specimen, and tolerances show variation of 
measurements. These values of surface roughness, hardness 
and elastic modulus were measured using a Taylor Hobson 
Talysurf stylus profilometer, a Zwick Roell Z2.5 (ZHU 0.2) 
Vickers hardness tester and a Nanotest Platform 2 nanoindenter, 
respectively. 

Table 2 shows the chemical composition of the MTM balls 
and discs measured by a scanning electron microscope and 
energy-dispersive X-ray spectroscopy (SEM-EDX) and X-ray 
photoelectron spectroscopy (XPS). An SEM, HITACHI S-3400N, 
was used to capture high-resolution images of tribofilm surface 
topography and, for EDX, an Oxford X-ray System, INCA was 
used to analyze the chemical composition of materials. The 
description and conditions of XPS analysis are presented in 
section 2.5.3. Aside from the main metal constituents such as 
Fe in steel and W in WC, some metal-based sintering agents 
were detected, namely Al, Cr and Y in Si3N4 and Co in WC, 
whereas no metal was detected in SiC. In the case of DLC, Cr 
and Fe were detected by EDX. These metals are present in the 
steel substrate beneath the DLC coating itself and are detected 
because EDX is not a surface-sensitive method and analyzes an 
approximate depth of penetration of about 1 – 1.5 µm, so that 
the collected data were from both the surface and the bulk of 
the samples. To assess the surface composition of DLC more 
accurately, the DLC specimens were also analysed using XPS, 
which generally has a penetration depth of less than about 
10 nm. No metals were detected on the DLC surfaces by XPS 
analyses. Note that the equivalent properties of ETM ball and 
disc specimens were confirmed to MTM specimens.

2.3 MTM and ETM test rigs
A mini traction machine (MTM) and an extreme pressure 

traction machine (ETM) were both employed to observe the 
ZDDP tribofilm growth. Both are ball on disc tribometers 
with a similar configuration, the basics of which are shown 
schematically in Fig. 1. A 19.05-mm-diameter ball is loaded 
against the flat surface of a 46-mm-diameter-disc which is 
immersed in the test lubricant. The ball and the disc are driven 
by separate electric motors, so that any slide roll ratio can be 
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reached. The load, rotational speeds and oil bath temperature 
are all controlled by the system. Friction force is measured 
using a force transducer attached to the ball shaft and its value 
is recorded throughout the test. These rigs have the ability to 
measure the tribofilm thickness using a spacer layer imaging 
method (SLIM) [25]. However, in this study SLIM was not 
used as the low reflectivity of some of the non-ferrous surfaces 
employed here adversely affected its accuracy. Instead, 
the tribofilm thickness was measured using atomic force 
microscopy as will be described later.

 
2.4 Test conditions and procedures

The MTM was used to investigate ZDDP tribofilm 
formation under boundary lubrication at the test conditions 
shown in Table 3. By using a very low entrainment speed (mean 
velocity of the two surfaces with respect to the contact), MTM 

(a)

Material
Surface roughness
Rq (nm)

Hardness
(HV)

Elastic Modulus
(GPa)

Steel 8 ± 2 800 ± 20 210 ± 10

Si3N4 10 ± 2 1430 ± 40 310 ± 40

WC 11 ± 3 1650 ± 70 630 ± 40

SiC 10 ± 5 2460 ± 170 430 ± 60

DLC 11 ± 3 2450 ± 130 170 ± 20 

(b)

Material
Surface roughness
Rq (nm)

Hardness
(HV)

Elastic Modulus
(GPa)

Steel 7 ± 2 830 ± 30 210 ± 10

Si3N4 9 ± 2 1490 ± 60 290 ± 30

WC 8 ± 3 1760 ± 90 740 ± 70

SiC 20 ± 6 2110 ± 150 350 ± 50

DLC 9 ± 3 2320 ± 120 170 ± 20 

Table 1 Measured properties of MTM (a) discs and (b) balls

Table 2 Measured chemical composition of MTM (a) discs and (b) balls (atomic %)
(a)

Material C N O Al Si Cr Mn Fe Co W Y

Steel 5.9 3.1 0.7 1.9 0.6 87.8

Si3N4 8.2 33.5 18.9 1.6 34.9 1.4 1.5

WC 23.9 7.8 12.7 55.6

SiC 41.8 0.6 57.6

DLC 81.8 17.2 1.0

DLC* 93.7 1.3 5.0

(b)

Material C N O Al Si Cr Mn Fe Co W Y

Steel 5.5 6.0 1.1 1.8 0.5 85.1

Si3N4 10.2 40.9 5.8 2.9 38.5 1.7

WC 34.1 6.9 4.9 54.2

SiC 44.3 1.2 54.5

DLC 84.3 14.8 0.5 0.4

DLC* 95.7 0.7 3.6

*measured using XPS

Fig. 1 A schematic illustration of the MTM and ETM ball-on-
disc set-up



Tribology Online, Vol. 15, No. 5 (2020) /321Japanese Society of Tribologists (http://www.tribology.jp/)

ZDDP Tribofilm Formation on Non-Ferrous Surfaces

tests were controlled to an initial theoretical lambda ratio (ratio 
of EHD film thickness to composite surface roughness) of less 
than 0.1, thus providing boundary lubrication conditions. 
Load was set at values that gave a maximum Hertz pressure of 
0.95 GPa for all material combinations. In addition, tribofilm 
strength/adhesion was investigated by measuring the evolution 
of tribofilm thickness after replacement of the ZDDP solution by 
pure PAO base oil once an initial ZDDP tribofilm had formed. 
In this case, tests consisted of two stages, one in which the ball 
and disc were rubbed in ZDDP solution to form a tribofilm and 
the second in which the ball and disc, having pre-formed ZDDP 
tribofilms, were rubbed in PAO for 30 minutes at the same 
rubbing conditions as the first stage. Before starting the second 
stage, the specimens and the MTM oil-bath were rinsed by 
toluene to remove all ZDDP solution and then rinsed by PAO to 
remove residual toluene.

The ETM was employed at the conditions shown in Table 4, 
set to achieve a full elastohydrodynamic lubricant film. These 
tests therefore evaluate the ability of ZDDP to adsorb and react 
to form tribofilms in full film, high shear stress EHL conditions 
without any asperity contact. Before the tests, a short running-in 
procedure was carried out to remove any surface contaminants 
and polish off any particularly high roughness asperities. The 
running-in was run for 1 minute using entrainment speed, U 
= 0.1 m/s, slide-roll-ratio (SRR) = 50% and maximum Hertz 

pressure of 3.0 GPa. Following this running-in period, the actual 
ETM tests were run at a much higher entrainment speed (750 
mm/s) than the MTM tests in order to generate a sufficiently 
thick fluid film to ensure full film EHL regime where surface 
asperities are fully separated. This entrainment speed provided 
lambda ratios of between 5 and 10 for all test materials. Load 
was set to achieve a maximum Hertz pressure of 3.0 GPa for 
all ETM tests, so that the mean shear stress was 200 MPa at a 
friction coefficient of 0.1. A low SRR of 2.0% was employed to 
limit flash temperature rise while rubbing. 

Using the Archard equation [26, 27], flash temperature 
rise under these speeds was estimated to be 5°C for AISI 52100 
steel specimens at 1000 N applied load when friction coefficient 
was 0.1. It should be noted that this flash temperature is the 
instantaneous surface temperature rise as the whole nominal 
contact area passes through the contact in full-film EHL 
conditions, rather than the more commonly calculated flash 
temperature resulting from individual asperity contact [26]. All 
the different materials studied gave friction coefficients close to 
0.1 under the test conditions used, so flash temperature effects 
can be neglected. 

Both MTM and ETM tests were interrupted after 0.5, 1 and 
2 hours of rubbing to observe the morphology and thickness of 
tribofilms on the discs using an optical microscope and atomic 
force microscope (AFM). For these measurements, discs were 
removed from the MTM chamber and then gently rinsed by 
toluene to remove supernatant oil. This did not remove ZDDP 
tribofilm. After AFM measurement, the specimens were returned 
to the rig, and the rubbing tests restarted. The same lubricant 
sample remained in the test chamber for the whole 3 hours 
test duration. After the tests, the morphology and thickness of 
formed tribofilms on the discs were measured using an AFM 
while the chemical properties of these tribofilms on steel, Si3N4 
and WC were analyzed using XPS and STEM-EDX.

2.5 Tribofilm analysis　
Tribofilms on discs were analyzed using the procedures 

described here. Before measurements, discs were lightly rinsed 
in toluene without any wiping in order to remove supernatant 
liquid but avoid removing tribofilm from the surfaces.

2.5.1 Tribofilm thickness and topography
The thickness and topography of tribofilms after 0.5, 1, 

2 hours and at the end of MTM and ETM tests after 3 hours 
rubbing were observed using both atomic force microscopy 
(AFM) and an optical microscope. A confocal AFM-Raman 
alpha300 RA supplied by WiTec was employed for this study. A 
V shaped Silicon Nitride AFM cantilever with spring constant 
0.2 N/m was used in contact mode. 

Although tribofilm thickness during MTM and ETM 
tests is generally measured by spacer layer interferometric 
method (SLIM) [25, 28], AFM was used in this study because of 
difficulties in obtaining accurate thickness values using SLIM 
from non-ferrous balls of low reflectivity. Dawczyk et al. [29] 
showed that the maximum tribofilm thickness measured by 
AFM was similar to the mean tribofilm thickness measured 
by SLIM. Therefore, to plausibly compare tribofilm thickness 
with previous studies that quantify tribofilm thickness by using 
SLIM, the maximum tribofilm thickness from AFM was used 
to describe the tribofilm thickness for this study. To facilitate 
AFM tribofilm measurements, a method employed in [30] was 
used where one small region of the wear track was selected 
and strips on both sides of the track were treated with 0.05 M 

Entrainment speed;
U = (Uball + Udisc)/2

50 mm/s

Slide-roll-ratio (SRR); 
SRR = 100*(Udisc – Uball)/U

50%

Applied load

Set to give maximum Hertz
pressure of 0.95 GPa in all cases
(loads; steel 31 N, Si3N4 15 N,
WC 3 N, SiC 10 N, DLC 45 N)

Lubricant temperature 100°C

Test duration 3 hours

Lubricant
PAO (kinematic viscosity at
100°C: 4.1 mm2/s)
+ ZDDP (P: 800 ppm)

Entrainment speed;
U = (Uball + Udisc)/2

750 mm/s

Slide-roll-ratio (SRR); 
SRR = 100*(Udisc – Uball)/U

2%

Applied load

Set to give maximum Hertz
pressure of 3.0 GPa in all cases
 (loads; steel 1000 N, Si3N4 450 N, 
WC 102 N, SiC 320 N, DLC 1350 N)

Mean shear stress
200 MPa (from measured friction 
coefficient of 0.1)

Lubricant temperature 100°C

Test duration 3 hours

Lubricant
PIB (kinematic viscosity at 100°C: 
15.3 mm2/s)
+ ZDDP (P: 400, 800 and 1200 ppm)

Table 3 MTM test conditions (boundary lubrication conditions)

Table 4 ETM test conditions (full film EHL conditions)
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ethylenediaminetetraacetic (EDTA) solution to remove ZDDP 
tribofilm from the edges and leave a thin, central strip of 
tribofilm untouched. This approach is illustrated in Fig. 2. The 
strips where the film was removed provide reference substrate 
planes close to the centre of the track so that the AFM scans 
were able to encompass both the tribofilm in the central region 
and the substrate planes on the sides, allowing the thickness of 
the film to be determined. AFM topography images covered the 
150 × 150 µm2 square spanning the central region of the wear 
track and the edges of the said strips. 

2.5.2 Tribofilm elemental distribution and crystallinity
In order to investigate the elemental distribution and 

crystallinity of tribofilms on steel, Si3N4 and WC surfaces, 
lamellae of ZDDP tribofilm cross sections were extracted 
using a Helios 600 NanoLab Focused Ion Beam (FIB) 
instrument and studied using Scanning Transmission Electron 
Microscopy Energy-Dispersive X-ray spectroscopy (STEM-
EDX) and transmission electron microscopy (TEM). Before FIB 
preparation, the ZDDP tribofilms were coated with a 50-70 
nm Cr layer to protect them from damage during gallium ion 
milling used during the FIB procedure [9, 31]. Table 5 shows 
the settings used in the FIB process. After coating in Cr, the 
specimens were installed in a vacuum chamber and a top Pt 
layer was deposited in an atmosphere of Ga to provide further 
protection. After bulk-out and U-cut milling processes using 
Ga ions, lamellae with tribofilm (width: 10 µm, depth: 7 µm, 
thickness: 100 nm) were lifted out using a tungsten omniprobe. 
These lamellae were then mounted on copper grids and 
thinned down and cleaned. STEM and TEM were performed 

on JEOL-2100 F operated at 200 kV, equipped with an Oxford 
Instruments EDX detector. Elemental maps of tribofilm 
were collected on the samples tilted to 15° using the Oxford 
Instruments X-ray System INCA.

2.5.3 Tribofilm chemical characterization
A Thermo Fisher K-Alpha spectrophotometer was used 

for X-ray photoelectron spectroscopy (XPS) to analyze surface 
composition of DLC specimens and composition of ZDDP 
tribofilms on steel, Si3N4 and WC. A monochromatic Al-Kα 
X-ray source (energy = 1486.6 eV) was employed. The X-ray 
source was operated at 6 mA emission current and 12 kV 
anode bias. The calibration of the spectrometer was performed 
using Au (4f7/2), Cu (2p3/2) and Ag (3d5/2) signals. The spot 
size was an elliptical shape with a long axis of 200 µm for 
tribofilm on steel and Si3N4 and 40 µm for tribofilm on WC 
to make sure that analysis area was within the wear track. 
Samples were positioned at 0° emission angle. Base pressure 
in the main chamber of the spectrometer was 2 × 10−9 mbar. A 
survey spectrum was acquired in a high-pass energy (200 eV) 
scanned mode. A narrow scan, used to determine the relative 
atomic composition as well as for determination of chemical 
information, was then acquired in a low-pass energy (20 eV) 
mode. The charging of the specimen was corrected by referring 
aliphatic carbon binding energy to 284.8 eV (C 1s signal). The 
XPS analyses were carried out on the tribofilm surfaces on the 
discs without any sputtering. 

2.6 ZDDP adsorption study using QCM-D
A quartz-crystal microbalance with dissipation monitoring 

(QCM-D, Biolin Scientific) was used to monitor the adsorption 
of ZDDP from PAO solution on to Fe2O3, Si3N4, WC, SiC and 
carbon coated quartz sensors. Because of their availability, Fe2O3 
and carbon coated sensors were used instead of AISI 52100 
steel and a-C:H DLC, respectively. QCM monitors shifts in 
frequency (Δf) and dissipation (ΔD) versus time as the liquid in 
contact with the sensor is successively changed. An AC voltage 
is applied to the quartz sensor, causing an oscillation at its 
fundamental resonance frequency of 5 MHz. Intermittently, the 
driving voltage is switched off and the oscillation observed to 
decay exponentially. Dissipation (D) is given by Eq. (1).

D = Edissipated / 2π Estored (1)

where Edissipated is the energy dissipated during one oscillation 
period and Estored is the total energy stored in the oscillation 
crystal. The crystal is oscillated at odd overtones (n: 1-13) of the 
fundamental frequency. Considering the effect of changing PAO 
to ZDDP solution, which has different viscosity and density 
from PAO 4 (liquid loading), frequency and dissipation data 
were corrected by using liquid loading shifts, Δfliquid loading and 
ΔDliquid loading in Eqs. (2) and (3):

(2)

(3)

where ρq is the specific density of quartz, νq is the shear wave 
velocity in quartz, ρl is the density of the liquid containing the 
adsorbing species, ηl is the viscosity of the liquid containing the 
adsorbing species, ρs is the density of the solvent and ηs is the 
viscosity of the solvent [32, 33]. The liquid trapping effect was 
assumed to be zero because of the use of sensors with a smooth 

Fig. 2 Procedure to measure ZDDP tribofilm thickness and 
morphology using AFM

Step
Acceleration
voltage

Beam current

Pt deposition 30 kV 0.46 nA

Bulk-out 30 kV 21 nA

Cleaning of cross section 30 kV 6.5 nA

U-cut 30 kV 6.5 nA

Thinning 30 kV 0.46 nA

Cleaning 2 kV 28 pA

Table 5 Focused ion beam settings for ZDDP tribofilm cross 
section preparation ∆fliquid loading = − (   ρlηlπ ρqνq

f 0
3/2n −   ρsηs )

∆Dliquid loading = (   ρlηlρqνq

2f 0
1/21 −   ρsηs )

√nπ
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surface.
The adsorbed ZDDP mass (Δm) was calculated from the 

Sauerbrey equation (Eq. (4)) by using corrected Δf where C is 
related to the properties of the quartz crystal since ΔD was close 
to zero and Δf overlapped on each odd overtone. This equation 
assumes that the adsorbed layer is relatively rigid and the 
adsorbed layer is uniform over the surface of the crystal.

Δm = C Δfn/n (4)

All QCM-D experiments were conducted in a flow cell 
at 60°C, which was the highest temperature available, and 
the liquid flow rate was 0.12 mL/min. Before the tests, quartz 
sensors were cleaned by rinsing in toluene and isopropanol, 
followed by oxygen plasma cleaning for 1 minute in order to 
ensure that no adsorbents were left on the sensors, and to avoid 
damage on coated surface [34]. Before flowing ZDDP solutions 
with PAO, baselines were monitored in a flow of PAO. Once 
these baselines became stable, the liquid was changed from 
PAO to ZDDP (P: 800 ppm) in PAO, and then ZDDP solution 
was flowed for 1.5 hours to allow ZDDP adsorption on coated 
quartz sensors. Finally, ZDDP solutions were replaced with 
PAO, and PAO was flowed into the cell until new baselines 
of frequency became stable. Tests were also run at a faster 
flow rate, which gave similar results, confirming that ZDDP 
adsorption was not transport-limited. At least two tests were 
carried out in each case to confirm repeatability.

3 Results

3.1 Tribofilm formation in boundary lubrication conditions
The effect of surface material on ZDDP tribofilm formation 

in boundary lubrication conditions was investigated using 
MTM. Figure 3 shows optical micrographs and AFM profiles of 
tribofilms on the discs after 3 hours rubbing with all five tribo-
pairs. On AISI 52100 steel discs, tribofilm forms on all parts of 

the wear track, with a pad-like topography and a maximum 
tribofilm thickness of 190 nm. In contrast, with Si3N4 and WC 
specimens tribofilms formed only on some parts of the wear 
track and consisted of large, relatively smooth lumps, rather 
than the fine, pad structure seen on the steel specimens. Dashed 
circles in Fig. 3. shows regions without tribofilm. The maximum 
thickness of tribofilm was 700 nm and 250 nm on Si3N4 and WC, 
respectively. No measurable tribofilms were observed on SiC 
and DLC. 

Figure 4 shows the evolution of maximum tribofilm 
thickness with rubbing time. Tribofilm on AISI 52100 steel grew 
steadily with rubbing time, to reach about 180 nm after 2 hours 
rubbing. A maximum thickness of about 190 nm was present 
at several locations after 3 hours rubbing. In comparison, 
tribofilms on Si3N4 and WC formed more rapidly, and tribofilm 
thickness had a greater variation, with local maximum thickness 
range of 470-700 nm on Si3N4 and 140-250 nm on WC after 3 
hours of rubbing. Note that there were regions without any 
tribofilms on the wear tracks of Si3N4 and WC.

Figure 5 shows the evolution of tribofilm area coverage 
percentage of the wear track. On steel, the tribofilm covered all 
regions of the wear track after rubbing, whereas the tribofilms 
on Si3N4 and WC covered only some parts of the wear tracks 
and the locations of these fluctuated during rubbing. This 
suggests that tribofilms on Si3N4 and WC were more easily 
removed from the surface during rubbing than those on steel.

To investigate tribofilm removal from each surface material, 
the effect of additional 30 minutes of rubbing in pure PAO at the 
end of the test was studied, as shown Fig. 6. At the end of these 
30 minutes, no tribofilm was removed from steel, whereas all of 
the measurable tribofilms on Si3N4 and WC were removed. This 
observation of relatively easy ZDDP tribofilm removal from non-
ferrous substrates is in line with some previous studies [16, 18].

These results suggest that the mechanical and thus probably 
the chemical properties of tribofilms on Si3N4 and WC are 

Fig. 3 Optical micrographs and AFM profiles of ZDDP tribofilm on the disc of each 
material after 3 hours rubbing in thin film conditions
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different from those on steel. The fact that with Si3N4 and WC 
the tribofilm appears to be completely removed from selected 
regions of the surface during rubbing in ZDDP solution and 
completely removed by rubbing in pure PAO, suggests that 
adhesion of the tribofilm to the Si3N4 and WC substrates is 

weaker than to steel substrate. Considering the behaviour of 
tribofilm formation on Si3N4 and WC, it is difficult to ascertain 
whether tribofilm cannot form on SiC and DLC or whether 
tribofilm can form but is immediately removed. Equey et al. [16] 
showed ca. 100 nm of weakly adhered tribofilm to be formed on 
surfaces in a-C:H DLC tribopairs which was easily removed by 
cleaning in an ultrasonic bath. The same authors also showed 
that ZDDP tribofilm formed on a-C:H DLC tribopairs were 
easily removed by a nano-scratch test [18]. In these studies, 
maximum lambda ratio was 1.5, which is a much milder 
rubbing condition than the lambda ratio of 0.1 in the current 
study, and this may be the cause of the apparent discrepancy in 
the observed ZDDP tribofilms on a-C:H DLC substrates. 

3.2 Tribofilm formation in full film EHL conditions
Since tribofilm appeared to be relatively easily removed 

from the non-ferrous surfaces in thin film, boundary lubrication 
conditions, ZDDP’s ability to form tribofilms on non-ferrous 
surfaces could not be reliably quantified, making it difficult to 
understand the mechanism of tribofilm formation. To overcome 
this problem, tribofilm formation was studied in high shear 
stress EHL conditions which eliminate the possibility of tribofilm 
removal by asperity contacts. The ETM rig was used for these 
studies as it is capable of reaching very high pressures, and 
hence shear stresses, with all of the tribopairs employed here. 

Figure 7 shows optical micrographs and AFM profiles of 
tribofilms formed after 3 hours rubbing on the disc of each 
material in EHL conditions. Tribofilms covering almost the whole 
wear track were formed on steel, Si3N4 and WC, with maximum 
tribofilm thickness of 180 nm, 160 nm and 40 nm respectively. 
The tribofilms all had a similar topography and a smaller 
variation of thickness than the equivalent tribofilms formed in 
boundary lubrication conditions. As was the case in the MTM 
tests, no measurable tribofilms were found on SiC and DLC.

Figure 8 shows the evolution of maximum tribofilm 
thickness during fill film EHL tests. Tribofilms on steel, Si3N4 
and WC grew steadily with rubbing time. These tribofilms 
formed over the whole wear track, with the local variation of 
thickness in each case being less than 40 nm.

These results suggest that, in contrast to what was observed 
in boundary lubrication, tribofilms formed on Si3N4 and WC 
in full EHL conditions are not being continuously removed. 
This allows quantitative comparison of the ZDDP’s ability to 
adsorb and react to form tribofilms. The thickness of the ZDDP 
tribofilms formed on the five materials after 3 hours rubbing 
was in the following order; steel > Si3N4 > WC > SiC and DLC. 
These observations suggest that ZDDP adsorption and reaction 
to form tribofilm does occur on Si3N4 and WC; however, in 
boundary lubrication these tribofilms are easily removed 
because of their weak adhesion to surface. By contrast, tribofilm 
did not form well on SiC and DLC either because ZDDP did not 
adsorb or because, although adsorbed, it did not react to form 
polyphosphate.

3.3 Effect of ZDDP concentration on tribofilm formation in full 
film EHL conditions
In order to investigate the ability of ZDDP to adsorb on 

non-ferrous surfaces, the effect of ZDDP concentration on 
tribofilm formation on steel and Si3N4 was studied in full film 
EHL conditions in ETM tests. Figure 9 shows the evolution 
of ZDDP tribofilm thickness at three ZDDP concentrations 
corresponding to 400, 800 and 1200 ppm of P. It is evident that 
with steel, the rate of tribofilm growth and its final thickness 

Fig. 4 The evolution of ZDDP tribofilm thickness on each 
material during rubbing in thin film conditions

Fig. 5 The evolution of ZDDP tribofilm area coverage on 
wear track of each material during rubbing in thin film 
conditions

Fig. 6 The effect of 30 min rubbing in pure PAO on ZDDP 
tribofilm removal for each material in thin film 
conditions (ZDDP solution was replaced with pure PAO 
after 180 minutes rubbing)
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were almost independent of concentration of ZDDP over the 
range studied, with 180 nm of tribofilm after 3 hours rubbing. 
By contrast, with Si3N4 the rate of tribofilm formation increased 
with ZDDP concentration, resulting in tribofilm thickness of 115 
nm, 135 nm and 160 nm after 3 hours rubbing with 400, 800 and 
1200 ppm P, respectively. 

These results suggest that ZDDP may adsorb more easily 
on steel than on Si3N4. Active sites for ZDDP adsorption on steel 
might already be saturated at concentrations as low as 400 ppm 
of P, whereas the adsorption sites on Si3N4 are not fully covered 
with ZDDP up to 1200 ppm of P or higher, resulting in increase 
of tribofilm thickness with increasing ZDDP concentration. 
These results suggest that the ability of ZDDP to adsorb on a 
surface may considerably affect ZDDP tribofilm formation.

3.4 QCM-D results on ZDDP adsorption
To further understand the interaction of ZDDP with each 

surface material, the adsorption of ZDDP on Fe2O3, Si3N4, WC, 
SiC and carbon was studied using QCM-D. Figure 10 shows 
ZDDP mass adsorbed at 60°C on sensors made of each of these 
materials. Little ZDDP is adsorbed on carbon and SiC coated 
sensors with relatively stable mass increase in ZDDP solution. 
By comparison, more ZDDP adsorbed on Fe2O3, Si3N4 and WC 
sensors, with constant mass increase in ZDDP solution. Overall, 
the amount of ZDDP adsorbed on the sensors was largest 
for Fe2O3, intermediate for Si3N4 and WC and the smallest on 
SiC and carbon. This order follows exactly that shown earlier 
for the tribofilm thickness (Fig. 8) and thus strongly suggests 
that higher amount of ZDDP adsorption may result in thicker 
tribofilm after 3 hours rubbing. 

3.5 Chemical analysis of ZDDP tribofilms formed under 
boundary lubrication conditions
As shown in Figs. 3 and 4, while ZDDP tribofilm thickness 

Fig. 7 Optical micrographs and AFM profiles of ZDDP tribofilm on the discs of 
each material after 3 hours in full film EHL conditions

Fig. 9 The evolution of ZDDP tribofilm thickness with 
different ZDDP concentrations on steel and Si3N4 in full 
film EHL conditions

Fig. 8 The evolution of ZDDP tribofilm thickness with rubbing 
time on each material in full film EHL conditions
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after 3 hours rubbing on WC was almost equivalent to that on 
steel at some regions, the tribofilms formed on Si3N4 and WC 
non-ferrous surfaces were generally both thicker and smoother 
than on those formed on steel in boundary lubrication. In 
addition, the adhesion of these ZDDP tribofilms on Si3N4 and 
WC on non-ferrous surfaces was weaker than on steel as shown 
in Fig. 6. These results suggest that ZDDP tribofilm properties 
on non-ferrous surfaces may be different from those on ferrous 
surface. To better understand these potential differences, the 
chemical properties of ZDDP tribofilms were investigated using 
STEM-EDX, XPS and TEM.

3.5.1 STEM-EDX results on the elemental distribution of 
tribofilms

Cross sections of tribofilms formed on different materials 
were analyzed using STEM-EDX in order to determine the 
elemental distribution within the tribofilms. Figure 11 shows 
the EDX line spectra of tribofilms on steel, Si3N4 and WC after 3 

hours of rubbing in thin film, boundary lubrication conditions. 
The intensity of all peaks was adjusted by scaling to the same 
phosphorus peak intensity in order to easily compare the ratio 
of other elements to phosphorus. Note that the large holes in 
dashed circles that can be seen in the tribofilm on Si3N4 are an 
artifact due to damage during the FIB thinning process. Zn 
and P were detected in all tribofilms, suggesting the presence 
of classical phosphate reaction film in all cases. In terms of 
the distribution of metal from the substrate, Fe was present 
throughout the tribofilm formed on steel surface, but none of 
the metals present in the Si3N4 and WC substrates were detected 
in the tribofilms formed on these two materials. 

Interestingly, as well phosphate tribofilm, large amounts 
of carbon were detected in the tribofilms on Si3N4 and WC; far 
more than on steel. This suggests that tribofilms on Si3N4 and 
WC are mixtures of phosphate reaction film and carbon-rich 
material, or alternatively that not all of the alkyl groups have 
been lost during polymerization to form polyphosphate. 

3.5.2 XPS results
XPS analysis was used to investigate the chemical state of 

carbon and oxygen within the tribofilms. Figure 12 shows the 
C 1s and O 1s XPS spectra of tribofilms on steel, Si3N4 and WC 
after 3 hours rubbing in boundary lubrication conditions. In 
order to aid comparison, all peaks were normalized to their 
maximum peaks of each spectra; the peak at 284.8 eV of C 1s 
spectra and the peak at 531.5 eV of O 1s spectra. Carbon related 
peaks are attributed to C-C and C-H at 284.8 eV, C-O at 286.4 
± 0.2 eV, C=O at 286.6 ±0.2 eV and C-W at 282.2 eV [4, 35, 36]. 
Although W was not detected in the surface region of the 
tribofilm on WC using EDX analysis, the C 1s peak of tribofilm 
on WC shows a clear C-W bond. This is probably because even 
though a small spot size was employed in XPS analysis of 
tribofilm on WC, the wear track was quite narrow at 130 µm 
in width, resulting in peak contamination from WC surface 
outside the track. The C-O peaks on Si3N4 and WC were more 
intense than on steel, with the peak ratio of C-O/(C-C and C-H) 
being 0.15, 0.84 and 0.68 on steel, Si3N4 and WC, respectively. 

Fig. 10 QCM-D results showing ZDDP mass adsorbed on 
sensors made of, or coated with, each of the 5 studied 
materials

Fig. 11 STEM images and EDX line profiles of sections of tribofilms formed on steel, WC and Si3N4 surfaces after 3 hours of rubbing in 
boundary lubrication conditions
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The C-O peak can also be attributed to C-O-P [37]. These 
results suggest that tribofilms on Si3N4 and WC contain either 
unreacted ZDDP or a considerable proportion of alkoxy groups 
attached to the polyphosphate. 

XPS oxygen peaks in phosphate films are often attributed to 
non-bridging bond (NBO) at 531.5 ± 0.3 eV and bridging oxygen 
(BO) at 532.9 ± 0.5 eV [38, 39]. The chain length of phosphates 
in ZDDP tribofilms can be estimated from the BO/NBO ratio 
[4, 38, 39], i.e. the ratio of the intensity of the bonding oxygen, 
BO (P–O–P), to that of the non-bonding oxygen, NBO (P=O 
and P–O–M). The BO peaks from tribofilms on Si3N4 and WC 
were more intense than from tribofilms on steel, namely, the 
peak ratio of BO/NBO was 0.13, 0.55 and 0.57 on steel, Si3N4 
and WC, respectively. These results suggest that tribofilms on 
Si3N4 and WC consisted of longer chain phosphates such as 

metaphosphates and polyphosphates than the tribofilms on 
steel. This is consistent with these tribofilms containing more 
residual alkoxy groups.

Note that XPS signals originate almost entirely from 
within approximately 10 nm of the surface and consequently, 
it is difficult to discuss these peaks in terms of inner tribofilm 
composition. Within this near surface region, however, both the 
C-O peak in C 1s and BO peak in O 1s in tribofilms on WC and 
Si3N4 were more intense than in tribofilms on steel.

3.5.3 TEM results on the crystallinity of tribofilms 
The nanocrystallisation of phosphate structure that might 

result from depolymerization of long chain phosphates [9] 
was investigated using TEM. Figure 13 shows TEM images of 
cross sections of ZDDP tribofilms on steel, Si3N4 and WC after 

(a) (b) 
Fig. 12 (a) C 1s and (b) O 1s XPS spectra of ZDDP tribofilms on steel, Si3N4 and WC after 3 hours of rubbing in thin film conditions 

Fig. 13 TEM images and FFTs of ZDDP tribofilms on steel, Si3N4 and WC after 3 hours of rubbing in 
boundary lubrication conditions
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3 hours rubbing in boundary lubrication conditions, together 
with corresponding FFT images. As was also evident in Fig. 11, 
a large hole in dashed circles can be observed in the tribofilm on 
Si3N4 that is a result of damage caused during the FIB thinning 
of the TEM sample. Based on the lattice fringes and FFT images, 
the tribofilm on steel was crystalline both near the substrate 
and close to the surface. However, lattice fringes and specific 
FFT spots were not observed in the tribofilms on Si3N4 and WC. 
These results suggest that the ZDDP tribofilms on Si3N4 and WC 
are predominantly amorphous, unlike those on steel which are 
nanocrystalline throughout the film.

4 Discussion

It is evident from the above results that ZDDP tribofilm 
formation is very dependent on the nature of the rubbing 
surfaces. It is of interest to consider these differences in terms of 
the mechanism of ZDDP tribofilm formation on steel and how 
this might be affected by the substitution of a predominantly 
ferrous surface by other materials.  

  
4.1 Surface adsorption

The first stage of a tribofilm formation on a surface must be 
diffusion to and physical and/or chemical adsorption of ZDDP 
molecules or moieties derived from ZDDP on the surface. 
Yamaguchi et al. [40, 41] showed that ZDDP molecules adsorb 
on Fe via the sulphur atom of the P=S bond, while Bovington 
and Dacre [42] found that adsorption was accompanied by the 
release of Zn cations and the formation of dithiophosphate, as 
shown in Fig. 14. Although the presence of Fe is not needed for 
the growth of ZDDP tribofilm [23], Fe can play an important 
role in promoting tribofilm formation on steel, particularly as a 
physical and /or chemical adsorption site for ZDDP molecules. 
It is quite likely that other metals present in some non-ferrous 
substrates may also act as adsorption sites in a similar fashion 
to Fe in steel. 

The results of QCM measurements shown in Fig. 10 indicate 
that ZDDP adsorption is dependent on material, with ZDDP 
adsorption being the highest on Fe2O3 followed by Si3N4 and 
WC and very low on SiC and carbon. The 55.6% of W present 
in WC discs may be covalently bound, but, as shown in Table 
2, both Si3N4 and WC discs include relatively large amounts 
of metallic sintering agents such as Al (1.6%), Cr (1.4%) and 
Y (1.5%) in Si3N4 and Co (12.7%) in WC. These metals in Si3N4 
and WC may act as adsorption sites for ZDDP where ionic 
bonds are formed between these cations and sulphur of ZDDP 
molecules during adsorption. However, the proportions of 
these metals in Si3N4 and WC are much smaller than that of Fe 
in steel, so that even if they act to promote ZDDP adsorption, it 
may be expected that there is less ZDDP adsorption, and hence 
tribofilm formation on Si3N4 and WC than on steel. For the 
same reasons, there may also be less metal sulphide formation 
on Si3N4 and WC than on steel. These metal sulphides form 
ionic bonds between surface and tribofilms and may act as an 

interlayer that strengthens phosphate-based tribofilm adhesion. 
Therefore, the non-ferrous substrates with their reduced metal 
content may be expected to form less of such interlayer between 
tribofilm and the substrate, hence resulting in weaker tribofilm 
adhesion as was observed in Fig. 6. By contrast, SiC and DLC 
tested here do not contain any metals to promote ZDDP 
adsorption, resulting in no measurable tribofilms formed on 
these substrates. Previous studies with DLC/DLC tribopairs 
[16–19] have shown that the properties of the specific DLC 
coating type used heavily influence tribofilm formation. For 
example, Vengudusamy et al. [17] and Abdullah Tasdemir et al. 
[19] showed that W and Cr dopants promoted ZDDP tribofilm 
formation. These dopants might behave as adsorption sites 
of ZDDP to promote film formation in the manner described 
above. In this study neither the carbon coated QCM sensor nor 
the DLC ball and disc MTM/ETM specimens contained dopant 
metals. However, DLC MTM/ETM specimens contain a higher 
amount of hydrogen than the carbon coated QCM sensor. The 
effect of hydrogen in DLC on ZDDP tribofilm formation is not 
well understood [17, 19], and therefore, the ZDDP adsorption 
behaviour should ideally be studied with a hydrogenated DLC 
coated sensor instead of a non-hydrogenated carbon coated 
sensor as was the case here.

It is interesting to postulate on which factors are responsible 
for the observed ranking in the tribofilm growth rate for 
different substrates shown in Fig. 8. The growth rate was 
largest for steel, followed by Si3N4 and smallest for WC. Studt 
[22] studied the effect of rubbing surfaces on ZDDP tribofilm 
formation in boundary condition using steel/steel, Al2O3/Al2O3 
and SiC/SiC tribopairs and found that a thicker ZDDP tribofilm 
formed on steel than on Al2O3, with no tribofilm formation 
observed on SiC. Given that Fe2O3 and Al2O3 have ionic lattice 
and polar surfaces while SiC has covalently bonded crystal and 
non-polar surface, the author suggested that the polar surface 
of Fe2O3 and Al2O3 might support ZDDP adsorption to form 
tribofilms. Phillips [43], Gao et al. [44] and Lenglet [45] have 
discussed the order of the ionicity of chemical bonds in crystals. 
Ionicity (fi) is given by: fi = 1 - E2

h / E2
g, where Eg is the average 

energy gap and Eh is covalent or homopolar gap of crystal. This 
ionicity equation is for pure crystals with no consideration of 
the effects of contaminants such as sintering agent; and thus has 
limited applicability to the non-ferrous materials used in this 
study. However, values of ionicity may be one of the indicators 
to understand the behaviour of ZDDP adsorption. The ionicity 
of materials used in this study is as follows;

Fe2O3 (0.68) [45] > Si3N4 (0.40) [43] > WC (0.14) [44]

This follows the observed trend in the tribofilm growth 
rates. It is therefore possible that high ionicity material may 
provide a polar reactive surface with high surface energy, which 
causes increased adsorption of polar ZDDP molecules, thus 
resulting in more tribofilm formation. However, it is important 
to note that the type and amount of sintering agents or dopants 
in non-ferrous surfaces may change the reactivity of surfaces 
and may well exceed the effect of ionicity on ZDDP adsorption. 
The reason why QCM analyses did not show the expected 
trend Si3N4 having higher adsorbed mass than WC is that some 
small amount of metal impurities may be present in Si3N4 and 
WC coated sensors, resulting in changes to surface ionicity and 
hence changes in adsorption rates. 

4.2 Polymerisation
Phosphate is a strong nucleophile, while thioalkyl is an easy 

Fig. 14 The adsorption of ZDDP molecule on ferrous surface 
and the formation of Fe dithiophosphate
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leaving group, so an intermolecular reaction between dithioalkyl 
phosphate species should lead to rapid polymerization to form 
long chain polyphosphates [46]. Although XPS analysis gives 
chemical information for the outermost tribofilm only, the 
P-O-P peak in O 1s XPS spectra shows that polymerization to 
form polyphosphates might occur on Si3N4 and WC as it does on 
steel. On the other hand, the higher intensity of C-O peak in C 
1s XPS spectra shows that the dealkylation of the polymer might 
only partially occur on Si3N4 and WC compared to steel. Since 
a large amount of carbon was detected in tribofilms on Si3N4 
and WC at all depths, it is likely that some of the alkyl groups 
of ZDDP molecules may remain without dealkylation in these 
cases, resulting in a high intensity C-O peak in XPS spectra. This 
may be caused by the repetitive tribofilm removal from surface 
on Si3N4 and WC, leading to increased proportion of unreacted 
ZDDP molecules, or simply lack of full dealkylation.

Sheasby et al. [21] showed that under boundary lubrication, 
ZDDP formed thicker tribofilms, consisting of larger pads, on 
Si3N4/ Si3N4 than on steel/steel tribopairs. These observations 
are in agreement with the present study (see Figs. 4 and 5). 
Considering that large amounts of carbon were detected 
here inside tribofilms on both Si3N4 and WC, it may be that 
the presence of carbon compositions, probably attributed to 
unreacted ZDDP molecules or reactants before dealkylation, act 
to make tribofilms on Si3N4 and WC thicker than those on steel.

4.3 Depolymerisation
The final stage in formation of tribofilm on steel surfaces 

is depolymerization of the long chain polyphosphates to short 
chain phosphates by loss of thioalkyl or alkoxy groups. This 
reaction increases anionic charge in phosphates which must be 
balanced by cations. Aside from Zn cations, one possible way to 
balance charge is the transfer of Fe cations into tribofilm from 
the steel substrate, resulting in the formation of iron phosphates 
[7]. Since the BO/NBO ratio obtained from O 1s XPS spectra 
was much higher for tribofilms on Si3N4 and WC than on steel, 
depolymerization of phosphates on Si3N4 and WC may not be 
occurring to the same extent, which causes some long chain 
phosphates such as metaphosphates and polyphosphates to 
remain. This suggestion is further supported by the apparent 
lack of crystallization of tribofilms on Si3N4 and WC as 
observed in the TEM images and FFT spots shown in Fig. 13. 
Our previous study has suggested that tribofilms become 
crystallized only when long chain phosphates depolymerize 
into short-chain phosphates [9]. This lack of depolymerization 
and subsequent absence of crystallization of tribofilms on Si3N4 
and WC may result from fewer metal cations being available to 
transfer into tribofilms compared to steel.

The observations discussed here suggest that the ZDDP 
tribofilm thickness, coverage, growth rates and sequence 
of reactions leading to tribofilm formation vary with the 
composition of the substrate and, in particular, with its metal 
content. This has practical implications in optimizing lubricant 
formulation and tailoring the chemical compositions of rubbing 
materials to improve antiwear behavior of a given mechanical 
system. For example, the use of highly reactive ZDDPs, element 
doping and ion implantation on non-ferrous surfaces can 
promote formation of stable antiwear tribofilms.

5 Conclusions

This study has used MTM and ETM ball on disc tribometers 
combined with AFM, STEM-EDX, XPS and TEM tribofilm 

analysis to show that ZDDP forms tribofilms in both ferrous/
ferrous and non-ferrous/non-ferrous rubbing contacts. 
However, the composition and properties of tribofilms formed 
on non-ferrous surfaces differ from those formed on steel 
substrates. The origins of these differences are suggested. Key 
conclusions are as follows.

- In the boundary lubrication conditions, ZDDP tribofilms 
formed on Si3N4 and WC surfaces were thicker but less 
adhesive than those formed on steel, while no measurable 
tribofilms formed on SiC and a-C:H DLC coating. Tribofilms 
on Si3N4 and WC were easily removed by rubbing in 
pure PAO base oil, indicating their weak adhesion to the 
substrate. Such easy tribofilm removal made quantification 
of ZDDP tribofilm formation rate and thickness on non-
ferrous surfaces difficult.

- In full-film EHL conditions under high pressures and shear 
stresses, thick tribofilms formed, in the order of decreasing 
thickness, on steel, Si3N4 and WC and no apparent 
tribofilm removal was observed in this case. Once again, 
no measurable tribofilms formed on SiC and a-C:H DLC 
coating. 

- Tribofilm formation on steel was unaffected by ZDDP 
concentration but thicker tribofilms formed on Si3N4 as 
the ZDDP concentration was increased. This suggests that 
substrate composition affects the adsorption behaviour of 
ZDDP.

- The amount of ZDDP adsorption measured by QCM was 
greatest for steel, followed by Si3N4 and WC, and smallest 
for SiC and carbon. This general trend correlates with the 
trends in thickness of tribofilms formed in EHD conditions.

- Results suggest that a potentially important factor in 
formation of ZDDP films on non-ferrous surfaces is the 
presence and concentration of metal atoms or ions at the 
surface. The metals present in Si3N4 and WC may act as 
adsorption sites for ZDDP in a similar manner to Fe in steel, 
forming ionic bonds between these cations and the sulphur 
atoms in ZDDP molecules. However, in the case of non-
ferrous substrates such bonds appear to be less strong than 
with steel, resulting in weak adhesion of the tribofilm to the 
substrate, and hence its easier removal.

- Tribofilms on Si3N4 and WC formed in the boundary 
lubrication regimes were composed of phosphate reaction 
films and a large amount of carbon-based material. This 
carbon might be attributed to unreacted ZDDP, resulting in 
the formation of relatively thick tribofilms. 

- TEM images suggest that ZDDP tribofilms on Si3N4 and WC 
may be predominantly amorphous unlike those on steel 
which are nanocrystalline throughout the film.

- The fact that metals, including iron but also other metals, 
affect tribofilm formation has practical implications for 
optimizing lubricants and the composition of non-ferrous 
rubbing materials for improved antiwear performance of 
machines.
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