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A B S T R A C T   

Nanoparticles and organic friction modifiers (OFMs) as lubricant additives have shown great potential in friction 
and wear reduction by forming tribofilms which prevent direct contact at the sliding interface. Potential 
mechanisms for the formation of these tribofilms remain poorly understood, limiting the ability to optimise the 
performance of the entire tribosystem. Incorporation of nanoparticles and OFM together in a lubricant could 
provide a unique solution to enhance frictional and wear properties. In this study, Nanodiamonds (NDs) and 
Glycerol Monooleate (GMO) have been added to a PAO base oil containing low concentration of Zinc dialkyl 
dithio-phosphate (ZDDP) to produce a novel lubricant combination that significantly reduces coefficient of 
friction (COF) and wear. Experimental studies showed that NDs reacted with additives present in the lubricant 
combination to expedite tribofilm formation. Friction reduction performance can be attributed to the encapsu
lation of carboxylated NDs due to tribochemical interaction with GMO, their mechanical interlocking in the 
tribofilm and polishing effect of NDs. The visible presence of NDs in tribofilms and the formation of a thicker 
tribofilm layer with NDs have been corroborated for the first time in this study. Synergy achieved among NDs, 
GMO, and low concentration ZDDP to formulate a novel environmentally friendly lubricant with advanced 
tribological performance has been shown, providing a great potential to develop sustainable tribological solu
tions for a wide variety of engineering applications.   

1. Introduction 

Friction and wear govern the energy efficiency and service life of 
moving components. A striking amount of energy is consumed in over
coming friction and wear across various industries [1,2]. Friction 
reduction is the foremost strategy to enhance energy efficiency often 
achieved by introducing lubricating oil that forms a protective barrier 
between rubbing surfaces [3]. Enhancing lubricants’ properties and 
their interactions with the contacting surfaces to improve tribological 
performance is an impactful solution for global energy challenges. 
Currently, researchers are focusing on developing new emerging tech
nologies to substitute conventional lubricants and additives containing 
environmentally hazardous elements with eco-friendly compounds 
[4–8]. Among organic friction modifiers, GMO is well documented to 
significantly improve tribological performance by forming protective 
films or self-assembled structures on the surfaces through its functional 
groups, which enable systematic and close adsorption on iron surfaces 
[9,10]. Zinc dialkyl dithiophosphate (ZDDP), on the other hand, is a 
prominent Phosphorus (P) and Sulphur(S) based additive that provides 

anti-oxidant and anti-wear performance for engine and transmission 
system. Interactions between ZDDP and various FMs affected the for
mation rate and chemical composition of ZDDP-derived tribofilm [9, 
10]. Even though incorporating GMO with different lubricant combi
nations showed promising results, certain drawbacks persisted [9,11]. It 
has been demonstrated that the presence of GMO and ZDDP in a PAO 
base oil lubricant combination reduces ZDDP tribofilm thickness. 
However, friction reduction tends to be limited, and the effect of ZDDP 
on frictional performance depends on surface chemistry and concen
tration [12,13]. In addition, the presence of ZDDP might have an 
antagonistic effect by increasing the coefficient of friction, particularly 
at elevated temperatures [14]. Hence, it is worth investigating the po
tential effect of lubricant combination of PAO base oil with GMO and 
ZDDP in steel tribopair for engineering applications. 

To comply with current environmental legislation, it is important to 
reduce the amount of S and P concentration in current lubricant com
binations [15]. Hence, to achieve the goal, environmentally friendly 
alternatives such as nanoparticles can be an option. Commonly used 
nanoparticles in lubricant industries are layered molybdenum disulfide 
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MoS2, graphite, hexagonal boron nitride (h-BN) and other metal nano
particles like Zn, Al, Cu, Ti, Fe etc. [16]. However, these nanoadditives 
such as MoS2 or graphite readily oxidise under heavy load, reducing 
their lubricating effect [17]. Due to high compatibility and substantially 
reduced environmental impact, ultrafine carbon-based additives such as 
NDs are considered a promising solution in nanomaterial lubricant ad
ditive studies [18]. NDs are ultrafine particles of diamonds with higher 
surface area; they are extremely hard and can provide excellent wear 
resistance to surfaces [19]. In addition, NDs retain superior chemical 
stability (i.e. oxidation resistance), outstanding thermal stability and 
excellent mechanical properties [20]. NDs with diameters smaller than 
50 nm have demonstrated suitability as lubricant additives due to their 
hardness [21]. 

Researchers have demonstrated a noteworthy impact of NDs when 
used as ND plate coating in macroscale lubrication. The superior me
chanical performance of these ND plates reduced the macroscale COF by 
fostering an ordered sliding interface [22]. Another study revealed that 
incorporating annealed NDs in plasma electrolytic oxidation coatings 
reduced COF and wear volume by 46.67 % and 96.13 %, respectively, 
compared to plasma electrolytic oxidation coatings. Friction-induced 
structural transformation of annealed ND particles improved the lubri
cation and wear resistance [23]. A recent study on lubricants containing 
ZDDP and NDs solutions via in-situ Quartz Crystal Microbalance (QCM) 
technique showed the formation of a stiffer reaction films compared to 
ZDDP only lubricants [24]. Different loading conditions and the pres
ence of NDs showed variations in reaction film formation at different 
temperatures that impacted the formed film characteristics, however 
friction performance was not reported [24]. Although some studies have 
been conducted to comprehend the interactions between NDs and other 
conventional lubricant additives [19,25], the current understanding of 
ND compatibility with existing additives remains insufficient. 

In the current study, a low friction and low wear lubricant has been 
developed by incorporating GMO, low concentration ZDDP and NDs 
with PAO oil. A range of analytical techniques have then been used to 
explore the fundamental mechanism of tribofilm formation in presence 
of NDs and its effect on friction and wear at two different temperatures. 
Particle dispersion stability, size distribution have been obtained by 
Zetasizer and Transmission Electron Microscope (TEM). The tribofilm 
properties were analysed by higher resolution transmission electron 
microscopy (HRTEM). Static secondary ion mass spectrometry (SIMS) 
was applied to understand the chemical changes on the surface. 
Improvement in wear performance has been confirmed by the wear 
volume loss and surface roughness measurement by optical microscope 
and white light interferometry. 

2. Material and methods 

2.1. Materials 

The organic friction modifier, GMO, along with the primary anti- 
wear additive ZDDP, and the synthetic PAO base oil (Synfluid PAO 6 
cSt) were provided by TOTAL Energies, France. Carboxylated NDs in 
two distinct mediums were purchased from Sigma Aldrich, UK; Deto
nation Nanodiamonds (DND) with 5 nm diameter dispersed in base oil 
with 0.1 wt% concentration (type 1) and customised detonated nano
diamonds with same size in dried condition (type 2). Due to limitation of 
the HRTEM vacuum chamber to characterise the oil dispersed NDs, 
dried NDs were used to confirm the size and shape of the particles. In 
accordance with Table 1, nano-lubricants were formulated by diluting 
dispersed NDs (type 1) to 0.05 wt% in the base oil. The concentration of 
the additives used here was optimized by varying 0.01 wt%, 0.05 wt%, 
0.1 wt%, and 0.3 wt% of NDs with 0.1 wt%, 0.2 wt%, and 1 wt% of 
ZDDP. Homogeneous dispersion of the particles was achieved by mag
netic stirring (500 rpm) for 1 h. Even though the purchasing company 
was unable to provide the chemical substance used to produce carbox
ylated NDs due to confidentiality, oleic acid was presumed as a 

dispersant [26]. In order to confirm the efficacy of the dispersant, the 
lubricant containing oleic acid was also examined. 

2.2. Nanoparticle and nano-lubricant characterisation 

An FEI Titan3 Themis 300 Scanning Transmission Electron Micro
scopy (STEM) instrument equipped with Gatan Quantum ER energy 
filter was used to determine the size distribution of ND particles (type 2, 
in dried condition). The sedimentation experiment was conducted to 
evaluate the dispersibility and influence of NDs on sedimentation. It was 
considered one of the most convenient methods to analyse the disper
sion stability of nanolubricants [26]. Approximately 10 ml of nano
lubricants were transferred from the beaker to the clear tube after 
preparation. The transparent tubes were positioned in a more observable 
location for meticulous visual inspection. Eventually, the dispersibility 
was assessed using a photography method for 1, 15, and 30 days [27, 
28]. Attenuated Total Reflectance-Fourier Transformed InfraRed spec
troscopy (ATR-FTIR) by PerkinElmer, Inc. UK was utilized to observe the 
surface modification/groups of the carboxylated ND particles [29]. 

Viscosity of the nanolubricants was measured by Anton Paar Physica 
MCR301 rotational rheometer, UK. The viscosity of the nanolubricants 
was similar to the pure PAO 6 base oil even after mixing with different 
additives due to the low concentration of the additives. Dynamic Light 
Scattering (Malvern Zetasizer, UK) technique was used to measure the 
particle size distribution of NDs for two lubricant combinations; PN0.05 
wt% and PGZN0.05wt. PN0.05 wt% was chosen as reference lubricant. 
Because of higher agglomeration, other lubricant combinations were 
difficult to measure via this process. 

2.3. Tribological tests 

Tribological tests were carried out using Cameron Plint TE 77 
reciprocating tribometer, UK, in accordance with ASTM G 181, similar 
to an engine condition [30]. The schematic of TE 77 experimental setup 
is shown in Fig. 1. The cantilever applied the normal load (Fn) on the 
contacting surface. Frictional force (Ft) was measured with the force 
transducer, which was used to calculate friction coefficient (μ = Ft/Fn) 
[31]. Material properties and dimensions of specimens are detailed in 
Table 2. The sliding tests were performed at 1 GPa contact pressure at 
two different temperatures 50 ◦C and 80 ◦C. Maximum contact pressure 
was calculated using Hertzian contact theory. The tests were conducted 
for 2 h at a sliding speed of 0.2 m/s (5.0 mm stroke at 20 Hz). All the 
experiments were repeated three times to ensure repeatability under a 
boundary lubrication regime (Lambda ratio, λ < 1) calculated using 
Hamrock-Dowson expression [32]. 

In this study, the test temperatures were selected to simulate real 
engine conditions in conventional internal combustion vehicles and 
hybrid vehicles [33]. Before each experiment, plates and pins were 
cleaned with heptane for 10 min in an ultrasonic bath and air dried. 
After the experiment, they were cleaned again in heptane to remove 

Table 1 
Lubricant combinations tested.  

No. Lubricant ID PAO oil 
wt% 

GMO wt 
% 

ZDDP wt 
% 

ND wt 
% 

Oleic Acid 
wt% 

1 PAO 100 0 0 0 0 
2 PG 99 1 0 0 0 
3 PZ 99.8 0 0.2 0 0 
4 PGZ 98.8 1 0.2 0 0 
5 PGZOA 97.8 1 0.2 0 1 
6 PN0.05 wt% 99.95 0 0 0.05 0 
7 PGN0.05 wt 

% 
99 1 0 0.05 0 

8 PZN0.05 wt 
% 

99.75 0 0.2 0.05 0 

9 PGZN0.05 wt 
% 

98.75 1 0.2 0.05 0  
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remaining oil fragments from the surfaces. Optical white light interfer
ometry (WLI) was used to measure volume loss on pin and plate surfaces 
after tribological tests. Scanned images of pin surfaces were analysed 
using Vision64 software from Bruker Corporation. 3D image processing 
was performed to transform the curve surface into a flat area (to 
maximum flatness), carefully masking the worn area only. The software 
curve fitting tool (curvature and tilt) was used to transform the surface 
so that there was a worn contour in the middle of an undisturbed flat 
area [34]. Then, the average radius of the wear scar (r), was determined 
from the worn area. The wear volume loss of the pin was later calculated 
by using the below equation [31]: 

Vpin volume loss =
πh2(3R − h)

3
(1)   

h = R-((R2-r2))0.5                                                                            (2) 

Where, 
h = Spherical cap height (μm) 
R= Sphere radius (μm) 
r = wear scar radius (μm) 
The depth of the wear scars on the plate was very shallow, and in 

some cases, no measurable wear was detected by the white light inter
ferometry. As a result, the roughness of the samples has been measured 
and reported here. Surface roughness was measured by contact profil
ometer (Taylor Hobson 120L Talysurf) that uses a 2 μm conical-shaped 
diamond stylus drawn across the worn surface. Roughness values (Ra) 
were measured from three different places inside the wear track and 
averaged for the final Ra value. Later on, pin wear surfaces were ana
lysed by an Optical microscope (Leica Microscope, UK) [31]. 

2.4. Tribofilm structural analysis 

To investigate the tribofilm structure, cross-sections were prepared 
with High resolution monochromated Focused Ion Beam (FIB, Helois G4 
CX Dual Beam). For structural and compositional characterisation, the 
surfaces were transversely cut using FIB to fabricate cross-sectional 
lamellar specimens. Then prepared cross-sections were analysed with 
an FEI Titan3 Themis 300 Scanning Transmission Electron Microscopy 
(STEM) instrument equipped with Gatan Quantum ER energy filter, 
Energy Dispersive X-ray (EDX) and High-Angle Annular Dark-Field 
Scanning (HAADF). 

With a high-performance cold field emission (CFE) SEM (Hitachi 
SU8230), the wear tracks on the plate surfaces were analysed before and 
after EDTA solution was applied to remove the tribofilm on the wear 
track to understand the surface wear mechanism [35]. The measure
ments were carried out at a beam voltage of 2.0 kV and images were 
acquired at different magnifications. 

A Dimension Icon Bruker AFM, USA, in Peak Force QNM mode was 
employed to image the surface morphology and adhesion profile of the 
wear surfaces. A silicon probe and a 125 μm long cantilever, comprising 
a lever force constant of 40 N/m and resonant frequency of about 300 
kHz were used. The AFM images were obtained with a scan rate of 1 Hz 
across various selected areas with dimensions of 100 nm × 100 nm, 500 
nm × 500 nm, 1 μm × 1 μm and 5 μm × 5 μm followed by the phase 
analysis using the tapping mode. 

Static SIMS measurements were performed on the steel plates after 
the tribological tests ◦using a Hiden Compact SIMS, equipped with a 
MAXIM-600P detector. The detector has a Hiden 6 mm triple quadru
pole mass filter and features pulse ion detection capabilities. The static 
SIMS uses the following conditions: Ar+ primary ion with ion energy 
5000V, emission 10.0 mA. The measured mass (m/Z) range was 
between1-300. The sample area for positive and negative spectra is 800 
x 800 μm2. All the measurements were taken inside and outside of the 
wear track at two different locations to ensure reproducibility. 

3. Result and discussion 

3.1. Nanoparticle and nanolubricant characterisation 

Fig. 2(a) shows the HRTEM image of customised driedcarboxylated 
ND particles, whereas (b) shows their size distribution. Fig. 2 (b) dem
onstrates that the range of ND size varied between 6 and 18 nm, which is 
very close to the range of 5 nm mentioned by the supplier. The variation 
in size is caused by the agglomeration of the ND particles due to their 
surface attraction forces [36]. Fig. 2 (c) illustrates FTIR spectra for the 
carboxylated ND particles. Here, the absorption bands of C––O bond 
stretching at 1113 cm− 1, hydroxyl bond –OH bending at 1629 cm− 1, 
carbonyl bond C––O stretching at 1773 cm− 1, and hydroxyl bond –OH 
stretching at 3424 cm− 1 are visible from the spectra. These absorption 
peaks are characteristic peaks for the carboxylated ND peaks found in 
other literatures as well. Hence, from the FTIR analysis, functional group 
of the NDs were confirmed to be carboxylated modified [29,37]. 

Fig. 3 shows the sedimentation observations indicating the dis
persibility of NDs in PAO oil, PAO with GMO, PAO with ZDDP, and PAO, 
GMO and ZDDP combinations. No changes are observed upon visual 
inspection after 30 days. In addition, no solid–liquid separation is 
observed for any of the PAO oil, additives and ND combination, even 
after 30 days of observation. 

The stable dispersibility has resulted from the functional groups 
adsorbed on the surface of NDs because of the chemical modification by 
the provider company [26]. The photographic observation showed that 
adding a small concentration of additives and NDs did not impact 

Fig. 1. Schematic of TE 77 experimental set-up. (A colour version of this figure can be viewed online.)  

Table 2 
TE77 materials properties of the specimen.  

Material Properties Pin Plate 

Material Steel EN31 Steel EN31 
Dimensions (mm) 10 radius 7*7*3 
roughness (nm) 401.6 ± 1.2 57.8 ± 1.02 
Hardness (HRC) 59.2 ± 0.6 64.8 ± 0.12 
Elastic modulus (GPa) 190–210 190–210  

A.K. Piya et al.                                                                                                                                                                                                                                  



Carbon 218 (2024) 118742

4

sedimentation behaviour. Due to the low concentration of NDs, it 
became difficult to differentiate whether there is any sedimentation in 
the lubrication combination by visual inspection. As the NDs were 
commercially dispersed, certain surface modifications were involved to 
make them dispersed in oil medium by the supplying company. How
ever, due to confidentiality, the supplier could not disclose the process 
or chemicals used for surface modification of NDs. As the NDs were 
carboxylated and from previous research, it was found that carboxylic 
nanoparticles are oleophilic, so they can be well dispersed in an oil 
medium. Hence, the mechanism for the dispersibility of NDs is caused by 
the carboxylate surface functionality [38]. From the photographic 
observation, no sedimentation is found even after 30 days. However, 
with DLS measurement, agglomeration of ND particles is observed after 
30 days. The agglomeration might have happened due to the surface 
interactions between nanoparticles [36]. 

Further, Malvern Zetasizer was employed to measure the particle 
size distribution of NDs in liquid medium. At room temperature, lubri
cant combinations of PN0.05 wt% and PGZN0.05 wt% were used for the 
particle size distribution measurement. Fig. 4 shows the nanoparticle 
size distribution curves of PN0.05 wt% and PGZN0.05 wt% nano
lubricants with different additive combinations. 

Due to the higher concentration of the received nanolubricant, it 
could not be used in this measurement because it requires dilution. 
Hence, the lubricant combination PN0.05 wt% was selected as the 
reference for this measurement to maintain the accuracy of the experi
ment. Fig. 4(a) shows the average particle size of NDs in lubricant 
combination ranging from 30 to 31 nm immediately after formulation. 
The size of the nanoparticle tends to be different from the size measured 
from the HRTEM image and nominal size (~5 nm) provided by the 
company for both scenarios, the measurements were done for dried 

Fig. 2. (a) HRTEM image of NDs, (b) Particle size distribution of NDs in dry environment, (c) FTIR analysis of carboxylated ND powder. (A colour version of this 
figure can be viewed online.) 

Fig. 3. Visual observation of NDs sedimentation in lubricant combinations for a) 1 day, 2)15 days, c) 30 days. (A colour version of this figure can be viewed online.)  

Fig. 4. NDs particle size distribution for PN0.05 wt% and PGZN0.05 wt% lubricant combinations after (a) immediate preparation and (b) 30 days later. (A colour 
version of this figure can be viewed online.) 
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nanoparticles (not dispersed in base oil). Fig. 4(b) shows that after 30 
days of nanolubricant preparation, the size varied from approximately 
43-50 nm. Hence, when nanoparticles were mixed with base oil, 
agglomeration happened due to attractive interactions between nano
particles resulting in an increase in size that was visible from the DLS 
measurement [36,39]. Further analysis is required to stabilise the 
nanolubricant combination for more extended storage capability. To 
avoid any effect of particle agglomeration on tribological performance, 
all tribology experiments were done immediately after preparing the 
nanolubricants. 

3.2. Frictional performance analysis 

The graph in Fig. 5 illustrates the evolution of the friction coefficient 
(COF) over time for various lubricant combinations, both with and 

without NDs, at two different temperatures. The results showed 
apparent differences in the frictional coefficient for different lubricant 
combinations without ND at 50 ◦C and 80 ◦C (Fig. 5a and b). PAO oil 
exhibited the highest coefficient of friction for two different tempera
tures than any other combination. PG blend displayed lower COF than 
PAO oil at both temperatures, which is expected as GMO has a linear 
molecular structure and adsorption of GMO occurs at low temperature 
on an iron surface, known as physisorption. This phenomenon contrib
utes to friction reduction within the low-temperature range. However, 
physisorption is reversible and related to temperature. With the increase 
in temperature, the COF for PG increased gradually, which might have 
been caused due to desorption at higher temperatures (80 ◦C) [40]. For 
the PZ combination, the COF increased with increasing temperature, 
and the COF is higher than PG, as reported in the literature [41]. One of 
the reasons could be that at a higher temperature, lubricants with ZDDP 

Fig. 5. Effect of NDs on COF for different lubricant combinations at (a) 50 ◦C, (b) 80 ◦C, Effect on COF without NDs for different lubricant combinations at (c) 50 ◦C, 
(d) 80 ◦C, Average COF for last 30 min of tribotests for (e) Lubricant combination with 0.05 wt% of NDs at 50 ◦C and 80 ◦C, (f) Lubricant combination without NDs at 
50 ◦C and 80 ◦C. (A colour version of this figure can be viewed online.) 
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develop higher phosphate chain lengths on the top layer of the tribofilm 
[42]. These films have a thick pad-like structure that inhibits fluid 
entrainment on the contacting surface [43,44]. Elevated temperatures 
led to a rise in friction. The difference in COF for the PGZ lubricant 
combination for both temperatures is not significant, as the temperature 
difference window is narrow. However, the synergistic effect between 
GMO and ZDDP resulted in lower COF (~0.08) than PAO oil due to the 
preferential adsorption of GMO on steel surface [45]. The addition of 
Oleic acid to the lubricant combination did not considerably impact COF 
reduction. This suggests that the reduction in friction is not primarily 
due to the addition of Oleic acid, utilized as a dispersant in nano
lubricant formulation. 

Fig. 5(c) shows variation in COF for nanolubricant containing 0.05 
wt% of NDs at 50 ◦C. It showed that at the lower temperature, the COF 
reduced to approximately 0.08 for PN0.05 wt%, which is much lower 
than the PAO oil. For PGN0.05 wt% lubricant combination, COF became 
approximately 0.07 whereas for PZN0.05 wt% lubricant, the friction did 
not reduce; instead, it is almost the same as the lubricant PZ without 
NDs. Nevertheless, for the lubricant combination PGZN0.05 wt%, the 
COF was approximately 0.06 which is lowest in comparison with other 
lubricant combinations at 50 ◦C. Fig. 5(d) shows variation in COF for 
nanolubricant containing 0.05 wt% of NDs at 80 ◦C. All four lubricant 
combinations exhibited greater stability in COF compared to that at 
50 ◦C where PGZN0.05 wt% showed the lowest frictional coefficient. In 
addition, the running in time is also shorter at 80 ◦C. 

Fig. 5 (e) and (f) show the average coefficient of friction for lubri
cants without NDs and with 0.05 wt% NDs at 50 ◦C and 80 ◦C. The 
average COF is calculated by averaging the last 30 min of frictional 
coefficient values which is in the stable phase. It is found that the COF 
did not change much with temperature differences. Again, ZDDP is an 
anti-wear additive and temperature has significant impact on the for
mation of ZDDP tribofilm [40,41]. Development of ZDDP tribofilm will 
increase friction and reduce wear due to the formation of glass like 
phosphate tribofilm. In this study, COF for PZN0.05 wt% is higher than 
the PN0.05 wt% for both the temperature, which can be attributed to the 
formation of ZDDP tribofilm. The slight improvement in COF is due to 
the polishing effect of NDs present in the PN0.05 wt% lubricant com
bination [46]. 

However, a substantial reduction in COF from 0.06 to 0.04 could be 
observed for PGZN0.05 wt% lubricant combination at elevated tem
perature. The frictional curve in Fig. 5(d) showed a more stable state 
after 40 min of sliding. The reduced frictional coefficient is due to the 
synergistic effect of the PGZN0.05 wt% lubricant combination. From 
Fig. 5, it can be concluded that the lowest COF is obtained for PGZN0.05 
wt% lubricant combination at 80 ◦C. Improvement in frictional prop
erties is visible when compared without NDs. The addition of NDs in the 
lubricants significantly reduced COF, which is not observed in any other 
pure or nanolubricant combination. 

3.3. Wear surface analysis 

After 2 h of sliding tests, the wear surface of the pins was analysed by 
optical white light interferometry (WLI) to understand the anti-wear 
characteristics of different lubricant combinations. Fig. 6 shows the 
average wear volume of pins after sliding in lubricants (a) without NDs 
and (b) with NDs. The wear volume of the pin tested in base oil increased 
with temperature (Fig. 6(a)). Because of the low viscosity, asperity 
contact increases with harsher lubrication conditions resulting in 
increased wear for PAO oil [42]. For PG lubricant, the wear volume loss 
did not change considerably as it didn’t show any anti-wear properties 
with steel surfaces. However, the wear volume loss of the pin for PZ 
sample is lower than the other combinations at same temperature. The 
effectiveness of ZDDP as an excellent anti-wear additive was the driving 
factor for this outcome. It prevents metal to metal contact by forming 
thick solid pad like tribofilm on the rubbing surfaces [47]. Even though 
it results in higher friction, this pad like structure effectively lessens 
wear by producing protective phosphate glass based tribofilm [4]. An 
increase in phosphate chain length is observed on the wear scar with 
increasing the temperature that resulted in lower wear [44,48,49]. The 
higher phosphate chain length of the tribofilm is related to lower wear 
rate at elevated temperature [50]. Hence, the anti-wear property of 
ZDDP tribofilm is the reason for PZ lubricant to cause lower wear vol
ume loss of the pin. In contrast, the other combinations have a little 
impact on wear performance at the same temperature. 

Fig. 6(b) shows that the addition of NDs with the additive combi
nations reduced the wear of the pin at 80 ◦C, which is not the case for 
50 ◦C. An antagonistic effect for the PN0.05 wt% lubricant combination 
is found at 50 ◦C that could delay formation of thermal reaction film and 
generate more abrasive particles that ultimately increased the wear [47, 
51]. For the PZN0.05 wt% lubricant, it is noteworthy that the wear 
volume loss of the pin is lower than other combinations. The observed 
result can be ascribed to the generation of a glass phosphate tribofilm by 
ZDDP on the contacting surfaces, which functions as a protective barrier 
at both temperatures [52,53]. Again, inclusion of NDs which are known 
to have higher hardness, exhibits polishing effect on the contacting 
surfaces further contributing to protect the contacting area [46,54]. 
Prior studies have demonstrated the existence of a synergistic response 
resulting from the combination of NDs and ZDDP. Incorporation of NDs 
in ZDDP formulation increased film thickness which facilitated better 
adhesion to the substrate [46]. Our experimental findings align with 
these previous outcomes, revealing the existence of a substantial syn
ergistic effect that significantly reduced wear for PZN0.05 wt% lubricant 
combination at both temperatures. 

From the manufacturer and HRTEM analysis, it is verified that the 
NDs are spherical in shape, which potentially assisted to change the 
sliding friction to rolling friction, leading to a reduced COF in the 
lubricating system [55]. Researchers have shown that the hardness of 
NDs reduced the sharpness of the asperity contacts, resulting in 

Fig. 6. Average wear volume loss of pin surfaces. (A colour version of this figure can be viewed online.)  
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polishing effect and further reduced friction and wear [54]. Fig. 7 shows 
the optical microscopic images of pin surfaces tested under NDs lubri
cation at 80 ◦C. Differences in the degree of wear found to be apparent 
for different lubricants. The lowest width (average) was attained for 
PZN0.05 wt% pin surface. The polishing effect is visible for PGZN0.05 
wt% lubricated pin surface. Even though PGN0.05 wt% also showed a 
polishing effect, it is not as significant as PGZN0.05 wt%. Fig. 6(b) il
lustrates that the addition of NDs in the lubricating system improved the 
wear compared to the individual lubricating system without NDs. This 
improvement is further established from plate wear scar analysis by SEM 
in Fig. 8. This can be credited to the smoothening effect of NDs with 
different additives in the lubricant combination. It is worth noting that 
the addition of NDs did not consistently reduce wear at 50 ◦C temper
ature. At 80 ◦C temperature, lubricants with NDs did not substantially 
reduce wear but had no adverse effect on wear properties. 

3.4. Wear mechanism 

The SEM images from Fig. 8 depicts the changes in surface 
morphology on the plate wear track. Deep groves were observed for pre- 
test plate (a), whereas base oil tested plate (b) and PN0.05 wt% lubri
cated plate(c) demonstrated abrasive wear. 

From morphological observation by SEM shown in Fig. 8, PGN0.05 
wt% (d) and PZN0.05 wt% (e) lubricated plate surfaces showed lower 
abrasion than PN0.05 wt% lubricated surface. PGZN0.05 wt% (f) 
lubricated plate surface displayed a much smoother surface than other 
plates. The abrasive grooves are higher for base oil and PN0.05 wt% 
lubricated surfaces, whereas for PGN0.05 wt% and PZN0.05 wt%, fine 
grooves are visible that evidenced the presence of rolling effect due to 
NDs [56]. The bar graph in Fig. 9 illustrates the average surface 
roughness of plate wear surfaces. It is clear from the SEM images and 
surface roughness measurement that the lubricant combination 
PGZN0.05 wt% reduced the surface roughness significantly compared to 
others. The lubricant combination PGN0.05 wt%, PZN0.05 wt% and 
PGZN0.05 wt% reduced the average roughness of the plate surfaces and 
the possible mechanism is polishing effect of the NDs [57]. The hardness 
of the NDs reduced the sharpness of the asperity contact, resulting in 
polishing effect [54]. From the current results and discussion, it can be 
ascertained that the inclusion of NDs in the lubricating oil combination 
improved the tribological properties of lubricating oils compared with 
lubricants without NDs. 

Based on the above frictional and wear characteristics, it is evident 

that at 80 ◦C, the lubricants with and without NDs performed better than 
at 50 ◦C temperature. Also, evidence of synergistic effect is visible for the 
PGZN0.05 wt% lubricant combination that needs further analysis to 
understand the possible mechanism of reduced friction and wear per
formance. The following sections present the results from advanced 
analysis of tribofilms formed from PGZ and PGZN0.05 wt% lubricant 
combinations at 80 ◦C. 

3.5. Tribofilm formation and characterisation 

HRTEM was used to analyse the details of the tribofilms formed on 
the steel surfaces for two different lubricant combinations, PGZ and 
PGZN0.05 wt% at 80 ◦C as shown in Fig. 10. The upper layer is the Pt 
layer for the FIB cross-section, middle layer is the formed tribofilm and 
the lower part is the steel substrate. A noticeable disparity in tribofilm 
thickness is identified in the cross-sectional view of the tribofilms for 
both lubricant combinations. Fig. 10(a) shows that a thin tribofilm 
(average thickness 3–5 nm) is formed after 2hrs of sliding in PGZ 
lubricant. The incorporation of 0.05 wt% NDs in the lubricant combi
nation indeed increased the tribofilm thickness to an average of 20–22 
nm. This study is the first to experimentally demonstrate the formation 
of a thick homogeneous tribofilm developed from the PGZN0.05 wt% 
nanolubricant where NDs structures are evidently visible. Thus, the 
addition of NDs had a synergistic effect on tribofilm formation that 
reduced the friction, which is not identified for other lubricant 
combinations. 

Fig. 11 (a) and (b) exhibit the cross-section of the tribofilm for the 
lubricant combination PGZN0.05 wt% where the presence of NDs inside 
the tribofilm is clearly visible. From Fig. 11 (c) and (d), it is found that 
NDs adhered in a scattered manner inside the tribofilm layer. The 
magnified HAADF image of the tribofilm cross-section in Fig. 11 (e) 
verified the notion further and proved the presence of spherical ND el
ements of variable sizes trapped inside the formed tribofilm. The lattice 
spacing between the ND layers is 0.206 nm shown by the arrow in 
Fig. 11(b), which agrees with the literature [58]. 

EDX was used to further analyse the chemical nature of spherical 
elements in the tribofilm illustrated in Fig. 12. The tribofilm consists of 
Zn, P, S and O enriched layers and the black spherical shaped elements 
are identified as NDs in the form of carbon elements. NDs might have 
slightly agglomerated in the lubricant combination due to their affinity 
towards nearby nanoparticles [39]. Hence, one possibility could be that 
these NDs later on, due to high shear stress broke down into smaller sizes 

Fig. 7. Optical Microscope images for pin wear surfaces of lubricants with NDs at 80 ◦C. (A colour version of this figure can be viewed online.)  
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and rolled inside the tribofilm [21,54,56]. Fig. 12 shows NDs are 
embedded on the tribofilm uniformly and, with EDX analysis the ho
mogeneous distribution of NDs inside the tribofilm is confirmed. 

Fig. 13 validated that the tribofilm is enriched with NDs and 
distributed uniformly. Line EDX scanning of the tribofilm section and 
atomic fraction of the elements from the table indicated an abundance of 
C elements in the wear track even though the concentration of NDs in the 
lubricant combination is minimal, about 0.05 wt%. Hence, the presence 
of NDs in the lubricant combination has a synergistic effect that in
creases the tribofilm thickness, resulting in lower COF and wear. 

3.6. Change in surface adhesion and analysis of phase profile 

The wear surfaces of the PGZ and PGZN0.05 wt% lubricant combi
nations at 80 ◦C were analysed using Atomic force microscope. Fig. 14 
shows the 2D and 3D profiles of height, adhesion of the wear tracks. The 
topography and adhesion were measured by PeakForce QNM mode. 
Fig. 14 (a), (c), (d) and (f) revealed apparent differences in topographical 
characteristics for the lubricant combinations. PGZ tribofilm, shows a 
tribofilm with a pad-like structure as expected [59]. The supplementary 
data in Figure A3 shows the prominent pad like structure of ZDDP tri
bofilm on the PZ and PGZ lubricated steel surfaces, tested at 80 ◦C. In 
contrast, no pad like structure or channels are visible on the PGZN0.05 
wt% tribofilm (Fig. 14(d)). The presence of spherical NDs is noticeable 
from the 3D profile of Fig. 14 (f) of PGZN0.05 wt% tribofilm. Further
more, the adhesion map obtained from the PGZN0.05 wt% tribofilm 
(Fig. 14 (e)) shows lower adhesion areas to correlate with the positions 
of spherical NDs. 

Oblak and Kalin explored the adhesion properties and macroscopic 
friction for tribofilms developed on the steel and DLC coatings [60]. 
Their study suggests that macroscopic friction is directly correlated with 
adhesion properties. Tomale et al. reported that the development of 
ZDDP tribofilm amplifies the adhesion force [61]. Kaisei et al. also re
ported that the friction may increase because of the higher adhesion 
property of ZDDP [62]. These analyses also support the results in the 
current study; COF increased with ZDDP addition. According to the 
literature, the diameter of the nanoparticles and the nature of the tail 
group of nanoparticles thin coating highly modulates the adhesion force 
[60]. The adhesive force of the functional groups depends on factors 
such as electrostatic forces, capillary forces, van der Waals force, 
dipole-induced force, and H–bonding. Hydrophilic nanoparticles have 
high polarizability which develops attractive forces such as H-bonding, 
as well as capillary forces and electrostatic forces, towards the silicon 
probe contributing to the higher adhesive force. On the other hand, 
hydrophobic or lipophilic carboxylated nanoparticles increase the 

Fig. 8. Surface analysis of the wear scars on plate samples following tests with lubricant combinations at 80 ◦C by SEM. (A colour version of this figure can be 
viewed online.) 

Fig. 9. Surface roughness measurement of plate wear scar for lubricant com
binations with NDs after 2hr tribological tests. (A colour version of this figure 
can be viewed online.) 
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Fig. 10. HRTEM images for formed tribofilm at 80 ◦C for (a) PGZ and (b) PGZN0.05 wt%. (A colour version of this figure can be viewed online.)  

Fig. 11. HRTEM image of PGZN0.05 wt% tribofilm after 2 h of tribotest. (a) Cross sectional view of tribofilm layer,(b) NDs found to be embedded on the tribofilm, 
(c) HAADF image of the tribofilm, (d) Magnified image of the indicating area, (e) HAADF image showing clear presence of NDs embedment. (A colour version of this 
figure can be viewed online.) 

Fig. 12. EDX measurement by HRTEM for PGZN0.05 wt% tribofilm cross section showing NDs from an area indicating O, Zn, P, S, C and Fe elements. (A colour 
version of this figure can be viewed online.) 
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reactivity with airborne contaminants which prevents H-bonding or 
capillary forces by hindering the water meniscus formation with the 
cantilever tip [63]. This is in line with the current data set, which shows 
influence of adhesion response based on the functionalization and size of 
the nanoparticles. Fig. 14(e), the adhesion profile indicates the spherical 
darker regions have negative adhesion because of the functional group 
of the nanoparticles than the adhesion value for the lubricant with 
organic friction modifier and ZDDP in Fig. 14(b). 

For phase analysis, a Tapping mode atomic force microscope (TM- 
AFM) was used. Principally, the phase images were produced depending 
on the phase lag between oscillation frequency of the driver and canti
lever where phase lag reflected the interface between sample surface 
and cantilever tip. Therefore, phase shifts or phase lags are results of the 
attractive and repulsive forces developed due to the interactions be
tween the AFM tip and the sample surface. Attractive forces result in 

negative phase shift and positive phase shift occurs when repulsive force 
acts between the cantilever tip and relatively stiff surfaces [64,65]. 

Different studies have also shown that chemical characteristics like 
hydrophobicity has an impact on surfaces that affect the phase shift [38, 
66]. From research, it has been determined that carboxylated nano
particles are lipophilic in nature and lipophilic or oleophilic substances 
are considered as hydrophobic as well [38]. Researchers have addressed 
that surfaces of higher elastic modulus result in brighter or larger pos
itive shift due to their hydrophobic or lipophilic nature [67]. Fig. 15 
show PGZ tribofilm, (a) height profile, (b) phase shift, and for PGZN0.05 
wt% tribofilm (c) height profile, (d) phase shift obtained after 2hrs of 
tribological tests. The phase image is in agreement with the 3d height 
profile (c) of Fig. 14. It showed the characteristic pad like structure of 
ZDDP tribofilm. The phase shift is in the negative range for PGZ tribo
film. Nevertheless, for the PGZN0.05 wt% tribofilm, the phase shift has 

Fig. 13. HAADF image of (a) PGZN0.05 wt% tribofilm cross-section, (b) EDX line measurement of the cross-section, (c) EDX measurement for area showing C, Fe, Zn 
elements, (d) elemental intensity from line measurement and Table showing atomic fraction for different elements present in the tribofilm. (A colour version of this 
figure can be viewed online.) 

Fig. 14. Surface topography analysis by AFM for PGZ tribofilm (a) 2D height profile, (b) Adhesion profile, (c) 3D height profile and for PGZN0.05 wt% tribofilm (d) 
2D height profile, (e) Adhesion profile, (f) 3D height profile. (A colour version of this figure can be viewed online.) 
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shown different features that were also addressed by B. Acharya et al. 
[24]. He suggests that the phase profile confirmed the embedment of 
nanoparticles inside the tribofilm, similar to current findings. The phase 
profile for PGZN0.05 wt% tribofilm shows brighter contrast than the 
PGZ tribofilm, indicating the presence of NDs on the tribofilm [24]. 
Dong and Yu et al. also mentioned that the brighter contrast or positive 
phase shift occurs due to more substantial elastic properties with larger 
Young’s modulus of the nanoparticles [64]. With the phase profile 
shown in Fig. 15(d), it can be suggested that the addition of NDs in the 
lubricant combination of PGZN0.05 wt% could also increase the stiffness 
of the tribofilm resulting in positive phase shift. Moreover, the change in 
phase shift is due to the presence of lipophilic NDs on the surface. 

Surface topography and characteristics were further confirmed by 
SEM analysis. Fig. 16 shows the surface morphology of (a) PGZ tribofilm 
and (b) PGZN0.05 wt% tribofilm. Both images are in complete agree
ment with the features explained for the AFM images of the tribofilms. 
The PGZ tribofilm has pad like structure and the PGZN0.05 wt% tribo
film has NDs of spherical shape embedded on the wear track. The 
presence of the NDs of different sizes has been confirmed by the 
magnified images of the wear track of unetched PGZN0.05 wt% surface 
(Fig. 16 (b)). SEM images shows that small spherical nanoparticles are 
present on the wear track. It proves that NDs embedded on the wear 
track might have the polishing effect to make the surface smooth [16,55, 
68]. NDs used in PAO oil or with ZDDP, played an effective role to 
reduce friction and wear by rolling and polishing mechanism [5,24]. In 
our lubricant combination, NDs with a low concentration of 0.05 wt% 
with GMO and ZDDP was used. GMO itself is an organic friction modifier 
and with the current lubricant combination, it certainly reduced friction 
due to synergistic effect [14]. The friction and wear measurement 
confirmed that the coefficient of friction has been reduced for PGZ and 
PGZN0.05 wt% lubricant combinations. However, other lubricant 
combinations did not reduce the coefficient of friction; instead, they 
worked as single additive systems. 

3.7. Tribofilm chemical characterisation 

Fig. 17 shows the Static SIMS analysis for the PGZ and PGZN0.05 wt 
% lubricant combination at 50 ◦C and 80 ◦C. Here, (a) and (b) shows the 
difference in positive ion spectra, and (c), (d) show the difference in 
negative ion spectra for PGZ lubricant at two different temperatures. 
From the ion spectra, the ion fragments associated with ZDDP decom
position can be observed at both temperatures. Nevertheless, for both 
positive and negative ion spectra at 50 ◦C, the intensity of ZDDP 

decomposition ions is very low. Whereas for ion spectra at 80 ◦C, the 
ZDDP decomposition ions are more pronounced in intensity for both 
positive and negative ion spectra. Even though at both temperatures, the 
ZDDP corresponding phosphate ions ([PO2]- and [PO3]-) were not 
detected but other metaphosphate elements like ZnP2O6

− , ZnP2O7
− , 

ZnP3O6
− are successfully detected in the tribofilm formed at 80 ◦C. Iron 

hydroxides, iron oxide and sulphide elements were also not found that 
are usually seen for ZDDP decomposed species [41]. Detailed analysis 
can be found in supplementary data. The reason for not successfully 
detecting sulphate/sulphide species, phosphates, thiophosphates, is that 
in usual lubricant combinations higher concentration of ZDDP (1.2 wt% 
or 3 wt%) has been used but in this work low concentration of about 0.2 
wt% ZDDP has been used [48,69]. Even with this low concentration, 
ZDDP tribofilm is formed although ZDDP decomposed elements were 
not prominently visible in Static SIMS analysis. It proved that ZDDP film 
is formed however, GMO influenced ZDDP decomposition and restricted 
the adsorption of ZDDP on the surface which varied with varying tem
peratures [14]. In previous works, it has been proposed that GMO hy
drolyses and forms oleic acid which is then adsorbed on the steel 
surfaces preventing metal to metal contact [70,71]. Moreover, when 
GMO is used with ZDDP a competitive adsorption phenomenon occurs 
between the additives and as GMO has higher affinity towards the steel 
surfaces due to the presence of polar head group, it hinders the 
adsorption of ZDDP decomposed products on the surface. These further 
creates a synergistic effect between GMO and ZDDP that improves 
frictional properties of the tribological system at higher temperature 
[14,72]. Researchers have shown that the rate of chemisorbed ZDDP 
film formation is highly influenced by temperature and above 80 ◦C the 
chemisorbed ZDDP is formed but at lower temperature the film forma
tion rate is not substantial [73]. Hence at 50 ◦C temperature, as the 
ZDDP film was not fully formed therefore the competitive adsorption 
phenomena did not occur which was more prominent at 80 ◦C. This 
investigation further suggests at lower temperature the tribofilm formed 
for PGZ lubricant should have thinner tribofilm for the same lubricant at 
80 ◦C that results lower COF (Fig. 5(e)) but higher wear volume loss 
(Fig. 6(a)). 

Fig. 17 shows the positive (e, f) and negative (g, h) ion spectra for 
PGZN0.05 wt% lubricant combination at 50 ◦C and 80 ◦C. Interestingly, 
the characteristics phosphate ion ([PO2]- and [PO3]-) of ZDDP decom
position, were found in the negative ion spectra at 80 ◦C (in supple
mentary data A2). Conversely, at 50 ◦C these were not visible. Moreover, 
the metaphosphate ions are present in the 80 ◦C ion spectra but they are 
not apparently visible at 50 ◦C ion spectra. Presence of these ions shows 

Fig. 15. Surface topography analysis by AFM for PGZ tribofilm (a) 2D height profile, (b) Phase profile and for PGZN0.05 wt% tribofilm (c) 2D height profile, (d) 
Phase profile. (A colour version of this figure can be viewed online.) 
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Fig. 16. Surface topography analysis of (a) PGZ and (b) PGZN0.05 wt% tribofilm formed at 80 ◦C by SEM.  

Fig. 17. Static SIMS ion spectra for PGZ lubricant derived tribofilm (a) positive ion spectra at 50 ◦C, (c) negative ion spectra at 50 ◦C, (b) positive ion spectra at 80 ◦C, 
(d) negative ion spectra at 80 ◦C and PGZN0.05 wt% lubricant derived tribofilm (e) positive ion spectra at 50 ◦C, (g) negative ion spectra at 50 ◦C, (f) positive ion 
spectra at 80 ◦C, (h) negative ion spectra at 80 ◦C (� Characteristics peaks for the base oil). (A colour version of this figure can be viewed online.) 
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that addition of NDs in the lubricant combination did not hinder the 
GMO effect. Instead, it shows similar ion fragments like the PGZ lubri
cant combination. This phenomenon confirmed that temperature 
significantly affects GMO adsorption and ZDDP decomposition. Again, 
from the static SIMS analysis, the hydrocarbon moieties show the 
decomposition of GMO are not visible and one reason could be that PAO 
oil and GMO have similar structures making it difficult to distinguish. 
Another reason could be, in this work, only 1 wt% of GMO has been used 
and due to the bombardment of the surface, the primary ions broke the 
higher molecular fragments. Nevertheless, hydrocarbon moieties with 
the formulation of [CnHm]

+ are detected in the wear track that suggests 
GMO decomposition [14]. Addition of NDs in the lubricant combination, 
does not show significant modifications in the chemical structure even 
though HRTEM showed apparent changes in tribofilm thickness. The 
probable mechanism is discussed in the following section. 

3.8. Lubrication mechanism 

From Fig. 10, it is observed that the addition of NDs in the lubricant 
combination has significantly impacted the tribofilm thickness. 
Elemental analysis shows the presence of NDs inside the tribofilm that 
caused the difference. Schematic illustration of the lubrication mecha
nism is shown in Fig. 18 and explained in the following way:  

1. Initially, in the binary additive system, the presence of GMO and 
ZDDP significantly altered the tribofilm formation (PGZ) at 80 ◦C 
temperature. GMO hinders the growth of ZDDP tribofilm and pro
duces a considerably thin tribofilm (Fig. 10). In the boundary 
lubrication regime, this binary additive system showed a synergistic 
effect that reduced friction for lubricants without NDs. This is 
potentially due to the adsorption of GMO on the steel-contacting 
surface, which inhibits the growth of the ZDDP tribofilm [14]. This 
is in line with the hypothesis that GMO has an effect on restricting 
ZDDP tribofilm formation and decomposition, therefore adsorption 
of ZDDP can suppress on the surface depending on various temper
atures [14,41]. 

2. As depicted, the picture that emerged from experimental and theo
retical investigations yielded promising results for a lower coefficient 
of friction in the PGZN0.05 wt% lubricant combination:  
(a) Primarily, GMO was adsorbed on the steel surface which hinders 

the ZDDP tribofilm growth. Kano et al. confirmed that by tri
bochemical reaction on DLC surfaces, GMO decomposes into 
carboxylic acid [9]. These NDs were modified, and carboxylate 
functionalised. Again, it is proved that NDs have a structure 
similar to DLC coatings [68]. Hence, it can be hypothesised that 
GMO decomposed into carboxylic acid and encapsulates the 
carboxylated NDs by creating a protective layer around it. 

(b) With increased rubbing time and temperature, ZDDP decom
posed into P and S rich layer and generated tribofilm.  

(c) While using base oil or lubricant combination with additives, 
NDs struggled to entrain into the asperity contacts due to 
mobility of oil. In this scenario, NDs settle down as sediments or 
move away from the contacting surfaces while maintaining 
movement in the oil flow. Either way, the movement of the NDs 
heavily depends on the bulk oil flow. During the time when NDs 
entrained into the asperity contact, the contacting surfaces were 
probably oxidised for both oil and ZDDP containing systems. 
This oxide or Zn, P, S rich layer acted as a matrix for NDs to roll 
into the asperity contact and embedded on the tribofilm layer 
[24]. Besides, NDs were almost spherical in shape and polished 
the sliding surface while rolling due to higher hardness [57]. 
Embedded NDs mechanically interlocked in the tribofilm and 
further retained the tribofilm on the sliding surfaces that stim
ulated continual surface protection that resulted in lower COF. 

The shear properties of the formed tribofilm, reduce the resistance to 
motion by allowing smoother sliding between surfaces. From the Static 
SIMS analysis, it was found that tribofilm chemistry was similar with/ 
without NDs, but the intensity of the ion fragments was changed due to 
the addition of NDs. The difference in frictional properties and shear 
strength was due to the presence of NDs in the lubricant combination. 

4. Conclusion 

In this study, a novel lubricant combination has been developed with 
PAO, GMO, low concentration ZDDP and ND combination. Frictional 
performance of newly developed nanolubricants was assessed at 50 ◦C 
and 80 ◦C. Lubricant combinations with NDs were found to be effective 
in friction and wear reduction at both temperatures. At boundary 
lubricating condition, PGZN0.05 wt% lubricant reduced the coefficient 
of friction by around 60 % and wear approximately 45 % when 
comparing with PAO oil at 80 ◦C. The main findings are: 

a) Low concentration of carboxylated NDs (0.05 wt %) increases tri
bofilm thickness from 3-5 nm to 20–22 nm.  

b) Temperature plays an integral role for the activation of the additives 
present in the lubricant combination. In this research, a new concept 
of lower concentration of ZDDP has been used and even with low 
concentration (0.2 wt%), ZDDP tribofilm is formed at higher tem
perature (80 ◦C), that worked as a matrix for the NDs to be me
chanically interlocked, and hence increased the tribofilm thickness. 

c) A new intriguing aspect, comprising the synergistic interaction be
tween GMO and NDs has emerged from this systematic investigation. 
Adsorption of GMO on the steel surface and controlled decomposi
tion of GMO further contributed to the encapsulation of NDs. These 
showed that the presence of GMO, and ND in the lubrication regime 
complemented the others and caused a substantial reduction in 
frictional properties.  

d) Adsorption of GMO on steel surface, decomposition of GMO into 
carboxylic acid, encapsulation of NDs, mechanical interlocking of 
NDs into ZDDP tribofilm by rolling mechanism and finally polishing 
effect of NDs on the surfaces are the interrelated phenomena that 

Fig. 18. Schematic illustration of friction reduction mechanism. (A colour 
version of this figure can be viewed online.) 
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played pivotal role to reduce friction and wear for the newly devel
oped nanolubricant. 

The experimental findings presented demonstrate the potential to 
develop environmentally friendly low sulphated ash, Phosphorus, 
Sulphur (SAPS) lubricants by utilising ND/GMO/low concentration 
ZDDP synergy. Future work will focus on analysing the tribochemical 
interaction of carboxylated NDs and GMO by molecular dynamic 
simulation to verify the mechanism of the synergy observed. 
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Fig. A1. Static SIMS ion spectra for PGZ lubricant derived tribofilm (a) Positive ion spectra at 50 ◦C (b) Positive ion spectra at 80 ◦C and (c) Negative ion spectra at 
50 ◦C, (d) Negative ion spectra at 80 ◦C. (� - peaks displayed by base oil).  
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Fig. A2. Static SIMS ion spectra for PGZN0.05 wt% lubricant derived tribofilm (a) Positive ion spectra at 50 ◦C (b) Positive ion spectra at 80 ◦C and (c) Negative ion 
spectra at 50 ◦C, (d) Negative ion spectra at 80 ◦C. (� - peaks displayed by base oil).  
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