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To minimize the frictional power losses in automotive engines, it is imperative to improve the tribological characteristics of the piston ring assembly. This study examined the tribological behavior of the
piston ring assembly using nanoparticles as nano-lubricant additives. The average size of Al2O3 and TiO2
nanoparticles were 8–12 nm and 10 nm, respectively. The nanoparticles were suspended using oleic acid
in four different concentrations in the engine oil (0.05, 0.1, 0.25 and 0.5 wt%). The tribological behavior of
nano-lubricants was evaluated using a tribometer under different operating conditions to mimic the
ring/liner interface. The results showed a decrease in the friction coefﬁcient, power losses and wear. The
study provides insights into how nano-lubricant additives could contribute towards energy saving and
improved fuel economy in automotive engines.
& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Existing and future automotive engines would require more
efﬁcient engine oils, a situation that presents a new challenge for
researchers and designers with regard to ﬁnding ways of enhancing the tribological characteristics of internal combustion engines
while achieving a reduction in fuel and lube oil consumption. Most
designers and researchers have focused on Nano tribology in internal combustion engines as the key strategy for minimizing
frictional power losses, excessive heat generation and the wear of
contact surfaces, in a manner that will ultimately lead to an improved performance of automotive engines. The piston ring assembly makes a signiﬁcant contribution towards the total frictional power losses. The power losses in automotive engines vary
between 17% and 19% of the total energy generated [1]. An improvement in the tribological performance of the lubricating oils
and the piston ring assembly leads to an improved efﬁciency and
fuel economy of engines because the friction between the piston
n
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ring and the liner accounts for almost40–50% of the power losses
[2,3]. Furthermore, controlling friction via the use of nano-lubricants leads to a decline in the level of wear and an increase in
the service intervals for which an oil change is required. This ultimately translates into minimized maintenance costs.
The lubrication is classiﬁed into three general regimes:
boundary, mixed, and elastohydro-dynamic/ hydrodynamic [4].
During one stroke, the different lubrication regimes can occur over
the stroke depending on running conditions. Boundary or mixed
lubrication regimes occur near the top and bottom dead center of
stroke (TDC and BDC), with the hydrodynamic lubrication regime
occurring at mid-stroke [2]. Nevertheless, hydrodynamic friction
increases under the conditions of high speeds and low loading [5].
The total friction of the piston ring assembly comprises boundary
friction at asperity contact locations (TDC and BDC) and viscous
friction due to shearing of lubricant. The boundary lubrication can
occur if the oil ﬁlm becomes thin enough. The load is carried on
the surface peaks and not by the lubricant ﬁlm. For this reason,
nano-lubricant additives are most effective under boundary lubrication conditions as it forms a triboﬁlm at the asperity contact
locations to separate the sliding surfaces [6].
Recently, nanoparticles have attracted increasing interest and
have been used in a lot of energy related ﬁelds owing to their
unusual electrical, mechanical and piezoelectric properties [7]. The
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nanoparticles could be used as nano-lubricant additives in automotive engines to improve the tribological performance, oil
properties, exhaust emission, combustion, saving fuel and enhance
heat transfer rate. The addition of nanomaterials to lubricating oils
can effectively improve the tribological properties through the
formation of a protective ﬁlm on surfaces and creating a rolling
effect between friction surfaces [8,9]. Nanomaterials are different
from traditional bulk materials because they possess high speciﬁc
surface areas and extremely small sizes. The selection of nanomaterials is a very important step towards the improvement of the
tribological performance and enhancing the properties of engine
oils [10]. Re-formation of solid-like tribo-ﬁlms by the nanoparticles on the friction surfaces is not possible at high speeds
when the lubricant ﬁlm thickness is larger than the nanoparticles
diameter [11]. The bearing and sliding between the nanoparticles
play the main role in lowering the friction and wear between worn
surfaces [12]. Furthermore, the lower elastic modulus and the
comparatively higher magnitude of hardness possessed by nanomaterials can be considered as the main reasons for the excellent
lubricating properties [13].
Aluminum and titanium oxides (Al2O3 and TiO2) nanoparticles
are the most appropriate for many environmental applications due
to their excellent tribological, chemical and thermal properties
[14]. The addition of TiO2 nanoparticles with lubricant oil showed
stable friction due to the formation of protective ﬁlms on worn
surfaces [15]. Shenoy et al. [16] investigated the inﬂuence of TiO2
nanoparticles additives in lube oil. The results exhibited a higher
load bearing capacity by a margin of 35% compared to the use the
lube oil without nanoparticle addition. Friction and wear experiments were conducted by Kao and Lin [17] using a reciprocating
sliding tester. The average diameter of TiO2 was 50 nm and 5 wt%
particle concentration in the rapeseed oil. The results revealed that
there was an 80.84% reduction in mean surface roughness. The
coefﬁcient of friction and the wear scars decreased approximately
by 15.2% and 11%, respectively [18]. Mohan et al. [19] studied the
inﬂuence of the addition of Al2O3 nanoparticles to lubricating oil
(SAE 20W40). The results illustrated that using 20 nm of grain size
for a 0.5% wt% could reduce the friction by 49.1% and 21.6% under
ﬂooded and starved conditions, as compared to the lubricant
without nanoparticles. Another study also demonstrated that
using 40–80 nm of grain size Al2O3 nanoparticles at 5 wt% concentration reduced of the wear rate [20].
The agglomeration of the nanoparticles in engine oil inhibits
their free motion and eliminates the mechanism of nanoparticles
(the transfer nanoparticles from engine oil to rubbing surfaces to
form triboﬁlm and produce a rolling effect). Therefore, the nanoparticles were added to the engine oil with different solvents to
disperse the particles to form stable suspensions for a more effective operation [21,22]. Gulzar et al. [23] added 1 wt% of oleic
acid to nanoparticles for the purpose of suspension and the reduction of agglomerates. The results suggested that adding oleic
acid reduced of the wear. The results from the experimental work
carried out by Luo et al. [24] exhibited that the average reduction
of the friction coefﬁcient was 17.61% for the four-ball test and
23.92% for the thrust-ring test, for a 0.1 wt% concentration and
78 nm grain size of Al2O3 nanoparticle addition to the oil. Using a
low concentration of TiO2 nanoparticles is enough for improving
the tribological characteristics [25]. Vasheghani et al. [26] investigated the effect of tiny Al2O3 nanoparticles on engine oil
properties. The results presented that the thermal conductivity
improved by 37.49% using 3 wt% concentrations. Nanoparticles can
easily enter into small gaps between sliding surfaces because of
their ultraﬁne sizes, whereas the micron-scale traditional additives
cannot [27].
The objectives of the current study include the formulation of
Al2O3 and TiO2 nano-lubricants and the investigation of the

541

tribological characteristics of a piston ring assembly under different running conditions such as contact loads, reciprocating sliding
speeds, sliding distance and concentration of nanoparticles. In
addition, more investigations were performed using ﬁeld emission
scanning electron microscopy (FE-SEM), energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS) and noncontact 3D surface proﬁler for analyzing the worn surfaces to
understand the major mechanisms leading to improve the tribological behavior of piston ring assembly in automotive engines
using Al2O3 and TiO2 nano-lubricant additives.

2. Experimental section
2.1. Materials
Against the background that Al2O3 and TiO2 are the most appropriate for many tribological applications (including solid lubricants) because of their excellent tribological behavior, these
nanoparticles were chosen for the current investigation. Al2O3 and
TiO2 powders were purchased from Nanjing XFNANO Materials
Tech Co., Ltd. The average sizes of the Al2O3 and TiO2 nanoparticles
were 8–12 nm and 10 nm, respectively. The varying concentrations
of Al2O3 and TiO2 used were 0.05, 0.1, 0.25 and 0.5 wt% in the
engine oil for each nanoparticle type. The tribological tests were
conducted using of engine oil (Castrol EDGE professional A5 5W30, a commercial lubricant) to demonstrate the effect of using
nanoparticles as engine oil additives. Table 1 shows the compositions of the tested samples of Al2O3 and TiO2 nano-lubricants.
2.2. Dispersibility of Al2O3 and TiO2 nanoparticles in engine oil
The mixing of nanoparticles with the engine oil is an important
step towards the improvement in the engine oil quality. Oleic acid
was used as a surface modiﬁer and to ensure proper dispersion of
Al2O3 and TiO2 nanoparticles within the engine oil, a magnetic
stirrer was used for blending the nanoparticles and the engine oil
for 4 h with the aim of obtaining a homogeneous and stable suspension. Oleic acid plays the important role of blending the nanoparticles in a manner that makes them soluble in the engine oil.
The oleic acid provides stability for the nanoparticles, preventing
the agglomeration of the nanoparticles within engine oils [28]. In
the current study, the UV  visible spectroscopy and dynamic light
scattering (DLS, Zetasizer Nano ZS system) method were used to
elucidate the colloidal stability of Al2O3 and TiO2 nano-lubricant
samples.
The absorption spectra of the nano-lubricants were measured
directly after preparation (at time ¼0). As shown in Fig. 1(a), the
Al2O3 and TiO2 nano-lubricant sample colors appeared uniform in
color. It was obvious that the engine oil containing oleic acid was
brighter and had a clear yellow color. The comparison between the
UV absorbance peaks was conducted to monitor the stability of the
Table 1
The compositions of nano-lubricants.
Concentration (wt%) Standard oil
(5W-30)

Additive solution

0.05

98% Oil

0.1

98% Oil

0.25

98% Oil

0.5

98% Oil

2% TiO2 or Al2O3 Solution (0.05% nanoparticles þ 1.95% oleic acid)
2% TiO2 or Al2O3 Solution (0.1% nanoparticles þ 1.9% oleic acid)
2% TiO2 or Al2O3 Solution (0.25% nanoparticles þ 1.75% oleic acid)
2% TiO2 or Al2O3 Solution (0.5% nanoparticles þ 1.5% oleic acid)
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Fig. 1. (a) Photograph of nano-lubricant samples, (b) UV for nano-lubricants (0.25 wt% nanoparticles) and engine oil with oleic acid after preparation (at time ¼ 0), (c) Peak
size distribution for Al2O3 and TiO2 nanoparticles in nano-lubricants measured by DLS after preparation (t ¼0), (d) Peak diameter of the Al2O3 and TiO2 nanoparticles in
nano-lubricants as a function of time, (e) UV for Al2O3 and TiO2 nano-lubricants as a function of time.

Al2O3 and TiO2 nano-lubricants. Fig. 1(b) shows the effect of adsorbent content on the colorant behavior of nano-lubricants. A
peak at wavelength of (λmax) of 490 and 482 nm were observed
in the spectrum of TiO2 and Al2O3 nano-lubricants, respectively.
However, the peak of the engine oil containing oleic acid without
nanoparticles (470 nm) was lower than the others. The higher
peak of absorbance level suggests a better distribution of the nanoparticles within the engine oil. Therefore, TiO2 nano-lubricant

showed a better dispersion with time than that of Al2O3 nanolubricants.
Besides, the size of Al2O3 and TiO2 nanoparticles in suspensions
(nano-lubricants) was measured by using a DLS method to elucidate the colloidal stability of the Al2O3 and TiO2 nano lubricants.
The particles size distribution curves of Al2O3 and TiO2 nanoparticles in engine oil after immediate preparation is shown in
Fig. 1(c). The initial measurement (time ¼0) shows the peak
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diameters for Al2O3 and TiO2 nanoparticles were 43.82 nm and
24.36 nm respectively, which were larger than the primary sizes of
each
particle
mentioned
earlier
(Al2O3 ¼ 8–12 nm
and
TiO2 ¼10 nm). This can translate into slight agglomeration of the
nanoparticles in the engine oil due to strong Van der Wall interactions (intermolecular forces). The nanoparticle sizes of Al2O3 and
TiO2 in the engine oil also increased with time because of the
sedimentation as shown in Fig. 1(d), but did not form large clusters
in engine oil.
As can be seen from Fig. 1(e), the nano-lubricants were somewhat stable over a time period of 336 h (14 days) at room temperature. However, the stability was not good with the increase of
the storage time because of aggregation of the nanoparticles. As
evidenced by a decrease in optical absorbance and an increase in
DLS peak diameter (Fig. 1(d and e)). The aggregation occured
whenever the Brownian motion and the attractive forces (Van der
Wall) of the nanoparticles were greater than the repulsive forces.
In the present investigation, the agglomeration of nanoparticles
was reduced via the use of a magnetic stirrer for 30 min again just
before the start of the tribological experiments to limit aggregation and sedimentation of the nanoparticles in engine oil. Further
investigation will be required to address the sedimentation problem of the nano-lubricants to analyze inﬂuencing factors affecting the dispersion stability for longer periods.
2.3. Tribotest rig description
Bench tribometer test are designed to mimic the sliding reciprocating motion of the piston ring/cylinder liner interface in an
engine according to ASTM G181 [29]. Fig. 2 illustrates the designed
piston ring/cylinder liner bench tribometer. A 1.5 kW variable
speed AC motor was used to turn the crankshaft, the speed of
which was measured by a digital tachometer (HT-4200). The piston ring was placed under the pivot arm above a reciprocating
cylinder liner segment in a specially designed piston ring holder.
The application of the normal load to the piston ring and cylinder
was via the use of dead weights at the end of an arm. A two-axes
piezoelectric force transducer and charge ampliﬁer were used to
measure the normal contact and friction force generated on the
piston ring during sliding. During the friction test, the signals
generated were received and processed using the DEWESoft 6.6.7
program for data acquisition connected to a PC for displaying real
time variables of the experiment. The friction coefﬁcient was automatically recorded for many cycles of crankshaft rotation. For
the test rig, the inertia forces due to mass reciprocating motion
were balanced via counterweights in the crankshaft webs. A large
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crankshaft pulley acted as an inertia disk to minimize the angular
speed variations. Furthermore, the test rig was mounted on a
special table in order to ensure the damping of the vibration in a
manner that resulted in stability during operation.
The test specimens of the ring and liner were fragments from
actually ﬁred engine components, to ensure that the materials
used for the tests are the same as those found in an engine. The
piston ring pack consists of the compression rings and oil control
rings. In this set-up, the compression ring was used in the tribological tests. The test specimens and proﬁle of the running face for
the piston ring is shown in Fig. 3. The surface hardness of the ring
and the liner samples was measured according to stipulated
standards [30]. The average hardness of the ring surface was 320
VH (Vickers hardness), whilst the hardness for liner was 413 VH.
2.4. Tribological testing
The important parameters which were measured and calculated to assess the tribological performance of nano-lubricants
during experiments included the friction coefﬁcient, power losses
and the wear rate of the ring. To study the effects of load and
speed on the tribological parameters between the piston ring/liner
interface, the load was varied from 30 to 250 N, which corresponds to contact pressures ranging from 0.65 to 5.43 MPa, respectively, to clarify the lubrication regimes. However, this does
not represent typically maximum pressures under normal running
conditions for the engine [31]. However, a range of contact pressures (0.65–5.43 MPa) is represented the nominal radial pressure
applied after combustion at 50% of maximum engine load [32].
This is due to the combustion pressure in engine acting primarily
on the piston crown and the backside and top surface of the ﬁrst
ring in the ring pack. To estimate the resulting contact force between the ring to the liner is the difference between these pressures. The speed was varied from 50 to 800 r.p.m, corresponding
to maximum mid-stroke velocities from 0.212 m s  1 to
3.48 m s  1, respectively. The stroke length was ﬁxed at 65 mm.
The average reciprocating sliding velocity of the ring can be calculated with the known running speed, connecting rod length, and
crank radius [33]. The tribological experiments were conducted at
an oil temperature of 100 °C, to simulate top dead center (TDC)
position near the surface of the cylinder liner temperature [34].
In this study, the compression ring was used for the tribological
tests. The compression rings in the ring pack operate under oil
starvation in most of the strokes because of the action of the oil
scraper ring. This presents a prolonged mixed lubrication regime
during the reciprocating stroke [35,36]. In lubricant starvation, the

Fig. 2. The designed bench tribometer of the piston ring/cylinder liner interface.
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Fig. 3. The test specimens (a, b) and proﬁle of running face for piston ring (c).

pressure of the lubricant in the outlet region does go down drastically [37]. Consequently, to simulate the characteristics of the
compression ring lubrication under oil starvation, the amount of
lubricant supplied to the interface between the ring and the liner
should be a limited to a small amount (4 ml). Moreover, the effect
of lubricant starvation greatly reduces the ﬁlm thickness, and is
likely that this starvation condition could help in conﬁrming the
effect nano-lubricants.
Before testing for wear, piston ring specimens were ultrasonically cleaned in acetone for 15 min and dried to remove any
contamination on surfaces. The wear results during this investigation have been presented in terms of speciﬁc wear rate
which were calculated using the following formula:

Specific wear rate=

V
FnS

(1)

where, V is worn volume (mm3), Fn is the applied load on ring
(N) and S is the sliding distance (m).
The extent of wear for the ring was determined via the proﬁles
of the worn scar cross-section measured using a surface proﬁlometer. A details description of this measurement was published
in [34]. Each friction test was carried for duration of 20 min. The
friction and wear tests were carried out at least three times under
the same conditions in an attempt to replicate experimental results, after which the average results were taken to minimize
measurement error.
2.5. Worn surface analysis
The wear mode and tribo-ﬁlm formation on the piston ring and
cylinder liner surfaces for the use of nano-lubricants and lubricating oil without nanoparticle additives were investigated.
Morphologies of the worn surfaces of the ring and the liner
samples were examined using ﬁeld-emission scanning electron
microscopy (FE-SEM, ZEISS ULTRA PLUS). The deposition of the
nanoparticles on worn surfaces (tribo-ﬁlm) was examined via
energy dispersive spectroscopy (EDS, Inca X-Act). The chemical
characterization of the boundary tribo-ﬁlm on worn surface of the
piston ring was analyzed by X-Ray Photoelectron Spectrometry
(XPS, Thermo model ESCALAB250). The Crystalline structures and
phases of the Al2O3 and TiO2 nanoparticles were determined by Xray diffraction (XRD) test using CuKα radiation at 30 kV and 40 mA

at a scanning speed of 0.01°s  1. The XRD data was analyzed with
the assistance of MDI Jade 6 program. In addition, the surface
roughness of the frictional specimens (piston ring and liner) was
measured using a Nanovea ST400 3D Proﬁlometer (non-contact
proﬁlometer). The morphological evolution of worn surfaces was
conducted after a sliding distance of 15 km under a 120 N contact
load and 0.5 m s  1 average sliding speed.

3. Results and discussion
3.1. Characterization of Al2O3 and TiO2 nanoparticles
The FE-SEM images in Fig. 4 illustrate the morphology of the
nanostructures for the Al2O3 and TiO2 nanoparticles. The morphology of the Al2O3 and TiO2 nanoparticles was fairly spherical,
which provided a very good rolling medium within the engine oil.
The XRD pattern of TiO2 nanoparticles in the current investigation
is shown in Fig. 5. It can be observed that the peak details are
2θ ¼25.2°, 36.9°, 48°, 53°, 55° and 62° with strong diffraction
peaks at 25° and 48°. The most pronounced peaks are indexed
according to the JCPDS card No. 21-1272 which corresponds to the
pure anatase phase, conﬁrming that the TiO2 was in the anatase
structure phase. Additionally, Al2O3 nanoparticles also showed
typical diffraction peaks (311), (400) and (441) at 2θ ¼ 37°, 45° and
67°, respectively. From the spectra, the intensity of XRD peaks for
TiO2 and Al2O3 were such that the Al2O3 nanoparticles had broader
diffraction peaks (suggesting poor crystallization), indicating the
presence of ultra-ﬁne size crystallites [38]. It can therefore be said
that the high degree of broadness of the diffraction peaks for the
Al2O3 additive was due to a less degeneracy in the crystallites
(Al2O3 being smaller than TiO2).
3.2. Effect of Al2O3 and TiO2 nanoparticles concentration on friction
The nanoparticle concentration is an essential matter because
they can act negatively if there is a surplus of nanoparticles. The
tribological tests were conducted to assess the nano-lubricants
using Al2O3 and TiO2 nanoparticle additives in different concentrations (0.05, 0.1, 0.25 and 0.5 wt%). Fig. 6 displays the effect of
nanoparticles concentration on friction coefﬁcient for an average
sliding speed of 0.5 m s  1 and a contact load of 120 N over a
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Fig. 4. FE-SEM micrographs for (a) Al2O3 nanoparticles and (b) TiO2 nanoparticles.

background, the optimum concentration was used for the investigation of the tribological performance in the current study.
Moreover, the addition of oleic acid alone without nanoparticles
reduced the friction by 11% at a concentration of 1.95 wt% in the
engine oil; friction reduction was not due to physical adsorption of
oleic acid on worn surfaces, but to its chemical reaction as shown
by other authors [39].
3.3. Effect of Al2O3 and TiO2 nano-lubricants on viscosity and viscosity index

Fig. 5. XRD patterns of Al2O3 and TiO2 nanoparticles.

Fig. 6. Effect of Al2O3 and TiO2 nanoparticle concentrations on friction coefﬁcient
of the piston ring assembly.

20 min period. All concentrations of Al2O3 and TiO2 nano-lubricants showed a decrease in the friction coefﬁcient. Al2O3 and
TiO2 nano-lubricants had a reduced friction coefﬁcient by approximately 48–50% with 0.25 wt% concentration of nanoparticles.
Based on the obtained results, it was evident that the nano-lubricant with 0.25 wt% concentration of nanoparticles was the best
sample of the nano-lubricants considered, as this sample minimized the friction coefﬁcient by half, as compared with engine oil
(5W-30) without nanoparticles. So, the optimum concentration
(0.25 wt%) of Al2O3 and TiO2 nanoparticles, for the current study,
was consistent with literature reports [14]. Against this

The kinematic viscosity and viscosity index for the engine oil
with oleic acid and Al2O3 and TiO2 nano-lubricants was presented
in the current investigation in comparison with the engine oil
(5W-30) under 40 °C and 100 °C temperatures using an optimum
concentration (0.25 wt%) of nanoparticles. The kinematic viscosity
and viscosity index of nano-lubricants measured was based on the
GB/T265-1988 and GB/T1995-1998 lubricant testing standards.
Generally, the kinematic viscosity of engine oil decreased with
increasing temperature. The kinematic viscosity of TiO2 and Al2O3
nano-lubricants recorded at the temperatures of 40 °C and 100 °C
slightly decreased as shown in Fig. 7. The reason for this viscosity
reduction is due to the nanoparticles coming between the lube oil
layers leading to the ease of the relative movement between nanolubricant layers and the nanoparticles acting as a catalyst [40].
Moreover, the spherical nature of the nanoparticles plays an important role in rheological behavior (viscosity). The mechanism for
the reduction of the viscosity using spherical nanoparticles in the
ﬂuid can be found in the work conducted by Elena et. al. [41]. On
the other hand, the viscosity of an engine oil containing oleic acid
was decreased by only by a small amount.
Low viscosity helps to minimize the viscous friction. Also, the
viscosity reduction of the nano-lubricants conﬁrms the Al2O3 and
TiO2 nanoparticles effect alone for minimizing asperity friction,
which is important for reducing the frictional power losses.
Moreover, the results showed that the viscosity index of the nanolubricants was increased by 1.84% as compared with that of the
engine oil without nano-lubricant additives. The increase in the
viscosity index indicates a more stable kinematic viscosity with
temperature change, which provides better resistance to thinning
of the lubricant ﬁlm and fuel economy in an automotive engine.
3.4. Tribological performance of Al2O3 and TiO2 nano-lubricants
Fig. 8 presents the friction coefﬁcient and frictional power loss
characteristics during one cycle of the crankshaft for an average
sliding speed of 0.65 m s  1 and 120 N contact load using the best
concentration of nanoparticles (0.25 wt%). The variation in the
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Fig. 7. Effect of Al2O3 and TiO2 nano-lubricants on kinematic viscosity (a) and viscosity index (b).

Fig. 8. Tribological behavior of piston ring assembly versus crank angle with and
without the use of nanoparticles as engine oil additives under the boundary lubrication regime: (a) Friction coefﬁcient and (b) Frictional power losses.

friction coefﬁcient with crank angle, represented by the negative
part of the curve is due to the change in sliding speed direction
during the reciprocating sliding motion (Fig. 8(a)). The mechanism
of the friction different during one stroke owing to different lubrication regimes can occur in the stroke depending on running
conditions. The boundary or mixed lubrication regimes occur near
TDC and BDC, with hydrodynamic lubrication occurring at midstroke.
The results showed that the maximum friction coefﬁcient value
was reached at TDC and BDC locations. The reason is related to the

critically low sliding speed attained at dead centers, which prevents adequate access of the lube oil to these locations (boundary
or mixed lubrication) and the increase in the metal contact between worn surfaces (boundary lubrication). However, at the
middle of the stroke minimum values of the friction coefﬁcient
were recorded because of the adequate access of the lube oil
(hydrodynamic lubrication) as a result of the maximum sliding
speed. In contrast, the maximum power losses were observed at
mid-stroke location as shown in Fig. 8(b). This might be due to the
sliding speed reaching its maximum at mid-stroke causing an increase in the shear stress in the lubricant ﬁlm, leading to an increase in the frictional power losses. This behavior reveals an interesting aspect of the action of nano-lubricants.
Nano-lubricants are more effective at TDC and BDC positions
during boundary and mixed lubrication regimes (Fig. 8(a)). It can
be observed that the friction coefﬁcient was reduced for Al2O3 and
TiO2 nano-lubricants. Furthermore, the frictional power losses
were reduced by 45% and 50% for the Al2O3 and TiO2 nano-lubricants respectively, as compared to the commercial lubricant
(5W-30). The friction coefﬁcient and power losses were reduced
because of the mechanism of the nanoparticles (converting sliding
into rolling friction) and the formation of tribo-ﬁlms on the sliding
surfaces. This reduction in frictional power losses could further
enhance the automotive engine efﬁciency.
From the experimental results, it was observed that the friction
coefﬁcient and frictional power losses do not remain constant as
explained in the modeling results obtained the work done by Ali
and Zhao [2,42], but rather oscillates signiﬁcantly with crank angle
or time because of the stick-slip phenomenon during the sliding
motion. During the stick phase, the friction force reaches a maximum value, but when slip occurs there is a decrease in the friction
force owing to the energy released between the worn surfaces.
The stick-slip phenomenon may result from friction surface inhomogeneity and from nonlinear properties of the equations of
motion for sliding [43].
The Stribeck curve obtained from the friction experiments is
shown in Fig. 9. This test allowed the evaluation of the tribological
performance of nano-lubricants under different lubricating conditions. In these tests, the average reciprocating sliding speed was
constant and the viscosity values as shown in Fig. 7, the Stribeck
curve presented here only involved the effect of the load. This
approach allowed the determination of a particular lubrication
mode as well as the range of friction coefﬁcients. In order to
maintain the boundary lubrication regime, the load was kept high.
The Stribeck parameter [44,45] is deﬁned here as:
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Fig. 9. Experimental Stribeck curve for piston ring assembly, with and without the
use of nanoparticle engine oil additives.

Stribeck parameter=

dynamic viscosity × sliding velocity
load unit

(2)

The results showed that the use of nano-lubricants reduced the
friction coefﬁcient by 48–50%, 33–44% and 9–13% under boundary,
mixed and hydrodynamic lubrication, respectively. The transition
for point (B) implies that there is a shift of friction coefﬁcient from
mixed to approximately hydrodynamic (Fig. 9) as a result of the
micro-polishing effect of nanoparticles as is evident in Fig. 15. A
positive effect of the transition (B) will occur at a lower Stribeck
parameter and leads to a reduction in wear during the boundary
and mixed lubrication regimes.
Fig. 10 shows the inﬂuence of Al2O3 and TiO2 nano-lubricants
on the wear rate of the ring as compared with engine oil without
nanoparticle additives. The comparison was made for different
sliding distances and for a ﬁxed contact load of 232 N. The results
revealed a decrease in the wear rate for the use of Al2O3 and TiO2
nano-lubricants by 21% and 29%, respectively, as compared with
the use of engine oil without nanoparticle additives over a sliding
distance of 50 km. In addition, the investigation was performed
using engine oil with oleic acid to evaluate the real inﬂuence of the
nanoparticles on the wear rate of the ring. The wear rate of the
ring was slightly reduced by 2.6% after 50 km sliding via the addition of oleic acid to engine oil, which demonstrates the effective
role of nano-lubricants on the wear rate of the ring.
To illustrate the effect of sliding speed on friction coefﬁcient
and wear rate of the piston ring when using the lubricant without
nanoparticles (5W-30) and that with nanoparticles under different

Fig. 11. (a) The variation in the friction coefﬁcient and (b) Wear rate of the ring for
various sliding speeds and for a ﬁxed load of 120 N.

sliding speeds for a contact load of 120 N is shown in Fig. 11. The
friction coefﬁcient for the use of nano-lubricants was reduced by
35% and 46% for Al2O3 and TiO2 nano-lubricants at an average
sliding speed of 1.66 m s  1, respectively, (Fig. 11(a)). Furthermore,
the wear rate of the ring was reduced by 16% for Al2O3 and 14% for
TiO2 nano-lubricants after 25 km sliding in comparison with the
lubricant without nanoparticles (Fig. 11(b)). Another signiﬁcant
result as shown in Fig. 11 is the fact that the sliding speed also has
an effect on the decrease in friction coefﬁcient and wear rate of the
ring for both lubricants with and without nanoparticles.
The main reason for the decrease in friction coefﬁcient and
wear rate is the formation of a tribo-ﬁlm on worn surfaces, acting
as a solid lubricant or an ultra-thin lubricating coating, as shown in
Fig. 16(a), that decreases shear stress. On the other hand, the
rolling action of Al2O3 and TiO2 nanoparticles between the contact
surfaces leads to a change from pure sliding friction to rolling
friction, a mechanism that provides a decrease in the friction
coefﬁcient and the wear. The surface temperature increment with
an increase in sliding speed can be attributed to the formation of a
stable tribo-ﬁlm.
3.5. Morphologies of worn surfaces and tribo-ﬁlm formation

Fig. 10. Comparison of wear rate for Al2O3 and TiO2 nano-lubricants with engine oil
(5W-30) under a contact load of 232 N.

In this section, an explanation of the mechanisms supported by
experimental evidence has been provided for improve the tribological characteristics of piston ring assembly. Fig. 12 shows the
FE-SEM images of the worn surface of the piston ring. The arrows
on each image indicate the reciprocating and sliding direction as
well as the main features of the topography of the worn surface of
the piston ring. It can be observed that the surface morphology of
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Fig. 12. FE-SEM images of the friction surface of the piston ring: (a) Use of engine oil (5W-30); (d) Use of nano-lubricant with 0.25 wt% concentration of Al2O3; (g) Use of
nano-lubricant with 0.25 wt% concentration of TiO2; ((b and c), (e and f), (h and i)) magniﬁed images of a, d, and g, respectively.

the ring for the use of the commercial lubricant (5W-30) without
nanoparticle additives showed a large area exfoliation (Fig. 12(a)),
micro-plowing on the worn surface (Fig. 12(b)) and scufﬁng damage (Fig. 12(c)), indicating that severe adhesive wear had occured. This was due to the penetration of the hard protrusions into
the softer surface removing materials by plowing that ultimately
led to abrasive wear. Additionally, the increase in the temperature
of rubbing surfaces facilitated adhesive wear and plastic deformation causing the dominating ﬂake-like and scufﬁng damage.
The exfoliation, micro-plowing and scufﬁng damage on the worn
surface of the ring conﬁrms the results of high friction coefﬁcient
and wear rate, as shown in Fig. 11.
The anti-wear mechanism for Al2O3 and TiO2 nano-lubricants
can be explained by considering the situation when the oil ﬁlm
between worn surfaces becomes thinner during the boundary or
mixed lubrication regime. Under these conditions, the nanoparticles may carry a portion of the pressure and separate the
worn surfaces to prohibit adhesion. However, the formation of a
tribo-ﬁlm on the worn surfaces by nano-lubricants helps in delaying or preventing the beginning of scufﬁng as shown in Fig. 12
(d and g).
The EDS chemical analysis on worn surfaces of the piston ring
and cylinder liner was performed and results are shown in Figs. 13
and 14, respectively. These ﬁgures showed the elements analysis of
the frictional surfaces lubricated with nano-lubricants containing

Al2O3 and TiO2 elements on worn surfaces of the ring and liner.
The extent of nanoparticle depositions quantity on the surfaces
could be observed in Figs. 13 and 14. An elemental content in EDS
analysis showed that the TiO2 nanoparticle depositions (1.02–
1.25 wt%) lower than Al2O3 nanoparticle (4.17–5.34 wt%) on worn
surfaces, although the TiO2 concentration was equal to Al2O3
concentration (0.25 wt%) in engine oil. This suggested that the
Al2O3 nano-lubricant was more effective in the formation of a
tribo-ﬁlm on worn surface of the ring and hence minimizes the
wear rate as shown in Fig. 11(b). In contrast, the TiO2 nano-lubricant was more effective in reducing the friction coefﬁcient
(Fig. 11(a)) due to a majority of the TiO2 nanoparticles remained
blended with the engine oil causing mode change of the friction
from sliding to rolling friction. This observation may be conﬁrmed
by the worn surfaces of the ring and the liner for the use of Al2O3
nano-lubricant was smoother than the worn surface of the ring
and the liner for the use of TiO2 nano-lubricant (Fig. 15).
The surface roughness of the frictional surfaces is one of the
most signiﬁcant parameters in controlling the tribological performance in an engine. The surface roughness of the ring and liner
were investigated by the 3D optical proﬁlometer before and after
tribological tests. Al2O3 and TiO2 nano-lubricants are most effective in reducing the friction coefﬁcient in the boundary lubrication
regime at TDC and BDC as shown in Fig. 8. For this reason, the
measurement of the surface roughness of the liner was performed
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Fig. 13. EDS patterns and elemental content of the piston ring surface (a) Use of engine oil (5W-30); (b) Use of nano-lubricant with 0.25 wt% concentration of Al2O3, (c) Use
of nano-lubricant with 0.25 wt% of TiO2.

at TDC on a large area (7.5 mm  3 mm). However, the surface
roughness of the ring was measured on a large area
(5.5 mm  0.8 mm) and not only at one point as shown in Fig. 15.
During the tribological tests, the wear had reduced the average
surface roughness (Sa) of the ring and the liner surfaces because of
the abrasion or plastic deformation of the asperities of worn surfaces, as compared to the samples before tests.
The surface roughness values of the worn surfaces and deposition of the nanoparticles on the worn surfaces after tribological tests were diverse and non-uniform at different positions due
to a change of the lubrication regimes in these regions. For this
reason, we presented the mean values of the surface roughness of
the worn surfaces inside of the wear mark measured at different
locations as shown in Fig. 16. The results showed that the surface
roughness of piston ring was reduced by 49.58% for the case of
Al2O3 and 39.38% for TiO2 nano-lubricant. In contrast, the surface
roughness of the liner reduced by 14.34% for Al2O3 and 8.76% for
TiO2 nano-lubricant, as compared with using engine oil without

nanoparticles. In nano-lubricants, the nanoparticles can ﬁll scars
and grooves of the rubbing surfaces (mending and polishing effects) to minimizing surface roughness and asperity contact.
In order to evaluate the tribo-ﬁlm formation, we studied the
worn surface analysis of the ring by FE-SEM, EDS mapping and
EDS spectrum for a tribo-ﬁlm on the cross-section of the worn
piston ring surface as shown in Fig. 17 for the use of Al2O3 nanolubricant. This ﬁgure shows the presence a tribo-ﬁlm on the worn
surface of the ring (Fig. 17(a)). A tribo-ﬁlm can be formed on the
worn surfaces through a chemical reaction and a physical mechanism. In chemical reactions, nano-lubricants that contain active
elements such as phosphorus (P), sulfur (S), chlorine (Cl) as shown
in Fig. 17(c). These lubricant additives react with surfactant and
substrate surface of friction pairs causing the formation of a tribochemical ﬁlm and deposited in the frictional surfaces of the ring.
Based on the experimental evidence for Al2O3 nano-lubricant, a
trace amount of P and S was detected (active element of ZDDP) as
shown Fig. 17(c). This suggests the involvement of Al2O3
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Fig. 14. EDS patterns and elemental content of the cylinder liner surface: (a) Use of engine oil (5W-30), (b) Use of nano-lubricant with 0.25 wt% concentration of Al2O3
(c) Use of nano-lubricant with 0.25 wt% concentration of TiO2.

nanoparticles and oil additive package, speciﬁcally zinc dialkyldithio-phosphate (ZDDP) anti-wear additive of the engine oil
(5W-30) with the substrate surface to form the tribo-boundary
ﬁlm on the worn surface of the ring. This conﬁrms the synergistic
effects between the Al2O3 nanoparticles and ZDDP. Moreover, the
nanoparticles play a dominant role at high temperatures (ﬂash
temperature) and pressure during a sliding friction. It is possible
that there is thermal activation leading to the lubricity of the nanoparticles, which is most likely related to the chemical interaction with the worn surfaces and the formation of a tribo-ﬁlm as a
solid lubricant. Additionally, a physical ﬁlm is formed by the
mending effect of metal oxide nanoparticles. These nanoparticles
in the engine oil can ﬁll scars and grooves of the rubbing surfaces
to facilitate the separation, reducing asperity contact.
Furthermore, we analyzed the worn surfaces via XPS to ascertain the composition of tribo-ﬁlm formed on the worn surface of
the piston ring. Fig. 18(a) shows the survey scan and binding energies of Al2p, Si2p, C1s, Ca2p, N1s, O1s, Fe2p and Na1s,

respectively. The O1s peak at 530.34 eV and the C1s peak at
284.06 eV reveal the existence of carbonyl groups (Fig. 18(d and
e)). The Fe2p peak at 709.96 eV indicates that iron is oxidized into
Fe2O3 as shown in Fig. 18(c). The Al2p peak at 73.21 eV demonstrated that Al2O3 was deposited on the worn surface of the ring
(Fig. 18(b)), which is consistent with relevant EDS analysis as
shown in Fig. 17. Moreover, the presence of phosphate inside a
tribo-ﬁlm was conﬁrmed by the XPS spectrum, which showed a
binding energy of P2p as shown in Fig. 18(f). These results indicate
that the tribochemical reaction occurred under these conditions. It
is well recognized that the phosphate boundary tribo-ﬁlm was
important for improving the tribological characteristics. From the
above analysis on the worn surface of the ring, it is concluded that
the boundary tribo-ﬁlm was mainly composed of Al2O3 nanoparticles and the oil additive package on the substrate surface.
In summary, the physical mechanism is associated with tribochemical reactions. For achieving effective and successful lubrication mechanism of piston ring assembly in automotive
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Fig. 15. 3D surface proﬁler images and height parameters of the piston ring (a, c, e, g) and cylinder liner surface (b, d, f, h); (a, b) Before wear tests, (c, d) Use of engine oil, (e,
f) Use of Al2O3 nano-lubricant, (g, h) Use of TiO2 nano-lubricant.
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tribo-ﬁlm on the worn surfaces is a possible explanation for the
improved tribological behavior, which could contribute to a further improvement in the fuel economy in an engine.

4. Conclusions
In the current study, the tribological performance of a piston
ring assembly involving the use of Al2O3 and TiO2 nano-lubricants
has been investigated. On the basis of the results presented above,
it can be concluded that:

Fig. 16. Comparison of the mean values of the surface roughness at different locations for Al2O3 and TiO2 nano-lubricants with engine oil (5W-30).

1. The optimum concentration of Al2O3 and TiO2 nanoparticles
blended with the engine oil was 0.25 wt%. Moreover, the addition of oleic acid as a solvent not only aided nanoparticle suspension but also reduced the friction coefﬁcient and wear rate
of the ring by 11% and 2.6%, respectively, and could be attributed
to the chemical reactions on the frictional surfaces.
2. The kinematic viscosity of Al2O3 and TiO2 nano-lubricants decreased slightly due to the presence of nanoparticles between
the lubricant layers leading to an ease of relative movement
with the nanoparticles acting as catalysts. On the other hand,
the viscosity index increased with the use of nano-lubricants by
1.86% which could lead to an improved fuel economy in automotive engines.
3. The friction coefﬁcient decreased by 48–50%, 33–44% and 9–13%
for the boundary, mixed and hydrodynamic lubrication regimes,
respectively, as compared with the use of the engine oil without
nanoparticles. This implied that nano-lubricants are most effective in reducing the friction coefﬁcient in the boundary lubrication regime.
4. The frictional power losses were also reduced by 45% and 50%
for the Al2O3 and TiO2 nano-lubricants, respectively. The reduction in friction and power losses could be attributed to the
conversion of sliding into rolling friction and the formation of
tribo-ﬁlms on the worn surfaces.
5. The wear rate of the piston ring was reduced by 21–29% for the
use of TiO2 and Al2O3 nano-lubricants respectively, after a
50 km sliding distance, as compared to engine oil without nanoparticles. The anti-wear mechanism was generated by triboﬁlm through a chemical reaction and a physical mechanism.
6. The surface morphology of the piston ring revealed that nanolubricant additives resulted in smoother worn surfaces. It is
noteworthy that the Al2O3 nano-lubricant was more effective in
improving the anti-wear and scufﬁng resistance via the formation of self-laminating protective ﬁlms. These protective
ﬁlms could take the form of a solid lubricant or an ultra-thin
lubricating coating. Whereas the TiO2 nano-lubricant was more
effective in reducing the friction coefﬁcient. This was because a
majority of the TiO2 nanoparticles remained blended with the
engine oil to produce the rolling effect.
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Fig. 17. Formation Al2O3 tribo-boundary ﬁlm on worn surface of the piston ring
surface. (a) FE-SEM imaging on the cross-section, (b) EDS element mapping on
tribo-boundary ﬁlm, (c) EDS spectrum on tribo-boundary ﬁlm, (b) and
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the ﬁlm removal rate as well as a strong adhesion and cohesion
with substrate surfaces [46]. For this reason, the deposition of a
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