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based nanolubricants: a solution
for stick–slip mitigation in tribological
applications†

Afshana Morshed, a Fei Lin,a Hui Wu,a Zhao Xing,b Sihai Jiao,b Md Mahadi Hasan*c

and Zhengyi Jiang*a

In this study, the stick–slip behaviour of synthesised water-based nanolubricants was investigated via an

Rtec ball-on-disk tribometer. By varying the lubricating conditions, including the concentration of hBN/

TiO2 as nanoadditives, the tribological properties and lubrication mechanisms were analysed, especially

the stick–slip phenomenon. Compared with dry and wet conditions, the hBN/TiO2 nanolubricant

presented better efficiency in mitigating stick–slip and achieving friction stability. The relationship

between anti-stick–slip properties and lubrication assisted in the selection of high-performance water-

based nanoadditives. At a concentration of 0.5 wt% hBN/TiO2, the nanolubricant achieved the lowest

average coefficient of friction (COF) of up to 78% compared to that under dry conditions. Additionally,

the 0.5 wt% hBN/TiO2 nanolubricant showed an excellent anti-stick–slip effect, with the overall stick–

slip phenomenon and threshold speed reduced by 77% and 72%, respectively, compared with those

under dry conditions. Moreover, the findings indicate that the anti-stick–slip effect under wet conditions

is superior to that under dry conditions. The mechanism of hBN/TiO2 nanoadditives in inhibiting stick–

slip behaviour involves trapping wear debris and forming uniform tribofilms. It can be predicted that an

optimal concentration of hBN/TiO2 (0.5 wt%) can eliminate the stick–slip phenomenon and effectively

improve the friction state of the sliding interface.
1 Introduction

With the ongoing advancements in mechanical devices for
engineering applications, an in-depth understanding of friction
and wear could contribute to energy savings, extending service
life, and environmental protection. Certainly, a major aspect of
their manufacturing process involves attempts to reduce
friction-wear and eliminate the stick–slip phenomenon.1–3 The
stick–slip phenomenon is generally observed under heavy loads
and at low speeds when the sliding motion between two contact
surfaces does not generate a constant friction motion. This
motion alternates between adhesion and sliding in a periodic
manner, leading to jerky and unstable vibratory friction or
stick–slip behaviour.4–6 However, the stick–slip phenomenon
repeats rapidly until the sliding speed reaches a threshold,
where the friction begins to stabilise and ultimately disappears
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once the critical speed is reached.4,7–9 Additionally, this stick–
slip behaviour presents tribological characteristics and typically
occurs under conditions such as dry friction, boundary lubri-
cation, and mixed lubrication rather than hydrodynamic
lubrication.10–13 Shoaib et al.14 reported that the stick–slip
characteristics of hydrogel lubricants are inuenced by their
microstructure, applied load, and sliding speed, which are
governed by two different boundary lubrication mechanisms.
Few studies have been conducted to understand the tribological
behaviour, along with the stick–slip phenomenon. For example,
Jeong et al.15 experimentally investigated the stick–slip
phenomenon to study the inuence of the slip regime transition
on friction and wear conditions between steel surfaces under
fretting conditions. Lu et al.16 showed that adding damping
components made of styrene-butadiene rubber (SBR) or Mu-Cu
damping alloy (DA) materials to friction systems signicantly
reduces friction-induced stick–slip behaviour. Notably, the
stick–slip phenomenon is unacceptable because of the negative
impact of stick–slip motion on the performance and function-
ality of different mechanical systems.11,17–19 The stick–slip
phenomenon in certain mechanical systems, particularly in
machine tools, must be eliminated or reduced; otherwise, it can
lead to vibrations and unavoidable positioning errors. Thus,
overcoming the undesirable effects of friction-wear and stick–
slip during the sliding process is crucial.1,20
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Lubricants such as neat oils and oil-in-water emulsions can
effectively reduce friction and wear.21 Some researchers have
investigated the inuence of lubrication on stick–slip motion.
The stick–slip behaviour of micro-dimpled and micro-bulged
textured discs was explored by He et al.11 through friction
dynamics tests via a pin-on-disc tribometer. Their ndings
indicated that, compared to untextured discs, both types of
textured discs presented a lower intensity of stick–slip behav-
iour under oil lubrication, demonstrating their ability to inhibit
stick–slip. However, the use of lubricants containing oil
requires labour-intensive maintenance of the oil nozzles and
has detrimental environmental effects, especially when they are
ejected and burned.21 In light of this, water is an ideal substitute
for these conventional oils, as it is clean, readily available and
environmentally friendly. However, its low lubricity, poor anti-
wear properties, and corrosive nature limit its application.22–25

In order to expand their potential applications, different
nanoadditives have been added to improve the tribological and
lubrication properties.24–26 These nanoadditives include metals,
metal oxides, metal sulphides, non-metallic oxides, carbon-
based materials, composites, and other nanoadditives such as
nitrides, carbides, and metal salts.21,27 Some researchers have
used water-based lubricants for tribological studies. Dong
et al.28 studied the tribological behaviour of polymer materials
in water lubrication, which demonstrated reduced stick–slip
and frictional vibrations. In addition, there have been
numerous studies on surfactants as lubricity enhancers for both
oil-based29,30 and water-based23–25,31,32 systems. For example,
Zhang et al.26 carried out tribological studies on steel surfaces
using SDS (sodium dodecyl sulphate) in aqueous lubrication to
correlate the boundary lubrication behaviour, particularly the
stick–slip phenomenon. The results showed that with an
increasing SDS concentration in the solution, both the static
and kinetic friction decreased until stable sliding was attained.
Although the aforementioned studies have proposed methods
for reducing stick–slip behaviour, there is a lack of systematic
investigations on the application of nanoparticles (NPs) as
Fig. 1 Schematic, optical image, and 3D profile of the (a) disk and (b) ba

© 2025 The Author(s). Published by the Royal Society of Chemistry
nanoadditives in water-based lubricants to inuence the stick–
slip behaviour.

In this study, hBN/TiO2 nanoadditives were incorporated
into water-based lubricants as nanoadditives with the target of
reducing the stick–slip phenomenon. The unique characteris-
tics of hBN nanosheets (hBNNSs), including their high-
temperature stability, chemical inertness, non-toxicity, and
environmental friendliness, have gained attention in engi-
neering applications, particularly when hBNNSs are used as
nanoadditives in lubricants. Besides, our earlier studies have
shown that TiO2 NPs possess considerable potential as nano-
additives in water-based lubricants for tribological
applications.33–35 Furthermore, our previous tribological tests
indicate that combining hBN and TiO2 signicantly reduces
friction and wear compared with using either hBN or TiO2

individually.27 Considering this, tribological tests were con-
ducted using a ball-on-disk tribometer with hBN/TiO2 water-
based nanolubricants to analyse the stick–slip phenomenon
during the sliding process.

2 Experimental
2.1 Materials

The material used for the disk in the tribological tests was mild
steel, specically Q345, with a yield stress of 345 MPa and
a Vickers hardness of 136 HV. The Q345 disk was machined to
a diameter of 40.0 mm and a thickness of 8.0 mm. A surface
roughness (Ra) of 0.5 mm was obtained aer grinding and pol-
ishing the disk surface. The ball was made of E52100 steel with
a diameter of 9.5 mm. The surface roughness (Ra) and Vickers
hardness of the ball were 0.5 mm and 780 HV, respectively. Fig. 1
presents the schematic diagram, optical image and 3D prole of
the disk and ball. The chemical compositions of the disk Q345
steel and ball E52100 steel are listed in Table 1. Both the ball
and disk were cleaned with acetone prior to conducting the
tribological tests to remove any residual contaminants from the
machining process.
ll.27
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Table 1 Chemical compositions of the disk Q345 and ball E52100 (wt%)

Materials C Si Mn Mo Ni Cr Cu P + S Nb + V + Ti

Disk-Q345 0.16 0.25 1.5 0.007 0.006 0.02 — 0.019 <0.02
Ball-E52100 1.0 0.25 0.35 0.10 — 1.5 0.30 <0.03 —

Fig. 2 Schematic illustration of the ball-on-disk tribometer setup.27
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2.2 Lubricant preparation

Commercially available hBNNSs and P25 TiO2 NPs, along with
glycerol and surfactant sodium dodecyl benzene sulfonate
(SDBS), all sourced from Sigma-Aldrich were used to prepare the
water-based lubricants. The hBNNSs exhibited a layered struc-
ture and at sheet-like morphology with a honeycomb-like
arrangement. P25 TiO2 NPs were composed of 75% anatase
and 25% rutile and had a spherical shape. Glycerol is a viscous,
odorless, and colourless liquid that enhances the viscosity and
wettability of water-based lubricants.36 SDBS is an anionic
surfactant with a hydrophilic head and a hydrophobic tail,
which promotes wettability and viscosity by effectively
dispersing NPs in water.37 The water-based nanolubricants were
prepared by mechanically stirring all the additives into distilled
water, followed by ultrasonication to ensure uniform disper-
sion. Table 2 provides the chemical composition of the syn-
thesised nanolubricants and the concentrations of each
nanoadditive. Dry and distilled water conditions were chosen as
reference benchmarks for comparison purposes.
2.3 Tribological tests

An Rtec MFT-5000 multi-functional tribometer (Rtec Instru-
ments, San Jose, CA, USA) equipped with a ball-on-disk
conguration was used to conduct the tribological tests. Fig. 2
presents a schematic representation of the ball-on-disk setup at
room temperature; more details were reported in our previous
study.27 Prior to each test in the liquid lubrication setup,
a consistent amount of 5.0 ml of lubricant was evenly applied to
the disk surface. The E52100 steel ball was placed 14.0 mm from
the centre of the disk, and a normal force of 50.0 N was applied
using the ball on the disk. The rotational speed of the disk
ranged from 0–25 rpm with an increment of 0.5 rpm every
minute; thus, the total duration of each test was 50 min.
2.4 Appraisal techniques

The phase characterisation of the hBNNSs and P25 TiO2 NPs
was conducted using X-ray diffraction (XRD) measurements on
Table 2 Chemical compositions of different lubricating conditions

Lubrication type

1
2
3
4
5
6

1974 | Nanoscale Adv., 2025, 7, 1972–1988
a Philips PW1730 conventional diffraction meter equipped with
Cu–K radiation. The morphology of the hBNNSs and TiO2 NPs
was observed using a JEOL JEM-ARM200F Transmission Elec-
tron Microscope (TEM) coupled with an energy-dispersive
spectrometer (EDS). The wettability of the lubricants was eval-
uated via contact angle measurements on the surface of the
Q345 steel disk surface using a Rame-hart 290 Goniometer
(Rame-hart Instrument Co., Succasunna, NJ, USA). Each
measurement was conducted ve times to determine an average
value. The disk wear tracks were observed under a JSM-7001F
Scanning Electron Microscope (SEM) equipped with an energy
dispersive spectrometer (EDS) to understand the lubrication
mechanism.
3 Results and discussion
3.1 Nanoparticle characterisation

Fig. 3(a(i)) presents the XRD patterns of the hBN nanopowders,
which are consistent with those of high-purity hexagonal boron
Description

Dry
Water
0.25 wt% hBN + 0.25 wt% TiO2 + 10.0 wt% glycerol + 0.2 wt% SDBS
0.5 wt% hBN + 0.5 wt% TiO2 + 10.0 wt% glycerol + 0.2 wt% SDBS
1.0 wt% hBN + 1.0 wt% TiO2 + 10.0 wt% glycerol + 0.2 wt% SDBS
2.0 wt% hBN + 2.0 wt% TiO2 + 10.0 wt% glycerol + 0.2 wt% SDBS

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na01049c


Fig. 3 (i) XRD patterns and (ii) TEM images with size distributions of (a) hBNNSs and (b) P25 TiO2 NPs.
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nitride according to the standard JCPDS database (JCPDS no.
034-0421). The TEM image of hBNNSs in Fig. 3(a(ii)) shows thin
plate-like morphologies and rounded surfaces, with an average
length of 500 nm and a thickness of 50 nm.

Fig. 3(b(i)) displays the XRD patterns of the TiO2 nano-
powders, revealing that the NPs consisted of typical P25 TiO2

with 75% anatase and 25% rutile, as conrmed by the XRD
standard atlas (JCPDS 00-021-1272 and JCPDS 01-070-7347). The
TEM image of P25 TiO2 NPs in Fig. 3(b(ii)) shows that the NPs
have an average diameter of 20 nm and a nearly spherical
shape.33 Further details regarding the characterisation of the
NPs were covered in our previous studies.27

3.2 Stick–slip phenomenon

The stick–slip phenomenon typically occurs at the beginning of
the sliding process due to the difference between the coeffi-
cients of kinetic and static friction. Fig. 4 shows the COF curves
over time for different lubricating conditions to explore the
relationship between the stick–slip behaviour and tribological
properties. During the time interval from 0 to 3000 s, the COF
increases sharply to a peak value before decreasing rapidly to
a stable level. For dry and wet conditions, the stick–slip
behaviour is relatively signicant, whereas the water-based
lubricants result in less pronounced stick–slip. The highest
COF of up to 0.43 and longest stick–slip duration of 2200 s are
observed under dry conditions. A comparatively lower COF is
noted for wet conditions, with a slight increase in the COF curve
observed before reaching the critical point and stabilising. In
the case of all the water-based lubricants, the stick–slip behav-
iour is quite similar, with a less visible difference, representing
a very high peak of the COF at the beginning and then settling
soon. Fig. 5 presents the overall stick–slip phenomenon and the
© 2025 The Author(s). Published by the Royal Society of Chemistry
average COF for all the lubricating conditions. The average COF
is calculated aer 100 s, when a little prominent wear track is
formed on the disk. Among the water-based lubricants, the
average COF and stick–slip for 0.5 wt% hBN/TiO2 are lower than
those for 0.25, 1.0 and 2.0 wt% hBN/TiO2 at different rotational
speeds. Therefore, the lowest COF of 0.09 and the shortest total
stick–slip phenomenon for 500 s are obtained for 0.5 wt% hBN/
TiO2.

Fig. 4 shows that the COFs for all the conditions sharply
decrease when the sliding speed increases with time and reach
a certain stage. Thus, the COF uctuations at specic speeds of
1, 5, and 10 rpm are analysed for each lubrication condition.
The specic speeds are chosen to highlight the signicant
variations in the stick–slip phenomenon across the overall
testing period. In order to further evaluate the intensity of stick–
slip behaviour, friction force data during the stick–slip phase
should be obtained. The friction force is calculated using the
given formula.

Friction force (N), Ff = Fnm (1)

where Fn is the load force (50 N) and m is the COF. Fig. 6
represents both the kinetic and static friction forces with
respect to time at specic speeds of 1, 5, and 10 rpm. The fric-
tion force gradually increases to the static friction force and
then drops to the kinetic friction force.38 Based on the friction
forces, the stick–slip amplitude and time are the key indicators
of the stick–slip intensity.39,40 A greater intensity of stick–slip
behaviour is typically associated with greater stick–slip ampli-
tude and longer stick–slip time.41 At the beginning of the tribo-
test at 1 rpm, uctuations with a sawtooth appearance are
observed for all six lubricating conditions (Fig. 6). The
Nanoscale Adv., 2025, 7, 1972–1988 | 1975
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Fig. 4 COF vs. timemeasured during tribological tests under different lubricating conditions, (a) dry, (b) water, (c) 0.25 wt% hBN/TiO2, (d) 0.5 wt%
hBN/TiO2, (e) 1.0 wt% hBN/TiO2, and (f) 2.0 wt% hBN/TiO2, revealing the stick–slip phenomenon (50 N, 0–25 rpm).

Fig. 5 (a) Overall stick–slip phenomenon, and (b) average COF values under different lubrication conditions (50 N, 0–25 rpm, 50 min).
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rotational displacement exhibits an irregular stick–slip motion,
with the amplitude during the stick phase being signicantly
higher than that during the slip phase. In addition, overcoming
the static friction force to initiate movement is more chal-
lenging, which indeed indicates that the stick–slip phenom-
enon is more likely to occur. However, the highest friction force,
i.e., static friction, decreases once sliding begins. When the
speed increases to 5 rpm, a slight decrease in stick is observed,
resulting in both the stick and slip phases having nearly equal
amplitudes and times. The friction force during the stick phase
does not increase linearly, as some minor slips are observed in
this stick phase. During the period from 1140–1200 s, particu-
larly at 10 rpm, the friction curve becomes steady and periodic.
Both the frequency and amplitude of the stick–slip events
decrease with increasing speed. Fig. 6(a) shows that the friction
1976 | Nanoscale Adv., 2025, 7, 1972–1988
force amplitude is much greater for dry conditions than that for
water and water-based lubricants. Even aer reaching 10 rpm,
the stick peaks are prominent under dry conditions. Fig. 6(b)
shows that both the static and kinetic friction forces are still
high aer water is used, indicating a high stick–slip amplitude
with a high frequency of stick–slip repetitions. In contrast, for
water-based nanolubricants, comparatively reduced stick–slip
and friction force curves are obtained. With the addition of
hBN/TiO2, the friction force starts to decrease, reducing the
static friction that needs to be overcome and thereby helping to
control the stick–slip phenomenon. For 0.25 wt% hBN/TiO2 as
shown in Fig. 6(c), a comparatively improved and steady friction
force curve is achieved, with a decrease in both the stick–slip
amplitude and time compared with those of the dry and wet
conditions. As the hBN/TiO2 concentration reached 0.5 wt%,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The variation of friction forces over time at 1, 5, and 10 rpm under 50 N force for different conditions, (a) dry, (b) water, (c) 0.25 wt% hBN/
TiO2, (d) 0.5 wt% hBN/TiO2, (e) 1.0 wt% hBN/TiO2, and (f) 2.0 wt% hBN/TiO2.
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the friction force decreased even further (Fig. 6(d)). However, as
shown in Fig. 6(e) and (f), the friction force begins to increase
with the further increase in the hBN/TiO2 concentration to 1.0
© 2025 The Author(s). Published by the Royal Society of Chemistry
and 2.0 wt%. Therefore, the most consistent and lowest static
and kinetic friction forces are observed at a concentration of
0.5 wt% hBN/TiO2.
Nanoscale Adv., 2025, 7, 1972–1988 | 1977
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Fig. 7 Intensities under different lubricating conditions at 10 rpm sliding speed under 50 N normal force: (a) stick–slip amplitude and (b) stick–
slip time.
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To compare the intensity of stick–slip behaviour across
different lubricants accurately, Fig. 7 shows the stick–slip
amplitude and time for all six conditions at 10 rpm. The stick–
slip amplitude of the water-based lubricants is approximately
half that of both water and dry sliding, which indicates that
water-based lubricants exhibit superior anti-stick–slip proper-
ties compared with that under dry and wet conditions. Fig. 7(a)
reveals the following amplitude relationship among the six
lubricating conditions: dry > water > 2.0 wt% hBN/TiO2 >
0.25 wt% hBN/TiO2 > 1.0 wt% hBN/TiO2 > 0.5 wt% hBN/TiO2.
The dry stick–slip has the highest amplitude of 2.8 N with
a stick–slip time of 6 s, followed by water with 2.5 N for 2.5 s,
whereas 0.5 wt% hBN/TiO2 has the lowest amplitude of 0.9 N for
3 s. As shown in Fig. 7(b), the 0.25 wt% and 2.0 wt% hBN/TiO2

samples exhibit the longest stick–slip time of 7 s and 1.0 wt%
hBN/TiO2 has a stick–slip time of 5 s. Although the stick–slip
time for dry and wet conditions is shorter than that for water-
based lubrication, the frequency of stick–slip occurrence is
signicantly higher. It is noted that water-based lubricants have
half the number of stick–slip repetitions compared with both
dry and wet conditions. This phenomenon occurs because the
rough surfaces in contact, with numerous small asperities and
protrusions, interact and lead to frequent initiation and
termination of stick–slip cycles. Each interaction between
asperities causes a brief stick followed by a slip, resulting in
high-frequency but short-duration events. Among the water-
based lubricants, 0.5 wt% hBN/TiO2 resulted in shorter stick–
slip times because of its effective participation during the
sliding process. Therefore, it can be concluded that water-based
lubricants help reduce the intensity of stick–slip behaviour,
with 0.5 wt% hBN/TiO2 proving to be the most effective.

3.3 Threshold and critical speed

Fig. 8 presents the COF regression for all the lubricating
conditions under a load of 50 N and at a rotational speed
ranging from 0–25 rpm. The COF regression displays random-
ness or quasiperiodicity, corresponding to different motion
stages, as illustrated in Fig. 8. Thus, the motion of the samples
can be categorised into three phases: severe, mild, and stable.
The severe phase duration for water-based lubricants is
approximately half of that for dry and wet conditions. These
1978 | Nanoscale Adv., 2025, 7, 1972–1988
ndings indicate that water-based lubricants can effectively
suppress stick–slip behaviour. When the sliding speed is very
low, for example, at 1 rpm, the stick–slip phenomenon is noted
for all conditions, also observed in Fig. 6. The rotating speed
plays a crucial role in inuencing the stick–slip
phenomenon.42–44 For different lubricating conditions, the ratio
of the stick–slip regime to the continuous sliding regime
changes with the rotating speed, which is dened by the
threshold speed. At threshold speed, the stick–slip phenom-
enon ceases and stability is attained for different lubricants.
The threshold speed varies with different lubricating conditions
and rotating speeds, as demonstrated in Fig. 8. With the addi-
tion of nanoadditives to water-based lubricants, the threshold
speed decreases. The COF regression shows considerable vari-
ation for dry conditions until the rotational speed reaches
18 rpm. In other words, the threshold speed for the stick–slip
phenomenon, in this case, is 18 rpm. For wet conditions, the
threshold speed depicted in Fig. 8(b) is slightly lower at
16.5 rpm, which aligns with the ndings presented in Fig. 4.
Compared with both dry and wet conditions, all water-based
lubricants exhibit a noticeable reduction in threshold speed.
The threshold speeds at which stick–slip behaviour stabilises
for 0.25, 0.5, 1.0, and 2.0 wt% hBN/TiO2 water-based lubrication
are 7, 5, 6, and 7 rpm, respectively.

COF regression for dry and wet conditions has been high at
different speeds and with signicant variations, which indicates
that the stick–slip phenomenon persists for both dry and wet
conditions within the speed range of 0–25 rpm. However, for
water-based nanolubricants, the stick–slip phenomenon rarely
occurs during the entire sliding process, and the degree of COF
regression remains low aer a specic stage is reached. When
the hBN/TiO2 concentration is either insufficient or excessive,
both the COF and the threshold speeds for the stick–slip
phenomenon at different rotational speeds are higher. While
the hBN/TiO2 concentration is 0.5 wt%, both the COF at
different rotating speeds and the threshold speeds for the stick–
slip phenomenon are the lowest. Therefore, the concentration
of hBN/TiO2 has a minor inuence on the threshold speed.
Fig. 9 shows the threshold speed when the stick–slip phenom-
enon stabilises for different lubricating conditions. It can be
concluded that, even at 5 rpm, stable sliding with a 0.09 average
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 COF regression vs. speed under 50 N force for 50 min using different conditions: (a) dry, (b) water, (c) 0.25 wt% hBN/TiO2, (d) 0.5 wt%
hBN/TiO2, (e) 1.0 wt% hBN/TiO2, and (f) 2.0 wt% hBN/TiO2.

Fig. 9 Threshold speed for the stick–slip phenomenon under
different lubrication conditions (50 N, 0–25 rpm, 50 min).
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COF can be obtained with the 0.5 wt% hBN/TiO2 nanolubricant.
Thus, 0.5 wt% hBN/TiO2 can be selected as the optimal
concentration for stick–slip reduction.

Fig. 10 presents the COF deviation at varying speeds to
obtain a better visual representation of the stick–slip motion.
The funnel diagrams show the COF deviations for the six
lubricating conditions across different speeds, revealing
a decreasing trend as the rotational speed increases. According
to the stick–slip phenomenon rules, continuous sliding occurs
with respect to the motion state, and the stick–slip phenom-
enon disappears once the rotational speed exceeds the critical
value. For dry conditions (Fig. 10(a)), before reaching the
© 2025 The Author(s). Published by the Royal Society of Chemistry
threshold speed at 18 rpm, the COF uctuates regularly from
a higher value to a lower value because of the periodic alter-
nation between adhesion (static) and sliding in the stick–slip
process. Although the uctuation is reduced, slight stick–slip is
observed until the end of the test. For wet conditions in
Fig. 10(b), an increase in COF uctuation is observed in the
middle of the test at approximately 16 rpm, and the COF again
decreases. This phenomenon occurs because the presence of
water can initiate and accelerate corrosion, which degrades
surface quality, produces abrasive particles, and leads to varying
wear conditions. This ultimately causes an increase in COF
uctuations with increasing speed during long-duration tests.
With the addition of nanoadditives, the dependence of COF
deviation on the hBN/TiO2 concentration at different speeds
was analysed, as shown in Fig. 10(c)–(f). Moreover, the COF
deviations diminish once the rotational speed exceeds the
critical speed, which is observed for all water-based lubricants.
As shown in Fig. 10(c), with 0.25 wt% hBN/TiO2, the severe COF
uctuations reduce as the rotating speed increases, leading to
the complete disappearance of stick–slip at 19 rpm. Thus,
improved lubrication can effectively mitigate the stick–slip
phenomenon. Increasing the hBN/TiO2 concentration to
0.5 wt% results in a shi to continuous sliding with less COF
uctuations, and the stick–slip disappears sooner at 16 rpm
(Fig. 10(d)). For 1.0 and 2.0 wt% hBN/TiO2, wide COF uctua-
tions are observed until the critical speeds are attained at 18.5
Nanoscale Adv., 2025, 7, 1972–1988 | 1979
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Fig. 10 COF deviation vs. speed under 50 N for 50 min when lubricated with (a) dry, (b) water, (c) 0.25 wt% hBN/TiO2, (d) 0.5 wt% hBN/TiO2, (e)
1.0 wt% hBN/TiO2, and (f) 2.0 wt% hBN/TiO2.
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and 20 rpm, respectively, as shown in Fig. 10(e) and (f).
Generally, before reaching the critical speed, the COF deviation
is relatively large due to the strong vibration of the friction force;
however, the stick–slip disappears completely as the adhesion
phenomenon diminishes with increasing speed. Accordingly,
the COF deviation is reduced to a relatively lower value, which is
characterised by a decrease in friction force, as shown in Fig. 6.
Therefore, it is clear that water-based nanolubricants can
successfully eradicate the stick–slip phenomenon.
3.4 Wettability

The degree of liquid affinity and its ability to adhere to a solid
surface are indicated by wettability.45,46 Proper wettability is
essential for creating an adhesive and effective lubricating lm
on a metal surface by preventing direct contact between friction
1980 | Nanoscale Adv., 2025, 7, 1972–1988
pairs.47,48 Wettability is typically assessed by contact angle
measurements, and improved wettability is associated with
a smaller contact angle.49 The contact angles for various lubri-
cants were measured using the sessile drop method.50,51

Fig. 11(a) presents the contact angles for water and water-based
hBN/TiO2 droplets on Q345 steel. It is observed that the contact
angles vary with the concentration of hBN/TiO2 in the water-
based lubricant. The error bars indicate the range between
the average contact angle for ve similar droplets and the cor-
responding maximum and minimum angles in each series.
Potential sources of error include measurement inaccuracies,
substrate non-homogeneity, surface roughness, and local vari-
ations in the hBN/TiO2 concentration within the lubricant. For
a droplet of pure water, the contact angle is signicantly higher.
The results show that pure water generates the largest contact
angle (75°), indicating the poorest wettability among all tested
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Contact angle measured on the Q345 steel surface using various lubricants; the schematic diagram of contact angles when lubricated
with (b) 0.25 wt% hBN/TiO2, (c) 0.5 wt% hBN/TiO2, (d) 1.0 wt% hBN/TiO2, and (e) 2.0 wt% hBN/TiO2.
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lubricants. The addition of hBN/TiO2 to the water-based lubri-
cant is capable of reducing the contact angle. Owing to its
smaller size and higher surface area, hBN/TiO2 can effectively
reduce surface tension, allowing improved wettability. For
0.25 wt% hBN/TiO2 in water, the contact angle decreased to 33°,
which indicates that even a very low concentration of hBN/TiO2

can notably alter the surface-wetting properties. Additionally,
the contact angle decreases further as the hBN/TiO2 concen-
tration gradually increases, reaching 30.3° at 0.5 wt%. In
contrast, 1.0 wt% hBN/TiO2 showed no signicant change in the
contact angle compared to 0.5 wt% (30.3° versus 30.6°). Initially,
the contact angle decreases signicantly with an increasing
hBN/TiO2 concentration, reaching a minimum for 1.0% hBN/
TiO2. Beyond this concentration, the contact angle starts to
increase slightly. Thus, for 2.0 wt% hBN/TiO2, the contact angle
increased slightly to 32.7°, as shown in Fig. 11(a). This indicates
that the wettability between the lubricant and the disk surface
improves with an increasing hBN/TiO2 concentration up to
a certain point, aer which it begins to decrease. The addition
of 0.5 wt% hBN/TiO2 to water-based lubricants was the most
effective for achieving optimal adhesion with the steel surface.

Enhanced wettability between lubricants and the disk
surface increases the adhesive force of the lubricant, which
optimises its effectiveness and inuences the tribological
behaviour.52,53 Fig. 11(b)–(e) display the schematic diagrams of
how the contact angle varies with the hBN/TiO2 concentration
on Q345 steel samples. It can be observed that hBN/TiO2 acts as
an anchor, which promotes adhesion between the lubricant and
the sample surface. When hBN/TiO2 is more evenly distributed,
providing proper surface coverage, the lubricant spreads
uniformly across the sample surface, leading to enhanced
wetting (Fig. 11(c) and (d)). However, at low concentrations,
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 11(a) shows that an insufficient amount of hBN/TiO2 leads
to an uneven distribution, leaving parts of the surface exposed,
which reduces surface coverage and affects wettability. As
highlighted in our previous study,54 lubricants with improved
wettability tend to accommodate an effective number of NPs
adhering to the sample surface, thereby reducing stick–slip by
lowering friction in the contact zone. Fig. 11(e) shows that at
higher concentrations, excess hBN/TiO2 may not interact with
the steel surface, either due to NP agglomeration or limited
availability of adsorption sites. This limited interaction can
obstruct further reduction in the contact angle and lead to
a slight increase. Moreover, our previous study demonstrated
the effect of SDBS on wettability.37 SDBS can signicantly reduce
the surface tension of water by orienting its hydrophilic head in
water and its hydrophobic tail in air. A lower surface tension
enables water to spread more easily on the steel surface,
improving its ability to wet and cover the surface by distributing
hBN/TiO2. To explain this phenomenon, the dissociation of
SDBS in water creates phenyl sulfonic groups that adsorb
around the NPs, increasing their net negative charge and
enhancing repulsive forces between them.55 For hBN/TiO2, this
behaviour helps the particles disperse in water. Hydrophobic or
poorly water-soluble hBN/TiO2 can adsorb onto SDBS micelles,
helping to stabilise the NPs by reducing their tendency to
agglomerate.51 The hydrophilic heads of SDBS interact with
water, while the hydrophobic tails can interact with the surface
of hydrophobic hBN/TiO2. This dual interaction improves the
overall wettability and dispersion of hBN/TiO2 in aqueous
solution. However, as the concentration of hBN/TiO2 increases
(Fig. 11(e)), they may start to aggregate and form clusters due to
van der Waals forces or insufficient stabilisation even with the
presence of SDBS. Thus, when the concentration of NPs exceeds
Nanoscale Adv., 2025, 7, 1972–1988 | 1981

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na01049c


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
23

/2
02

5 
5:

10
:0

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the ability of surfactant SDBS to cover and stabilise their
surfaces effectively, it leads to agglomeration, as the surfactant
can no longer prevent particle–particle interactions.
3.5 SEM analysis

Fig. 12 and 13 show SEM images of disk wear under various
lubrication conditions. Specically, in Fig. 12(a), signicant
cracks and substantial wear agglomeration are visible on the
track under dry sliding. Due to lack of lubrication, the wear
particles agglomerated on the wear track, resulting in the
highest COF and intensied stick–slip behaviour (Fig. 4(a) and
10(a)). As shown in Fig. 12(b), multiple scratches and corroded
wear particles along the edge of the wear track are observed
under wet conditions, leading to a rough surface marked by
several ditches and valleys. These corroded wear particles
contributed to the sudden increase in COF uctuations in the
middle of the test, as evident in Fig. 10(b). This occurred
because the water remained on the disk surface for an extended
period, which facilitated corrosion and led to these uctuations.
However, water's ability to rinse the surface and remove little
wear debris from the track slightly enhances tribological and
stick–slip behaviour compared with dry conditions (Fig. 5).

With the addition of nanoadditives, the friction stability
signicantly increases, and the intensity of the stick–slip
phenomenon decreases. Fig. 13 and 14 present the EDS
mappings and spectra of the wear tracks lubricated with four
different hBN/TiO2 concentrations in water-based lubricants. The
bright regions in the Fe, B, Ti, O and N mappings provide direct
evidence supporting the performance of nanoadditives on the
wear track. In addition, the EDS spectra indicate the quantity of
nanoadditives involved during the tribological test, which
corresponds to their concentration. When the hBN/TiO2

concentration is insufficient (0.25 wt%), the contact surfaces
experience inadequate lubrication, resulting in a higher static
friction force than that of other water-based lubricants, as shown
in Fig. 6(c). The SEM images of the disk wear track in Fig. 13(a)
show signicant micro-valleys; few hBN/TiO2 resulted in poor
and incomplete tribolms, allowing direct metal–metal contact
and leading to substantial wear. At a concentration of 0.5 wt%
hBN/TiO2, the presence of sufficient additives led to a decrease in
Fig. 12 SEM images of the disk wear under (a) dry and (b) wet condition

1982 | Nanoscale Adv., 2025, 7, 1972–1988
static friction force, causing the kinetic and static friction forces
to become more similar, ultimately resulting in the earlier
disappearance of stick–slip behaviour shown in Fig. 10(d).
Besides, Fig. 13(b) illustrates that uniform tribolms are formed
on the wear track, characterised by well-distributed layers of hBN/
TiO2. The lubricating lm formed at a 0.5 wt% concentration
ensures effective surface coverage, preventing direct contact
between the sliding surfaces. When the concentration is
increased to 1.0 wt%, the SEM images and EDS mappings in
Fig. 13(c) reveal signs of an irregular tribolm with the presence
of wear clusters and slight NP agglomeration on the track.
Although there is an improvement in surface coverage compared
with 0.25 wt%, the excessive concentration can hinder the
lubricant's effectiveness. The wear track shows some micro-
valleys; this indicates that while lubrication is better than lower
concentrations, it still does not match the performance of the
0.5 wt% concentration. Moreover, the results presented in
Fig. 6(e) and 10(e) also indicate a comparatively higher stick–slip
intensity and critical speed, respectively. With a further increase
in the hBN/TiO2 concentration to 2.0 wt%, Fig. 13(d) reveals
a highly agglomerated surface with substantial clusters of wear
debris and hBN/TiO2. The dense clustering of hBN/TiO2 disrupts
the ability of water-based lubricants to provide a consistent lm,
resulting in a pronounced stick–slip phenomenon. The overall
surface condition appears rougher than that of both 0.5 wt% and
1.0 wt%, leading to higher COFs and wear rates. Due to uneven
particle distribution and increased wettability, the lubrication
performance of 2.0 wt% hBN/TiO2 is compromised. Therefore,
the optimal concentration of the water-based nanolubricant for
tribological applications is 0.5 wt% hBN/TiO2.
3.6 Lubrication mechanism

According to the Stribeck curve, there are three lubrication
regimes, i.e. boundary, mixed, and hydrodynamic lubrication,
categorised by friction variations relative to speed. The COF
results in Fig. 4 clearly show that the lubrication type falls in the
boundary lubrication regime, where the COF typically ranges
from m z 0.08–0.15.56 Some studies have conrmed that all
lubrication types (boundary, mixed, and hydrodynamic) can
occur under starved conditions, and the COF serves as an
s at room temperature (50 N, 0–25 rpm, 50 min).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 SEM images with EDSmappings of the disk wear under lubricating conditions of (a) 0.25 wt% hBN/TiO2, (b) 0.5 wt% hBN/TiO2, (c) 1.0 wt%
hBN/TiO2, and (d) 2.0 wt% hBN/TiO2 (50 N, 0–25 rpm, 50 min).
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effective indicator to detect changes in the lubricated state.57,58

It has long been understood that stick–slip occurs in the low
relative speed regime, especially under boundary
© 2025 The Author(s). Published by the Royal Society of Chemistry
lubrication.43,44 Since there is sufficient time for adhesion to
increase at low speed, this results in a high static friction force.
As the speed increases, there is less time for adhesion to
Nanoscale Adv., 2025, 7, 1972–1988 | 1983
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Fig. 14 EDS spectra of disk wear when lubricated with (a) 0.25 wt% hBN/TiO2, (b) 0.5 wt% hBN/TiO2, (c) 1.0 wt% hBN/TiO2, and (d) 2.0 wt% hBN/
TiO2 (50 N, 0–25 rpm, 50 min).
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develop, causing the static friction force to decrease until
reaching the critical speed. According to the relationship
between friction stability and lubrication, stick–slip motion
does not occur in hydrodynamic lubrication.59 Moreover, fric-
tion stability is linked to the interfacial properties of sliding
surfaces, particularly the contact area.60–62 Several studies
Fig. 15 Schematics of lubricationmechanisms during ball-on-disk tribolo
hBN/TiO2, (e) 1.0 wt% hBN/TiO2, and (f) 2.0 wt% hBN/TiO2.

1984 | Nanoscale Adv., 2025, 7, 1972–1988
indicate that frictional instability is a key trigger for stick–slip
behaviour.40,63 This is because stick–slip behaviour involves
complex friction dynamics, which lead to contact instability,
causing oscillations and intermittent movements.64

In the boundary lubrication regime, friction and wear are
inuenced primarily by the interactions between the contact
gical testing under (a) dry, (b) water, (c) 0.25 wt% hBN/TiO2, (d) 0.5 wt%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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surface and the lubricating lm.65 Fig. 15 presents schematics of
the lubrication mechanisms during ball-on-disk tests under
different lubrication conditions. With zero lubrication, i.e., for
dry conditions in Fig. 15(a), a very rough contact between the
sliding surfaces is observed, along with the signicant amount
of wear debris in Fig. 12(a). Fig. 4(b) shows that when pure water
was used, the COF ranged from 0.5 to 0.6, as no adsorbed
lubricating layer formed. Water is capable of carrying a small
amount of wear debris from the contact area, as shown in
Fig. 15(b), but cannot provide proper lubrication without the
presence of NPs to ll the cracks and valleys (Fig. 12(b)). Water-
based lubricants show signicantly less wear, with few visible
micro-valleys andmicro-cracks in Fig. 13(a) and (c), respectively.
With the addition of hBN/TiO2, the stick–slip behaviour and
COF are signicantly inuenced by the adsorption of hBN/TiO2

on the Q345 steel surface. When the ball and disk come into
contact and move relative to each other, a layer of lubricating
lm exists between them. However, at low concentrations
(0.25 wt% hBN/TiO2), the load-bearing capability and ability to
reduce contact between the asperities of the sliding surfaces are
limited. Fig. 15(c) shows that the limited surface coverage by
NPs results in non-uniform tribolm formation at the contact
zones, which is also evident in Fig. 11(b) and 13(a). On the other
hand, it is clear from Fig. 11(c) that at 0.5 wt% hBN/TiO2, there
is an ideal balance between the number of nanoadditives and
their distribution in the lubricant.66–68 Fig. 15(d) and 13(b) show
that the synergistic effect of hBN and TiO2 contributes to tri-
bolm formation and rolling and mending effects by effectively
minimising stick–slip; thus, a well-maintained surface with
minimal wear features is obtained.69,70 As smooth sliding is
facilitated by this protective lm, the COF is signicantly lower
than that of other concentrations (Fig. 4(d) and 6(d)), while
maintaining sufficient strength to resist wear. A further increase
in the hBN/TiO2 concentration to 1.0 and 2.0 wt% led to
signicant NP agglomeration, as evident from Fig. 15(e) and (f),
respectively. Instead of forming a uniform lubricating layer,
these aggregated NP clusters disrupt smooth sliding, leading to
a higher friction force and longer stick–slip as shown in Fig. 6
and 10, respectively. Thus, the comparison of lubrication
mechanisms across different hBN/TiO2 concentrations revealed
that all four types of lubricated surfaces effectively inhibited the
stick–slip phenomenon. The inhibition effectiveness and
lubrication mechanisms of the nanoadditives are ranked as
follows: 0.5 wt%, 0.25 wt%, 1.0 wt%, and 2.0 wt% hBN/TiO2.

4 Conclusions

The stick–slip phenomenon, a common issue in tribological
applications, especially at low speeds and high loads, should be
mitigated to improve the operational efficiency of mechanical
parts. Ball-on-disk tests were carried out to examine the inu-
ence of different lubrication conditions on the stick–slip
phenomenon, along with the gradual increase in the sliding
speed over time. The following conclusions can be summarised:

(1) Water-based lubricants exhibited superior anti-stick–slip
properties compared with both dry and wet conditions.
Compared with other water-based lubricants, the 0.5 wt% hBN/
© 2025 The Author(s). Published by the Royal Society of Chemistry
TiO2 lubricant was the rst to eliminate stick–slip behaviour
and start stable sliding.

(2) At a sliding speed of 10 rpm, the stick–slip amplitudes for
dry, water, 0.25, 0.5, 1.0 and 2.0 wt% hBN/TiO2 water-based
lubricants were 2.8, 2.5, 1, 0.9, 1 and, 1.25 N and the stick–
slip times were 6, 2.5, 7, 3, 5 and, 7 s, respectively.

(3) The test process was categorised into three phases:
severe, mild, and stable. Throughout these phases, both the
kinetic and static friction progressively decreased until contin-
uous sliding was achieved. For different lubricating conditions,
the threshold speeds at which the friction reached stability are
as follows: 0.5 wt% (5 rpm) > 1.0 wt% (6 rpm) > 0.25 and 2.0 wt%
hBN/TiO2 (7 rpm)> water (16.5 rpm)> dry (18 rpm).

(4) Critical speed was attained for water-based lubrication,
where the stick–slip phenomenon disappeared. However, for
both dry and wet conditions, slight stick–slip persisted
throughout the test, and critical speed was never achieved.

(5) Wettability of water (contact angle 75°) improved with the
addition of 0.25, 0.5, 1.0, and 2.0 wt% hBN/TiO2 combined with
glycerol and SDBS which reduced the contact angles to 33°,
30.3°, 30.6°, and 32° (hydrophilic, 0° < q < 90°), respectively.

(6) This study provides a perspective on the lubrication
mechanism in the boundary lubrication regime, highlighting
the inuence of water-based nanolubricants on the stick–slip
phenomenon. The lubrication mechanisms of hBN/TiO2 were
governed primarily by the rolling and mending effects, along
with the protective lm formation and synergistic effects of the
hBNNSs and TiO2 NPs.
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M. R. Salagean, Lubrication in Aqueous Solutions Using
Cationic Surfactants – a Study of Static and Dynamic
Forces, Langmuir, 2002, 18, 1680–1687.

23 M. W. Sulek and T. Wasilewski, Antiseizure properties of
aqueous solutions of compounds forming liquid crystalline
structures, Tribol. Lett., 2005, 18, 197–205.

24 M. W. Sulek and T. Wasilewski, Inuence of Critical Micelle
Concentration (CMC) on Tribological Properties of Aqueous
Solutions of Alkyl Polyglucosides, Tribol. Trans., 2008, 52,
12–20.

25 M. W. Sulek, T. Wasilewski and K. J. Kurzydłowski, The
Effect of Concentration on Lubricating Properties of
Aqueous Solutions of Sodium Lauryl Sulfate and
Ethoxylated Sodium Lauryl Sulfate, Tribol. Lett., 2010, 40,
337–345.

26 J. Zhang and Y. Meng, Stick–Slip Friction of Stainless Steel in
Sodium Dodecyl Sulfate Aqueous Solution in the Boundary
Lubrication Regime, Tribol. Lett., 2014, 56, 543–552.

27 A. Morshed, H. Wu, M. Ren, Z. Xing, S. Jiao and Z. Jiang, A
Study of Water-Based Nanolubricants Using Hexagonal
Boron Nitride (hBN)-Based Nanocomposites as Lubricant
Additives, Lubricants, 2024, 12, 123.

28 C. Dong, L. Shi, L. Li, X. Bai, C. Yuan and Y. Tian, Stick–slip
behaviours of water lubrication polymer materials under low
speed conditions, Tribol. Int., 2017, 106, 55–61.

29 X. Yang, Y. Meng and Y. Tian, Potential-Controlled Boundary
Lubrication of Stainless Steels in Non-aqueous Sodium
Dodecyl Sulfate Solutions, Tribol. Lett., 2014, 53, 17–26.

30 J. Yan, X. Zeng, T. Ren and E. van der Heide, Boundary
lubrication of stainless steel and CoCrMo alloy materials
based on three ester-based additives, Tribol. Int., 2014, 73,
88–94.

31 S. He, Y. Meng, Y. Tian and Y. Zuo, Response Characteristics
of the Potential-Controlled Friction of ZrO2/Stainless Steel
Tribopairs in Sodium Dodecyl Sulfate Aqueous Solutions,
Tribol. Lett., 2010, 38, 169–178.

32 S. He, Y. Meng and Y. Tian, Correlation Between Adsorption/
Desorption of Surfactant and Change in Friction of Stainless
Steel in Aqueous Solutions Under Different Electrode
Potentials, Tribol. Lett., 2011, 41, 485–494.

33 H. Wu, J. Zhao, W. Xia, X. Cheng, A. He, J. H. Yun, et al., A
study of the tribological behaviour of TiO2 nano-additive
water-based lubricants, Tribol. Int., 2017, 109, 398–408.

34 H. Wu, J. Zhao, X. Cheng, W. Xia, A. He, J.-H. Yun, et al.,
Friction and wear characteristics of TiO2 nano-additive
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na01049c


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
23

/2
02

5 
5:

10
:0

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
water-based lubricant on ferritic stainless steel, Tribol. Int.,
2018, 117, 24–38.

35 H. Wu, F. Jia, J. Zhao, S. Huang, L. Wang, S. Jiao, et al., Effect
of water-based nanolubricant containing nano-TiO2 on
friction and wear behaviour of chrome steel at ambient
and elevated temperatures, Wear, 2019, 426–427, 792–804.

36 H. Wu, J. Zhao, L. Luo, S. Huang, L. Wang, S. Zhang, et al.,
Performance Evaluation and Lubrication Mechanism of
Water-Based Nanolubricants Containing Nano-TiO2 in Hot
Steel Rolling, Lubricants, 2018, 6, 57.

37 H. Wu, F. Jia, Z. Li, F. Lin, M. Huo, S. Huang, et al., Novel
water-based nanolubricant with superior tribological
performance in hot steel rolling, Int. J. Extreme Manuf.,
2020, 2, 025002.

38 X. C. Wang, J. L. Mo, H. Ouyang, B. Huang, X. D. Lu and
Z. R. Zhou, An investigation of stick–slip oscillation of
Mn–Cu damping alloy as a friction material, Tribol. Int.,
2020, 146, 106024.

39 M. Urbakh, J. Klaer, D. Gourdon and J. Israelachvili, The
nonlinear nature of friction, Nature, 2004, 430, 525–528.

40 J. S. Park, S. M. Lee, B. S. Joo and H. Jang, The effect of
material properties on the stick–slip behavior of polymers:
a case study with PMMA, PC, PTFE, and PVC, Wear, 2017,
378–379, 11–16.

41 E. Marui, H. Endo, M. Hashimoto and S. Kato, Some
considerations of slideway friction characteristics by
observing stick–slip vibration, Tribol. Int., 1996, 29, 251–262.

42 D. W. Lee, X. Banquy and J. N. Israelachvili, Stick–slip
friction and wear of articular joints, Proc. Natl. Acad. Sci. U.
S. A., 2013, 110, E567–E74.

43 A. Saha and P. Wahi, An analytical study of time-delayed
control of friction-induced vibrations in a system with
a dynamic friction model, Int. J. Non-Linear Mech., 2014,
63, 60–70.

44 D. W. Wang, J. L. Mo, H. Ouyang, G. X. Chen, M. H. Zhu and
Z. R. Zhou, Experimental and numerical studies of friction-
induced vibration and noise and the effects of groove-
textured surfaces,Mech. Syst. Signal Process., 2014, 46, 191–208.

45 F. Guo, S. Y. Yang, C. Ma and P. L. Wong, Experimental Study
on Lubrication Film Thickness Under Different Interface
Wettabilities, Tribol. Lett., 2014, 54, 81–88.

46 X. Dong, L. Wang, X. Yang, Y. Lin and Y. Xue, Effect of ester
based lubricant SMJH-1 on the lubricity properties of water
based drilling uid, J. Pet. Sci. Eng., 2015, 135, 161–167.

47 P. Wen, Y. Lei, W. Li and M. Fan, Synergy between Covalent
Organic Frameworks and Surfactants to Promote Water-
Based Lubrication and Corrosion Resistance, ACS Appl.
Nano Mater., 2020, 3, 1400–1411.

48 W. Xia, J. Zhao, H. Wu, X. Zhao, X. Zhang, J. Xu, et al., Effects
of Nano-TiO2 Additive in Oil-in-Water Lubricant on Contact
Angle and Antiscratch Behavior, Tribol. Trans., 2017, 60,
362–372.

49 W. Anderson, Wettability Literature Survey- Part 2:
Wettability Measurement, J. Pet. Technol., 1986, 38, 1246–
1262.
© 2025 The Author(s). Published by the Royal Society of Chemistry
50 D. Y. Kwok, C. N. C. Lam, A. Li, A. Leung, R. Wu, E. Mok,
et al., Measuring and interpreting contact angles: A
complex issue, Colloids Surf., A, 1998, 142, 219–235.

51 B.-X. Wang, Y. Zhao and X.-P. Zhao, The wettability, size
effect and electrorheological activity of modied titanium
oxide nanoparticles, Colloids Surf., A, 2007, 295, 27–33.

52 H. Berro, N. Fillot and P. Vergne, Molecular dynamics
simulation of surface energy and ZDDP effects on friction
in nano-scale lubricated contacts, Tribol. Int., 2010, 43,
1811–1822.

53 Y. Liu, D. F. Evans, Q. Song and D. W. Grainger, Structure
and Frictional Properties of Self-Assembled Surfactant
Monolayers, Langmuir, 1996, 12, 1235–1244.

54 H. Wu, J. Zhao, W. Xia, X. Cheng, A. He, J. H. Yun, et al.,
Analysis of TiO2 nano-additive water-based lubricants in
hot rolling of microalloyed steel, J. Manuf. Process., 2017,
27, 26–36.

55 X.-j Wang, D.-s Zhu and S. Yang, Investigation of pH and
SDBS on enhancement of thermal conductivity in
nanouids, Chem. Phys. Lett., 2009, 470, 107–111.

56 TriboNet, Stribeck Curve, TriboNet: TriboNet, 2021.
57 C. Dellacorte and M. J. Valco, Load Capacity Estimation of

Foil Air Journal Bearings for Oil-Free Turbomachinery
Applications, Tribol. Trans., 2000, 43, 795–801.

58 E. Omrani, A. D. Moghadam, M. Algazzar, P. L. Menezes and
P. K. Rohatgi, Effect of graphite particles on improving
tribological properties Al-16Si-5Ni-5Graphite self-
lubricating composite under fully ooded and starved
lubrication conditions for transportation applications, Int.
J. Adv. Des. Manuf. Technol., 2016, 87, 929–939.

59 Y. He, Y. Fu, H. Wang and J. Yang, Inhibiting mechanism of
micro dimples on the stick–slip of sliding guideway:
combined numerical analysis with tribological tests, Tribol.
Int., 2021, 162, 107144.

60 M. W. Shin, Y. H. Kim and H. Jang, Effect of the Abrasive Size
on the Friction Effectiveness and Instability of Brake Friction
Materials: A Case Study with Zircon, Tribol. Lett., 2014, 55,
371–379.

61 H. J. Noh and H. Jang, Friction instability induced by iron
and iron oxides on friction material surface, Wear, 2018,
400–401, 93–99.

62 J. W. Kim, B. S. Joo and H. Jang, The effect of contact area on
velocity weakening of the friction coefficient and friction
instability: a case study on brake friction materials, Tribol.
Int., 2019, 135, 38–45.

63 L. Y. Barros, P. D. Neis, N. F. Ferreira, R. P. Pavlak,
D. Masotti, L. T. Matozo, et al., Morphological analysis of
pad–disc system during braking operations, Wear, 2016,
352–353, 112–121.

64 D. Tonazzi, F. Massi, L. Baillet, A. Culla, M. Di Bartolomeo
and Y. Berthier, Experimental and numerical analysis of
frictional contact scenarios: from macro stick–slip to
continuous sliding, Meccanica, 2015, 50, 649–664.

65 S. M. Hsu and R. S. Gates, Boundary lubricating lms:
formation and lubrication mechanism, Tribol. Int., 2005,
38, 305–312.
Nanoscale Adv., 2025, 7, 1972–1988 | 1987

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na01049c


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
23

/2
02

5 
5:

10
:0

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
66 L. Kong, J. Sun and Y. Bao, Preparation, characterization and
tribological mechanism of nanouids, RSC Adv., 2017, 7,
12599–12609.

67 J. Chen, J. Yu, D. Liu, K. He, Z. Liu, L. Liang, et al.,
Tribological properties and synergistic lubrication
mechanism of 3D graphene/nano-TiO2 (G@TiO2)
composite castor oil: A microscopic view and molecular
dynamics perspective, Tribol. Int., 2023, 188, 108821.

68 Z. Tang and S. Li, A review of recent developments of friction
modiers for liquid lubricants (2007–present), Curr. Opin.
Solid State Mater. Sci., 2014, 18, 119–139.
1988 | Nanoscale Adv., 2025, 7, 1972–1988
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