
Journal of Molecular Liquids 350 (2022) 118550
Contents lists available at ScienceDirect

Journal of Molecular Liquids

journal homepage: www.elsevier .com/locate /mol l iq
Improvement of the lubrication performance of an ester base oil with
coated ferrite nanoadditives for different material pairs
https://doi.org/10.1016/j.molliq.2022.118550
0167-7322/� 2022 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author at: Laboratory of Thermophysical and Tribological
Properties, Nafomat Group, Department of Applied Physics, Faculty of Physics and
Institute of Materials (iMATUS), University of Santiago de Compostela, 15782
Santiago de Compostela, Spain.

E-mail address: mariajesus.guimarey@usc.es (M.J.G. Guimarey).
María J.G. Guimarey a,b,⇑, José M. Liñeira del Río a, Josefa Fernández a

a Laboratory of Thermophysical and Tribological Properties, Nafomat Group, Department of Applied Physics, Faculty of Physics and Institute of Materials (iMATUS), University
of Santiago de Compostela, 15782 Santiago de Compostela, Spain
bDepartment of Design and Engineering, Faculty of Science & Technology, Bournemouth University, Talbot Campus, Poole BH12 5BB, United Kingdom

a r t i c l e i n f o
Article history:
Received 3 December 2021
Revised 2 January 2022
Accepted 14 January 2022
Available online 19 January 2022

Keywords:
Lubricant
Nanoparticles
Nanoparticle coating
Material pairs
Tribological mechanisms
Wetting
a b s t r a c t

In the present work, lubrication properties (friction and wear) of a synthetic ester oil, tris(2-ethylhexyl)
trimellitate (TOTM) containing ferrite nanoparticles coated with oleic acid (F3O4-OA) were investigated
for two different material pairs: steel ball-steel disc and silicon nitride ball-steel disc. Thus, four TOTM
nanolubricants were formulated: TOTM + 0.010 wt% Fe3O4-OA, TOTM + 0.015 wt% Fe3O4-OA, TOTM + 0
.020 wt% Fe3O4-OA and TOTM + 0.025 wt% Fe3O4-OA showing all of them a moderate time stability
due to the oleic acid coating. Wettability behaviour of the ferrite-based nanolubricants on steel surface
was analysed, revealing that the addition of Fe3O4-OA nanoparticles in TOTM decreases the contact angle
between the steel surface and TOTM lubricant surface. Friction sliding tests were performed with the neat
TOTM and with the formulated nanolubricants under a 20 N of load. All nanolubricants showed lower
coefficients of friction than those reached with TOTM base oil for both material pairs. Worn area was sig-
nificantly reduced for all Fe3O4-OA concentrations in the steel-steel contact and for the highest concen-
trations in the silicon nitride-steel contact. Specifically, the largest achieved reductions were for the
TOTM + 0.010 wt% F3O4-OA nanolubricant: 43% reduction in friction (silicon nitride-steel) and reductions
of 17% in wear track width, 42% in wear track deep and 36% in area (steel-steel). In addition, roughness
analysis and Raman microscopy of the tested discs showed that tribofilm formation and surface repairing
mechanisms occur.

� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lubricants are broadly used to reduce equipment friction and
wear, thus increasing the service life of machines, particularly in
environments with heavy contact loads [1,2]. Around 30% of
energy consumption in machines is associated to mechanical fric-
tion and most of the mechanical failures are consequence from
wear [3]. Furthermore, the wetting behaviour of lubricated flat sur-
faces could be strongly correlated with the tribological properties
of a solid/lubricant pair [4]. To minimize friction and wear in sys-
tems, small amounts of additives are included to lubricant bases to
improve their performance. It should be noted that conventional
additives are chlorine or phosphorus materials that were limited
in terms of use owing to the purpose of environment protection.
To overcome this problem, nowadays some researchers are exam-
ining the use of nanoparticles (NPs) as a novel type of lubricant
additive [5,6]. Furthermore, NPs are usually environmentally
friendly and lead to tribological improvements of lubricants
because they do not need tribo-active chemical elements such as
chlorine, phosphorus, and sulphur that are harmful to environment
[7]. In fact, much research shows that small amounts of NPs as
lubricant additives have promising effects in reducing friction
and wear [8–12]. Despite the advances made in NPs as lubricants
additives, there is still a great limitation with stability of the nanol-
ubricants since NPs tend to agglomerate and sediment [13]. Taking
this fact into account, many researchers use dispersants to increase
the nanolubricant stability [14,15]. However, better stabilities can
be found when surface of the NPs is modified by a reaction with a
surfactant [13]. The NPs obtained with this method are named as
coated or functionalized NPs. Chen et al. [13] reviewed the stability
times of many nanolubricants, analysing various characteristics of
NPs such as their size and coating, concluding that surface modifi-
cation of the NPs is critical to obtain nanolubricants with a good
stability [16–20].
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Carbon- and metallic-based nanomaterials are the most used
NPs in tribological applications [8,21–23]. In particular, metal mag-
netic NPs are generally investigated due to their many applications
such as drug-delivery, magnetic records as well as additives of
lubricants being anti-wear enhancers [20,24]. In the latter field,
several authors investigated the use NPs of iron oxides as lubricant
additives with good tribological properties. Thus, Liñeira del Río
et al. [20] measured the anti-friction and anti-wear properties of
Fe3O4 NPs coated with oleic acid as additives of trimethylol-
propane trioleate finding friction reductions up to 18% and wear
reductions up to 59%. In addition, Hu et al. [25] studied the tribo-
logical behaviour of uncoated ferric oxide (Fe2O3) NPs as a lubri-
cant additive of SN500 mineral oil, observing a wear
improvement of 12% in comparison with neat SN500 oil. Further-
more, Zhou et al. [24] studied the tribological performance of
Fe3O4 magnetic NPs with an oleic acid coating as liquid paraffin
additives, achieving friction and wear reductions of 25% and 65%,
respectively.

The main goal of this work is to analyse the tribological perfor-
mance in two different tribological contacts, steel-steel and silicon
nitride-steel, of nanolubricants formed by magnetic ferrite NPs,
Fe3O4, coated with oleic acid and tris(2-ethylhexyl) trimellitate
(TOTM). This synthetic base oil is interesting as a lubricant due
to its suitable properties: low vapour pressure, medium viscosities
(88 cSt a 40 �C) and because it is liquid in a wide temperature range
[26–29]. At atmospheric pressure the freezing and boiling temper-
atures are 230 and 687 K, respectively [29]. According to its mate-
rial safety data sheet (MSDS) and European Directive 67/548/EEC,
TOTM is classified as a non-hazardous substance [29]. Trimellitates
are used in reciprocating compressors oils, high temperature chain
lubricants, transformer fluids, textile lubricants as well as for the
disk drive industry and high-temperature conveyor bearings [30].
Regarding the different tribo-pairs, it is interesting to analyse the
tribological behaviour with different materials since the advanced
ceramic elements usually show enhanced performances in com-
parison to the usual steel elements [31,32]. Up to our knowledge,
there are no previous studies about tribological properties of func-
tionalized nanoadditives of lubricants comparing two different tri-
bological contacts.
Fig. 1. FTIR spectrum of Tris(2-eth
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2. Materials and methods

2.1. Materials

Tris(2-ethylhexyl) trimellitate, TOTM, (CAS Number: 3319-31-
1) is a synthetic ester base oil supplied by Sigma-Aldrich (lot num-
ber: MKBT5164V) with a molecular weight of 546.789 g mol�1 and
a purity mole fraction higher than 0.99. Dynamic viscosity at
313.15 K and viscosity index (VI) for the TOTM is 85.76 mPa s
and 89, respectively [27]. A sample of TOTM was fully character-
ized through different techniques. Fig. 1 shows the infrared spec-
troscopy (FTIR) spectrum of TOTM, it can be observed the
presence of a strong peak at 1724 cm�1, associated to the stretch-
ing carbonyl vibration (AC@O), a peak at 1230 cm�1 that is attrib-
uted to (ACAOAC) single bond stretching vibration and peaks
around 2930 cm�1 which correspond to carbon–hydrogen (ACH2,
ACH3) stretching [33,34].

Raman spectrum of the base oil was recorded using a WITec
alpha300R+ confocal microscope with a laser beam of wavelength
532 nm. As can be observed in Fig. 2, a broad Raman band around
2800–3000 cm�1 is detected with three peaks at 2845, 2874 and
2911 cm�1 associated with CAH stretching vibrations [35]. Other
intense peaks can be seen at 1729 and 1608 cm�1 corresponding
to C@O stretching mode and ring-skeletal stretching, respectively.
Additional peaks at 1457, 1404 and 1260 cm�1 can be assigned to
CH3 asymmetric deformation, CH3 symmetric deformation and
CAOAC stretching deformation, respectively [35].

Ferrite NPs coated with oleic acid (Fe3O4-OA) of 6.3 nm average
size were kindly provided by the NANOMAG research group
(University of Santiago de Compostela). A description of the syn-
thesis process and further characterisation of these nanomaterials
were previously published [20].
2.2. Nanolubricants formulation and stability

The nanolubricants were prepared by a two-step method, first
using a Sartorius MC210P high-precision balance to weigh the
appropriate amount of nanoadditives and base oil, followed by
the use of a Fisherbrand ultrasonic bath to sonicate the dispersions
ylhexyl) trimellitate base oil.



Fig. 2. Raman spectrum of Tris(2-ethylhexyl) trimellitate, TOTM, base oil.

Table 1
Specimen properties.

Specimen Lower: Disc Upper: Ball 1 Upper: Ball 2

Material AISI 52100/535A99 steel AISI 52100/535A99 steel Silicon-nitride ceramic
Radius/mm 5 3 3
Hardness Vickers scale 190–210 Hv30 Rockwell Scale 58–66 Rockwell Scale 75–80
Roughness/mm 0.02 <0.05 <0.05

María J.G. Guimarey, José M. Liñeira del Río and J. Fernández Journal of Molecular Liquids 350 (2022) 118550
with continuous stirring periods of 4 h and at 37 kHz of frequency.
The nanolubricant concentrations prepared were 0.010, 0.015,
0.020 and 0.025 wt% Fe3O4-OA in TOTM. These NPs loadings were
selected as in previous work a better tribological performance was
obtained when low concentrations of nanoadditives were used
[20].

Once the nanolubricants were prepared, an evaluation of their
stability was carried out. Two different methods have been used
to evaluate the stability of the NPs in TOTM and to check whether
sedimentation of the NPs occurs. These methods are visual control
and time evaluation of the refractive index of the nanolubricants.
2.3. Contact angle measurements

The contact angles, h, corresponding to the TOTM base oil and to
the TOTM nanolubricant with the higher Fe3O4-OA content
(0.025 wt%) were determined using an automated Phoenix MT(A)
contact angle analyser in static mode at three temperatures:
293.15, 313.15 and 333.15 K. A thermostatic bath was coupled to
the analyser to keep the sample at constant temperature with an
uncertainty of ±0.1 K. Static contact angles were measured by the
sessile drop method, depositing the test liquid on the surface using
a motorized syringe device. AISI 52100 steel (surface roughness:
0.02 lm), widely used in bearing manufacture [36], was the mate-
rial selected to study the wetting behaviour of the lubricants. An
image of the advancing droplet was captured every second for an
interval of 180 s, a time long enough for the droplet to reach a
steady state. At least three measurements were repeated for each
3

sample. The h values were obtained with an expanded uncertainty
of 1� (95 % confidence level).
2.4. Friction tests

Friction rotational tests were performed using a CSM Standard
tribometer working in ball-on-disc configuration, for TOTM and
the four formulated nanolubricants under the following condi-
tions: 20 N load (1.8 and 2.0 GPa maximum contact pressure for
steel-steel and silicon nitride-steel contacts, respectively), room
temperature, 3 mm radius trajectory, 340 m distance and
0.10 m�s�1 sliding speed. The specifications of the different speci-
mens used in this work are listed in Table 1. Prior to friction tests,
balls and discs have been cleaned in an ultrasonic acetone bath
with the aim of removing any residual material. Subsequently,
each disc has been lubricated with about 0.15 mL of the lubricant
under study, performing at least three replicates for each nanolu-
bricant to ensure an appropriate repeatability. Once the friction
tests have been carried out, the specimens are cleaned with hexane
for the subsequent evaluation of the wear obtained. For this task, a
3D Optical Profiler (Sensofar S Neox) in confocal mode with a 10�
objetive lens is used to measure the wear produced on the steel
discs through different parameters such as: wear track width
(WTW), wear track depth (WTD) as well as transversal worn area.
It should be noted that these parameters were measured at three
locations on each worn track to obtain suitable average values. Fur-
thermore, this device is also used to determine the roughness (Ra)
of the worn surfaces of steel discs used in friction tests to charac-
terize the anti-wear capacity of each nanolubricant.
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Finally, a Raman microscope (WITec alpha300R+) was used to
examine the surface of the worn tracks of the steel discs and obtain
information of the distribution of the NPs therein, as well as of the
possible tribological mechanisms that occur. Raman spectra were
obtained with a 532 nm wavelength laser.
3. Results and discussion

3.1. Nanolubricant stability

Fig. 3 shows the photographs taken for the nanolubricants of
Fe3O4-OA NPs with concentrations from left to right side: 0.010,
Fig. 3. Visual control of ferrite-based nanolubricants a) at the time of preparation, b) one
the concentration of the Fe3O4-OA NPs of the nanolubricants are 0.010, 0.015, 0.020 and

Fig. 4. Temporal evolution of refractive index, n, for the differ
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0.015, 0.020 and 0.025 wt%. As can be observed in Fig. 3a, the
nanolubricants at the time of preparation have a homogeneous
appearance and the nanoadditives are perfectly dispersed in the
base oil. During the two weeks in which this stability monitoring
was carried out daily, no precipitation or visual agglomeration of
the NPs was observed, as shown in Fig. 3b and 3c. However, at
the end of this monitoring, the bottom of the vial was checked,
and a slight precipitation was observed for the nanolubricant of
highest concentrations (0.015, 0.020 and 0.025 wt%).

To complete the study of the stability of the nanolubricants, the
temporal evolution of the refractive index was measured from the
preparation of the samples up to 96 h (4 days) for the nanolubri-
cant with the highest concentration (0.025 wt%) and that with
week after preparation, c) and d) two weeks after preparation. From left to right side
0.025 wt%

ent TOTM- and TMPTO-based nanolubricants at 293.15 K.
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the lowest concentration (0.010 wt%), as well as for the base oil,
TOTM. Both nanolubricants show excellent stability since varia-
tions in the refractive index at 96 h of 0.008 and 0.011 %, with
respect to the base oil (with a constant value of n = 1.48692), were
observed for TOTM + 0.010 wt% Fe3O4-OA, and TOTM + 0.025 wt%
Fe3O4-OA, respectively. As expected, the nanolubricant with the
lowest concentration has slightly better stability. In Fig. 4, a com-
parison is shown between the stability of current nanolubricants
and previously studied nanolubricants: TMPTO + 0.05 wt% GO,
TMPTO + 0.05 wt% rGO and TMTPO + 0.015 wt% Fe3O4-OA [20].
For these nanolubricants the refractive index varies 0.44, 0.08
and 0.02 % after 45 h, respectively, whereas for TOTM + 0.010 wt
% Fe3O4-OA, and TOTM + 0.025 wt% Fe3O4-OA the variations are
Fig. 5. Contact angle evolution of TOTM and of TOTM + 0.025 wt% Fe

Fig. 6. Steady-state contact angle snapshots on AISI 52100 steel of a) TOTM at 293.15 K, b
% Fe3O4-OA at 313.15 K, e) TOTM at 333.15 K and f) TOTM + 0.025 wt% Fe3O4-OA at 33
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0.003 and 0.014 %. Thus, smaller variations are obtained with the
TOTM-based nanolubricants, showing the good stability of the fer-
rite nanoparticles in TOTM lubricant due to the oleic acid coating.

3.2. Wetting behaviour

The wettability of a solid surface by a lubricant (liquid) can be
characterized by the contact angle that is formed by the tangent
at the point contact of the profile of the liquid droplet and the
liquid-solid surface. The contact angles at different temperatures
on AISI 52100 steel were determined both for the base oil, TOTM,
and for the nanolubricant with the highest ferrite concentration
(0.025 wt%), to know how the addition of nanoadditives affects
3O4-OA nanolubricant for 180 s at 293.15, 313.15 and 333.15 K.

) TOTM + 0.025 wt% Fe3O4-OA at 293.15 K, c) TOTM at 313.15 K, d) TOTM + 0.025 wt
3.15 K.
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the wetting behaviour of the lubricant. Fig. 5 shows the advancing
contact angle for 180 s, time at which steady state is assumed to be
reached, for TOTM and for TOTM + 0.025 wt% Fe3O4-OA at 293.15,
313.15 and 333.15 K. A decrease in contact angle is observed with
increasing temperature for both lubricants (with and without
nanoadditive). While at the same temperature, a lower advancing
contact angle is evident for the lubricant with the ferrite-based
nanoadditives.

Fig. 6 gathers the steady state contact angle values for TOTM
and nanolubricant at different temperatures. The wettability of this
base oil is outstanding, but the wettability of its nanolubricants is
even better (lower contact angle). Thus, it has been observed that
the presence of the nanoadditive in the base oil causes a decrease
in the steady-state contact angle for all temperatures studied, in
concordance with the results of Fig. 5. For instance, at 293.15 K
Fig. 7. Friction coefficients (l) and wear track widths (WTW) on the ste

Fig. 8. Friction coefficients (l) and wear track widths (WTW) on the steel dis
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the steady-state contact angle for TOTM is 13.7�, while under the
same conditions for nanolubricant it is 10.0�, as can be seen in
Fig. 6. The smallest contact angle is obtained after an addition of
0.025 wt% Fe3O4-OA to the TOTM lubricant at 333.15 K. Hence,
the distribution of Fe3O4-OA nanoparticles on the surface of the
oil droplets improves the wetting behaviour of the oil. Some stud-
ies [37] have shown the relationship of the contact angle to the
lubrication effect, as a lower contact angle results in better wetta-
bility at the lubricant-solid interface.

In a previous work [38], contact angle results for TOTM on AISI
420 stainless steel surface at 293.15, 303.15, 313.15 and 323.15 K
at 5 s after drop fall have been reported. Comparing both experi-
mental results, the contact angle value for TOTM is 24.8� (Fig. 5)
and 21.9� [38] on surface of AISI52100 steel (100Cr6) and on stain-
less steel surface (AISI420), respectively, at a temperature of
el discs obtained with TOTM nanolubricants for steel-steel contacts.

cs obtained with TOTM nanolubricants for silicon nitride-steel contacts.



Table 2
Average friction coefficients (l), wear track width (WTW), wear track depth (WTD), and area and their corresponding standard deviations (r) for the lubricants in steel-steel
contacts.

Lubricant m r WTW/lm r/lm WTD/lm r/lm Area/102lm2 r/102lm2

TOTM 0.1245 0.0033 316.9 5.9 4.25 0.37 6.06 0.60
+ 0.010 wt% Fe3O4-OA 0.1003 0.0041 264.2 5.7 2.48 0.20 3.89 0.46
+ 0.015 wt% Fe3O4-OA 0.1116 0.0021 277.6 7.3 2.88 0.21 4.19 0.50
+ 0.020 wt% Fe3O4-OA 0.1115 0.0012 291.3 4.1 2.84 0.20 4.54 0.38
+ 0.025 wt% Fe3O4-OA 0.0979 0.0032 314.9 5.4 2.69 0.25 4.12 0.29

Table 3
Average friction coefficients (l), wear track width (WTW), wear track depth (WTD), and area and their corresponding standard deviations (r) for the lubricants in silicon nitride-
steel contacts.

Lubricant m r WTW/lm r/lm WTD/lm r/lm Area/102lm2 r/102lm2

TOTM 0.1302 0.0020 344.1 2.8 1.98 0.23 4.04 0.51
+ 0.010 wt% Fe3O4-OA 0.0743 0.0055 304.9 3.2 2.55 0.27 4.90 0.48
+ 0.015 wt% Fe3O4-OA 0.0963 0.0015 307.7 5.8 2.30 0.15 4.79 0.43
+ 0.020 wt% Fe3O4-OA 0.1009 0.0036 299.1 4.0 1.82 0.22 3.60 0.32
+ 0.025 wt% Fe3O4-OA 0.0883 0.0044 298.8 2.3 2.22 0.21 3.81 0.35
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293.15 K and 5 s dwell time. This difference may be due to the dif-
ferent composition of the two steel substrates and their different
surface roughness, 20 nm and 10 nm, respectively.

3.3. Tribological results

Mean coefficients of friction (l) for TOTM base oil and for the
designed TOTM nanolubricants between steel-steel and silicon
nitride-steel tribological contacts are displayed in Fig. 7 and
Fig. 8, respectively. It is worth mentioning that the silicon
nitride-steel contact has a slightly higher friction coefficient
(0.1302) than the steel-steel contact (0.1245) when lubricated with
TOTM under the same conditions (Tables 2 and 3). The friction
coefficient decreases for all nanolubricants compared to those of
the neat TOTM oil, especially in the case of silicon nitride-steel
contacts (Fig. 8). In particular, for steel-steel contacts the best
anti-friction enhancement is obtained with the nanolubricant
TOTM + 0.025 wt% F3O4-OA, showing a friction coefficient of
0.0979 against 0.1245 reached with the neat TOTM (Table 2).
Therefore, this result translates into a 21% reduction in the friction
produced by the neat TOTM. Regarding the silicon nitride-steel
contacts, greater friction reductions were achieved, specifically
the best friction improvement was found for the TOTM + 0.010 w
t% F3O4-OA nanolubricant with a 43% reduction.

Regarding the wear produced on the steel discs in the friction
experimental tests, Figs. 7 and 9a evidence that worn tracks lubri-
cated with all the designed Fe3O4-OA nanolubricants are smaller
than those found when the discs are lubricated with the neat
TOTM oil for steel-steel contact. Besides, Table 3 confirms how
the wear obtained in nanolubricant tests is much lower than that
achieved with base oil for all the parameters analysed (WTW,
WTD as well as area), especially for the last two, indicating this fact
that nanoparticles have optimal anti-wear properties. Therefore,
the greatest reductions of 17% in WTW, 42% in WTD and 36% in
transversal area have been found for the TOTM + 0.010 wt%
Fe3O4-OA nanolubricant. On the other hand, for silicon nitride-
steel contacts, improvements in WTW produced in the steel discs
have also been observed using all the nanolubricants compared
to that obtained with TOTM oil. However, in this case there are
not enhancements in the depth and wear area parameters using
some nanolubricants as the differences are within the standard
deviation of the measurements (Table 3). The largest reductions
of 13% in WTW, 8% in WTD and 11% in area have been found for
the TOTM + 0.020 wt% Fe3O4-OA nanolubricant. The 3D profiles
7

of the wear tracks on the steel discs obtained lubricating the differ-
ent contacts with the ferrite-based nanolubricants compared to
that corresponding to TOTM clearly show that some nanolubri-
cants reduce strongly the wear especially for the TOTM + 0.010 w
t% Fe3O4-OA nanolubricant in steel-steel contact. It is worth noting
that no clear trends have been observed between the tribological
performance of nanolubricants and their nanoadditive content.
This can be explained by the fact that the when the nanoparticle
concentration is too high, nanoparticles tend to agglomerate [39].
Aggregation can explain the lower efficiency of nanolubricants
with higher concentration of nanoparticles, since prevents parti-
cles from entering the contact area of working surfaces, and leads
to unstable tribological performance [40].

Roughness (Ra) inside the worn track surfaces was also investi-
gated to examine the anti-wear properties of the nanolubricants.
Table 4 shows that the worn tracks of the steel discs lubricated
with each of tested nanolubricants have lower roughness than
those lubricated with neat TOTM for steel-steel and silicon
nitride-steel contacts. In particular, Ra values of 420 nm and
89.5 nm were found in TOTM worn scars (steel-steel and silicon
nitride-steel tests) whereas for the scars lubricated with TOTM +
0.010 wt% Fe3O4-OA (steel-steel) and with TOTM + 0.020 wt%
Fe3O4-OA (silicon nitride-steel) nanolubricants the smallest Ra val-
ues (200 and 44 nm, respectively) were reached, which implies
reductions in roughness of up to 52% and 51%. From Table 4 and
Fig. 9, it can be clearly seen that when the upper sample is silicon
nitride, the roughness of the worn surfaces is much lower. This fact
may be due to the fact that silicon nitride balls are much harder
than steel balls, and therefore exert a greater polishing effect on
worn surfaces. Besides, silicon nitride balls produce slightly wider
and shallower worn scars than steel balls.

Finally, to complete the wear analysis, a Raman mapping was
carried out to obtain more information that allows discussing the
possible anti-wear mechanisms of the nanoparticles that explain
the improved behaviour of these nanolubricants. Fig. 10. shows
the Raman mapping with the distribution of the nanoparticles
within the wear scar of the steel discs used in the steel-steel and
silicon nitride-steel tests with the TOTM + 0.025 wt% Fe3O4-OA
lubricant. The corresponding spectra of the different compounds
(TOTM, carbon and Fe3O4) detected are also plotted in Fig. 10.
Raman spectrum of the TOTM (Fig. 2) allows to identify the charac-
teristic peaks of the oil that have been found (orange colour) in the
worn tracks lubricated with 0.025 wt% Fe3O4-OA nanolubricant for
both contacts (Fig. 10). The same occurs with the ferrite nanopar-



Fig. 9. 3D surface topography and cross section profiles of wear tracks produced on the steel discs for TOTM nanolubricants in a) steel-steel contact and b) silicon nitride-steel
contact.

Table 4
Roughness values (Ra), and their standard deviations (r) in worn scars on the steel discs lubricated with TOTM nanolubricants and neat TOTM for steel-steel and silicon nitride-
steel contacts employing a Gaussian filter (0.08 mm cut-off).

Steel-Steel Silicon nitride-Steel

Lubricant Ra/nm r Ra/nm r

TOTM base oil 420 41 89.5 8.2
+ 0.010 wt% Fe3O4-OA 200 28 88.7 9.6
+ 0.015 wt% Fe3O4-OA 320 30 81.4 7.5
+ 0.020 wt% Fe3O4-OA 220 19 44.1 4.7
+ 0.025 wt% Fe3O4-OA 400 31 56.7 6.2
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Fig. 10. Raman component mapping analysis of the wear scar of the steel disc produced at the contact a) steel-steel and b) silicon nitride-steel lubricated with
TOTM + 0.025 wt% Fe3O4-OA.
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ticles, Raman spectrum of Fe3O4-OA [20] shows the characteristic
bands around 220, 290, 400 and 1300 cm�1, which were also
clearly detected (green colour) on the wear tracks in Fig. 10. In
the case of steel-steel contact, an abundant deposit of TOTM and
ferrite nanoparticles is observed, homogeneously distributed along
the worn area of the steel disc (Fig. 10a). The grooves produced
during the friction tests are clearly visible in the sliding direction
along which a build-up of a tribofilm of TOTM lubricant can be
seen. Raman mapping performed for the wear track generated at
the steel surface of the silicon nitride-steel contact, again lubri-
cated with the highest concentration of nanoadditive (0.025 wt
%), shows that ferrite nanoparticles are also lodged along the wear
track in the sliding direction but this time the base oil is observed
to be spread over almost the entire surface (Fig. 10b). Hence, tri-
bofilms formation is evidenced with the nanoadditive detection
(green colour) in both tribo-pairs. However, despite these tri-
bofilms are detected, it should be considered, as mentioned above,
that in nanolubricants with high concentrations of nanoadditives,
aggregation of the particles often occurs [39]. This phenomenon
reduces the number of particles remaining in the contact area of
the working surfaces, as the aggregates are expelled, reducing
the effectiveness of the tribofilm formation [40]. In addition, some
carbon flecks generated during friction tests within the wear track
are unmistakably visible (yellow colour) in the steel disc of the sil-
icon nitride-steel contact.

Taking into consideration that the worn surfaces after friction
tests with Fe3O4-OA NPs nanolubricants are smoother than with
TOTM (Table 4), and that the corresponding Raman analyses reveal
the formation of tribofilms on the contact surface formed by the
9

lubricant and the nanoadditive, it can be assumed that the
improved lubricity of the base oil is due to the surface repair mech-
anisms and tribofilm formation played by the Fe3O4-OA NPs.
4. Concluding remarks

In this research work, the optimal loading of magnetic Fe3O4

nanoparticles coated with oleic acid in a pure TOTM lubricant
was investigated to improve its tribological performance for two
tribo-pairs of different material. Based on the experimental results
obtained, the following conclusions can be drawn:

– The wetting ability of TOTM oil on a steel surface is improved
adding Fe3O4-OA nanoadditives.

– All nanolubricants showed better anti-friction behaviour than
the base oil, being the highest friction reduction (43%) for the
for TOTM + 0.010 wt% F3O4-OA nanolubricant for the silicon
nitride-steel contact.

– Regarding the produced wear, biggest reductions of 17% in
WTW, 42% in WTD and 36% in area were reached with the
TOTM + 0.010 wt% Fe3O4-OA nanolubricant for the steel-steel
contact.

– Comparing different tribological contacts, the lowest friction
coefficient was obtained in the silicon nitride-steel test, while
a higher wear reduction was found in the steel-steel test.

– Roughness and Raman analyses revealed that the nanoadditives
play surface repairing and tribofilm formation mechanisms.
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