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Abstract

The magnetite (Fe,O,) particles that have been coated using tetraethyl orthosilicate (TEOS) as silica precursors were used as the
additive in the lubricant. The effects of silica-coated magnetite additive on the thermal properties of ferro-lubricant and reducing
the friction on a steel plate have been investigated. The characterizations were conducted at both conditions: with and without the
addition of Fe,O, particles. The characterization using TEM proposed that the average particle size of the silica-coated magnetite
particles is 150 nm. The TGA/DSC curves of the silica-coated magnetite particles suggested a gradual weight loss obtained as the
temperature increased. The endothermic peak was obtained at ~37 and 50 °C. The silica-coated magnetite particles' additive increases
both the density and viscosity of 0.84 g/cm?and 134.29 cSt. The silica-coated magnetite particles additive in the lubricant enhances the
thermal conductivity and specific heat of 0.151 W/m.K and 1600 J/kg.K. Ferro-lubricant reduces the friction coefficient up to 0.02 (static)
and 0.005 (dynamic). The wear resistance of the plate could be improved as analyzed using an optical microscope. These results

demonstrate a promising application of the silica-coated magnetite particles as an additive in the lubricant. Therefore improving wear

resistance and cooling during the friction process.
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1 Introduction

In the engine, the friction between two moving parts
(e.g., gears and piston) could not be eliminated as part of
their primary function and only can be reduced to a certain
level [1-4]. The friction could also cause heat and damage
to the components. Thus, the manufacturer or industry
has to spend high maintenance costs to replace the com-
ponents that contribute to the overall energy losses [1-4].
An effective lubrication system plays an essential role in
mechanical equipment due to the high mechanical failure
caused by friction and wears [5, 6]. Lubrication is widely
employed to improve the efficiency of energy utilization
and mechanical durability [7-10]. Lubricants are mainly
composed of mineral-based oils containing saturated
hydrocarbon polymers and compounds (e.g., sulfur and
phosphorus). The friction occurred on the moving parts
of the machine component can be reduced using lubri-
cants. It could create additional layers between the parts.

Lubricants could also act as a coolant to remove the heat
due to the friction on the moving parts. The development
of a new type of lubricant is required to improve the per-
formance of the lubricants. It is also utilized to reduce fric-
tion and enhance the wear resistance of the material used
as machine components and act as a cooling media. One of
the current breakthroughs and proposed by many research-
ers is using the additive of material particles with nanome-
ter size. Nanoparticles of materials have the characteris-
tics of small size, large specific surface area, and durable
surface activity that can significantly improve the lubrica-
tion performance. The utilization of material additives in
nanoparticle size in lubricant presents many advantages.
The additives are relatively insensitive to temperature,
and tribo-chemical reactions are limited [11]. Another
advantage of material additives is the ability to change
its solubility under the effect of surface modification [12].
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Many studies reported that lubricants that used additive
effectively decrease the wear and friction caused by high
pressures and temperatures [13—17]. However, the reduc-
tion depends on various factors, including the compatibil-
ity with the base lubricant. Other factors are particle size,
morphologies, and the volume fraction between the parti-
cles additive and the base lubricant.

Qu et al. [18] analyzed polytetrafluoroethylene (PTFE)
particles that have been filled with SiO, nanoparticles and
dispersed in the lubricant. The authors suggested that the
friction coefficient is reduced at 0.6 % additive concen-
tration from 0.1 to 0.8. On the other hand, the wear scar
diameter decreased from 0.65 to 0.55 mm at similar parti-
cles' concentration. Wu et al. [19] investigated the friction
coefficient and wear scar diameter in the lubricant that
used 4 % of TiO, nano-additive. The authors found that
the friction coefficient and the wear scar diameter can be
minimized from 0.5 to 0.2 and 1000 to 750 um by using
the TiO, nanoparticles as the lubricant additive. Current
studies in 2020 by Ren et al. [20] evaluated three differ-
ent types of ZnO@graphene core-shell nanocomposite
additives: prism, sheet, and rod. Based on their analy-
sis, the ZnO additive could lower the friction coefficient
from 0.12 (base oil without additive) to 0.05 (sheet-like
Zn0). The wear scar diameter could be decreased from
1 to 0.6 mm at 0.5 % additive concentration. Another
recent investigation by Wang et al. [21] suggested using
Ag/Graphene nanocomposite as a lubricant's additive.
The authors used four additive percentages: 0.05, 0.1, 0.15,
and 0.2 wt%. The friction coefficient and the wear surface
diameter can be minimized from 0.11 to 0.08 (0.05 wt%),
and from 0.76 to 0.545 mm, respectively.

Magnetite (Fe,0,) particles can be used in different appli-
cations [22, 23]; however, the use of magnetite (Fe,0,) par-
ticles as the additive in the lubricant is limited. Only several
researchers that focused on magnetite, such as conducted
by Zhou et al. [24], Xiang et al. [25] and Xu et al. [26].
Zhou et al. [24] examined the friction coefficient and wear
on carbon steel that has been lubricated using lubricant and
Fe,O, particles (10 nm) as the additive. Oleic acid was used
to modify the surface of the particle to be easily dispersed in
the lubricant. The friction coefficient could be reduced from
0.2 to 0.15 by adding 2 g of Fe,O, into the 11 of lubricant.
On the other hand, wear-loss-volume decreased to 64.7 %.
Another researcher that used Fe,O, particles as the addi-
tive in the lubricant is Xiang et al. [25], where nanoflakes
(~80—-100 nm) were utilized. Their results suggested that by
using 1.5 % of Fe,O, nanoflakes, the friction coefficient can
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be decreased from 0.095 to 0.075, and the wear scar diameter
can be reduced from 0.9 to 0.8 mm. Xu et al. [26] also inves-
tigated the use of Fe,O, spheres (~400-500 nm) as the addi-
tive in the lubricant. MoS, was used as a coating material to
improve the particles’ wettability in the lubricant. Based on
their investigation, by adding 1 wt% of Fe,O,, the friction
coefficient can be reduced from 0.16 to 0.10.

Summarizing the research that used particles additive in
the lubricant, the authors found several problems that need
improvements. The problems are the stability of the parti-
cles in the lubricant and modification of the lubricant proper-
ties. The magnetite particles' surface needs a modification to
enhance the dispersion stability of the ferro-lubricant. It also
could be used to improve the thermal properties related to
friction and wear reduction and its cooling capability.

One of the novelties proposed in this research is the use
of tetraethyl orthosilicate (TEOS) with a low concentra-
tion of 1.2 ml as silica precursors. TEOS was used to coat
and modify the surface of the magnetite (Fe,O,) particles
into oleophilic. The silica-coated magnetite was then used
as the additive in the lubricant without a sonication pro-
cess. On the other hand, previous investigators have used
oleic acid or sodium molybdate, and polyvinylpyrrolidone
as the media for modifying the magnetite particles sur-
face, and a sonication process was used in the lubricant
synthesis. The thermal properties (e.g., thermal conduc-
tivity and specific heat) of the ferro-lubricant that used
magnetite (Fe,O,) particles as the additive also have never
been investigated by previous researcher. These thermal
properties measurement of ferro-lubricant is the second
novelty proposed in this research. The synthesis process
of ferro-lubricant that used magnetite particles as the addi-
tive is simple, low cost, and could be conducted quickly,
and only a small additive is used.

2 Materials and methods

The solution that contains 60 ml of distilled water, 240 ml
of ethanol, and 7.5 ml of ammonia (18 %) were mixed.
Then, tetracthyl orthosilicate (TEOS) as silica precursors
(1.2 ml) was added into the solution, followed by an addi-
tional 0.3 g of magnetite (Fe,O,) particles to obtain the
silica-coated particles. The solution was stirred using a
magnetic stirrer for 6 hours at 45 °C to produce a homo-
geneous solution. The precipitate was collected from the
solution, separated using a permanent magnet bar, and
washed several times by distilled water. The precipi-
tate was dried in the oven overnight at 60 °C, and the
material was ground by using hand mortar to obtain
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the magnetite powders. Furthermore, 0.1 g of magnetite
particles that have been coated using silica (TEOS) was
added into 100 ml of lubricant as the additive (volume
fraction of 0.02 %). The ferro-lubricant was further ana-
lyzed using several measurements and characterizations.
Transmission Electron Microscopy (TEM, Tecnai G2 S20
twin) was used to analyze the magnetite particle size and
distribution. The magnetite particles' thermal behaviour at
two different conditions: with and without silica (TEOS)
coating, were characterized using Thermogravimetric
analysis/Differential Scanning Calorimetry (TGA/DSC,
Linseis, STA PT 1600). The densities of ferro-lubricant
were measured using Pycnometer, and the viscosity anal-
yses were performed based on ASTM D 3524 and D 445.
On the other hand, the thermal conductivity and specific
heat of the ferro-lubricant were measured using C-Therm,
TCi thermal conductivity analyzer. The friction coeffi-
cients of ferro-lubricant with and without silica (TEOS)
coating were examined using ATS-MAN-1008-IT-VAR
at a pull speed of 150 mm/minute (ASTM D 1894).
The plates' images after the friction test were analyzed
using Keyence MD 2800 X digital optical microscope to
investigate the wear caused by the friction.

3 Results and discussions

TEM images and particles size distribution of both
uncoated and silica-coated magnetite (Fe,O,) particles are
presented in Fig. 1. The results suggested that the particles
coated using silica (TEOS) have a larger average diameter
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Fig. 1. a) TEM image of uncoated magnetite particles; b) Histogram
of uncoated magnetite particles size; ¢c) TEM image of silica-coated

magnetite particles; d) Histogram of silica-coated magnetite particles size.

of 150 nm than the uncoated particles with an average
size of 120 nm. Thus, silica layers have been successfully
coated on the surface of the magnetite particles. The coat-
ing layer of silica, which has an oleophilic characteristic,
is essential for the particles to be easily dispersed in the
lubricant and improve stability [27-29]. The silica layer
can also reduce the agglomeration and clustering of par-
ticles due to Van der Waals and magnetic forces between
particles that affect the sedimentation of the particles and
viscosity of ferro-lubricant [30, 31].

Fig. 2 presents the TGA and DSC curves of the
uncoated magnetite (Fe,0,) and the magnetite particles
that have been coated using silica (TEOS) at a tempera-
ture range from room temperature to 65 °C. In general,
both magnetite samples (uncoated and silica-coated) lead
to similar behavior. The material demonstrated a gradual
slightly weight loss due to the evaporation of physisorbed
water or the surface hydroxyl group's degradation at rela-
tively low temperatures [31-33]. This result corresponds
to previous research; a temperature range of 30—150 °C
is the characteristic of loss of residual water and other
contaminations [34]. However, the magnetite particles
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Fig. 2 TGA/DSC curves; a) Uncoated magnetite particles;
b) Silica-coated magnetite particles.



with silica-coated indicate higher mass changes (-0.135 %
at 65 °C) than the uncoated magnetite particles. This
higher mass occurs due to the decomposition of the sur-
factant (TEOS) on the magnetite surface when the tem-
perature increases [35]. Correspondingly, the DSC curves
show two endothermic peaks at ~37 and 50 °C, indicat-
ing that the maximum heat was absorbed into the sam-
ple. The endothermic peaks are related to the phase transi-
tion, reduction, and most decomposition reactions. In the
curves, endothermic peaks correspond to weight loss from
-0.016 and -0.106 % for the uncoated magnetite particles
to -0.057 and -0.135 % for the silica-coated magnetite par-
ticles. This result has a good agreement with the previ-
ous research conducted by Lesiak et al. [34]. According to
TGA/DSC results, the samples could be heated at a tem-
perature of 60 °C to evaporate the water excess and not
need further temperature treatment to avoid magnetite
transformation into another phase.

The synthesized ferro-lubricant and the density of fer-
ro-lubricant as a function of particle addition variation are
shown in Fig. 3. The density of 0.84 g/cm? is obtained at 0.3
g of magnetite particles that have been coated using 1.2 ml
of TEOS that acts as the silica precursors. Then the particles
(0.1 g) were immersed in 100 ml of lubricant. The TEOS
and particles addition in the lubricant was chosen because
showing better liquid stability as analyzed in our previous
investigation [36]. Based on the graph, the increase of the
silica-coated magnetite particles (0.1 to 0.4 g) used as the
additive could enhance the density of ferro-lubricant from
0.84 to 0.88 g/cm?. A similar trend was also observed by
Syam Sundar et al. [37] when the volume concentration
was increased in the magnetite-water nanofluid.

Viscosity is another critical factor of thermophysical
properties, representing the internal resistance of fluid
flow [38], and viscosity correlates with temperature [39].
Ferro-lubricant’s viscosity analysis and its comparison
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Fig. 3 a) Ferro-lubricant that have been synthesized in the laboratory; b)
Density of ferro-lubricant as a function of particles addition variation.
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to the commercial lubricant at 40 °C are shown in Fig. 4.
The addition of silica-coated magnetite (Fe,0,) particles
in the lubricant increases the viscosity. The addition of
magnetite particles affects the intermolecular forces and
increases the contact between the base fluid and parti-
cles. Therefore increases the fluid resistance, which cor-
related to the improvement in viscosity. Another rea-
son may be due to the increase in the molecular forces
between particles (Newtonian behavior), enhancing the
formation of particles clustered. Consequently, the resis-
tance against particle motion is created between the
fluid layers [40]. A similar trend was also observed by
Asadi et al. 2016 [41], where viscosity improvement of up
to 125 cSt was obtained by adding 0.25 % of MWCNT/
MgO particles that has been measured at 40 °C. On the
other hand, Chen et al. [42] proposed that by adding mag-
netite particles into the silicon oil, the viscosity enhanced
up to 55 cSt at the temperature measurement of 40 °C.
The thermal conductivity of both commercial lubricant
and ferro-lubricant used silica-coated magnetite particles
as the additive are shown in Fig. 5. Based on the graph,
it can be concluded that the ferro-lubricant shows a higher
thermal conductivity value compared to the commercial
lubricant. This result proposed that the silica-coated mag-
netite particles additive in the lubricant could improve the
overall thermal conductivity that could affect its cooling
capability. Random movements caused by the Brownian
motion of the silica-coated magnetite particles in the fer-
ro-lubricant as the base fluid create a micro-convection and
enhance its thermal conductivity [43]. An extended con-
ductive path for the heat as a result of particles clustering in
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Fig. 4 Comparison of viscosity of ferro-lubricant and

commercial lubricant.
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Fig. 5 Comparison of thermal conductivity of ferro-lubricant and

commercial lubricant.

the ferro-lubricant could also improve the thermal conduc-
tivity value [43, 44]. A comparison of thermal conductiv-
ity enhancement (from 0.135 to 0.138 W/m.K) at a volume
fraction of 0.02 % was also proposed by Dinesh et al. [45],
ZnO was used as the additive in engine oil. Another result
from Yang et al. 2019 [46] also confirmed that the addi-
tion of ZnO nanoparticle additive in engine oil at a volume
fraction of 0.25 % could improve the thermal conductiv-
ity. The values were 0.139 to 0.140 W/m.K that have been
measured at ambient temperature. This current investiga-
tion suggested that ferro-lubricant that used silica-coated
magnetite (Fe,O,) particles additive has better thermal
conductivity value. The measurements were conducted at
ambient temperature and at a volume fraction of 0.02 %.
The finding from this current and previous experimental
investigations confirmed the benefit of the particles addi-
tive. The additive could be used as a medium to increase
the wear resistance and reduce the friction coefficient.
Lubricant with particles additive, particularly magnetite,
could also be used as a coolant to reduce the heat between
the moving parts and engine.

Another thermal property that is an essential factor in
the ferro-lubricant to absorb the heat on the moving parts
is specific heat. This property ensures that the ferro-lubri-
cant could store and carry the heat due to the moving parts’
friction. Thus, besides being used to reduce friction and
enhancing wear resistance, the ferro-lubricant also acts as
the coolant for removing the heat efficiently on the mov-
ing parts. The comparison of specific heat in both commer-
cial and ferro-lubricant are shown in Fig. 6. Based on the
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Fig. 6 Comparison of specific heat of ferro-lubricant

and commercial lubricant.

graph, the addition of silica-coated magnetite particles in
the lubricant improved the specific heat of the ferro-lubri-
cant. The value enhances from 1586 to 1600 J/kg.K at a vol-
ume fraction of 0.02 % measured at ambient temperature.
The previous result investigated by Lin et al. 2018 [47],
where AL O, with a volume fraction of 6 %, could enhance
the specific heat up to 1800 J/kg.K. The author utilizes the
nanofluid to be used as the chiller lubricant. Another study
by Wrenick et al. 2005 [48] suggested that the specific heat
of 2050 J/kg.K in the engine oil without particle additive
was obtained (measured at ambient temperature).

The friction coefficient at two different steel plates
lubricated using the commercial lubricant and the fer-
ro-lubricant in both dynamic and static are shown in
Fig. 7. The results show that the ferro-lubricant used sil-
ica-coated magnetite particle as the additive on the plate
reduces the friction in both static and dynamic conditions.
Previous research conducted by Wu et al. suggested a
similar behavior where the additive of particles in lubri-
cant could reduce the friction coefficient [49]. However,
the friction and wear resistance on a surface that used fer-
ro-lubricant as the lubrication media depend on the par-
ticle size and concentration (volume fraction) used as its
additive [50, 51]. The particles additive in the ferro-lubri-
cant could modify the sliding friction in higher contact
pressure on the moving parts into rolling friction that is
usually is found in lower contact pressure. The friction
characteristic change affects the wear resistance and fric-
tion coefficient due to tribo-film and interfacial interac-
tion [52-54]. The silica-coated magnetite particles used as
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the additive in the ferro-lubricant with magnetic behavior
could also reduce the direct contact between the moving
parts that decrease the friction [26, 55].

Figs. 8, 9, and 10 presented the comparison of two steel
plates that have been analyzed using an optical micro-
scope at two different lubrications: commercial and fer-
ro-lubricant. The images confirmed that the silica-coated
magnetite particles as lubricant additive increase the wear
resistance and reduce wear on the plate sample due to the
friction. The nanoparticles additive (smaller than the sur-
face roughness) could fill the scars and groves and eas-
ily penetrate the contact interface. The additive could
improve the separation and reduce its surface roughness
with a tribo-film layer that could occur [52, 53]. Another

e
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advantage of particles' utilization in the lubricant is the
particles could reduce the moving parts'pressure. It could
decrease the adhesion force and increase the separation
that affects the overall friction coefficient [56].

4 Conclusions

The effects of silica-coated magnetite (Fe,0,) particles as
an additive in lubricant for improving the thermal prop-
erties of lubricant and its effect on reducing the friction
on a steel plate have been investigated. The TEM image
confirmed that the magnetite particles had been success-
fully coated using silica (TEOS) to increase its wettability
and stability in the ferro-lubricant. TGA/DSC curves of
both magnetite particles (with and without the silica coat-
ing) suggested a weight loss. The endothermic peak was
obtained as the temperature increased. The results con-
firmed that the silica-coated magnetite particles’ addi-
tive increases the density, viscosity, thermal conductivity,
and specific heat of ferro-lubricant. Ferro-lubricant could
reduce the friction coefficient and improve the wear resis-
tance of a steel plate that has been lubricated compared
to the commercial lubricant. The additive of silica-coated
magnetite particles in lubricant has potential applications
in industrial and automotive applications in both tribology
and cooling aspects.
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