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Hairy nanoparticles, which graft organic chains on nanoparticles, have led to a wide variety of advanced materials and have been
applied in many fields over the past two decades. In this paper, effects of nanoparticle size and organic chain on the tribological
properties of amino functionalized hairy silica nanoparticles (HSNs) were investigated. Silica nanoparticles with different sizes and
amino group organic chains were synthesized and dispersed into polyalphaolefin (PAO) via a modified process. The synthesized
HSNs were characterized by variety of methods. The tribology properties of those HSNs were investigated using a four-ball
tribometer. The coefficient of friction and wear scar diameter were measured and analyzed. It was found that the HSNs could
form a stable homogeneous solution with PAO. The tribological performance of the PAO 100 was enhanced dramatically by adding
the HSNs. The data suggested that HSNs with larger size, longer organic chains, and more amino groups gave better antiwear and
friction reduction properties than other nanoparticles.

1. Introduction
During the past three decades, increasingly efforts were
devoted to the study of organic-inorganic nanoparticles, and
those nanoparticles were explored for numerous fields of
applications such as optical [1], medical [2], biological [3], and
rheological field [4] due to their unique advance properties.
Among these properties of organic-inorganic nanoparticles,
their antiwear and friction reduction properties are those of
highest interest. By covering organic chains on the surface
of inorganic nanoparticles, the dispersity and stability of
inorganic nanoparticles in organic solvent would increase
significantly, especially in lubricants. Varieties of nanoparticles, such as TiO2 [5, 6], CuO [7, 8], ZnO [9], Fe3 O4 [10], Sn
[11], and WS2 [12], were added to lubricants as additives and
those nanoparticles exhibit good tribological performances.
Among these nanoparticles, silica nanoparticles are particularly attractive because of their good environmental compatibility, low cost, and excellent tribological performance.
Silica nanoparticles were modified with variety of ligands
[13–17], and amino functionalized silica nanoparticles were
one of the best hairy silica nanoparticles to be applied in

tribology field due to their special properties: silanes with
primary amino functional groups show good compatibility
with organic solvents [18, 19], form amine-metal bonds with
metallic substrates [20], and provide reactive groups which
could be further functionalized by chemicals [21–23]. Those
properties make the amino silane interesting and promising
modifier which could improve the tribological property of
silica nanoparticles and enhance their stability in lubricants
[18]. Amino functionalized silica nanoparticles with different chain lengths and amino group numbers were studied
with their tribological properties. However, limited research
focused on the effect of chain length and amino group
number on the tribological properties of silica nanoparticles.
Silica nanoparticles with diameters of 12 nm [24, 25], 20 nm
[18, 26], 40 nm [19], and 92 nm [27] were reported to exhibit
good antiwear and friction reduction properties when adding
to lubricants or filling in composites. However, no research
focused on the effect of nanoscale (<100 nm) particle size
on the tribological properties of silica nanoparticles, and
the influence of particle size on the antiwear and friction
reduction performance remains unclear.
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Figure 1: Synthesis and dispersion of HSNs. (a) USNs dispersed in ethanol. (b) HSNs dispersed in ethanol. (c) HSNs dispersed in toluene.
(d) HSNs dispersed in PAO.

Keeping in view previous work reviewed above, silica
nanoparticles with wide range of diameters were tested
with their tribological performances [18, 19, 24–27]; those
nanoparticles show good antiwear and friction reduction
properties when adding to lubricant, but no work studied the
influence of nanoscale particle size (<100 nm) on the tribological properties of HSNs. Some papers studied the tribological properties of amino functionalized nanomaterials [18, 21–
23, 25], but no work focused on the effect of chain length
and amino functional group on the tribological performance
of silica nanoparticles as lubricant additives. The influences
of amino functionalized organic chain and nanoparticle size
on the tribological performance of HSNs are valuable to be
studied for further understanding the antiwear and friction
reduction properties of HSNs as lubricant additives.
In this paper, HSNs with different sizes and amino organic
chains were synthesized based on Stöber method [19, 28] and
characterized by various methods such as SEM, FTIR, and
TGA. Those nanoparticles were dispersed in polyalphaolefin
(PAO) 100 lubricants with different concentration. The HSNsPAO 100 lubricants were tested using a four-ball tribometer.
The optimal particle size, concentration, and amino organic
chain for silica nanoparticles were investigated. Based on
the test result, the antifriction mechanisms of HSNs were
discussed.

2. Experimental Section
2.1. Preparation of HSNs. Figure 1 shows a schematic diagram
of preparation process of PAO-HSNs lubricant, including
four main steps as preparation of USNs, surface modification
of USNs, solvent transfer of HSNs, and dispersion of HSNs in
lubricant.
USNs were prepared using Stöber method. The tetraethyl
orthosilicate (TEOS) was added to the mixture of ethanol,

water, and aqueous ammonia and the resulting mixture
was gently stirred at 400 RPM at temperature of 40∘ C. In
this paper, three sizes of silica nanoparticles (20 nm, 50 nm,
and 100 nm) were prepared and further modified in the
experiment. Different sizes of nanoparticles were obtained
by varying the concentrations of water, aqueous ammonia,
and TEOS. For 100 nm silica nanoparticles, the mixture
of ethanol, water, and aqueous ammonia was prepared by
adding 2 wt% of water and 5 wt% of aqueous ammonia
to ethanol. After the mixture was heated to 40∘ C, 5 wt%
TEOS was added to it by one time. After 3 hours, the
solution became slightly turbid and blue, which indicated the
formation of 100 nm USNs. For 50 nm silica nanoparticles,
the synthesis process was the same as that for 100 nm particles
while the concentration of aqueous ammonia was changed
to 3 wt%. For 20 nm silica nanoparticles, the concentrations
of ethanol, water, and aqueous ammonia were 2 wt%, 3 wt%,
and 5 wt%, the TEOS was divided into two aliquots, and
the second aliquot was added to the mixture after 3 hours
of the first aliquots. After the second aliquot was added,
the mixture was stirred at 400 RPM and heated for 3 hours.
As shown in Figure 1(a), the solution became clear and
slight blue after the reaction, which indicates that silica
nanoparticles were monodispersed with narrow size distribution.
The USNs synthesized above were further modified
by tethering organic silanes onto them. Three kinds of
amino functionalized silanes, (3-aminopropyl)trimethoxysilane (APS), [3-(2-aminoethyl amino)propyl]trimethoxysilane (AEAPS), and N1-(3-trimethoxysilylpropyl)diethylenetriamine (DETAS), were purchased from Sigma-Aldrich
Chemicals and used as received. Before the linking reaction,
the silica nanoparticles were purified by dialysis in ethanol
using a 10,000 MWCO snakeskin dialysis tube bought from
Thermo Scientific. Unreacted TEOS was removed after
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Figure 2: Molecular structures of (a) APS modified HSNs, (b) AEAPS modified HSNs, and (c) DETAS modified HSNs.

the purification and USNs solution was obtained. The silane
was then added to the USNs solution drop by drop with rapid
stirring at 600 RPM and gently stirred at 300 RPM for 12 h at
50∘ C. After the linking reaction, the silica nanoparticles were
dialyzed in ethanol using 10,000 MWCO snake skin dialysis
tube to remove the unlinked silane and impurities. The
HSNs-ethanol solution was obtained after the purification
process. As shown in Figure 1(b), the HSNs-ethanol solution
became white and cloudy, which suggested that nanoparticles
formed micelles in the ethanol solution. Figure 2 shows the
molecular structures of HSNs with different silanes. After
linking reaction, the covalent siloxane bridges were created
between siloxane and hydroxyl group on the surface of
the silica nanoparticle. The surface properties were changed
with the appearance of the organic chains on inorganic
nanoparticle surface, which make it possible to disperse
nanoparticles and form homogeneous solution in organic
solvent.
2.2. Preparation of HSNs-PAO Lubricants. To test the tribology performance of HSNs as lubricant additive, HSNs
were dispersed in PAO 100 purchased from Shanghai Fox
Chemical Technology. Before dispersing them into PAO,
silica nanoparticles were first transferred from ethanol to
toluene. Azeotropic distillation was applied in this process
in order to transfer silica nanoparticles from ethanol to
toluene while it kept nanoparticles dispersed in the whole
process without any aggregation. Toluene was added to
the HSNs-ethanol solution obtained above to form a 3/1
mixture of toluene and ethanol. The mixture was then kept
at 70∘ C to remove the ethanol. HSNs-toluene solution was
obtained after the ethanol was driven off. As shown in
Figure 1(c), HSNs-toluene solution was homogeneous with
excellent optical transparency, which suggested that the HSNs
were dispersed well in the solvent. The solution was then
added to PAO with fast stirring. After that, the mixture was
transferred to oven to remove the toluene. As shown in

Figure 1(d), HSNs formed homogeneous stable solution with
PAO 100.
In the preparation process of HSNs-PAO lubricants,
USNs were modified with silanes as soon as their synthesis
and purification process finished, which could reduce the
aggregation between silica nanoparticles. After the modification, the HSNs were purified by dialysis in ethanol,
transferred from ethanol to toluene by azeotropic distillation
and then dispersed into PAO lubricants. During the whole
preparation process, HSNs were kept dispersed in solvent
without aggregation and redispersion, which could help
enhancing the stability and dispersity of nanoparticles in
lubricants.
2.3. Characterization. A scanning electron microscope
(SEM) Hitachi SU8010 was used to characterize the
morphology of silica nanoparticles. Before the experiment,
silica nanoparticles were treated with sputter-gold to enhance
the conductivity. Surface areas of USNs were measured by
Brunauer-Emmett Teller (BET) method using Quadrasorb
SI and silica nanoparticles were pretreated under vacuum
condition at 150∘ C for 2 h before the BET test. HSNs were
examined by Fourier Transform Infrared Spectroscopy
(FTIR) performed on Nicolet IS10 with a spectra range of
400–4000 cm−1 . In order to characterize the organic content
and estimate the respective grafting density of the HSNs, a
thermogravimetric analysis (TGA) was employed using a
TA Q500 and heating at a rate of 10∘ C/min to 800∘ C under
nitrogen.
2.4. Tribological Properties of HSNs. The tribological properties of HSNs with different sizes and organic chains were
tested using a MRS-10 four-ball tribometer. The four ball test
is a typical method for tribological test. One steel ball rotates
against three steel ball under load and steel balls are immersed
in lubricant. The 12.7 mm diameter GCr15 steel bearing ball
(grade 4) was obtained from Shanghai Steel Ball Factory
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Figure 3: SEM micrograph of (a) 100 nm, (b) 50 nm, and (c) 20 nm silica nanoparticles.

3. Results and Discussion
3.1. Characterization. Silica nanoparticles with three different diameters were synthesized by Stöber method. The
100 nm, 50 nm, and 20 nm silica nanoparticles were shown
in Figures 3(a), 3(b), and 3(c), respectively. It can be seen
from the figure that silica nanoparticles prepared were pretty
round with narrow size distribution. The diameter of 100 nm
nanoparticles was ranging from 93 to 110 nm; for 50 nm
nanoparticles the diameter was at the range of 42∼52 nm
while for 20 nm one, the diameter was within 15∼22 nm. With
the increase of the diameter, both the size uniformity and
roundness became better.
BET method was employed to characterize the surface
area of USNs. Prior to the experiment, silica nanoparticles
were treated under vacuum at 150∘ C for 2 h and then
tested using high purity nitrogen gas. The surface areas of
100 nm, 50 nm, and 20 nm silica nanoparticles were 271 m2 /g,
416 m2 /g, and 547 m2 /g, respectively.
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390 N, rotating speed of 1450 r/min for 30 min. Tribological
tests for different HSNs-PAO lubricants were repeated three
times at the same condition. The coefficient of friction (COF)
was recorded during the test and the average of COF was
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by SEM and the wear scar diameter (WSD) was measured.
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Figure 4: Thermogravimetric analysis of HSNs.

The organic content of HSNs was measured using TGA
method. The result was shown in Figure 4. It can be seen
from the graph that all types of HSNs show the same features.
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Figure 5: The FTIR spectra of HSNs.

Weight loss was found in the beginning of the test because
of the evaporation of water remaining in the sample. After
a short plateau from 150 to 300∘ C, the weight of sample
then experienced a sharp decrease when temperature was
above 300∘ C, which was attributed to the degradation of
organic chains grafted on silica nanoparticles. The weight of
HSNs stayed stable after 600∘ C, indicating that the organic
part is fully degraded. As the melting temperature for SiO2
was 1650∘ C, the inorganic silica nanoparticle remains at
the end of the test. For 100 nm silica nanoparticles, the
organic content was around 11%, for 50 nm silica nanoparticles, the organic content was around 16%, and for 20 nm
silica nanoparticles, the organic content was about 20%.
Based on the testing result of TGA and BET, the grafting
density of the silica nanoparticle could be estimated as
1.1∼1.2 molecular/nm2 .
The FTIR spectra of HSNs with different organic chains
are shown in Figure 5; as can be seen from the graph,
all the three spectra of APS, AEAPS, and DETAS show
broadband at 1010–1100 cm−1 , which could be assigned to
Si-O-Si stretching vibration. The peak at 1629 cm−1 in the
spectra of DETAS and APS and 1625 cm−1 in the spectrum
of AEAPS corresponds to the N-H bending, while the N-H
stretching vibration appears at 3400 cm−1 . The peak which
appears at 2981 cm−1 in the spectrum of APS, 2980 cm−1 in
AEAPS, and 2978 cm−1 in DETAS is the characteristics of the
C-H stretching. These results indicate that the APS, AEAPS,
and DETAS silanes were grafted on the silica nanoparticle
surface successfully. It could also be found from the spectra
that the characteristic absorbance of N-H bending for DETAS
grafted silica nanoparticles is higher than the other two kinds
of silica nanoparticles while that of the APS grafted silica
nanoparticles is the lowest one. This agreed well with the
feature that the organic chains on DETAS modified HSNs
have three amino groups per ligand while APS only has
one.
Figure 6 shows the photograph of PAO 100 with USNs
((a) and (c)), PAO 100 with 1 wt% of 100 nm HSNs modified

3.2. Tribology Properties of HSNs. The COF and WSD of
20 nm, 50 nm, and 100 nm HSNs grafted with different
organic chains are shown in Figure 7. It could be shown
in Figure 7(a) that, for 20 nm silica nanoparticles, the best
concentration is 1 wt% and the AEAPT performs the best
in three organic chains, the lowest COF is 0.0645, and
lowest WSD is 452 𝜇m. For 50 nm silica nanoparticles, the
best concentration is around 1 wt%. DETAS modified silica
nanoparticles show the best friction reduction and antiwear
properties, the best COF is 0.0607, and the WSD is 301 𝜇m.
For 100 nm silica nanoparticles, 1 wt% DETAS modified silica
nanoparticles exhibited an optimum reduction in WSD and
COF, of which the best COF is 0.05692 and WSD is 305 𝜇m.
It could be found from the graph that the tribological
performance of HSNs generally becomes better with the
increase of nanoparticle size. DETAS modified HSNs have
overall better antiwear and friction reduction performance in
the three types of organic silanes.
It could be found from the histogram that the COF and
WSD experienced significant reduction when concentration
increased from 0.5 to 1 wt%. That may be due to insufficient
nanoparticles between two metal surfaces at low concentration, which lead to inefficient protect of metal surfaces. Meanwhile, when the concentration increased from 2 to 4 wt%,
the COF and WSD showed remarkable increment. This may
be caused by excessive nanoparticles at high concentration,
which result in congestion of nanoparticles and scratching the
metal surface (jamming effect).
Figure 8 shows the COF versus time of PAO 100 and PAO
100 with 100 nm HSNs. Typical COF curves of 100 nm HSNs
(the COF curve of different HSNs at their best concentration)
were chosen. It could be found from the figure that the COF
of PAO 100 is around 0.065 at the beginning and experiences
a short stable period after the test started. The COF then
increases drastically from 0.065 to about 0.09 around 500 s,
followed by rising with fluctuations to 0.11. For PAO with
1 wt% 100 nm DETAS modified HSNs, the COF starts at 0.06
and decreases to about 0.056 around 200 s and then remains
steady in the rest of the test. For AEAPS, the COF rises sharply
from 0.063 to 0.10 around 300 s and then drops slowly; at
the end of the test the COF is about 0.062. For APS, the
COF starts at 0.60 and then rises slowly with fluctuation;
at the end of the test, the COF reaches 0.08. It could be
found from the graph that, with the same diameter of silica
nanoparticles, DETAS modified nanoparticles perform the
best friction reduction properties which has lowest COF and
smoothest curve.
Figure 9 shows the COF versus time of PAO 100 and
HSNs-PAO with different diameters of DETAS modified
HSNs. Typical COF curve of DETAS modified HSNs (1 wt%
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Figure 6: Photograph of (a, c) PAO 100 with USNs and (b, d) PAO 100 with HSNs. PAO 100 with silica nanoparticles shown in (c) and (d)
were photographed after 2-month standing.

of DETAS modified 20 nm, 50 nm, and 100 nm HSNs) was
chosen. As can be seen from the graph, 100 nm and 50 nm
silica nanoparticles show the similar trend which remains
steady and slightly decreases during the whole test while
the COF of 50 nm HSNs is higher than the 100 nm for
about 0.05. The COF of 20 nm HSNs rises with fluctuation
and increases to 0.08 at the end of the test. It could be
found from the graph that, with the same modifier, 100 nm
HSNs perform the best tribological property while 20 nm
ones perform the worst, which met well with the findings
in Figure 7. It could be found from the experiment that
adding HSNs to the PAO 100 enhances the friction reduction
properties greatly which could optimally reduce the COF by
40%.
The antiwear and friction reduction mechanisms of
nanoparticles as additives in lubricant are shown in Figure 10.
When nanoparticles were taken into the contacting area
by lubricants, they would fill in the microgrooves on the
metal surface (mending effect) and polish the rough metal
surfaces (polishing effect). Both of them could reduce the
roughness of the surface, thereby reducing friction and
wear. Some nanoparticles interact with the metal surface
and form transfer films on it, which could protect the
surface and reduce the friction (protecting effect). For rolling
effect, nanoparticles are likely to support the metal surfaces and prevent them from contacting each other and
rolling between two metal surfaces like bearing ball in
bearing.
It could be found from the experiment result that, with
the increase of nanoparticle size, the WSD and COF overall
decrease. This may be due to the rolling effect and mending effect of nanoparticles. Silica nanoparticles with larger

diameter could support the metal surface and prevent the
contact more effectively than smaller ones. Meanwhile, with
better roundness, larger nanoparticles might roll better
between two surfaces and reduce the abrasive effect of the
nanoparticle. With the same concentration, larger nanoparticles might fill in the microgrooves more effectively than
smaller one, which would lead to better surface roughness
and reduce the friction and wear. DETAS modified HSNs
show overall better antiwear and friction reduction properties
than other two types of HSNs while APS type shows the worst,
which may be due to the organic chain length and amino
groups. Silica nanoparticles may aggregate by the hydrogen
bond between primary functional amino groups, which
would lead to bad dispersion and cause three-body abrasion.
With a longer organic chain, the DETAS grafted silica
nanoparticles could prevent the aggregation of nanoparticles
more effectively and keep the dispersity of nanoparticles.
Meanwhile, increasing numbers of the amino groups could
enhance the absorption of nanoparticles on the metal surface,
which could be attributed to the physical adsorption (the
chelation effect and polar adsorption of amino group) and
the chemical binding (the hemilability of amine-metal bond).
With more HSNs adsorbed on the metal surface, HSNs would
have more opportunities to interact with metal surfaces; as
a result, all of the four effects of nanoparticles mentioned
above (mending, polishing, rolling, and protecting effect)
would be enhanced. It should be noted here that the COF
curve of HSNs-PAO keeps slightly decreasing after it reaches
the steady state. This may be due to the polishing effect and
protecting effect of nanoparticles which improves the surface
roughness of steel balls in the beginning and forming of
transfer film when COF reaches steady state.
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Figure 7: COF and WSD of (a, b) 20 nm, (c, d) 50 nm, and (e, f) 100 nm HSNs-PAO lubricants.
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4. Conclusions
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In this study, HSNs with different size and organic chains were
synthesized and dispersed into PAO lubricant. The HSNs
were characterized by SEM, TEM, BET, FTIR, and TGA. The
result shows that organic chains were densely grafted on the
nanoparticles. Tribological properties of HSNs were tested
using a four-ball tribometer; the wear mechanism was analyzed. Using the four-step preparation method described in
this paper, silica nanoparticles grafted with amino-functional
organic chains could disperse in PAO 100 homogeneously
and remain stable for long time. After adding amino functionalized HSNs, the COF optimally reduces for 40% and
WSD reduces more than 60% comparing to pure PAO 100.
The COF and WSD increase with the increase of diameter;
silica nanoparticle with 100 nm diameter performs best in
the tribological test while 20 nm diameter silica nanoparticle
performs the worst, which could be attributed to the better
rolling effect that could support two-metal surface. HSNs
grafted with DETAS show the best antiwear and friction
reduction properties among the three-silane test in this paper,
which suggested that longer organic chains and more amino
group would enhance the tribological performance of HSNs
due to their better dispersion and adsorption on the metal
surface.
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