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Hairy nanoparticles, which combine inorganic nanoparticles and organic polymers, have led to a variety of applications due

to their special properties. In this paper, hairy silica nanoparticles (HSNs) with different functional groups were prepared
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and tested with their tribological properties as additives to polyalphaolefin (PAO). Unmodified silica nanoparticles were

synthesized by stober method and then modified by silanes with amino functional groups. The end groups of silica

nanoparticles were further functionalized by tethering different organic chains to the amino functionalized HSNs. HSNs-

PAO lubricants were prepared by a four-step process and tested with their tribological performances using a four-ball

tribometer. The coefficient of friction was recorded and the wear scar surfaces were examined by SEM and EDS. It was

found that HSNs could form stable homogenous solution when disperse in PAO and exhibited good anti-wear and friction

reduction properties. NH2 terminated HSNs exhibited the best tribological performance but more concentration sensitive

than other types of HSNs due to the hydrogen bond between amino groups. The long wear test result suggested that HSNs

with Polar functional groups accelerate the running-in process, which could be attributed to the adsorption of HSNs.

1. Introduction

Hairy nanoparticles, which the nanoparticles were covered
with organic coronas, are widely researched during the last
two decades. With the organic chains on the surface of
nanoparticles, the dispersion of nanoparticles in organic
solvents was greatly improved. Additionally, functional groups
on organic chains of hairy nanoparticles changed the
properties of nanoparticles and provided various possibilities
for applications of nanoparticles in various fields such as
electrical,1 medical,2 optical3 and mechanical fields.” As the
organic coronas could enhance the dispersity and stability of
nanoparticles in lubricants, the applications of hairy
nanoparticles in tribological fields is of special interest.
Different kinds of nanoparticles were investigated on their
tribological properties such as ZrOz,5 CaCO3,6 Ti02,7 AI2038 and
Carbon.>° Among those nanoparticles, hairy silica
nanoparticles (HSNs) were one of the best nanoparticles for
tribological applications as their environmental friendly and
economic efficient properties. Hairy silica nanoparticles were
prepared and investigated with their tribological properties. -
16 Although HSNs exhibited good anti-wear and friction
reduction performances, HSNs with different functional groups
show different tribological properties. Most researchers focus
on one type of functional groups when study the tribological
properties of HSNs. Thus, the effects of different functional
groups on the tribological properties of HSNs were still of great
necessity to be further investigated.

Silica nanoparticles with amino functional groups were
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investigated on their tribological performances as additives in
lubricants’*? and t:omposites.13 Those amino functionalized
nanoparticles exhibited good dispersity and stability when
filled into lubricants or composites, improved the tribological
performance of lubricants and enhanced the mechanical
properties. Amino functionalized thin film was also reported
on good friction reduction performance, amino ligands with
longer organic chains show lower friction coefficient due to
the densely packed organic chains.”’ Despite that amino
functionalized nanoparticles shows good tribological
properties, the interparticle aggregation limited its
applications. It was reported by R. Bagwe et al. that amino
functionalized nanoparticles aggregated due to nonspecific
bond between amino groups. Comparing with amino groups,
carboxyl functional groups could prevent the nanoparticle
agglomeration and enhance the stability of nanoparticles. 18
Beside good dispersity and stability, carboxyl groups were also
reported for good corrosion resistance and frictional durability
on metal evaporated tape.19 Non-polar functional groups such
as phenyl groups and long chain alkyl groups were also
investigated on their tribological performances. R. Jones et al.
reported that the phenyl groups could enhanced the life time
of self-assembled monolayer and reduced the friction by
forming a multicomponent film on the surface.”’ Y. Chen et al.
studied the tribological performance of phenyl modified
PTFE/Silica composite and found that the dielectric properties,
wear absorptions and tensile strength were enhanced.”* For
alkyl groups, it was reported that nanoparticles with long alkyl
chains could form homogeneous solution with base oil and
exhibited good load carrying, anti-wear and friction reduction
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properties,zz’23 long alkyl chains showed lower friction force
and better anti-wear property than short chains.”*

Keeping in view of the previous work reviewed above,
different  functional groups (amino,“"13 t:arboxyl,ls'19
phenyl,zo’21 and alkylzz'24 groups) were investigated with their
tribological properties, functional groups directly affected the
tribology properties of HSNs. However, most researchers
studied on one type of functionalized nanoparticles and only a
few of them focus on silica nanoparticles. The influence of
functional groups on the tribological properties of hairy silica
nanoparticles is still unclear. Thus, an investigation of the
effect of functional groups on tribological properties of HSNs is
needed to develop the understanding of the tribological
properties of HSNs and extend the applications of them as
potential additives in lubricants.

In this paper, a four-step method for preparing HSNs-PAO
lubricants, including USNs synthesis, HSNs synthesis, solvent
transfer and HSNs dispersion in lubricant, was developed.
Prepared HSNs were characterized by several methods
including scanning electron microscope (SEM), X-ray
diffraction (XRD), Zeta potential, dynamic light scattering (DLS),
Fourier Transform Infrared Spectroscopy (FTIR), X-ray
diffraction and X-ray photoelectron spectra (XPS) and thermal
gravity analysis (TGA). The viscosity-temperature dependence
of the HSNs-PAO lubricants were investigated by Brookfield
viscometer. The tribological performances of HSNs with
different functional groups were tested using a four-ball
tribometer. Coefficient of friction (COF) and wear scar
diameter (WSD) for short and long time wear were measured.
Base on the test result, optimal functional groups for HSNs
were investigated. Different running-in performances of HSNs-
PAO lubricants were found in the tribological test. It is
suggested that adding HSNs into lubricant could reduce the
duration of running-in process and stable COF. Meanwhile,
HSNs with polar function groups would accelerate the running-
in period. A three period running-in process was developed
based on the test result, the mechanism of the anti-wear and
friction reduction performance of HSNs were discussed.

2. Materials and Methods
2.1 Materials

The materials listed following were used as received:
Tetraethylorthosilicate (TEOS, 99% purity, Sinopharm),
ammonium hydroxide (28% purity, Sinopharm), ethanol (99%
purity, Sinopharm)toluene(99% purity, Sinopharm), N1-(3-
Trimethoxysilylpropyl)diethylene-triamine (DETAS, 95% purity,
Sigma Aldrich), stearic acid (STA, 90% purity, Sinopharm),
benzoic acid(BEA, 99% purity, Sinopharm), succinic acid(SUA,
99%, Sinopharm), polyalphaolefin (PAO, 99% purity, fox
chemical technology).

2.2 Preparation of HSNs-PAO lubricants

Unmodified silica nanoparticles prepared before
modification. 100nm silica nanoparticles were prepared by
stéber method. TEOS was first diluted with ethanol and then

added into the mixture of ethanol, water and aqueous

were
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ammonia with gently stirred at temperature of 40 C for 3
hours. As shown in Fig. 1 (a), a transparent solution with light
blue colour was obtained after the reaction, which suggested
that the silica

Surface

Modification

Azeotropic

Distillation

(2)

Dispersing

in PAO

(c)
Fig. 1 The schematic diagram of HSN-PAO lubricant preparation process: (a) unmodified

silica nanoparticles dispersed in ethanol, (b) HSNs dispersed in ethanol, (c) HSNs
dispersed in toluene and (d) HSNs dispersed in PAO.

nanoparticles size
distribution.

Silica nanoparticles prepared above were modified by DETAS.
In order to densely graft organic chains onto silica
nanoparticles, excess of silane was added into the silica
nanoparticle solution drop by drop with rapid stirring. The
solution was continuing heated at 50°C for 12 hours to ensure
the linking reaction finished. After the reaction, unlinked silane
and impurities was removed by dialysis using 10,000 MWCO
snakeskin dialysis tube obtained from Themoscientific. NH,
terminated HSNs were obtained after the dialysis process
finished. Those HSNs were covered with amino functional
groups and could be further modified by acid-terminated
organic chains.

In order to modify the ending functional group of HSNs,
carboxyl-terminated organic chains were tethered to the
amino functional group of NH, terminated HSNs synthesized
above. STA, BA and SA were first dissolved in ethanol
respectively then added into the NH, terminated HSNs
solution drop by drop with rapid stirring, DCCI was taken as a
dehydration agent for the formation of peptide bond between
carboxyl group and amino group. The solution was kept stirring
at room temperature for 12 hours to ensure the linking
reaction finished. HSNs prepared above were purified again by
filtration and dialysis to remove the impurities and unlinked
organic chains. HSNs with carboxyl, phenyl and long-chain alkyl
ending groups were obtained after the purification process
finished. As shown in Fig. 1 (b), the solution turn white turbid
after the surface modification reaction, which were due to the

were mono-dispersed with narrow

formation of micelles in the ethanol solution. The molecular

This journal is © The Royal Society of Chemistry 20xx
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structures of different HSNs were shown in Fig. 2. The covalent
siloxane bridges were created after the linking reaction
between hydroxyl group and siloxane. The primary amino
functional groups were further modified by tethering acid
terminated organic chains to it.
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Fig. 2 Different types of silica nanoparticles: (a) unmodified silica nanoparticles (USNs),
(b) hairy silica nanoparticles (HSNs) and (c) HSNs which were further functionalized by
organic chains. Surface structure of (d) USNs, (e) NH, terminated HSNs, (f) COOH
terminated HSNs (g) C¢Hs terminated HSNs and (h) CH; terminated HSNs.

In order to disperse HSNs into PAO lubricant, HSNs were first
transferred from ethanol to toluene by azeotropic distillation.
Toluene was added into the HSNs-ethanol solution obtained
above to form a 3/1 mixture of toluene and ethanol. The
solution was kept at 70 “C for 3 hour to remove the ethanol.
After the azeotropic distillation process, HSNs were
transferred to toluene. PAO was then added into the solution
with rapid stirring. The solution was then transferred to a
convection oven to remove toluene from PAO.

2.3 characterization of hairy silica nanoparticles

The morphology of HSNs was characterized by a Hitachi
SU8010 scanning electron microscope (SEM). Silica
nanoparticles were treated with sputter-gold to enhance the
conductivity before the experiment. The X-ray diffraction
(XRD) patterns of silica nanoparticles (29 = 5~90°)were
recorded by Panalytical Empyrean X-ray diffractometer, using
a Cu Ka radiation at 25°C with a 20 step size of 0.02 and a
scanning speed of 2° /min. The Fourier Transform Infrared
Spectroscopy (FTIR) of HSNs were examined by Nicolet IS10
with a spectra range of 400-4000 cm™. The XPS experiments
were performed on a Thermo Fisher Scientific X-ray
photoelectron spectroscopy 250Xi (Al Ka line of 1486.6 eV,
energy and 120W), the ultra-high vacuum chamber analysis
chamber were maintained at a typical base pressure of 5 x 10°
Torr during sample analysis. The surface area of unmodified
silica nanoparticles was characterized by Brunauer-Emmett
Teller (BET) method and the nanoparticles were pre-treated
under vacuum condition at 150 °C for 2 h before the BET test.
Thermogravimetric analysis (TGA) was employed using a TA

This journal is © The Royal Society of Chemistry 20xx
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Q500 and heating at a rate of 10 ‘C/min to 800 °C under
flowing nitrogen gas. The Zeta potential and dynamic light
scattering of HSNs were characterized by a Zetasizer Nano ZS
from Malvern Instruments.

2.4 Tribological properties of hairy silica nanoparticles

The viscosity-temperature dependence for different types of
HSNs-PAO lubricants were investigated by an Brookfield
viscometer using a cone/plate tester, with the temperature
range of 25°C~100. Tribological properties of HSNs-PAO
lubricants were tested using a MRS-10 four-ball tribometer.
The test apparatus and configuration was shown in Fig. S6. All
test were performed at rotating speed of 1450r/min, under a
load of 390N at room temperature. 12.7mm diameter GCr15
steel bearing balls (grade 4) were cleaned ultrasonically with
ethanol before the test. COF and WSD of HSNs-PAO lubricants
with different concentrations and functional groups were
tested for 30 min for three times and average COF and WSD
were calculated. Based on the results, HSNs with different
functional groups were tested for 3h at their best
concentration to investigate the running-in period and anti-
wear performance under long-wear condition. The wear
surfaces of steel bearing ball after the tribology test were
examined by SEM and EDS. Before the SEM and EDS test, the
steel bearing ball were rinsed in ethanol for 5 minutes using
ultrasonication and dried in vacuum drying oven.

3. RESULT AND DISCUSSION

3.1 Hairy silica nanoparticle Characterization

The morphology of Silica nanoparticles were characterized by
SEM. As shown in Fig. 3 (a), 100nm silica nanoparticles were
prepared successfully by stéber method, with excellent
roundness and narrow size distribution. NH, terminated HSNs
were synthesized by modifying USNs with DETAS. The SEM of
NH, terminated HSNs were shown in Fig. 3 (b), large cluster of
HSNs were found at high concentrations (10 wt %) of NH,
terminated HSNs, which could be due to the hydrogen bond
between amino functional groups.18 Comparing with NH,
terminated HSNs, functionalized HSNs which further modified
by organic chains show better dispersity at both high and low
concentrations. Fig. 3 (c) and (d) show the CH; terminated
HSNs at high concentration (10 wt %) and low concentration
(0.5 wt %) respectively. CH; terminated HSNs did not
aggregate or form large cluster but kept well dispersed at both
low (0.5 wt %) and high (10 wt %) concentration. Silica
nanoparticles were further characterized by X-ray diffraction
(XRD). The XRD pattern (Fig S1) of both USNs and HSNs
exhibited broad peaks at 22°, 31.3° and
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Fig. 3 SEM micrograph of (a) 100 nm USNs, (b) NH2 terminated HSNs, (c, d) CH3
terminated HSNs at high concentration (10wt %) and low concentration (0.5 wt %).

36° 29, which are the characteristic of silicon. It could be found
from XRD patterns and SEM micrographs that silica
nanoparticles remain their structural and size integrity after
the modification.

The HSNs were characterized by FTIR and the spectra were
shown in Fig. 4. All kinds of HSNs show a strong band at 1010-
1100 cm™, which is the Si-O-Si stretching vibration. A broad
band at 3300 cm™ were found for USNs, corresponds to O-H
stretching. Peak at 1620cm™ for the spectrum of NH,, 1550
cm™ for CHs;, 1555cm™ for COOH and 1552 cm™ for CgHs
corresponds to the N-H bending. A broad band at 3400 cm™
for NH, could be assigned to H-bonded N-H stretching. A peak
at 1723 cm™ and a broad band at 3300 cm™ were found in the
spectrum of COOH, which corresponding to the C=0 stretching
and O-H stretching. The peak appears at 1454 cm™ and 1600
cm™ of CgHs spectrum are the characteristics of the phenyl
group while the peak at 2858 ecm™ and 2917 cm™ of CH;
spectrum are corresponding to the C-H stretching of alkane
group.

The functionalized HSNs were further characterized by XPS,
the XPS survey spectrum for USNs, NH2 terminated HSNs and
CH3 terminated HSNs were shown in Fig. 5 (a, b and c). It could
be found from the XPS survey spectrum that Si2p at 101.1 eV
and O1s at 543.7 eV were found in the spectra of USNs. After
modified with amino functionalized silanes, an N1s peak at
397.5 eV emerged, which indicated that amino functional
groups were successfully introduced on silica nanoparticle
surface. With further functionalized by long alkyl chain, the
peak area of Cls increase for 30% while the peak area of N1s
remain the same. The deconvoluted Cls subregion for NH2
terminated, COOH terminated, C6H5 terminated and CH3
terminated HSNs were shown in Fig. 5 (d, e, f and g). As shown
in Fig. 5 (d), the XPS spectrum of Cls could be deconvoluted
into three Gaussian peaks, which are typical peak of C-Si peak
at 282.7 eV, C-H peak at 283.9 eV and C-C peak at 284.6 eV.
After functionalized by carboxyl groups, three new peak
emerged, which are C-O peak at 285.8, C=0 peak at 287.1 and
0-C=0 peak at 288.9. The C1s subregion for C6H5 terminated
HSNs was deconvoluted into four peaks, corresponding to C-H

4| J. Name., 2012, 00, 1-3
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peak at 283.8 eV and C-C peak at 284.6 eV, and C6H5 peak at
286.2. The spectra for CH3 terminated HSNs was deconvoluted
into three peaks, which are C-Si peak at 282.9 eV, C-H peak at
283.8 eV and C-C peak at 284.6 eV. It could be conclude from
the experiment result that functional groups were introduced
on the surface of silica nanoparticles successfully.
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Fig. 4 The FTIR spectra of HSNs with different functional groups
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Fig. 5 The XPS survey spectra of (a) USNs, (b) NH2 terminated HSNs and (c) CH3

terminated HSNs, deconvoluted Cls subregions of (d) NH2 terminated, (e) COOH

terminated, (f) C6H5 terminated and (g) CH3 terminated HSNs and HSNs.

The organic content of HSNs was quantified by TGA method.
HSNs with different organic chains were heated from room
temperature to 800 ‘C at heating rate of 10 °C/min, the result
was shown in Fig. 6. It could be found from the graph that all
four TGA curves show same trends, which organic chains start
to degrade around 300 ‘C, and fully degraded around 600 C
while the inorganic silica core would remain at the end of the
test. The surface area of unmodified silica nanoparticles was
tested with BET method and the surface area was 271 mz/g.
Based on the BET and TGA test result. The grafting density of
HSNs was 1.1~ 1.3 Iigand/nmz.

transparency than COOH and NH, terminated HSNs, which
could be attributed to excellent compatibility of the non-polar
functional groups in organic solvent. Fig. 7 (e) shows USNs
dispersed in PAO and Fig. 7 (f) shows NH, terminated HSNs
dispersed in PAO using common method which dries HSNs to
powder after the preparation, then redisperse them into
lubricant by stirring or ultrasonic dispersion. Comparing with
Fig. 7 (d) which the same kind of HSNs dispersed in PAO by
four step process, HSNs dispersed by common method partly
sedimented on the bottom after 2 month standing, which
suggested HSNs dispersed by common method has worse
stability than HSNs dispersed by four-step process. Meanwhile,
as shown in Fig. 7 (e), USNs dispersed in PAO completely
sedimented on bottom of the bottle after 2 month standing,
which show the worst stability among all kinds of lubricants

100 — shown in Fig. 7. It could be found from the long-term stability
05 ] N test that HSNs dispersed
S S
N
90 | R R
~ 854 - —
g
=
=7 -
; ——— USNs
75 NH,
————  COOH
70 CiH Fig. 7 Photograph of PAO with (a) CH; terminated HSNs, (b) C¢Hs terminated HSNs, (c)
otz
CH, COOH terminated HSNs and (d) NH, terminated HSNs prepared by four-step process,
6] PAO with (e) USNs and (f) NH, terminated HSNs dispersed by common method.
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Fig. 6 Thermogravimetric analysis of HSNs with different functional groups

The Zeta potential of silica nanoparticles dispersed in ethanol
were characterized by a Malvern Zetasizer Nano ZS. Zeta
potential value for USNs was observed at -42 mV, which was
due to abundant hydroxyl groups on the surface of silica
nanoparticles. After modified with amino functionalized
silanes, the zeta potential increased to +27 mV, which could be
attributed to the primary amino groups on the surface of
HSNs. The change of zeta potential value confirmed that the
amino functional groups were successfully introduced onto the
surface of silica nanoparticles. The zeta potential value
decreased to about +21~+24 mV after further functionalization
of silica nanoparticles (Fig. S3 ). Which could be due to the
transfer from primary amino groups to secondary amino
groups.

The long-term stability of HSNs-PAO lubricants was studied by
keeping the lubricants standing for 2 months after the
preparation process finished. The photograph of different
kinds of lubricants are shown in Fig. 7. Four kinds of HSNs-PAO
lubricants prepared by the four-step process introduced in this
paper are shown in Fig. 7 (a, b, ¢, and d) and two kind of HSNs-
PAO lubricants prepared by common method are shown in Fig.
7 (e and f) respectively. It could be found that HSNs form
homogenous solution with PAO lubricants and keep stable
after 2 months standing. CH3 (shown in Fig.7 (a)) and CgHs
(shown in Fig. 7 (b)) terminated HSNs show better optical

This journal is © The Royal Society of Chemistry 20xx

by the four-step process formed homogeneous solution with
PAO and exhibited excellent stability. This point is confirmed
by DLS test (Fig. 8) that the average particle size of HSNs in
PAO only increase slightly after 2 month standing. Keeping in
view of the four-step process from synthesis of HSNs to
dispersion in PAO, nanoparticles were kept dispersed in
solutions (Ethanol, toluene and PAO) during the preparation of
HSNs-PAO lubricant. Comparing with the commonly used
process which dry the nanoparticles before dispersing them
into lubricants, the new process increased the stability of HSNs
while avoid the oxidation of HSNs during the drying process.

The dispersity and stability of HSNs were also studied by
characterizing nanoparticle size of HSNs dispersing in ethanol
and PAO using dynamic light scattering. The result was shown
in Fig. 8. The average particle size of unmodified silica
nanoparticles in ethanol was 102.1 nm. After modified with
amino functionalized silane, the average nanoparticle size
increased to 356.3 nm, indicated the aggregation of primary
HSNs. With further functionalized by carboxyl, phenyl and alkyl
chains, the nanoparticle size increase slightly for 2040 nm.
However, when transferred HSNs from ethanol to toluene, the
average particle size of HSNs decreases sharply to 170~270nm,
which indicated the high dispersion of HSNs in nonpolar
medium. After transfer from toluene to PAO lubricant, the
average particle size of HSNs increase slightly and after 2
month standing, the average particle size only increase for
tens of nanometre. It could be found from the result that HSNs
didn’t disperse well in ethanol but when transferring into non-

J. Name., 2013, 00, 1-3 | 5
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polar solvent, the dispersion of HSNs improved significantly.
Among
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Fig.8 The average particle size of HSNs dispersing in ethanol, toluene and PAO (orange

NH2

column is the average particle size of HSNs just after the dispersion and the green
column is the particle size after HSNs-PAO standing for 2-month)

those HSNs, CH3 terminated HSNs perform the smallest
average particle size and best stability when dispersing into
PAO, which implied the best compatibility between
nanoparticles and lubricant. NH2 and COOH terminated HSNs
were found to have larger average particle size and the
particle size increase more after 2 months standing than other
types of HSNs, which indicates easier aggregation when
dispersing in PAO.

3.2 Tribology properties of hairy silica nanoparticles

The viscosity of pure PAO and HSNs-PAO lubricants were
tested using a cone-plate rheometer tester. The viscosity as a
function of HSNs concentration and temperature were shown
in Fig. S4 and Fig. S5 respectively. It could be found from the
figure that with the increase of HSNs concentration, the
viscosity of HSNs-PAO lubricants increased. NH2 and COOH
terminated HSNs exhibited higher viscosity and increase rate
than other HSNs (the viscosity of HSNs-PAO lubricant increase
for 80% at concentration of 4%) while CH3 terminated HSNs
exhibited the lowest viscosity (the viscosity of HSNs-PAO
lubricant increase for 20% at concentration of 4%) among all
kinds of HSNs. From Fig. S5, all kinds of HSNs shows good
viscosity-temperature properties, the viscosity index of PAO
lubricant increased for 3% after adding the HSNs into it (see
Supporting Information).

The COF and WSD of different concentrations of HSNs with
different functional groups were shown in Fig. 9. Comparing
with the PAO lubricants without HSNs, all types of HSNs
exhibited good anti-wear and friction reduction properties
when adding into PAO with appropriate concentrations.
Comparing with the COF and WSD of pure PAO without HSNs,
which was 0.093 and 870um, the COF and WSD of HSNs-PAO
reduced optimally 40%. It could be found from the graph that
amino functionalized nanoparticles show the best friction
reduction and anti-wear properties (when concentration was
at 1 wt%, COF was 0.055, WSD was 301um) among all types of
HSNs. That could be attributed to the chelation effect of amino
groups and hemilability of amine-metal bond,25 which could

6 | J. Name., 2012, 00, 1-3

enhance the interaction between HSNs and metal surfaces.
With more HSNs adsorbed on metal surface, the protecting
effect (forming protecting film on metal surface), rolling effect
(preventing two surfaces from contacting) and polishing effect
(improving the surface roughness by filling the nano-groove
and polishing the nano-pump) would be improved. However
the tribological performance of amino functionalized HSNs
shows stronger concentration sensitive behaviour than other
three types of HSNs, which the COF and WSD fluctuated
drastically with the concentration. This phenomenon may be
caused by the polarity of primary amino functional groups and
hydrogen bond between those amino functional groups. With
strong polarity, the compatibility of amino functionalized HSNs
with PAO lubricants would not as good as other three types of
HSNs. Meanwhile, amino functionalized HSNs would attract
each other and form large clusters by hydrogen bonds, which
would cause three-body abrasion wear. As shown in Fig.3 (b),
the NH, terminated HSNs would form large cluster at high
concentration. Hydrogen bond between amino groups would
give rise to aggregation of the nanoparticles, which might lead
to partly uneven distribution at low concentration (0.5%)
while form
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Fig. 9 The COF and WSD of HSNs with different functional groups

large cluster of nanoparticles and cause three body abrasion at
high concentration (2% and 4%). As a result, insufficient or
excess amount of amino functionalized HSNs would cause
wear damage and increase the COF. COOH terminated HSNs
shows worse anti-wear and friction reduction performance,

This journal is © The Royal Society of Chemistry 20xx
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which might be due to the corrosive effect of acid functional
groups. With further modified by the organic chains, the COF
and WSD of HSNs become less concentration sensitive, which
may be attributed to the longer organic chains and less
polarity. With longer organic chains and less primary amino
functional groups, the dispersity and stability of CgH5 and CH;
terminated HSNs were enhanced dramatically, meanwhile,
with the nonpolar functional groups, HSNs became easier to
form homogenous stable solution when dispersed into PAO
lubricants.

The COF versus time for HSNs with different functional groups
were shown in Fig. 10. It could be found from the figure that
all the COF shows similar trend: a remarkable increase of COF
could be found after a period of smooth running, which is the
start of running-in period. When new equipment was running
the first time, the moving parts would wear against each other
severely until they settle into a stable condition. HSNs with
different functional groups show different running-in
performances: The COF of Pure PAO rose up dramatically at
1900s and became stable at 0.11 around 6000s. Comparing
with pure PAO without HSNs, all types of HSNs-PAO lubricants
show shorter duration in running in stage and lower steady
state COF. The COOH terminated HSNs shows the highest peak
value and longest duration time among four kinds of HSNs (the
COF of COOH terminated HSNs increased to 0.095 around
3600s and became stable at 5400s). With an acidic ending
group, the COOH terminated HSNs might react with metal
surface and cause corrosion during the formation of transfer
film. That would lead to an unstable development of the
transfer film and result in longer and unstable duration time of
running in period. The COF of NH, terminated HSNs exhibited
the lowest stable COF, which could be attributed to the more
adsorption of HSNs nanoparticles on the metal surface. Under
the effect of physical adsorption (chelation effect and polar
adsorption of amino group) and chemical adsorption (the
hemilability of amine-metal bond), more HSNs were adsorbed
on the metal surface so that the anti-wear and friction
reduction properties of HSNs were enhanced. C¢Hs and CH;
terminated HSNs show the short running in durations and
smooth stable period, which could be due to the better
dispersity in PAO. With the non-polar group, CgHs and CHj;
terminated HSNs would dispersed better than polar group
terminated HSNs in PAO, which could prevent the aggregation
more effectively and reduce the three body abrasion caused
by large cluster of aggregated HSNs.

It could be found from the test result that the COF of HSNs-
PAO lubricants shows the similar trend which the COF
decrease slightly at first and interrupted with a dramatically
increase, following with a quick decrease. After that the COF
would remain stable. The schematic diagram of running-in
process was shown in Fig. 11. When counterparts sliding
against each other under the lubrication of HSNs-PAO, the
HSNs would first polish the micro-bump and filled into the
micro-grooves on the metal surface. That would improve the
surface roughness of two counterparts, as a result, the COF
would goes down slightly at the first period. This point is
confirmed by the SEM micrograph (Fig. 12(c)). This period is

This journal is © The Royal Society of Chemistry 20xx
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the pre-running-in period. With the increasing numbers of
HSNs adsorbed on the metal surface, some HSNs would
interact with the surface, leading to surface oxidation,
passivation and formation of transfer film. This process would
cause wear and generate heat in the contact area. The COF
would increase dramatically in this period. After the formation
process of the protecting film, metal surface was covered with
the protecting film including adsorbed layer and

0.14
0.112
0.096
i
0.12 . '
0.104
5 0 5000
o Time (s)
© —— CH3
0.08
0.0&@31%*‘ ~
0.04 T T T T T
0 1800 3600 5400 7200 9000 10800
Time (s)
Fig. 10 COF versus time for different HSNs
o = 'gj;’ 3 ~
é Pre-running-in Running-in Stable
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Fig. 11 Schematic diagram of running-in process including: (a) pre-running-in period, (b)
running-in period and (c) stable period.

chemical reacted layer. The wear rate and COF would decrease
under the protection of the transfer film. Although the
protecting film would be removed and reformed on small scale
of the metal surface when debris and micro bumps passed by,
the surface would be generally covered with the protecting
film and the COF would keep stable in the following period.
This was confirmed in Fig. 12 (e and f), which the both cracking
and new formed protecting layer were found on the protecting
film.

It should be noted here that an interesting running-in period
shift were found which polar groups (NH, and COOH)
terminated HSNs would transfer from pre-running-in period to
running-in period earlier than non-polar groups (CH5 and CgHs).
As reported by Chang et al.?® the solid lubricants with PTFE
could form thicker transfer film, which result in a shorter

running-in stage. Bosman et al.”’ reported that the
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mechanically altered layer at the top of the bulk material has
an important influence on the running-in period. In our
research, different running-in period duration and period
transfer time were found. With the polar groups, NH, and
COOH terminated HSNs would have more opportunities to
adsorb on the metal surface due to the chemical and physical
and chemical adsorption of the ending groups, which would
accelerate the period transfer. NH, terminated HSNs show the
fastest period transfer among all types of HSNs. This might be
attributed to the chelation effect of amino functional groups
and the hemilability of amine-metal bond that enhance the
adsorption of HSNs on metal surface.

In order to further investigate the tribological mechanism of
HSNs, the wear surfaces was examined by SEM. Typical wear
surfaces of steel ball during pre-running-in period and stable
period are shown in Fig.12. Fig 12(a, b and c) show a typical
wear surface during pre-running-in period (steel ball were
tested in tribological experiment for 30 mins) at different
magnification. Fig. 12(b) was the high-magnification
micrograph of the marked region in Fig. 12(a) while Fig. 12(c)
was the high-magnification micrograph of the marked region
in Fig. 12(b). From Fig. 12 (a) and (b), micro-grooves and nano-
grooves were found on the wear surface. When we magnify
the nano-grooves, we found large amount of nanoparticles in
the grooves. Comparing with the flat surface beside the nano-
grooves which barely had nanoparticles on it, the
nanoparticles were successfully filled into the grooves. This
micrograph meet well with the analysis of the pre-running-in
period that nanoparticles would fill into the grooves, which
would improve the surface roughness and reduce the COF.
However, as the wear surface was still under pre-running-in
period, the groove is not fully filled with nanoparticles. With
longer time, more nanoparticles would filled into grooves and
protecting film would then generate on the wear surface. Fig
12. (d, e and f) show a typical wear surface after the running-in
period, which the steel ball were tested for 120 min. Fig. 12(e)
is the high-magnification of the marked region in Fig. 12(d)
while Fig. 12(f) is the high magnification of marked region in
Fig. 12(e). It could be found from Fig. 12(d) that large area of
the protecting film was formed on the surface of steel ball,
which occupied the most area of the micrograph. When we
magnified the protecting film(shown in Fig. 12(e)), we found
micro-cracking appeared on protecting film, which means the
protecting film might be delaminate and removed by the
friction. However, when the marked region of Fig. 12(e) were
further magnified, we found some silica nanoparticles on the
edge of the protecting film. As shown in Fig. 12(f), some of the
nanoparticles were unbroken and just attached on the film
while some of the nanoparticles were broken and in the
process of forming the protecting film. This confirmed the
analysis that in the stable period, the protecting film would be
removed and reformed at the same time.

The wear surface of different kinds of HSNs were investigated
by SEM and EDS. SEM and EDS of typical wear surfaces for
NH,, COOH, CgHs and CH; terminated HSNs were shown in Fig.
13 (a,e), (b,f), (c,g) and (d,h) respectively. As can be seen from
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the figure, dark areas on the wear surface were found
after 30

Fig. 12 The SEM micrograph of steel ball wear surface for pre-running-in period (a, b

and c) and stable period (d, e and f). (b), (c), (e) and (f) are the high-magnification of
marked regions in (a), (b), (d) and (e) respectively.

minutes wear, the NH, terminated HSNs shows even
distributed grey areas while COOH terminated HSNs shows
spotted dark grey areas. Meanwhile, C¢Hs and CH3 terminated
HSNs shows lighter colour on the wear surfaces than
NH, and COOH terminated HSNs. NH,, C¢Hs and CHs;
terminated HSNs showed smooth wear surface with shallow
wear tracks while COOH terminated HSNs showed deep
scratching line on the wear surface, which indicated that
ploughing phenomenon occurred seriously on the surfaces.
The wear surfaces were then characterized by EDS. It could be
found from the figure that, beside high peak corresponding to
Fe and Cr, the peak corresponding to Si was found around 2
keV. The dark area observed on the wear surface were found
containing higher Si than light colour areas, which suggested
that HSNs adsorbed on that area and formed chemical
reaction layer. The wear surface of NH, and COOH terminated
HSNs shows higher Si counts than CgHs and CH; terminated
HSNs, which meet well with the interpretation that polar
group would lead to more silica nanoparticle adsorptions and
thicker chemical reaction layer on the metal surface.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 13 The SEM and EDS of wear scar surfaces for different kinds of HSNs: (a, e) SEM
and EDS for NH, terminated HSNs, (b, f) SEM and EDS for COOH terminated HSNs, (c, g)
SEM and EDS for C¢Hs terminated HSNs and (d, h) SEM and EDS for CH; terminated
HSNs.

4 Conclusions

Hairy silica nanoparticles with four kinds of functional ending
groups were synthesized and dispersed into PAO lubricants via
a four-step process. HSNs were characterized by SEM, XRD,
Zeta potential, DLS, XPS, TGA, BET and FTIR. The tribological
properties of HSNs were characterized using a four-ball
tribometer. Based on the test result, the effect of functional
groups on the tribological properties of HSNs was discussed. It
was found that NH, terminated HSNs exhibited the best anti-
wear and friction-reduction properties due to the chemical
and physical adsorption of NH, groups. However, NH,
terminated shows concentration sensitive behaviour, which
could be attributed to the hydrogen bond between primary
NH, groups that cause aggregations. CH; and CgHs terminated
HSNs enhanced the stability of the tribological performance of
HSNs, which could be due to the non-polar ending groups that
increase the compatibility of HSNs in PAO lubricants.
Moreover, a running-in phenomenon of HSNs-PAO lubricant
was investigated, three different periods of the running-in
phenomenon (pre-running-in period, running-in period and

This journal is © The Royal Society of Chemistry 20xx
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stable period) were proposed and discussed based on the
experiment result. Nanoparticles would filled into the nano-
grooves on wear surface and form protecting films during the
running-in period. Polar functional groups (COOH and NH,)
terminated HSNs show more adsorption of HSNs on metal
surface, which could lead to the acceleration of the running-in
process.
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Effects of functional group on the tribological properties of hairy silica nanoparticles as an
additive to polyalphaolefin
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Hairy silica nanoparticles with different kinds of functional groups were prepared and dispersed into
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Polyalphaolefin by a four step process, the effect of functional groups on the tribological properties of hairy silica

nanoparticles were investigated.



