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a b s t r a c t

The effect of surface-modified Ag nanoparticles as additives of multialkylated cyclopentanes (MACs)

was investigated in air and vacuum by a vacuum four-ball tribometer. The results showed that both the

MACs and MACs containing Ag nanoparticles exhibited steady and low friction coefficients and slight

wear in air. However, under vacuum conditions, MACs showed the initial seizure-like high friction,

while introducing Ag nanoparticles could effectively eliminate it. Confirmed by the surface analysis, the

improved tribological performances caused by Ag nanoparticles could be ascribed to the metal Ag

boundary film formed on the friction pair surfaces during tests.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Liquid lubricants are frequently used in space mechanisms due to
their low mechanical noise, no wear in the elastohydrodynamic (EHL)
regime, ease of replenishment, ability to remove wear debris, and
insensitivity to environmental factors [1]. However, the application
for liquid lubrication under high vacuum conditions has been a
technical challenge for many years [2–5]. The high vacuum environ-
ment induces rapid evaporation of the liquid lubricants employed,
and undoubtedly, the loss of the liquid lubricants could result in
failure of the mechanism. For metal mechanisms, oxide films usually
act as protective films and, in some cases, contribute to the final
surface films through either chemical reaction or chemical adsorp-
tion. However under high vacuum condition, the absence of oxide
films may cause severe friction and wear [1].

In recent years, multialkylated cyclopentanes (MACs) has received
increasing attention as a kind of space lubricants. MACs, in which two
to five alkyl groups are attached to a single five-member carbon ring,
is readily available from the reaction of dicyclopentadiene and
commercially available alcohols [6]. Therefore, the wide availability
of a number of commercial alcohols allows for the preparation of
MACs with vast combinations of properties. MACs exhibits many
excellent properties, such as, extremely low volatility, high viscosity
index, wide running temperature, low pour point and good solubility
with many commercial additives [6]. So some researches concerning
the evaluation of MACs have been reported [5,7]. Under vacuum
ll rights reserved.
conditions, it was found that MACs and PFPE might show initial
seizure-like high friction under the boundary lubrication condition,
and correspondingly they would also suffer the initial high wear
volume [8–10]. Masuko et al. [9] suspected that since the occurrence
of this high friction was a delicate phenomenon, some unknown
uncontrollable variables might affect the results. This is so adverse for
MACs used as a kind of lubricant for space application. Therefore,
additives, which have good solubility with MACs and simultaneously
can be used for space application, are in great request.

Extensive researches about the preparation of surface-mod-
ified nanoparticles have been conducted [11–13]. Up to now, the
study on the tribological properties of nanoparticles used as oil
additives have been received intensive attention, and results
showed that nanoparticles can improve the tribological perfor-
mances of the base oil [14–17].

In this paper, based on sliding friction experiments, friction
and wear characteristics of MACs base oil and MACs with Ag
nanoparticles under different atmospheric conditions are com-
pared. The severe initial seizure-like high friction observed with
MACs base oil is reported, and the effects of Ag nanoparticles on
preventing such initial seizure-like high friction are reported.
2. Experimental details

2.1. Characterization of MACs

MACs was synthesized in the laboratory according to the
literature [6] and the structure was characterized by the
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IFS 66v/s Fourier transformation infrared spectroscopy (FTIR),
and the thermal properties were measured by the Perkin–Elmer
TGA-7 thermogravimetric analysis (TGA) which was conducted in
nitrogen atmosphere from 20 1C to 600 1C. The other typical
properties are listed in Table 1.

Fig. 1 is the FTIR spectrum of MACs. As indicated in Fig. 1,
MACs is similar with other saturated hydrocarbons with alkyl
components. It can be found that C–H stretching vibration
bands at 2955 and 2853 cm�1, C–H band modes at 1466 and
1378 cm�1, and band at 721 cm�1 is the –(CH2)x– rocking
vibration, where x44. Fig. 2 shows the TGA curve of MACs. It
can be seen that MACs has high thermal stability and it loses little
weight at o300 1C.

2.2. Synthesis and characterization of Ag nanoparticles

The Ag nanoparticles were prepared according to the literature
[18] and their structure was characterized by the JEM-1200EX/S
transmission electron microscopy (TEM), TGA and the ESCALAB
210 X-ray photoelectron spectrometer (XPS).

The main preparation process was as follows: 5 g silver oleate
was placed in a 250 mL flask, which was equipped with a
Table 1
Typical properties of the lubricant.

Lubricant Average

molecular

weight

Kinematic

viscosity

(cSt)

Viscosity

index

Surface

tension

(mN m�1)

Vapor

pressure at

20 1C (Pa)

40 1C 100 1C

MACs 630 56 9.3 148 24.5 5.6�10�6

Fig. 1. IR-spectrum of multialkylated cyclopentanes (MACs) oil.

Fig. 2. TGA curve of MACs oil.
magnetic stirrer. 60 mL triethylamine was added by a funnel,
and then the reaction solution was stirred at 80 1C for 2 h. After
cooling to room temperature, the addition of acetone (20 mL) to
the solution would produce precipitate, which was collected by
filtration, washed with a small amount of acetone, and dried
under vacuum. The Ag nanoparticles disperse well in nonpolar
and weak polar organic solvents, such as benzene, toluene,
petroleum ether, chloroform and MACs.

Fig. 3 presents the TEM micrograph of Ag nanoparticles. It can be
seen that the diameter of the Ag nanoparticles are about 4–6 nm.
Fig. 4 shows XPS spectrum of Ag nanoparticles. In the XPS spectrum,
the binding energies for the Ag 3d5/2 and Ag 3d3/2 peaks are
367.93 eV and 373.93 eV, respectively, which are in good agreement
with the values of zerovalent silver (Ag 3d5/2: 367.93 eV and Ag 3d3/2:
373.93 eV) [19]. Fig. 5 presents the TGA curves of oleic acid and Ag
nanoparticles. It can be found that the weight loss for oleic acid starts
at 190 1C, while the surface-modified Ag nanoparticles do not lose
weight until 240 1C, indicating that the thermal stability of oleic acid
is raised after coated on the surface of Ag nanoparticles. It could be
also found that the mass fraction of metal Ag in the Ag nanoparticles
is more than 80%.
2.3. Vacuum four-ball tribometer

A vacuum four-ball tribometer was designed and developed
for the experiments based on the configuration of a traditional
Fig. 3. TEM micrograph of Ag nanoparticles.

Fig. 4. XPS spectrum of Ag nanoparticles.
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four-ball tribometer by the State Key Laboratory of Solid Lubrica-
tion, Lanzhou Institute of Chemical Physics, Chinese Academy of
Sciences. Moreover, the schematic of the vacuum four-ball trib-
ometer is shown in Fig. 6. The vacuum chamber was evacuated by
using a series of a turbo molecular pump and a mechanical pump.
The tribological characteristics of liquid lubricants for space
applications were evaluated by this tribometer under the pres-
sure of 2.0�10�4 Pa. The tribometer could also be operated at
low vacuum (about 10 Pa) and at atmospheric pressure with air or
nitrogen.

The tribological properties of MACs containing different con-
centrations (mass fraction) of Ag nanoparticles under high
Fig. 5. TGA curves of oleic acid and Ag nanoparticles.

Fig. 6. Schematic of the vacuum four-ball tribometer.

Fig. 7. Average friction coefficient and the WSD values as a function of additive co
vacuum (�10�4 Pa) were investigated using the vacuum four-
ball tribometer. These tests were performed under the load of
392 N with a rotating speed of 1450 rpm at 25 1C and 75 1C for
30 min. The tribological properties of MACs base oil and MACs
with 1% Ag nanoparticles were also investigated in air and low
vacuum (�10 Pa) at 25 1C. The 12.7 mm (1/2 in) diameter balls
were used as test specimen which were made of AISI 52100
bearing steel (0.95–1.05%C, 0.25–0.45%Mn, 0.15–0.35%Si, 1.40–
1.65%Cr, �0.30%Ni, �0.25%Cu, �0.025%S, �0.025%P) with a
hardness of 60–63 HRC. Before and after each test, the test
specimen were ultrasonically cleaned in petroleum ether (normal
alkane with a boiling point of 60–90 1C). For each sample, three
parallel tests were performed to minimize data scattering. At the
end of each test, the wear scar diameters of the three lower balls
were measured with an optical microscope to an accuracy of
0.01 mm, and then the average values of wear scar diameter for
the three identical tests was calculated as the wear scar diameter
(WSD) in this paper.
3. Results and discussion

3.1. Tribological properties of the Ag nanoparticles

Fig. 7 shows the mean friction coefficient and the WSD values
as a function of additive concentration of Ag nanoparticles at
25 1C and 75 1C under high vacuum. It can be seen that
the friction coefficient and the WSD values decrease greatly when
Ag nanoparticles were added into MACs. The addition of
Ag nanoparticles could reduce the friction coefficient and the
WSD values effectively of base stock even at very low concentra-
tion, and the optimal additive concentration is 1%. As seen
from Fig. 7a and b, Ag nanoparticles could reduce the friction
coefficient and the WSD values more effectively at higher
temperature (75 1C).

Fig. 8 shows the friction coefficient as a function of rotating
time lubricated by MACs with different concentrations of Ag
nanoparticles. As shown in Fig. 8, all nanoparticle concentrations
in MACs exhibit the anti-seizure effect, but the level is different.
With the increase in the nanoparticle concentration, the seizure-
like high friction appears lower and more short-lived. However,
when the nanoparticle concentration increases to 1.5%, it exhibits
sharply fluctuant friction coefficient during the friction process.
At lower nanoparticle concentrations, such as 0.25% and 0.5%, the
stable and strong boundary film could not be formed. So the
transient high friction coefficients were higher than 0.27.
At higher nanoparticle concentration (1.5%), more Ag nanoparti-
cles deposited on the rubbing surface to form strong metal film,
so the lowest transient high friction coefficient among the all
ncentration of Ag nanoparticles at (a) 25 1C and (b) 75 1C under high vacuum.
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nanoparticle concentration was obtained. However, the stability
and continuity of the oil film was destroyed by the larger particles
formed by the colliding and sticking of nanoparticles. Therefore, a
Fig. 8. Friction coefficient as a function of rotating time lubricated by MACs

containing different Ag nanoparticle concentrations under high vacuum at 25 1C.

Fig. 9. Friction coefficient as a function of rotating time lubricated by (a) MACs and (b

indicates (c) the mean friction coefficient and (d) the WSD values lubricated by MACs

Fig. 10. SEM images of the wear scar surfaces lubricated by MACs base oil in (a) air, (b)

high vacuum at 25 1C.
sharply fluctuant friction coefficient during the friction process
was also obtained. At the optimal nanoparticle concentration of
1%, the lowest and most stable friction coefficient was obtained.
Because accompanying the continuous oil film, the strong and
stable metal Ag boundary film was formed on the surfaces of steel
friction pairs.

Fig. 9 shows the friction coefficient as a function of rotating
time lubricated by MACs and MACs with 1% Ag nanoparticles in
air, low vacuum and high vacuum, respectively. It can be seen
from Fig. 9a that MACs exhibits initial seizure-like high friction
under either low vacuum or high vacuum. However, their magni-
tudes are different (i.e., higher in high vacuum (0.42) than in low
vacuum (0.38)), and the durations are longer in high vacuum.
Nevertheless, such phenomenon of transient initial high friction
could be eliminated when 1% Ag nanoparticles were added into
MACs as shown in Fig. 9b. The anti-seizure mechanisms of Ag
nanoparticles could be that the adsorption and deposition of Ag
nanoparticles on the friction pair surfaces formed the boundary
film, which separated the steel friction pairs from each other to
decrease the shearing stress and inhibited the initial high friction
effectively under vacuum.
) MACs with 1% Ag nanoparticles in air, low vacuum and high vacuum. The inset

and MACs with 1% Ag nanoparticles in air, low vacuum and high vacuum.

low vacuum and (c) high vacuum and (d) by MACs with 1% Ag nanoparticles under
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Fig. 9c and d presents the comparisons of the mean friction
coefficient and the WSD values lubricated by MACs base oil and
MACs with 1% Ag nanoparticles in air, and under low and high
vacuum. It can be seen that the average friction coefficient and
the WSD values increase observably from air to low vacuum then
to high vacuum when lubricated by MACs base oil. The average
friction coefficients and WSD values decrease more remarkably in
high vacuum than that in air and low vacuum when Ag nano-
particles were added into MACs base oil.
Fig. 12. XPS spectrum of Ag on the wear scar surface lubricated by MACs with 1%

Ag nanoparticles under high vacuum at 25 1C.
3.2. Analysis of the worn surfaces

Fig. 10 shows the SEM images of the wear scar surfaces
lubricated by MACs base oil and MACs with 1% Ag nanoparticles.
It could be observed that MACs exhibited very smooth wear
surface in air and relatively rough surfaces under vacuum, and the
difference should be contributed to the forming of continuous
boundary oxide film in air. Severe plastic deformation and
adhesive wear could be found on the rough worn surface
lubricated by MACs base oil under high vacuum. However, the
worn surface is smooth without such plastic deformation or
adhesive wear when lubricated by MACs with 1% Ag nanoparti-
cles. Furthermore, the WSD value of the steel ball lubricated by
MACs base oil is remarkably larger than that of the steel ball
lubricated by MACs with 1% Ag nanoparticles. Therefore, the
results further show that the antiwear ability was markedly
improved when 1% Ag nanoparticles were added into MACs. The
initial high wear volume is thought to be related to the initial
seizure-like high friction [9]. A reasonable explanation for the
antiwear mechanism of Ag nanoparticles is possibly that the
boundary film of metal Ag formed due to the adsorption and
deposition of Ag nanoparticles on the steel ball, which effectively
eliminates the initial high wear, and the Ag nanoparticles can
repair the worn surface to some extent during the steady
friction state.

More analysis of the wear scar surfaces by EDX was done in
order to detect the formation of the metallic boundary film.
Fig. 11 gives the EDX spectrum of the marked area of the wear
scar surfaces lubricated by MACs with 1% Ag nanoparticles under
high vacuum at 25 1C. The result shows that about 32.31 wt%
Fig. 11. EDX spectrum of the marked area of the wear scar surfaces lubric
Ag element was found on the worn surface. It can be concluded
that Ag nanoparticles were deposited on the friction pair surface
to form Ag boundary film, which contributed to excellent lubri-
city. That is also the reason why MACs with 1% Ag nanoparticles
give the low and stable friction coefficient.

XPS analysis was used to further clarify the chemical state of
typical Ag element on the worn surface. Fig. 12 gives the XPS
spectrum of Ag on the worn surface lubricated by MACs with 1%
Ag nanoparticles at 25 1C for 30 min under high vacuum. It can be
seen that the binding energy of Ag appears at 367.93 eV and
373.93 eV, which are in good agreement with metal Ag [19]. Thus,
it can be concluded that there was no tribochemical reaction that
took place between Ag nanoparticles and steel surfaces, but
Ag nanoparticles were deposited on the friction pair surface to
form metal Ag boundary film, which contributed to low shearing
stress and excellent lubricity.
4. Conclusions

Sliding friction experiments were carried out under vacuum
and in air lubricated by MACs and MACs containing Ag nanopar-
ticles. Based on the above experimental results, the following
conclusions are drawn:
ated by MACs with 1% Ag nanoparticles under high vacuum at 25 1C.
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1.
 Both the friction coefficients and the WSD values increased
remarkably from air to low vacuum then to high vacuum
lubricated by MACs base oil.
2.
 Ag nanoparticles were effective in improving the tribological
properties of MACs base oil, especially in eliminating the initial
seizure-like high friction under vacuum condition.
3.
 The tribological mechanism of Ag nanoparticles was the
adsorption and deposition of Ag nanoparticles on the friction
pair surfaces to form the boundary film, which decreased the
shearing stress and effectively inhibited initial high friction
under vacuum condition.
4.
 Ag nanoparticles could be considered as a potential candidate
of lubricating oil additives for space application.
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