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Surfactant-assisted preparation of Y,Oz-stabilized
ZrO, nanoparticles and their tribological
performance in mineral and commercial lubricating
oilsT

Dandan Li, Yuchen Xie, Huaisong Yong and Dazhi Sun*

We report the synthesis and tribological characterization of zirconia (ZrO,) nanoparticles in base mineral oil
and commercial formulated lubricating oils. A modified chemical method was applied to prepare nano-
sized ZrO, structurally stabilized with yttria (Y,Os3) in a precipitation process with the addition of various
surfactants (polyethylene glycol, polyvinyl pyrrolidone, and polyether amine). Characterizations by X-ray
diffraction and transmission electron microscopy show that polyether amine facilities the formation of
stable ZrO, with coexisting tetragonal and monoclinic phases and is better in preparing Y,Os-stabilized
ZrO, nanoparticles with a smaller particle size and narrower size distribution compared to the other
surfactants used. The friction and anti-wear characteristics, which were tested with a four-ball module,
indicate that the as-prepared Y,Os-stabilized ZrO, nanoparticles perform better in commercial
formulated lubricating oils than in the base mineral oil medium, and 0.1-0.5 wt% nanoparticles should
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1. Introduction

The addition of inorganic nanoparticles into lubricating oils
has attracted extensive attention both in the scientific
community and in the lubrication industry because of its
effectiveness in reducing wear and friction. Varieties of inor-
ganic nanomaterials including metal nanoparticles, metal oxide
nanoparticles, carbon nanomaterials, and metal dichalcoge-
nide nanostructures have been utilized in oil media to improve
the anti-wear and friction-reduction properties."* Among the
inorganic nanoparticles utilized in lubricating oils, metal oxide
nanoparticles possess advantages such as low cost, relatively
high stability, and ease of controlling the particle size and
morphology, making them good candidates for commercial
applications in lubricating oils.

The use of common metal oxide nanoparticles such as Al,O3,
MgO, ZnO, CuO, and TiO, in lubricating oils has been
frequently studied in the literature. Wu and co-workers'
examined the tribological properties of lubricating oils with
various nanoparticles, including CuO, TiO,, and nano-
diamond, all of which exhibit good friction-reduction and
anti-wear behaviors, particularly CuO. In the study of Ingole and
co-workers,” nano-sized TiO, particles prepared by co-
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be sufficient to achieve good tribological performance in lubricating oils.

precipitation had a minor reduction effect on the coefficient
of friction of the base oil. Luo and co-workers prepared
homogeneously dispersed Al,O; nanoparticles using silane
coupling agents. When 0.1 wt% of Al,O; nanoparticles were
added into the base oil, the friction and anti-wear properties
were markedly improved. Later, the same team' found that
Al,03/TiO, nanocomposites provided a much better tribological
performance than pure Al,O; or TiO,.

Compared with other metal oxides, ZrO, is highly crystalline,
chemically resistant, and extra-hard. However, the utilization of
ZrO, nanoparticles in lubricating oils is not yet well-
understood. Only a few studies on the applications of ZrO, in
lubricating oils have been reported. Battez and co-workers*
discussed the wear-prevention behavior of metal oxide nano-
particles, including CuO, ZrO, and ZnO nanoparticles, in oil
under extreme pressure, and all the nanoparticles resulted in
improved properties. In their work, monoclinic ZrO, was
spherical, with a diameter of 20-30 nm, and the wear scar
diameter was the lowest when the ZrO, nanoparticle concen-
tration reached about 2 wt%. They also proposed that the good
results under extreme pressure were related to the size and
hardness of the nanoparticles. Later on, the same group re-
ported the anti-wear behaviors of these three nanoparticles.'® In
their study, base oil containing 0.5 wt% ZrO, nanoparticles
exhibited the best tribological behavior. They suggested that
both the friction and anti-wear behaviors are important in the
design of lubricating oil formulations because both parameters
may show different tendencies depending on the nanoparticle
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concentration. Moreover, Zr-based bulk metallic glasses used
for hard-tissue replacements have tremendous potential
because of their low friction coefficients and wear resistances
compared to conventional CoCrMo alloy."” ZrO,-toughened
alumina ceramic composites show better wear resistance than
Al,0;.*® Alumina ceramics containing Zr additives exhibited
higher wear resistances and lower friction coefficients." These
studies suggest that zirconium compounds may be excellent
candidates as anti-wear and friction-reduction additives.

Pure zirconia typically exhibits three types of crystal struc-
tures, monoclinic, tetragonal and cubic, the last of which is less
common. The use of pure ZrO, is limited by its spontaneous
stress-induced martensitic transformation from tetragonal to
monoclinic during the cooling process. While monoclinic
zirconia is less desirable because of its phase instability, the
retention of the tetragonal phase at room temperature is
essential to increase the mechanical integrity of ZrO, (ref. 20),
and stabilized and toughened zirconia ceramics thus show
great potential for various anti-wear applications.”* ZrO, can be
stabilized by doping with MgO, CaO, Al,03, Y,0;, and others;
among these, yttria-stabilized zirconia (YSZ) is frequently
used.” It has been suggested that upon the addition of a few
percent of Y,03 (3-5 mol%), most of the ZrO, crystals can be
stabilized in the tetragonal phase during the cooling process
after calcination. Such stabilized zirconia with coexisting
tetragonal and monoclinic phases would exhibit balanced
hardness and toughness.**

Various methods have been reported to prepare YSZ micro-
particles and nanoparticles, such as co-precipitation,* hydro-
thermal synthesis,**** and sol-gel processes.?® Because of the
ease of operation and low cost, the co-precipitation process has
been widely used in both research labs and industries. However,
the use of surfactants to control the quality of YSZ particles,
particularly nanoparticles, has not yet been widely adopted. In
this paper, we report the controlled synthesis of 3 mol% yttria-
stabilized zirconia (3YSZ) nanoparticles with coexisting tetrag-
onal and monoclinic phases through a precipitation method
with various surfactants. We then report the tribological prop-
erties of the as-prepared 3YSZ nanoparticles in oils. Previous
research on nanoparticle-bearing lubricating oils has focused
on the friction and anti-wear properties in base oil media, such
as mineral oils and synthetic oils. The lubricating behaviors of
nanoparticles, particularly 3YSZ nanoparticles, in commercial
formulated oils have not yet been studied in detail; therefore,
our current work initiates the discussion on the potential
utilization of synthetic metal oxide nanoparticles in commercial
formulated lubricating oils.

2. Experimental

2.1 Synthesis and characterization of 3YSZ nanoparticles

Zirconyl chloride octahydrate (ZrOCl,-8H,O purity ~ 98%,
supplied by Aladdin, China) and yttrium nitrate hexahydrate
(Y(NO3);-6H,0, purity ~ 99.5%, supplied by Aladdin, China)
were used in this study. ZrOCl,-8H,0 and Y(NO;);-6H,0 were
first dissolved in deionized water. The molar ratio of Y,O5 to
(Y203 + ZrO,) was fixed at 3 mol%. Next, 1 wt% polyethylene
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glycol (PEG-4000), polyvinyl pyrrolidone (PVP-10 000), or poly-
ether amine D2000 (industrial grade) was added into the
mixture as a surfactant to reduce agglomeration. Each solution
was mixed using a magnetic stirrer and heated to 75 °C in
a thermostatic bath. Subsequently, ammonia aqueous solution
(25%, Guangzhou chemical regent factory, China) was slowly
added into the above mixture until the pH reached ~9. After two
hours of reaction, the precipitates were collected and rinsed
repeatedly with deionized water to remove the unwanted ions.
The washing was monitored with AgNO; solution and carried
out until no AgCl precipitation occurred. The purified precipi-
tates were dried overnight at 110 °C in an oven and finally
calcined in a furnace at various temperatures for different
durations to obtain 3YSZ nanoparticle powders. A sample
without any surfactant was also prepared for comparison and
designated as sample I. The samples with PEG-4000, polyether
amine D2000, and PVP-10 000 were designated as sample II,
sample III, and sample 1V, respectively. Elemental analyses of
samples I-IV showed that the surfactants and absorbing
molecules were completely removed after calcination (Fig. S1 in
ESIt).

The crystalline phases of the calcined 3YSZ nanoparticles
were identified by X-ray diffraction (XRD; D8 Advance, Bruker,
Germany) with Cu Ko radiation and a Ni filter operating at 40 kv
and 40 mA. The grain sizes of the nanoparticles were deter-
mined using the Scherrer equation through the line-broadening
method:

0.894
Bcosf’

(1)

dXRD =

where dxgp is the crystallite size of the tetragonal ZrO, phase, B
represents the diffraction peak width measured at half the
maximum intensity, A = 1.5405 A is the wavelength of the X-ray
radiation, and @ is the Bragg angle. The tetragonal reflection at
26 = 30.1° was used to roughly estimate the crystallite sizes of
the YSZ nanoparticles.

Micrographic images of the calcined 3YSZ nanoparticles
were obtained by transmission electron microscopy (TEM;
Tecnai F30, Philips-FEI, Holland) operating at 300 kV.

2.2 Preparation of lubricating oils with 3YSZ nanoparticles

In this work, mineral oil and commercial lubricating oils for car
engines, including KR7 (supplied by China Petroleum) and
Mobil 1 (supplied by ExxonMobil), were purchased directly from
the market. 3YSZ nanoparticles at different concentrations were
dispersed in each lubricating oil with 1.0 wt% of poly(isobutene-
b-propylene oxide-b-isobutene) block copolymer prepared in
our lab by mechanical agitation and ultra-sonication for about
10 min before tribological testing.

2.3 Friction and anti-wear testing method

The friction and anti-wear properties of the prepared lubri-
cating oils were estimated using a Bruker UMT-2 equipped with
a four-ball test setup. Before each test, the ball holder was
washed with petroleum ether, and the balls were cleaned
ultrasonically in ethyl alcohol and thoroughly air-dried. Three

This journal is © The Royal Society of Chemistry 2017
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Table 1 Testing conditions

Mass ratio of 3YSZ Load carrying  Revolution per

Type of oil  nanoparticles in oil capacity (N) minutes (rpm)
Base oil 0.1% 0.5% 1.0% 14.7; 40; 80 200; 400

KR7 0.1% 0.5% 1.0% 80 400

Mobil 1 0.1% 0.5% 1.0% 80 400

stainless-steel balls with diameters of 12.7 mm were clamped
together in the groove and covered with about 10 mL of lubri-
cating oil. A fourth ball (diameter = 12.7 mm), referred to as the
top ball, was pressed into a holder. The tester was operated with
one steel ball held stationary against three steel balls under load
and rotating in the form of a cradle at room temperature. The
testing conditions are listed in Table 1. The friction coefficient
was recorded by means of a load transducer positioned to
measure the lateral force. Wear surfaces were characterized
using a Leica DM2700M microscope.

3. Results and discussion
3.1 Synthesis and characterization of 3YSZ nanoparticles

Fig. 1 illustrates the XRD patterns of the 3YSZ nanoparticles
synthesized by calcining the dried precursor powders at
different temperatures within the range of 500-900 °C for 2 h.
The dried precursor powders were prepared by drying the
precipitates after reaction with and without surfactants at
110 °C. For all the samples prepared with and without surfac-
tants, the dried precursors after heating at 110 °C were amor-
phous, as indicated by the absence of any XRD peaks in the
spectra shown in Fig. 1(a)-(d). After calcination at 500 °C, the
tetragonal phase was observed in all four samples, and mono-
clinic crystals appeared only in sample IV. The weak and broad
monoclinic diffractions in Fig. 1(d) indicate poor crystallinity
and very small crystallite size.”” After calcination at 600 °C, the
monoclinic phase began to appear in sample III [Fig. 1(c)],
whereas only the tetragonal phase was observed in samples I
and II [Fig. 1(a) and (b), respectively]. When the calcination
temperature was increased to 700 °C, the monoclinic phase
appeared in sample I [Fig. 1(a)], whereas sample II still only
contained the tetragonal phase [Fig. 1(b)]. The monoclinic and
tetragonal phases coexisted when the samples were calcined at
temperatures higher than 700 °C (Fig. 1). The above results
demonstrate that the addition of surfactants during the
precipitation process affects the monoclinic crystal formation
temperature during the calcination of YSZ. In sample II, the
added PEG-4000 retarded the growth of the monoclinic phase in
the 3YSZ nanoparticles, while the polyether amine D2000 and
PVP-10 000 facilitated the formation of monoclinic crystals,
thus allowing tetragonal and monoclinic nanocrystals to coexist
at a lower calcination temperature. Moreover, the intensities of
the XRD peaks increased as the calcination temperature
increased from 500 °C to 900 °C, indicating that highly crys-
talline 3YSZ nanoparticles can be obtained by increasing the
calcination temperature, which agrees with the literature.”®
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Fig. 1 also shows that the crystallites exist as either tetragonal
ZrO, or coexisting tetragonal and monoclinic ZrO, rather than
solely monoclinic ZrO,.** The monoclinic portions in sample III
and sample IV are greater than those in sample I and sample II
at the same temperature, suggesting that structurally stable
3YSZ nanoparticles can be prepared using polyether amine
D2000 and PVP-10 000 as surfactants. Such high-quality 3YSZ
nanoparticles are suitable for investigating lubricating perfor-
mance in oil media.

The average crystallite sizes of all samples were determined
by XRD from the Scherrer equation, as shown in eqn (1), and are
plotted in Fig. 2. The average nanoparticle size increased with
increasing calcination temperature. The average nanoparticle
sizes for sample II with PEG-4000 as the surfactant were larger
than those for sample I without any surfactant at every
temperature studied from 500-900 °C. Sample III with polyether
amine D2000 as surfactant and sample IV with PVP-10 000 as
surfactant had smaller nanoparticles sizes than sample I
without any surfactant. Comparing the average nanoparticle
sizes in Fig. 2 and the temperature-dependent crystalline phase
formation results shown in Fig. 1 suggests that the formation of
the monoclinic phase, which is induced by the addition of
surfactants such as polyether amine and PVP, helps reduce the
3YSZ nanoparticle size during the calcination process.

The average nanoparticle size and size distribution were also
analyzed directly by electron microscopy. Fig. 3 shows typical
TEM images of 3YSZ nanoparticles in samples I-IV calcined at
900 °C. The average nanoparticle size for all the prepared
samples was about 30 nm, but only sample III exhibited a rela-
tively narrow size distribution. The statistical analysis based on
about 200 nanoparticles from the TEM images for each sample
is shown in Fig. 4. Sample I without any surfactant showed an
average particle size of 31.8 nm, with a standard deviation of
+10.4 nm, while sample II with PEG-4000 showed a larger
particle size of 36.9 nm and a slightly narrower size distribution
of £9.1 nm. The comparison of the TEM images and statistical
analysis between sample I and sample II suggests that PEG is
inefficient at reducing the average size and size distribution of
3YSZ nanoparticles in the precipitation method, which agrees
with the XRD results shown in Fig. 2. Sample III with polyether
amine D2000 and sample IV with PVP-10 000 showed average
particle sizes of 26.8 £ 8.0 nm and 30.0 & 11.2 nm, respectively,
indicating that both polyether amine and PVP can help reduce
the 3YSZ nanoparticle size, and that among the surfactants
studied in this work, polyether amine is the most efficient at
preparing small 3YSZ nanoparticles. Polyether amine was also
the best surfactant for synthesizing uniform 3YSZ nanoparticles
in the current study. Therefore, sample III (3YSZ nanoparticles
prepared with polyether amine D2000) was utilized as model
3YSZ nanoparticles to study the friction and anti-wear behaviors
in various lubricating oils.

3.2 Lubricating behaviors of 3YSZ nanoparticles in base oil
and commercial formulated lubricating oils

Fig. 5 shows the friction coefficients as a function of time up to
1 h for base mineral oils containing various concentrations of
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Fig.1 XRD patterns of 3YSZ before and after calcining at various temperatures: (a) sample |, (b) sample Il, (c) sample lll, and (d) sample IV. “t" and
“m” represent the tetragonal and monoclinic zirconia, respectively. Sample | represents the sample without any surfactant, and the samples with
PEG-4000, polyether amine D2000, and PVP-10 000 are assigned as sample I, sample Ill, and sample |V, respectively.
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Fig. 2 Average crystallite sizes (determined by XRD) of the 3YSZ
nanoparticles prepared by calcining the dried precursor powders at
various temperatures for 2 h.

3YSZ nanoparticles from sample III with increased load and
rotational speed under our four-ball testing experiments. The
testing conditions are summarized in Table 1. Under the mild
testing condition with a load of 14.7 N and a rotational speed of
200 rpm, the base oils containing 0.1, 0.5, and 1.0 wt% 3YSZ
nanoparticles all showed higher friction coefficients than the
base mineral oil, as shown in Fig. 5(a). This indicates that the
3YSZ nanoparticles are unable to reduce the friction coefficient
of the base mineral oil under light-load and slow-rotation
conditions. When the load and rotational speed were
increased to 40 N and 400 rpm, respectively, the base oil with 0.1
wt% of 3YSZ nanoparticles still showed a higher friction coef-
ficient than the base oil alone, as illustrated in Fig. 5(b).
However, Fig. 5(b) also shows that the friction coefficient of the

3730 | RSC Adv., 2017, 7, 3727-3735

base oil containing 0.5 wt% 3YSZ nanoparticles was about 10%
lower than that of the control oil, and the friction coefficient of
the base oil with 1.0 wt% 3YSZ nanoparticles was similar to that
of the base oil alone. Fig. 5(c) shows the results for a load of 80 N
and a rotational speed of 400 rpm. Under these testing condi-
tions, all the oil samples containing 3YSZ nanoparticles showed
lower friction coefficients than the control base oil, and the
friction coefficient decreased with increasing nanoparticle

P 4

Fig. 3 TEM images of 3YSZ nanoparticles prepared (a) without any
surfactant (sample 1) and with (b) PEG-4000 (sample Il), (c) polyether
amine D2000 (sample ), and (d) PVP-10 000 (sample IV) as
surfactants.

This journal is © The Royal Society of Chemistry 2017
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Fig.4 Size distributions of 3YSZ nanoparticles prepared with and without surfactants after calcination at 900 °C for 2 h: (a) sample |, (b) sample I,
(c) sample lll, and (d) sample IV. Sample | represents the sample without any surfactant, and the samples with PEG-4000, polyether amine D2000,

and PVP-10 000 as surfactants are designated as sample I, sample I,

analysis.

concentration. Fig. 5(c) shows that all the lubricating oils con-
taining 3YSZ nanoparticles showed unusually high friction
coefficients at the early stage of the four-ball testing, which is

—Base oil
—— 3YSZ(0.1%)/base oil|
—— 3YSZ(0.5%)/base oil|

—— 3YSZ(1.0%)/base oil|
0.35 /'/WMM/\

0.30 WWW“W\W
0.25 W

Time (min)

0.40 14.7 N,200 rpm

Friction coefficient

and sample 1V, respectively. (e) Table showing the results of statistical

probably attributable to the existence of nanoparticle clusters.
Under a relatively heavy load, these clusters began to disaggre-
gate rapidly between the rotating metal balls, after which the

-
A
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Fig. 5 Friction coefficients as functions of time for the base oils with various concentrations of 3YSZ nanoparticles under different testing
conditions: (a) 14.7 N and 200 rpm, (b) 40 N and 400 rpm, and (c) 80 N and 400 rpm.
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friction coefficients returned to normal and remained stable.
Moreover, as shown by comparing Fig. 5(a)-(c), the friction
coefficient of the control base oil remained nearly the same at
~0.250 under different testing conditions, while the mineral
oils with added 3YSZ nanoparticles showed reduced friction
coefficients as the testing load and rotational speed increased.
The lowest friction coefficient for a mineral oil sample con-
taining 3YSZ nanoparticles tested in our experiments was
~0.210 under 80 N and 400 rpm, which represents an approx-
imately 16% reduction compared to the base mineral oil. The
above phenomenon also illustrates that 3YSZ nanoparticles in
the base oil are efficient at lubricating the interface between
metals under heavy-load and high-frictional-speed conditions.
This may be attributed to the high hardness and high stability
of 3YSZ nanoparticles with a majority of tetragonal phase
compared to other types of zirconia.*®

To test the tribological performances of our 3YSZ nano-
particles in formulated oils, two commercial lubricating oils,
one Chinese brand from PetroChina (KR7) and one US brand
from ExxonMobil (Mobil 1) were purchased directly from the
market and utilized in the current study. Fig. 6(a) and (b) show
the friction coefficients of KR7 and Mobil 1 with and without
the addition of 3YSZ nanoparticles under a load of 80 N and
a rotational speed of 400 rpm, respectively. In Fig. 6(a), KR7 and
KR7 containing 0.1 and 0.5 wt% 3YSZ nanoparticles show
similar friction coefficients of ~0.165, and KR7 with 1.0 wt%
3YSZ nanoparticles possesses a higher friction coefficient of
~0.185, indicating that 3YSZ nanoparticles are incapable of
enhancing the lubricating behaviors of KR7, and a higher
concentration of 3YSZ nanoparticles may cause a significant

(a)

0.24- .
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2
w %&WM

0.16

0 10 20 30 40 50 60
Time (min)
(&) Mobil 1
h— 1l

0.24+ —— 3YSZ(0.1%)/Mobil 1
- 80N, 400 rpm —— 3YSZ(0.5%)/Mobil 1
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Fig. 6 Friction coefficients of (a) KR7 and (b) Mobil 1 with and without
added 3YSZ nanoparticles under a load of 80 N and a rotational speed
of 400 rpm.
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increase in the friction coefficient of KR7. In contrast, as shown
in Fig. 6(b), the Mobil 1 oils containing 0.1 and 0.5 wt% 3YSZ
nanoparticles had friction coefficients of ~0.180 and ~0.175,
respectively, lower than that of Mobil 1 without 3YSZ nano-
particles (about 0.210). However, when the concentration of
3YSZ nanoparticles was increased to 1.0 wt% in Mobil 1, the
friction coefficient increased to ~0.200, which is slightly lower
than that of the control Mobil 1 oil.

The average friction coefficients as functions of the 3YSZ
nanoparticle concentration in the base mineral oils KR7 and
Mobil 1 measured at 80 N and 400 rpm and derived from
Fig. 5(c) and 6 are plotted in Fig. 7. First, the friction coefficients
of the base oil, KR7, and Mobil 1 were lower than that of the
base oil, mainly because the two commercial oils already
contain formulated lubricating agents. Second, the addition of
3YSZ nanoparticles synthesized in the current work reduced the
friction coefficients of the base oil, KR7, and Mobil 1 to different
extends. For the base mineral oil, the friction coefficient
decreased gradually as the concentration of 3YSZ nanoparticles
increased, as discussed previously for Fig. 5(c). As for the
commercial formulated lubricating oils, our 3YSZ nanoparticles
were more efficient in reducing the friction coefficient of KR7
than that of Mobil 1. The KR7 oil did not show a considerable
reduction in friction coefficient when 0.1 wt% 3YSZ nano-
particles were added, and the friction coefficient was even
slightly increased compared to that of pure KR7 when the
concentration of 3YSZ nanoparticles was increased to 0.5 wt%.
On the other hand, the Mobil 1 oil experienced significant
reductions of about 15% and 17% in friction coefficient when
0.1 wt% and 0.5 wt% 3YSZ nanoparticles were added, respec-
tively. The difference in the reductions in friction coefficient
between KR7 and Mobil 1 when less than 0.5 wt% 3YSZ nano-
particles were added can probably be attributed to the two
following reasons. (i) Our 3YSZ nanoparticles are more
compatible with the Mobil 1 formulation than KR7. The good
dispersion of nanoparticles with a relatively low concentration
in the oil medium leads to an efficient reduction in the friction
coefficient, similar to many observations in the literature.*® (ii)
The KR7 formulation may already contain a relatively large
amount of lubricating agents; thus the effect of adding 3YSZ

0.241 —a— 3YSZ/base oil
80 N, 400 rpm —*— 3YSZ/IKR7
—4— 3YSZ/Mobil 1
-
c 4
§ 0.22
L2
%
S 0.20-
o
8
= 0.18
2
=
w
0.16 4

0.000 0.002 0.004 0006 0.008 0.010
3YSZ nanoparticle concentration (g/g)

Fig. 7 Comparison of the friction coefficients for different 3YSZ
nanoparticle concentrations in the base mineral oil, KR7, and Mobil 1.
The tests were performed under a load of 80 N and a rotational speed
of 400 rpm for 1 h.
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nanoparticles on the friction coefficient is not obvious. Lastly,
when the concentration of 3YSZ nanoparticles was increased to
1.0 wt%, both KR7 and Mobil 1 showed higher friction coeffi-
cients than the corresponding low-nanoparticle-concentration
samples. The friction coefficient of the KR7 oil with 1.0 wt%
3YSZ nanoparticles was 20% higher than that of the pure KR7.
This phenomenon may be explained by the fact that a relatively
high concentration of nanoparticles results in severe nano-
particle aggregation, resulting in a significant increase in fric-
tion coefficient.® The above discussion suggests that 0.1-0.5
wt% of our 3YSZ nanoparticles is sufficient to reduce the fric-
tion coefficients of lubricating oils.

The wear scar images of the worn metal balls after four-ball
testing for 1 h under a load of 80 N and a rotational speed of
400 rpm are shown in Fig. 8. The images for the samples made
using the three control oils (the base mineral oil, KR7, and
Mobil 1) with and without the addition of 0.5 wt% 3YSZ nano-
particles are shown to demonstrate the anti-wear properties of
our 3YSZ nanoparticles in lubricating oils. The average wear
scar diameters (WSDs) as functions of 3YSZ nanoparticle
concentration in the base mineral oil, KR7, and Mobil 1 are
plotted in Fig. 9. The WSD for the base mineral oil was similar to
those for KR7 and Mobil 1, but the wear scars for KR7 and Mobil
1 appeared much smoother than those for the base mineral oil,
indicating that KR7 and Mobil 1 have good lubricating formu-
lations. For the addition of 3YSZ nanoparticles, the WSD for the
base mineral oil containing 0.1 wt% nanoparticles was about
five-fold larger than that for the base mineral oil alone, and the
WSDs for the base mineral oil containing 0.5 and 1.0 wt%
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Fig. 9 Average WSD as a function of 3YSZ nanoparticle concentration
in the base mineral oil, KR7, and Mobil 1. The tests were performed
under a load of 80 N and a rotational speed of 400 rpm for 1 h.

nanoparticles were about three-fold larger. Most previously re-
ported data regarding the addition of ZrO, nanoparticles'>*®
and other oxide nanoparticles®*® to base oil media indicate
different degrees of anti-wear enhancement or sometimes
a decrease in wear protection, and such large WSDs for the base
oils with 3YSZ nanoparticles have not been seen before. This
observation agrees with the corresponding friction coefficient
results shown in Fig. 5(c). The unusually large friction coeffi-
cients at the early stage of four-ball testing are likely the reason
for the formation of such large wear scars. The mechanisms
responsible for this phenomenon may be the poor dispersion of
3YSZ nanoparticles in the base oil, as discussed previously for
Fig. 5(c), and the fact that the 3YSZ nanoparticles containing

500 pm

Fig.8 Wear scar images of the worn metal surfaces after four-ball testing for 1 h under a load of 80 N and a rotational speed of 400 rpm: (a) base
oil, (b) KR7, (c) Mobil 1, (d) base mineral oil with 0.5 wt% of 3YSZ nanoparticles (sample ll1), (€) KR7 with 0.5 wt% of 3YSZ nanoparticles (sample Il1),

and (f) Mobil 1 with 0.5 wt% of 3YSZ nanoparticles (sample Il1).
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Fig. 10 Average friction coefficients of various 3YSZ nanoparticles in
the base mineral oil, KR7, and Mobil 1 with a fixed concentration of 0.1
wt%. The tests were performed under a load of 80 N and a rotational
speed of 400 rpm for 1 h.

coexisting tetragonal and monoclinic phases in this study are
much harder and more stable than the non-stabilized ZrO,
nanoparticles with only the monoclinic phase reported in the
literature.* In this study, severe polishing occurred at the fric-
tion interfaces during the initial stages of four-ball testing as the
nanoparticle clusters disaggregated, leading to a huge increase
in WSD and a reduction in friction coefficient later on. As for the
commercial formulated oils, the addition of 0.1 wt% of our
3YSZ nanoparticles helped reduce the wear for both KR7 and
Mobil 1 by 15-20%. When the concentration of 3YSZ nano-
particles increased to 0.5 and 1.0 wt%, the KR7 oil retained
a similar wear rate, while the WSD of the Mobil 1 oil increased
by 20-25%. This result demonstrates that our 3YSZ nano-
particles are better at reducing wear in KR7 than in Mobil 1, and
the formulation may be the key to the tribological performance
of lubricating oils containing nanoparticles.

Finally, we dispersed all the prepared 3YSZ nanoparticles
(samples I-1V) in base mineral oil, KR7, and Mobil 1 at a fixed
concentration of 0.1 wt% and tested the tribological perfor-
mances under a load of 80 N and a rotational speed of 400 rpm
for 1 h. Fig. 10 compares the average friction coefficients of the
above samples. All the oil media containing sample III exhibited
lower friction coefficients than the corresponding oils with
other 3YSZ nanoparticles. This suggests that the 3YSZ nano-
particles synthesized with the aid of polyether amine surfactant
show better tribological properties in both base mineral oil and
commercial formulated oils compared to the nanoparticles
prepared with other surfactants or without surfactant. In addi-
tion, controlling the nanoparticle size and size distribution is
the key to obtaining high-performance lubricating oils con-
taining 3YSZ nanoparticles.

4. Conclusions

We have systematically investigated the syntheses of 3YSZ
nanoparticles in a precipitation-calcination approach using
various surfactants. The results of nanoparticle characterization
show that the use of polyether amine as a surfactant during the
synthesis favors the formation of stabilized zirconia nano-
crystals with coexisting tetragonal and monoclinic phases
compared to the syntheses without any surfactant and those
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using polyethylene glycol or polyvinyl pyrrolidone as surfactant.
The 3YSZ nanoparticles prepared with the addition of polyether
amine are also smaller in size and more uniform than those
synthesized with other surfactants and without surfactant. The
tribological four-ball measurements show that the 3YSZ nano-
particles are effective at reducing the friction coefficient of the
base mineral oil, although they cause a significant increase in
wear rate. The 3YSZ nanoparticles prepared in the current study
have much better friction-reduction and anti-wear performance
in commercial formulated lubricating oils, as compared to their
performance in the base mineral oil, at the optimal nano-
particle concentration of ~0.1-0.5 wt%. The tribological
comparisons between different oil media and different nano-
particles illustrate that the nanoparticle sizes and size distri-
butions, their dispersions, and the oil formulations are all
crucial in designing nanoparticle-bearing lubricating oils. The
detailed relationship between the lubricating formulations and
3YSZ nanoparticles, as well as other lubricating nanomaterials,
is under current investigation.
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