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Abstract In this paper, nano/microstructure lanthanum
borates were synthesized by hydrothermal route. Further-
more, oleic acid-capped nano/microstructure lanthanum
borates (OANLBs) were also prepared. The nano/micro-
structure of lanthanum borate is characterized by means of
Fourier transform-infrared spectroscopy (FT-IR), field-
emission scanning electron microscopy (FE-SEM), and
transmission electron microscopy (TEM). At the same
time, the friction and wear properties of OANLBs as
additives in poly-alpha-olefin (PAO) were measured for
AISI 1045 steel and laser treated AISI 1045 steel. Results
show that the PAO containing OANLBs possesses much
better tribological properties for steel/steel and steel/laser
treated AISI 1045 steel sliding pairs than pure PAO.
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1 Introduction

During the last decade, interest in the synthesis and prop-
erties of borate materials has steadily grown because of the
high expectations about their application areas, especially
as antifriction, fire retardant and others materials [1-4].
However, as additives, borate is difficult to dispersions in
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organic solvent. Researchers found that surface-modified
nanoparticles may form relatively stable dispersions in
organic solvent and possess a pronounced application in
tribological industry and polymer industry [5]. Liu et al. [6]
synthesized oleic acid (OA)-modified single crystal barium
borate uniform nanorods and found that the modified
BaB40O; nanorods can improve the load carrying capacity
and antiwear properties of the base oil. Chen et al. [7]
prepared a new netlike nano size zinc borate by coordi-
nation homogeneous precipitation and found that the
products had excellent effect on char formation when it
was introduced into polypropylene and high-density poly-
ethylene as flame-retardant filler. Qiao [8] synthesized an
N-modified nano/micrometer borate by an ultrasonic dis-
persion and emulsion reaction in the microemulsion phase
and found that the modified borate salt revealed an excel-
lent tribological performance. On the other hand, previous
investigators suggested that separation of nanoparticles
from mother microemulsion solution was difficult [9].
Nowadays, the popular way to synthesize nano-borate is
that the borax and OA dissolved into distilled water or
absolute ethanol, and the other compound (such as ZnSOy,
BaS0O,) solution is added to the first solution [10]. The
ammonia was added into the solution to control the PH
value in the temperature range of 45-80 °C. Furthermore,
many researchers tried to synthesis nanoparticles with
different morphologies to improve their properties [1, 3, 7,
11, 12].

On the other hand, rare earth materials possess some
special properties, such as lanthanum compounds have been
evaluated as lubricating oil additives and shown excellent
tribological properties [10, 13—16]. Previous investigators
suggested that lanthanide complexes are useful anti-abrasion
and antiwear additives in oil or grease [10, 13]. Huetal. [16]
synthesized nanoparticles amorphous lanthanum borate with

@ Springer



426

Tribol Lett (2011) 41:425-434

a particle size of 20-40 nm and found that the nanoparticles
of amorphous lanthanum borate as additives possessed better
wear resistance and load carrying capacity than base oil. In
this paper, a facile and easy hydrothermal route was reported
to synthesize lanthanum borate nanoparticles. Then, the
lanthanum borates were capped by OA. And the friction-
reducing and anti-wear functions for the steel/steel and steel/
laser treated AISI 1045 steel pairs were investigated under
PAO containing the three OANLBs. At the same time, the
tribological mechanism was also analyzed.

2 Experimental Details

In a typically synthesis, 3.8 g borax and 3.0 g La(NOj3);
was dissolved into 50 and 10 mL distilled water, respec-
tively, with vigorous stirring for 1 h. The La(NOs); solu-
tions were added dropwise into the borax solution with
stirring at room temperature, and the precipitate appeared
rapidly (code as: S1). The sediment was filtrated and
washed repeatedly using distilled water and absolute eth-
anol, respectively. The filtrated cake and 1.0 mL OA were
re-dispersed by ultrasonic into 60 mL n-butanol to form
homogeneous phase. The homogeneous slurry was trans-
ferred into a round-bottom flask and stirred under reflux
conditions for 0.5 h. Finally, the n-butanol was distilled
away under reduced pressure to get the aim compound of
OANLB-1. As for OANLB-2, the S1 was sealed in a
100 mL Teflon-lined stainless steel autoclave, and heated
at 130 °C for 10 h and then cooled to room temperature.
Other steps are as the same as OANLB-1. The difference
between OANLB-3 and OANLB-2 is that the ammonia
was added into the S1 to maintain the pH at 9.

AIST 1045 steel discs (@ 24 mm x 7.8 mm) were pol-
ished (hardness 230 HV, surface roughness 0.03 um) before
laser quenching the surfaces. The laser quenching was
conducted on a 10 kW transverse-flow continuous 4-axis
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Fig. 1 The 2D and 3D profiles of the laser quenching surface
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computer numerical controlled (CNC) laser material pro-
cessing machine tool. The process was executed with a laser
beam size of 20 mm x 1 mm, discharge power of 6 kW,
velocity of 1000 mm/min. Furthermore, the two-dimen-
sional (2D) and three-dimensional (3D) profiles of the
surface were shown in Fig. 1. Commercial PAO (kinetic
viscosity at 40 °C: 68 mm?*/s) was used as the base oil and
the additive content (mass fraction) was fixed at 1.0 wt%.
The OANLBs can be dispersed in PAO stably. The friction
and wear behavior of AISI 1045 steel and laser treated AISI
1045 steel under the lubrication of pure PAO and PAO
containing OANLBs was evaluated using a reciprocating
ball-on-disc friction and wear tester. The upper balls with
diameter of 10 mm were made of AISI 52100 steel. The
lower stationary discs of laser treated AISI 1045 steel
0.42% C, 0.17% Si, 0.5% Mo, 0.035% P, 0.025% Cer,
0.030% Ni, 0.25% Cu, remainder Fe) had a surface
roughness (Ra) of 0.03 um and hardness of 650 HV. The
sliding tests were performed at an amplitude of 1 mm, a test
duration of 30 min, normal load of 20 N, and reciprocating
frequency of 10, 20, 30, 40, and 50 Hz (corresponding
maximum sliding speeds are 0.02, 0.04, 0.06, 0.08, and
0.10 m/s), at room temperature. Separate tests were done
for each frequency and three repeat measurements were
carried out, and the averaged values of the friction coeffi-
cients and wear rates are reported in this paper. The FTIR
spectrum is recorded in the range of 500-4000 cm™' by
Bruck IFs66v spectrometer. Field-emission scanning elec-
tron microscopy (FE-SEM) images were obtained on a
JEOL JSM-6701SEM. TEM images were obtained on a
JEM-1200 EX TEM. X-ray photoelectron spectroscopy
(XPS) was performed on a PHI-5702 multi-functional
X-ray photoelectron spectroscope to investigate the chem-
ical states of the worn surface. Al Ko radiation was used as
the excitation source to determine the binding energies of
the target elements at a pass energy of 29.4 eV and a res-
olution of +0.2 eV. The binding energy of Cls (284.6 eV)




Tribol Lett (2011) 41:425-434

was used as the internal reference [17]. The morphologies
and elemental composition of the worn surfaces were ana-
lyzed using a JSM-6500LV scanning electron microscope
equipped with an attachment for energy dispersive X-ray
analysis (SEM-EDXA, Kevex Sigma, USA). The thermo-
gravimetry (TG) was carried out on Netzsch STA499
simultaneous thermal analyzer at a heating rate of 10 °C
min~! under N,. The wear volume loss of lower disc was
determined using a Microxam-three dimensional surface
profiler (ADE Corporation of America).

3 Results and Discussions
3.1 Characterization of Lanthanum Borate

Figure 2 displays the FT-IR spectra of the lanthanum
borate and OANLBs. The band at 3404 cm ™" is attributed
to O-H stretching vibration [6]. The band at 1655 cem s
attributed to the H-O-H bending mode, which indicates
that the compound contains the crystal water [1, 2, 6]. The
band at 1390 and 986 cm ™' should be the asymmetric and
symmetric stretching of B—O band [1, 2]. As for OANLBs,
the band at 1548 cm™' is attributed to the existence of
carboxylic acid salt in OA-capped lanthanum borate [18].
The band at 2925 and 2853 cm™' is assigned to the
stretching vibration of CH, group [6]. Figure 3 shows the
TG analysis results of lanthanum borate and OANLB.
Obviously, the weight loss of lanthanum borate is about
15% and that of OANLB is about 35%. So, the conclusion
can be easily drawn that the ratio of OA is about 20%.
Figures 4 and 5 show the FE-SEM and TEM images of
OANLBs. As for the OANLB-1, the diameter of the
nanoparticles was about 10 nm (see Fig. 5a). Comparing
OANLB-1, OANLB-2 showed increasing diameter. More
interestingly, the leaf-like lanthanum borate appeared as
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Fig. 2 FT-IR absorption spectra of unmodified lanthanum borate,
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Fig. 3 TG analysis of unmodified lanthanum borate, and OANLB

the ammonia added into the system (see OANLB-3). The
thickness of these leaves was about 5 nm (see Fig. 5c). A
slight agglomeration happened when the additives were
dispersed into PAO.

3.2 Tribological Properties

Figure 6 shows the friction coefficient and wear rate of the
steel/steel pair lubricated with the pure PAO and PAO
containing OANLBs at 20 N for 30 min. The friction
coefficients of the PAO and PAO containing OANLBs are
significant different at all frequencies. Namely, the friction
coefficient of the AISI 1045 steel lubricated with PAO is
much higher than that of PAO containing OANLBs,
respectively. At 50 Hz, the friction coefficient of the AISI
1045 steel lubricated with PAO is about 0.37, but that with
PAO containing OANLB-1 and OANLB-2 is only 0.13. As
for the three OANLBs, the OANLB-1 and OANLB-2
possess better friction-reducing ability than OANLB-3
under all frequencies. At the same time, the volume wear
rate of the AISI 1045 steel lubricated with PAO is about
five times bigger than that of PAO containing the OANLBs
at 10 Hz.

In order to observed influence of modified materials,
laser treated AISI 1045 steel was chosen as the low disc.
Figure 7a shows the friction coefficients of the steel/laser
treated AISI 1045 steel pair lubricated with PAO and PAO
containing OANLBs at 20 N. Obviously, the friction coef-
ficients of steel/laser treated AISI 1045 steel pairs lubricated
with PAO containing the three OANLBs is smaller and
more stable than that of pure PAO under all frequencies.
The PAO containing OANLB-2 has the smallest friction
coefficient in the all frequencies, and the friction coefficient
is only 0.09. At 50 Hz, the friction coefficient of pure PAO
is 0.21. The various wear rates of laser treated AISI 1045
steel lubricated with PAO and PAO containing OANLBs at
different frequencies are shown in Fig. 7b. The laser treated
disc obviously has a better wear resistance when lubricated
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Fig. 4 FE-SEM imagines of
OANLB-1 (a), OANLB-2 (b),
and OANLB-3 (¢)

Fig. 5 TEM imagines of
OANLB-1 (a), OANLB-2 (b),
and OANLB-3 (c)
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with PAO containing the OANLBs than that with pure
PAO. More interestingly, the wear rate of laser treated AISI
1045 steel lubricated with the PAO containing OANLBs is
constant at 3.5 x 10"*mm*/Nm in all frequencies, which is
approximately 5-10 times lower than that of pure PAO in
the whole frequency range.

Comparing the Figs. 6a and 7a, the friction coefficients
of the laser treated AISI 1045 steel lubricated with PAO
and PAO containing OANLBs are smaller than that of the
AISI 1045 steel. At 50 Hz, the friction coefficient of laser
treated AISI 1045 steel lubricated with PAO containing
OANLB-3 is about 0.12, but that of AISI 1045 steel is
about 0.22. Furthermore, the wear rate of the laser treated
AISI 1045 steel lubricated with the PAO and PAO

20 25 30 PAO
Time (minutes)

PAO+OA PAO+ZDDPPAO+OANLB2
Lubricants

containing OANLBs is significant smaller than that of the
AISI 1045 steel in all frequencies (as shown in Figs. 6b and
7b). Comparing the AISI 1045 steel and laser treated AISI
1045 steel, the surface hardness of the sample increased
from 230 to 650 HV. It is reasonable to deduct that laser
quenching coatings plays an important role on anti-wear
and friction-reducing. Figure 8 shows the friction coeffi-
cient and wear rate of PAO and PAO containing OA,
ZDDP, and OANLB?2, respectively, at 50 Hz for 30 min.
Obviously, the friction coefficient of PAO is the highest
among the four lubricants. On the other hand, the friction
coefficient of PAO containing OANLB?2 is the lowest. As
for the wear rate of the four lubricants, the wear rate of
PAO is much higher than that of other three lubricants.
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Fig. 9 SEM photographs of
worn surfaces of AISI 1045

steel lubricated with

a PAO + OANLB-1,

b PAO + OANLB-2,

¢ PAO + OANLB-3, d PAO

Fig. 10 SEM photographs of
worn surfaces of laser treated
AISI 1045 steel lubricated with
a PAO + OANLB-1,

b PAO + OANLB-2,

¢ PAO + OANLB-3, d PAO

@ Springer

ZakyU"

X488 - SOpm




Tribol Lett (2011) 41:425-434

431

Furthermore, the wear rate of PAO containing OANLB?2 is
only 0.6 x 10*8mm3/Nm, which is the lowest among the
four lubricants.

3.3 SEM and XPS Analyses of Worn Surfaces

In order to investigate the friction-reducing and anti-wear
properties of the PAO and PAO containing OANLBs for
the two kinds of sliding pairs, the worn surfaces of AISI
1045 steel and laser treated AISI 1045 steel were ultra-
sonically washed with acetone and analyzed using SEM.
As for the steel/steel pair, the worn surfaces of the AISI
1045 steel under the lubrication of the PAO containing the

three OANLBs are smoother and show slighter adhesion as
compared with that of the pure PAO under the same con-
dition (see Fig. 9a—d). Possibly, the tribofilm protected the
worn surface during sliding.

Figure 10 shows the SEM photographs of the worn
surface of the laser treated AISI 1045 steel lubricated with
the PAO and PAO containing OANLBs at a load of 20 N
for 30 min. Obviously, the worn surface of the laser treated
specimen lubricated with PAO showed more severe adhe-
sion wear than that of lubricated with PAO containing
OANLBs. Namely, the worn surface of the laser treated
AISI 1045 steel lubricated with PAO showed a deeper
plough than that with PAO containing OANLBs (see

Fig. 11 XPS spectra of several 3500 o1
elements on the worn surface of Cls 40000 - s
the laser treated AISI 1045 steel 3000 F
lubricated with 35000 -
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: E
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Fig. 10d and a, b, c), which well corresponds to the wear
rate of the laser treated AISI 1045 steel (see Fig. 7).

The worn surfaces of the steel/laser treated AISI 1045
steel pairs lubricated with the PAO containing OANLBs
were analyzed by mean of XPS so as to acquire more
information about the tribochemical reactions involved
during the sliding process. Figure 11 shows the XPS spectra
of Cls, Ols, Bls, La3d, and Fe2p on the worn surface of
laser treated AISI 1045 steel lubricated with PAO con-
taining OANLB-1. The broad peak of Bls from 191.0 to
192.3 eV is attributed to B,O3 [19-21]. Fe2p peak from
710.0 to 712.0 eV might be assigned to Fe,O3 on the worn
surface [20]. But, unfortunately, the peak of La3d is very

weak. The XPS spectra of the Bls, La3d, and Fe2p on the
worn surface of the upper ball lubricated with PAO con-
taining OANLB-1 are shown in Fig. 12. The broad peak of
Fe2p from 709.9 to 712.0 eV might indicate the Fe,O5; on
the worn surface [20]. The spectrum of La3d centered at
835.2 eV is attributed to La,O3 [15, 17]. The broad peak of
B1ls centered at 191.3 eV is assigned to B,O5 [16, 21]. On
the other hand, the spectra of B1s and La3d are very weak,
possibly because the tribofilm on the upper ball is too slight
to be detected. The peak of Bls at 197.3 eV is might
attributed to the existence of La4p3/2 on the worn surface
[17]. It is reasonable to conclude that the tribofilm con-
taining La, B, and Fe formed during sliding, which

Fig. 12 XPS spectra of several 1060 6800
elements on the worn surface of B1s 6600 | La3d
the upper ball of the steel laser 10401
treated AISI 1045 steel pairs 1020 L 64001
lubricated with 6200 -
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. > 2 L
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improved the wear resistance of the steel/laser treated AISI
1045 steel pairs.

4 Discussion

Although the chemical interaction between lubricants and
worn surface is too complicated to be disclosed satisfac-
torily, we try to find some clues of the mechanism. Fig-
ure 13 shows the XPS analysis of the lanthanum borate
powder. Obviously, the peak at about 193.2 eV of Bls is
attributed to B,O5; [19-21]. On the other hand, the broad
peak of Bls from 197.4 to 198.8 eV possibly can be con-
sidered La4p3/2, and the existence of La is reasonable to be
deducted [17]. The broad peak of La3d from 834.1 to
835.7 eV shows the existence of La,O5; [15]. So, it is
reasonable to presume that the nano lanthanum borates are
composed of B,0; and La,Oj3, lubricating the steel/laser
treated AISI 1045 steel pair during sliding because of their
special structure. It is reasonable to deduct that the
OANLBs was discomposed into La,O; and B,05; during
sliding, and both of them improved the tribological prop-
erties of laser treated AISI 1045 steel. On the other hand,
the EDS analysis was executed to get more information of
the worn surface (see Table 1). Obviously, the atomic
percentage of La is 0.2 after sliding, but, that is 0.00 after
washing. It is reasonable to conclude that La,O; was

Table 1 The EDS analysis of the OANLB and worn surface

Sample C (at.%) O (at.%) B (at.%) La (at.%) Fe (at.%)
OANLB2 53.25 2.43 8.96 3421 1.16
After sliding  46.73 0.98 24.16 0.2 27.94
After washing 37.2 0.68 21.72 0.00 40.40
Fig. 14 Schematic diagram )

of wear resistance mechanism Lubricants

of the lanthanum borate \

Lanthanum borate

washed away by acetone (shown as Fig. 14). Furthermore,
the atom of B can be penetrated into the sublayer of the
worn surface because of its small diameter [19-21], which
is corresponding to the high percentage of B (shown in
Table 1). It is more reasonable to understanding that the
tribofilm of the worn surface of laser treated AISI 1045
steel was composed of B, Fe and La, although the La was
very weak after sliding [16].

5 Conclusions

Following conclusions can be drawn from above results:

OANLBs were synthesized by an eco-friendly hydro-
thermal method; the morphologies of these particles can be
controlled with a facile and easy way. Namely, the diam-
eters of these particles increased under high temperature
and high pressure, the morphology of these particles
changed into leaf under high PH values.

The laser treated AISI 1045 steel discs showed better
tribological properties than that of pure PAO under the
lubrication of PAO containing OANLBs. At 50 Hz, the
friction coefficients of steel/laser treated AISI 1045 steel pair
lubricated with PAO containing OANLBSs is not more than
0.12, but that with pure PAO is 0.21. Moreover, the wear rate
of PAO is about one order of magnitude bigger than that of
the PAO containing lanthanum borates at 20 Hz. On the
other hand, the wear rate of laser treated AISI 1045 steel discs
is approximately three orders of magnitude lower than that of
steel discs under lubrication of PAO.

XPS spectra showed that the tribofilm containing B, La,
and Fe was formed on the worn surfaces of the laser treated
AISI 1045 steel discs under the lubrication of the PAO
containing the three OANLBs. The resulting surface pro-
tective films together with laser treated AIST 1045 steel
surface contributed to significantly reduce the friction and
wear.

teel ball

After sliding

B203 Bzog

X/
After washing
—
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