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erties of lanthanum perrhenate as
lubricating additive over a wide temperature range

Junhai Wang, *ab Lixiu Zhang,a Ting Li,a Ke Zhanga and Bing Lua

Lanthanum perrhenate for use as a lubricating additive was prepared via the aqueous solution method in

this study, and was dispersed into a pentaerythritol ester (PETE) base oil accompanied by surface active

agents. The thermal stability of the complex oil with/without lanthanum perrhenate and surface active

agents was evaluated by thermogravimetry. The influences of lanthanum perrhenate as a solid

lubricating additive on the extreme pressure performance and friction-reducing property of the complex

lubricants in a wide temperature range were investigated by four-ball tests and ball-on-disc frictional

tests with a silicon nitride ball and Ni-base superalloy frictional pair. The results suggested that the added

lanthanum perrhenate did not significantly affect the thermal stability and anti-oxidation properties of

PETE, and improved the extreme pressure performance of the base oil. Additionally, it decreased the

friction coefficient and wear scar diameter to a certain degree. The complex oil had a similar lubricating

performance to the base oil below the decomposition temperature point; within the scope of 350 �C to

600 �C, the friction coefficients of oil containing the lanthanum perrhenate additive were markedly

lower than that of the base oil, and this was attributed to lanthanum perrhenate's intrinsic shear

susceptibility and resistance to phase transformation under high temperature conditions, enabling it to

form an effective antifriction layer with native oxides of the superalloy matrix, thus reducing the friction

in high-temperature environments.
1. Introduction

Designing and preparing continuous lubricating materials over
a wide temperature range are challenges for high-technology
industries.1–3 Oils and greases are known to volatilize or expe-
rience chemical degradation with increasing temperature.
Conventional solid lubricants, such as graphite and molyb-
denum disulde, are always oxidized above 400 �C in atmo-
spheric conditions, such that their friction-reducing ability is
impaired above that temperature.4 Although some inorganic
materials are candidates for lubrication by virtue of their low
shear strength at elevated temperatures, these compounds are
brittle and non-lubricating at low temperatures.5,6 Any single-
species lubricating material performs only within a narrow
temperature range, which makes it difficult to satisfy the
demand for continuous lubrication in a wide temperature
range.7 Therefore, the combination of multiple lubricants is one
effective way to realize continuous lubrication over a wide
temperature range. At present, self-lubricating block materials
and self-lubricating composite coatings are widely used as
lubricants for wide temperature range applications. The added
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lubrication phase can improve the lubricating properties of
block materials, and composite coatings not only promote the
tribological characteristics of lubricants, but the different pha-
ses also restrain the grain growth of composite coatings, which
in turn greatly increases the coating surface hardness and
prevents micro-crack propagation within the coating.8–15

However, the excessive incorporation of lubrication phases will
lead to deterioration of the mechanical properties of block
materials; composite coatings, with a nite life span, encounter
supply difficulties, and their failure can result in disastrous
consequences. Although solid lubricants possess excellent
antifriction behaviour at high temperatures, it is difficult for
solid lubricants to achieve low friction at room temperature,
unlike oil-based lubricants. Consequently, the development of
solid/liquid hybrid lubrication modes has been explored for
fullling a lubricating function over a wide temperature range.
In addition, these modes offer a series of advantages, such as
reliable supply, ease of handling and low cost. Qi et al. have
researched the tribological behaviour of oils containing
serpentine powder at high temperature, and found that many
factors had an impact on the lubricating performances of the
solid/liquid hybrid mode, such as temperature, oil oxidation
and tribological chemical reactions.16 In principle, the ideal
hybrid lubrication mode would achieve a smooth transition
between lubrication states and enable efficient lubrication. This
requires that the solid lubricant has desirable tribological
RSC Adv., 2017, 7, 37447–37458 | 37447
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properties at high temperature while retaining its soness and
shear susceptibility, without affecting the lubricating perfor-
mance of the base oil at relatively low temperatures, and
minimises friction at the boundary lubrication regime during
oil decomposition. Thus, it can be seen that a high-performing
solid lubricant is crucial for a hybrid lubrication mode to ach-
ieve continuous lubrication over a wide range of temperatures.

Rhenium is a grayish coloredmetal, rare in nature, withmany
attractive properties that have proven useful in superalloys, the
petrochemical industry, electrodes for fuel cells and advanced
catalytic applications.17–23 The increased availability of rhenium
and greater knowledge of its chemistry have excited increasing
research on its lubricating applications. Researchers have shown
that some rhenium oxides possess a friction-reducing quality at
high temperature. The Co–Cu–Re alloy and Ni–Cu–Re alloy are
endowed with high-temperature self-lubricating behavior due to
the production of rhenium oxides, which can effectively reduce
the friction coefficient between rubbing pairs.24,25 Moreover,
taking the cost of rhenium into consideration, the perrhenate
form of the metal is particularly attractive due to its distinct
double oxide composition and unique crystal structure, which
suggest its potential for the development of lubricationmaterials
for a wide range of temperatures. The perrhenates as double
metal oxides have relatively low hardness and slip more easily
compared with single metal oxides, especially at elevated
temperature conditions. Several publications reveal that copper
perrhenate, boron perrhenate, iron perrhenate and cobalt
perrhenate exhibit relatively low friction coefficients at high
temperature.26–28 This has been attributed to the physical
adsorption of a so lm composed of perrhenate formed on the
rubbed surface, which provides the materials with excellent
properties for minimizing friction. In addition, rare earth
elements have received widespread attention for their distinct
physical and chemical properties in engineering applications.
The research achievements on the lubricating performance of
materials containing rare earths are impressive. For example,
rare earth compounds used as lubricants have signicant anti-
friction effects, such as LaF3 and La(OH)3.29–32 As a consequence,
it can be expected that the promising candidate perrhenate,
combined with lanthanum and a base oil, could fulll a hybrid
lubrication function at various temperatures.

In the light of research ndings on the lubricating materials
mentioned above, the purpose of the present work is to provide
a comprehensive study of the tribological performances of
lanthanum perrhenate incorporated with pentaerythritol ester
(PETE) for wide temperature range applications. Lanthanum
perrhenate was prepared via the aqueous solution method, and
steadily dispersed into PETE base oil with the assistance of
sorbitan tristearate (Span60) and polyoxyethylene sorbitan fatty
acid ester (Tween60). The effect of the lanthanum perrhenate
additive on the lubricating performances of the PETE base oil for
contact between silicon nitride and superalloys at a temperature
range of 22 �C to 600 �C was investigated. Meanwhile, the
mechanisms of its signicantly improved friction-reducing
performance are also analyzed and discussed in relation to the
lubricant's intrinsic characteristics, worn surface features and
formation of a protective layer via rubbing action.
37448 | RSC Adv., 2017, 7, 37447–37458
2. Materials and methods
2.1 Materials

Commercially attained rhenium powders (99.99% purity) were
provided by Zhonglai NewMaterials Co. Ltd. Hydrogen peroxide
solution and lanthanum oxide (La2O3) powders were also
commercially obtained from Sinopharm Group Co., Ltd. Other
chemical reagents used in the preparation were of A.R. grade.
The synthetic process of lanthanum perrhenate was as follows.
Samples of 0.5586 g (approximately 0.003 mol) of rhenium
powders were added into 20 ml hydrogen peroxide solution
(30% concentration) with stirring until the solution trans-
formed from colorless into light grey. Aer that, the excessive
hydrogen peroxide solution was evaporated and a perrhenic
acid solution (HReO4) was obtained. Then, 0.212 g (approxi-
mately 0.00065 mol) samples of lanthanum oxide powders were
added into freshly prepared HReO4 solution, and the reaction
was carried out to completion under stirring conditions at room
temperature. The redundant residues were ltered out at the
end of the reaction, and the reaction solution was kept over
a water bath at 80 �C for 1 hour to ensure the generation of dry
powders. Finally, the synthetic powders were removed from the
water bath and maintained at room temperature.

PETE, a synthetic lubricating oil for aviation applications,
was selected as the base oil because of its outstanding physical–
chemical properties, good oxidation resistance, and high
thermal stability. The fundamental physical–chemical index
parameters are listed in Table 1. In order to obtain a stable
dispersion mixture of base oil containing La(ReO4)3 additive,
Span60 and Tween60 were chosen as surface active agents (SA)
to emulsify the PETE. For example, the preparation of the
mixture of 5 g oil containing 0.5 wt% La(ReO4)3 was as follows.
Firstly, 0.025 g La(ReO4)3 powder was weighed out and con-
verted to a supersaturated aqueous solution. Then, 0.045 g of
Span60 and 0.005 g of Tween60 were weighed out (a mass ratio
of 90% Span60 : 10% Tween60) and combined into an SA
composite. Then, 0.05 g of the SA composite was slowly added
into the base oil with supersonic vibration over a period of
30 min duration to reduce the surface tension of the base oil
and create a stable interface. Subsequently, the supersaturated
aqueous solution was added into the base oil containing SA and
continually stirred at a rotation speed of 1500 rpm for 10 min at
a temperature of 130 �C until no obvious bubbling occurred.
Mixture samples containing different concentrations of
La(ReO4)3 additive prepared with the same dispersion tech-
nique were used under tribological conditions to achieve
a series of comparative tests.

Powder X-ray diffraction (XRD) analyses of the synthesized
powders were performed by a D/max-2500PC X-ray diffractom-
eter with Cu Ka radiation (l ¼ 0.154 nm). Diffraction data were
recorded for 2q angles between 10� and 90�. The morphology
and the size of the synthesized product were obtained using
eld emission scanning electron microscopy (SEM, FEI
INSPECT-F50). In order to evaluate the dispersion stability of
lanthanum perrhenate in the base oil, a UV-3900 ultraviolet
spectrophotometer was used to analyze the transmittances of
This journal is © The Royal Society of Chemistry 2017
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Table 1 Physical and chemical properties of PETE

Properties
Flash point temperature
(�C)

Pour point temperature
(�C)

Kinematic viscosity,
cSt@40 �C

Kinematic viscosity,
cSt@100 �C

PETE 270 �60 42.55 5.8

Fig. 1 Schematic illustration of UMT-2M ball-on-disc tribotester.
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PETE containing La(ReO4)3 at different times (0 h, 3 h, 6 h, 12 h,
24 h, 36 h, 48 h, 60 h and 72 h) and reverse osmosis (RO) water
was selected as the reference solution. The differential thermal
analysis/thermogravimetry (DTA/TG) analyses of PETE, PETE
with SA, and PETE containing lanthanum perrhenate additive
were carried out by a SETSYS Evolution 18 thermal analyzer. The
temperature-control program was set to increase from 150 �C to
700 �C with a heating rate of 10 �C min�1 in an ambient
atmospheric environment. The experimental sample mass was
12.74 mg, and the air velocity was 30 ml min�1. Additionally,
pressure differential scanning calorimetry (PDSC) was used to
investigate the effect of the lanthanum perrhenate additive on
the thermal-oxidation stability of PETE using a TA Q2000
thermal analysis instrument. Portions of 1.5 mg of each
different sample were placed in the holders, and the heating
rate was 10 �Cmin�1 from room temperature to 350 �C under an
oxygen partial pressure of 3.5 MPa.
2.2 Four-ball test

The tribological characteristics in terms of the friction coeffi-
cients, maximum nonseizure load (PB value) and wear scar
diameter (WSD) for different samples were examined using an
MMU-10G four-ball tester manufactured by Jinan Shunmao
Instrument Test Co., Ltd, Jinan, China. In a typical case, a steel
ball (diameter ¼ 12.7 mm, hardness ¼ 64–66 HRC) under
a certain load was rotated against three static balls xed in the
lower holder. The PB value tests were carried out following the
Chinese National Standard GB3142/82 (equivalent to ASTM D
2783) testing method at a rotating rate of 1450 rpm for 10 s. The
WSD tests were performed under an applied load of 392 N at
a rotating speed of 1450 rpm at ambient temperature, and the
tests lasted for a duration of 30 min. Before each test, the lower
and upper ball holders and test balls were washed in an ultra-
sonic cleaner with acetone. The diameters of the wear scars on
the lower steel balls were measured using an optical microscope
and the process was repeated to obtain an average value in
micrometers. The morphological features on the wear scars of
lower steel balls lubricated by different samples were observed
using an FEI INSPECT-F50 scanning electron microscope.
2.3 Friction tests in a wide temperature range

The tribological performances of different lubricating samples
added to the contact interface of ceramic balls and a superalloy
(GH4169) were evaluated on a ball-on-disc tribotester (UMT-2M,
USA) under ambient conditions. A schematic diagram of the
UMT-2M ball-on-disc frictional tester is shown in Fig. 1. The
superalloy (composition: #0.08% C, #1.0% Co, 2.8–3.3% Mo,
0.3–0.7% Al, 0.75–1.15% Ti, 17–21% Cr, 50–55% Ni and balance
This journal is © The Royal Society of Chemistry 2017
Fe, given as weight fractions) was formed into discs of size 50
mm � 4 mm, where 50 mm was the diameter. The superalloy
surface was ground in an automatic polish-grinding machine at
a speed of 600 rpm with 100#, 400#, 800#, 1200#, 1500#, 2000#

and 3000# abrasive papers. Then, the surface was ne polished
using a polishing cloth with diamond paste under the same
rotation speed to obtain a roughness of no more than 20 nm.
The counterpart was a commercial Si3N4 ceramic ball with
a diameter of 3 mm. The selected experimental temperatures
were 22 �C, 200 �C, 350 �C, 450 �C and 600 �C. The tests were
carried out at an applied load of 2 N, sliding velocity of 40mm s�1,
and testing time of 8 min. During the tests, the oil mixture with
and without the La(ReO4)3 additive was added to the contact
interface of the rubbing pair. Each experiment was repeated
three times to ensure repeatability and reproducibility. The
friction coefficient at each temperature was chosen as the
average value of three measurements taken at regular intervals
during the test.

The worn surface morphologies at different friction condi-
tions were examined using an FEI INSPECT-F50 scanning
electron microscope. The width values of the worn groove were
investigated using a VHE-1000 digital microscope (KEYENCE,
Japan). The chemical states of the worn surfaces were detected
using X-ray photoelectron spectroscopy (XPS, ESCALAB250,
USA). The XPS analysis was conducted at 150 W and a pass
energy of 50.0 eV, using Al-Ka radiation as the excitation source.

3. Results and discussion
3.1 Synthesized materials characterization

Fig. 2 shows the X-ray diffraction pattern of the synthesized
product. Most of the observed diffraction peaks in the XRD
RSC Adv., 2017, 7, 37447–37458 | 37449
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Fig. 2 XRD pattern of synthesized powder.
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pattern were characteristic of the La(ReO4)3$H2O phase, which
was in accordance with the PDF 21-0455 data. However, there
was no information about the crystal structure and crystal
plane in the PDF data. Consequently, it was difficult to
conrm the exact crystal plane indices of the major peaks
located at 2q ¼ 23.7�, 23.1� and 27.8�. Nevertheless, these
characteristic peaks indicated that lanthanum perrhenate
could be synthesized via simple processing of an aqueous
solution of excessive lanthanum salt in a certain concentra-
tion of perrhenic acid. Additionally, the existence of crystal
water showed that the synthesized product contained hydroxyl
bonds, which implied that the lanthanum perrhenate would
dissolve easily in water.

The morphological features of the synthesized lanthanum
perrhenate were observed by SEM. Fig. 3 shows that the
prepared powder was irregularly elliptical in shape, having
a high aspect ratio with a grain size of about 10–30 mm. The
crystallization process led to the growth of grains with different
grain sizes of the product. It could be seen that most of the
powders contained microscopic cracks and gaps, which
enhanced their shear susceptibility.
Fig. 3 SEM micrograph of synthesized powder.

37450 | RSC Adv., 2017, 7, 37447–37458
3.2 Dispersion characterization

The dispersion stability of the different samples was examined
by ultraviolet spectrophotometry. The transmittances, which
are routinely employed to evaluate the extent of dispersion
stability, are shown in Fig. 4. It was clearly evident that the
transmittances of the samples dropped with the increase of
additive concentration under the same test duration on account
of the suspended substances. Meanwhile, the transmittances of
the samples slightly rose with increasing time because of the
deposition of suspended particles, and approximately stabilized
aer 24 hours. The low deposition rate and long-term stability
of the suspension indicated that the chosen dispersion tech-
nique could attain oil mixtures with high dispersion stability by
changing the surface structure of the base oil.
3.3 Thermal stability

In order to determine the thermal behavior of the oil mixture,
DTA/TG and PDSC were used to analyze the tolerance of the
samples to thermal-oxidative degradation. Fig. 5 shows that
obvious weight loss of all the samples occurred at temperatures
between 200 �C and 340 �C. The exothermic peak of PETE was
located at 321 �C, suggesting that the PETE as a base oil
possessed excellent thermal stability. Aer modication with
the SA, the exothermic peak of the sample appeared at 308 �C.
This indicated that the addition of the SA did not strongly
impact on the thermal stability of the base oil. The exothermic
peak of PETE containing 0.5 wt% La(ReO4)3 additive was at
323 �C, which demonstrated that the presence of La(ReO4)3
hardly affected the PETE transition temperature. Moreover, the
incipient oxidation temperatures of the different samples
determined by PDSC are shown in Table 2. The values of
incipient oxidation temperature of PETE, PETE with SA and
PETE containing 0.5 wt% La(ReO4)3 additive were 218.44 �C,
218.06 �C and 216.07 �C, respectively. Therefore, the addition of
an inorganic additive and organic surfactants did not appear to
affect the oxidative stability of the base oil.
Fig. 4 Transmittances of PETE containing different concentrations of
La(ReO4)3 additive with the inclusion of SA.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Effect of different concentrations of La(ReO4)3 additive on the
average values of friction coefficient, wear scar diameter and
maximum nonseizure load: (a) friction coefficient; (b) wear scar
diameter; (c) maximum nonseizure load.

Table 2 Values of incipient oxidation temperature of different lubri-
cating samples

Lubricants PETE PETE_SA
PETE_SA_0.5
wt% La(ReO4)3

Incipient oxidation
temperature (�C)

218.44 218.06 216.07

Fig. 5 DTA/TG curves of different lubricating samples: (a) PETE; (b)
PETE_SA; (c) PETE_SA_0.5 wt% La(ReO4)3.
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3.4 Four-ball test

The synthesized La(ReO4)3 powders were evaluated to explore
their lubricating potential using an MMU-10G four-ball test
instrument at room temperature conditions. Fig. 6 shows the
average friction coefficients, the wear scar diameters, and the
maximum nonseizure loads for PETE containing different doses
This journal is © The Royal Society of Chemistry 2017
of La(ReO4)3 together with a dose of the SA, under an applied
load of 392 N. The average friction coefficient, WSD and PB value
of the base oil were 0.088, 661 mm and 470 N, respectively. Aer
the addition of SA, those values of average friction coefficient,
WSD and maximum nonseizure load remained similar, sug-
gesting that the addition of SA did not impair the tribological
properties of the base oil. The values of friction coefficient and
WSD showed similar trends to one another with the increasing
concentration of La(ReO4)3 in the PETE, in that they initially
decreased signicantly and then increased with increasing
concentration. The lowest friction coefficient and smallest WSD
were found at the La(ReO4)3 concentration of 0.5 wt%. This
illustrated that La(ReO4)3 substantially improved the friction-
reducing performance. The increase of the friction coefficient
and WSD with excess amounts of La(ReO4)3 led to the aggre-
gation of La(ReO4)3 at certain high-friction regions, which
inhibited its continuous supply to the contact interfaces. The PB
values of PETE containing La(ReO4)3 particles were enhanced
with increasing doses of the synthesized La(ReO4)3 additive,
and the maximum value was obtained when the additive
concentration was 1.0 wt%. We speculate that the La(ReO4)3
powders strongly promoted the antiwear property of the base oil
by reacting with the wear surface to form a protective layer
containing La(ReO4)3 during the test.

To investigate the lubrication mechanism of La(ReO4)3 as an
additive, SEM was used to analyze the wear scars aer the four-
ball test. Fig. 7 shows typical SEM images of the wear scars
lubricated by base oil, base oil containing SA only, base oil with
0.5 wt% La(ReO4)3 additive and with 1.0 wt% La(ReO4)3 additive.
It can be seen from Fig. 7a that the wear scar lubricated with
pure lubricating oil was rough and displayed signs of severe
furrows. This demonstrated that although the lubricating oil
had acceptable tribological properties, serious wear occurred
aer extended testing times. The wear scar lubricated by base oil
with SA alone also displayed obvious furrows and scuffing
(Fig. 7b). In contrast, the wear scars lubricated by oil with
0.5 wt% La(ReO4)3 additive or 1.0 wt% La(ReO4)3 additive dis-
played very little scuffing along the sliding direction, and the
RSC Adv., 2017, 7, 37447–37458 | 37451
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Fig. 7 SEM images of wear scars lubricated by different lubricating samples: (a) PETE; (b) PETE_SA; (c) PETE_SA_0.5 wt% La(ReO4)3; (d)
PETE_SA_1.0 wt% La(ReO4)3.
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wear scars were relatively narrow and shallow (Fig. 7c and d).
This implied that the synthesized La(ReO4)3 as a lubricating
additive in PETE was effective in reducing the wear of the steel–
steel pair, which may be attributed to the formation of a positive
protection lm on the contact surface. The morphological
features were in agreement with the corresponding friction and
wear behaviour.
3.5 Friction coefficients for a wide temperature range

Fig. 8 exhibits the friction coefficients of different samples
added to the rubbing contact surface at various temperatures
during a ball-on-disc friction test with circular motion. At room
temperature and 200 �C, the friction coefficients of the base oil
Fig. 8 Average friction coefficient values of different lubricating
samples at various temperatures.

37452 | RSC Adv., 2017, 7, 37447–37458
were about 0.142 and 0.133, suggesting that the oil-lm played
a role in lubricating the surface contact at relatively low
temperature. Meanwhile, the oil containing SA only had similar
values of friction coefficient to the pure oil, which indicated that
the addition of SA did not undermine the oil-lm lubrication.
The friction coefficient of base oil containing 0.5 wt% La(ReO4)3
additive was slightly lower than that of pure base oil, in accor-
dance with the four-ball test result. This further illustrated that
the La(ReO4)3 additive was benecial to the base oil during the
process of oil-lm lubrication. When the temperature reached
more than 350 �C, the oil began to undergo oxidative decom-
position, which resulted in a rapid increase of the friction
coefficients of the base oil and the oil with SA only. In contrast,
the friction coefficient of the oil with La(ReO4)3 additive rose
only within a small range, and remained much lower than that
of the base oil, indicating that the La(ReO4)3 additive provided
a lubrication function at elevated temperature. The friction
coefficient observed in this research was about 0.23 for PETE
containing La(ReO4)3 additive at 600 �C. As was expected,
introducing the lanthanum perrhenate additive contributed to
the reduction of the friction coefficients in the high temperature
regime. This can be explained as follows. During the friction test
between the rubbing pair at high temperature, the contact zone
had high frictional heat, and thus offered a surface with high
energy for chemical activity. This promoted the formation of
a cohesive protective layer containing an La(ReO4)3 composite at
the interface. Meanwhile, the thermal soening effect allowed
the La(ReO4)3 composite to be easily sheared under friction
force, which effectively minimized the friction coefficient.
This journal is © The Royal Society of Chemistry 2017
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3.6 Worn surface morphology and worn track width analysis

To further illustrate the role of the La(ReO4)3 additive and the
wear mechanisms, the worn surface morphologies at increasing
temperatures are presented in Fig. 9. As can be seen from
Fig. 9a–c, serious plastic deformations were observed, accom-
panied with parallel ploughing along the sliding direction, on
all the worn surfaces lubricated with base oil at elevated
temperatures. Flakes had already detached and delamination
pits were found on the worn region. This can be explained as the
result of direct contact between the rubbing pair owing to oil-
Fig. 9 SEM images of the worn surfaces of the superalloy disc after sli
temperatures, and EDS results of marked points: (a) 350 �C, PETE; (b) 450
EDS result for point A; (f) 450 �C, PETE_SA_0.5wt% La(ReO4)3; (g) EDS res
point C.

This journal is © The Royal Society of Chemistry 2017
lm lubrication failure with oil ash explorations at high
temperature, leading to surface damage of the metal material.

It can be seen from Fig. 9d–i that the addition of 0.5 wt%
La(ReO4)3 additive clearly altered the worn morphologies. At
350 �C, a relatively shallow plough and some very small quan-
tities of powder were observed on the worn surface. To deter-
mine the composition of the material on the surface, EDS
analysis was performed. The result showed that the main
elements were La, Re, O, Ni, Fe, and Cr, with smaller quantities
of other elements, which attached to the La(ReO4)3 additive and
the superalloy. This indicated that the addition of the La(ReO4)3
ding friction test lubricated by different lubricating samples at various
�C, PETE; (c) 600 �C, PETE; (d) 350 �C, PETE_SA_0.5 wt% La(ReO4)3; (e)
ult for point B; (h) 600 �C, PETE_SA_0.5 wt% La(ReO4)3; (i) EDS result for
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Fig. 11 XRD patterns of La(ReO4)3 powder after heat treatment at
different temperatures for 10 minutes.
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additive minimized the direct contact between the rubbing pair,
thus reducing friction. At 450 �C, the worn track showed milder
plastic deformations and a soer additive, blended with debris,
compared with that lubricated by the base oil. Clearly, the
La(ReO4)3 additive was closely deposited on the worn surface to
weaken the attraction between the friction pair at high
temperature. When the temperature reached 600 �C, the plastic
deformations were signicantly shallower, and a continuous
dense layer appeared on the worn surface. Although some
surface peeling occurred, the protective layer and Ni-based
superalloy were observed to be closely combined. The EDS
results therefore proved that the chemical components of the
La(ReO4)3 additive were maintained in the layer, which acted as
a wear-resistant holder to bear most of the contact stress.

The changes in the average worn track width weremeasured to
quantify the lubrication performance of La(ReO4)3 in the base oil
(Fig. 10). It was observed that the peak values of the wear track
width appeared at 450 �C, which was consistent with the
temperature dependence of the friction coefficients. Compared
with the base oil, the wear track width decreased by 3.0%, 6.5%
and 11.6%when lubricated by oil with 0.5 wt% La(ReO4)3 additive
at 350 �C, 450 �C and 600 �C, respectively. Usually, an increase in
plastic deformation results in a wider track width. The La(ReO4)3
additive in the base oil gave relatively minimal plastic deforma-
tion and performed an outstanding antifriction function at
600 �C. Moreover, Fig. 11 displays the XRD patterns of La(ReO4)3
powders aer heat treatment for 10 minutes at different temper-
atures. Relative to the crystalline structure at room temperature,
the La(ReO4)3 composite did not experience phase transformation
or decomposition, which illustrated that La(ReO4)3 possessed
thermal stability within the tested temperature scope.

The results above implied that the La(ReO4)3 composite
could adhere to the contact surface by means of physical
interaction at elevated temperature during the sliding process.
The added La(ReO4)3 composite was continuously ground into
ne particles under applied load as the temperature increased,
and combined with native oxides from the superalloy disc to
form a protective layer on the interface between the Si3N4 ball
and the superalloy, which effectively reduced the adhesive
Fig. 10 Average width values of the worn track lubricated by different
lubricating media.

37454 | RSC Adv., 2017, 7, 37447–37458
wearing and resulted in a low friction coefficient. In addition,
the high temperature properties and intrinsic soness of the
composite were benecial to the formation of a continuous
layer, which could rmly combine with the metal matrix.
3.7 XPS analysis

In order to determine the distribution of lubricating phases in
the protective layer, XPS was used to characterize the surface
components and chemical states of the worn surface lubricated
with PETE containing La(ReO4)3 additive at 600 �C. The XPS
survey (Fig. 12a) revealed the presence of several elements from
the worn surface including carbon (C), oxygen (O), lanthanum
(La), rhenium (Re), nickel (Ni), iron (Fe) and chromium (Cr).
Fig. 12b–h presents the narrow scan analysis of the surface
elements. In the carbon spectrum, the C1s peaks located at
283.72 eV and 284.75 eV were the main components and were
attributed to C–C and C–O bonds of organic compounds, which
suggested that the decomposition products of the base oil were
adsorbed on the worn surface.33 Another peak at 286.35 eV was
assigned to the COO functional group from the additional
surfactants. Moreover, environmental contamination during
the sliding test or the addition of an impurity during the wire-
electrode cutting process may have contributed to this peak.
As for oxygen, the peaks in the O1s spectrum were located at
529.11 eV and 530.22 eV, which represented the ReO4

� ion and
some native oxides from the superalloy during the sliding test.
The peak located at 531.09 eV was associated with oxygen-
containing functional groups.34,35 The La3d spectrum exhibi-
ted an intense peak around 836.9 eV corresponding to the La3+

ion. Themain Re4f peak at 45.53 eV corresponded to absorption
by Re originating from lanthanum perrhenate. Taken together,
the XPS results indicated that the La(ReO4)3 composite existed
on the worn surface and did not undergo phase transformation,
which was in keeping with the XRD results. In addition, it can
be seen from Fig. 12e–h that the component elements of nickel,
iron and chromium were present in oxidized forms. This
resulted from the plastic deformation, crack initiation and
surface aviation that occurred during the friction test, which
This journal is © The Royal Society of Chemistry 2017
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Fig. 12 XPS spectra of major elements on the worn surface of the superalloy disc lubricated by PETE containing 0.5 wt% La(ReO4)3 after sliding
test at 600 �C: (a) survey; (b) C1s; (c) O1s; (d) La3d; (e) Re4f; (f) Ni2p; (g) Fe2p; (h) Cr2p.
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promoted the diffusion of ambient oxygen and its reaction with
the superalloy matrix, which was prone to oxidation. Moreover,
the XPS analysis of the sample lubricated by pure PETE also
This journal is © The Royal Society of Chemistry 2017
displayed the peaks associated with the oxidized states of Ni, Fe
and Cr. The results above indicated that the La(ReO4)3
composite contributed the main lubricating power of the
RSC Adv., 2017, 7, 37447–37458 | 37455
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protective layer, although the native oxides of the superalloy on
the worn track also played a minor role in lubrication. Thus, the
improvement of tribological performance could be attributed to
the formation of the La(ReO4)3 composite blended with the
layer of native oxides on the worn surface. The layer acted as
a protective covering and effectively reduced the direct contact
of ball and disc.
3.8 Cross-section analysis

In a complex process involving oxygen diffusion, contact
asperity and grinding at high temperature, the constant alter-
nation of oxidation–friction removal–reoxidation took place on
the Ni-based superalloy surface. The native oxide layer from the
superalloy was rm and brittle, making it liable to shed from
the interface under applied load and friction force. Thus, it was
unable to form a stable protective layer with the function of
protection against oxidation and prevention of direct contact of
the rubbing pair. The cross-section SEM image of the worn
surface lubricated by PETE oil with 0.5 wt% La(ReO4)3 aer
friction testing at 600 �C, together with the EDS spectrum of the
marked point, are given in Fig. 13. The protective layer had
a maximum thickness of 4–5 mm and presented loose features.
The layer was rmly combined with the superalloy matrix
debris, and no obvious separation between the protective layer
and the superalloy could be seen in the cross-section. The EDS
investigation showed that the major elements present were La,
Re, and O, which suggested that a continuous protective layer
had been formed on the worn surface in the form of La(ReO4)3,
with low shear strength at high temperature, and that the fric-
tion mainly occurred in the interior of the layer. As a result, the
friction coefficients of the pair lubricated by PETE with
La(ReO4)3 additive were remarkably lower than that lubricated
by pure PETE at high temperature.
3.9 Ionic potential analysis

The shear susceptibility and thermal stability of the La(ReO4)3
composite could be explained in terms of their crystal struc-
ture.36 The double oxide La(ReO4)3 composite can be considered
Fig. 13 Cross-section image of worn surface lubricated by PETE with
0.5 wt% La(ReO4)3 after sliding test at 600 �C and EDS analysis of
marked point.

37456 | RSC Adv., 2017, 7, 37447–37458
to consist of the two single oxides La2O3 and Re2O7, which
possess ionic potentials of 2.9 and 12.5, respectively. Clearly,
from the large difference in ionic potentials, the cations were
well-separated from each other and completely shielded by the
anions; hence they underwent little or no interaction with
surrounding cations. Consequently, the double oxide displayed
relatively low hardness and shear strength at elevated temper-
ature. Furthermore, the ability of the ionic species to generate
a stable compound was high on account of the large difference
in ionic potentials, and the lower attraction between the
rubbing pair led to reduced adhesive force across the rubbing
contact interface. In the tested temperature scope, the
La(ReO4)3 composite, as a solid lubricating additive, combined
well with the base oil without deteriorating the lubricity and
thermal stability of the oil. Moreover, it could form a highly
compressive layer with the native oxides of the superalloy on the
outermost surface in this elevated temperature range, enabling
it to bear a substantial applied load. Thus, the La(ReO4)3
composite could be regarded as a promising candidate for
a lubricating oil additive for specic applications across a range
of temperatures.
4. Conclusions

In this paper, the La(ReO4)3 composite was successfully
synthesized via the aqueous solution method and a solid/liquid
hybrid lubrication mixture was prepared by an advanced
dispersion technique. The tribological properties of the base oil
with or without a certain concentration of La(ReO4)3 under the
four-ball test and ball-on-disc sliding friction test across a wide
temperature range were studied. The major conclusions can be
summarized as follows:

1. The extreme pressure properties and lubrication perfor-
mance, relative to the pure base oil, were improved to various
degrees depending on the concentration of the La(ReO4)3
composite as a lubricating additive in the base oil under four-
ball test conditions.

2. The friction test results for a wide temperature range
showed that the presence of the La(ReO4)3 composite as an oil
additive powerfully improved the friction-reducing and anti-
wear performances at high temperatures compared with base
oil alone. Meanwhile, the addition of La(ReO4)3 did not affect
the excellent oil-lubrication properties at relatively low
temperatures.

3. The formation of a protective layer containing the
La(ReO4)3 composite and native oxides of the matrix on the
counterface played an important role in the friction reduction
during the friction test at high temperature. The La(ReO4)3
composite possessed intrinsic shear susceptibility and thermal
stability by virtue of the large ionic potential difference, which
prevented the direct contact between the rubbing pair and
reduced the friction force. The experimental results revealed the
huge potential for using oil containing the La(ReO4)3 composite
as a hybrid mode to achieve lubricating applications in a wide
range of temperatures.
This journal is © The Royal Society of Chemistry 2017
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