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ABSTRACT

The leaf-surface wax was extracted from the sorghum bicolor (L.) Moench (abbreviated as sor-
ghum) leaves and evaluated as a kind of new lubricant additive in poly-alpha-olefin (PAO) for
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steel/steel, steel/aluminum and steel/copper contacts using a MFT-R4000 friction and wear tester

at room temperature. A gas chromatography-mass spectrometry (GC-MS) analysis system was
used to analyze the compositions of sorghum leaf-surface wax (SLW). Scanning electron micros-
copy, X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectroscopy
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(SIMS) were employed to characterize the worn surfaces to explore the lubrication mechanisms.
The results show that the SLW could effectively reduce the friction and wear for steel/steel and
steel/copper friction pairs. The analysis of the worn surfaces suggest the good tribological proper-
ties were attributed to the protective films including physical adsorption film and tribochemical

reaction film generated during the friction process.

GRAPHICAL ABSTRACT

reaction film

Introduction

Lubricant has been widely utilized as an engineering mater-
ial to perform various functions including minimizing the
friction and wear, removing heat, providing a liquid seal
and corrosion prevention, etc., thereby improving the mech-
anical efficiency and prolonging the service life.'*! Over
the past decades, the global demand for lubricant has
increased at a rate of 2% per year.[4] Liquid lubricant is one
of the most common form of lubricants, which is composed
of base oil and dedicated chemical named additives. In gen-
eral, base oil devotes the basic performances whereas the
additives impart the final lubricants extra properties. In the
most of industrial applications, petroleum-based lubricants
have been applied for 100 years.”) According to the assess-
ment, due to the improper disposal, spills, volatility etc.,

more than 50% of the lubricants enter the environment
every year.”) The most of the lubricants enter the environ-
ment are petroleum-based and they could generate a bad
influence on the soil, air, water and human and plant
life.>**! Given the increasing attention on the detrimental
impact of petroleum-based lubricants and traditional addi-
tives containing sulfur, phosphorus and zinc on environ-
ment, it is imperative to explore environmental friendly and
biodegradable lubricants to meet the tribological performan-
ces and environmental needs.

The leaves of the most plants have a lot of leaf-surface
wax, which could work as a protective screen to reduce the
damages of outside radiation, damages and pollutions, etc. It
has been reported that leaf-surface waxes are mainly com-
posed of alcohols, esters, long-chain fatty acids, alkanes and
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Figure 1. (a) sorghum plants and (b) abaxial side of a sorghum leaf.

so forth.'®!'") These single ingredients all have been eval-
uated as lubricants and the results show that they all have
some certain friction reduction and anti-wear abil-
ities.!>>'* Therefore, the leaf-surface wax as a mixture
composed of these compounds may also be employed as
environmentally friendly additives to improve the tribo-
logical properties. Recently, a research extracted different
leaf-surface waxes as additives and found that the leaf-sur-
face waxes promoted the friction reduction and anti-wear
properties.[15’16]

Sorghum bicolor (L.) Moench (abbreviated as sorghum)
is a grass species cultivated for its grain, which is used for
food, both for animals and humans, and for ethanol produc-
tion. Sorghum could grow in a wide range of temperature,
high altitudes, toxic soils and drought. The leaf surface of
sorghum has developed a thick cuticle where contains
cuticular wax. Herein, the leaf-surface wax was extracted
from the sorghum leaves and the chemical composition of
the sorghum leaf-surface wax (SLW) was analyzed by a gas
chromatography-mass spectrometry (GC-MS). Sorghum
leaf-surface wax was used as an additive in poly-alpha-olefin
(PAO) to explore its tribological properties for steel/steel,
steel/aluminum and steel/copper friction pairs. After friction
test, the worn surfaces were characterized to analyze the
possible lubrication mechanisms by scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS)
and time-of-flight secondary ion mass spectroscopy (SIMS).

Experimental
Materials

Sorghum leaves were picked up in Hengshui (North China,
near 37° 40’ 14.00” north latitude, 115° 50" 34.38” east lon-
gitude) and Figure 1 presents the samples. PAO was pur-
chased from Exxon Mobile Corp. (Irving, TX, USA) and
used as the base oil. The chloroform and acetone (analytic-
ally pure) were all purchased from Sinopharm Chemical
Reagent Co., Ltd. The commercial additive molybdenum-
dithiocarbamate (MoDTC) was obtained from Adahi Denka
Co., Ltd.

Extraction and analysis of leaf-surface wax

The sorghum leaf-surface wax (SLW) was extracted as the
following steps. First, the picked leaves were washed with
clean water and allowed to dry at room temperature (RT).
Then, the rinsed leaves were immersed in chloroform solu-
tion for about 15seconds at RT. In a subsequent step, the
mixed solution was placed in fuming cupboard to remove
the chloroform. Finally, the gelatinous precipitate would be
the substance initially planning to get.

The chemical composition of the leaf-surface wax was
explored using a GC-MS. The as-prepared leaf-surface wax
was injected into an on-column under a constant flow of He
of 1.2ml/min. The GC oven was initially conducted at a
temperature of 80°C, followed by a 4°C/min ramp to
290°C, and then the temperature was maintained at 290°C
for 20 min. A 5973 N Mass Selective Detector (EI 70 eV; ion-
ization source temperature 230°C) was used to identify the
chemical compositions of the leaf-surface wax.

Preparation and tribological measurement of lubricants

The lubricants were obtained by dispersing ultrasonically
SLW in PAO and the content of SLW in PAO was adjusted
as 0.5, 1.0 and 2.0% (mass fraction). According to our previ-
ous research, the maximum solubility of MoDTC in PAO
was about 1.0% and the PAO containing 0.5% MoDTC
exhibited better tribological properties than PAO containing
other concentrations of MoDTC. Therefore, MoDTC was
used as a contrastive additive and its concentration was
determined as 0.5%."”

The friction reduction and anti-wear abilities of lubri-
cants for steel/steel, steel/aluminum and steel/copper pairs
were evaluated on a ball-on-disk MFT-R4000 reciprocating
friction and wear apparatus at RT. The upper ball (AISI
52100 steel ball, diameter 5mm, hardness 710 Hv) was
driven to be in contact with the lower discs (steel disc:
@24 x 7.9 mm, AISI 52100 steel, hardness 600 Hv; alumi-
num disc: P24 x 7.9 mm, 2024 aluminum, hardness 160 Hv;
copper disc: ®24 x 7.9mm, bronze copper, hardness 210
Hv) and reciprocally slided at an amplitude of 5mm and
RT for 30min. All the discs were polished with different



Table 1. Chemical composition of SLW.

Alkanes Olefins Acids Esters Others
17% 9% 5% 3% 8%

Alcohols
58%

Samples
SLW

grades of diamond pastes to achieve a surface roughness
(Ra) of about 0.05 um. During the test, it was found that
when the loads for steel, aluminum and copper were higher
than 50N, 20N and 40N, respectively, extremely sever wear
and plastic deformation would occur on the lower discs. All
the tested lubricants would fail under these conditions.
Therefore, to compare the tribologcial properties, the loads
for steel/steel, steel/aluminum and steel/copper friction pairs
were 50N, 20 N and 40N, respectively. As for the fre-
quency, due to the property of the friction and wear tester,
the frequency could only be set as 5Hz. Before and after
each sliding test, the upper ball and lower disc were ultra-
sonically washed in acetone for 10min. About 0.5g of to-
be-tested lubricant was dropped into the contact zone of the
friction pair. Each friction test was repeated thrice to get a
more responsible data.

Surface characterization

After friction test, a Micro-XAM 3D surface mapping
microscopy profile meter was employed to determine the
wear volumes on the lower discs and a scanning electron
microscopy (SEM, Zeiss) was employed to take the images
of the worn surfaces on lower discs. The chemical state of
the characteristics elements on worn surfaces was detected
by a PHI-5702 multifunctional X-ray photoelectron spectros-
copy (XPS, American Institute of Physics Electronics
Company) with K-alpha irradiation as the excitation source.
The carbon binding energy of 284.6eV was used as the ref-
erence and the pass energy was 29.3eV. The positive and
negative ions on the rubbing surfaces were detected by a
time-of-flight secondary ion mass spectroscopy (SIMS) with
a Bi+ plused ion beam of 30keV energy.

Results and discussion
Chemical compositions of SLW

GC-MS has been widely used to identify complex com-
pounds because it is an effective approach to quantitatively
analyze different substances. Table 1 gives the chemical
compositions of the SLW. It is visible that the main compo-
sitions of the SLW were alcohols and alkanes and some
small amounts of olefins, acids and esters. These characteris-
tics compositions have an important influence on the fric-
tion reduction and anti-wear abilities of the lubricants.

Tribological behaviors of lubricants for different
friction pairs

Figure 2 gives the friction coefficient curves and wear vol-
umes of the different lubricants for steel/steel pair under
50N, 5Hz and RT. As shown in Figure 2a, the addition of
different concentrations of SLW all could remarkably lower
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the friction coefficients as compared with pure PAO. The
lowest friction coefficient of about 0.06 was obtained by
PAO + 0.5%SLW, indicating that SLW exhibited a prefer-
able friction reduction ability. Figure 2b gives the wear vol-
umes to compare the anti-wear ability of the lubricants.
MoDTC showed the lowest wear volume among all the
lubricants. Compared with pure PAO, PAO containing dif-
ferent concentrations of SLW all reduced the wear volumes
by about 62%, indicating an outstanding anti-wear ability.
This results suggest that SLW as an additive in PAO could
significantly improve the tribological properties of steel/steel
friction pair.

Figure 3a presents the friction coefficients of different
lubricants for steel/aluminum pair under 20N, 5Hz and RT.
It was visible that pure PAO exhibited much high and
unstable friction coefficients. Combining the result shown in
Figure 5d, it was inferred that sever adhesive wear taken
place under this condition. In a sharp contrast, PAO con-
taining SLW performed lower and more stable friction coef-
ficients, indicating three concentrations of SLW in PAO
exhibited good friction reduction ability. However, as for the
wear volumes, the results shown in Figure 3b suggested that
the addition of SLW and MoDTC in PAO all increased the
wear volumes as compared with pure PAO, indicating a
negative influence on the anti-wear ability.

Figure 4 compares the friction reduction and anti-wear
abilities of the lubricants for steel/copper pair under 40N,
5Hz and RT. As shown in Figure 4a, all the lubricants
exhibited the obvious running-in periods at the beginning of
the friction test. Then, MoDTC exhibited the lowest friction
coefficient whereas it was much unstable. After the running-
in period, all the PAO containing SLW exhibited lower fric-
tion coefficients than pure PAO. Figure 4b gives the wear
volumes of the different lubricants. PAO containing SLW
showed much lower and close wear volumes, indicating a
good anti-wear ability for steel/copper friction pair.

Analysis of the worn surfaces

Figure 5a-c give the SEM images of worn surfaces on the
steel discs lubricated by different lubricants. As shown in
Figure 5a and ¢, the worn surfaces lubricated by pure PAO
and PAO + MoDTC acquired many wear cracks and corro-
sion points, respectively. However, Figure 5b shows an
improved worn surfaces lubricated by PAO + SLW in which
there were just some shallow furrows, indicating SLW had
some certain anti-wear ability under steel/steel lubrication.
Figure 5d-f show the worn morphologies on the aluminum
discs lubricated by different lubricants. Observing the Figure
5d-f, it was found that the worn surface lubricated by pure
PAO was much rougher than the worn surfaces lubricated
by PAO containing SLW or MoDTC, indicating that sever
adhesive wear taken place under this condition. This may be
the reason why pure PAO exhibited a much higher friction
coefficient than other lubricants shown in Figure 3a.
Combining the results as shown in Figure 3b where PAO
containing different additives all exhibited higher wear vol-
umes than pure PAO, it was inferred that although Figure
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Figure 2. (a) friction coefficients and (b) wear volumes of the lubricants for steel/steel pair under 50N, 5Hz and RT.
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Figure 4. (a) friction coefficients and (b) wear volumes of the lubricants for steel/copper pair under 40N, 5Hz and RT.

5d-f suggested that SLW and MoDTC made the worn surfa-
ces smoother, these additives may also make the wear scar
much wider, resulting in a large wear volume. The results
show that SLW and MoDTC all had a negative influence on
the anti-wear ability of PAO for steel/aluminum friction
pairs. Figure 5g—i show the worn surfaces on copper discs
lubricated by different lubricants. The worn surfaces lubri-
cated by PAO and PAO + MoDTC had more furrows than
that lubricated by PAO + SLW, indicating SLW exhibited a
better anti-wear ability.

Tribological tests suggest that SLW as an additive can
improve the tribological properties of PAO, therein the big-
gest improvement was achieved under the steel/steel friction
pair. Therefore, the worn surfaces on the steel discs were
further characterized by XPS and SIMS to analyze the pos-
sible lubrication mechanisms. Figure 6 gives the XPS spectra

of typical elements including Cls, Ols and Fe2p on the steel
worn surface lubricated by PAO + SLW. Cls has the peak at
284.6 eV which is used as the reference. The peaks of Ols at
530.0-531.5eV indicate some complex oxides species were
generated on the worn surface.'”'8] Fe2p has the peaks at
724.4eV and 710.7 eV belonging to FeO, Fe,O; and Fe;0,,
indicating a lubricating film composed of oxides species was
generated on the worn surface to improve the tribological
properties.ums] SIMS is a very sensitive equipment to detect
a range of species, therefore it was employed to investigate
the characteristics positive and negative ions on the worn
surface to explore the lubrication mechanisms.!">*! Figure 7
gives the images of the characteristics negative and positive
ions on the worn surface lubricated by PAO + 0.5%SLW. A
brighter area means a higher concentration of the objective
ions. It was visible that all the images of the positive ions



X 10001 Oum

e x 10001 0um

x FA00 T Odm

JOURNAL OF DISPERSION SCIENCE AND TECHNOLOGY e 5

~ x1000 10um

x 1000 10um
® -

x 1000 10um

Figure 5. SEM images of the worn surface on steel discs (a—c), aluminum discs (d—f) and copper discs (g-i) lubricated by PAO (a, d and g), PAO + 0.5%SLW (b, e

and h) and PAO + 0.5%MoDTC (c, f and i).

were much brighter than those of the negative ions, indicat-
ing positive ions played a more important role in forming
the lubricating film during the friction process. It was also
found that the ions with relatively short carbon chain were
brighter, suggesting the protective film was mainly

composed of short-chain ions. SIMS images give a direct
evidence for the formation of protective film generated by
the negative and positive ions on the worn surfaces.

A series of tribological tests suggest that sorghum leaf-
surface wax as an additive in PAO exhibited some certain
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Figure 7. SIMS images of typical positive and negative ions on the steel worn surface lubricated by PAO + SLW.

friction reduction and anti-wear abilities under different
friction pairs. The XPS and SIMS analysis show that such
good tribological properties of the SLW were dependent on
the complex physical adsorption and chemical reaction film
generated on the worn surfaces. Based on the characteriza-
tion and analysis, the detailed lubrication mechanisms can
be explained as follow. As shown in Table 1, SLW was
mainly composed of alcohols and alkanes. Under the action
of applied normal load, these long-chain compounds could
break into short chains carrying negative charge.!>*"!
Meanwhile, it is well known that the worn surface may carry
positive charge during the friction process.*?! Therefore,
these broken short chains could adsorb on the worn surfaces
to form a physical adsorption film to protect the rubbing
surface from damage. This possible lubrication mechanisms
could be supported by the SIMS images (Figure 7) of the
worn surfaces. Besides the physical adsorption film, the tri-
bochemical reaction also taken place. In general, as the fric-
tion continues, fresh metal constantly exposes and the
temperature rises. Then, a tribochemical reaction film can
be formed by the chemical interactions between sorghum
leaf-surface wax and the fresh metal to enhance the friction
reduction and anti-wear abilities. XPS (Figure 6) suggests
the tribochemcial reaction film was mainly composed of FeO,
Fe,0; and Fe;0,, which significantly improves the tribological
properties. In a word, based on the tribological data, SEM,
XPS and SIMS analysis of the worn surfaces, it suggests that
sorghum leaf-surface wax as an additive in PAO could form a
protective lubricating film to improve the friction reduction
and anti-wear abilities during the friction process.

Conclusion

Sorghum leaf-surface wax was successfully extracted from the
sorghum leaves and used as an additive in PAO to evaluate
the tribological properties for steel/steel, steel/aluminum and
steel/copper friction pairs. The content analysis shows that
SLW was mainly composed of alcohols and alkanes and some
small amount of olefins, acids and esters. Tribological tests sug-
gest that SLW in PAO exhibited good friction reduction and
anti-wear abilities for steel/steel and steel/copper friction pairs.
However, SLW was not suitable for steel/aluminum friction
pairs because it could increase the wear volume. XPS and
SIMS analysis show that the good tribological properties of
SLW were mainly attributed to the protective films generated
by complex physical adsorption and tribochemcial reaction on
the worn surface. Given the simple preparation and effective
friction reduction and anti-wear abilities, SLW as an additive
holds a great potential for a range applications.
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