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Chemistry of black leaf films synthesised using rail
steels and their influence on the low friction
mechanismf
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Fallen leaves are the main issues for train operations in the autumn season due to their low friction
coefficient (COF), leading to signals being passed dangerously and amended timetables. The main aim of
this study was to elucidate the mechanism of low friction due to black leaf films, which are often seen
on leaf-contaminated rails. A black material was successfully synthesised in the laboratory with water
extracts from sycamore leaves and a plate of R260 rail steel. The black powder made from the extracts
of brown leaves (BBP) was identified as the key material of low friction by the pin-on-flat tribological
test, giving a COF between 0.08 and 0.14, which was lower than the COF of commercial engine oil
(approximately 0.14). X-Ray fluorescence showed that the black material was a mixture of iron and leaf-
organics. Laser Raman spectroscopy revealed that graphite-like carbon was likely to be formed on iron
oxides. Fourier transform infrared spectroscopy showed that the formation of iron carboxylate was likely

in bulk, which possibly transformed into iron oxides on the surface. Moreover, X-ray photoelectron
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Accepted 12th September 2018 spectroscopy detected a relatively high concentration of phosphates only in BBP. Hence, the low friction
is presumably due to graphitic carbon, iron oxides and phosphate compounds in the black leaf films, as

DOI: 10.1039/c8ra06080k well as mechanical separation effects of bulk leaves. This black material could be a product of the
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1. Introduction

Traction between wheels and rails, which is often expressed as
“adhesion” in the railway industry, is one of the most critical
factors for train control: acceleration and deceleration. The
friction coefficient, COF, is required to be at least 0.2 and 0.09
for traction and braking, respectively." However, the rail surface
is often contaminated with various sources due to the open
environment of railway tracks, and the adhesion condition is
sometimes below the required level.

Among various contamination sources, leaves falling on the
line in autumn have a significant impact on train operation.>
They form a black, hard and “Teflon-like” film on the rail, which
decreases the traction coefficient to 0.1 or lower when a small
amount of water, such as light rain or morning dew, is
present.>* The leaf film often causes serious problems in terms
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Maillard reaction or reaction between iron and organic acids, such as tannic acids.

of safety and service, such as station overruns,® collisions® and
amended timetables.”® Additionally, the annual loss due to leaf
contamination is reported to be £50 million in the United
Kingdom® and 100 million SEK in Sweden."®

Some measures for mitigation are taken to overcome low
friction due to leaf contamination. For example, sanding and
rail cleaning by high-pressure water jetting are currently used to
increase adhesion levels in the autumn.* However, they have
some drawbacks: high wear rates of both wheels and rails in
sanding™™* and incomplete removal of leaf films in water-jet
cleaning." Moreover, these measures are usually carried out by
a cleaning train called RHTT (Rail Head Treatment Train), and
the cost associated with RHTTs accounts for half of the total
cost, approximately £25 million.'® For a further reduction in
cost, a new prevention method of leaf film formation - rather
than mitigation - is necessary.

Recently, many researchers have tried to reveal what leaf
films consist of and to clarify the mechanism of low friction
conditions, using techniques of chemical analysis. For instance,
an infra-red reflection absorption microspectroscopy (IR) anal-
ysis suggests that pectin in leaves causes a chemical reaction
with rail steels, forming an iron pectate.”” In the chemical
reaction process, the pectin possibly forms a gel by crosslinking
with iron ions, and this gel causes low friction due to its high
viscosity, forming an elastohydrodynamic lubrication (EHL)
film. Another theory is a friction-reducing layer formed on rails

This journal is © The Royal Society of Chemistry 2018
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because of a chemical reaction between leaf-organics and rail
steels.’® Glow Discharge Optical Emission Spectroscopy (GD-
OES) reveals that a field rail sample contaminated with leaves
contains organic elements, such as carbon, nitrogen and
calcium on the surface, but iron oxide exists beneath the
surface, forming a mixed layer. This mixed layer is supposed to
cause low friction as well.

However, these theories have some drawbacks. For example,
carboxylate bands detected during IR analysis do not neces-
sarily derive from pectin; they could be attributed to other
materials which have carboxylates in them. In the friction-
reducing layer theory, the chemical reaction process has not
yet been considered. In spite of the significant progress of these
studies, a detailed mechanism of how organics in leaves react
with rail steels is still unknown. If this mechanism is clarified, it
could lead to a development of innovative methods, which can
prevent leaf film formation.

Hence, this study aimed to identify the key materials for low
friction due to leaf contamination and to obtain the chemical
information of those materials. As a first step, several hypoth-
eses for low friction were developed, such as bulk leaf, adhered
leaf film and pectin gel, as reported in.* Based on these theories,
the candidates of possible substances were narrow-downed,
and the identified material was investigated, using several
chemical analysis techniques.

2. Methods and materials
2.1 Test samples

Six types of leaf-related samples were examined in this study:
leaf powder (LP), leaf extract (LE) and black precipitation

Leaf powder
(LP)

Sycamore leaves

Leaf extract
(LE)

Black
precipitation
(BP)

Leaf extract + Rail plate
= Black precipitation

Fig. 1 Preparation of leaf-related samples.
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powder (BP) for green and brown sycamore leaves, as shown in
Fig. 1. Sycamore leaves were chosen as they are recognised as
one of the problematic leaves,*** and they have been found to
cause low friction conditions in previous work.>'”**** Brown
sycamore leaves were collected in Sheffield between November
and December 2015. Green leaves were picked from trees at the
same site between October and November 2016 and kept in
a freezer to minimise decay.

Bulk leaves were chopped by a food processor, and then they
were filtered by a strainer, separating small pieces from rela-
tively large pieces. The former was categorised as LP, and the
latter was leaf mulch (LM). The typical size of the LP particles
was between 15 and 800 um, measured with an optical
microscope.

LE was made by mixing LM with distilled water at a ratio of
1 g of LM to 50 ml of distilled water. After mixing, the mixture
was left for one to three days, then it was filtered with filter-
paper, removing small particles.

BP was synthesised with LE (typically one day extraction) and
a plate made of rail steel (R260). A rail plate was immersed in
LEs and left for one to three days, forming black precipitation
due to a chemical reaction between iron from the plate and
dissolved organics in LEs. Then, the mixture was heated and
brought to a boil to accelerate the chemical reaction and
evaporate the water. Due to this boiling process, the black
precipitation was dried, and they were ground using a pestle
and mortar. Typically, the size of the BP particles was between
10 and 100 um, measured in the same manner as the LP
particles. It should be noted that high flash temperatures can be
achieved in the wheel/rail contact due to localised slip in the
wheel/rail contact.? Consecutive wheel passes over a leaf on the

Boiled and dried
— Ground
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rail would add temperature to the leaf. Thus, this boiling
process does not excessively enhance the chemical reaction, as
high temperatures are expected in addition to high contact
pressures up to 1 GPa.

For some chemical analysis, two types of BP films were
analysed: a thin BP film and thick BP film. BP thin films were
prepared on a small piece of rail steel, approximately 10 x 10 x
4 mm. They were formed following the procedure of BP
formation; however, no heat was applied to the steel piece
unlike in the BP formation. This method allows replication of
the black material on railway tracks as naturally as possible. BP
thick films were formed on the small steel piece, fully following
the procedure of BP formation.

It should be noted that BP can be synthesised with leaf
extracts of other types of leaves, such as silver birch, oak and
ash. Lubricity or chemical properties of BP might depend on the
types of leaves; however, only BP derived from sycamore leaves
was examined in this study as sycamore leaves have been known
to cause low friction in both laboratory experiments and actual
train operation. The effects of different types of leaves should be
examined in the future.

2.2 Viscosity measurement

Viscosity measurements were performed with a Brookfield DV1
Viscometer. A viscosity value was measured at 100 rpm and
30 °C, with a SC4-18 spindle.

2.3 Friction tests

A basic ball-on-flat test was conducted using the six leaf-related
samples, as shown in Fig. 2. This test aimed to investigate the
hypotheses for low adhesion: bulk leaf and pectin gel.* The LP
represents a bulk leaf on the line, and the LE and BP examine
the pectin hypothesis. As a reference, three liquid samples were
also tested: distilled water, engine oil (Servol 15W-40, Morris
lubricant) and pectin 0.1 wt% solution. Pectin powder was
purchased from Sigma-Aldrich (product number: P9135, CAS
number: 9000-69-5). The concentration of pectin solution was
determined by the viscosity value of the LEs.

Table 1 summarises the experimental conditions of friction
tests. Specimens were a 5 mm diameter stainless-steel ball and
a plate made of R260 rail steel (66 x 25 x 4 mm), which typi-
cally had a surface roughness between 0.4 and 0.6 um Rq. LP
and BP were diluted with distilled water, making a 5 weight
percent (wt%) solution. LE was directly applied to the rail plate.
A Bruker UMT machine was used for the friction tests, following

10 N (1.56 GPa) 10 mm
Stainless steel \ A V|
ball |
Samples Rail plate Rail plate

Fig. 2 Experimental procedure of friction tests.
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Table 1 Experimental conditions of friction tests
Parameter Value
Applied force [N] 10
Average Hertzian pressure [GPa] 1.56
Time [seconds] 360
Stroke [mm] 10
Frequency [Hz] 0.4
Sampling frequency [Hz] 100
Top stainless-steel ball diameter [mm] 5
Sample amount [ml] 0.2
Concentration (LP and BP) [wt%] 5

this process; approximately 0.2 ml of sample solution was
applied to the fixed rail plate. Then the ball was pressed into the
plate with 10 N, giving an average Herzian contact pressure of
1.56 GPa. The ball was reciprocated for six minutes at 0.4 Hz,
while the friction coefficient (COF) was measured. The COFs
were averaged for every 20 seconds and evaluated. The
measurement was repeated at least three times, and the stan-
dard deviation was calculated to show the spread in friction
values.

2.4 Characterisation

Several analyses were carried out for mainly BP, but also LE and
LP: viscosity measurement, X-Ray Fluorescence (XRF), X-Ray
Diffraction (XRD), Laser Raman Spectroscopy (RS), X-Ray
Photoelectron Spectroscopy (XPS) and Fourier Transform
Infrared spectroscopy (FT-IR). Each technique has its disad-
vantages or limitations; it was important to combine several
methods to establish what material BP is made from. Details of
each method are described below.

2.4.1 X-ray fluorescence (XRF). A Fisherscope XAN 250 was
used for XRF analysis of BP and LP. The main limitation of this
method was incompleteness in detection. In this machine set-
up, the elements between aluminium (Al, 13) and uranium (U,
92) are measurable; the light elements between hydrogen (H, 1)
and magnesium (Mg, 12) cannot be detected.

2.4.2 X-ray diffraction (XRD). A PANalytical X'Pert® Powder
was used to obtain XRD data. The data was taken at an angle
between 10° and 80°, with a scanning step of 0.01313° and Cu-
Ko X-ray source. It should be noted that XRD can only detect
material which has a crystal structure. Therefore, no peaks in
the acquired data could mean an amorphous structure.

2.4.3 Laser Raman spectroscopy (RS). A Renishaw inVia
Raman microscope was used for RS analysis, with BP and BP
thin films. The wavelength of the laser was 514.5 nm (green),
and the original laser power was set as 20 mW. In all experi-
ments, the objective lens x50 was used, and the spot size was
approximately five um in diameter. Typically, the spectrum was
acquired between 50 and 4000 cm ™" with the exposure time of
10 or 20 seconds and five-time accumulation, reducing the laser
power to 5 or 10% (approximately one or two mW). A baseline of
the acquired spectrum was subtracted, and the noise on the
spectrum was removed with WiRE software, making the spec-
trum flat and smooth. For some spectra, peak fittings were also
conducted. As a reference, activated charcoal was also analysed,

This journal is © The Royal Society of Chemistry 2018
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which was purchased from Sigma-Aldrich (product number:
C9157, CAS number: 7440-44-0).

2.4.4 X-ray photoeletron spectroscopy (XPS). XPS analysis
was performed for BP thin and thick films with a Kratos
Analytical Axis Supra. The sample piece with BP films was fixed
to the stage by a double-sided sticky tape to achieve the elec-
trical isolation. A piece of paper was used to guarantee the
insulation between the sample and stage: stage-double sided
tape-paper-double sided tape-sample. Due to this structure, the
whole sample surface would be uniformly charged-up, and the
neutraliser could keep the electrical level constant with low
energy electrons. Before a measurement, Ar ion sputtering was
conducted to remove thin contamination layer on the top, i.e.,
a natural oxide layer, with Ar 2000+ clusters at 5 kv for 20
seconds, targeting an area 5 x 5 mm. Then, X-rays were irra-
diated at 1486.6 eV with an Al source, spotting the area of 300 x
700 pm.

Spectra between 0 and 1200 eV were measured at 160 eV pass
energy, 1 eV intervals, and with five minutes of acquisition time.
After that, the high-resolution spectrum of each element was
collected at 20 eV pass energy and 0.1 eV intervals for 5 to 15
minutes. These acquired spectra were analysed with CasaXPS
processing software (Version 2.3.19). Firstly, they were cali-
brated with carbon 1s peak at 285 eV to cancel a shift due to
charging-up. Then, each peak was fitted with appropriate
Gaussian-Lorentzian (GL) ratio and full width at half maximum
(FWHM) to acquire an accurate value of chemical shift in each
peak. Finally, the chemical shift values were compared to data
in the references. The measurement was repeated three times or
more at different spots.

2.4.5 Fourier transform infrared spectroscopy (FT-IR). A
Bruker ALPHA Platinum-ATR was used, and FT-IR spectra were
taken for BP and LP, between 400 and 4000 cm™ ', scanning 16
times with the resolution of 4 cm™". The region between 4000
and 1500 cm ™" was mainly analysed, as the fingerprint region
between 1500 and 600 cm™ " usually shows complex absorption
patterns and they are relatively difficult to analyse. Additionally,
the spectra had a noise between 1900 and 2200 cm ™, which is
attributed to the diamond stage of the machine. Hence,
assignments to specific molecular bonds in these regions could
be inaccurate.

3. Results and discussion
3.1 Viscosity measurement

Table 2 summarises viscosity values of green leaf extract (GLE),
brown leaf extract (BLE), distilled water and pectin 0.1 wt%
solution. The viscosity values of GLE and BLE were found to be
at the same level as distilled water. In contrast, the artificial
pectin 0.1 wt% solution exhibited higher value than the LEs.
This result indicates that leaf components with high molecular
weight are unlikely to dissolve into LEs in terms of viscosity
values. If pectin dissolves in LEs as suggested in,'” a concen-
tration of pectin in LEs could be very low, under 0.1 wt% at least.
Or pectin is decomposed from polysaccharide to monomer (a
structural unit), such as a galacturonic acid,*” and it does not
affect viscosity values.

This journal is © The Royal Society of Chemistry 2018
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Table 2 Viscosity measurements

Viscosity [mPa s]

Extraction

time GLE BLE Reference

1 day 1.08 1.08 Distilled water 1.08
2 days 1.05 1.02 Pectin 0.1 wt% 1.62

3.2 Friction tests

3.2.1 Leaf extracts. Fig. 3(a) illustrates the results of friction
tests with green leaf extract (GLE) and brown leaf extract (BLE):
three days and one day extraction, respectively. Both GLE and
BLE showed a medium-low level of friction between 0.2 and 0.25
after six minutes. This range of COF is lower than distilled water
and pectin solution, which showed around 0.45 and 0.3,
respectively. This result shows that LEs have some impurities
which affect friction levels, and they are unlikely to be pectin.
Additionally, black material was formed after some tests,
showing a good agreement with.'” However, no black material
was found after the tests of pectin 0.1 wt% solution, suggesting
that the artificial pectin has nothing to do with the chemical
reaction.

Moreover, BLE exhibited low COF for the first 20 seconds,
which is almost the same level as the engine oil. However, the
friction level gradually increased and settled around 0.25 after
six minutes. GLE constantly showed a medium-low level of
friction, which is between 0.2 and 0.25. Thereby, no significant
difference was observed between GLE and BLE except for the
first 60 seconds.

3.2.2 Leaf powder solution. Fig. 3(b) depicts the results of
friction tests with green leaf powder (GLP) and brown leaf
powder (BLP) 5 wt% solutions. Both GLP and BLP solution
exhibited low COF, which is lower than the engine oil up to 60
seconds. They showed medium-low friction level around 0.15 to
0.2 after six minutes, which is much lower than the level of
distilled water.

This result suggests that LP possibly prevents the metal-
metal contact between the ball and plate, acting as a solid
lubricant. As the experiment proceeded, the LP solution was
gradually removed from the contact area. Subsequently, the
friction level increased due to less solid lubrication effects of LP.
Instead of LP, LE then affected the friction condition more, and
the COF became around 0.2 because of the mixed lubrication of
LP and LE.

It should be noted that both GLP and BLP became black
during the tests; the chemical reaction quickly occurred on the
surface of LP, where the concentration of impurities could be
high.

3.2.3 Black precipitation powder solution. Fig. 3(c) exhibits
the results of friction tests with black precipitation powder
formed in green leaf extracts (GBP) and black precipitation
powder formed in brown leaf extracts (BBP). Surprisingly, BBP
solution showed extremely low friction, which is lower than the
engine oil up to 160 seconds and at the same level afterwards. In
contrast, GBP solution showed a stable COF around 0.2,

RSC Adv., 2018, 8, 32506-32521 | 32509
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Fig. 3 Results of friction tests (a) leaf extracts, (b) leaf powder solution,
(c) black precipitation powder solution.

although it exhibited very low friction for the initial 20 seconds.
This result shows that BBP is a key material for low friction.
Moreover, the difference between GBP and BBP in terms of
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materials could identify a substance which is directly relevant to
low friction.

Overall, the friction tests showed three main findings:

e Bulk leaf powder acts as a solid lubricant if it is in the
contact area.

e Water-soluble organics in sycamore leaves do not lower the
COFs dramatically, although they help the formation of black
materials.

e The black material is mainly responsible for low friction.

Thus, the “bulk leaf” hypothesis in* is likely to be true as the
low COFs were confirmed. However, the hypothesis “pectin gel”
could be untrue in terms of pectin as a key material, because
pectin is unlikely to be in LEs as a thickening agent and to cause
the chemical reaction. Rather than a long pectin chain, there
could be decomposed pectin molecule or other organics in LEs,
and they can form a black material which finally causes friction.

3.3 Material analysis

3.3.1 X-ray fluorescence (XRF). Fig. S1t depicts the XRF
results of GLP, GBP, BLP and BBP. Both GLP and BLP contained
a relatively large amount of calcium (Ca) and potassium (K), as
well as a small amount of chlorine (Cl), manganese (Mn) and
iron (Fe). In contrast, GBP and BBP were found to contain
mainly Fe, followed by K, Ca, Cl and Mn. This result shows that
Fe ion dissolves into LEs from rail plates, and it causes the
chemical reaction with leaf organics in LEs. The dissolved Fe
ion presumably reacts with various ions and molecules in LEs,
including K, Ca and Cl ions.

It should be noted that the number of counts cannot be
directly compared to each other, because the amount of sample
powder was not accurately controlled. Thereby, the counts
ought to be taken as reference.

3.3.2 X-ray diffraction (XRD). Fig. 4 illustrates the XRD data
of GBP and BBP. BBP exhibited several sharp peaks, indicating
that some crystal materials were present. In contrast, GBP did
not show any peaks, suggesting no crystal structure was in the
sample. Table S11 shows the assignments of the peaks in BBP.
The assignments were conducted by searching in the database
(Powder Diffraction File provided by the International Centre
for Diffraction Data: PDF-4). It was found that these XRD
patterns of BBP derived from potassium chloride (KCl: strong
peaks) and calcium sulphate (CaSO,: relatively weak peaks),
although the small two peaks at 20.7 and 31.05 were not iden-
tified. Unexpectedly, iron oxides were not detected, suggesting
that the iron detected in XRF analysis has an amorphous
structure. It should be noted that amorphous KCIl and CaSO,
could be present in GBP, as Cl, K and Ca were detected in GBP
by XRF analysis.

3.3.3 Laser Raman spectroscopy (RS). Fig. 5 exhibits the
acquired Raman spectra of GBP, BBP and activated charcoal,
and their peak fittings are shown in Fig. S2.1 Both GBP and BBP
showed similar peaks, which are around 1350 cm ™" (shoulder,
small) and 1570 cm ™" (strong), respectively. They are typical
features of amorphous carbon,* called disordered band (D) and
graphitic band (G), respectively.?*** The broad peak around
2850 cm™ ' was assigned to amorphous carbon as well,*

This journal is © The Royal Society of Chemistry 2018
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A Potassium chloride KCI1
@ Calcium sulphate CaSO,

® Unknown

Intensity [count]

10 20 30 40 50 60 70 80
2 Theta [degree]

Fig. 4 XRD results: (a) GBP, (b) BBP.

although these peaks in GBP and BBP were not as clear as the
activated charcoal. The small and broad peak around 600 cm ™"
in BBP could be a mixture of magnetite (Fe;0,) and hematite (o-
Fe,0;), which has a shift of 533.6 cm ' and 611.9 cm
respectively.?® The overlapping band around 1430 cm™' was
difficult to be assigned; it could be carboxylate ions (COO™) in
carboxylic acid salts,” taking into account the result of FT-IR
analysis described later in Section 3.3.5.

In general, an intensity ratio of D and G band (Ip/Ig) can be
used to evaluate the degree of graphitisation;>******° the ratios
were around 0.77, 0.83 and 1.09 for the GBP, BBP and activated
charcoal, respectively. These relatively low ratios in GBP and
BBP suggest that their carbon materials have a less disordered
structure, possibly forming a mixed structure of sp> and sp®

ra

0 R

Intensity

I/1;= 0.83

Ip/Ig=1.09

..... ) TP

0 500 1000 1500 2000 2500 3000 3500 4000

Raman shift [cm™!]

Fig. 5 Raman spectra: (a) GBP, (b) BBP, (c) activated charcoal.
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carbon according to the definition in.** Hence, both GBP and
BBP are likely to have partially graphite-like carbon in them.

This graphite-like carbon could be one of the reasons why
low friction happened during the friction test. Furthermore,
a sugar-derived carbon, which is often studied as a material of
electrodes, has been reported to have a more graphitic structure
than amorphous carbon, e.g. carbon black.**** Hence, the
Raman spectra also indicate that GBP and BBP might derive
from dissolved sugars in LEs, which are highly likely in water-
extract of plants, such as green tea.*

Fig. 6 depicts the Raman spectra of GBP and BBP thin films
formed on a small piece of rail steel without boiling. For these
samples, two different levels of laser power were tested: 1 and 2
mW. Both GBP and BBP samples showed sharp peaks with the 2
mW laser. In contrast, these clear peaks were not seen in the
spectra measured with the 1 mW laser power except D and G
bands of carbon. Table 3 summarises the observed Raman
shifts and their assignments. The relatively sharp peaks around
220, 290, 400, 600 and 1310 cm ™~ ' were assigned to o-Fe,O3. The
broad and small peak around 650 cm ' could belong to
a mixture of Fe;O, and FeO (wiistite), and the broad but the
high peak around 1560 cm ™' was assigned to amorphous
carbon. The difference between the measured and reference
values could be attributed to the different laser power since the
Raman shifts of peaks move to lower wavenumbers when higher
laser power is used in the case of iron oxides.?

The broad peak at 650 cm™ " in the spectra measured with 1
mW laser indicates that Fe;0, initially exists in the samples;
FeO is often seen in the transformation process from Fe;O, to
other types of iron oxides, which could be a-Fe,O; in this case.*®
This transition happens if the laser power is intense enough to
cause decomposition of Fe;0,. Therefore, these peaks seem to
originate from Fez0,.

In RS, the sample surface may be degraded if the laser power
is too high,* and heat induced by the laser affects measure-
ments.** In fact, the laser with high power, such as 10 mWw,
burned the surface of BP during trials. In Fig. 6, it seems that
the 1 mW laser gives no damage, but the 2 mW laser does, and it
possibly burns the surface carbon layer and exposes the iron
oxides underneath the surface layer. The detected peaks of iron
oxides do not derive from the rail plate since the depth pene-
tration of graphite is approximately 50 nm.* Thus, the Raman
spectra in Fig. 5 and 6 predict a structure of GBP and BBP; Fe;0,
or a mixture of a-Fe,0;, Fe;0, and FeO becomes a core, and
a thin amorphous carbon layer grows on the surface of the iron
oxide, which is partially graphitised and might be a sugar-
derived carbon formed with sugars in LEs.

3.3.4 X-ray photoelectron spectroscopy. Fig. S31 shows the
XPS spectra of GBP thick film and GBP thin film, which were
formed with and without heat treatment, respectively. In the
same manner, Fig. S47 depicts the XPS spectra of BBP thick film
and BBP thin film. Both GBP and BBP films were found to
contain various elements, such as carbon, oxygen and iron,
showing a good agreement with the previous study'® and the
results of XRF and XRD. Some elements, e.g. calcium and
potassium, were only seen in thick film samples, indicating that
the heat treatment affects the chemical reaction for the
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Fig. 6 Raman spectra of GBP and BBP thin films measured with
different laser power: (a) GBP 2 mW, (b) GBP 1 mW, (c) BBP 2 mW, (d)
BBP 1 mW.

formation of compounds which contain calcium, sulphur,
potassium, magnesium, chlorine and silicon.

Table 4 summarises the chemical composition of each
element shown in average atomic percent (at%) with the stan-
dard deviation. It was revealed that carbon and oxygen
accounted for approximately 90 at% in both thick and thin
films, possibly forming an organic layer on the surface. Iron was
also present in GBP and BBP thin films, accounting for 3-7 at%.
However, less or no iron was observed in GBP and BBP thick
films, showing that the heat treatment enhanced the chemical

Table 3 Raman shifts and assignments of GBP and BBP thin films

View Article Online

Paper

reaction which formed the organic layer. This change in the iron
composition supports the prediction of a structure: organic
layer (carbon layer) on an iron oxide core described in Section
3.3.3. It should be noted that the concentration of sodium was
not taken into account due to the lack of the detection in the
primary region: Na 1s at 1071.8 eV.

Fig. 7 illustrates C 1s high-resolution spectra and curve
fittings of thin and thick films of GBP and BBP. In the same
manner, O 1s and Fe 2p high-resolution spectra and curve
fittings are shown in Fig. 8 and 9, respectively. Chemical shifts
of each element were obtained with these zoomed-in spectra.
Table 5 summarises the chemical shifts in binding energies
(B.E) and the assignments of GBP samples, and Table 6 does for
BBP samples. It should be noted that high-resolution spectra of
potassium (K 2p) were not acquired since K 2p has a narrow
range of chemical shifts, and they are difficult to interpret
accurately.*>?® Besides, chlorine (Cl 2p) was measured only one
time because XRD analysis revealed that KCl was present in
BBP.

C 1s was found to contain four components, and their
chemical shifts were not dramatically changed after the heat
treatment for both GBP and BBP as shown in Tables 5 and 6.
Carbon in GBP and BBP seems to be pure carbon (approxi-
mately 50 at%), and oxygen-bonded carbon (C-O, C=0 and
COO). This complex structure is often seen in graphene oxide; it
is generally obtained by oxidising graphite particles,**
although observed C 1s did not contain clear sp” at 284 eV.*

O 1s showed a complex structure as well; GBP thin film
contained five components, and BBP thin film did three
components, respectively. It should be noted that five compo-
nents in O 1s were also seen in BBP thin film; however, they
were observed only one time and thus classified as a reference
value. As shown in Fig. 8, the heating process affected the
chemical conditions in O 1s; the component at 530.1-530.6 eV
vanished in GBP and BBP thick films. This disappearance
means that metal oxides, which are highly likely to be iron
oxides, are buried in the organic layer due to the accelerated
chemical reaction by the heat treatment. This result also
supports the idea of the structure described above.

Another suggestion from the chemical shifts around
534.5 eV is that there could be oxidised graphene (GO). This
large chemical shift (+3.5 eV) is unusual for O 1s, and thereby,

BBP 2 mW Raman

GBP 2 mW Raman shift cm ™" shift cm™* Assignment Reference
220 222 o-Fe,0; 226.7 26
286 290 o-Fe,O3 292.5 26
299.3
398 406 o-Fe,O3 410.9 26 and 32
602 606 a-Fe, 03 611.9 26
642 651 FeO 652 26
662 Fe;0, 662.7 32
1305 1317 o-Fe,O3 1320 26 and 32
1556 1567 Amorphous carbon 1575 23
Sugar-derived carbon 1580 25

32512 | RSC Adv., 2018, 8, 32506-32521
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Table 4 The average chemical compositions of GBP and BBP films in atomic percent

Atomic% C (e} Fe N Mg P Mn Ca S K Cl Si

Thick GBP 59.3 +1.3 353 +09 0.8+0.1 0.7+01 — 0.2 +0.1 — 14+01 06+01 1.0+03 04+0.1 04+0.1
Thin GBP 55.1 +2.0 35.0+0.8 72+0.8 1.8+03 — 05+0.2 05+02 — — — — —

Thick BBP 55.2 +1.1 31.7 £2.2 — 14401 15+£02 1.2+01 — 1.8+£01 1.0£+£03 22+12 40+14 —

Thin BBP 63.3 0.3 28.8+0.7 34+04 2.8+03 — 0.8+£03 02+01 0.7+01 — — — —

the assignment is difficult.****** However, GO has been reported
to exhibit a large chemical shift around 534-534.5 eV, and this
chemical shift is attributed to water contamination*>*' or olig-
omer of vinylene carbonate on a graphene surface.”> Consid-
ering that the surface carbon seems to be partially graphitic, the
small component peaked around 534.5 eV might come from the
oxidised or water-contaminated graphene.

As shown in Fig. 9, both GBP and BBP thin films contained
subtle satellite peaks of Fe 2p;,, and Fe 2p,,, and thus Fe** (a-
Fe,03) is likely to be present.** In contrast, the satellite peak in
GBP thick film was relatively intense and overlapped with Fe
2ps/, and 2p;,,. The chemical shifts were around 710.2 eV (Fe
2psp) and 714 eV (Fe 2ps, satellite), and this satellite peak
should come from Fe*" high spin compound.?**** In terms of
the chemical shifts in Fe 2ps/,, Fe** is highly likely, possibly
forming magnetite.** On the other hand, the intense satellite
peak is often seen in FeO** and iron-ligands.** As RS suggests
the presence of FeO, there could be a mixture of Fe;0, and FeO
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on the surface of the thick GBP film. Thick BBP film exhibited
no iron on its surface, suggesting that the iron is covered with
organic layers. This is a clear difference between the GBP and
BBP thick films.

The chemical shift of N 1s shows that organic matrix (C-
NH,) is likely in both GBP and BBP rather than nitrites or
nitrates.*»*® Phosphorus is likely to exist as a metal phosphate,
possibly bonding to calcium or iron. The concentration of
phosphorus is relatively higher in thick BBP film than the other
film, and it could be the reason why only BBP showed lower
friction than GBP. Calcium, sulfur, potassium and chloride
were mainly assigned to CaSO, and KCI respectively, as they
were detected in the XRD analysis of BBP. Magnesium, silicon
and manganese do not seem to play an important role in the
chemical reaction since they were occasionally detected, and
their concentrations were small.

3.3.5 Fourier transform infrared spectroscopy. Fig. 10
shows the FT-IR spectra of GBP and BBP with the original GLP
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Fig. 7 C 1s curve fittings (a) GBP thin film, (b) GBP thick film, (c) BBP thin film, (d) BBP thick film.
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Fig. 8 O 1s curve fittings (a) GBP thin film, (b) GBP thick film, (c) BBP thin film, (d) BBP thick film.

and BLP spectra for comparison. Both GBP and BBP exhibited
a similar absorbance: around 3250, 2930, 1600, 1400, and
1100 cm™'. In contrast, the GLP and BLP showed more complex
absorption with peaks around 3260, 2920, 2850, 1610, and
1030 cm . These absorption bands were assigned as follows:
OH stretching at 3260 cm ', CH stretching at 2920 and
2850 cm™ ', C=0 double bonds around 1610 cm %, and C-O
stretching around 1030 cm ™", although some small peaks were
unable to be assigned. The comparison between BP and LP
shows that the BP is different from raw leaves, e.g. less clear CH
stretching or another peak of C=0.

The assignment of each absorbance in GBP and BBP is
shown in Table 7, referring to the literature.””?”**° The
absorption around 3250 cm ™" is attributed to OH, which could
form both types of hydrogen bonds: inter- or intra-molecular
hydrogen bonds. The weak peak at 2930 cm ' presumably
comes from saturated CH bonds because unsaturated and
aromatic CH frequencies usually are slightly over 3000 cm™"
and two sharp peaks should be observed in the case of methyl or
methylene groups. In the same manner, NH stretching mode is
unlikely because it shows relatively sharp peaks around 3500-
3300 cm ™.

Due to the unlikely presence of aromatic CH bonds, two
absorbances around 1600 and 1400 cm™' were assigned to
carboxylate ions (COO™), which usually show doublet peaks at
1610-1550 (asymmetric) and 1420-1300 em !
(symmetric).’”*”*® C=0 double bonds in esters or ketones

32514 | RSC Adv., 2018, 8, 32506-32521

could be possible in this region, which should appear around
1740 and 1710 cm ™', respectively.*® However, the significant
shifts of the observed absorptions to lower wavenumbers show
that they derived from carboxylate ions rather than esters and
ketones. N=O double bonds are possible in this region;
however, they are unlikely due to the small atomic concentra-
tion of nitrogen and the chemical shift found in the XPS anal-
ysis (Section 3.3.4).

The band around 1030 cm ™" should be CO stretching mode
which comes from various organics in GBP and BBP. Further
analysis and assignment were not conducted for this CO bond
since the region below 1500 cm™" is not diagnostically useful.*®

As XPS analysis confirmed the presence of iron, iron-
carboxylic salts might be formed in GBP and BBP. Fe ions can
form a chelate (ligand) structure with some carboxylates, such
as oxalate (ferric oxalate) and acetate (ferric acetate).**> Syn-
thesised metal carboxylates exhibit COO™ absorption around
1510-1590 cm ™' for asymmetric mode and 1400-1430 cm™ " for
symmetric mode,** which roughly corresponds to the observed
values in GBP and BBP. Hence, the observed COO ™ in the FT-IR
analysis possibly derive from iron carboxylates in BP.

RS and XPS analyses suggest that iron oxides are likely rather
than iron carboxylate. However, the thermal energy by laser
irradiation in RS could induce the transition of iron carboxylate
to iron oxides in this study. Moreover, XPS reflects only prop-
erties of the surface up to 10 nm, and the chemical shifts of
ferric oxalates in XPS show approximately the same values as

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Fe 2p curve fittings (a) GBP thin film, (b) GBP thick film, (c) BBP thin film, (d) BBP thick film.

iron oxides.® In addition, the intense Fe®" satellite might derive
from ligand structures, and XRD analysis did not detect crystal
iron oxides. Considering all the information from RS, XPS and
FT-IR analyses, it can be concluded that the GBP and BBP

carboxylates are predominant in the bulk black material and
iron oxides are on the surface. The iron carboxylates are likely to
be formed with dissolved Fe ions and carboxylic acids in LEs,
then some of them transform to iron oxides due to further

contain both

iron

carboxylates and

iron oxides;

Table 5 Binding energy (B.E) and assignments of GBP films®

iron

oxidisation, especially on the surface.

Element Thick GBP B.E  Chemical bonds, expected material ~ Thin GBP B.E = Chemical bonds, expected material =~ Reference
P 2ps)» — — 134.1 £ 0.1 Metal phosphate 36 and 37
S 2pss 168.7 £ 0.1 Metal sulphate, CaSO, — — 35 and 36
(Cl2ps;)  198.2 £ 0.0 Metal chloride, KCl — — 35
C1s 285.0 = 0.1 c-C 285.0 £ 0.1 Cc-C 35, 36 and 38
286.5 £ 0.1 C-OH, C-0-C 286.6 £ 0.1 C-OH, C-0-C 36, 38 and 39
288.3 + 0.0 C=0 288.2 £ 0.2 C=0 36 and 38
289.1 £ 0.1 O0=C-O 289.3 £ 0.4 O0=C-0O 35, 36 and 38
Ca 2p3)» 347.6 + 0.1 CaS0, — — 36
N 1s 400.1 + 0.0 Organic matrix, C-NH, 400.4 £ 0.0 Organic matrix, C-NH, 35 and 36
O 1s — — 530.1 £+ 0.1 Metal oxides, Fe,0; 35 and 36
531.5 £ 0.1 Organic C-O 531.5 £ 0.1 Organic C-O 35
532.9 + 0.1 Organic C=0 532.5 + 0.0 Organic C=0, O=C-O 35 and 39
— — 533.4 £ 0.0 0=C-0 39
534.4 + 0.2 Water, oxidised graphene 534.5 + 0.0 Water, oxidised graphene 40-42
Mn 2ps,  — — 641.8 + 0.2 Mn with O 36
Fe 2ps» 710.2 + 0.3 Iron oxides, Fe*" and Fe** 711.2 + 0.1 Iron oxides, Fe*" 35, 36, 43 and 44
(Fe 2pyn)  723.6 £ 0.2 724.8 + 0.2

¢ Bracket means a reference value: measured only one time or not useful for the determination.
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Table 6 Binding energy (B.E) and assignments of BBP films®
Element Thick BBP B.E  Chemical bonds, expected material ~ Thin BBP B.E  Chemical bonds, expected material ~ Reference
Mg2s 89.3 + 0.1 MgSO,-MgO — — 45
P 2p;3), 133.2 £ 0.1 Metal phosphate, ex. CaHPO, 133.7 £ 0.2 Metal phosphate, ex. FePO, 35,37 and 46
S 2pas 169.0 + 0.2 Metal sulphate, CaSO,-MgSO, — — 35 and 36
(Cl2psp)  198.4 Metal chloride, KCl — — 35
C1s 284.9 £ 0.0 C-C 284.9 £ 0.1 C-C 35, 36 and 38
286.5 + 0.0 C-OH, C-0-C 286.5 = 0.1 C-OH, C-0-C 36, 38 and 39
288.0 £ 0.0 C=0 288.3 £ 0.3 C=0 36 and 38
289.1 + 0.1 0=C-O 289.8 + 0.5 0=C-0 35, 36 and 38
Ca 2ps), 347.6 + 0.1 CaS0, 347.7 + 0.1 CaSo, 36
N 1s 400.1 £ 0.0 Organic matrix, C-NH, 400.3 + 0.1 Organic matrix, C-NH, 35 and 36
O 1s — — 530.6 £ 0.3 Metal oxides, Fe,O3 35 and 36
531.5 £ 0.1 Organic C-O (531.7) Organic C-O 35
532.8 + 0.0 Organic C=0 532.9 + 0.1 Organic C=0 35
534.4 + 0.3 Water, oxidised graphene (534.1) Water, oxidised graphene 40-42
— — 535.1 + 0.2 Water, Na KLL 35 and 45
Mn 2ps,  — — 641.8 £+ 0.1 Mn with O 36
Fe 2p3. — — 711.2 £ 0.1 Iron oxides, Fe** 35, 36, 43 and 44
(Fe 2py) — — 724.8 £ 0.2

“ Bracket means a reference value: measured only one time or not useful for the determination.
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Fig. 10 FT-IR spectra: (a) GBP, (b) BBP, (c) GLP, (d) BLP.

4. Discussion

In this paper, tribological tests were performed as well as
material analyses of the black precipitation. Consequently, it

Table 7 Assignment of each infrared band in GBP and BBP

was revealed that the black precipitation was the primary
material of low friction and it consisted of iron and organics
after the chemical reaction process. Considering all the results,
the low friction mechanism should be discussed in this section,
as well as the chemical reaction process for the formation of
black precipitation.

4.1 Low adhesion mechanism

As described in Section 3.2, BP was identified as the main leaf-
lubricant for low friction, as well as solid leaf powder, although
solid leaves seem to have a limited effect. Table S21 summarises
the main findings in the material analyses. In terms of
tribology, three of them are very important: graphitic carbon,
iron oxides and phosphate compounds.

Fig. 11 shows a schematic diagram of the low friction
mechanism due to leaves on the line. Low friction conditions
seem to be caused by four factors: graphitic carbon, solid leaf,
iron oxide and phosphate compound. Graphite has been rec-
ognised as a solid lubricant and widely used.>* Although the BP
does not have a perfect graphite structure, it should be partially
graphitised and can contribute to low friction conditions. Solid
leaves can reduce the friction level when they are present in the
contact area, preventing contact between wheels and rails. Iron
oxides are also well-known for their lubricity in the wheel/rail

Assignment Possible conditions GBP absorption cm ™" BBP absorption cm ™! Reference

OH stretch Inter- or intra-molecular H bonds 3280 3232 48

CH stretch Saturated CH 2934 2938 48

COO™ ion Chelate structure with metal ions 17, 27 and 48-50
Asymmetric 1570 1593

Symmetric 1379 1398

C=O0 stretch

CO stretch Any organics 1046 1071 17 and 48

32516 | RSC Adv., 2018, 8, 32506-32521
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Fig. 11 Schematic figure of low friction mechanism due to leaves.

contact,*** although the mixture of iron oxides and iron
carboxylates could be present in the BP. Phosphate compounds
are one of the typical anti-wear additives for lubricating oils,
such as zinc dialkyl-dithiophosphate (ZDDP). In particular, iron
phosphate films formed on steels have been reported to protect
the iron surface and reduce wear,* and its detailed mechanism
has been explained.*® Furthermore, if the phosphate in BP
forms a phospholipid, it dramatically decreases the friction
levels in wet conditions.”” Due to the low concentration of these
materials as described in Section 3.3.4, the graphite-like carbon
should be the primary cause, followed by bulk leaves and iron
oxides, and the phosphate compounds might have a limited
effect on low friction.

The synthesised black material was found to contain potas-
sium chloride (KCl) and calcium sulphate (CaSO,), and they
might be lubricants as well. However, the reported COF of KClI
thin films is not significantly low, around 0.27.°® Additionally,
CaSO, has a low COF between 0.15 and 0.2 at high temperature
(500 or 600 °C), but it is generally brittle at room temperature
and does not work as a lubricant.***® Thereby, KCl and CaSO, in
the synthesised black powder are unlikely to be a lubricant.
They might have been formed in BBP for a number of reasons,
e.g. a higher concentration of K*, CI”, Ca** and SO,*” ions in
BLEs than GLEs. Chemical analysis should be carried out for
leaf extracts, i.e. ion chromatography and inductivity coupled
plasma mass spectroscopy.

As described in Section 1, two main hypotheses have been
suggested to explain the main cause of low friction due to leaf
contamination: iron pectate'” and friction reducing oxide layer.*®
However, they were found to be unlikely according to the analyses
conducted in this study. Pectin is unlikely to be in leaf extracts in
terms of the viscosity value. Consequently, pectin seems not to be
the main material which forms a black precipitate with iron ions.
Furthermore, the friction reducing layer, which is mainly
composed of iron and oxide, is not the first candidate for low
friction; the RS result showed that graphite-like carbon was
present on the BP surface, and the graphitic carbon layer is more
appropriate to be the main cause of low friction.

There are several hypotheses other than these, which have
been developed by the authors: bulk leaf, adhered leaf film and
pectin gel. As described in Section 3.2.3, the hypothesis “bulk
leaf” is likely but “pectin gel” is unlikely. The hypothesis
“adhered leaf film” has not yet been examined due to the
difficulty to create a leaf film on a flat steel plate; hence this

This journal is © The Royal Society of Chemistry 2018
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hypothesis would be tested with a twin disc machine, which
has been proven to be able to create a leaf film on its spec-
imen.'>** This examination should be the next step.

4.2 Literature review of a chemical reaction

In this study, organics in leaf extracts were found to involve the
chemical reaction with dissolved iron ions, and they might be
sugars or acids which can form a chelate structure with Fe ions
as summarised in Table S2.7 Hence, literature was reviewed to
find a possible theory of a chemical reaction process between
organics and iron.

RS revealed that sugar in LEs is one of the factors which
induce the chemical reaction. Based on this information, the
Maillard reaction could be the most realistic candidate for the
black material formation. The Maillard reaction is caused by
reducing sugars and amino acids, and odorous brown
pigments, called melanoidin, are generally produced after the
reaction.®>** Both GBP and BBP have a strong and honey-like
smell, especially after the boiling process. Furthermore,
nitrogen was detected in XPS analysis with the chemical shift of
organic matrix containing nitrogen, which might come from
amino acids dissolved into LEs.

Reducing sugars, such as glucose and fructose, have been
detected in tea, as well as amino acids, such as glutamine and
threonine.*»**** LEs used in this study are practically a cup of
sycamore tea; therefore, the Maillard reaction could happen in
terms of materials. Furthermore, iron and iron oxide have been
reported to promote the Maillard reaction.®>*® Additionally,
melanoidin is known to have antioxidant activity;** melanoidin
can catch metal ions, possibly forming a chelate structure with
them.®”* It is also noteworthy that charred meats made by
barbecue, which are typical melanoidin, have been reported to
contain graphene oxide and nanocarbon particles.” These facts
seem to have a close linkage to the findings in this study: sugar-
derived carbon in RS, a chelate structure of iron carboxylate in
FT-IR and a graphene oxide in XPS. In fact, the FT-IR spectrum
of Maillard reaction products presented in® has a very similar
absorption band: 3411, 1635, 1404 and 1076 cm ™.

Another possibility to produce a black pigment with organics
and irons is iron-based ink, such as iron-gall ink.”** Although
the chemical reaction process has not yet been elucidated, black
pigments can be made with irons and tannin-derived poly-
phenolic materials, such as gallic acids, ellagic acids and cate-
chin derivatives. They have been detected in tea as a water-
soluble material,*+**”* and also they can form a chelate struc-
ture with iron oxides,”*”® which shows a good agreement with
the results in this study. Moreover, the FT-IR spectrum of the
laboratory-made iron gall ink shows similar absorption patterns
(1640, 1424 and 1083 cm™').”> Furthermore, the RS spectra of
iron gall ink and historical ink sample also exhibit similar
Raman shifts: 1475, 1310 and broad 640-490 cm ™' in ref. 74 and
1590, 1315 and 1006 cm ™! (CaS0,, detected in XRD and XPS
analysis) in ref. 71.

It could be possible to suppose that organic acids simply
form a chelate structure with dissolved iron ions, and then
a further chemical reaction occurs on its surface. For example,
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oxalate or malate can be found in plant leaf extracts,**”® and
ferric oxalate or iron malate could be formed in LEs. Alterna-
tively, iron ions might be able to react with gluconic acids*® or
form an iron-sugar complex.?***

To sum up, three candidates that can explain the chemical
reaction process are proposed through the literature review:
Maillard reaction, iron-based ink and organic acid.

4.3 Possible chemical reaction process

A chemical reaction process is supposed as shown in Fig. 12. As
revealed in XRF analysis, Fe ions are dissolved into LEs, possibly
with the help of organic acids. Then, the dissolved Fe ions form
a chelate structure with the acids, e.g. carboxylic acids, tannic
acids and other organic acids in LEs, as suggested in FT-IR
analysis. Subsequently, Fe ions are wrapped with organic
molecules such as reducing sugars and amino acids. At step
four, a chemical reaction occurs with organics on the surface of
Fe ions, forming a carbon layer on the surface; it could be the
Maillard reaction or formation of iron-gall ink. The process one
to five can be applied to other dissolved Fe ions, and finally,
black precipitation is formed with a three-layer structure:
carbon layer on the surface, chelate layer in the middle and Fe
ion as a core.

It should be noted that this process is a suggestion based on
the information from the material analysis of the black mate-
rials synthesised in this study. In the actual wheel/rail contact,
high pressure applied to leaves could affect the chemical reac-
tion process, as well as high temperature induced by sliding in

2. Chelate reaction

W@;O,.@'W

© Fe?* or Fe3t

1. Fe ion dissolution

Leaf extract

0 O e C " Main chain

3. Iron-carboxylate formation 4. Chemical reaction

© 1ron-carboxylate M- Reducing sugar/amino acid

or tannic acids
6. Further reaction

?7 ook

Fig. 12 Supposed chemical reaction process.

5. Carbon layer formation

o
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the wheel/rail contact. To examine the proposed chemical
reaction process, further experiments and analyses are neces-
sary: identification of key organics in leaf extracts and
comparison between a laboratory-developed black material and
a blackened leaf film seen on the actual railway tracks.

5. Conclusions

In this study, the low friction mechanism due to leaf contami-
nation on railway tracks was investigated through pin-on-flat
tests and material analyses, as well as the chemical reaction
process between leaf organics and rail steels. Three types of leaf-
related sample were tested: sycamore leaf powder, leaf extract
and black material, which was synthesised with leaf extracts
and rail steels. The black material formed in brown leaf extracts
exhibited extremely low friction for 6 minutes, which is similar
to that of the commercial engine oil. The leaf powder also
lowered the friction level for the first 1 minute; however, the leaf
extract did not show low friction. Material analyses were
intensively conducted for the black material, using five tech-
niques: X-ray fluorescence, X-ray diffraction, laser Raman
spectroscopy, X-ray photoelectron spectroscopy and Fourier
transform infrared spectroscopy. These analyses revealed that
dissolved iron ions in leaf extracts react with organics, such as
reducing sugars, amino acids and tannic acids, possibly form-
ing a chelate structure. Then, the graphitic carbon layer is
formed on the formed iron carboxylates or iron oxides with
a small amount of KCl, CaSO, and phosphate compounds. This
carbon material is seemingly a result of the Maillard reaction or
iron-gall ink formation. Therefore, the low friction was
concluded to be caused by four factors: firstly graphitic carbon,
secondly bulk leaves, thirdly iron oxides, and finally phosphate
compounds in the black material. The chemical reaction
process was proposed; however, further experiments and anal-
yses are necessary to examine this proposal.
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