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Abstract: Friction properties are significantly affected by third bodies (films formed on friction
surfaces). However, the study of their composition and structure remains incomplete. For this reason,
an organic composite railway brake shoe was tested at an initial braking speed of 125 km/h using a
full-scale dynamometer. A third body with a thickness of ~120 µm was obtained, and its morphology
and composition were analyzed using a multiple techniques. The results indicated that the third body
had a layered structure. The upper surface was smoother than the lower surface. The carbon content
on the upper surface decreased by 68.01%, and the iron content increased by 11.85 times in relation to
that on the lower surface. Compared to the brake shoe, the iron content of the third body increased by
272.81%, and most of the iron was oxidized. Furthermore, the content of barium, calcium, and silicon
decreased by more than 33%, and the crystalline structures of the inorganic filler materials, such as
graphite and barium sulfate, were destroyed, with new crystalline structures appearing. Finally, the
residual weight at 650 ◦C increased from 90.35% to 96.59%. This research could provide a reference
for exploring the friction and wear mechanisms of organic composite railway brake shoes.

Keywords: brake shoe; third body; surface; friction

1. Introduction

The brake system is an important part of railway locomotives and vehicles, and organic
composite railway brake shoes are the key components of the braking system. Under the
conditions of high-speed and heavy-load braking, the surface of organic composite railway
brake shoes produces wear debris, which forms a friction film, called the “third body”,
under complex physical and chemical reactions [1].

When the friction properties of organic composite railway brake shoes were tested
using a full-scale dynamometer, we found that the friction coefficient measured at the
same initial braking speed was directly related to the previous initial braking speed. The
morphology of the third body was different at different initial velocities. This indicated that
different third bodies were formed at different initial braking speeds. It is very important
to analyze the morphology and composition of the third body in order to explore the
friction and wear mechanisms of organic composite railway brake shoes. For this reason,
we carried out third body characterization and analysis.

The third body can significantly change the contact conditions of a sliding inter-
face and directly decrease the friction coefficient. This phenomenon can be observed in
many friction pairs, such as steel–steel [2,3], polymer–polymer [4], alloy–alloy [5,6], and
carbon–carbon pairs [7]. Many scholars have studied the composition and morphology
of third bodies. The composition of the third body mainly originates from the friction
pair, but it can be significantly different from the friction pair, often containing oxides,
as well as products of chemical reactions [8]. The morphology can be divided into two
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types: loose granular films [9] and dense sheet films [10,11]. In addition, some scholars
have studied the influencing factors of third body composition, as well as the formation
process and mechanism of movement. It was found that the composition of the third body
is affected by the material characteristics of the friction pair and changes with the friction
temperature [12], velocity [13], pressure [14], and other factors [15].

There are two problems in the study of third bodies. First, the braking speed and
braking energy of the testing machine used in the present study were low, and there was a
large gap between the results and actual train braking. Most of the research in the literature
was carried out on pin-on-disc friction testing machines. The simulated temperature and
speed of these machines are significantly lower than the actual values. However, when a
train is braking, the speed and axle load are very high, and the local temperature can be as
high as 500 ◦C [16]. Significant differences between different equipment have been reported,
with full-scale equipment closer to actual equipment [8]. An organic composite railway
brake shoe is a composite material made of a binder, filler, and fiber [17,18]. Compared to
metal friction materials, the composition of organic composite railway brake shoes is more
complex. The formation and composition of the third body of the synthetic brake shoe are
more easily affected by the braking conditions, such as the initial braking speed, pressure,
and temperature [19]. Second, compared with the third bodies of metal friction pairs, there
are few reports on the third bodies of organic composite railway brake shoes, and they are
not comprehensive. For example, although scholars such as Yin et al. [20,21] and Ghosh
et al. [22] studied the morphology of third bodies, they did not study the composition.
Monreal et al. [23] studied the morphology and elemental composition of third bodies using
scanning electron microscopy and energy spectroscopy; however, the structural changes of
inorganic fillers were not studied.

The common initial braking speeds of a full-scale dynamometer include 35, 55, 75,
95, 105, and 125 km/h. To study the morphology and composition of the third body
of the organic composite railway brake shoe friction surface, an initial braking speed of
125 km/h was used. The third body of the friction surface was obtained, and the structure,
morphology, and composition of the third body were systematically studied. The formation
of the third body on the surface of the organic composite railway brake shoe was revealed.

The morphology and composition of a third body have not yet been studied with a
full-scale dynamometer. When using a full-scale dynamometer, the test process is closer
to the actual working conditions than when using a small machine, and the experimental
results for the third body are closer to the real working conditions. In this work, a variety
of methods were used to analyze the third body. The information obtained was more
comprehensive. In particular, the morphology and composition of the cross section of the
third body were first revealed. The changes in the crystal structure of the third body’s
inorganic filler were also elucidated. Different methods of analysis provided different
information. The results of different methods of analysis were used to verify each other,
and these findings could be used for reference in composition research. The information
on the morphology and structure of the third body obtained in this study may provide a
reference for the study of friction and wear mechanisms.

2. Materials and Methods
2.1. Test Sample

Tests were conducted on an organic composite railway brake shoe (LH2) (Taiyuan
Locomotive Vehicles Fittings Factory, Taiyuan, China) sample produced in September 2022.
It was known to contain the following components: rubber, zinc oxide, stearic acid, sulfur,
accelerant, graphite, barium sulfate, calcium carbonate, mineral fiber, feldspar, bauxite, and
no asbestos. The wheel material was CL 60 steel.

2.2. Sample Preparation

A sample was collected from near the back of an organic composite railway brake shoe.
It was marked as sample #1. A braking test was performed using a full-scale dynamome-
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ter (as shown in Figure 1) according to TB/T 3104.1-2020 at an initial braking speed of
125 km/h. The axle weight was 23,000 kg, and the pressing force was 20 kN. The tem-
peratures of the laboratory, wheel, and brake shoe were all room temperature. When the
wheel (840 mm diameter) reached a speed of 125 km/h, the motor was turned off and
the wheel rotated by inertia only, before 20,000 N of force was applied to press the brake
shoe against the wheel until the wheel stopped completely. The friction between the brake
shoe and wheel caused the wheel to slow down and stop. The experiment was over when
the wheel was stationary. The test process comprised dry braking. The surface of the
organic composite railway brake shoe was scraped by a scalpel after braking to collect the
third body, which was marked as sample #2. For more details on the procedures, refer
to the standard GB/T 3104.1-2020. This standard can also be obtained by contacting the
first author. Digital photos of the brake shoe and a schematic diagram of the locations of
the samples are shown in Figure 2.
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2.3. Test Rig and Measurements
2.3.1. Microscopy

The morphology of the third body was analyzed using optical microscopy (SX-5,
Shanghai Optical Instrument No. 1 Factory, Shanghai, China) and scanning electron
microscopy (SEM; QUANTA 400, FEI Company, Hillsboro, OR, USA). The highest voltage
of the SEM was 20 kV.

2.3.2. X-Ray Photoelectron Spectroscopy (XPS)

The elements were analyzed by X-ray photoelectron spectroscopy (XPS, PHI-QUANTERA
II, ULVAC-PHI, Inc, Kanagawa, Japan) using Al K-rays (hν = 1486.60 eV, full width at half max-
imum = 0.68 eV) with a scan area of 0.8 mm2, power of 250 W, and a vacuum of 1.60 × 10−6 Pa.
The binding energies of the core electrons of the elements were calibrated with adventitious
carbon at a binding energy of C1s 284.8 eV.

2.3.3. X-Ray Fluorescence Spectrometry (XRF)

The X-ray fluorescence spectrometry (XRF) measurements for two samples were
carried out using an X-ray fluorescence spectrometer (LAB CENTER XRF-1800, Shimadzu,
Kyoto, Japan) at 12 kV and a 15 mA current emission. Before the measurements, the
two samples were dried at 105 ◦C for 3 h. The XRF spectra were registered in the high
energy range for the Kα line of ruthenium and for the standard. The results were processed
using PCMXF-E software (Shimadzu, Kyoto, Japan) (version E). The parameters of the
X-ray tube were as follows: 4 KW, thin window, Rh target, and end window.

The rate of change of the elemental content (∆C) is shown in Equation (1):

∆C = 100%·(C2 − C1)/C1 (1)

where ∆C is the rate of change of the elemental content (%), C1 is the elemental content of
sample #1 (%); and C2 is the elemental content of sample #2 (%).

2.3.4. Raman Spectra

Raman spectra were recorded by an inVia Raman spectrometer (Renishaw, Wotton-
under Edge, UK). The 532 nm laser beam of the He-Ne laser was used for the excitation
of the spectra. The scattering geometry was 180◦. A 50×/0.75 NA objective lens and
2400 lines/mm grating were employed to record the Raman spectra. The spectral slit
width determined as the full width at half maximum (FWHM) of the emission line from
the neon lamp was found to be 2.5 cm−1 at 183 cm−1. The Raman scattering wavenum-
ber axis was calibrated by recording the spectrum of sulfur. The integration time was
10 s, and each spectrum was recorded by an accumulation of 40 scans. Additionally,
four spectra were averaged, yielding a total integration time of 1600 s. The parameters
(peak position, intensity, and full width at half maximum (FWHM)) of the vibrational
bands were determined by fitting the experimental spectra (Renishaw, Wotton-under Edge,
UK) with Gaussian–Lorentzian form components using GRAMS/A1 8.0 software (Thermo
Scientific, Waltham, MA, USA) (version 8.0).

2.3.5. X-Ray Diffraction (XRD)

XRD measurements were performed using a Bruker AXS D8 advance diffractometer
(Bruker, Karlsruhe, Germany) with Cu Kα radiation (λ = 0.154 nm) at 40 kV and 40 mA. The
scanning speed was 5◦/min. The 2θ range was 2–60◦. The geometry of the measurement
was Bragg–Brentano. The array detector used was a Lynxeye XE (Bruker, Karlsruhe,
Germany). Both samples were ground before testing. The particle size was less than
75 microns.
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2.3.6. Thermogravimetry (TG) and Derivative Thermogravimetry (DTG)

Thermal analysis (thermogravimetry (TG) and derivative thermogravimetry (DTG))
was conducted using a TGA/DSC 3+ (Mettler Toledo Technology (China) Co., Ltd., Shang-
hai, China) from 40 to 1420 ◦C at a scanning speed of 20 ◦C/min in a nitrogen atmosphere.

3. Results and Discussion
3.1. Microscopy

The morphology of the third body was analyzed using optical microscopy and SEM.
The optical microscopy images of the third body are shown in Figure 3.
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Figure 3. Optical images of the third body: (a) the upper surface, (b) the lower surface.

As can be observed, the upper surface (the surface that was in contact with the wheel)
and the lower surface (the surface that was in contact with the organic composite railway
brake shoe) of the third body were significantly different. A bright film appeared on the
surface after braking, confirming the formation of a third body. The lower surface of the
third body was relatively rough, with wear marks along the friction direction (Figure 3a).
In contrast to the upper surface, the lower surface had a wide wear scar but no sharp burr
(Figure 3b).

The SEM images of the third body are shown in Figure 4. As can be observed in
Figure 4a, the upper surface of the third body was relatively flat. Several small pieces of
debris were found on the surface. However, the lower surface was coarse and contained
numerous gullies (Figure 4b). Moreover, several white portions were observed in the SEM
image. The white portions were attributed to significant charge accumulation on the lower
surface, resulting from its low conductivity compared to the upper surface.
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As the compression modulus of the organic composite railway brake shoe was smaller
than that of the wheel, debris was embedded in the surface of the brake shoe [24]. Debris
particles were repeatedly pressed during the braking process, and, gradually, these particles
accumulated. The particles were stripped and crushed into finer particles during the
braking process. Therefore, the lower surface was rough compared to the upper surface.

A cross-sectional SEM image of the third body is shown in Figure 5. As can be seen,
the third body had a thickness of ~120 µm. The upper surface was flat and clear, while
the lower surface was coarse and fuzzy and appeared white. Moreover, the upper surface
was dense, whereas the lower surface was loose and rough. In addition, the SEM image
indicated that the third body had a layered structure.
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Debris particles first filled the surface of the organic composite railway brake shoe
and gradually accumulated. As a result, some of the particles of the third body in contact
with the organic composite railway brake shoe were relatively large, but their density was
low. In addition, the parts of the brake shoe closer to the contact surface were significantly
crushed by friction. Notably, a higher accumulation density resulted in a relatively flat
upper surface, as indicated by the SEM images.

As aforementioned, the third body had a layered structure, indicating that it was
formed gradually, after being crushed several times. Moreover, the clear contrast be-
tween the two surfaces of the cross-sectional SEM image (Figure 5) reconfirmed that the
conductivity of the upper surface was significantly higher than that of the lower surface.

The elemental composition of the third body was characterized by energy-dispersive
X-ray spectroscopy (EDS); the results are presented in Figure 6 and Table 1. As observed
from the spectra, the elemental contents of the upper and lower surfaces of the third body
were significantly different. The upper surface contained considerably lower amounts of
carbon and silicon but a much higher amount of iron than the lower surface. As shown
in Table 1, the carbon and iron contents on the upper surface were 3.25% and 31.87%,
respectively, while those on the lower surface were 10.16% and 2.48%, respectively. The
carbon content on the upper surface decreased by 68.01%, and the iron content increased
by 11.85 times compared to that on the lower surface. The carbon mainly originated from
the binder. The lower amount of carbon on the upper surface indicated that most of the
binder was lost. During the friction process, iron debris from the wheel was transferred to
the surface of the organic composite railway brake shoe, resulting in a significantly higher
amount of iron on the upper surface of the third body than on the lower surface [24]. As a
result, the upper surface presented higher conductivity than the lower surface, which led
to higher image clarity.
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Table 1. EDS analysis results from Figure 6 (wt%).

Spot Carbon Oxygen Barium Calcium Iron Silicon Sulfur

a 3.25 30.65 15.49 3.88 31.87 7.87 3.66
b 10.16 40.95 12.96 4.59 2.48 20.79 3.43

3.2. X-Ray Fluorescence

To investigate the difference in the elemental composition between samples #1 and #2,
the elemental contents of the brake shoe and the third body were analyzed by XRF. Table 2
lists the seven most abundant elements found in the samples.

Table 2. Elemental content of samples.

Elemental Content (wt%) Barium Calcium Iron Silicon Sulfur Potassium Zinc

Sample #1 38.42 21.85 11.55 12.12 6.60 4.36 0.61
Sample #2 25.38 10.57 43.06 8.11 5.71 3.30 0.43

∆C (%) −33.94 −51.62 272.81 −33.09 −13.48 −24.31 −29.51

As shown in Table 2, the elemental compositions of the two samples were significantly
different. Sample #1 contained higher amounts of barium, calcium, silicon, sulfur, potas-
sium, and zinc, but a significantly lower amount of iron than sample #2; the iron contents
in samples #1 and #2 were 11.55% and 43.06%, respectively. The analysis indicated that
some iron was transferred from the surface of the wheel to that of the organic composite
railway brake shoe because of the friction between the two objects.

The rate of change in the contents (∆C) of barium, calcium, silicon, sulfur, potassium,
and zinc between the two samples ranged from −13.48% to −51.62%. The contents of
barium, calcium, and silicon decreased by more than 33%. These elements originated from
the components of the organic composite railway brake shoe. The rate of change in the
elemental content varied due to thermal degradation or wear during the friction process,
leading to content fluctuation in the third body.

3.3. Thermogravimetry and Derivative Thermogravimetry

The TG and DTG curves of samples #1 and #2 are shown in Figure 7A,B, respectively.
As can be seen in Figure 7A, the TG curve of sample #1 showed only one degradation

stage before 600 ◦C. The DTG curve of sample #1 exhibited one peak near 446 ◦C (Figure 7B),
which was attributed to the thermal degradation of the binder. There were two peaks in
the DTG curve of the thermal degradation of phenolic resin. However, the DTG curve of
sample #1 exhibited only one peak at 446 ◦C before 600 ◦C. Our analysis showed that the
binder must be nitrile rubber [25,26]. As observed in Figure 7A, the TG curve of sample
#2 was above the TG curve of sample #1, and the residual weight of sample #1 was lower
than that of sample #2. The residual weights of samples #1 and #2 at 650 ◦C were 90.35%
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and 96.59%, respectively. The DTG curve of sample #2 showed a smaller peak at 446 ◦C
than the DTG curve of sample #1 (Figure 7B), indicating that most of the rubber on the
friction surface was decomposed. Notably, the residual weight of pure nitrile rubber at
650◦C has been reported to be less than 3% [26]. The residual weight difference between the
two samples was significant, indicating that most of the rubber was degraded as the surface
friction of the organic composite railway brake shoe raised the temperature considerably.
The residual weights of samples #1 and #2 at 1400 ◦C were 68.10% and 78.25%, respectively.
Thus, the residue weight difference increased with temperature. Notably, the weight loss
for sample #1 between 650 and 1400 ◦C was considerably higher than that for sample #2.
This was attributed to the different material compositions of the brake shoe and the third
body. The results indicated that some of the filler was degraded during the friction process.
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As can be seen in Figure 7B, sample curve #2 showed a small peak at 783 ◦C. The
peak was attributed to the thermal degradation of calcium carbonate [27]. The calcium
carbonate content of the third body significantly decreased after braking, suggesting that
some calcium carbonate was lost during the friction process. This phenomenon once again
proved that the friction process generated a high temperature. The peak at 1250 ◦C in
sample curve #2 was larger than the peak at 1264 ◦C in sample curve 1#. Notably, the peak
temperature difference (1264 ◦C for sample curve #1 and 1250 ◦C for sample curve #2) was
14 ◦C. The peak at 1250 ◦C was attributed to the reduction of iron oxide by carbon [28,29].
As the debris particles were relatively fine and pressed together, the reaction temperature
decreased. Furthermore, the area under the peak in sample curve #2 was larger than that in
sample curve #1, owing to the high iron oxide content in the third body.

Notably, sample curve #2 showed no peaks near 961 ◦C, indicating that the chemical
composition and crystal structure of the third body were different from those of the brake
shoe. However, the reason for this needs to be ascertained.

3.4. X-Ray Photoelectron Spectroscopy

In order to investigate the chemical structure differences between sample #1 and
sample #2, XPS analysis was performed. The iron and sulfur spectra are shown in
Figures 8 and 9, respectively.

As seen in Figure 8, sample curve #1 showed the characteristic peak of sulfur in
monosulfide and disulfide bonds at 164 eV [30]. The peak was absent in sample curve
#2, indicating that the rubber in the brake shoe degraded after braking, which led to the
disappearance of sulfur bonds. This result was consistent with the TG and DTG results.
Moreover, both the samples showed the characteristic peak of sulfur in barium sulfate near
169 eV [30].

As observed in Figure 9, sample curve #2 showed the characteristic peaks of iron oxide
at 712 and 725 eV. The peaks of elemental iron typically appear at 720 and 706 eV [30];
moreover, the peak at 706 eV has a significantly higher intensity than that at 720 eV. Sample
#2 did not exhibit these peaks, confirming that sample #2 did not contain elemental iron;
this indicated that the iron from the wheel was oxidized to form iron oxide. Notably,
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sparks were seen during the braking process, suggesting that the surface temperature was
considerably high.Coatings 2023, 13, x FOR PEER REVIEW 9 of 13 
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3.5. Raman Spectra

In order to understand the microstructural differences between samples #1 and #2,
the two samples were analyzed by Raman spectroscopy. The Raman spectrum curves are
shown in the Figure 10.

As shown in Figure 10,there were two strong peaks in each sample. These were the D
peak and G peak of graphite, respectively, which were aligned with the vibrational modes
of the D band, caused by structural defects, and the G band, caused by the stretching of
the in-plane C atom [31]. The D peak of sample #2 was stronger than that of sample #1.
The strength of the D peak was related to the degree of distortion of the graphite lattice.
The greater the distortions, the stronger the peak. The characteristics of the peak were also
related to the graphite particle size. The smaller the particles, the higher the peak [32]. The
D peak strength of sample #2 was significantly enhanced. The D peak and G peak intensity
ratios (ID/IG) for sample #1 and sample #2 were 0.38 and 0.84, respectively. The finer the
graphite particles and the greater the internal distortions, the higher the ID/IG ratio [31,32].
The results indicated that sample #2 contained finer graphite particles and more internal
distortions than sample #1. There were minor differences in the positions of the peaks of
the two samples. The D peak of sample #1 was at 1350 cm−1, and that of sample #2 was at
1344 cm−1, with a difference of 6 cm−1. The G peak of sample #1 was at 1582 cm−1, and
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that of sample #2 was at 1589 cm−1, with a difference of 7 cm−1. These differences were due
to the particle sizes of the two samples, with sample #2 containing smaller particles than
sample #1 [33]. In conclusion, we determined that the graphite in sample #2 was broken
down by the huge shear force during the braking process. The graphite became finer, and
the crystalline structure was also destroyed.Coatings 2023, 13, x FOR PEER REVIEW 10 of 13 
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3.6. X-Ray Diffraction

In order to investigate the differences in the inorganic filler structure between samples
#1 and #2, the two samples were analyzed by XRD; the patterns are shown in Figure 11.
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Compared to sample #1, sample #2 showed significantly stronger peaks at 27.6◦, 31.0◦,
and 44.7◦. These peaks were assigned to iron oxide [34]. This indicated that the content of
iron oxide increased considerably after braking. Notably, the intensities of the peaks at 26.8◦

and 54.8◦ for sample #2 were lower than those for sample #1. These peaks were assigned
to graphite [35,36]. In addition, the intensities of the three peaks at 28.8◦, 42.6◦, and 42.9◦

were lower for sample #2. These peaks were assigned to barium sulfate [37]. The results
indicated that during the friction process, the filler materials, such as graphite and barium
sulfate, were broken down. As a result, the crystal structures were destroyed, leading to the
weakening of the diffraction peaks. Moreover, the content of filler particles decreased in the
third body. This was consistent with the previous XRF results. Notably, new peaks were
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observed at 11.7◦ and 13.7◦ for sample #2. This indicated that new crystal structures were
formed during the friction process. In conclusion, after braking, the crystalline structures
of inorganic substances such as graphite and barium sulfate were destroyed, leading to a
reduction in the overall crystallinity. Furthermore, some new crystalline structures were
formed in the third body.

4. Conclusions

In this study, an organic composite railway brake shoe was subject to a braking test
at an initial braking speed of 125 km/h using a full-scale dynamometer. Next, the surface
morphology and composition of the third body formed during the test were comprehensively
analyzed. The major conclusions drawn from the results are discussed below.

The morphology of the third body: The upper surface of the third body was smooth,
and the lower surface was rough. The structural density of the portion closer to the upper
surface was relatively high. Moreover, the cross-sectional image of the third body showed
that it had a layered structure, indicating that it was formed via the accumulation of
particles and layer-by-layer rolling.

The composition of the third body: During the braking test, most of the rubber was
degraded. In addition, the third body contained relatively low amounts of sulfur and
carbon. However, the iron content in the third body was significantly higher than that
in the organic composite railway brake shoe. Moreover, the upper surface of the third
body had a significantly higher iron content than the lower surface. The iron mostly
existed in the form of iron oxide. The reduction in the amounts of barium, calcium, silicon,
sulfur, potassium, and zinc was attributed to thermal degradation or friction. Notably, the
loss ratios were different. Components of the brake shoe such as graphite, feldspar, and
barium sulfate were found to be crushed in the third body. Furthermore, some inorganic
materials were decomposed, and the crystal structures were changed; nonetheless, new
crystal structures were formed.

The formation process of the third body: The formation of the third body was mainly
affected by force and heat. The force between the organic composite railway brake shoe and
the wheel caused wear. As a result, the debris was broken down and squeezed. The debris
particles then accumulated on the surface of the organic composite railway brake shoe,
forming a third body. In the early stage of friction, the brake shoe had a low compression
modulus and a high wear rate. The surface of the organic composite railway brake shoe
was mainly covered with the brake shoe residue and some iron scraps. As the surface of
the organic composite railway brake shoe was mostly covered with grinding chips, the
conditions of the contact with the wheel changed. The third body was mainly composed
of inorganic matter and iron filings. The wear of the wheel as well as the amount of iron
debris increased as the friction process progressed. An increase in the iron content led to
an increase in the mechanical strength of the third body. The friction between the organic
composite railway brake shoe and the wheel caused most of the rubber to degrade and the
filler to break, leading to changes in the crystal structure. It also led to the oxidation of the
iron shed from the wheel.
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