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Abstract: A tamping machine is the key equipment of large coking coal cake forming in the steelmak-
ing industry, where the loose coal is compacted into a coal cake by the reciprocating movement of its
tamping hammer. In the long-term friction process, the third particle attached to the surface of the
friction pair of the hammer lifting mechanism often causes the tamping hammer to slip and wear the
tamping hammer friction plate, resulting in an insufficient height of the hammer, uneven work of the
tamping hammer, coal cake collapse and other problems. In order to avoid the adverse effect of the
third body on the surface of the friction pair, this paper studies the formation of the third body on the
friction surface of the lifting hammer mechanism of the coal cake tamper. The cam material (Q345B)
of the hammer lifting mechanism and the copper-based powder-metallurgy composite material of
the friction plate of the tamping hammer are prepared into the pin-disk friction test disk and pin,
respectively. Based on the characteristics of the friction temperature variation in the pin-disk test, an
equivalent accumulation method is proposed, that is, the wear state of several samples at different
wear times is equivalent to characterize the wear condition of a sample at different stages during
continuous wear, and the different stages of the third body formation process are obtained. By
analyzing the change of the composition of the third body and the content proportion of each element
on the surface of the bottom plate at different wear times, it is determined that Cu is the key index of
the third body. The content of the Cu element is used to characterize the content of the third body on
the surface of the disk sample, and the formation rule of the third body on the surface of the disk is
inferred. Through an image processing method of color analysis, the distribution law of the third
body on the whole disk is identified. The properties of the third-body material on the disk surface are
obtained by analyzing the changes of hardness and morphology at each friction stage. The results
show that with the increase of friction time, the content of Cu on the disk surface increases to 22%
and then decreases to 15%. The microhardness of the friction surface reaches its highest at 7 min,
which is 1.4 times that of the Q345B material. The maximum disk surface roughness is 0.452 pm.
Finally, the formation process of the third body is summarized in three stages: formation, equilibrium
and damage. Therefore, the frictional properties of the surface of the friction pair vary from weak to
strong to weak with the formation characteristics of the third body.

Keywords: hammer lifting mechanism; friction pair; pin-disk test; third body

1. Introduction

With the continuous development of the machinery of the tamping coke oven in
the direction of large scale and high efficiency, the coal cake tamping machine is the key
equipment that restricts the quality of the tamping coke oven. The performance of the
lifting mechanism directly determines the forming quality and stability of large-size coking
coal cake, and then affects the quality of steel and iron making. Since the cam of the hammer
lifting mechanism and the friction plate of the tamping hammer are extrusion friction, as
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shown in Figure 1, the appearance of the third body on the surface of the friction pair will
cause the mechanical properties of the friction surface to change, resulting in the sliding of
the cam and the friction plate, resulting in insufficient lifting height of the tamping hammer,
uneven work of the tamping hammer, and finally the collapse of the coal cake. Therefore,
in this paper, the third-body formation rule of the material friction and wear of the cam
and tamping hammer friction plate is studied.

¥ iasils (1

friction plate

cam friction_l . .

- R

| tamper hammer

(a) Physical picture (b) Structure sketch

Figure 1. Tamper hammer lifting mechanism friction surface.

In recent years, most of the studies on the surface topography of friction pairs have
adopted a fractal function to simulate the roughness surface and further study the change
of the contact properties of friction surfaces. Li et al. [1] found that the surface of the rough
slider generated by a fractal function was closer to the real surface topography for studying
the real contact area, contact pressure, contact stress and deformation. Lu et al. [2] generated
and analyzed artificial fractal curves by combining the W-M function with traditional
parameters, which could also be used to analyze the influence of the texture distribution on
other pavement performance. Wang et al. [3] proposed a fretting damage model based on
fractal theory; the rough contact surface was represented by the Weierstrass-Mandelbrot
function of fractal theory, and they established a corresponding contact parameter analysis
method. Qiang et al. [4] proposed an Iterative method for calculating the time-varying wear
of rough fractal surfaces, analyzed the contact mode between the microconvex peak and
the rigid plane and established the relationship between the wear deformation and the real
contact area. Zuo et al. [5] presented a new methodology of wear state recognition by using
fractal parameters, multifractal parameters and recurrence parameters. The wear states
could be identified effectively by the relationship between nonlinear state points and the
steady-state sphere. Xu et al. [6] established a characterization framework for inspecting
worn surface topography variations under a sliding-rolling contact, by combining a 3D
surface reconstruction and the computed fractal dimension.

As for the study of the third body on the friction and wear surface, a large number of
scholars have mainly focused on the microstructure law and the change law of the third
body on the mechanical properties of the friction surface. Since Godet [7] first defined
the concept of frictional third-body theory in 1984, scholars have continued to deepen
their research on the third body. Berthier et al. [8] analyzed fretting wear and fretting
fatigue and found they were governed by the rate of formation of third-body materials
between the initial contact surfaces. Eriksson et al. [9] considered that the discontinuous
distribution of the friction layer was not necessarily caused by the convex deformation of
the surface. Xu et al. [10] uncovered that the factors could make the debris layer or third
body remain on the contact surfaces and would decrease the friction coefficient and fretting
wear. Mou et al. [11] considered that the morphology of the third-body layer would be dif-
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ferent with the change of friction conditions. Dolgopolov et al. [12] invested the structural
features of the third body appearing, with the help of mineral friction modifiers. Yang [13]
found that the composition of the third-body layer contained brake disc material and brake
pad material debris and the oxide of the friction pair material. Bulnes [14] researched the
mechanochemical friction of the third body and found that the mechanochemical formula
for the 3D body’s boundary friction fell within the scope of the physics of chaos and the
phenomena of auto-organization of surfaces. Perumean [15] derived the equations required
to predict the forces on the free-body diagrams of two sliding bodies when observed from
a third moving body. Lei et al. [16] studied microstructural changes of C/C composites
after the braking test and established a microstructural model of the worn surface layer.
N. Diomidis et al. [17] researched the change of friction coefficient and the influence of
the microstructure and chemical composition of the third object with the change of critical
contact pressure. Stoyanov et al. [18] analyzed that experimental and numerical atom-
istic investigation of the third-body formation process in dry tungsten/tungsten carbide
tribological couples. Lepesant et al. [19] assessed the third-body particles circulation in
a high temperature friction contact. Su et al. [20] investigated the tribological properties
of copper-based friction materials with an exogenous copper powder third body and the
friction coefficient could be increased on average by 0.03 in the presence of exogenous
copper powder on the friction surface compared with nonexogenous copper-based friction
materials. Gao et al. [21] proposed a mechanically assembled method which compacted
several component sheets in order to further increase the understanding of the evolution of
each component and the corresponding third body in the friction process. Zun et al. [22]
proposed a physically based relationship between the debris expulsion’s limited wear rate
and the contact size, and the relationship was able to account for differences in wear rates
observed in tests conducted with different contact geometries over a range of durations.
Liskiewicz et al. [23] combined surface morphology with the progressive process of interfa-
cial oxidation and observed a strong relationship between surface roughness and electrical
contact resistance. Zhang et al. [24] conducted a pin-disk test at 400-800 °C, and the re-
sults showed that the friction film changed from a single-layer structure to a double-layer
structure with increasing temperature, and the wear mechanism changed from abrasive
wear on the surface of the friction disc to adhesive wear on the friction film. Mondal [25]
analyzed the wear performance of this newly developed steel and concluded that the work
hardening as well as improved yield strength of the HSLA steel led to the superior wear
performance. Hu [26] observed that dislocation plasticity induced two failure patterns
of the third-body wear by molecular dynamics simulations. Ahmadi et al. [27] studied
the third-body effects on the fretting wear of Hertzian contacts in the partial slip regime
via a finite element model. Shpenev et al. [28] analyzed the influence of the presence of
a third-body film and estimated its thickness on the coefficient of friction and the inten-
sity of material wear. Yulong et al. [29] utilized bearing steel (100Cr6) pins and discs in
a flat-on-flat contact in experiments together with 5 and 13 m Al,O3-based slurries as
interfacial media to shed light on the acting mechanisms. Brink et al. [30] found that that
transition was controlled by the growth and increasing disorganization of the particles with
the increasing sliding distance.

A lot of research was conducted on the surface topography analysis of friction pairs,
the microstructure of the third body on the friction and wear surface and the change of
the mechanical properties of the third body on the friction surface. At the same time, it
also showed that the influence of the third body at the friction interface on the mechanical
properties of the friction surface was also different with the different friction conditions,
friction materials and use conditions. Few people studied the changes of the third body
on the surface of friction pairs from the perspective of the formation process of the third
body. In order to avoid the adverse effect of the third body on the surface of the friction
pair of the hammer mechanism of the tamping machine, the third-body formation rule of
the material friction and wear of the cam and the friction plate of the tamping hammer is
studied experimentally in this paper.
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The samples of pin and disk are made with the same material as the friction plate and
cam of the tamping hammer. Based on the analysis of the Cu content, surface hardness and
roughness, the formation process, composition and morphological characteristics of the
third body on the surface of the friction pair are studied, and the frictional properties of the
surface of the friction pair are summarized. It provides a reference for understanding the
formation law of the third body on the friction pair surface of the lifting mechanism in the
tamping process. The main innovation of this paper can be summarized as follows:

e An equivalent accumulation method is proposed to use the wear states of several
samples under different wear times to equivalently characterize the wear conditions
of a sample in different stages of continuous wear, and the different stages of the
third-body formation process are obtained.

e By analyzing the microscopic changes in the composition of the third body at different
wear times and the content proportion of each element on the surface of the disc, it
is determined that Cu is the key indicator of the emergence of the third body. The
content of the Cu element is used to characterize the content of the third body on the
surface of the disk sample, and the formation rule of the third body on the surface of
the disk is inferred.

e  Through an image processing method of color analysis, the distribution law of the third
body on the whole disk is identified. The friction performance of the disk surface is
obtained by analyzing the changes of hardness and morphology at each friction stage.

The rest of this paper is organized as follows. In Section 2, the experimental design
of the third-body formation process and the proposed method are introduced. The third
body’s analysis with different friction times is introduced in Section 3. Performance tests of
the friction surface at different friction times are presented in Section 4. Finally, Section 5
concludes the paper.

2. Experimental Design of the Third-Body Formation Process
2.1. Test Method

The friction pair of the lifting hammer mechanism changes the speed and temperature
of the cam material constantly during the friction process. However, from a specific moment
in the lifting hammer mechanism process, the friction can be regarded as constant velocity
friction, and from the whole service cycle of the lifting hammer mechanism’s friction pair,
the formation of the third-body surface is a result of long-term accumulation, and the
constant velocity test is beneficial to shorten the test cycle.

During the lifting process of the tamper, the cam friction plates on both sides of the
tamper hammer make the hammer lift. In the friction test, the contact form of the pin-disk
friction pair is consistent with the form of the friction pair of the hammer mechanism, so the
two materials of the friction pair were made into pin-disk friction samples for testing on an
MMW-1A friction and wear test machine shown in Figure 2. The cam material of the disk
sample was Q345B, which is commonly used for the friction pair of the hammer mechanism
at present, and its size was ®54 mm X 10 mm. The pin sample was a copper-based powder
metallurgy composite material based on tin bronze, and its size was 4.8 mm x 12.7 mm.
The sample is shown in Figure 3.

2.2. Test Plan

In order to ensure that the friction surface did not produce serious abrasions and the
copper-based powder-metallurgy composite did not collapse, the parameters selected for
the test were a 60 N friction pressure and 1200 r/min friction rotation speed. A continuous
third body could be generated on the surface of the disk sample after 10 min of the test.

Therefore, in order to observe the different stages of the formation process of the third
body, ten identical disk samples were numbered 1-10, and each number corresponded
to the friction time of the disk sample. The friction speed of 1200 r/min and the friction
pressure of 60 N were selected for the test.
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Figure 3. Pin-disc sample.

In the test, a PT100 thermocouple was used to record the temperature changes on the
surface of the disk samples in 10 groups of tests. During the test, the thermocouple was
used to monitor the temperature change of the friction surface in real time, and then, the
morphological characteristics of the third body were analyzed by a ZWSP-2KCH optical
microscope. On the premise that the test rotation speed, test pressure and sample material
were consistent, different test times were selected. If the temperature change trend of the
disk sample surface of the 10 groups was similar, it meant that the 10 groups of tests could
be regarded as different moments in the process of the formation of the third body.

Figure 4 shows the temperature change curves of 10 samples at different friction times.
According to the Figure 4, the temperature variation trend of the 10 samples during the
test was similar. When the test time was less than 4 min, the temperature change on the
surface of the samples was in a rapid rise stage, the temperature increase rate was roughly
the same, and the absolute temperature difference was about 15 °C. When the test time was
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more than 4 min, because the heat dissipation rate of the sample increased, the temperature
increase speed slowed down, showing a gradually stable state, and at that time, the absolute
temperature difference was about 5 °C. When analyzing the formation process of the third
body, the 10 sets of tests could be defined as different stages of the same friction process.

48
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Figure 4. Temperature change curves of samples at different friction times.

3. Third-Body Analysis with Different Friction Times
3.1. Third-Body Surface Composition Analysis

After the test, an EDS analysis using a JSM6360-LV scanning electron microscope was
performed on different positions of the friction surface of the sample after the 7 min friction
test, as shown in Figure 5. As can be seen from the energy spectrum analysis results outside
the adhesion pit in Figure 5a, there was a large amount of Cu element on the friction surface,
indicating that there was a large quantity of friction plate material components. As can
be seen from the energy spectrum analysis results of the compaction region in Figure 5b,
the contents of Fe and Cu on the friction surface were both relatively high and the values
were close to each other, indicating that the pin material was well combined with the
disk material. The analysis results of the elements on the surface of the disk after the test
showed that the distribution of the Cu element on the friction surface was significant, but
by comparing the chemical composition of the disk material Q345B in Table 1, it can be
seen that there was no Cu element in the disk material. Therefore, the Cu element can be
used as the key indicator to judge whether there is a third body, and the location with a
higher Cu content can be considered as the location where the third body is distributed.

Table 1. Chemical composition of Q345B.

Element

Mn Si P S Cr \% Nb Ti

Content (%)

0.2

1.7 0.5 0.035 0.035 0.3 0.15 0.07 0.2

An EDS analysis was conducted on the surface of 10 samples after the test, and the
results are shown in Table 2. According to the results, with the increase of friction time, the
content of the Cu element on the friction surface increased continuously. When the friction
time was 7 min, the content of the Cu element reached 22 wt%, and with the increase of
friction time, the content of the Cu element decreased.
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Table 2. Cu content of the third body on surfaces at different friction times.

Friction Time

) 1 2 3 4 5 6 7 8 9 10
(min)
C“(;‘;f;t;“t 0.74 1.28 32 5.4 8.67 175 22 18.4 13.7 153

[Spectrum 15 4 &

—_——
Element Wai, Ehl Atomic e
percentage percentage

CK 15.2 22.48

OK 32.82 36. 11

Mg K 0. 48 0.35

Al K 3.00 2.03

Si K 6. 16 3.90

5 K ©.57 0.31

c1 K 0.23 0.12

KK 0. 52 0. 2a

Ca K 1.58 0.70

Mn K ©.33 0. 11

Fe K 16. 46 5.23

Cu K 20.95 5.80

In K 0. 59 0. 16 T T T

WM 1. 81 0. 16 p 2 4 6 3 10 12 14 16 18 20
Totals 100. 00 Full Scale 5676 cts Curser: 0.000 keV

(a) Results of the energy spectrum analysis outside the adhesion pit

ISpectrum 1

Weight Atomic
Element percentage percentage
CK 2667 40.10
OK 16.11 18.18
MgK 0.48 035
AlK 269 1.80
SiK 5.92 3.81
SK 0.57 032
aK 0.25 013
KK 0.61 028
CaK 1.81 0.81
FeK 2094 6.77
CuK 291 653
nK E8s 02 h 2 4 8 g 10 12 14 18 18 20
Totals 100.00 Full Scale 2343 cts Cursor: 0.000

(b) Results of the energy spectrum analysis in the compaction region

Figure 5. Energy spectrum analysis at different positions on the surface of the sample with a friction
time of 7 min.

Therefore, according to the results of the energy spectrum analysis, the third body
of a small area was generated on the friction surface within 1 to 3 min, but the content
of the Cu element was insufficient, the components transferred from the copper-based
powder-metallurgy materials of the pin were fewer, and the complete and compact third
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body could not be formed. With the continuous friction process, the compaction region
produced the third body, and the Cu content increased continuously. The mass percentage
of the Cu element showed a stable state, and the content of the third-body component
had no obvious change from 4 to 7 min. During 8-10 min, the content of the Cu element
decreased compared with that of the previous period. It can be seen from the analysis
that the third body in the compaction region was destroyed by friction, but the Cu content
remained at 15 wt%, which indicated that the damage degree of the continuous friction
process to the third body in the compaction region was limited.

3.2. The Third-Body Particle Analysis

The shape and size of the grinding chips produced in the friction process showed
different characteristics. The state and wear degree of the friction system can be monitored
and judged with the aid of dust sampling. If the friction material is slightly worn, it forms
a fine, smooth surface grinding chip, the size is generally about 0.01~2 pm; if the friction
material is severely worn, the size of the grinding chips is in the range of 20 to 200 um [31].
In the process of producing the third body, one of the samples in the three stages (the
friction time varied was 2 min, 5 min and 8 min, respectively) was selected, and the wear
chips generated during the test are collected, as shown in Figure 6. It can be seen that when
the friction time was 2 min, the size of the friction chips generated was generally less than
10 pum, and the friction material was slightly worn. When the friction time was 5 min, the
chip size increased to about 30 um; when the test time was 8 min, the maximum size of
the debris was about 100 pm. It can be seen from the figure that there were two forms of
grinding chips: spherical and lamellar.

X118 188xmm

(c) 8 min
Figure 6. The micromorphology of abrasive chips at different time.

This is because a spherical grinding chip is formed by the mechanical mixing of
the friction pair’s transfer material as the third-body particle participating in the friction
process. The lamellar chip is formed because the microconvex body is cut by the friction
surface, and the friction surface cracks. The large area of contact between the chip and the
friction surface is an important reason for the formation of the third body on the surface.
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3.3. Analysis of Surface Morphology during the Formation of the Third Body

The surface morphology of the third body of 10 samples was observed by a ZWSP-
2KCH optical microscope, and the change laws of the third body were analyzed. Figure 7
shows the surface topography comparison of 10 samples at a magnification of 200 times,
with surface machining traces in the longitudinal direction and friction traces in the trans-
verse direction. It can be seen in Figure 7 that at the beginning of friction, there were
obvious longitudinal machining traces on the surface of the sample. With the increase of
friction time, the longitudinal machining traces were gradually covered by the third body
formed on the sample’s surface. When the friction time increased to 10 min, a continuous
third body was formed on the sample’s surface.

At the initial stage of the friction test, when the friction time was 1 min, furrows of
different depths appeared on the surface of the sample, as shown in Figure 7b. As the test
proceeded, when the normal load exceeded the material yield limit, the mesh degree of the
friction component or microconvex body with a high hardness of copper-based powder-
metallurgy materials was enhanced, and the microcutting effect of the hard particles could
cause the furrow type destruction of the sample surface of the disk material. At the same
time, it could be observed that the bulk discrete third body began to appear on the surface
of the friction sample, as shown in Figure 7c. As the friction time increased, the area of
the bulk third body on the friction surface increased, and the friction surface was rough,
as shown in Figure 7d. That stage could be regarded as the formation stage of the third
body. In that stage, the friction surface temperature was low, and the main form of wear
was abrasive wear. Under the abrasive wear mechanism, a large amount of abrasive debris
with the same composition as the friction pair material would form on the friction surface.

furrow

),

the bulk third body

(c) 2 min . (d) 3 min

(f) 5 min

Figure 7. Cont.
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Figure 7. The surface morphology of the samples at different friction times.

With the extension of the friction time, it could be observed that the area of the third
body on the friction surface increased, the original bulk third body was converted to
a continuous third body, and the third body gradually covered the surface of the disk
sample, as shown in Figure 7e—g. This is because during the friction process, the abrasive
debris gradually increases and piles up in the furrow position. When it accumulates to a
certain extent, the welding effect occurs between the debris of the third body under the
action of compressive stress. At that time, the parts of the third body with a large local
thickness expand and thus form the continuous third body. When the friction time was
7 min, the temperature of the friction surface rose, causing a plastic deformation of the
local material, and the third body grew stably. The thickness of the third-body layer on the
friction surface increased, and its density also began to increase, as shown in Figure 7h.
At that time, the formation speed and destruction speed of the third-body layer reached
a state of equilibrium, and the third-body particle formed in the initial stage of friction
bore repeated grinding on the friction surface. In that stage, the third-body layer was in a
dynamic equilibrium stage of alternating formation and destruction.

As the friction continued, it could be observed that the area of the third body on the
friction surface decreased to a certain extent. At that time, the formation of the third body
on the friction surface reached a maximum, and the third-body layer began to be damaged.
Damage such as material peeling could be observed on the friction surface, as shown in
Figure 7i,j. At the same time, a small amount of new third-body debris could be found in
the damage, as shown in Figure 7k.

During the initial friction, the copper particles spread evenly on the surface of the disk.
With the friction progress, the third-body protective layer formed by the compacted copper
particles gradually fell off, each peel was lumpy, and the lumpy compacted copper particles
aggravated the surface wear, resulting in the phenomenon of damage on the disk surface.
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In order to calculate the percentage of copper element on the surface of the disk sample,
Photoshop image analysis software was used to analyze the color of the surface of the disk
sample. The percentage of the third-body area was obtained by Formula (1).

testing area (At)  display pixels of testing area (Pt)
reference area (Ar)  display pixels of reference area (Pr)

@

The percentage growth rate of the third body was the difference between the area of
the third body at time t and the area of the third body at time t-1 divided by the reference
area, where t is the friction time.

The extraction and analysis of the elements of the macromorphology image of the
sample surface in Figure 7 uncovered the percentage of the third-body area in the disk area
at different friction times shown in Figure 8. A small amount of the third body appeared
in 1 min. From 2 min to 10 min, the percentage of the third body area in the disk area
increased from 26.48% to 94.19% as shown in Table 3. From 1 min to 10 min, the percentage
growth rate of the third body increased first and then decreased, reaching 24.18% at 2 min.

—@— Percentage Area growth rate
100
g 0r E
£ 80Ff g
e [
E 70 N %
s 60 22
R 5
o 8 40| B 8
80 - )
£ 30 e
g 20 E:
a—)« L v
~ 10 g
0 g
o 1 2 3 4 5 6 7 8 9 10 F

Friction time (min)
Figure 8. The percentage of the third body at different friction times.

Table 3. Percentage of the third body at different friction times.

Friction Time

. 1 2 3 4 5 6 7 8 9 10
(min)
Percentage (%) 2.3 26.48 429 46.34 59.63 69.37 80.7 86.6 90.69 94.19
The percentage
growth rate of 2.3 24.18 16.42 3.44 13.29 9.74 11.35 5.86 411 3.5
the third body (%)

This is because at the beginning of the surface of the friction sample, the discrete
third body is adsorbed on the sample’s surface. With the gradual increase of the third
body, the massive third body forms a continuous third body and is still adsorbed on the
sample’s surface. As the friction time continues to increase, the third layer alternates
between formation and destruction, and finally, some parts fall off, so the growth rate
decreases accordingly.

4. Performance Test of the Friction Surface at Different Friction Times
4.1. Microhardness Analysis

The microhardness was measured by an HV1000Z micro-Vickers hardness tester,
according to ISO 6507-1, the selected test force was 200 g and a load-holding time of 10 s.
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Three points were measured on the sample’s surface, and the average value was taken
as the final result. The results in Figure 9 show that the microhardness of the friction
surface continued to increase with the extension of the friction time. When the friction
time was 7 min, the disk surface hardness reached the highest value of 457HV1/10, about
1.4 times that of the Q345B material. When the friction time was longer than 7 min, the
microhardness of the friction surface decreased slightly. After the third body was formed
on the friction surface, the microhardness of the material was greater than that of the
matrix metal.

ol 5

300

(HV)

200

100 [

Microhardness

-1 0 1 2 3 4 5 6 7 8 9 1011
Friction time (min)

Figure 9. Microhardness of the friction surface at different friction times.

The reason was that the third body formed on the surface of the friction material was
composed of a large number of metal compounds, and the crystalline fibrosis due to the
extrusion of abrasive chips during friction resulted in the hardness of the microbonded
debris in the process of friction to also be large. It also showed that the copper particles on
the surface of the disk were first compacted and then fell off into chunks.

4.2. Surface Roughness Analysis

The surface roughness of the samples was measured by an IFM-G5 three-dimensional-
topography-measuring instrument, the sampling length was selected as 2.5 mm, and
the evaluated length was 5 times the sampling length. The 3D surface topography of the
samples at different friction times is shown in Figure 10. The average value of Ra at different
positions in the same region of samples of different disks under different wear times was
measured. The measurement results are shown in Figure 11. The results showed that when
the friction time was less than 3 min, the friction surface’s roughness value increased with
the friction time increase, and the maximum value of Ra was 0.452 um. When the friction
time was greater than 3 min, the roughness value of the disk surface started to decrease.
When the friction time was 7 min, the friction surface was the smoothest, and the Ra value
was 0.201pm, indicating that the quality of the third-body layer was good at that time.
When the friction time was longer than 7 min, the surface roughness began to increase
slightly, indicating that the third-body layer began to be damaged at that time. According
to the analysis of Figure 11, the roughness of the third-body layer was smaller than that of
the matrix.
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This is because with the progress of the friction process, friction components with
a low hardness or microconvex bodies with a low hardness on the friction surface of
copper-based powder-metallurgy materials fill the furrows and wear marks on the surface
of disk material samples, and a continuous and bright third body is formed on the surface
of disk samples, which reduces the grinding effect of grinding chips on the worn surface
morphology. The results showed that the copper particles had the effect of filling the
surface gullies and improving the roughness, but the surface roughness also fluctuated
with the falling off of the compacted copper particles, which affected the friction stability.

Through the composition analysis of the third body surface, the surface morphology
analysis during the formation of the third body and the surface roughness analysis, it
can be seen that under the friction conditions of the pin-disk material, a continuous and
bright third body was produced on the friction surface. The microhardness and surface
roughness of the friction surface at different times were different, so the influence on the
friction behavior was also different. The formation of the third layer on the friction surface
was a dynamic process that could be divided into three stages:
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(1) Formation stage (1-3 min): At the initial friction stage between 1 min and 3 min,
the friction surface directly contacted, and the microconvex body on the friction surface
engaged. With the relative motion of the friction pair, the microconvex body was welded
under the influence of temperature and normal force. Once the welding strength exceeded
the shear strength of the material, the microconvex body was stripped from the friction
surface, resulting in grinding chips. At the same time, the friction surface was affected by
the cutting of the microconvex body, forming furrows of different depths. These furrows
cut the friction material into grinding chips, which accumulated in large quantities at the
front of the microconvex body and became a discrete third body under the action of the
normal force. The third body formed at this stage had poor friction and wear performance,
a discontinuous distribution on the friction surface, a small hardness and a large roughness,
which made it difficult to provide effective protection for the friction surface. The form of
wear was abrasive wear and adhesive wear of the pin material.

(2) Equilibrium stage (4-7 min): As the friction continued, the accumulated debris
formed a continuous third body. Under the condition of high-speed friction, with the
increase of time, the heat was released during the friction process, which accelerated the
oxidation reaction of the microconvex body on the friction surface and formed a dense
oxide film on the friction surface. With the further progress of friction, the oxide film
was destroyed by adhesive wear, resulting in oxide grinding chips. Oxide grinding chips,
disk-material grinding chips and pin-material grinding chips were mixed to form the third
body. Under the influence of a normal load, these mixtures covered the friction surface
to form a dense film layer, which effectively protected the friction surface. At that stage,
oxidation wear and abrasive wear were the main wear forms.

(8) Damage stage (8-10 min): The third-body layer was formed. Due to the combined
action of friction pressure and shear force, the third-body layer was damaged and material
stripping began to occur. Part of the friction surface was exposed and scratched by the free
third body. In the damage stage, fatigue wear and abrasive wear were the main wear forms.

5. Conclusions

In this paper, based on a friction and wear test of pin-disk material made of a cam
and tamping hammer friction plate, an equivalent accumulation method was proposed
according to the characteristics of friction temperature. According to this method, the
different stages of the formation of the third body on the disk surface were obtained.
According to scanning electron microscopy, electron optical microscopy and an energy
spectrum analysis, copper was determined to be an important index of the third-body
observation. The formation rule of the third body on the surface of the disk was deduced.
The distribution of the third body on the whole disk was discussed by using an image
processing method of color analysis. The friction properties of the disk surface were
obtained by observing the changes in the hardness and morphology of the third-body
material at each friction stage. The conclusions are as follows:

(1) In the process of friction, the surface of the cam generates a yellow continuous
third-body layer; this third-body layer contains the transfer component of the friction plate
material; Cu element can be used as the evaluation basis for the formation of the third body
on the cam surface.

(2) The formation process of the third body of the cam material can be divided into
three stages, namely, the formation stage, the dynamic equilibrium stage and the damage
stage. The formation process of the third body is accompanied by oxidation wear and
fatigue wear, and the formation and failure process of the third body appear alternately.

(3) The third-body material on the friction surface of the lifting hammer mechanism
is a metal compound composed of the cam material, the tamping hammer friction plate
material and the corresponding oxide. During the formation of the third-body layer, the
microhardness of the sample surface increases compared with the matrix material, and the
maximum can reach 1.4 times that of the cam material.
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6. Prospect of Research Work

By testing the surface characteristics and performance of the third body, the particle
adhesion state on the disk’s surface during the formation of the third body was obtained.

In future work, we will further test on the actual equipment in a field environment
to study the influence of more factors on the third body of the friction pair of the hammer
lifting mechanism.
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