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Abstract

Semi-metallic brake pads are quite a good choice for performance-driven automotive
industries, because of improved braking performance in a more comprehensive range
of temperatures. In this study, a semi-metallic brake pad is fabricated through a powder
metallurgy processing technigue with two compositions of powders with a different weight
ratio of Copper (Cu), Iron (Fe), flash, Aluminum oxide (ALQ,), Barium sulfate (BaSQ,), Phenolic
resin, Low-Density Polyethylene (LDPE), Graphite for automotive application. A well-
distributed composition was indicated by the microstructure, which exhibited a uniform
dispersion of hard particles throughout the matrix. BP-20Cu-20Fe specimen exhibited
a high hardness value of 171Hv. Under higher loads of 70 N, the specimen BP-20Cu-20Fe
showed excellent wear resistance, with a low wear rate of 1.072x10® g/Nm. On the other
hand, specimen BP-20Cu-20Fe showed a notable 35% increase in friction coefficient when
the load was increased from 30 N to 70 N. The surface morphology, elemental distribution,
and worn surface features and characteristics are examined using advanced instrumental
techniques.
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1. Introduction

Brake pads are an indispensable component of an automobile braking system. The brake pad,
which is housed inside the caliper, is the part of the brake system that presses down on the
rotor. The brake pads eventually wear down due to the friction imparted to the disc to stop
the wheel over time. In contrast to metallic brake pads, semi-metallic brake pads are added
with a higher fraction of filler materials. Brake pads comprise 30% to 70% fraction of metals,
including copper, iron, steel, and other alloys. The remaining fraction of the semi-metallic
brake pads include binders, reinforcements, fillers, and friction reducers. Hence, semi-me-
tallic brake pads are heterogeneous materials that are formulated with a range of physical,
mechanical, and tribological properties.

The essential tribological features of semi-metallic brake pads are stable friction coefficient
(brake pad against brake disc), adequate wear resistance (brake pad against brake disc), and
superior fade resistance. The brake pads wear because of the friction against the brake disc.
The wear rates and friction levels are influenced by the porosity, microstructure, and hard-
ness of the friction layer that covers the surface of the brake pad or brake disc. The brake
pads form wear debris in the form of particles or flakes. The wear debris produced in the
course of the braking process also influences the wear rate and friction coefficient.

Semi-metallic brake pads are made of synthetic materials blended with different amounts
of metal flakes and bounded with organic resin. They have more durability, fade resistance,
and hardness than non-metallic pads, at the expense of faster rotor or drum replacement.
To produce braking torque, they also need a higher actuating force than non-metallic pads.
Semi-metallic brake pads are more heat resistant and gentler on rotors than their ceramic
counterparts. They often cost less and with 60% or more metal fraction (Copper and Iron),
are well suited for strong braking over a lengthy distance of track or road. Copper and Iron
contribution to the brake pad is that it can resist high temperatures and also has the capa-
bility to provide smooth sliding conditions and good thermal handling capacity.

Yelong Xiao et al. [27] observed that Cu-based semi-metallic brake pads exhibited an
elevated friction coefficient of 0.401 at 600°C, accompanied by a wear rate of 0.20 cm3/Nm.
The research of Guha Keshav et al. [12] explicated that Cu-based brake pads demonstrated
improved tribological characteristics, an optimized friction coefficient ranging between
0.3 and 0.4, and a minimal wear rate of 6.2x107g/Nm. Yuji Handa et al. [6] noted that the
inclusion of Cu powder led to a lower friction coefficient of 0.38 and a specific wear rate of
10-2-10* (mm3/Nm). Mukesh Kumar et al. [14] examined the use of Cu as the best metallic
filler, resulting in a reduced wear volume of 1.98x10~ cc and friction coefficient ranging from
0.37 to 0.38. Gultekin et al. [5] found that Fe-based brake lining materials exhibited low wear
rates (0.20 cm3/Nm) with a friction coefficient ranging between 0.2 and 0.45.
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Phenolic resin, primarily used as a binder, provides thermal stability and resistance to high
temperatures, along with properties like low smoke and good friction properties. M.A. Sai
Balaji et al. [3] determined that the use of phenolic resins in semi-metallic disc brake pads
resulted in 5.9% weighted wear loss, while alkyl benzene-modified resin showed 4.7% wear
loss, with friction coefficient ranging between 0.35 and 0.45. Jianying Yu et al. [29] found
that the presence of phenolic resin in brake pads resulted in a minimized wear rate and
a friction coefficient of 0.39. S.K. Rhee et al. [24] suggested that the usage of phenolic resins
in semi-metallic friction materials led to a lower wear rate of 0.21 to 0.32 (cm®*/Nm) with
a friction coefficient of 0.45.

Solid lubricants, such as graphite, graphene, graphene oxides, hBN, and MoS2, are commonly
used in particle form to reduce friction and wear on contacting surfaces. Hamid Reza Akram-
ifard et al. [1] found that including graphite in a semi-metallic brake pad resulted in friction
coefficient values ranging from 0.35 to 0.45 and a wear loss of 1.67%. The incorporation of
hard particles in brake pads helps stabilize the friction coefficient at high braking speeds,
imparting strength and hardness to withstand heavy loads during braking.

Vlastimil Matejka et al. [16] reported that the addition of 3% SiC improved tribological prop-
erties with a friction coefficient of 0.34 and an optimized wear loss ranging between 10% and
15%. Pinca-Bretotean et al. [22] suggested that including 11% SiC resulted in an optimized
friction coefficient of 0.35 and minimized wear of 0.06 g/Nm. The results were inline with
the conclusions of Parikh et al. [21]. Samrat Mohanty et al. [18] concluded that the inclu-
sion of fly ash in brake linings improved tribological characteristics, resulting in a minimum
wear loss of 12% to 14% and friction coefficient ranging from 0.2 to 0.3. Venkata Naga Baji et
al. [26] reported that using fly ash in semi-metallic brake pads yielded friction coefficient
values between 0.35 and 0.45, along with a low wear rate of 0.29x cm3/Nm. Satapathy et al.
[10] studied the inclusion of vermiculite in fly ash-based fiber-reinforced hybrid compaosites,
resulting in a wear behavior of 7.84x10® g/Nm and a low friction coefficient of 0.31.

Based on an extensive review of existing literature, it becomes evident that composite mate-
rials dominate the investigations into friction materials for automobile applications. However,
a notable gap persists in the development of diverse materials (polymers, ceramics, and
metals) catering to high-performance friction needs. In light of this, the primary focus of this
project is to enhance wear resistance and optimize the friction coefficient. A novel formula-
tion for a semi-metallic brake pad has been developed, aimed specifically at improving wear
resistance in the contact region between the brake pad and brake disc while simultaneously
optimizing the friction coefficient.
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2. Materials and Methodology

Materials

The brake pad formulation comprises various components, including Cu, Fe, phenolic resin,
low-density polyethylene, graphite, flyash, aluminum oxide, and barium sulfate. In this study,
Cu powder was utilized, having an average particle size of 75 pm and a purity of 99.9%.
Fe powder was used with an average particle size of 75 ym and a purity of 99.5%. Graphite
particles, averaging 150 pm in size with a purity of 97%, were employed. The fly ash originated
from Mettur Thermal Power Plant, India, and had an average particle size of 15 pm. ALO,
nanopowder used had an average particle size of 25 nm and a purity of 99.9%. Barium sulfate,
with an average particle size of 50 pm and a purity of 98.2%, was included. Low-density
polyethylene (LDPE] with an average particle size of 25 um was utilized to improve bonding
properties. Lastly, phenolic resin with a purity of 989% was incorporated as the binder.

Powder Metallurgy Processing

The obtained powders were carefully measured using a precision balance with a readability
of 0.007g for each specimen, and the respective weights are presented in Table 1. Subse-
quently, the powders underwent a ball milling technique, and a small amount of binders were
introduced. The powders were thoroughly mixed for one hour at a speed of 250 rpm.

Table 1. Composition of semi-metallic brake pads with specimen code

Composition (Weight (%))

SL Components
BP-20Cu-20Fe BP-10Cu-30Fe BP-0Cu-40Fe

1 Copper 20 10 0

2 Iron 20 30 40

3 Phenolic Resin 20 20 20

4 LDPE 10 10 10

5 Graphite 10 10 10

6 Fly ash 10 10 10

7 Aluminum Oxide (ALQ,] 5

8 Barium Sulphate (BaSO,) 5

The resulting mixture was then hydraulically compacted under a pressure of 250 MPa at
room temperature. Afterward, the compacted specimen was placed inside a high-tempera-
ture furnace and cured at 195°C for a duration of 45 minutes, as illustrated in Figure 1.
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Fig. 1. Curing Cycle for the specimen

Microhardness

The specimens were prepared for microhardness testing, as per the ASTM E3-11 guidelines.
The Vicker's microhardness of the specimens was determined using a microhardness tester
(Make: Mitutoyo; Model: HVT - M1). For the hardness testing, an axial load of 100 g was
applied for 15 s. Measurements were taken at five different locations on each specimen,
and the average value was reported. Also, the hardness was measured using Brinell's hard-
ness tester at an axial load of 10 N. The hardness was measured for five specimens and the
average was reported.

Microstructure

The specimens were precisely prepared following the guidelines outlined in ASTM E3-11
for microstructure analyses. To ensure accurate observation, the specimens underwent
a polishing process utilizing metallographic plates with different grit levels, including 400,
600, 800,1000, and 1500. Once the polishing was completed, the specimens were subjected
to microstructure examination using an optical microscope (Make: Carl Zeiss, Model:
Axiovert 25).
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Tribological characterization

The tribological properties of the specimens were evaluated using a pin-on-disc tribometer
(Make: Ducom; Model: TR-20LE-PHM-200], as per the guidelines set by ASTM G99-5a. For
the testing, three specimens were used, each measuring 20 mm in diameter. The speci-
mens were placed within a hollow stainless-steel tube using a cold setting solution. Before
the tribological tests, the specimens were cleaned with ethanol using an ultrasonicator. On
the tribometer, the specimens were mounted and brought into contact with an EN-31 steel
counter disc. To perform the tests, a lever arrangement setup was employed, applying axial
loads of 30 N, 50 N, and 70 N on the specimens. The mass loss of each specimen was meas-
ured both before and after the tribological tests, with an accurate scale reading of 0.0001 g,
to assess the wear characteristics and frictional behavior [8, 17].

Characterization using Analytical Instruments

The microstructure and worn surface of the specimens were investigated using a Field Emis-
sion Scanning Electron Microscope (SEM; Make: Zeiss Sigma; Model: Gemini 300) at electron
acceleration voltages of 5 kV and 10 kV. The chemical compaositions and elemental mapping
of specimens were obtained using an energy-dispersive X-ray Spectroscope (EDS; Make:
Oxford Instruments; Model: Ultima Max] at an electron-high tension of 20 kV. To analyze the
constitutional phases, an X-ray Diffractometer (Make: Rigaku Model: Ultima 4) was utilized
with Cu-Ka radiation as the X-ray source. The diffractometer operated in continuous scan-
ning mode, scanning at a rate of 1° per minute over a range of 10° to S0°.
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3. Results and Discussion

Microstructure

Fig. 2. Microstructure of specimen (a, b) BP 20Cu-20Fe; (c, d) BP 10Cu-30Fe, (e, f) BP OCu-40Fe

The illustrative representation of the microstructure characteristics of the cured specimens
BP-20Cu-20Fe, BP-10Cu-30Fe, and BP-0Cu-40Fe are shown in Figure 2. The microstructural
analysis revealed a uniform dispersion of various components, including Fe, Cu, ALO,, BaSQ,,
fly ash, graphite, and LDPE, across the samples. The regions colored in blue and reddish-
brown distinctly denote the presence of iron and copper within the specimens respectively.
The microstructures confirmed the variations in the concentration profile of copper and iron
throughout the samples. A uniform distribution of both solid lubricant and reinforcing particles
was observed, contributing to the overall structural integrity of the materials. The dark-gray
regions are indicative of the presence of graphite. Additionally, visible pores were discerned in
the cured specimens (BP-10Cu-30Fe and BP-0Cu-40Fe), primarily in proximity to the particles.
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In Figure 2 (a) and Figure 2 [b) revealed a homogeneous dispersion of Fe, Cu, ALQO,, BaSO,,
fly ash, graphite, and LDPE throughout the specimen BP-20Cu-20Fe. The blue and reddish-
brown regions within this microstructure distinctly represent the presence of equal fraction
of copper and iron. Moreaover, pores were note observed in the specimen BP-20Cu-20Fe. In
the specimen BP-10Cu-30Fe shown in Figure 2 (c) and Figure 2 (d), the dispersion of Fe, Cu,
ALQ,, BaSO,, fly ash, graphite, and LDPE remains uniform and consistent. However, the spec-
imen BP-10Cu-30Fe displayed visible pores, located near the particles. Furthermore, the
distribution of solid lubricant and reinforcing particles was consistently uniform. The relative
segregation of solid particles resulted in localized areas of higher density, leading to pore
formation in adjacent regions [23, 25].

Figure 2 (e) and Figure 2 (f) shows the typical microstructure of the specimen BP-0Cu-40Fe.
The microstructural analysis was consistent with the specimen BP-20Cu-20Fe and BP-10Cu-
30Fe. The specimen had uniformity in the dispersion of various elements, including Fe, Cu,
ALQ,, BaSQ,, fly ash, graphite, and LDPE. Similar to the specimen BP-10Cu-30Fe, visible
pores were clustered near the particles. During the curing process, temperature gradients
developed within the specimen. Localized heating and subsequent cooling affected the flow
properties and potentially caused pores near particles. Also, localized rapid heating induced
the release volatiles, creating voids [2, 13].
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Fig. 3. Microhardness of the specimens
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The average microhardness of the specimens BP-20Cu-20Fe, BP-10Cu-30Fe, and BP-0Cu-
40Fe is shown in Figure 3. Among the tested specimens, the specimen BP-20Cu-20Fe
exhibited the highest hardness, measuring ~171 HV (85 HRB). In contrast, the specimen
BP-10Cu-30Fe displayed an intermediate hardness value of ~160 HV (81 HRB). The spec-
imen BP-0Cu-40Fe demonstrated the lowest hardness value among the tested samples,
measuring about ~145 HV (76 HRB). The specimen BP-20Cu-20Fe showcased a significant
hardness advantage over BP-10Cu-30Fe and BP-0Cu-40Fe, being approximately 6.88% and
17.93% higher, respectively. Meanwhile, BP-10Cu-30Fe exhibited about 6.43% higher hard-
ness than BP-0Cu-40Fe. The observations from the hardness profile indicate that as the
fraction of Fe increases in the brake pad compaosition, the hardness of the specimen tends to
decrease. This trend is evident, where the specimen BP-20Cu-20Fe with a balanced copper
and iron content exhibited the highest hardness value, while the specimen BP-0Cu-40Fe
with the highest fraction of Fe shows the lowest hardness value. The decrease in hardness
with an increase in Fe fraction suggests that iron may have a softening effect on the brake
pad material [7].

Tribological Characterization
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Fig. 4. Wear rate of the specimens at normal load of 30 N, 50 N, and 70 N
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Figure 4 shows the wear rate of the specimens was assessed using a pin-on-disc tribometer
rig, subjecting them to various normal loads: 30 N, 50 N, and 70 N. At a normal load of 30 N,
the specimen BP-20Cu-20Fe displayed a considerably low wear rate of 9.19x107 g/Nm. As
the applied loads increased, the wear rate of BP-20Cu-20Fe exhibited a slight upward trend,
reaching 1.07x10® g/Nm at 70 N. Similarly, at a normal load of 30 N, the wear rate of the
specimen BP-10Cu-30Fe remained low, measuring within the range of 8.69x107 g/Nm. As
the load was increased to 70 N, the wear rate of BP-10Cu-30Fe showed a slight decrease,
reaching 2.12x10% g/Nm. Comparatively, at the load of 30 N, BP-20Cu-20Fe demonstrated
a slightly higher wear rate than BP-10Cu-30Fe. However, with the increase in load to 70 N,
the wear rate of BP-10Cu-30Fe surpassed that of BP-20Cu-20Fe.

The wear rate of the specimen BP-0Cu-40Fe was considerably low at 30 N, measuring at
1.05x10® g/Nm. However, as the load increased to 70 N, the wear rate of BP-0Cu-40Fe
slightly increased to 1.920x10° g/Nm. Comparing the wear rates of BP-10Cu-30Fe and
BP-0Cu-40Fe, at the load of 30 N, BP-10Cu-30Fe displayed a lower wear rate than BP-0Cu-
40Fe. However, as the loads increased to 70 N, the wear rate of BP-10Cu-30Fe decreased
slightly, while the wear rate of BP-O0Cu-40Fe increased slightly.
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Fig. 5. Friction coefficient of the specimens at normal load of 30 N, 50 N, and 70 N
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Figure 5 depicts the relationship between the friction coefficient and applied loads for the
specimens BP-20Cu-20Fe, BP-10Cu-30Fe, and BP-0Cu-40Fe. The graph illustrates that as
the load increased, the friction coefficient also increased for the specimen BP-20Cu-20Fe. At
a low load of 30 N, the friction coefficient was 0.40, suggesting reduced friction between the
specimen and the counter disc. Conversely, at a load of 70 N, the friction coefficient reached
a higher value of 0.54, indicating an increase in friction between the contact surfaces. The
friction coefficient of the specimen The friction coefficient for the specimen BP-20Cu-20Fe
exhibited a significant increase of about 35% as the load was increased from 30 N to 70 N.

BP-10Cu-30Fe demonstrated that the friction coefficient marginally increased with the load.
At 70 N, the friction coefficient reaches a value of 0.51, while at lower loads of 30 N, it is
0.49. The specimen BP-10Cu-30Fe specimen showed a marginal increase of approximately
4% in friction coefficient as the load was increased from 30 N to 70 N. For the specimen
BP-20Cu-20Fe, the friction coefficient showed a more significant increase from 0.40 to 0.54
(a difference of 0.14) when the load increased from 30 N to 70 N. However, for the spec-
imen BP-10Cu-30Fe, the friction coefficient increased by a smaller margin from 0.49 to 0.51
(a difference of 0.02) over the same load range.

The friction coefficient of the BP-OCu-40Fe specimen decreased as the load increased.
At lower loads of 30 N, the friction coefficient was 0.54, suggesting an increase in friction
between the contact surfaces of the specimen and the disc plate. Conversely, at a higher
load of 70 N, the friction coefficient was measured to be 0.50, indicating a reduction in fric-
tion between the specimen and the counter disc. For the specimen, BP-10Cu-30Fe, the
friction coefficient showed a meager increase from 0.49 to 0.51 (a difference of 0.02) when
the load increased from 30 N to 70 N. However, for the specimen BP-0Cu-40Fe, the friction
coefficient decreased by a smaller margin from 0.54 to 0.50 (a difference of 0.04] over the
same load range [4].

Wear Mechanism at an Axial Load of 30 N

The surface characteristics of the cured specimen BP-20Cu-20Fe, subjected to a normal load
of 30 N, are illustrated in Figure 6. Multiple surface irregularities, including debris, grooves,
scratches, scoring marks, and pits were observed on the worn surface, as shown Figure
6 (a) and Figure 6 (b). The formation of grooves was attributed to the localized furrowing
effect induced by the application of localized load. Scratches were the consequence of fric-
tion between the surface, as reported in previous studies. Furthermore, due to the rota-
tional motion of the counter disc, the removal material resulted in the formation of chips, as
depicted in Figure 6 (c] and Figure 6 (d) [19].
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Fe Lal,2

Fig. 7. Elemental composition map of specimen BP-20Cu-20Fe worn at a load of 30 N
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Table 2. Elemental composition worn specimens through energy dispersive x-ray spectroscopy

Weight Concentration (%) of the Worn Specimens

st Element BP-20Cu-20Fe BP-10Cu-30Fe BP-0Cu-40Fe
Axial Load  Axial Load  Axial Load  AxialLoad  Axial Load  Axial Load
of 30 N of 70 N of 30 N of 70 N of 30 N of 70 N
1 C 52.0 424 37.85 13.77 31.85 12.25
2 0 16.8 17.2 23.65 4157 2831 34.30
3 Cu 124 124 8.21 925 017 0.00
4 Fe 7.40 17.5 20.01 27.53 29.41 46.79
5 Al 430 3.70 3.63 227 3.06 2.02
6 Si 220 2.00 225 191 190 135
7 Ba 410 4.00 3.65 293 3.07 2.60
8 S 0.80 0.80 0.75 0.77 0.63 0.68

The compaosition and distribution elements are presented in Figure 7. Figure 7 (a) shows the
chosen area with wear debris. Figure 7 (b) provides the consolidated elemental map that
show Cu, Fe, Al and Si maps overlap with O map. The overlap of elements indicated the
formation of metal oxides (Cu/Fe) and presence of fly ash particles (ALO,/Si0,). Also, the
elemental analysis given in Table 2 revealed the predominant fractions C, O, Cu, and Fe. In
this condition, the worn specimen exhibits a significant presence of carbon (52.0%), indicating
a predominant exposure of LDPE in the course of wear test. The moderate oxygen content
(16.8%) suggested mild-oxidation during wear test. Cu (12.4%), Fe (7.4%), and minor amounts
of Al (4.3%), Si (2.2%), and Ba (4.1%) contribute to the composition of the specimen [11].

Fig. 8. Surface morphology of specimen BP-10Cu-30Fe worn at a normal load of 30 N
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The worn surface morphology of the specimen BP-10Cu-30Fe is depicted in Figure 8. The
specimen predominantly manifested surface irregularities in the form of scratches and
pits, as shown in Figure 8 (a) and Figure 8 (b). The scratches, debris, and pits were indica-
tive of abrasive wear and localized surface deformation. Also, the specimen exhibited the
emergence of cracks, signaling the structural stresses incurred due to the heightened load
conditions, as shown in Figure 8 (c) and Figure 8 (d). Additionally, fragments or chips became
dislodged from the surface were observed. Table 2 shows the elemental compaosition of the
worn specimen under 30 N axial load. The C (37.85%) was the dominant element, although
slightly reduced. O content (23.65%) was comparatively higher, likely indicating oxidation
during wear. Cu (8.21%) and Fe (20.01%) exhibited substantial variations in concentration,
while Al (3.63%), Si (2.25%), Ba (3.65%), and S [0.75%) contribute to the compaosition [3].

Fig. 9. Surface morphology of specimen BP-0Cu-40Fe worn at a normal load of 30 N

The surface characteristics of the cured specimen BP-0Cu-40Fe, subjected to an axial load
of 30 N, are illustrated in Figure 9 Upon applying a 30 N axial load to the surface, observable
material chipping, groove formation, and surface removal occur, leading to delamination.
Table 2 displays elemental composition of the worn specimen BP-0Cu-40Fe under a 30 N
load. C (13.77%) was present in lower quantities, while the O (38.57%) dominated the surface,
suggesting severe-oxidative wear. The worn surface had Fe (39.53%), Al (2.27%), Si (1.91%),
Ba (293%), and S (0.77%) [20].




The Archives of Automotive Engineering — Archiwum Motoryzacji Vol. 102, No. 4, 2023
https://doi.org/10.14669/AM/177327

19

Wear Mechanism at an Axial Load of 70 N
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Fig. 11. Elemental composition map of specimen BP-20Cu-20Fe worn at a normal load of 70 N
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The worn surface characteristics of the cured BP-20Cu-20Fe specimen, subjected to a normal
load of 70 N, are presented in Figure 10. In Figure 10 (a), discernible cracks were observed on
the worn surface, which were indicative of wear debris formation. The occurrence of furrows
was attributed to the abrasive interaction of hard particles during the rotation of the spec-
imen in contact with the counter disc, as shown in Figure 10 (b). The cracks become more
pronounced under the influence of the 70 N load, as evident in Figure 10 (c). The material
removal appeared in the form of chips, contributing to a spalling effect. Also, significant chip-
ping and removal from the surface resulted in pits, as shown in Figure 10 (d) [28].

Figure 11 (a) provides a visual representation of the surface defects, including scratches,
debris, and pits. Figure 11 (b] presents the consolidated elemental map, revealing preem-
inence of O on the surface the matrix. Figure 11 (c] shows the individual elemental maps
confirming the homogeneous of other elements in the matrix. The overlap of elements
indicates the formation of metal oxides (Cu/Fe) and the presence of fly ash particles
(ALO,/SI0,). Like the specimen worn under 30 N axial load, the specimen worn at 70 N axial
load continued to show C as the dominant element (42.4%). O (17.2%) remained moderate,
while Cu (12.4%) and Fe (17.5%) concentrations was slightly higher. Other elements follow
a similar trend as the specimen worn under 30 N axial load, with minor variations.

Fig. 12. Surface morphology of specimen BP-10Cu-30Fe worn at a normal load of 70 N

Figure 12 shown the surface characteristics of worn specimen BP-10Cu-30Fe when
subjected to a normal load of 70 N. The specimen displayed the formation of scratches and
the presence of debris without the occurrence of cracks. Figure 16 complements the analysis
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by presenting the elemental composition results. The elevated oxygen content on the worn
surface strongly suggests the occurrence of oxidation-induced wear. Additionally, there was
an increase in the presence of Fe, which may be attributed to increased Fe concentration in
the specimen. The elemental composition under the 70 N load is consistent with the 30 N
load in this condition, with oxygen and iron as dominant elements, suggesting a stable wear
behavior.

Fig. 13. Surface morphology of specimen BP-0Cu-40Fe worn at a normal load of 70 N

The surface morphology of the worn specimen BP-0Cu-40Fe is depicted in Figure 13. The
specimen experienced chipping and removal from the surface, ultimately leading to delam-
ination. Also, the specimen had material cracking, removal from the surface, and the gener-
ation of distinctive grooves. The elemental compaosition under the 70 N load mirrors that of
the 30 N load, highlighting the consistent dominance of oxygen and iron [15].
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4. Conclusion

Semi-metallic brake pads were successfully manufactured using the powder metallurgy
technique, incorporating Cu, Fe, Flyash, ALO,, and BaSO, as reinforcing particles. Among
the fabricated specimens, specimen BP-20Cu-20Fe exhibited superior characteristics. The
results demonstrated the following:
The microstructure of the specimen BP-20Cu-20Fe displayed uniform dispersion of hard
particles within the matrix. microstructure revealed a consistent dispersion of hard parti-
cles throughout the matrix, indicating a well-distributed compaosition.
The specimen BP-20Cu-20Fe exhibited a microhardness of ~171 Hv.
The specimen BP-20Cu-20Fe demonstrated superior wear resistance, with a low wear rate
of 1.072x10° g/Nm observed under higher loads of 70 N. However, specimen BP-20Cu-
20Fe had significant 35% rise in the friction coefficient with an increase in load from 30 N
to 70 N.
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