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ABSTRACT

Understanding the properties of copper is critical for the production of efficient
brake pads. With the American legislation implying that by 2025 the mass proportion
of copper in brake pads should be reduced to a maximum of 0.5% in mass, the need

to produce new efficient brake pads has become a priority in the automotive sector.

For this purpose, the current project aimed to characterise the tribological
properties of copper, aluminium and brass, when tested against a steel disc on pin-on-
disc (PoD) tribotests. Three different normal pressures were applied (0.51 MPa or 10N
normal load; 1.02 MPa or 20N normal load and 2.55 MPa or 50N normal load). A
tribometer was used to conduct the pin on disc tribotests, providing graphs of the
coefficient of friction as a function of the test time for each applied load and material of
the pin, performed in triplicate. The tests lasted 3600s, with a rotational speed of

0.1m/s, ambient temperature, and no lubricant.

After the tests, the discs’ tribosurfaces were analysed by scanning electron
microscopy techniques through secondary electrons (topography image - SE),
backscattered electrons (contrast image of chemical composition - BSE), and energy-
dispersive X-ray spectrometry (elemental mapping of semi-quantitative chemical
composition analysis — EDS). Moreover, the discs’ wear tracks were analysed through
optical 3D surface interferometry to provide surface parameters related to rugosity.
Therefore, it was possible to provide consistent tribological data to develop more

efficient and less environmentally harmful brake pads.

Although the brake pad is a polymeric matrix with several constituents,
understanding the tribological properties of copper is essential to think of possible
substitutes that can provide thermal conductivity and coefficient of friction properties

similar to that of copper.

Keywords: Tribology; Copper; Brake pads; Legislation; Materials selection.
Tribofilm.
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1. INTRODUCTION
1.1. Tribology

Tribology can be defined as the study of friction, wear, and lubrication between
two surfaces that interact in relative motion. It was defined as a new branch of science
in 1967 by the Organization for Economic Cooperation and Development (OECD)
committee. The name is derived from Greek, in which the word “tribes” means slip
(Stachowiak, Batchelor, 2001). Although this vast area of material science started to
be recorded only in the second half of the 20th century, there are many documented
examples of how ancient civilisations developed rolling surfaces with low coefficient of
friction (CoF). For example, older documents indicate that in 3500 BC. the use of
wheels was already a reality, which shows the concern of our ancestors with the
reduction of friction and consequently of energy losses in translational movement. An
1880 BC illustration in Egypt (Figure 1) reveals men dragging a 600kN statue along a
wooden path. Upon the statue’s support, a man pours a liquid into the track of the
movement, probably intending to ease the friction between the sleigh and the ground
to reduce the force needed to be applied by each man. That may have been one of the

first lubrication engineers in history (Bhushan, 2013).
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Figure 1: Egyptian illustration, circa 1880a.C. (Bhushan, 2013)

According to estimates, the losses stemming from ignorance about tribology in
the United States amount to 4% of its gross domestic product (approximately $200
billion per year in 1966), and approximately one-third of the world’s energy resources
appear in the form of friction in one way or another. Thus, the importance of reducing
friction and controlling wear is related to economic reasons and long-term reliability.
According to Jost (1966, 1967), it is possible to save around 1% of a nation’s gross

domestic product by implementing better tribological practices. The economy is both



substantial and significant and could be obtained without the employment of a large
invested capital (Bhushan, 2013).

With the emergence of new experimental techniques such as microscopy, the
perceptions of changing the structures of solid surfaces and interfacial media between
them made us rethink the basic concepts of friction. The advancement of fine-scale
techniques has led researchers to consider friction as a relevant variable in their
studies. (Blau, 1996). It is then evident the importance of tribology to society, as its
study allows for better performance, failures reduction, and considerable savings.
Moreover, in comparison, many basic engineering materials such as thermodynamics,
mechanics, and plasticity are relatively old and well established, while the tribology
domain still presents controversies and is a branch to be better explored. (Stachowiak,
2001). In the late 20th century, the coefficients of static and kinetic friction have been
recognised to be both material and system dependent, and the term “tribological
system” was first used to define the complex variety of phenomena and parameters
that control the coefficient of frictions and wear properties (Czichos, 1980).

Figure 2 shows a hierarchy scheme of the factors acting at each level of
interaction in the tribosystem (Blau, 1996). The Interfacial medium (I) involves
lubrication theories, tribochemical films and triboparticles. Contact solids (Il) involves
theories of deformation, fracture, fatigue, material interaction/medium, and material
transfer; (lll) Mechanical component and its surroundings: related to the dynamics of
the component (Blau, 1996). The study of tribological systems became a modern tool
for interpreting and modelling friction, developing materials that control the coefficient
of friction (CoF); to develop tests and methods to characterise friction, and developing
machinery (Blau, 1996).

In the study of wear, it is essential to recognise that several independent
mechanisms are involved. Burwell listed four wear types in the “Search for Possible
Wear Mechanisms”: slip wear (or adhesive), abrasive wear, corrosive wear, and
surface fatigue. It also included a fifth classification named “minor wear types”,
including erosion, cavitation, and impact roughing (J.Halling,1976). Macroscopically,
surfaces that are considered smooth are rough on the atomic scale, and the contact
between two surfaces happens on only a few roughnesses. With a normal load
application, the local pressure in the asperities becomes extremely high. The flow limit

is exceeded, and the asperities deform plastically until the contact area increases



sufficiently to support the applied load. In the absence of surface films, surfaces would
be adhered to, but small amounts of contaminants prevent adhesion from occurring
purely under normal load (J. Halling, 1976). Numerous tests using a variety of metal
combinations have shown that when there is high adhesion, the material transfer
occurs from the weaker material to the stronger material, as illustrated in Figure 3.
However, a relative tangential movement at the interface can occur to disperse the
contaminant films at the contact points, and cold welding of the junctions occurs.
Continuous slip can lead to homogeneity, and more junctions may be formed (J.
Halling, 1976).

Figure 2: Schematic illustration of a tribosystem: I) Interface medium; Il) Contact solids; Ill) Mechanical
component and its surroundings (J. Halling, 1976).

Adhesive wear

Figure 3: Adhesion observed in friction between two metals (J. Halling, 1976).

The increased contact area reduces the normal pressure (the same load now
acts on a larger area), as illustrated in Figure 4. The tangential force and contact area
grow until the value of the shear module is maximum. This implies that each contact
point is under maximum stress during sliding conditions before the shear break. As a

result, the coefficient of friction also increases as the system instability increases.



(Stachowiak, Batchelor, 2001). The high adhesion observed between metals can be
explained by the transfer of electrons between contact surfaces. Metals have free
electrons and, on contact, electrons exchange to establish the bond. As a result,
electrons can bind two solids despite their different atomic structures (Stachowiak,
Batchelor, 2001).

Contact area enlarged after the
addition of frictional shear stress

Frictional
shear stress

Figure 4: Increased contact area caused by friction (Stachowiak; Batchelor, 2001).



1.2. Copper in automotive brake systems

A brake system provides a way to convert kinetic energy into heat. The heat
generated at the sliding interface of the brake system is dissipated primarily by driving
through the brake components. There are two main brake systems available for
automobiles: disc and drum systems (Jacko, 1984 and Blau, 1996). During braking,
the coefficient of friction needs to be suitable and stable in high operating speeds,
applied pressures, and temperatures. A particular interest is the ability of the insert
disc and materials to resist the deterioration caused by friction when they need to hold
to extreme temperatures during service, which can reach a temperature of up to 8000C
(thermal stability). An important project requirement is the ability to withstand high
temperatures caused by friction, so the disc must have enough thermal storage
capacity and good thermal conductivity to prevent distortion, thermal fatigue or
cracking due to thermal stresses (Maleque, 2010). Brake materials have other
requirements such as good compressive and shear resistance, corrosion resistance,
light, wear-resistant, and cost. The most common material for discs of brake systems
is perlite grey cast iron, while the brake pads are a complex polymeric matrix composite
(PMC). Disc brake systems produce a braking force by pressing the brake pads on the
disc. The higher the dynamic coefficient of friction between these components, the
more energy is generated in the brake, although this value may vary with the design

and operating parameters (Jacko, 1984 and Blau, 1996).

When the surface of a PMC type brake pad slides against the disc, there is a
reduction in the surface roughness of the disc until it reaches a stable value. During
this transition period, the coefficient of friction varies significantly. Similarly, the wear
level is continuously reduced until it achieves an equilibrium value. Once this
equilibrium is reached, there are continuous and uniform tribofilms in the tribosurfaces
of the disc and pad. Different constituents are present in a brake pad, and its
composition and microstructure mainly control the braking performance. The most
common constituents are ceramic particles and fibres, minerals, metallic chips, solid
lubricants and elastomers dispersed in a phenolic resin matrix, as shown in Figure 5
(Osterle, 2001). Table 1 shows the composition of a given PMC brake pad. For this
particular PMC described by Kukustchova (Kukustchova, 2009), copper represented
4% weight of the total composition. However, this value can vary between different

fabricants.



Carbonaceous constituent

Loose particles

Third body material

BaSO, /. T\ <= Vermiculite

Phenolic resin Quartz Sb,S,

Figure 5: Representation of the microstructure of a brake pad; note the formation of a third body due
to sliding (Osterle, 2001).

Table 1: PMC brake pad composition (Kukustchova, 2009).

Constituent Volume % Weight %
Steel Fiber 2.7 10
Synthetic Graphite 4.8 5
Resilient Graphitic Carbon (RGC) 53 5
Coke 16.8 15
Iron Powder 26 3
Vermiculite 35 5
ZrSi0y4 09 2
Nitrile Rubber (NBR) 8.5 5
Twaron 3.0 2
BaS0. 6.6 9
Copper 0.9 4
MgO 33 3
Sb,S; 1.0 3
Tin 1.6 3
MoS:z 04 1
Al;0s 1.4 1
Phenolic Resin 36.5 24

Among many other ingredients, copper particles/fibres are currently used in the
automotive brake pads. Although with some variations, most brake pads have copper
or brass particles or a combination of both. However, there is growing concern about
the use of copper due to its environmental impacts, leading to an increasing demand
on the automotive industry to decrease its use (Osterle, Prietzel, KloR & Dmitriev,
2010). The main reason for the use of copper is its excellent thermal conductivity,
avoiding localised overheating of the tablets. In addition, these copper particles that
make up the brake pads serve as mechanical reinforcements due to the hardening that
these particles suffer from interlocking in the braking operations, which induce the

formation of nanocrystalline structure in the particles. In addition, when the



temperature increases, copper also acts as a material that softens braking and reduces
noise. With the increase in temperature and wear of copper particles in contact with
the disc, copper nanoparticles are incorporated into the iron-oxide rich tribofilm
(Osterle et al., 2010).

There are already several copper-free claimed formulations for brake pads in
the automotive market. Bosch developed the QuietCast, a copper-free ceramic brake
pad produced from special aerospace alloy with a higher content in aluminium. This
new formulation could reduce up to 8% of an average copper-full brake pad weight and
extend its life by 17% (Bosch, 2021). Fras-le released the GRN Tech, manufactured
from a highly durable formulation, currently being tested in the US, Europe, and Brazil
with positive results. Claimed to be a global leader in brake technology and innovation,
the company is among the top five manufacturers of friction materials in the world
(Fras-le, 2021). Finally, Hella Pagid released its copper-free formulation, complying
with the OE quality standards. The company aims at offering solely copper-free brake
pads already before the law’s coming-into-effect in the year 2025 (Hella Pagid, 2021).
Although these companies promise “environmentally friendly” Cu-free brake pads and
efficiency gains compared to Cu-full brake pads, it is not clear how true this is. On their
websites (Bosch, 2021; Fras-le, 2021; Hella Pagid, 2021), no information is disclosed
regarding their environmental impacts and efficiency in performance. Recent studies
showed that Cu-free brake pads emit more airborne particles than Cu-contained brake
pads (Olofsson et al., 2020). Said so, new formulations must be developed and

characterised to avoid that possible harmful formulation being released into the market.
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1.3. Pin-on-disc tribotest

Numerous specific tests to measure friction, based on simulating applications
and problems, have been developed. Traditional laboratory-scale tests produce a
contact between surfaces with a few square millimetres, but large dynamometers
measure friction forces in train brake pads with tens of square centimetres of area.
Each technique and method has its place in triboscience and tribotechnology (Blau,
1996). The tribological behaviour of different materials and lubricants often needs to
be studied to develop new components. Other tests may be conducted for quality
control to determine the service life, reliability, or intervals required for in-service
maintenance. The influence of service variables can be favourably investigated in
model tests, subcomponent tests, or component tests. The results of the tribological
tests can improve the design of new components. The simulation of complex systems
by a relatively simple model is essential for studying the basic mechanisms of friction,
lubrication, and wear. (Zum Gahr, 1987). In the pin-on-disc tribotesting, the pin is kept
still, and the disc rotates, as shown in Figure 6. The pin can be a non-rotating sphere,
a rectangular parallelepiped, or a flat-faced cylinder. This test is probably the most
commonly used during the development of new friction materials for tribological

applications (Bhushan, 2013).

Sample holder

Rotating disc
Test sample

Worn track

Figure 6: Schematic model of a pin vs disc tribological test (Bhushan, 2013).
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1.4 Justification

In the United States, concerns about emissions of fine and ultra-fine copper
particles into the air have led to a change in legislation to reduce the use of copper in
brake pads by 2025 to 0.5% in mass weight (California Department of Toxic
Substances Control, 2016). Scientific research has confirmed the relationship between
exposure to copper particles in the air and respiratory diseases, leading to
cardiopulmonary death. It has been reported that more than 50% of the particles
produced by braking are carried by air in the form of 20 nm fine nanoparticles. Copper
fibres are usually present in brake pads in mass fractions between 10% and 15%
(Kukutschova, 2009). In addition, aquatic life is also affected by the emission of copper
particles. In rainy times, copper particles present in the air are carried to rivers, seas,
and lakes. In 2010, the US Environmental Protection Agency estimated that 590 tons
of copper were released into the environment in California. Copper is toxic to many
aguatic species and the fact that it harms fish’s olfactory system, thus reducing their
chances of survival. (California Department of Toxic Substances Control, 2016). Since
the mid-1970s, researchers have been looking for new compositions for brake pads
and the industry is finding new compositions and microstructures, which promote the
formation of stable tribofilms under working conditions. There is a desire to find lighter
materials with higher performance at high temperatures, better performance, and that
produce fewer particles that are harmful to the environment. (Jacko, 1984 and Abbasi,
2011). To replace Cu in the brake pad, researchers need to fully understand its
behaviour during dry sliding. This area of study can attract the attention of many

automobile companies to find a replacement for the height of copper in the brake pads.
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1.5. Objectives

Considering the current need to produce copper-free brake pads, the general

objectives of this work are:

e Evaluate the CoF evolution during pin on disc tribotest under 3 different
normal loads and using 3 metals as pin materials with similar hardness
and high thermal conductivity (copper, aluminium and brass) tested
against steel discs;

e Provide a topographic characterisation of the discs’ tribosurfaces formed
after the tests by 3D profilometry technique to collect different surface
parameters (arithmetical mean height; dale void volume and peak
material volume);

e Provide a microscopic characterisation of the disc’s tribosurfaces by
using three scanning electron microscopy techniques: secondary
electrons (topography 2D image - SE), backscattered electrons (contrast
image of chemical composition - BSE), and energy-dispersive X-ray
spectrometry (elemental mapping of semi-quantitative chemical
composition analysis — EDS).

e Evaluation of the mass variation of the pins after the tests to quantify
weatr;

e Compare and discuss all tribopairs regarding their tribological

behaviours.

That way, a better understanding of the role of copper in brake pads can be

provided through a comparative analysis with other metals.
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2. METHODOLOGY

The tribotests and microscopic examinations were conducted at the Laboratory
of Surface Phenomena of the Department of Mechanical Engineering of Escola
Politécnica da Universidade de S&o Paulo. This research project was financially
supported by CNPq Institutional Scientific Initiation Scholarship Program (PIBIC):
project number 800585/2016-0, active from 01/08/2017 to 31/07/2018, named
“Ensaios Tribolégicos do tipo pino versus disco para quatro pares metalicos:
caracterizagcdo microestrutural dos tribolfimes e tribosuperficies” (Galvani, 2017) It was
carried out in conjunction with the master’s thesis of Raphael Oliveira Ferreira
(Ferreira, 2017). Thus, some of the results were shared and already published in both

projects.

2.1. Samples

The tested samples were 5 mm thick and 80 mm diameter ground AISI 4140
steel discs and 5 mm diameter and 20 mm height pins made of C10200 copper, 6082-
T6 aluminium and C36000 brass. The selection of the pin materials was performed
with the CES Edupack 2015 software in the level 3 database (Edupack, 2015) and
imposing three restrictions: non-ferrous metals with thermal conductivity above 100
W/m.°C and with values of hardness between 90 and 110 HV.

2.2. Tribological tests

Before the tests, the pins were sanded using circular silicon carbide sandpapers
with granulometries of #180, #400 and #600. The pins and discs were cleaned
immersed in alcohol in the ultrasound for 20 minutes, and their masses were measured
in an analytical balance Mettler Toledo model XP205 (millimetric precision) before and
after tests (5 measurements were made, the mean and standard deviation were
calculated). The tests have been carried out in a Bruker tribometer Bruker, model DFH
10 (see Figure 7) under the ASTM G99 (ASTM, 2011) norms and the following

conditions:

e Duration: 60 min

e Rotational speed: constant at 0.1 m/s
e Tests in triplicate

e Ambient temperature (10°C — 25°C)
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e Humidity: not measured

e Absence of lubricant

¢ Nominal contact pressures around 0.51 MPa (10N normal load); 1.02 MPa (20N
normal load) and 2.55 MPa (50N normal load).

Figure 7: Bruker tribometer, model DFH 10.

In summary, 27 steel discs and 9 pins of each composition (copper, aluminium,
and brass) were used. Figure 8 shows an example of a steel disc and a brass pin after
a tribotest, with a visible wear track.



Figure 8: Brass pin and steel disc tested under 2.55 MPa (50N normal load).

15
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2.3. Tribosurfaces characterisation

After the tribological tests, the discs were cleaned immersed in alcohol in the
ultrasound for 20 minutes. Furthermore, the discs’ tribosurfaces were analysed by a
scanning electron microscope and an optical 3D surface interferometer. The analyses

conditions are detailed below.

2.3.1. Optical 3D surface interferometry characterisation

A 3D non-contact surface profiler uses a range of optical acquisition
methodologies to obtain surface topography information from a surface. These
methods typically scan a surface with an incident light source and measure the
emissive, reflective, or refractive light to acquire information about the product’s
surface topography. This metrological method is often preferred over contact surface
profiling due to its low invasiveness and improved measurement speeds (Taylor
Hobson, 2018).

For this project, a profilometer 3D CCI Taylor Hobson was used (see Figure 9).
The Taylor Hobson Calibration Laboratory calibrated it on 04/19/2017, calibration
certificate number 54407. A light level of 50% was set, with 10x magnification, a
working distance of 7.4 mm, XY analysis mode, analysis speed of 5x. The analysis
was made in the cross-section of the disc’s wear track with an area of 1.4 by 7.0 mm

for each measurement.
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Figure 9: Taylor Robson CCI 3D-profilometer.

This technigue was used to produce three-dimensional images of the
topography of the wear track of the disc on a microscopic scale. It has been very
relevant to the project, considering that the SEM can only produce two-dimensional
images. A table of ISO 25178-2 standard (ISO, 2012) describes the main surface
parameters that were used in the analysis and they are represented in Figure 10.

e Sa: Arithmetic Mean of the height in a module of a surface, measured in um. Sa
is commonly related to roughness.
e Vmp: Peak Material Volume, is the volume of material comprising the surface

from the height corresponding to a material ratio level, “p”, to the highest peak,
measured in um3*um?2. The default value for “p” is 10%.

e Vvv: Dale Void Volume, is the volume of space bounded by the surface texture
from a plane at a height corresponding to a material ratio (mr) level, “p” to the

lowest valley, measured in ym*/um?2. The default value for “p” is 80%. The

Vmp/Vvv ratio is related to adhered/worn volume.
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Figure 10: a) Sa parameter formula and schematic representation. b) Scheme of volume (3D)
parameters linked to rugosity analyses.

These analyses provided three-dimensional images of the tribosurfaces,

allowing the superficial characterisation using different parameters (3D optical

interferometry). The variations in volume and topographic profile on the wear track

could be obtained.
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2.3.2. SEM characterisation

A Scanning Electron Microscope (SEM) is an electron microscope that uses a
focused beam of electrons that react with the sample to produce a topological image
and relative composition. Upon contact with the sample, the focused beam of electrons
produces secondary electrons (SEs), backscattered electrons (BSEs), and
characteristic X-ray, which is then detected with respective detectors and finally
displayed on the monitor. EDS spectroscopy is involved in the detection of these
characteristic X-rays to provide an elemental composition of the analysed surface
(Mutalib, M.A. et al.,2017)

The tribosurfaces of the discs were analysed after testing in the scanning
electron microscope JEOL JSM 6010LA (see Figure 11) through secondary electrons
(topography image - SE), backscattered electrons (contrast image of chemical
composition - BSE), and energy-dispersive X-ray spectrometry (semi-quantitative
chemical composition analysis — EDS). Images were acquired with amplification of 500
times. The chemical composition microanalyses were made with an acceleration
voltage of 20kV and dead time of 20%. The average time of chemical analysis for the
mapping of chemical composition was 30 minutes. With the assistance of a laboratory
expert, the acceleration voltage of the electron beam, as well as the beam diameter
(“spot size”), the focus (“working distance”), and other operating parameters have been

regulated for each sample type.

Figure 11: Scanning electron microscope model JEOL JSM 6010LA.
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2.4. Data treatment

2.4.1. Hardness of samples

A Buehler model VMT-3 was used in this project (see Figure 12) to measure the
hardness of the discs and pins. It was calibrated by the company Holtermann
Commercial and Technical on 08/11/2017, calibration certificate number 22107/17.
The Vickers Hardness (HV) is calculated by optically measuring the diagonal lengths
of the impression left by the indenter of the durometer, which converts these measures
into hardness measures in the calibrated equipment (Struers, 2021). Before the tests,
the measured Vickers hardness values of the pin and disc materials were compared
with those specified by the EN standards and presented in CES Edupack 2015 Level
3 software (Edupack, 2015) to verify that they were within the specifications and
suitable for what was specified for the tests. A load of 30 kgf was used to measure the
hardness of the discs, and five measurements were made on the surface of each disc
to calculate the mean value and standard deviation. The pins were sanded using silicon
carbide in the following granulometry sequence: #220, #400 and #600 before the
hardness measurements were made. Five measurements were performed for each
material, with a load application of 10 kgf to calculate the mean value and standard

deviation.

Figure 12: Buehler durometer model VMT-3.
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2.4.2. Coefficient of friction plots

The Bruker tribometer shown previously in Figure 7 was configured for data
acquisition at a frequency of 100Hz. The results were extracted in text files with an
average filter of every hundred points. The CoF graphics were plotted using Origin 8.5
software at 1 point per second. The coefficient of friction was plotted as a function of
time for each material triplicate. A mean coefficient of friction and its standard deviation
of each triplicate was calculated (range between 500 and 3600 seconds) for each

normal load applied and pin material.
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3. RESULTS

3.1. Samples’ specifications

Tables 2 to 5 show the chemical compositions of the materials specified by the
EN standards, obtained in the CES Edupack 2015 software level 3 database (Edupack,
2015), and the EDS microanalyses. The 4140 steel disc had manganese content
above the specified in the EN 42CrMo4 specification. The C10200 copper pin
presented the copper content compatible with that specified by the EN standard
CWOO08A. The C36000 brass pin did not detect iron content, and the lead content found
was below that specified by EN CW603N. The chemical composition measured
through the semi-quantitative microanalysis suggests a chemical composition closer
to the brass alloy C36500, known as Muntz Metal, which has lead content between
0.25 and 0.7% by weight and copper content close to that measured in the semi-
guantitative measurement. The 6082-T6 aluminium pin had a silicon content above
that specified by EN AW-6082 and no iron was detected.

Table 2: EDS microanalyses of the 4140 steel disc.

Si Mn S Cr Mo
(% atm) (% atm.) (Y%atm.) (%atm.) (% atm.) (% atm.)

Steel AISI 4140

Specification  968-97.8 0.15-0.35 0.75-1 0-0.04 08-1.1 0.15-0.25
(EN Edupack)

Measured (EDS) 97.2 0.2 1.4 0.1 1.1 0.1

Table 3: EDS microanalyses of the C10200 copper pin

Copper C10200 Cu (% atm.)
Specification (EN Edupack) 100
Measured (EDS) 100

Table 4: EDS microanalyses of the C36000 brass pin

Brass C36000 Cu (% atm.) Zn (% atm.) Pb (% atm.) Fe (% atm.)

Specified
(EN Edupack)
Measured (EDS) 62.9 36.1 0.8

60.0 - 63.0 The rest 25-3.0 0-0.35
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Table 5: EDS microanalyses of the 6082-T6 aluminium pin

Aluminium 6082-T6 Al (% atm.) Si(%atm.) Mg (%o atm.) Mn (% atm.) Fe (% atm.)

Specified
97 0,7-1.3 06-1.2 04-1.0 0-05
(EN Edupack)
Measured (EDS) 95.6 1.7 0.9 0.7 -

Vickers hardness measures conducted in the durometer are shown in Table 6.
The C10200 copper and 6082-T6 aluminium pins presented hardness values within
the EN CWO0BA and EN AW-6082-T6 specifications. The 4140 steel disc had
hardness approximately 24 HV below the EN 42CrMo4 specification, and the C36000
brass pin had hardness approximately 9 HV below that specified by EN CW603N.

Table 6: Specified (upper line) and measured (lower line) Vickers hardness values.

Steel 4140 Copper C10200 Brass C36000 Aluminium 6082-T6
183 — 223 HV 80 — 115 HV 105 — 140 HV 95 - 105 HV
159 + 2 HV30 101 + 2 HV10 96 £ 3 HV10 104 + 3 HV10

Table 7 summarises the specified thermal conductivities of the disc and each
pin material (Edupack, 2015). An important project requirement for brake pads is the
ability to withstand high temperatures caused by friction, so braking materials must
have enough good thermal conductivity to prevent distortion, thermal fatigue or
cracking due to thermal stresses (Maleque, 2010). No measures were conducted in
that case.

Table 7: Specified thermal conductivities of the tested samples (Edupack, 2015).

Steel 4140 Copper C10200 Brass C36000 Aluminium 6082-T6
42 — 48 W/m.°C 390 — 398 W/m.°C 115 -121 W/m.°C 169 — 175 W/m.°C
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3.2. Coefficient of friction (CoF) plots
3.2.1. Copper pins

Figures 13, 14 and 15 show the coefficient of friction versus test time for each
repetition, using copper pins under different normal loads. The behaviour of the
coefficient of friction was considered unstable. For the three loads, the mean values
ranged between 0.6 and 0.7. The increase in normal load decreased the mean point
oscillation of the coefficient of friction (the range of values reached). For 0.51 MPa
(10N normal load), the mean point oscillation was 0.3. For 1.02 MPa (20N normal load),
it was 0.2. The CoF oscillation was much lower for 2.55 MPa (50N normal load),

varying only 0.05.

—— Cu-10N -E1
1.0 4 —— Cu-10N -E2
. ——Cu -10N -E3

w“ﬂ !

B Ll Co |
B Ll B

Tempo (s)

Figure 13: Coefficient of friction vs time(s) chart for copper pins under 0.51 MPa (10N normal load)
(Ferreira, 2017).
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Figure 14: Coefficient of friction vs time (s) chart for copper pins under 1.02 MPa (20N normal load)
(Ferreira, 2017).
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Figure 15: Coefficient of friction vs time chart for copper pins under 2.55 MPa (50N normal load)
(Ferreira, 2017).
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A graph of the mean values of the coefficient of friction was plotted as a function
of the load applied for the tests with copper pins, as shown in (Figure 16). The average
CoF decreased from the 0.51 MPa (10N normal load) tribotests to 1.02 MPa (20N
normal load) tribotests but increased again in the 2.55 MPa (50N normal load)
tribotests for all repetitions.
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Figure 16: Average coefficient of friction vs normal load chart for copper pins tests. The respective
normal pressures are 0.51 MPa (10N normal load); 1.02 MPa (20N normal load) and 2.55 MPa (50N
normal load). (Ferreira, 2017).
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3.2.2. Aluminium pins

Figures 17, 18 and 19 show the coefficient of friction versus test time for each
repetition, using aluminium pins under different normal loads. In comparison to copper
tests, CoF values were much more stable. In the test under 2.55 MPa (50N normal
load), it is notable that the point coefficient of friction oscillations have increased with
the test time, which indicates instability of the coefficient of friction after a considerable
slip time. Repetition 2 of the 0.51 MPa (10N normal load) test showed values of the
coefficient of friction very far from the pattern of the other repetitions (see Figure 17).
The coefficient had a very low value at the beginning of the test (a little more than 0.2)
and increased over time until reaching a mean value similar to the other repetitions.

However, the point oscillations were much higher compared to repetitions 1 and 3.
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Figure 17: Coefficient of friction vs time (s) chart for aluminium pins under 0.51 MPa (10N normal
load).
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Figure 18: Coefficient of friction vs time (s) chart for aluminium pins under 1.02 MPa (20N normal load)
(Ferreira, 2017).
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Figure 19: Coefficient of friction vs time (s) chart for aluminium pins under 2.55 MPa (50N normal load)
(Ferreira, 2017).
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A graph of the mean values of the coefficient of friction was plotted as a function
of the load applied for the tests with aluminium pins, as shown in (Figure 20). For all
repetitions, excluding repetition 2 of the 0.51 MPa (10N normal load) the average CoF
values seems to have decreased as a function of the normal load applied. However,
this trend is not statistically proven because of the high standard deviation.
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Figure 20: Average coefficient of friction vs normal load chart for aluminium pins tests The respective
normal pressures are 0.51 MPa (10N normal load); 1.02 MPa (20N normal load) and 2.55 MPa (50N
normal load) (Ferreira, 2017).



30

3.2.3. Brass pins

Figures 21, 22 and 23 show the coefficient of friction versus test time for each
repetition, using brass pins under different normal loads. All repetitions presented a
stable curve of CoF. In the 0.51 MPa (10N normal load) tests, the running-in phase
presented a higher CoF oscillation than the other normal loads. In the test under 2.55
MPa (50N normal load), it is notable that the coefficient of friction oscillations increased
with the test time, indicating instability of the coefficient of friction after a considerable
slip time. Among the three materials, it was the lowest mean coefficient of friction.
Visually, it was also the material that presented greater material detachment (debris

with light texture, in the form of “powder”).
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Figure 21: Coefficient of friction vs time (s) chart for brass pins under 0.51 MPa (10N normal load)
(Ferreira, 2017).
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Figure 22: Coefficient of friction vs time (s) chart for brass pins under 1.02 MPa (20N normal load)
(Ferreira, 2017).
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Figure 23: Coefficient of friction vs time (s) chart for brass pins under 2.55 MPa (50N normal load)
(Ferreira, 2017).
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A graph of the mean values of the coefficient of friction was plotted as a function
of the load applied for the tests with brass pins, as shown in (Figure 24). For all
repetitions, the average CoF values seems to have decreased as a function of the
normal load applied. However, this trend is not statistically proven because of the high
standard deviation.
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Figure 24: Average coefficient of friction vs normal load chart for brass pins tests The respective
normal pressures are 0.51 MPa (10N normal load); 1.02 MPa (20N normal load) and 2.55 MPa (50N
normal load) (Ferreira, 2017).
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3.3. Consolidated results of the mean coefficients of friction

Table 8 summarises the mean CoF values for all materials and normal load
conditions. Among the three materials, copper presented the highest mean coefficient
of friction and highest instability, with values around 0.6 to 0.7 for all repetitions.
Aluminium and brass presented more stable CoF with lower mean values and standard

deviation.

Table 8: Mean coefficients of friction for each pin material and normal pressure.

Copper Aluminium Brass
0.51 MPa 0.6-0.7* 0.40 £ 0.05 ** 0.32 +0.05
1.02 MPa 0.6-0.7* 0.40 + 0.05 0.30 £ 0.03
2.55 MPa 0.6-0.7* 0.40 £ 0.03 0.27 £ 0.03

*Unstable values. For 0.51 MPa: mean point oscillation of 0.3; for 1.02 MPa: mean point oscillation of
0.2; 2.55 MPa: mean point oscillation of 0.05.

**\/alues obtained for repetitions 1 and 3. Repetition 2 was very unstable and was not considered.
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3.4. Microscopic characterisation of steel discs” tribosurface after tribotesting
The following results are related only to tribotests under 2.55 MPa (50N normal

load), because there was no significant discrepancy compared to other loads.

3.4.1. Initial condition of the steel discs’ tribosurfaces

Before the tests, the discs were analysed by SE and BSE techniques. The BSE
technique shows no phase contrast in the disc surface (Figure 25-b), and the SE
technique shows that the surface seemed to be smooth, with little contrast in

topography because of grinding lines of the disc (Figure 25-a).

Ak
50um

BEC 20kV WD10mmSS40
b) Disco de aco 4140

Figure 25: Tribosurfaces of steel discs before tests (500x amplification). a) SEI for topographic
contrast. b) BSE image for atomic weight contrast (Ferreira, 2017).
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3.4.2. Microscopy and chemical composition for 2.55 MPa tests (copper-steel
pair)

The images of the SE and BSE systems (see Figures 26-a,b) show that after
the slip, new phases are formed in the wear track of the steel disc due to the atomic
and topographic contrasts existing in the analysis. From the maps of the EDS system
(see Figures 26-c,d,e), it is noticeable that the regions of these phases coincide with
regions that predominate copper and oxygen and insignificant amounts of iron, which
leads us to the hypothesis that these regions correspond to copper oxides. Moreover,
it is remarkable that some regions correspond to pure copper adhesion (see Figures
26-d).
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Figure 26: Tribosurfaces of steel discs after tests with copper pins under 2.55 MPa or 50N normal load

(500x amplification). a) SE detector image for topographic contrast. b) BSE detector image for atomic

weight contrast. ¢) Composition map for iron. d) Composition map for copper. €) Composition map for
oxygen (Ferreira, 2017).
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Another observation is that an increase of the normal load increases the
concentration of the pin material in the worn trail of the disc, as shown in Figure 27. In

that case, the concentration of copper increased, and that of the oxygen decreased.
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Figure 27: Chart of oxygen and copper atomic composition of the disc tribosurface as a function of
normal loads for steel-copper tribopair tests. The respective normal pressures are 0.51 MPa (10N
normal load); 1.02 MPa (20N normal load) and 2.55 MPa (50N normal load). Data from EDS analysis
under 20 kV tension, 30 min duration and 20% dead time (Ferreira, 2017).
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3.4.3. Microscopy and chemical composition for 2.55 MPa tests (aluminium-
steel pair)

As in the tests with copper pins, the steel discs tested with aluminium pins may
have presented the formation of new phases in the wear track (see Figures 28-a,b). In
this case, the regions with these phases coincide with regions of aluminium and

oxygen, detected in the EDS elemental mapping (see Figures 28-c,d,e).

(a) Aluminio - 50N

(b) Aluminio - 50N
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(d) — 100 oy

(e) C . 1 100 pm OK

Figure 28: Tribosurfaces of steel discs after tests with aluminium pins under 2.55 MPa or 50N normal
load (500x amplification). a) SE detector image for topography contrast. b) BSE detector image for
atomic weight contrast. ¢) Composition map for iron. d) Composition map for aluminium. e)
Composition map for oxygen (Ferreira, 2017).
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In addition, it is possible to highlight that an increase in normal load did not
increase aluminium concentration in the tribosurface of the disc, but rather a small
decrease (it remained in the range between 10% and 16%). Oxygen concentration did
not change significantly and remained approximately constant between 5% and 7%
(Figure 29).
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Figure 29: Chart of oxygen and aluminium atomic composition of the disc tribosurface as a function of

normal loads for steel-aluminium tribopair tests. The respective normal pressures are 0.51 MPa (10N

normal load); 1.02 MPa (20N normal load) and 2.55 MPa (50N normal load). Data from EDS analysis
under 20 kV tension, 30 min duration and 20% dead time (Ferreira, 2017).
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3.4.4. Microscopy and chemical composition for 2.55 MPa tests (brass-steel
pair)

As in the tests with other pins, the steel discs tested with brass pins may have
presented the formation of new phases in the wear track (see Figures 30-a,b). In this
case, the regions with these phases coincide with regions of copper and zinc detected

in the composition map by the EDS system (see Figures 30-c,d,e).
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ZnK (f) [ 1100 um ] 0K

Figure 30: Tribosurfaces of steel discs after tests with brass pins under 2.55 MPa or 50N normal load

(500x amplification). a) SE detector image for topographic contrast. b) BSE detector image for atomic

weight contrast. ¢) Composition map for iron. d) Composition map for copper. €) Composition map for
zinc. f) Composition map for oxygen (Ferreira, 2017).

There was no significant concentration of oxygen along the region analysed in
the wear track of the disc. This can be seen both in the chemical composition maps
and in the elementary concentration graph as a function of the normal charge applied

(see Figure 31), which shows that the oxygen percentage remained very close to 0%
for all tests.
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Figure 31: Chart of oxygen, copper and zinc atomic composition of the disc tribosurface as a function
of normal loads for steel-brass tribopair tests. The respective normal pressures are 0.51 MPa (10N
normal load); 1.02 MPa (20N normal load) and 2.55 MPa (50N normal load). Data from EDS analysis
under 20 kV tension, 30 min duration and 20% dead time (Ferreira, 2017).
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3.5. Analyses of the disc surfaces in the rugosimeter

3.5.1. Effect of disc grinding on surface analysis

Measurements were made at 4 different points on the disc wear track. In two of
them, the grinding lines are parallel to the track, and the other two are perpendicular.
It was observed that in the analyses in which the points are parallel to the grinding
lines, the 2D profile was impaired, as it became more difficult to perceive which regions
the pin went through. An example is shown in Figure 32. For this project, therefore,
only results in which grinding lines are perpendicular to the track line are presented,

because in that case, it is possible to identify the wear track more clearly.
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Figure 32: 2D profiles obtained in an analysis in the rugosimeter. The top image represents a point in
which the wear line is parallel to the grinding lines, while the bottom figure represents a point in which
lines are perpendicular.
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3.5.2. Results for tribotests with copper pins (2.55 MPa)

The wear tracks of the discs in the copper-steel tribopair (2.55 MPa or 50N
normal load) were analysed in the 3D profilometer (see results in Figure 33). The 2D
profile shows the region on which the pin slid. The measured values were 1.023 pm
for Sa, 0.0378 pm?3/um?2 for Vmp and 0.354 pms3/pum?2 for Vvv.
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Figure 33: Rugosimeter results for copper pins under 2.55 MPa (50N normal load).
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3.5.3. Results for tribotests with aluminium pins (2.55 MPa)

The wear tracks of the discs in the aluminium-steel tribopair (2.55 MPa or 50N
normal load) were analysed in the 3D profilometer (see results in Figure 34). The 2D
profile shows the region on which the pin slid. The measured values were 0.873 pm
for Sa, 0.0810 pms3/um?2 for Vmp and 0.186 pms3/um? for Vvv.
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Figure 34: Rugosimeter results for aluminium pins under 2.55 MPa (50N normal load).
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3.5.4. Results for tribotests with brass pins (2.55 MPa)

The wear tracks of the discs in the brass-steel tribopair (2.55 MPa or 50N normal
load) were analysed in the 3D profilometer (see results in Figure 35). The 2D profile
shows the region on which the pin slid. The measured values were 0.954 um for Sa,
0.264 pm3/pm? for Vmp and 0.164 pm3/um? for Vvv.
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Figure 35: Rugosimeter results for brass pins under 2.55 MPa (50N normal load).

3.5.5. Consolidated results of surface parameters

Table 9 shows the rugosity parameters for each tribopair. Four measures were
made for each tribopair: two in a perpendicular direction to the grinding lines and the
other two in a parallel direction to the grinding lines. The mean values for these two
types of measures, so the mean value for all 4 measures were calculated and

summarised in Table 10.
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Table 9: 2D and 3D rugosity parameters obtained for 2.55 MPa (50N normal load), in perpendicular
and parallel directions, for aluminium, copper and brass pins. Two different points were analysed.

Parameters Direction of grinding lines in relation to the wear track
(2.55 MPa) Perpendicular Parallel
Sa 0.867 1171 1.132 0.980
Aluminium Vvv 0.190 0.223 0.235 0.221
Vmp 0.081 0.063 0.122 0.090
Sa 1.023 0.867 1.139 1.075
Copper Vvv 0.354 0.341 0.356 0.347
Vmp 0.038 0.033 0.045 0.050
Sa 0.954 0.909 0.881 0.993
Brass Vvv 0.164 0.148 0.116 0.184
Vmp 0.264 0.185 0.160 0.128

Table 10: Mean of rugosity parameters obtained for 2.55 MPa (50N normal load), in perpendicular and
parallel directions, for aluminium, copper, and brass pins. Also, a column with the total mean was

added.
Parameters Perpendicular Parallel Total
(2,55 MPa) (Mean values) (Mean values) (Mean values)
Sa 1.0191 1.0559 1.0375
Aluminium Vvv 0.2061 0.2282 0.2171
Vmp 0.0720 0.1059 0.0889
Sa 0.0945 1.1070 1.0260
Copper Vvv 0.3479 0.3516 0.3498
Vmp 0.0356 0.0472 0.0414
Sa 0.9314 0.9368 0.9341
Brass Vwv 0.1560 0.1502 0.1531
Vmp 0.2244 0.1442 0.1843

Figures 36, 37 and 38 show the mean values of Sa, Vmp and Vvv (respectively)
as a function of the normal load for each tribopair tested. It is noticeable that for all
tribopairs, the increase of the normal load provoked an increase in the three rugosity

parameters. Aluminium presented the highest values of Sa for all normal loads. For
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the 2.55 MPa (50N normal load) tests, the brass-steel tribopair presented the highest

Vmp value, and the copper-steel tribopair presented the highest Vvv value.
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Figure 36: Chart of mean Sa as a function of normal loads for each tribopair (aluminium in blue,
copper in orange and brass in grey). The respective normal pressures are 0.51 MPa (10N normal
load); 1.02 MPa (20N normal load) and 2.55 MPa (50N normal load).
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Figure 37: Chart of mean Vmp in the function of normal loads for each tribopair (aluminium in blue,
copper in orange and brass in grey). The respective normal pressures are 0.51 MPa (10N normal
load); 1.02 MPa (20N normal load) and 2.55 MPa (50N normal load).
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Figure 38: Chart of mean Vvv as a function of normal loads for each tribopair (aluminium in blue,
copper in orange and brass in grey). The respective normal pressures are 0.51 MPa (10N normal
load); 1.02 MPa (20N normal load) and 2.55 MPa (50N normal load)
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4. DISCUSSION

4.1.1. Coefficient of friction

For all tribopairs, the increase of the normal load applied led to a decrease in
the mean friction coefficient. However, this is not statistically proven because of the
high standard deviation presented in each condition. Chowdury et al. (Chowdhury,
Khalil, Nuruzzaman, & Rahaman, 2011) evaluated the behaviour of a stainless steel
pin against an aluminium disc under 10N normal load pin versus disc tribological test,
varying the test rotation between 500 and 2500 rpm (Figure 39). The authors verified
that the increase of the normal load and the sliding speed decreased the coefficient of

friction.
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Figure 39: Evolution of the coefficient of friction in the tribological pin versus disc test in aluminium-
steel tribological pair with a normal load of 10N and relative humidity of 70%. (Chowdhury et al., 2011)

Additionally, Samad et al. studied the wear behaviour of copper alloy
(Cuzn39Pb2) and aluminium (AA7075) pins against cast iron GG25 (Samad et al.,
2020). Despite the slight difference in the materials’ composition, similar results were
observed. The influence of initial surface roughness on the coefficient of friction was
observed to be more significant for copper alloy tests than for aluminium tests, which
can also be seen in the results of this project. A comparative case study between an
industrial setup and a lab setup shall help develop a better understanding of the wear
behaviour of materials by linking field conditions with that of the conditions in a
laboratory. Moreover, results from an industrial setup can provide prototypes for

solving industrial problems.
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Bouchoucha et al. (Bouchoucha, 1995) compared the sliding behaviour of a
copper pin against steel in different atmosphere conditions. When an electric current
was applied to prevent oxide formation, it was observed that the CoF behaviour was
very unstable with metal adhesion to the steel’s surface. Theses results could help to
expalin the instability of copper’s CoF observed in the present project: as the EDS

results showed, there was metal adhesion only to the disk of the copper-steel tribopair.

Regarding the brass-steel tribopair, similar behaviour of decreasing coefficient
of friction with increased load was reported in the literature (Pereira, 2014).
Furthermore, Chowdury (Chowdhury et al., 2011) stated that the coefficient of friction
might not remain constant as a function of the normal load, and the increase of this
load may increase the surface roughness and the amount of test debris, which may
decrease the coefficient of friction. This is coherent with the results of the current
project because the brass-steel tribopair was the one that presented the lowest CoF

and the higher quantity of debris.

A hypothesis for the instability of the coefficient of friction of copper could be the
continuous formation and defragmentation of the tribolfim, making its behaviour very

unstable. However, further studies should be conducted to validate this hypothesis.
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4.1.2. Mass variation of pins

Table 11 shows the mean losses of mass of the pins after the test. Comparing
the variation of the average mass of the pins, it is possible to highlight a similarity
between the tribotests. It was noticed a trend of increasing the average mass loss of
the pins as a function of the normal load applied. However, it is very remarkable that
the brass pin was the one that wore the most for the three normal loads, losing up to
0.278 g on average when tested under 2.55 MPa (50N normal load), whereas the other
pins lost 0.014g (copper) and 0.011g (aluminium), which are more similar values. It is
noticeable that a significant amount of debris was observed in the brass tribotests (in
powder form), which confirms the results obtained in Table 11. Moreover, the formation
of an opaque tribofilm was observed on the disc. These results are coherent with the
findings of Chowdury (Chowdhury et al., 2011), in which the increase of the normal
load provoked an increase of the tested debris.

Table 11: Mean mass losses for each pin material and normal load.

Normal pressure Copper Aluminium Brass
0.51 MPa (0.002) g (0.004 £0.001) g (0.047 +£0.001) g
1.02 MPa (0.004) g (0.007) g (0.098 + 0.005) g

2.55 MPa (0.014 +0.003) g (0.011) g (0.246 +0.001) g
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4.1.3. Tribological behaviour

According to Kato (Kato, 2007), when metals slide one against the other in an
environment with air, there may be a sliding transition from severe to mild, in which
there is a lower wear rate. Thus debris arising from wear plays an essential role in
establishing wear in the mild type because it is shown that protective layers are
produced during the mild wear by compacting and sintering oxidised debris between
the sliding surfaces and that these formed layers would cause a decrease in friction
and wear because of that adhesion. Figures 40 and 41 show the curve “total volume
from wear versus diffusion coefficient of oxides” and the curve of “total volume from
wear versus slip distance”, respectively, obtained by Kato (Kato, 2007) when injecting

nanoparticles of oxides between sliding metal surfaces.
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Figure 40: Plots of total material wear volume versus oxygen diffusion coefficient at 293K temperature
for different oxides. (Kato, 2007)
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Figure 41: Plots of total material wear volume versus sliding distance for different oxides under 35N
normal load. (Kato, 2007)

Based on these curves, it can be concluded that when zinc oxides and
aluminium particles (low oxygen diffusion coefficient) have been injected, no transition
from severe wear to mild wear was identified because the rate of wear by distance did
not remain constant. Differently, the copper oxide (high coefficient of oxygen diffusion)
presented a constant wear volume after the “running-in” stage, which would be the
initial phase of the slip before the transition to the “Mild” regime occurred. It should be
noted that the higher the oxygen diffusivity in the oxide, the lower is the total wear

volume obtained.

This suggests that slips with the formation of copper oxide as the third body can
lead to the formation of a protective film, as there would be a higher rate of formation
of tribofilm due to sintering of oxidised patrticles, resulting in a lower amount of wear,
unlike to what happens to aluminium. The above hypothesis may be reinforced by the
fact that the pins of brass and aluminium presented a more significant loss of mass
than the pins of copper. In addition, by graphs of attachment of pin material as a
function of the load obtained by the SEM, it is noted that although the change in pin
mass was lower for copper, the copper adhesion to the disc was higher than the tests
with aluminium and brass, which also suggests the formation of protective tribofilm.
These results are compatible with the findings of other projects. Rodrigues conducted
PoD tribotests (steel/steel pair) with the addition of copper particles as an interfacial

media and varied their granulometry (Rodrigues, 2016). The researcher found that this
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addition contributed to the increase of average CoF of the system compared to the
system without the addition of interfacial media, and the highest values for the friction
coefficient were obtained for the finer Cu particle granulometry. Moreover, the addition
of copper powder to the test was able to form a transfer layer with the presence of
oxygen, as showed by EDS, suggesting that there was the formation of oxide third

body with a protective behaviour.

In other studies, the same researcher compared the results of pure copper
addition in PoD steel/steel tribotests to the results of magnetite, graphite and zirconia
additions. Rodrigues studied the tribological behaviours when these additions were
made separately and mixed in different testing conditions (temperature, granulometry,
interfacial media, composition, etc.) (Rodrigues, 2017; Rodrigues, 2015). Separately,
graphite and magnetite additions decreased the friction coefficient compared to copper
addition. When mixed, the results of the coefficient of friction varied significantly
according to the testing conditions, showing that in a more complex system with many
variables involved, it becomes hard to predict its tribological behaviour.

Finally, according to the graphs obtained by the rugosimeter results, the mean
disc roughness (Sa parameter) after aluminium tests was higher for all loads,
suggesting that the particles formed present a more abrasive behaviour, in
concordance with the finding of Kato (Kato, 2007), where aluminium presented a
severe tribological behaviour. The results obtained for Vvv and Vmp were inconsistent,
with the need to perform more tests and analyses.
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4.1.4. Final remarks, the future of copper-free brake pads

Although copper-free formulations are already available in the market (Bosch,
2021; Fras-le 2021; Hella-Pagid, 2021), researchers have made many efforts to
replace copper with other constituents. A study conducted by the University of Trento
(Leonardi, 2020) aimed to develop, produce and test new formulations for brake pads
without copper, comparing them to current market products. It is found that in 2018,
the Cu-free brake pads surpassed 50% of all granted certifications, and satisfactory
results have been achieved. However, based on its state-of-the-art findings, none
claimed success so far to achieve a complete Cu-free formulation efficient as Cu-full
formulations. Also, it is not clear yet whether the market copper-free formulations do
not create other environmental impacts. In their study, a Cu-free formulation with a
combination of steel fibres and barite displayed an improved wear behaviour and a
stable coefficient of friction compared to a reference market Cu-full master-batch. New
formulations were developed varying several constituents of a brake-pad apart from
copper and then ranked based on performance and emissions. Further, the best

material was tested on a real car.

Other researchers have also been studying alternative materials for copper-free
brake pads (Bhatt et al., 2021; Kalel et al., 2021; Tavangar et al.; 2020; Aranganathan
et al., 2015; Mahale, 2019; Hu, 2016). A few of these studied formulations are
summarised in Table 12 (non-exhaustive list). It is noticeable that information
concerning market-released formulations was not fully disclosed. On the other hand,
research-level formulations presented further details about their compositions.
Thermo-graphite, aluminium alloys, and stainless steel were the most mentioned
materials to replace copper, but each study presented its composition and testing

conditions.
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Table 12: Non-exhaustive list of proposed copper-free formulations in market and industrial levels.

Source Level of development

Disclosed information about its formulation

(Bosch, 2021) Available in market

Ceramic brake pad with copper replaced by a
special aerospace alloy with high aluminium
content*

(Fras-le, 2021) Available in market

Not disclosed*

(Hella-Pagid, 2021) Available in market

Not disclosed*

(Bendix, 2021) Available in market

Ceramic brake pad*

(Leonardi, 2020) Research level

Combination of steel fibres and barite using a
reference market Cu-full masterbatch

(Bhatt et al., 2021) Research level

Copper replaced by iron-aluminum (FA25)
alloy particles

(Kalel et al., 2021) Research level

(Tavangar et al., 2020) Research level

Copper replaced by stainless steel particles

Copper replaced by thermo-graphite and
cellulose fibres

(Aranganathan, 2015)  Research level

Copper replaced by thermo-graphite

(Mahale, 2019) Research level

(Hu, 2016) Research level

Copper replaced by stainless steel swarf

Copper replaced by metal composites (Zn, Fe)

* Sources used: fabricants’ websites and online selling platforms, such as Amazon.

Besides the technical advances in research, there is a need to progress in

legislation. To date, the United States has pioneered the creation of a law limiting

copper in automotive brake pads. Additional efforts from other countries must be made

to spread this law elsewhere. To raise awareness of brake pads consumers, legislation

must be drawn up by responsible environmental bodies to support this engagement.
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5. CONCLUSIONS

Combining the CoF results with the characterisation results, and by analysing

current trends for copper-free brake pads, the following conclusions are drawn:

e The copper tribotests presented a mean value of the coefficient of friction
between 0.6 and 0.7, with a high standard deviation. On the other hand, the
tests with brass and aluminium pins presented fewer oscillations of the
coefficient of friction, with mean values rotating around 0.3 and 0.4 respectively,
but with higher oscillations after a considerable test time.

e The EDS elemental mapping showed that the oxygen concentrations reached
considerable values in regions coinciding with the material from each pin (less
expressive for brass pins). This leads to the hypothesis of oxidation of the
adhered material and the formation of a tribofilm that softened the coefficient of
friction behaviour after the running-in phase, as other studies also suggested.

e Brass pins were the most worn for every normal load applied. In addition, debris
formation for brass pins was visually much larger than for copper and aluminium
pins. The brass pins showed a tribofilm more opaque and crisp than the other
two types of pins.

e The tests for the three tribopairs followed the same trends: the increase in the
normal load applied implied an increase in the loss of pin mass and a decrease
in the mean coefficient of friction. However, the second trend is not statistically
proven because of the high standard deviation.

e Laboratory experiments have their role in the development of copper-free
formulations. However, it is remarkable that due to the many constituents in the
brake friction materials, the complexity of the phenomena in friction is difficult to
predict and interpret. The influence of other testing parameters must be
evaluated, such as temperature, atmosphere composition and sliding speed.

e More and more, eco-friendly products are demanded by the market, and a
critical selection of the constituents and the evaluation of emissions must be
considered more carefully. The future of copper-free formulations for brake pads

in Brazil remains uncertain.
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