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ABSTRACT

In this study, a copper-reduction brake pad was
designed based on environmental considerations.
Solid diffusion calculations were performed for the
brake pads containing 35 wt.% copper and 15 wt.%
nickel. Functional alloy elements were added to the
brake pads using a powder metallurgy process to
achieve the desired results. The effect of each
component on the mechanical properties of the pad
was studied by adjusting the alloy ratio in the
specimens. The binding behaviors of the copper
substrate and additives were also analyzed. As a result,
35 wt.% copper and 15 wt.% nickel exhibited
miscibility, and adding vanadium and silicon powder
increased the bonding strength between the copper
powder and the alloy. The maximum shear strength of
the specimens reached 324 kgf, which is sufficient to
cope with daily brake use. In addition, increasing the
contents of tin, silicon, and nickel had a positive effect
on the mechanical properties of the specimens with 35
wt.% copper, whereas, increasing the zinc content had
a negative effect. Finally, the relationship among the
copper concentration, sintering temperature, and time
was calculated based on the diffusion theory, and the
self-diffusion trend curves were plotted to obtain the
sintering parameters so that the brake pad and the
copper-sputtered back plate could reach 100%
adhesion. Powder metallurgy related industries can
reduce the number of trials in product development
based on the results of this research, and can refer to
the experimental parameters to plan the carbon-
reduction process.

Paper Received February, 2024. Revised April, 2024. Accepted
June, 2024. Author for Correspondence: Tzung-Ming Chen.
E-mail: tmchen@cc.ncue.edu.tw

* Associate Professor, Department of Industrial Education and
Technology, National Changhua University of Education,
Changhua, Taiwan 50074, ROC.

** Graduate Student, Department of Industrial Education and
Technology, National Changhua University of Education,
Changhua, Taiwan 50074, ROC.

INTRODUCTION

Dynamic equipment can be easily slowed down
or stopped by bringing a brake disc and the moving
part directly into contact. Kinetic energy is reduced by
its conversion to friction heat. Disc-type brakes are
widely used in bicycles and automobiles because of
their high heat dissipation capability and stable
braking effect (Day, 2014). In the previous decades,
novel material formulations have been developed to
meet the demands of greater braking force, safety, and
environmental considerations. When asbestos was
identified as a lung carcinogen, its use in brake disc
formulations was banned. Thus, ceramics, Kevlar fiber,
glass fiber, and graphite with similar strength and heat
and fire resistance to those of asbestos were developed
(Mahale et al., 2019). Brake pads contain various
materials to meet the functional requirements, with
each type having its advantages and limitations. For
instance, metal-matrix composites can be used for
high-speed trains. Carbon composites can be used for
aircraft and formula race cars (Friedrich et al., 2015).
Copper-based alloys are commonly applied in brake
pads because of their excellent thermal conductivity
and stable braking effect. Copper-based alloys can also
be easily added to the formula in the form of substrates
when applied to metal and semi-metal brake pads
(Bijwe et al., 2018; Osterle et al., 2010).

Particulate matter (PM) is commonly present in
the atmosphere and has adverse effects on the
environment and organisms (Arole et al., 2006). Motor
vehicles are some of the major sources of PM.
Vehicular PM can be divided into exhaust emissions
and braking-induced emissions. Vehicle emission
standards stipulated by governments have become
increasingly strict. The development of electric
vehicles is also encouraged to decrease exhaust PM
emissions. Therefore, the PM caused by brake loss will
be the focus of future improvement (Saha et al., 2023;
Mulani et al., 2022; Denier van der Gon et al., 2013).
As pointed out by many studies, the metal particles
emitted by the brake pad wear process result in
environmental deterioration (De Falco et al., 2023;
Russo et al., 2023). For instance, these particles are
partly responsible for the increase in the copper (Cu)
concentration in the seawater of San Francisco Bay.
This pollution harms salmon and other aquatic species
(Sandahl et al., 2007). Therefore, Cu reduction is an
important trend in brake-pad material development.
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Here, a brake pad with a semi-metallic substrate
was developed considering functionality,
environmental protection, and low cost. Cu (35 wt.%)
was chosen as the main component based on the
diffusion calculations and experimental results. The
proportions of other components were adjusted to test
the material strength and braking effect. Furthermore,
both of commercially available 60 wt.% Cu-based and
a resin-based brake pads were compared with the new
materials developed in this study. Finally, the
relationship among the Cu concentration, diffusion
temperature, and time was analyzed, and a set of
sintering parameter curves were generated. In
summary, the alloy of the low-cost Cu-reduction brake
pad was designed by adjusting the composition ratio
of the specimens and the sintering parameters.

METHODS

The semi-metallic brake pad specimens were
made of 35 wt.% Cu as the main component,
supplemented with friction modifiers, strengthening
materials, and a solid lubricant. The sintering process
parameters were selected based on the diffusion
calculations. During liquid phase sintering a pressure
continuously applied upon the specimens. After that,
the hardness, shear strength, and braking force of the
specimens were measured. Moreover, the composition
was analyzed using an X-ray powder diffractometer,
and the detected components were validated by
diffusion computation. After identifying the effects of
the additives on the brake-pad material, the
composition was modified to obtain optimal shear
strength, aiming to improve braking safety and
strengthen the bond between the brake pad and the Cu-
sputtered back plate.

FORMULATION

Fick’s first law was used to calculate the diffusion
behavior between the surface of the specimens that
contained 45-25 wt.% Cu and the surface of the 99.9
wt.% Cu-sputtered back plate (Figure 1). The self-
diffusion distance was set to 10,000 Cu atoms
(approximately 2.56 pum). The calculation can be
simplified to one-dimensional diffusion. The
relationship among atomic concentration, diffusion
time and distance after setting boundary conditions is
shown in Equation (1):

C(x,0)=C,/Cy—C, =1—erf (x/ 23/ Dr) (1)

where C(x,?) represents the concentration of position x
at time ¢, the common unit of time is seconds (s), and
the unit of length is meters (m). Cs is the surface
concentration; Cp is the original atomic concentration
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in the material; D is the diffusion coefficient of the
atom in the material (Smallman et al., 2014).

The calculation result showed that the self-
diffusion with concentrations above 30 wt.% Cu
reached more than 90 wt.% when the sintering
temperature was 900 °C for 1 h. Thus, 35 wt.% Cu was
selected as the base material as it provided a balance
between the bonding strength and Cu content
reduction. The remaining components of the specimen
were chosen based on commercially available brake
discs: components for solid lubrication, friction
coefficient adjustment, dispersion strengthening,
substrate strengthening, and a space filler. The
materials selected for this study and their functional
configurations are shown in Table 1.

Cu-sputtered Sintered
back plate specimen
ey

Difussion direction
Fig. 1. Diagram of Cu self-diffusion direction.

Experiment

The wet powder-mixing method was used for a
total amount of 20 g for each specimen. To prevent the
demoulding failure, a small amount of white wax was
added for internal lubrication (Huang et al., 2002). The
powder was processed in a planetary mixer at 200 rpm
for 4 h. The mixed powder was then heated in an oven
at 60 °C for 1 h to remove water, and then the caked
powder was removed using a 30-mesh screen. Before
compression molding, a single 5 g raw billet was
weighed with a precision balance, and 50 kgf was
applied to compact the powder at room temperature
under uniaxial pressure. Then, the raw billet was
placed in a graphite mold with a load of 17 kgf, which
was placed in a sintering furnace, and sealed around
with a graphite ring (Figure 2). The specimens were
sintered at 550 °C for 10 min and at 900 °C for 2 h.
Finally, the sample was left to cool down in the
furnace to room temperature and taken out.

17 kgl Loading
Graphite

ring
L Graphite plate J!i /éaphilc
—===xx=
' e

e mold

Specimen
=~

Heater
Heater

| Graphite plate |

Fig. 2. Illustration of the sintering setup.
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Table 1. Material-function configuration.

Subsirate Solid Friction Dispersion Substrate Space fillin
lubrication adjustment strengthening  strengthening P &
Cu Graphite Si0, W/Mo/V/Si Sn/Zn/Co/Ni BaSO,
Table 2. Elemental composition for the basic experiment.
Composition  Ni/Sn/Zn/Si/V/Graphite Cu Co Mo w SiO,  BaSOq4

% Exploration 35 5 5 3 5 Bal.
Equipment was added at 5 wt.% as a strengthening element.
The Rockwell HRM hardness test was Molybdenum (Mo) powder was added at 5 wt.% as a

performed on a Mitutoyo AR-10 hardness tester, using
a steel ball. The surface of the specimen was smoothed
by a surface grinder before the test. The measurement
points were around the center of the specimens. A
shear test was conducted to install the clamp (Figure 3)
in the universal test machine. Shear failure of the
specimens were achieved by moving the slide block,
and the machine was stopped immediately after the
specimens were damaged. Finally, the failure strength
of the specimens was analyzed through recording data,
and the residual condition of the specimen on the back
plate surface was inspected to identify the diffusion
effect between the brake pad and the back plate. The
braking force test was conducted according to DIN
79100. The brake disc was made of alloy-410 stainless
steel. The specimen was placed in a caliper and ground
against the disc. Dry and wet braking environments
were tested with a running speed of 12.5 km/h. The
braking time and release time were both 3 s and the
gripping force was from 10 to 80 N. The brake was
operated five times for every 10 N increase, and the
braking force trend curve was used to judge whether
the specimen met the specifications.

Specimen

Fig. 3. Illustration of the shear test clamp.

RESULTS AND DISCUSSION

The effects of the component ratio on brake
performance were analyzed. Based on the calculations
using Fick’s first law, 35 wt.% Cu powder was chosen
as the substrate for the specimen. Cobalt (Co) powder

dispersion-strengthening element. Tungsten (W)
powder was added at 3 wt.%. Moreover, the ratio of
the friction coefficient-adjusting element (silicon
dioxide, SiO2) was 5 wt.%. Therefore, the substrate-
strengthening elements (Ni, Sn, and Zn), the
dispersion-strengthening elements (Si and V), and the
ratio of the solid lubricant (graphite) are the main
focus of the discussion. Barium sulfate (BaSO4) was
used as a space filler to ensure that the total
composition ratio of each specimen was 100%. The
component distributions are presented in Table 2.

Basic Formula

The effects of 0, 2, and 8 wt.% Sn on the
mechanical properties of the specimens were
compared at a fixed Zn concentration of 5 wt.%. The
5Zn0Sn specimen with 5 wt.% Zn and 0 wt.% Sn
exhibited the highest hardness value (HRM 61), which
was even higher than that of the commercial brake pad
with 60 wt.% Cu (HRM 55). By contrast, the specimen
prepared with 5 wt.% Zn combined with 2 wt.% Sn
(i.e., 5Zn2Sn) and 5 wt.% Zn combined with 8 wt.%
Sn (i.e., 5Zn8Sn) exhibited low hardness (HRM 26
and HRM 27, respectively) (Figure 4). Furthermore,
the hardness of the specimen decreased with an
increase in the amounts of Zn and Sn because these are
soft materials. However, the hardness of BaSOj is
higher than that of Zn and Sn. Thus, the hardness
increased when the percentage of BaSO; was
increased.

The alloy-410 stainless steel disc with a
hardness of 60 HRC was selected as the grinding
component in the experiment. If the hardness is too
high, abnormal sound is produced during braking, and
the braking disc may also be damaged, thus affecting
the braking effect. The test results showed that the
optimal shear strength of 5Zn8Sn was 210 kgf, which
was approximately 25% higher than that of 5Zn2Sn
(Fig. 4). However, the Sn content affected the strength
of the specimen in the opposite way it affected
hardness. Thus, increasing the percentage of Sn, which
has low hardness but good bonding with the substrate,
enhances the bonding strength of the specimen. In
addition, the shear strength of 5Zn0Sn was 196 kgf,
which was approximately 22.5% higher than that of
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5Zn28n.

Specimens with a fixed Sn content of 8 wt.% and
6, 9, and 12 wt.% of Zn were tested to compare their
mechanical properties. The results showed that
6Zn8Sn, 9Zn8Sn, and 12Zn8Sn were too weak to be
measured, and the shear strengths of these specimens
significantly decreased to 120, 92, and 82 kgf,
respectively, as the Zn content increased. This result
suggests that a higher Zn content results in a more
pronounced weakening effect. This is because Zn and
Sn are elements with low hardness. Moreover, the
expansion coefficient of Zn (30.2 pum-m!-K")
destroyed the internal structure of the material during
high-temperature sintering, resulting in weakening.
This phenomenon is consistent with the results
obtained by Chen et al. (2011) on the thermal
expansion of a Cu-Zn alloy. The sintering temperature
in the study was 900 °C, which was very close to the
boiling point of Zn (907 °C). According to Koo et al.
(2008) the post-sintering Zn content decreases as the
sintering temperature decreases. Therefore, here, Zn
likely vaporized from the substrate and formed holes,
which lowered the density. This is directly related to
the reduction in hardness. Our findings are consistent
with the above-mentioned literature, confirming that
increasing the Zn content leads to a reduction in both
the hardness and shear strength of the specimen.

To confirm the effects on the mechanical
properties of simultaneously lowering the Zn and Sn
contents, two specimens (6Zn5Sn and 0Zn2Sn) were
evaluated. As a result, 6Zn5Sn had a hardness of HRM
41 and its shear strength was 137 kgf. On the other
hand, 0Zn2Sn had a hardness of HRM 57, and its shear
strength was 152 kgf. In summary, 5Zn8Sn performed
better and had a better base ratio than the other
specimens.

[B]5Zn0Sn 5Zn2Sn E5Zn8Sn

210

196 e

160

61

O N

Hardness (HRM)

Shear strength (kgf)

Fig. 4. Hardness and shear strength for specimens
with three ratios of Zn and Sn.

Formula Improvement

V and Si were added to increase the strength of
the base formula. The following four specimens were
designed: 3V0Si, 6VO0Si, 6V1.5Si, and 6V2Si. Their
hardness values after sintering were HRM 47, HRM
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30, HRM 42, and HRM 37, respectively. Their shear
strengths were ranked as follows: 162 kgf for 3V0Si,
180 kgf for 6VO0Si, 203 kgf for 6V1.5Si1, and 225 kgf
for 6V2Si (Figure 5). The test results revealed that 6
wt.% V combined with 1.5-2 wt.% Si enhanced the
strength of the base formula.

Because of the solid-solution mechanism of Cu-
Ni, although the thermal energy provided by the
sintering furnace was not as high as that provided by
the melting process, Ni and Cu both presented face-
centered cubic lattice and their atomic radii differed by
only 4 pm. Therefore, Ni was added to test its effect
on the mechanical properties of the specimen. As a
result, the hardness of 6V8.5Ni was HRM 33 and its
shear strength was 171 kgf. The hardness of 6V10.5Ni
was HRM 32 and its shear strength was 155 kgf. In
addition, the hardness of 6V 1Si15Ni was HRM 34 and
its shear strength was 324 kgf (Fig. 5). Thus, adding
Ni had no effect on the hardness of the specimen but
contributed to its binding performance. For instance,
the shear strength obtained with 15 wt.% Ni already
exceeded that of commercially available resin-based
brake pads and was sufficient to meet the actual
braking requirements.

W3V0SI
E6VS.5Ni

6V0S1 6V1.581
116V10.5N1 O6VISiI5Ni

A6V 281
324

-
180 203 2h5
162 H 171 155

47 a0 42 37 33 32 34
EE I Tl |

Hardness (HRM) Shear strength (kgf)

Fig. 5. Hardness and shear strength of six specimens
containing V, Si, and Ni.

Strengthening Trends

After the base formula and the strengthening
elements were selected, the effects of Ni, Si, Zn, and
Sn on Cu-based substrate were evaluated. Ni, Si, and
Sn enhanced the strength of the specimen.
Nevertheless, a high Sn content affected the braking
process, although it improved the strength of the
substrate. Therefore, Sn can be added only in low
amounts. Moreover, Zn weakened the specimen
because of its high thermal expansion coefficient. The
relationship between the content of each element and
the shear strength of specimens is illustrated in Figure
6.

The Ni content is proportional to the strength of
the specimen. To understand the solid-solution
reaction of Cu-Ni after sintering, the 6V1Sil5Ni and
5Zn8Sn specimens were analyzed using an X-ray
diffraction (XRD) diffractometer. As a result, solid
solutions of C, Cu, and Cu-Ni were detected in both
specimens. Because the 6V1Si15Ni formula contained
15 wt.% Ni, whereas the 5Zn8Sn formula contained
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only 5 wt.% Ni, the CuxNix peak of the 6V1Sil5Ni
specimen was stronger at 56° than that of the 5Zn8Sn
specimen. Furthermore, increasing the Ni content was
conducive to the formation of the Cu-Ni solid solution,
which enhanced the strength of the substrate. In
addition, the 5Zn8Sn specimen had a high Zn content;
thus, a Cu,Zn compound combined with Cu, as well as
ZnS, was detected. By contrast, the 6V1Sil5Ni
formula had only 3 wt.% Zn; thus, its spectrum
indicated only the presence of Zn. The results of the
XRD analysis of 6V1Sil5Ni and 5ZnSn are displayed
in Figure 7.

kef
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Fig. 6. Relationship between the Ni/Si/Sn/Zn content
and shear strength of specimen.

#Cu7n
W CuNi,
Pr7nS

100

Fig. 7. XRD patterns of the specimens 6V1Sil5Ni
and 5ZnSn.

Friction Adjustment
The lubrication effect of graphite in the braking

process can be used to adjust the friction coefficient of
the brake pad. To understand the effect of graphite
addition on the hardness and shear strength of the
specimens, 3, 6, and 9 wt.% graphite was added to the
basic formula of 5Zn8Sn. The test results showed that
the hardness and shear strength of the specimen
decreased with an increase in the graphite content. The
hardness and shear strength of 5Zn8Sn3G were HRM
67 and 141 kgf, respectively, whereas, the hardness
and shear strength of 5Zn8Sn6G were HRM 48 and
111 kgf, respectively (Figure 8). The surface of the
5Zn8Sn9G specimen was severely damaged during
mechanical grinding, indicating insufficient material
strength, so subsequent hardness and shear strength
tests could not be performed. The results revealed that
a graphite concentration of 3—5 wt.% was suitable.

O5Zn8Sn3G ES5Zn8Sn6G  5Zn8Sn9G
141
111
67
D 48
Hardness (HRM) Shear strength (kgf)

Fig. 8. Hardness and shear strength of three groups of
graphite-added specimens.

Braking Force Test

The braking force is a major factor to consider
when choosing a brake pad. When the braking effect
is too high or too low, driving safety is endangered.
Thus, a braking force test was carried out in both dry
and wet environments. The grip force was 80 N. The
measured braking force was divided into three
categories: failure (NG), medium (M), and excellent
(E). The effect of each component percentage on the
braking force was analyzed. The braking force test was
carried out only for the braking pads that had a shear
strength greater than 180 kgf because specimens with
insufficient strength cracked during the test and
resulted in inaccurate data.

The test results showed that 5Zn8Sn and 5Zn0Sn
belong to the NG category. The reason behind the
failure of 5Zn8Sn was the excessive Sn content.
During the braking test with a 60 N grip force, the
temperature of the brake disc was approximately 450
°C, which is higher than the melting point of Sn.
Therefore, the material experienced softening and the
braking force did not improve for a 60—80 N grip force.
Hence, the specimen failed. 5Zn0Sn failed because of
material rupture during the test as a result of the
excessive content of Zn. Although the shear strength
reached 196 kgf after sintering, the high temperature
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during the braking process caused the Zn inside the
material to expand, resulting in material rupture. In
addition, the test results of 5Zn8Sn and 5Zn0Sn
confirmed the negative braking effects of Zn and Sn
when their contents exceeded 5 wt.%. Although the
braking force of other specimens did not reach the
level of performance of the two groups of commercial
brake pads, all the specimens met the requirements of
DIN 79100, suggesting that they could pass the
braking test when subjected to a shear strength higher
than 180 kgf. Moreover, adding a small amount of
high-hardness material is a feasible approach for
improving the braking force effect without affecting
the strength of the material or damaging the braking
disc. The results of the braking force test are presented
in Table 3.

Table 3. Results of the braking force test.

. Shear strength
Specimen Dr Wet
P (kef) Y
57n8Sn 210 NG NG
5Zn0Sn 196 NG NG
6VO0Si 180 M M
6V1.5Si 203 M M
6V2Si 225 M M
15Ni1 324 M M
60Cu 528 E E
Resin 317 E E
o e e R
E 85 - . - -

ROO R0 840 R60 8RO 00 a0 940 960 980 1000°C
=« «]K00s 6786 7345  TROI  B1E9  B4.97 874V Be5 9116 9251 9363 9455
3600s 7643 806 8424 ®F0F 8927 9107 9252 9RT 9467 9546 Y6l
eseses T200s 8301 8621 BR74 9075 0236  93.64 9468 9551 962 9676 9722

Fig. 9. Relationship between the self-diffusion
concentration of Cu and the temperature at a fixed
diffusion distance.
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Fig. 10. Relationship between the self-diffusion
concentration of Cu and the time at a fixed diffusion
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distance.

Diffusion Behavior

For safety reasons, the brake pad was combined
with a Cu-sputtered back plate during sintering to
increase strength and prevent corner breakage. To
understand the influence of the sintering parameters on
the self-diffusion behavior of Cu, Fick’s first law was
used to calculate four conditions. Then, three groups
of parameters were selected for sintering. Finally, a
shear failure test was carried out to determine the area
of the residual specimen on the back plate surface and
validate the calculation results. The Cu concentration
on the back plate surface was set at 99.9 wt.% for all
four calculations. For the first two conditions, the
diffusion distance was set at a diameter of 10,000 Cu
atoms (~2.56 um). The change in the concentration at
a given position was calculated using different
sintering temperatures and durations (Figures 9 and
10). For the remaining two conditions, a specific
position with a Cu self-diffusion concentration of 90
wt.% was set, and the distance from that location to the
back plate was calculated at different sintering
temperatures and durations (Figures 11 and 12).
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30000

o
v
vg 23000
=]
= o0m
=
e -

15000 e

-
..... -
loooo et -
s
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...... -
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SO0 B20 40 860 B8O 00 920 940 960 9G  1000°C

=« «I800s 27664 34352 42325 S1765 62871 TSESS 90946 10830 128445 151388 177511

3600s 39123 4858 59856 73207 88913 | 12861.8 153286 181649 21409.6 251039

------ T200s 55320 68703 84649 10353.1 125742 15171 1RIB9.3 216779 25689 302777 355022
Fig. 11. Relationship between the self-diffusion
distance of Cu and the temperature at a fixed
diffusion concentration.
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Fig. 12. Relationship between the self-diffusion
distance of Cu and the time at a fixed diffusion
concentration.

The calculations revealed that increasing the sintering

214-



T.-M. Chen and C.-J. Huang: Copper-Reduction Alloy Design for Brake Pads.

temperature had a significant positive effect on the
self-diffusion of Cu. For example, the self-diffusion
concentration reached 86.21 wt.% after the specimen
was continuously sintered at 820 °C for 7200 s.
However, the self-diffusion concentration reached
87.47 wt% when the specimen was continuously
sintered at 900 °C for 1800 s. This results in major time
and cost advantages (Fig. 10). When the sintering
temperature increased, the distance from the position
corresponding to the 90 wt.% concentration to the
back plate increased after diffusion. With a fixed
sintering duration of 1800 s, the difference between
the sintering temperatures of 820 °C and 900 °C
represented 4150.3 times the Cu atom diameter (~1.06
pm) (Fig. 12). The calculations also revealed that
when the self-diffusion concentration exceeded 90
wt.%, the increase in concentration gradually slows
down (Fig. 10). Moreover, from 600 to 3600 s, the
self-diffusion concentrations for the three sintering

temperatures increased by 22.85, 12.29, and 6.37 wt.%.

However, from 3600 to 7200 s, the increase was only
547, 257, and 1.3 wt.%. Although continuous
sintering at 980 °C for 7200 s resulted in the best
diffusion effect, it was time-consuming and increased
the cost of equipment maintenance.

820°C
600s

900°C
600s

(a) (b)

(c)

Fig. 13. Surface of the back plate after sintering: (a)

the first group of specimens; (b) the second group of
specimens; (c¢) the third group of specimens.

To compare the results of the calculations versus
the actual test data of sintering, the 6VISil5Ni
specimens were sintered at three temperatures. The
first group was continuously sintered at 820 °C for 600
s, the second group was continuously sintered at 900
°C for 600 s, and the third group was continuously
sintered at 900 °C for 7200 s. The shear failure test was
conducted after sintering to observe residual brake
pieces on the back plate surface. As shown in Figure
13, the first group of brake pads exhibited poor
diffusion performance, and only a small part of the
material was combined with the back plate. This
condition may result in the brake pad separating from
the back plate during braking and is a risk factor for
accidents. In addition, the adhesion area in the second

group of brake pads did not reach 100%. Therefore,
increasing the sintering temperature can strengthen the
bonding. The adhesion area of the third group reached
100%, indicating that extending the sintering duration
improved the diffusion effect and the test result was
consistent with the calculated diffusion.

CONCLUSIONS

Different test pads with different composition
ratios were fabricated and tested to understand their
strengthening mechanism. The sintering parameters of
the brake pads were calculated using Fick’s first law
to reduce the amount of Cu wused. The main
conclusions of this study are as follows:

1. Sn, V, Si, and Ni at the weight percentages used in
this study increased the shear strength of the
specimens. The shear strength reached 200 kgf
when 6 wt.% V and 1.5 wt.% Si was added,
indicating a slight improvement in the binding
effect between the materials. However, a content of
Zn over 5 wt.% lowered the shear strength. The
brake test also showed a negative effect when the Sn
content was greater than 8 wt.%. Therefore, only a
small amount of Zn or Sn can be added to the brake
pads.

2. When Ni was increased to 15 wt.%, the shear
strength increased to 324 kgf, which is higher than
that of commercially available resin-based brake
pads. Hence, the best interface-binding effect was
attained when 15 wt.% Ni and 35 wt.% Cu was used.
The XRD analysis confirmed that the Cu-Ni
solution was the main factor behind the
strengthening of the substrate.

3. The self-diffusion trend of Cu was calculated using
Fick’s first law to understand the relationship
among the substrate concentration, sintering
temperature and time. The test result revealed that
the adhesion of the sintered specimen to the Cu-
sputtered back plate surface was consistent with the
calculated results. Thus, when the substrate
percentage is adjusted for different applications, the
calculation can quickly predict the result and
substantially reduce the testing time. Therefore, this
practice provides a useful guide for designing
powder metallurgy processes.

The development of environmentally friendly
brake pads has become the focus of related industries
in recent years because of the increasingly stricter
environmental protection regulations. Although the
optimal formula presented in this study enhances the
bonding effect between the materials, the reduction of
the Cu content is still the main direction of future
research. The friction coefficient and wear rate of the
materials can be optimized to balance braking
performance and service life. Because Cu is an
effective heat dissipator, a decrease in the Cu content
leads to lowered heat transfer performance. Therefore,
adding appropriate heat dissipation components is also
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an attractive research direction.
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