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The use of various materials in brake pad compositions is widely studied. In
this study, the borax powders or the copper or bronze fibres are added in non-
asbestos organic brake pad composition to examine the effects of type and
quantity of additive on the friction and wear characteristics of brake pads.
Firstly, three different specimen groups are developed by powder metallurgy
method, which contain various amounts (1.5, 3, 4.5 and 6% weight) of borax
powder, copper fibre, and bronze fibre. The mixtures are blended with an in-
dustrial-type mixer, pressed by hydraulic press, and then they are post-
sintered at 185°C for 24 hours. The friction—wear tests of specimens are per-
formed by means of the Chase Machine according to the SAE-661 test stand-
ard, and then friction surfaces of the specimens are analysed with a scanning
electron microscope. Hardness tests are performed according to the Brinell
Scale test method. Test results show that, while addition of different
amounts of borax powder enhances the wear resistance of brake pads, addi-
tion of copper and bronze fibres increases recovery, normal and hot friction
coefficients’ values with increasing amount of metallic fibre.

Key words: non-asbestos organic brake pads, borax, metallic fibre, wear re-
sistance, friction coefficient.

JlocaimsxeHO BUKOPUCTAHHSA PiSHMUX MAaTEePidAiB y KOMIIO3UIIAX TraJbMiBHUX
nuckiB. ITopomku 6ypu, MiZHI uu TO GPOH30Bi BOJIOKHA AOJaBaJINCA 4O CKJIALY
6e3a30eCTOBOT'0 OPTaHiYHOTIO raJbMiBHOTO AWCKY 3 METOIO JOCTi:KeHHs BILIN-
BY TUIY Ta KiJIbKOCTH NJOOABKM HA XapaKTEPUCTUKU TEePTsS Ta 3HOCY rajbMiB-
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HUX AUCKiB. Brepiiie MeT0Om010 MOPOIIIKOBOI MeTaayprii 0ysio po3pobyeHo Tpu
PisHHX rpymnu 3pasKiB, [0 MiCTATH PidHY KiJbKiCTh HOPOIIKY OypH, MigHHUX i
OpousoBux BoJIOKOH (1,5, 3, 4,5 i 6% Baru). Cymimii rorysaJucs 3a JOIIOMO-
TOI0 MiIllTaJIKX IIPOMUCJIOBO THUIY, IIPECYyBAJIUCA I APaBIiYHUM IIPECOM, a IIOTiM
cuikaaucsa 3a remepatrypu 185°C nmporarom 24 rogus. TecTyBaHHS 3paskiB Ha
TePTA—3HOC IpoBoauIn 3a Jomomororo Chase Machine BigmosigHo 10 cTangap-
Ty SAE 661; moTiM moBepxHi TepTA 3pas3KiB JOCIiKYyBaInCsa CKaHIBHUM eJie-
KTPOHHUM MiKpOCKOIOM. BumpoOyBaHHA Ha TBepAicTh mpoBoxuau 3a Bpu-
HeJIJIEBOIO MeTo010. Pe3yibTaTu BUIIPOOYyBaHb CBiAUaTh, 1110, Y TOM Yac IK J0-
JaBaHHA Pi3HOI KiJTBKOCTH MOPOIMIKY OYPH HiABUINYE 3HOCOCTiMKiCTh raJbMiB-
HUX OUCKIiB, JOJaBAHHA MiJHMUX Ta OPOH30BUX BOJOKOH 30iJbIITy€e TOKA3HUKU
BiTHOBJIEHHS, 3HAUYEHHA Koe(illieHTiB HOpMAaJIBHOrO Ta rapsiuoro TepTs 3i 36i-
JIBIIIEHHSAM KiJIbKOCTHA METAJIEBOTO BOJIOKHA.

KarouoBi caoBa: 6eszasbecToBi opramiumi ranpmiBHi amckm, O6ypa, MeTajiese
BOJIOKHO, 3HOCOCTiMiKiCcTh, KoedillieHT TepTs.

W3yueno mcmob3oBaHMe PA3JIUYHBIX MaTePUATOB B KOMIIO3UIIUSIX TOPMO3-
HBIX AUCKOB. IlopoiKku 6yphbl, MeAHbIE NI OPOH30BBIE BOJOKHA J00aBIAINCH
B cocTaB 0e3acO6ecTOBOTO OPTaHUYECKOT'0 TOPMO3HOI0 JUCKA, U MCCIEJ0BAIOCH
BINAHNE TUIIA U KOJHUUYECTBA HOOABKM HA XapaKTEePUCTUKU TPEHUS W M3HOCA
TOPMO3HBIX TUCKOB. BIlepBbIe METOOM IIOPOIIIKOBOI MeTaJLIyPrUuu OLLIN pas-
paboraHbl TPU PaA3HBIX T'PYIOBI 00pas3IoB, COMEPIKAIINX PA3IUUHOE KOJIUe-
CTBO IOPOIIIKAa OypPbI, MeAHBIX 1 OPOH30BBIX BOJIOKOH (1,5, 3, 4,5 u 6% Beca).
CmMecHu rOTOBUJINCH C IIOMOIILIO MEIIAJIKY IPOMBIIILIEHHO THUIIA, IIPECCOBAINCD
TUAPaBINUYECKUM IIPECCOM, a 3aTeM CIIeKaJuch pu teMmneparype 185°C B Te-
yeHue 24 yacoB. TecTupoBaHme 00pas3iioB HA TPeHUE—M3HOC IIPOBOAUIN C IIO-
moirbio Chase Machine B coorBercTBuM co crammzaptom SAE 661; sarem mo-
BEPXHOCTU TPEeHUs 00pasIi[oB HMCCJIEJOBAINCH CKAHUPYIONINM 3JIEKTPOHHBIM
MUKpocKomoM. McbITaHWA HA TBEPAOCTD ITPOBOAMIN 110 MeToAMKe BpuHesns.
PesyabTaThl NCOBITAHUN IIOKA3BIBAIOT, YTO, B TO BpeMs KaK Jo0OaBJIeHUE pas-
HOTO KOJHMYEeCTBA MOPOINKA OYpPhI IMOBBIIITAET M3HOCOCTOMKOCTH TOPMOSHBIX
IHCKOB, MoOaBJIeHNEe MEIHOI'0 11 OPOH30BOT'0 BOJIOKOH YBEJIMUYMBAET IIOKa3aTe-
JY BOCCTAHOBJEHUA, 3HAUEHUA KOd(P(PUIMEHTOB HOPMAJHLHOTO W TOPSIYEro
TPEeHUA C YBeJIUUeHEeM KOJNUEeCTBa METAIINYeCKOTO BOJOKHA.

KaroueBsie cioBa: Ge3acbecToBLIe OpraHMUYecKIe TOPMO3HBIE AMCKH, Oypa,
MeTaJIINYecKOoe BOJIOKHO, N3HOCOCTOMKOCTD, KO9(MMUITMEHT TPEeH! .

(Received October 5,2017)

1.INTRODUCTION

Brake pad is a member of the brake system and formed by a combina-
tion of numerous components, and it is used to decelerate/stop vehi-
cles. Brake pad components transform physically and chemically dur-
ing braking, which identifies the friction—wear behaviour. For this
reason, the selection of components based on their characteristics in
macro- and microlevels is crucial. Braking-related friction and wear
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behaviour change depending upon driving conditions, the composition
of brake pads, production parameters, and friction film interfaces be-
tween the friction material and the rotor. Therefore, in the last decade,
experimental studies have aimed to provide stable friction, durability,
equal abrasion resistance, and low noise and vibration[1, 2].

Brake pads are classified according to the type of base material such
as metallic, carbon, and non-asbestos organic pads. Metallic-based
pads consist of metallic components, such as steel and copper, carbon
based pads have graphite, and non-asbestos organic pads have non-
ferrous metals, Kevlar, and fiberglass. Studies on organic-based brake
pads have increased due to wide availability of the organic materials
used in such pads and also because their density is much lower com-
pared to that of metallic pads. The use of steel, brass, and copper in
brake pad compositions provides an efficient heat transfer from the
friction surface because of their high thermal conductivity [3]. In re-
cent years, researchers have been conducting investigations to find
new materials to maintain the friction coefficient stability. As boron
and its compounds have high physical and mechanical properties, they
are utilized in many applications, including brake pad compositions
[4—T7]. The present study aims to investigate the effects of borax pow-
der (a compound of boron) and copper and bronze fibres on friction and
wear characteristic of non-asbestos organic brake pads.

2. EXPERIMENTAL DETAILS
2.1. Specimens

Three types of ingredients (borax powder, copper and bronze fibres)
were added with different rates in the commercial organic based brake
pad composition. Firstly, base specimen and three different specimen
groups were prepared by powder metallurgy method that contain 1%,
3% , and 5% borax powder (Na,B,0,-10H,0), 1.5%, 3%, 4.5% , and 6%
copper fibres, and 1.5%, 8%, 4.5%, and 6% bronze fibres (86% Cu—
14% Sn) by weight. Copper and bronze fibres were 1 mm in size.

The mixtures were blended with an industrial type mixer for 3 min,
pressed in mould (86 mmx55 mm) under 15 MPa pressure, and post-
sintered at 185°C for 24 hours. Table 1 shows the ingredients of the
composition.

Sintered samples were resized with an ATM Brilliant 250 abrasive
cutting device according to the SAE 661 test standard (25 mm x 5 mm x
x 7 mm). Then, their densities were calculated according to the Archi-
medes principle.

Samples were named according to type of additive: BX indicates bo-
rax powder, CF indicates copper fibre, and BF indicates bronze fibre.
Density values were given in Table 2.
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2.2. Characterizations of Composites

Friction tests were performed using a Chase Machine friction—wear
test (Pyramid Engineering, Serial Number: 120302) according to the
SAE 661 test standard. After brake pad specimens were cut in sizes of
25 mmx25 mmx7 mm, they were scrubbed with grey cast iron drum to
simulate driving conditions, then friction force and temperature were
measured, and data were transferred to the computer.

Hardness values of the specimens were measured by means of the
Emco Test Duravision 2000 hardness test machine before and after the
test with the Brinell Scale (Brinell-S) test method.

Surface characteristics of the brake pad specimens were analysed

TABLE 1. Ingredients in brake pad composition.

Classification Materials
Binder Phenolic resin
Fillers Barite, calcium carbonate
Reinforcements Glass fibre, steel fibre, Aramid fibre, PAN
Abrasives Aluminium oxide, iron oxide

Metal oxide, metal sulphide, borax powder, bronze

Friction modifiers fibre, copper fibre

Lubricant Graphite

TABLE 2. Density values according to ingredient type and percentage.

Samples ‘ Density (g/cm?)
Base (non-asbestos organic pad composition) 2.1
BX1 2.1
BX3 2.2
BX5 2.3
CF1.5 2.1
CF3 2
CF4.5 1.9
CF6 2
BF1.5 2.1
BF3 2
BF4.5 2

BF6 2
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using a Jeol JEM 6060 LV SEM, and energy dispersive x-ray spectros-
copy (EDX) was performed on the specimens.

3. RESULTS
3.1. Friction—Wear Behaviour

The SAE-J661 standard is given in Table 3. According to this standard,
friction coefficient values at the fade and recovery stages have differ-
ent features. For example, fade stage starts when the temperature of
the drum is 82°C, the heater gets activated until the temperature
reaches at 345°C, and then friction coefficient values were recorded.

After this stage completion, heater stops and cooler steps in. Tem-
perature decreases gradually at the recovery stage, and friction coeffi-
cient values are recorded.

To understand the friction—wear characteristic of the specimens at
the fade and recovery stages clearly, some of performance parameters
were identified [8—10]. These parameters are following: normal fric-
tion coefficient (n): average pn value at 93, 121, 149, and 205°C; hot
friction coefficient (1) for fade: average p value at 345, 317, 289, 261,
and 233°C; hot friction coefficient (1) for recovery: average . value at
261, 205, and 149°C; p-fade: minimum p value at the fade stage

% fade rate =100(yin X tmax);
p-recovery: maximum p value at the recovery stage

% recovery rate =100(Lyim X Mmax)}

TABLE 3. Stages of SAE-J661 test standard.

Name Speed | Load t?r;:e t(i)rflfe App. Teinp. TeIr{n p- T{&g&%
Burnish 308 45 1200 0 1 0 93 Strict
Reset 205 23 300 0 1 0 93 Strict
Baseline-1 411 67 10 20 20 82 104 Auto
Fade-1 411 67 600 0 1 82 289 Heater
Recovery-1 411 67 10 0 4 261 93 Blower
Wear 411 67 20 10 100 193 205 Auto
Fade-2 411 67 600 0 1 82 345 Heater
Recovery-2 411 67 10 0 5 317 93 Blower

Baseline-2 411 67 10 20 20 82 104 Auto
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% thickness loss rate =

_ thickness before test — thickness after test .
thickness before test

100.

As seen in Figure 1, the highest L value at the fade stage is BX1 and
the friction coefficient increased with temperature increase up to
205°C. At the recovery stage, the friction characteristics of the samples
changed and the base sample had the highest value. The cause of fluctu-
ation at this stage was attributed to non-uniform thermal loads [7].
Figure 1, a shows fade, recovery, normal and hot friction coefficients.
The desired p values of industrial brake pads are between 0.3 and 0.4.

Standard test stages involve three basic parameters: load, tempera-
ture, and speed [11, 12]. According to these parameters, pu-fade and
normal p values of borax-added specimens are low; however, p-
recovery and hot friction coefficients are average in present study. The
BX5 has higher performance than other borax-added specimens do;
however, base sample has the highest performance. Results indicate
that the addition of borax powder does not increase the brake pad per-
formance. The copper-fibre-added samples generally have good fric-

Friction coefficient |1 at fade Friction coefficient j at recovery  Friction coefficient 1
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Fig. 1. Friction test results at the fade (a) and recovery (b) stages, and general
characteristics of fade, recovery, normal and hot friction coefficient values (c).
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tion characteristics because the thermal conductivity coefficient of
copper is high (=z 401 W/(m-K)) and the generated heat is transferred
efficiently for this reason. This situation improves organic brake pad
friction coefficient. Furthermore, normal and hot friction coefficients
increase with increasing copper fibre rate, thus CF6 (copper 6% wt.)
has the highest performance. Fade and recovery characteristics of the
bronze fibre-added specimens are nearly same with the copper fibre-
added specimens, however, the addition of copper enhanced the p-fade
values unlike bronze, which has lower thermal conductivity than
bronze (By,on. = 354.3 W/(m-K)). The rest results indicate that friction
coefficient values increase with temperature up to 205°C, and then de-
crease from this temperature, which is similar to resin behaviours at
high temperature and bond strengths between brake pad components
as described in the literature [5].

Figure 2 shows wear behaviour and fade and recovery rates for all
samples. Bijwe et al. stated that acceptable % fade rate between 80 and
100 and recovery rate between 75% and 100% [11]. Although the fade

% 20
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Fig. 2. Fade and recovery rate (a), wear rate and thickness loss (b).



1518 irem Burcu ALGAN and Adem KURT

rate of borax powder-added specimens is below the industrial expecta-
tion, their recovery rate is high. The addition of borax improves the
recovery performance of organic brake pads slightly; however, their
fade characteristic was substantially inadequate. The examination of
the wear behaviour of borax-added specimens showed that wear rate
and thickness loss decreased with increasing rate of borax weight,
which indicates that wear resistance increased partially with increas-
ing borax rate as the composite density (Table 2) increased. Metallic-
fibre addition in the brake pad composition results in inclusions, which
increases the thermal conductivity and provides effective heat removal
as reported in the literature. Furthermore, metallic materials exhibit
aggressive behaviour that abrades and renews the layer on the inter-
face between brake pad and disc. Thereby, both thermophysical proper-
ties and the tribofilm quality improve the fade resistance of the brake
pad [9]. Based on this characteristic, wear rate and thickness loss in-
crease with increasing copper and bronze rates, as seen in Fig. 2. Even
though fade rate is low, recovery rate is high for copper-added and
bronze-added specimens.

3.2. Hardness Results

Figure 3 shows the hardness values of specimens obtained by the fric-
tion test based on the Brinell-S method. Borax-added specimens exhib-
it higher hardness values than the base specimen, and BX3 has the
highest hardness due to the work hardening caused by the increasing
temperature during friction. Hardness values of copper-added and

90 I
| —=H 2 o | .
801 — % 53
] SEN ] EEEE:
CEES ) EREE
EEEES V) LEEE
to [ |EEE ] K0ERE
2 ] ==l il
%30: = ? 7, % :::: X
£ 7] — 70707 b
ia =a=N71707 5
20 — 70% 120
10] SE Y 5
0- T T ; T T / / T < t: T

Base BXP1 BXP3 BXP5 CF1.5 CF3 CF4.5 CF6 BF1.5 BF3 BF4.5 BF6
Composites

Fig. 3. Brinell-S hardness results of specimens after friction test.
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bronze-added specimens are high because metallic fibres increase wear
and deformation. The increase of hardness leads to noise, thus bronze-
added specimens appear to be more advantageous than the other
groups.

3.3. SEM Observations

The friction surface was analysed using SEM in combination with en-
ergy dispersive x-ray spectroscopy (EDS) mapping analysis to under-
stand the relationship between worn surfaces and friction—wear char-
acteristics of organic-based brake pads. Micrographs clearly show four
distinct regions for all the specimen groups, which are black, white,
grey, and wear debris. The EDS analysis indicates for all groups that
the black region involves substantial amount of C, O, and S as well as a
slight amount of B, Cu, or Sn (according to type of addition); the white
region involves O, Ca; the grey region involves C, Ca, O, and Fe; and
wear debris region involves Fe, O, Al, Si, and Ca. Regional EDS results
were given in Table 4 for some specimens. Figure 4 shows micrographs

20 3 § 5 e

Fig. 4. SEM micrographs (x200) of borax powder-added specimens BX1 (a),
BX3 (b), and BX5 (c).
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TABLE 4. Regional EDS results for certain samples.

Regions | Samples | BX3 | BX5 | CF3 |CF4.5| CF6 | BF3 |BF4.5| BF6

C 76.8 - 85.8 84 94 94 38 90
O 58 5.1 6.6 11.2 20.4 4
S — — —

Black B 15.7 92.5 - - - - -
Fe - - - - - - 24.8 -
Cu - - - - - - -
Sn - - - - - 2.4 4.2 2

C 741 - 69.4 73.7 11.5 80 41
0 58 - . .
Ca - 282 - - 404 - 17 23
Fe - 14 - - -

White B 6 - - - - - - -
Sn - - - - - - — 8
Si - 43 - - - - - 27
Ti - -
Al - 104 - - - - - -

(0] 7.7 - - - - - - -
Al — — - — — -
Fe 84.6 91.3 86.8 88.4 85.7 79 85 10.5
Wear Ca - 2.7 - - - -
debris (0] - - 5
Cu - - 4.1 5.4 4. -
Sn - - - - - 3.5 6 53.5
Si 3 3.1 - - - - - -

(6] 314 - - 4 211 20 23.3 32

Fe 14 41.9 92.7 e - 12.3 21 -

C 30.5 - - 2 654 50.1 37 27

Ca - 27 - 3 - -

Grey Si - 15 - - - - - -
Sn - - - - - - - 6
Al - 6.1 - - - - - -
Mg - - - - 5.7 - - -
Cu - - 3.2 - - - - -

w
|

of borax-added specimens, where black-white regions take a large pro-
portion.

According to the EDS results, the existing boron—oxygen com-
pounds appear to have improved the wear resistance of brake pads as
seen in Fig. 2. In Figure 4, b, it is observed that undistracted glass fi-
bres are perpendicularly oriented towards the sliding direction due to
the adhesive bonding of glass fibres at high temperatures.

The EDS results of the wear debris region indicate that this region
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Fig. 5. EDS mapping image of BX3.

involves Fe, and O, as well as Ca, Si, and Al, as reported in the litera-
ture. The amount of this region is higher in BX1 compared to the other
borax powder-added specimens. Larger wear debris regions are caused
by the numerous contact points in the friction interfaces [13, 14]. For
this reason, BX1 appears to have the highest hot friction coefficient,
normal friction coefficient, and p-fade. A sample EDS mapping image
provided in Fig. 5 clearly shows that the components of the composite
are dispersed homogeneously.

Wear debris are fragmented and spread on the wear surface and also
embedded into the matrix as shown in Fig. 6, ¢, which was considered
to be a factor increasing the friction coefficient.

Table 4 shows clearly that the amounts of Fe and O are high in wear
debris region for certain sample, and they control the wear—friction
behaviour as reported in the literature[13, 16, 17]. Since broken parti-
cles coming from the grey cast iron disc accumulate in wear surfaces,
the amount of Fe is the highest in this region [18]. As apparent in Figs.
6, a and 7, d, the long and large wear debris regions are secondary re-
gions consisting of graphite and aramid fibres, which appear to be
leading to a decrease in the friction coefficient. BF4.5 and BF6 involve
substantial amount of Fe and Cu elements, which appears to be provid-
ing an increase in p-recovery (0.36—0.41) and recovery rate. Addition-
ally, Figure 7 shows that wear debris regions are much larger in BF6
because its normal p, hot p, and recovery p values are high. Moreover,
wear rate and thickness loss increased especially for BF4.5.

4. DISCUSSION

In the present study, the effect of type and quantity of additive on the
wear and friction behaviours of non-asbestos commercial organic brake
pad compositions was examined. The important conclusions resulting
from the above present study are as follow.
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Fig. 6. SEM micrographs (x200) of copper fibre-added specimens CF1.5 (a),
CF3 (b), CF4.5 (¢), and CF6 (d).

S o 3 ; we

Fig. 7. SEM micrographs (x200) of bronze fibre-added specimens BF1.5 (a),
BF3 (b), BF4.5 (¢), and BF6 (d).
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1. Addition of different amounts of borax powder enhances the wear
resistance of brake pads, where thought in that, and the minimum
wear rate and thickness loss were observed in BX5.

2. Friction test results show that fade and normal friction coefficient
values are low; however, yet recovery and hot friction coefficients are
within the desired range due to borax, and other components were not
observed to be not forming a compatible compound, where thought.

3. The addition of copper and bronze fibre increased recovery, normal,
and hot friction coefficient values with increasing amount of metallic
fibre, that e.g. CF6 and BF6 has have the maximum values. Consider-
ing test results and similar studies in the literature, 6% and above of
metallic fibres’ addition increases and improves the friction coeffi-
cient, while it increases the wear rate, where thought.
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