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ABSTRACT

Friction material in abrake system playsanimportant rolefor effective and
safe brake performance. Brake materials contain mainly Aluminaand other
ingredients. This research attempts to examine mechanical properties of
Boron mixed brake pads. Five groups of semi-metallic composite materials
were studied. Friction coefficient of Boron mixed and commercial brake
padsweresignificantly different. Average friction coefficient of Boron mixed
pads was 0.495, 0.065 higher than commercial pad. Abrupt reduction of
friction coefficient which is known as fade was more significant in the
commercial pad samples than in Boron mixed pads. Fade occurred in
commercial pad sample at the lower temperature asfirst fade was at 204°C
and second was at 159°C resulted from earlier softening and degradation of
Aluminamaterial. All Boron padswere more stable and constant than their
commercial counterparts. The study shows a dight reduction of friction
coefficient at atemperature of 204°C during thefirst fade and 238°C on the
second for Boron mixed pads. Both commercial and Boron mixed brake
pads showed normal recovery stage in that they returned to their pre-fade
friction coefficient levels with little temperature reduction. Properties of
Boron mixed brake pads are better than Commercial brake pads.
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INTRODUCTION

Researchersattempt to investigate various matei-
asinthebrake systemsto continuously improving the
performanceof vehicleaswell asincreasing itssafety.
Thefriction materia splay animportant rolefor effec-
tiveand safe brake performance. A singlematerial has
never been sufficient to solveperformancerelatedis-
sues such asfriction force and wear resistance. Com-

mercid brakefriction materidscontain manly Alumina
and other ingredients. Theingredients contained bind-
ers, reinforcing fibers, solid [ubricants, abrasives, fill-
ers, additivesand meta powders. Thecurrent research
attemptsto examinethe mechanical propertiesof Bo-
ron mixed brake padsby comparing themwith the com-
mercial brake pads.

Sarikaya et al.[Y examined the wear behavior of
Aluminum-Silicone-Boron Carbidecomposite coatings
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with 0-25wt% Boron Carbide particlesfor diesel en-
ginemotors. Theresults pointed out that an increase of
Boron Carbideparticlesin Aluminum Silicon coatings
was caused on therising of the micro-hardnessvalues
and the decrease of thethermal expansion coefficient
of the coatings. It was concluded that wear resistance
of the coatings produced using Boron Carbide pow-
dersisgreatly improved compared with the substrate
material. The highest wear resi stances of the coatings
werea so determined in the 20% Boron Carbide coat-
ing.

Luet a.@ investigated the effect of Boron content
and wear parameterson dry diding of nanocomposite
Titanium-Boron-Nitrogen thinfilms. Titanium-Boron-
Nitrogenwiththinfilmsof 1.4 micrometer inthickness
with different Boron contentswas deposited on Silicon
wafersat room temperature by reactive unba anced dc-
magnetron sputtering. Theresultsshow that Titanium-
Nitrogen hasthe highest friction coefficient of approxi-
mately 0.93. After theincorporation of asmall amount
of Boron (<“5.3a %) into Titanium-Nitrogen, thefric-
tion coefficient decreased to 0.80. A continuous reduc-
tion of friction coefficient wasalso reported after fur-
ther increasing Boron content.

I pek® in his study compare thewear behaviors of
Aluminum-Boron-Carbide (10wt%B,C, 15wt%B,C
and 20 wt% B, C) particleswith Aluminum-Silicon-
Carbide (20 wt% SiC) metal matrix composites. In
general, thewear rate of composites showed similar
trends, with the wear rate of samplesincreased with
theincreasein diding distances. Thewear rate of the
Aluminum-Silicon-Carbide (20 wt% SiC) composite
wasthelowest among of test specimensunder thewear
test condition. Further, |pek® explainsthat Silicon Car-
bide particle has more effect on wear resistance for
Aluminum aloy than Boron Carbide because of good
adheringtotheAluminumaloy matrix.

Yi and Yan™ examined theeffect of Hexagond and
Cal cined Petroleum Coke on friction and wear behav-
iorsof Phenolic resin based friction composites. Spe-
cificaly, they assessed the effect of Cacined Petroleum
Coke (CPC) and Hexagonal Boron Nitride (h-BN) as
thefriction moditers to improve the friction and wear
propertiesof Phenolic resin based friction composites.
It was observed that theincorporation of CPCledtoa
gradual increase in the hardness and in the bending
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strength of the Phenolic resin based friction compos-
ites. It was supposed that the CPC had astrong inter-
facia bonding strength with the Phenolicresin matrix
during the compression at elevated temperature and
pressure. Further, it wasfound that the hybrids of the
twofrictionmoditers were effective to signiticantly de-
creasethewear rate and stabilizethefriction coeffi-
cient of thefriction compositesat varioustemperatures
by forming auniform lubricating and transferred tilm on
therubbing surfaces. Theeffectivenessof the hybrid of
CPC and h-BN inimproving thefriction and wear be-
havior of the Phenolicresin based frictionmoditers could
be attributed to the complementary action of thelow
temperaturelubricity of CPC and the high temperature
[ubricity of h-BN.

Accordingly, Luet a.[@ documented threeimpor-
tant findingsintheir research. First, both friction coeffi-
cient and speciic wear rate decreased with incorpora-
tion of Boroninto Titanium-Nitrogen or increasing Bo-
ron content. \When the Boron content reached acritical
value (<“42%), an inversetrend in the wear rate oc-
curred dueto formation of soft hexagonal-Boron-Ni-
tridephaseinTitanium-Boron—Nitrogen thin Glms. Sec-
ond, Wear parametershad gresat effectsonfriction co-
efficient and wear rate. With anincreasein applied load-
ing, the friction coefficient increased, however the
Specilic wear rate exhibited an inverse trend, accom-
panying with an increasein amount of deformed wear
debris. Third, Oxygen of water inair participatedin
andreacted withilms and formed mainly Titanium Oxide
cons sting of Titanium Oxide, Titanium Dioxideand Ti-
tanium Trioxide, accompanying with minor amount of
Ferum Oxideindebris. Theformation of Oxidein de-
briswasbelieved to have an effect onincreasing wear
resistance.

Tang et a . examined the performance of Alumi-
num matrix reinforced with 5wt% and 10 wt% Boron
Carbide particles. Thefindings showed that wear rate
of both compositeincreased withtheincreaseindiding
speed and load. However the compositewith 10 wt%
Boron Carbidewas gpproximately 40% |l ower than that
of thecompositewith 5wt% Boron Carbide appeared
under thesimilar test conditions. Thisexperimental re-
sult indicated asignificant effect of the Boron Carbide
particleson enhancing thewear res stanceof thesecom-
posites.
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Hong et al.' examined wear mechanism of
multiphasefriction materid swith threedifferent Phe-
nolic resin matrices; straight Phenolicresin, Silicon
moditied Phenolic resin and Boron-Phosphorous (B-
P) moditied Phenolic resin. Wear tests were carried out
using aKrauss Type Friction Tester. Friction stability
and wear rate of thethreefriction materialswere com-
pared asafunction of temperature up to 400°C and the
mechanisms associ ated with thewear processesat dif-
ferent temperaturerangeswereandyzed usngArrhenius
type plotsand worn surface morphol ogy.

METHODOLOGY

Fvegroupsof locally devel oped semi-metdlic com-
postefrictionmaterid swerestudied for frictionand wesr.
A semi-metdliccommercid brakepad (ZMF) wasused
asabenchmark. Thecommerdd formulationsdeve oped
locally wererepresented by ZMF series. Abrasive ma:
terid named Aluminum OxidewhichexigedinZMFfor-
mulation wastaken out. It wasreplaced by cons stent
different weight percentageof Boron, i.e. 0.6 %, 1.0 %,
1.5%and 2.0 % and then mixed into theZMFformula
tion. Inaddition, other ingredientsmeasuredinthar weight
percentage were added proportionally. Grouping was
made based on thesevariations. Thefivegroupswere
referred to as ZMF, ZMF+B0.6%, ZMF+B1.0 %,
ZMF+B1.5% and ZMF+B2.0 %. These compositions
weredividedinto severd subcomponentsnamed asabra:
sves, additives, metal powder, reinforcing fiber, lubri-
cants, fillersand binders.

Brakepad sampleswere prepared to thesizes of 26
mmx 26 mmx 7 mm. Thewe ght and thicknessof brake
pad samplesweretaken beforeand after thefriction test.
In order to obtain averagethicknessvaue, threemea-
surementsweretaken at different locationsonthebrake
pad samples. Thevariaionsof thethicknessweremini-
mized.

Fivegroupsof brake pad samplesnamed asZMF,
ZMF+B0.6%, ZMF+B1.0 %, ZMF+B1.5 % and
ZMF+B2.0% wereprepared in actual production pro-
cess. Typica szesof samplesshownintheFgure 1was
cut for each formul ation group and re-shaped to square
using grinding machine. A totd of 20 piecesof brakepad
sampleswere used to examinether friction and wear
behavior.
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Figurel: Test sample used

Thefrictiontestswere performed usingthefriction
materia test machine called CHASE machine. The
CHASE used apearlitic gray cast iron disc (diameter
of 180 mm, thickness 38 mm) and abrakelining test
samplewith dimensions of 26 mm x 26 mmx 7 mm.
Thetest samplewas mounted on theload arm and 150
psi pressurewas pressed againgt theflat surface of the
rotating disc. Therotating cast iron disc moved witha
constant diding speed of 417 rpm.

RESULTSAND DISCUSSION

The TABLE 1 shows comparison test results of
Boron mixed and commercia brake pads. Thenormal/
hot friction coefficient test resultsweresummarized from
averagefour samplesof Boron and commercid brake
pad formulationindividudly. Theresultsdemonstrated
that theformulations using Boron mixed brake pads
produced higher normal and hot friction coefficient at
GG dassvauethanthose of thecommercid brakepad
samples.

TABLE 1: Summary of test results

Group of Normal friction Hot friction
Brake Pad coefficient coefficient
ZMF Regular 0.43 FF 0.41
ZMF + B0.6 % 0.48 GG 0.50
ZMF +B1.0% 0.51 GG 0.53
ZMF+B15% 0.49 GG 0.50
ZMF +B2.0% 0.50 GG 0.52

TheFHgure2 showsthesamplesrunfor first basdine
condition. The load was applied to the drum for 10
seconds and released for 20 seconds for 20 applica
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tionswith friction readingstaken at every fifth applica-
tion. Thetemperaturesrangefrom 82°C-101°C during
thetesting procedure. All thefriction coefficient of Bo-
ron samplesincreased a thebeginning of braking stages
until 20 braking applications. Among the Boron mixed
brake pads sample ZM F+B2.0% showed the highest
trend whileZMF+B0.6% wasthelowest.
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Figure 2 : Plots of friction coefficient for first baseline
condition

However thefriction coefficient of commercial
(ZMF) samplebecamelow at thefifth application and
eventually constant after 20 applications. Heat gener-
ated during braking caused the surfacetemperatureto
increasewith braking timewhich resulting the cresting
of tribo-films. For the commercia brake pad, tribo-
filmswhichwereintheformsof Carbon startedto cre-
ated at thefifth gpplication. Theincreaseof tribo-films
was accompanied by adecreaseinfriction coefficient
at thefifth gpplication onwards. Thesmilar findingwas
reported by Shorowordi et a.[? intheir studiesonthe
tribo-surface characterigtics of Aluminiummeta matrix
composites (AI-MMC). They suggested that since
Carbon in the transfer layer of AI-MMC wasin the
form of Graphite, theincreaseinthe Carbon content of
thetransfer layer resulted in adecreasein the coeffi-
cient of friction of Aluminium meta matrix composites
(AI-MMC).

TheFigure 3 showsthe changes of thefriction co-
efficient asafunction of disctemperatureduring the
first fadeconditionfor al samples. Theload was ap-
plied continuoudly for 10 minutesor until thetempera-
turereached 287°C. The coefficient of friction was re-
corded with eachincreasein thetemperature. Friction
readingsweretaken at average of 23°C intervals.
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Figure3: Plotsof friction coefficient vsdisc temperature

When thefriction coefficient decreasesduring brak-
ing dueto thefriction heet, thesituationisreferredto as
fadeand it iscaused by thermal decomposition of in-
gredientsinthebrakelining. The current study exam-
ined thechangesof friction coefficient at temperatures
of 101°Cto 287°C. It appeared that an overall friction
coefficient va uedeclined withtheincreasein drumtem-
perature. However thereduction of friction coefficient
for al Boron mixed brake padswas much more con-
stant and stable as compared to the commercial brake
pad. Asreported elsewherein thisreport, significant
reduction of thefriction coefficient of thecommercia
brake pads declined from 0.44 to 0.34, starting at a
temperature of 204°C to 287°C. Thissituation wasre-
sulted from the softening of the Aluminafibersat the
frictioninterfaceduring diding. Jang et al.[® also re-
ported that friction coefficient of friction materia con-
taining Aluminafiberswaslowering a approximately
200°C, resulted from the softening of Aluminaat el -
evated temperatures. They dsofound thet theflash tem-
peratureat thefriction interfacewas much higher than
the measured surfacetemperature and that thefriction
coefficient dropped dueto locaized melting of theAlu-
minafibers

Meanwhile a thetemperature of 204°C, the aver-
age reductions of all Boron mixed brake pads were
only minima, reduced only by 0.02 (from 0.50t0 0.48).
High thermal conductivity isbelieved to contributeto
thestability of Boron mixed brake padsand faderesis-
tancein hightemperature. It isshownthat therma con-
ductivity valuefor Boron materid is0.27 W/mmK and
Aluminais0.22 W/mmK. Chapman et a. (1999), in
their study on the effect of Aluminum-Boron-Carbide
for automotive brake pad application using friction
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assessment and screening test (FAST) machine re-
ported the similar findings and provided the same ex-
planation. Aluminum-Boron-Carbide showed no evi-
dence of fade with temperature increases since the
materia hashightoughnessand thermal conductivity
relativeto other ceramics.

First recovery condition

Figure4 showsfriction coefficient duringfirst re-
covery conditionfor al samples. During therecovery
part of thetest thedrumwasalowed to cool. Thebrake
was applied and friction readingsweretaken at 50°C
intervals. For thefirst recovery thedrum temperature
reduced from 271°C to 106°C.
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Figure4: First recovery plotsof friction coefficient

Thesignificant difference of recovery phasewas
portrayed inthe commercia ZMF brake pad sample
wherethefriction coefficient increased from 0.42 to
0.47 at temperatures of 271°C to 106°C. However,
for the Boron mixed brake pad samples, the average
friction coefficient decreased from 0.53t0 0.49 at the
similar temperatures. Friction fadetook placeat high
temperature but recovered rapidly upon cooling. The
mogt desired Stuationisnorma recovery, whichiswhen
friction coefficient returnstoitspre-fadefriction level
with alittletemperaturereduction. Therefore, there-
covery conditionfor both Boron and commercid brake
pads were normal as they were able to return to its
pre-fadefriction coefficient level . Heat generated dur-
ing braking caused the surfacetemperatureto increase
with braking time. During thisexperiment the onset of
degradation of friction materid started at 204°C. There-
fore during the cooling stage the phenomenon of deg-
radationwasdiminishing. Thisfindingiscongruent with
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Zhang and Wang® findings when they compared the
friction performanceof brake pad materid didingwith
Aluminum matrix compositereinforced with Silicone
Carbide.

Wear test condition

TheFigure5 revealsthe graph of friction coeffi-
cient collected during wear test application. Theload
was applied for 20 seconds and rel eased for 10 sec-
ondsfor 100 gpplications. Thetemperaturesat thisstage
ranged between 100°C to 106°C.
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Figure 5 : Plots of friction coefficient during wear test
condition

Thefriction coefficient resultsshowed atrend which
issmilartotheinitia basdineresult except for thecon-
dition of brakingtimethat wasprolonged until 100 ap-
plications. Friction coefficient value of Commercial
sampleZMF sgnificantly reduced after 30 gpplications
onwardsfrom 0.53t0 0.43. Thereduction of friction
coefficient for commercia brake pad resulted fromthe
existence of tribo-film that actsas protectivelayer be-
tween both surface and thetribo-film containing plenty
of oxygen, whichwasmainly comprised of variousAlu-
minium Oxides. These oxides commonly have low
strength and hardness, which could reducethefriction
coefficient. Luet .29, intheir study ontheincorpo-
ration of Boroninto Titanium Nitrogen (TiN) suggested
two factors contributing to thefriction coefficient re-
ducing effect of oxides. First, tribo-film actsasprotec-
tivelayer and only occasiona metd to coating contact
occurs. Secondly, thetribo-film containsalot of oxy-
gen and ismainly comprised of various Titanium Ox-
ideswhich eventudly reducesthefriction coefficient.
All Boron samples show high and constant friction co-
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efficient at the beginning of the braking stages caused
by direct contactsof the brake padsand rotor surfaces
without theformation of tribo-films. However, thefric-
tion coefficient significantly dropstowardstheend of
braking applications. It isa so worthwhileto note that
friction coefficient of Boron sampleZMF+B1.5%only
reduced dightly from 0.54 to 0.52 dueto theformation
of tribo-film at 60 applications.

Second fadecondition

The Figure 6 showsthefriction coefficient behav-
ior during the second fade condition. The load was
applied continuoudy for 10 minutesor until 334°C. The
coefficient wasrecorded with every increase of 23°C
inthetemperature. Thefriction coefficient valuefor
commercid sampleZMF sarted to decreasefrom 0.44
at 159°C t00.40 at 334°C. The softening of Alumina
also occurred at the temperature of 159°C. Beyond
thistemperature, the degree of material degradation
increased. The binding properties of material were
weakened, and eventualy yid d strength of the materi-
alsdecreased, resulted to the reduction of friction co-
efficientvdue Thisissmilarto Taibetd.’s? findings
which reported that the degree of degradation increased
with temperatureswithin therange of 269°C to 400°C.
Thesignificant reduction of friction coefficient for all
Boron mixed brake pad sampleswas observed. The
averagefriction coefficient reduced from 0.58t0 0.48
at the temperatures of 238°C to 334°C. Apparently,
the degradation processfor al Boron mixed samples
occurred inthisstudy issimilar to Talib et al.’s(2011,
Hong et a.1® also reported the similar resultswhere
they found that decomposition temperaturefor Boron
Phosphorus modified resin brake pad was at 319°C,
asopposed to 299°C for the straight resin brake pad.

Second recovery condition

TheFigure7 showsfriction coefficient during sec-
ond recovery condition for al samples. During there-
covery part of thetest the drum wasallowed to cool.
Theload was applied for 10 seconds at 50°C incre-
ments asthe drum coolsfrom 321°C to 104°C.

The graph also shows atrend similar to the first
recovery condition. Thesignificant different of recov-
ery phase can be seen for thecommercial ZMF brake
pad samplewherethefriction coefficient showsanin-
creasing trend from 0.32 at 321°C to 0.41 at 104°C.

Woateriolsy Science  mmm——

However for the Boron mixed brake pad samplesthe
average of friction coefficient decreased from0.48to
0.43 a thesimilar temperature range. Thus, both Bo-
ron and commercial brake pads showed normal re-
covery when they returned to their pre-fadefriction
coefficient level.

Final basdinecondition

TheFigure8 showsfriction coefficient during fina
baseline. Theload wasapplied to thedrumfor 10 sec-
onds and released for 20 secondsfor 20 gpplications,
with adrumtemperature of 104°C to 82°C. The fric-
tion coefficient for al samplesshow trend smilar toini-
tial baseline condition. All Boron and commercial
samplesexperienced increasesin friction coefficient at
thebeginning of thebraking stagesuntil 20 braking ap-
plications Asexplainedintheinitial basdinestage, fric-
tion coefficient increased when direct contacts of the
ingredientsin thelining and rotor surfacesoccur at the
frictioninterfacewithout tribo-films. It wasal so associ-
ated with theincrease of therea areaof contact during
diding sages.
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Figure6: Plotsof friction coefficient during second fade
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Figure8: Plotsof friction coefficient during final baseline

CONCLUSIONS

Thisstudy investigatesthe effect of the Boron on
thefriction characteristics. Based on theimpact factors
obtained fromthisstudy, it ispossibleto modify aspe-
cifictribology property of abrakefriction material by
changing theamount of Boronin asystematic manner
while expecting possiblechangesin other tribol ogical
properties.

Friction coefficient of Boron mixed brakepadsand
commercid brakepadsweresgnificantly different. The
averagefriction coefficient of dl four Boron mixed brake
padswas0.495 (0.065 higher thanthecommercid brake
pads). Therewasno significant differenceinfriction
coefficient between dl four Boronformulationsshown
by CHA SE machinetest result.

Theabrupt reduction of friction coefficientwhichis
known asfade was more significant in thecommercia
brake pad samplesthanin Boron mixed brake pad for-
mulations. Fade occurred in commercia brake pad
sampleat thelower temperature; i.e. thefirst fadewas
at 204°C and the second was at 159°C resulted from
theearlier softening and degradation of Aluminamate-
rial. All Boronformulationsweremore stableand con-
stant than their commercia counterparts. For Boron
mixed brake pads, the study reported only adlight re-
duction of friction coefficient at atemperature of 204°C
during the first fade and 238°C on the second. This
wasresulted from high thermal conductivity of Boron
materia. Both commercia and Boron mixed brakepads
showed normal recovery stageinthat they returned to
their pre-fadefriction coefficient levelswithlittletem-
peraturereduction.
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