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This work aims to study effects of friction modifiers, i.e., synthetic graphite
and carbonized hemp hurd (CHH) on thermal stability, dynamic mechanical
properties, mechanical  properties, and ftribological performances  of
polybenzoxazine-based friction composites. Simulation of brake pad and disc brake
by using ANSYS simulation program to study behaviors of the friction modifier filled-
polybenzoxazine composites, i.e. pressure distribution and wear rate was also
investigated. The results show that when the CHH is added to the polybenzoxazine
composites, the tribological, dynamic mechanical, and mechanical properties were
significantly improved because of some lignocellulose structure of the partially CHH.
While, thermal property i.e., thermal degradation slishtly decreased because the
degradation temperature of lignocellulose is lower than the degradation
temperature of synthetic graphite. From the simulation, the maximum pressure
distribution was at the edge of the composite. At the lower temperature region, the
behavior of the pressure gradient of the composite was occurred from the edge to
the middle. When increasing temperature, the pressure gradient toward the middle
was decreased. Moreover, wear rates obtained from simulation were closed to the
wear rate from experiment with an error in the range of 7% which is within

acceptable tolerance.

Field of Study:  Chemical Engineering Student's Signature .......cccccevevnenn.
Academic Year: 2019 Advisor's Signature ..o

Co-advisor's Signature ........ccccceeeenee.



ACKNOWLEDGEMENTS

This research was accomplished with cooperation from many parties. | would
like to start by thanking my advisor: Prof. Dr. Sarawut Rimdusit and my co-advisor: Assoc.
Prof. Dr. Chanchira Jubsilp for gave me a worth opportunity to do this research together
with his suggestion, assistance, and observation including supporting throughout the
course of this research.

This work has been supported by The National Research Council of Thailand
(NRCT), Compact International (1994) Co., Ltd. (Thailand) for supported friction modifiers
and fillers, PTT Phenol Company Limited. (Thailand) for supported Bisphenol A.

In addition, | am thankful to Polymer Laboratory, Department of Chemical
Engineering, Faculty of Engineering, Chulalongkorn University for supporting the
equipment and experiment locations, and Prof. Dr. Sanong Ekgasit, from Faculty of
Science, Chulalongkorn University for supporting scanning electron microscope (SEM).

Finally, | have to express my grateful to my family and all my best friends for
constant supporting, will power, advice, and kindly helps. Especially, Miss Pattarin Mora
and Mr. Anun Wongpayakyotin. | would like to express my sincere thanks for their advice

and efficient solution throughout the experiment.

Nuttarika Kunaroop



TABLE OF CONTENTS

Page

ABSTRACT (THAI 1ottt iii
ABSTRACT (ENGLISH) 1. iv
ACKNOWLEDGEMENTS ..ottt Y
TABLE OF CONTENTS .ttt vi
CHAPTER | INTRODUCTION ...ttt sttt 1
1.1 INErOTUCTION ..ttt 1
1.2 ODJECHIVES ...veeeeeveveveernss@eeesondefideseishenrineisssionssiasinnsesesesessssssssessssssssssesesessssassnsesesssssssnsasn 3
1.3 SCOPES Of TE STUAY c.ciiiiiiiees st 3
1.4 Procedure of the STUAY ..o 6
CHAPTER Il THEORY AND LITERATURE REVIEW ..o 7
2.1 BraKe SYSTOM .. it eeeets ettt ettt siasbda b et esses s st sesesesesesesesesssesesessssssasasas 7
211 DIUM BraKe ..ttt 7

Drum brake .....  WIIANNITUHMIANEINQEL..........ees 7

2.1.2 Disc brak@l UL AL I N e N e 7

2.2 Brake pads INGIreI@NTS ......c.iuiuiiiieieieieieie e 7
2.2.1 BINAET e 7

2.2.2 ReINfOrCed fIDEIS ... 9

2.2.3 FILLOIS. ettt 10

2.2.0 Friction MOGIfIET ... 11

2.3 POLYDENZOXAZING .iiiiiei e 11

2.0 THDOLOGY vttt 12



Vii

2.0.1 Friction COBTAICIONT ....oviic e 12
2.80.2 WAK TATE ..ttt 13

2.5 Thailand Industrial Standard (TISO7-2557) ....c.coiiiriieeeieeeeeeie e 14
2.6 Finite Element ANalysis (FEA) ..o e 16
2.6.1 Pre-PrOCESSING.c.citiiirieiiietiietetrt ettt ettt sttt st 16
2.6.2 ANGLYSIS weeeee ettt 17
2.6.3 POSE PrOCESSING . .uiteiiieieeieee ettt ettt ettt enens 17

2.7 EULETr INTEEIATION ..o 17
2.8 LITErature rEVIEW......c.iiiiiiisii ettt ettt ettt sttt ettt 18
2.8.1 Experimental lUterature reVIeW ..o 18
2.8.2 Simulation Uterature reVIEW ... 22
CHAPTER [l EXPERIMENTAL L.ttt 26
3.1 Materials and ChemICalS ... 26
3.2 Synthesis of DENZOXAZINE TESIN. .....iviviiiiiicci e 27
3.3 SAMPLE PreP@ratioN. ...c.c.i et 27
3.0 CharaCteriZatiON ... 29
3.4.1 Thermogravimetric analyzZer (TGA) ... 29
3.4.2 Dynamic mechanical thermal analyzer (DMA).........cccoeieeeeeeeeeeeee, 29
3.4.3 Universal testing Maching ......cccciieei e 30
B30 THIDOMELET ...ttt 31
3.4.5 Constant speed friction testing Maching ... 32
3.4.6 Worn surface morphology characterization of the samples.......ccccocoeeunee 33
BT SIMULATIONS ...ttt 33

CHAPTER IV RESULTS AND DISCUSSION ..ottt 35



viii

4.1. Dynamic mechanical thermal properties of graphite/carbonized hemp hurd-

filled pOlYy(BA-35X) COMPOSITES. ..o 35

4.2 Mechanical properties of poly(BA-35x) composites at various carbonized hemp

YUEA CONMTEINTES. ettt ettt ettt e et ee e et e et e e e et e saeesreeeennan 36

4.3 Thermal stability of synthetic graphite/carbonized hemp hurd-filled poly(BA-

35x) composites at various carbonized hemp hurd contents.........cccooevierinenne 37

4.4 Tribological properties of synthetic graphite/carbonized hemp hurd-filled
pOly(BA-35x) brake pad COMPOSITES. ....c.ovuiuiieieiiieieieeiee s 39

4.4.1 Coefficient of friction and wear rate of synthetic graphite/carbonized

hemp hurd-filled poly(BA-35x) composites at room temperature (25°C). 39

4.4.2 Coefficient of friction and wear rate of synthetic graphite/carbonized

hemp hurd-filled poly(BA-35x) composites as a function of temperature.

................................................................................................................................. a2

B.5. WOTN SUIMACE ...ttt a4
4.6. Simulation of poly(BA-35x) friction composites filled with carbonized hemp

hurd 8 wt% in the temperature range of 100-350 “C.....cccoovrrrrrrirrininieneseins a6

CHAPTER V' CONCLUSIONS ...ttt 49

5.1 CONCLUSIONS .ttt a9

REFERENCES ... 50



CHAPTER |
INTRODUCTION

1.1 Introduction

Brake pad is one of the most important safety parts in automobiles. When
brakes are applied with velocities, it causes the brake pads to touch the brake discs,
which creates friction between the pads and discs; the friction causes heat and also
resists the motion of the wheels and, therefore, slows down or stops the car [1]. In
general, the ingredients of brake pads are classified to four classes: binders, reinforcing
fibers, friction modifiers, and fillers. Binders are an important ingredient, which bind the
composition integrity. Benzoxazine resin is one suitable candidate for this application
because of its distinctive advantages that are suitable for employing as polymeric
binders for non-asbestos organic friction materials (NAO FMs), including very low melt
viscosity, good interfacial adhesion with fillers, self-polymerizability upon heating via
ring-opening polymerization without catalyst or curing agent, and no by-product
release in the curing process [2]. Polybenzoxazines also exhibit outstanding properties
contributing to exceptional tribological performances of NAO FMs, including near-zero
shrinkage, low water absorption, high glass transition temperature of 170 — 340 oC, high
thermal stability with degradation temperature at 5% weight loss (Td5) of 315 - 350
°C, and excellent mechanical properties, i.e., flexural strength of 126 MPa and flexural
modulus of 4.5 GPa [3-6]. Reinforcement fibers improve the mechanical properties and
play a major role in maintaining stiffness, strength, and tribological behaviour of friction
composites, fillers are added mainly to reduce cost and maintain the overall
composition [7]. For friction modifiers, they are classified to abrasives and lubricants,
which are desired friction characteristics. Frictional modifiers are ingredients added to
friction materials in order to modify the friction coefficients as well as the wear rates,
while solid lubricant, i.e. MoS2, graphite, PTFE or starch is a material used as powder
or thin film which reduces friction and wear of contacting surfaces in relative motion
and provides protection from damage [8]. In recent years, friction polymer composites
derived from natural and fast renewable resources, especially cellulosic materials, are

developed due to eco-friendly nature and their numerous advantageous properties



such as low cost, availability, and sustainability [9, 10]. Natural fibers from hemp, flax,
bamboo, jute, and coconut are increasingly considered as a good reinforcement
material in friction polymer composites. Characteristics of natural fiber reinforced
composite for brake pads material have been studied [11]. The authors reported that
the composite reinforced with bamboo fibers has hardness of 37.14 HRB, friction
coefficient of 0.454, and wear rate of 0.323 mm3/N.mm, while hardness, friction
coefficient, and wear rate of the composite reinforced with coconut fibers was 44.10
HRB, 0.460, and 0.242 mm?3/N.mm, respectively. To compare those properties of the
composites with commercial brake pads, it was found that the hardness of the
composites was lower than that of the commercial brake pad, while friction coefficient
and wear rate of composites are relatively similar to the commercial one.

Hemp (Cannabis Sativa L.) is the source of two types of natural fibers: bast
fibers (used mainly in the paper and textile industries) and woody core fibers —hurds.
Hemp consists of approximately 20 wt% — 40 wt% of bast fibers and 60 wt% — 80 wt%
of hurds. The hurds consist of 40-48 % cellulose, 18-24 % hemicellulose and 21-24
% lignin [12]. For hemp hurd, it has low density makes it useful as an absorbent, a filler
for bricks, or for insulation (0.24-0.26 ¢/cm3). Hemp hurd may also be useful as a
substitute for wood in wood/plastic composites. Hemp hurd contains slightly higher
levels of cellulose and less lignin than wood, making it a potentially more effective
reinforcing materials [13]. In addition, the enhancement of the mechanical
performance of cement composites by the utilization of micro-sized carbonized hemp
hurd particles was reported. The carbonized hemp hurd could act as a heterogenic
obstacle in the way of crack tip and either forced it to deflect or to transform it into
multiple cracks [14].

Therefore, in this work, effects of friction modifier mass content, i.e., synthetic
graphite:carbonized hemp hurd on thermal, mechanical, and tribological properties of
highly filled polybenzoxazine composites as friction materials were investigated. The
mass contents of carbonized hemp hurd were varied at 0, 2, 4, 5, 6, 8 and 10 wt9%.
The thermal stability, dynamic mechanical properties and tribological properties of
friction composite materials were measured by TGA, DMA, Universal testing machine

and friction test, respectively.



Furthermore, this includes simulation in order to predict the behavior of the
polybenzoxazine composite friction materials, using ANSYS and MATLAB program to
simulates the contact pressure and wear rate of friction material by applying the Finite
Element Analysis method. The simulation can provide insight into the deformation
behavior thus helping reduce the time needed and cost of tribological tests.

1.2 Objectives
1.2.1 To evaluate the effects of carbonized hemp hurd particles on thermal,
mechanical, and tribological properties of the obtained polybenzoxazine composites.
1.2.2 To simulate the wear rate of the polybenzoxazine composites by ANSYS
and MATLAB program.
1.3 Scopes of the study
1.3.1 Synthesis of benzoxazine resin based on bisphenol-A, formaldehyde and
aromatic amines 3,5-xylidine by solventless synthesis technology. The molar ratio of
bisphenol A, paraformaldehyde, and 3,5-xylidine was 1:4:2. The three reactants were
mixed at 110 °C for 40 min until the homogeneous mixture was obtained. Benzoxazine
resin was solidified as a light yellow solid at room temperature. Finally, the solid
monomer was ground to fine powder and kept in a refrigerator for future use.
1.3.2 Preparation of the aramid pulp and carbon fiber filled polybenzoxazine
composites at aramid pulp: carbon fiber mass ratio of 75:25.
1.3.3 Preparation of Ingredient of benzoxazine composite.
(1) Thermal Binder is benzoxazine resin 10 wt%.
(2) Thermal Reinforcing fibers are iron fiber 25 wt% glass fiber 10 wt% and
aramid pulp and carbon fiber 5 wt%.
(3) Thermal Fillers are barium sulphate 25 wt%, rubber dust 4 wt%, and
cashew dust 4 wt%.



(4) Thermal Friction modifiers are zirconium silicate 7 wt%, graphite and
carbonized hemp hurd 10 wt% which are varied contents of carbonized hemp hurd of
0,2,4,5,6,8,and 10 %wt.

1.3.4 Fabrication of polybenzoxazine composite-based friction materials
Polybenzoxazine composite-based friction materials were formulated according to the
patented invention by Akebono Brake Industry Co., Ltd. (Tokyo, Japan) [15]. The
molding compounds were mixed using an internal mixer at 120 °C for 40-45 min. The
free volume of the mixer chamber with cam rotor mounted is 105 cm’. Molding
compounds including all ingredients with a mass of 50-100 ¢ was put into a mixer
chamber to ensure a thorough and uniform mixing. After the compounds were cooled
down to room temperature, the preformed compounds were placed in iron molds
with specified dimensions and subsequently heated in a compression molder at 200
°C and hydraulic pressure of 15 MPa for 2 h. The fully cured polybenzoxazine
composites were cooled down at room temperature and removed from iron molds

before characterization.

Table 1 The ingredients and compositions of polybenzoxazine composites [15].

Polybenzoxazine composite varied contents of carbonized hemp hurd
Ingredients (Wt%)
0 2 4 5 6 8 10
Binder resin
10 10 10 10 10 10 10
(BA-35x)
Carbonized
0 2 4 5 6 8 10
hemp hurd
Graphite 10 8 6 5 4 2 0
Zirconium
7 7 7 7 7 7 7
silicate
Aramid
3.75 3.75 3.75 3.75 3.75 3.75 3.75
pulps
Carbon
1.25 1.25 1.25 1.25 1.25 1.25 1.25
fibers




Glass fibers 10 10 10 10 10 10 10
Iron fibers 25 25 25 25 25 25 25
Barium
25 25 25 25 25 25 25

sulfate
Acrylonitrile
butadiene

q q q q q 4 4
rubber
(NBR)
Cashew

q q 4 q q a a
dust

1.3.5 Study effect of carbonized hemp hurd particles on thermal, mechanical,
and tribological properties of the obtained polybenzoxazine composites.

(1) Thermal properties are thermal degradation temperature and glass
temperature which examined by using Thermal gravimetric analyzer (TGA) and Dynamic
mechanical analyzer (DMA)

(2) Mechanical properties are flexural strength and modulus which
examined by using Universal testing machine.

(3) Tribological properties are friction coefficient and specific wear rate
which evaluated using a Constant speed test machine.

(4) Morphological properties worn surfaces obtained from sliding friction
test examined by using a Scanning electron microscope (SEM).

1.3.6 Simulation wear rate of the polybenzoxazine composites by ANSYS and
MATLAB program
(1) ANSYS
1) ANSYS Version 16.0
2) Velocity: 6 - 8 m/s
3) Rotor: 5000 revolutions
4) Pressure: 1 MPa
5) Poisson ration of composite brake pads

5) Young’s modulus of composite brake pads



6) Friction coefficient of graphite/carbonized hemp hurd composite

(2) MATLAB
1) MATLAB (R2018a)
2) Archard’s wear law

3) Euler integration

1.4 Procedure of the study
1. Reviewing related literature.
2. Preparation of chemicals and equipment to be used in this research.
3. Synthesis of benzoxazine resins by solvent less technique.
4. Preparation of benzoxazine composites.
5. Determination of thermal, mechanical and some tribological properties of
benzoxazine composite as follows:
a. Coefficient of friction
b. Wear rate
c. Degradation temperature at 5 wt% loss (Tys)
d. Glass transition temperature (T)
e. Storage modulus
f. Flexural strength
g. Flexural modulus
6. Simulation and analysis of the experimental results.

7. Preparation of the final report.



CHAPTER Il
THEORY AND LITERATURE REVIEW

2.1 Brake system

A brake system is designed to reduce and stop the movement of vehicle by
converting kinetic energy into heat energy.

Friction is the resistance to movement exerted by two things. Two forms of
friction play a part in controlling a vehicle: Kinetic or moving, and static or stationary.
The amount of friction or resistance to movement depends upon the type of material
in contact, the smoothness of their rubbing surfaces and the pressure holding them
together. Brake classification is in terms of disc brake and drum brake. This refers to
the mechanics of slowing down the vehicle [16].

2.1.1 Drum brake

Drum brake is a vehicle brake in which the friction is caused by a set of brake
shoes that press against the inner surface of a rotating drum. The drum is connected
to the rotating roadwheel hub. Just compared to disc brakes, drum brakes wear out
faster due to their tendency to overheat [17].

2.1.2 Disc brake

Disc brake is a device for slowing or stopping the rotation of a road wheel. A
brake disc usually made from cast iron or ceramic that connected to the wheel or the
axle. To stop the wheel, friction material in the form of brake pads is forced

mechanical. Friction causes the disc and attached wheel to slow or stop [17].

2.2 Brake pads ingredients

Brake pads typically comprise of the following subcomponents [18].
2.2.1 Binder
Binder which holds ingredients of a brake pad firmly. Among the ingredients in
the friction material, polymer binders (especially thermosetting resin) owed a crucial

role in determining the friction characteristics during braking [9]. Type of binder that is



used in the industry brake pads is phenolic resins which are widely used in the industry
because it is cheap and easy to produce.

From Table 2, comparing the properties of binder, it was found that the
benzoxazine resin has good properties more than other resin, such as high stability at
high temperature and high flexural strength, etc.

Table 2 Properties of different binders [7].

Properties Epoxy Phenolics PBA
Density (g/cm?) 1.2-1.25 1.21-1.32 1.19
Max use temperature 180 200 130 - 280
(°O)

Flexural strength (MPa) 90 - 120 24 — 45 127 - 148
Tensile modulus (GPa) 3.1-338 0.3-0.5 38-45
Elongation (%) 3-43 0.3 23-29
Dielectric constant (1 3.8-4.5 04/10 3-35
MHz)

Cure temperature (°C) RT-=180 150 - 190 160 - 220
Cure shrinkage (%) e 0.002 ~0
TGA onset (°0) 260 - 340 300 - 360 380 - 400
T, (O 150 - 220 170 170 - 340

From Table 3, comparing the properties of polybenzoxazines, it was found
that the polybenzoxazine ( BA- 35x) has good properties more than other
polybenzoxazines, such as high stability at high temperature and high storage modulus,

etc.



CH,

<obc:: ; Q

CHj
N

H3C

Figure 1 Polybenzoxazine (BA-35x) [18].
Table 3 Thermal and Mechanical Properties of the Polybenzoxazines [19].

Abbreviated Names BA-a BA-mt Ba-35x
Amines used aniline m-toluidine 3,5-dimethylbenzene
T,(°O) 168 209 238
T4 at 5% weight loss (°C) 315 350 350
Storage modulus at R.T.

1.39 1.78 1.63
(GPa)
Storage modulus at

4.4 11.9 13.6
rubbery plateau (MPa)
Molecular weight

610 360 325
between crosslink
Crosslink density

1.1x10° 1.9x10° 2.6x107

(mol/cm?)

2.2.2 Reinforced fibers
Reinforced fibers the purpose of reinforcing fibers is to provide mechanical

strength to the friction material.



Table 4 Function of reinforced fibers [18].

10

Fiber

Function

Aramid

Good stiffness to weight ratio,
excellent Soft, cannot be used
without other fibers thermal

resilience, good wear resistance

Carbon

High tensile strength, high thermal
stability, good conductivity

Glass

High thermal stability (high melting
Brittle point of 1430°C, but will start
to soften at approximately 600°)

Metallic

Thermally resilient steel and copper
have Large amounts may cause
excessive rotor wear; melting points

greater than 1000°C

2.2.3 Fillers.

Fillers in a brake pad are present for the purpose of improving its

Table 5 Function of fillers [18].

manufacturability as well as to reduce the overall cost of the brake pad [18].

Filler

Function

Barium sulphate

Increase thermal stability

Cashew dust

Suppresses brake noise

Rubber dust

Suppresses brake noise
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2.2.4 Friction modifier
Frictional modifiers are ingredients added to friction materials in order to
modify the friction coefficients as well as the wear rates. They are ordered into two
main groups: lubricants, which decrease the friction coefficients and wear rates, and
abrasives, which increase friction coefficients and wear rates.

Table 6 Function of friction modifiers [18].

Friction modifier Function
Graphite Lubricants
Carbonized hemp hurd Lubricants
Zirconium silicate Abrasive

2.3 Polybenzoxazine

Polybenzoxazine is a new type of phenolic resin with interesting properties
that are based on the ring opening polymerization of benzoxazine resin. Benzoxazine
resin can be synthesized from low cost raw materials and can be cured without the
catalyst. The resins can cross ring-opening polymerization without catalysts or curing
agents and do not release by-products upon curing. The polybenzoxazine has good
properties, such as high thermal stability, flame retardant, dimensional stability, low
melt viscosity, near-zero shrinkage upon curing, low water absorption, high mechanical
properties, glass transition temperature higher than cure temperature, fast mechanical
property build-up as a function of degree of polymerization, high modulus, and high
char-yield thus makes these polymers useful in many applications such as filled
composites [20, 21]. The benzoxazine resins (BA-35x) is synthesized from Bisphenol A,
Paraformaldehyde and 3,5-xylidine at 1:4:2 mole ratio by solvent less technology [15,
22].
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2.4 Tribology

Tribology is basic of materials, surfaces, lubrication, and the interaction that
determine the wear and frictional properties[23]. Tribology is motivated by
mechanisms. They include most machine elements, from gears, bearings, clutches, and
cables to human joints. The mechanisms are operated by impose loads, speeds,
temperature, etc., on the rubbing elements or first bodies. Figure 2 presents the key

elements of a tribological system.

Tribo system

Input parameters:
« Materials

* Forces

* Speed

* Temperature

Output:
« Friction force
* Wear
» Temperature

Figure 2 The various apparatuses of the tribological system: 1 and 2 are the two first

bodies; 3 is the interfacial body or third body; 4 represents the environment [23].

2.4.1 Friction coefficient
Friction coefficient is the friction between two solid interfaces that is the
resistance to tangential motion of one surface over the other, whether that motion is
sliding, rolling, or rubbing contact. When two solid surfaces are brought into contact,
adhesion can occur at the roughness between two solid surfaces, and this adhesive
force at the interface types as a braking power. Normally there are two types of friction,
static and kinetic. The rough surface will have more friction coefficient. Friction

coefficient (u) is calculated as follows in equation 1 [24, 25].
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Equation 1 Friction coefficient (u).

Where i is Friction coefficient
F is Force of friction (N)
N is Normal force (N)
2.4.2 Wear rate
Wear rate is strongly affected by the working conditions which are normal
loads and sliding speeds. They play a pivotal role in determining wear rate [26].
Moreover, tribo-chemical reaction is also important for wear behavior. Different oxide
layers are developed during the sliding motion [27]. The layers are originated from
complex interaction among surface, lubricants, and environmental molecules. In
general, a single plot, namely wear map. Demonstrating wear rate under different
loading condition is used for operation. The specific wear rate (W) is calculated as

follows in equation 2 [28].
Equation 2 Specific wear rate.

10?
W, =[(W,—W,)x —]/Pvt 2
Yo,

where W, is the specific wear rate (mm?/N-m)
W; is the weight before test (g)
W, is the weight after test (g)

P is the density of sample (g/cm?)
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P is the applied normal load (N)
v is the relative sliding velocity (m/s)

t is the experimental time (s)

Most wear models assume linearity, and they often assume that the wear is
directly proportional to the local contact pressure. The most common wear model is
named Archard’s Wear Law. Although Holm formulated is the same model, It is much
earlier than Archard. However, Archard and Holm interpreted the model differently.
The model has followed equation 3 [29].

Equation 3 Archard’s Wear Law.

V=K.—-~.S (3)

Where V is the wear volume (mm?)

Kis the dimensionless wear coefficient

FN is the normal load (N)

S is the sliding distance (m)

H is the hardness of the softer contact surface

2.5 Thailand Industrial Standard (TIS97-2557)

Thailand Industrial Standard (TIS97-2557) had classified friction coefficient
(COF) of brake pads, based on data shown in Table 7-11 [30].

Table 7 Classification of COF of brake pads [30].

Classification Use

Class 1 Used only for parking brake those use for center brake,

drum brake of drum in disc brake, etc.
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Class 2 Drum brake use for light load
Class 3 Drum brake use for heavy load
Class 4 Used for disc brake

Table 8 Class 1 [30].

Test temperature (°C)

Item
100 150 200
Coefficient of friction 0.30-0.70 0.25-0.70 0.20-0.70
Wear rate (107
1.0 or less 2.0 or less 3.0 or less
“rmm?/Nm)

Table 9 Class 2 [30].

Test temperature (°C)
Item
100 150 200 250

Coefficient of

0.25-0.65 0.25-0.65 0.20-0.70 0.15-0.70

friction

Wear rate (10

0.5 or less 0.7 or less 1.0 or less 2.0 or less

*rmm>/Nm)

Table 10 Class 3 [30].

Test temperature (°C)

I[tem
100

150 200 250 300

Coefficient of

friction

0.25-0.65 0.25-0.70 | 0.25-0.70 | 0.20-0.70 | 0.15-0.70

Wear rate

mm?/Nm)

(10 05o0rless | 0.70rless | 1.0orless | 1.5 or less | 3.0 or less
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Table 11 Class 4 [30].

Test temperature (°C)

[tem
100 150 200 250 300 350
Coefficient of 0.25- 0.25- 0.25- 0.25- 0.25- 0.25-
friction 0.65 0.70 0.70 0.70 0.70 0.70

Wear rate (107 0.5or 0.7 or 1.0 or 1.5 or 2.5 0or 35o0r

* mm?/Nm) less less less less less less

2.6 Finite Element Analysis (FEA)

Finite element analysis (FEA) is a numerical method used for the prediction of
how a part or assembly behaves under given conditions. It is used as the basis for
modern simulation software and helps engineers to find weak spots, areas of tension,
etc. in their designs. The results of a simulation based on the FEA method are usually
depicted via a color scale that shows for example the pressure distribution over the
object. FEA involves solution of engineering problems using computers. Engineering
structures that have complex geometry and loads, are either very difficult to analyze
or have no theoretical solution. However, in FEA, a structure of this type can be easily
analyzed. Commercial FEA programs, written so that a user can solve a complex
engineering problem without knowing the governing equations or the mathematics;
the user is required only to know the geometry of the structure and its boundary
conditions. FEA software provides a complete solution including deflections, stresses,
reactions, etc. The FEA consists of three steps: pre-processing, analysis, and post
processing [31].

2.6.1 Pre-processing

Using a CAD program that either comes with the FEA software or provided by
another software vendor, the structure is modeled. The final FEA model consists of
several elements that collectively represent the entire structure. The elements not

only represent segments of the structure, they also simulate mechanical behavior and
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properties. Regions where geometry is complex (curves, notches, holes, etc.) require
increased number of elements to accurately represent the shape; whereas, the regions
with simple geometry can be represented by coarser mesh (or fewer elements). The
selection of proper elements requires prior experience with FEA, knowledge of
structure’s behavior, available elements in the software and their characteristics, etc.
The elements are joined at the nodes, or common points. In the pre-processor phase,
along with the geometry of the structure, the constraints, loads and mechanical
properties of the structure are defined. Thus, in pre-processing, the entire structure is
completely defined by the geometric model. The structure represented by nodes and
elements is called “mesh”[31].

2.6.2 Analysis

In this step, the geometry, constraints, mechanical properties and loads are
applied to generate matrix equations for each element, which are then assembled to
generate a global matrix equation of the structure [31].

2.6.3 Post processing

This is the last step in a finite element analysis. Results obtained in step 2 are
usually in the form of raw data and difficult to interpret. In post analysis, a CAD program
is utilized to manipulate the data for generating deflected shape of the structure,
creating stress plots, animation, etc. A graphical representation of the results is very

useful in understanding behavior of the structure [31].

2.7 Euler Integration

In mathematics there are several types of ordinary differential equations (ODE),
like linear, separable, or exact differential equations, which are solved analytically,
giving an exact solution. This means that there is a specific method to be applied in
order to extract a general exact solution. One of the simplest integration methods is
the Euler integration method, named after the mathematician Leonhard Euler. The

Euler method is a first-order method, which means that the local error (error per step)
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is proportional to the square of the step size, and the global error (error at a given
time) is proportional to the step size.

The Euler integration method is also an explicit integration method, which means that
the state of a system at a later time (next step) is calculated from the state of the

system at the current time (current step) as shown in equation 4 [32].

Equation 4 Euler Integration [32].

y(t+ At) = Fyt) @)

The Euler integration method is also called the polygonal integration method, because
it approximates the solution of a differential equation with a series of connected lines

(polygon).
2.8 Literature review

2.8.1 Experimental literature review
Kurihara et al. (2012) [33] had suggested the use of polybenzoxazine is binder
in friction materials. They explained the case of a friction material using phenolic resin
(PF) that showed the friction coefficient (COF) is no significant effect with material base
on polybenzoxazine. The wear rate of phenolic resin material is lower than
polybenzoxazine material in Table12. Moreover, friction material base on phenolic
resin show a molding failure by cracking. The cracks generated during a curing step

because it had ammonia gas by-product.

Table 12 Properties of friction material base on Phenolic and Benzoxazine [33].

Binder COF Wear rate (nm)

Phenolic (PF) 0.39 4.5

Benzoxazine (BZ) 0.41 3.7
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W. Lertwassana et al. (2019) [34] develop aramid pulp/carbon fiber-
reinforced polybenzoxazine composites as high performance friction materials. The
effects of aramid pulps and carbon fibers on thermal stability, mechanical properties,
and tribological performances of the composites were investigated. Aramid
pulp/carbon fiber-reinforced polybenzoxazine composites exhibited high thermal
stability with Tys of 408-437 °C, high T, of 240-265 °C, high mechanical properties, i.e.
flexural strength of 57.2-79.4 MPa and flexural modulus of 10.2-21.4 GPa, high and
stable coefficient of friction (COF), i.e. COF at 350 °C = 0.44, and high wear resistance,
i.e. specific wear rate at 350 °C = 1.12 x 10" cm?/Nm. Coefficient of friction and friction
stability could be improved by incorporating aramid pulps into the polybenzoxazine
composites, while thermal stability, mechanical properties, dynamic mechanical
properties including storage modulus and glass transition temperatures, and wear
resistance could be enhanced by incorporating carbon fibers into the composites. The
optimal aramid pulp:carbon fiber mass ratio for reinforcing polybenzoxazine composite
was 75:25. Worn surfaces and wear debris after tribological testing of polybenzoxazine
composites as investigated by scanning electron microscopy were in agreement with
the observed specific wear rates, suggesting the combination of abrasive wear and
adhesive wear mechanisms. Aramid pulp/carbon fiber reinforced polybenzoxazine

composites could be potentially applied as high performance friction materials.

U.D. Idris et al. (2015) [35] develop new material for asbestos replacement
as friction material and yet maintaining the same mechanical properties using
agricultural waste (Banana peels). The surface of the agro-waste particles is smooth
indicating that the compatibility between particles and the resin was good. It can be
seen that the banana peels particles are not detached from the resin surface as the
weight fraction of resin increased in the banana peels. The brake pad with BCp
(Carbonized banana peels) formulation has a higher flame resistance than the BUNCp
(Uncarbonized banana peels) formulation. This means that the BCp formulation
increased the thermal decomposition temperatures and the residual yields of brake

pad composite. This result indicated that the presence of BCp could lead to the
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stabilization of the brake pad, resulting in the enhancement of the thermal stability.
In the BCp brake pad composite, the BCp particles can effectively act as physical
barriers to prevent the transport of volatile decomposed products out the brake pad
composite during thermal decomposition. The wear mechanism reported was
adhesion and delamination. The sample containing 25 wt% in BUNCp and 30 wt% BCp
gave better properties than other samples tested. These grades of results were
compared with that of commercial brake pad (asbestos based). The results are in close
agreement. Hence asbestos free brake pad can be produced with these formulations.
They indicate that banana peels particles can be effectively used as a replacement for

asbestos in brake pad manufacture (shown in Table 13).

Table 13 Comparison of important properties between commercial brake pad and

new laboratory formulation [35].

Commercial brake pad | New laboratory formulation
Properties
(asbestos based) (carbonized banana peels)
Wear rate (mg/m) 3.80 a.67
Friction coefficient 0.30-0.40 0.35

B. Satapathy and J. Bijwe (2006) [36] discussed the sensitivity of friction and
wear behavior of selected composites based on variation in the inclusion of organic
fibres, viz., aramid, PAN, carbon, and cellulose, to braking pressure and sliding speed.
The studies on the sensitivity of u and wear to the operating variables have been
carried out on a subscale brake-test-rig. Inclusion of cellulose fibre tended to increase
the friction coefficient. The highest u,, exhibited by cellulose based composite is
primarily attributed to the shear induced degradation of the cellulose fibre via the
weak B—gtycoside linkages. This in turn caused faster damage of the composite surface
that eventually leads to generation of large amounts of wear debris while aramid fibre

improved the wear resistance. The aramid based composites, the interfacial friction
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film rheology tended to be more shear thinning under severe pressure— speed
conditions facilitating easier formation of sticky contact patches. The fibres of carbon
and PAN made the friction composites least sensitive to dynamic variations in braking
pressure and sliding speed that remained u,, comparatively lower because of the

inherent lubricity offered by these organic fibres (shown in Figure 3).

0.7
0.651 N
0.6 N
0.551 —15

¢ 051

< 0451 ——A
0.4
0.35 ——C
0.3
0.25 t—P
0.2 . : : ‘

0 1 2 3 4 5

Pressure (MPa)

Figure 3 Variation in um with increase in braking pressure at 12.6 m/s [31].
(N:with no organic fibre, A: with aramid fibre, P: with PAN fibre, C: with carbon fibre

and S: with cellulose fibre)

I. Chukwujike, O. Jerome and G. Ihekweme (2015) [37] studied the influences
of carbonized /uncarbonized corn hub powder on the vulcanizate properties of natural
rubber/acrylonitrile butadiene rubber. The vulcanization properties of natural rubber/
acrylonitrile butadiene rubber have been improved by using carbonized corn hub
powder because during carbonization, some volatile materials are removed and also
there is the removal of water of hydration which leads to improvement in mechanical
properties. The carbonized corn-hub filled vulcanizates have higher modulus than
uncarbonized filled vulcanizates and the abrasion resistance for carbonized corn hub
filled vulcanizate was slightly higher than uncarbonized corn hub filled vulcanizate

(shown in Table 14).
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Table 14 The effects of Carbonized corn hub powder and Uncarbonized corn hub
powder contents on the mechanical properties of natural rubber/ acrylonitrile rubber

(NR/NBR) composite at different particle sizes [37].

Mechanical Properties

Fillers Modulus Hardness Abrasion
(N/mm?) (IRAD) Resistance (%)
Carbonized corn hub
2.3 62 41.8
powder (CCH)
Uncarbonized corn
1.54 49 41.5

hub powder (UCCH)

2.8.2 Simulation literature review

A. Belhocine and W. Zaidi (2009) [38] investigated the structural and
mechanical behavior of a three dimensional disc-pad model during the braking process
under dry contacts slipping conditions. The predictive analysis is performed in order to
determine the global deformations, Von Mises stress on the disc, and contact pressures
on the inner and outer pad at different time of simulation. the contact pressure field
at t =45 s where the maximum pressures were reached at the end of the braking
period. It found that the pressure distribution was almost identical in the three cases
and it increased with the increase in the angular velocity of the disc. The location of
the maximum pressure is located at the bottom loading edge pad. It observed that
the increasing of pressure can create higher pad wear, and high pad wear could leave
deposits on the disc. The maximum contact pressure in the pad is produced at the
leading edge and trailing edge of the friction region. The distribution of frictional stress
at time t = 45 s. It should be noted that the distribution of stress is symmetrical with
respect to the pad groove and its value increases slightly when the rotational speed

of the disc increases (shown in Figure 4 and 5).
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Figure 4 Interface friction stress distributions for different disc speeds [38].
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Figure 5 Interface contact pressure distributions for different disc speeds [38].

A. Soderberg and S. Andersson (2009) [39] discussed how general purpose
finite element analysis software can be used to analyze the pad-to-rotor contact
interface in passenger car disc brakes. A wear simulation routine has also been adopted
in which the FE model is used to compute the pad-to-rotor pressure distribution. Based
on the resulting distribution, the wear of the brake pad is computed using a generalized

form of Archard’s wear law and an explicit Euler integration scheme. The induced
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frictional traction has shifted the pressure distribution toward the leading edge of the
contact, leaving an open contact at the end. Looking at the surface profile we can see
that the deepest wear occurs in the zone with high pressure, while there is almost
wear at all at the edge. After the simulation is stopped the result is post-processed
with a specially developed software package in the mathematical programming langue

MATLAB (shown in Figure 6 and 7).

After O revolutions After 600 revolutions After 1200 revolutions

After 1800 revolutions After 2400 revolutions After 2900 revolutions

0 0.2 0.4 0.6 0.8 1 1.2
I 2 H HE——— ]

Contact pressure [MPa]

Figure 6 Pad-to-rotor pressure distribution for wear simulation with the prescribed

rotor displacement [39].

After O revolutions After 600 revolutions After 1200 revolutions

After 1800 revolutions After 2400 revolutions After 2900 revolutions

-15 -10 -5 0
IR 00 |

Surface profile [ um]

Figure 7 Surface profile of brake pad for wear simulation with the prescribed rotor
displacement [39].

S.Zhang et al. (2019) [40] calculates the wear depth by considering the factors
affecting wear. Based on the tribological principle of the high-power disc brake. The
wear of the brake pad is a cumulative process, and the wear depth of the brake pad
increases quickly and then slowly. The friction inlet and outlet edge regions of brake
pad are extruded during braking, which is severely worn compared to the middle of

the brake pad as shown in Figure 8.
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Friction inlet Wear depth h/mm
0.000249
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0.000149
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Figure 8 Nephogram of the brake pad wear depth [40].

The data points P1-P15 uniformly distributed on the brake pad are extracted
from Figure 9. To clearly describe the wear condition of the brake pad, let points P1,
P6, and P11 belong to the friction inlet region, and points P5, P10, and P15 belong to
the friction outlet region point; the wear depth at the edge of friction inlet is relatively
large. Because the friction intermediate region is far away from the friction edge and
the pressing force is small, the material deformation is not obvious, and the friction

heat is low, and then the wear degree is small.

Wear depth #//mm
0.0684

0.0548'
0.0411
0.0274I
0.0137
0.000

¥
xJz

Figure 9 Nephogram of the brake pad point tracking [40]
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CHAPTER Il
EXPERIMENTAL

3.1 Materials and chemicals

3.1.1 Bisphenol A (AR grade)

3.1.2 Formaldehyde (AR grade)

3.1.3 3,5-Xylidine (AR grade)

3.1.4 Rubber dust

3.1.5 Aramid pulp (0.37 um)

3.1.6 Carbon fiber (9.5 um)

3.1.7 Glass fiber (16.4 pym)

3.1.8 Iron fiber (58 um)

3.1.9 Zirconium silicate (3.3 um)

3.1.10 Graphite powder (1.5 pm)

3.1.11Carbonized hemp hurd powder (1.5 um)

3.1.12 Barium sulfate (6.2 pm)

3.1.13 Cashew dust (23 um)

4.1.14 ANSYS (Version 16.0)

4.1.15 MATLAB (R2018a)

4.1.16 SOLIDWORKS (Version 2014)

Bisphenol A (AR grade) was obtained from PTT Phenol Co., Ltd. (Bangkok,
Thailand). Paraformaldehyde (AR grade) and 3,5-xylidine (AR grade) were purchased
from Merck (Darmstadt, Germany) and Panreac Quimica S.A. (Barcelona, Spain),
respectively. Aramid pulp was supported by DuPont, Japan. Carbon and glass fibers
were purchased from SJ Sinthuphun Trading Co., Ltd, and Toho Beslon Carbon Co.,
Ltd, respectively. Steel fibers, friction modifiers and fillers were supplied by Compact
International (1994) Co., Ltd. (Phetchaburi Thailand). Carbonized hemp hurd was
supported by Highland Research and Development Institute (Public Organization)
(Chiang Mai, Thailand).
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3.2 Synthesis of benzoxazine resin.

Benzoxazine resin was synthesized using bisphenol A, paraformaldehyde, and
aromatic amines with a molar ratio of 1:4:2 at 110°C for 40 minutes based on solvent
less method disclosed in U.S. Patent 5,543,516 [41]. The benzoxazine resin obtained is
a light-yellow solid which is then grounded to a fine powder and kept in a desiccator

for future use.

3.3 Sample preparation.

The formulation of the composites is shown in Table 15. The molding
compounds were mixed in internal mixer Figure 8 (modelMX105-D40L50 from Chareon
Tut Co., Ltd. (Samutprakarn Thailand)) at 120°C for 45 mins. The compounds were then
heated in a compression molder Figure 9 (model LP20-B from Labtech engineering
Co.,Ltd. (Bangkok Thailand))at 200°C using a hydraulic pressure of 15 MPa for 2 hrs. The
fully cured composites were cooled down to room temperature before

characterizations.

Heating Chamber
(Sample site)

Controller

Figure 10 Internal mixer



Table 15 Formulation of composites for friction composite materials.

Constituent Content (Wt%) | Components
Benzoxazine resin 10 Binder
Aramid pulp 3.75
Carbon fiber 1.25
Fibers
Glass fiber 10
lron fiber 25
Graphite/Carbonized hemp hurd 10
Friction modifiers
Zirconium silicate 7
Barium sulfate 25
Rubber dust 4 Fillers
Cashew dust 4

Heating plates

Figure 11 Compression molder
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3.4 Characterization

3.4.1 Thermogravimetric analyzer (TGA)

Degradation temperature (Ty) and char yield of the friction composite material
were examined using a thermogravimetric analyzer (model TGA1 STARe System from
Mettler-Toledo, (Thailand) Ltd. (Bangkok Thailand)). The initial mass of each tested
specimen was 15-20 mg. Each specimen was heated from 30 to 1000 °C at a heating
rate of 20 °C/min under nitrogen atmosphere. The degradation temperature at 5%

weight loss and the char yield at 1000 °C were recorded.

Furnace Sample site

e
A

=

N
a—

N - L

Figure 12 Thermal gravimetric analyzer (TGA)

3.4.2 Dynamic mechanical thermal analyzer (DMA)

The dynamic mechanical analyzer (DMA) (model DMA1 STARe System
from Mettler-Toledo, (Thailand) Ltd. (Bangkok Thailand)) was used to
investigate the thermo dynamic mechanical properties. The dimension of
specimens was 50 mm x 10 mm x 2.5 mm (WxLxT). The test was performed
under three-point bending mode. The strain was applied sinusoidally at a
frequency of 1 Hz. The temperature was scanned from 30 to 300°C with a
heating rate of 2°C/min under nitrogen atmosphere. The storage modulus (E'),

loss modulus (E”), and loss tangent or damping curve (tan O) were then
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obtained. The glass transition temperature (T,) was taken as the maximum point

on the tan & curve in the DMA thermograms.

Cooling-Heating Chamber

(Sample site)
T ——

121.81°C
1342.33MPs

%

METTLER TOLEDO I

Figure 13 Dynamic mechanical analyzer (DMA)

3.4.3 Universal testing machine

The flexural modulus and flexural strength of the friction composite
material specimens were determined following ASTM D790-M93 using a
universal testing machine, Instron, (model 5567 from Instron (Thailand) Co., Ltd.
(Bangkok Thailand)). The dimension of each specimen was 25 x 60 x 3mm’.
The test was performed in a three-point bending mode with a support span of
48 mm and at a crosshead speed of 1.2 mm/min. The flexural modulus and
flexural strength were determined from the obtained load-displacement curve.

Reported flexural strength and flexural modulus values were averaged from

five specimens.
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Figure 14 Universal testing machine (Instron model 5567)

3.3.4 Tribometer
This test was performed by a ball-on-disc tribometer (model CSM TRB-

S-DE from Anton Paar Co., Ltd. (Bangkok Thailand)). In order to reproduce real
operating conditions, a tungsten carbide was used as ball and the different
composite formulations as discs. The cylindrical ball was 6 mm in diameter,
the disc samples were 30 mm in diameter. The ball was assembled under the
arm of the equipment applying a uniform load of 10 N against the surface of
the sample disk, which rotated at a constant speed of 36.6 cm/s in the air. The
total travel distance and the test time were respectively 1000 m. Specific wear

rate of the friction composite materials was calculated.
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Figure 15 Tribometer (ball on disc)

3.4.5 Constant speed friction testing machine

Friction coefficients and wear rates of specimens as a function of temperature
were determined from a constant speed brake lining tester (model HP-8-LC from Tokyo
plant Co., Ltd. (Tokyo Japan)) at 100, 150, 200, 250, 300, and 350 °C, according to Japan
Industrial Standard (JIS-D4411) [53]. The sample dimensions were 25 mm x 25 mm x 7
mm. The specific wear rate of the sample as a function of temperature was calculated

from Equation 5.

Equation 5 Specific wear rate as a function with thickness [34, 42].

1 A
V=—X=X
2R N

d;—d; -1

cm3N~1m
fm

(5)

where, V is specific wear rate (cm®/Nm),

R is distance between the center of the tested specimen and the center of

rotation axis  (0.15 m),
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N is total number of rotations of disc during the wearing test (N= 5000)
A is total frictional area of the tested specimen (2.5cm x 2.5cm)

d1 is average thickness of the specimen before testing (cm)

d2 is average thickness of the specimens after testing (cm)

f., is total average frictional force in testing (N).

3.4.6 Worn surface morphology characterization of the samples

Worn surfaces of samples were evaluated with a scanning electron microscope
(SEM, model JSM-6510A from JEOL Ltd. (Tokyo Japan)) using an acceleration voltage
of 5 kV. All samples were coated with a thin layer of gold film using a sputter coater
(model SCD 040 from Oerlikon Balzers Coating (Thailand) Co. Ltd. (Chonburi Thailand)),

making the worn surfaces conductive.

3.4.7 Simulations
(1) Wear rate simulation

The finite element code ANSYS 16.0 (3D) was used to simulate the behavior of
the contact friction mechanism of the two bodies (brake pad and disc) during a braking
stop. This code has the frictional contact management algorithms based on the
Augmented Lagrange multipliers method. The simulations presented in this study, are
considered the frictional pad to be deformable pad on a rigid disc. The brake pad was
considered to be made of an isotropic elastic material [38]. The overall mechanical
characteristics of the two parts was used in ANSYS program and wear behavior was

calculated by MATLAB program from equation (6) - (8) [39].

h = hi,j—l + Ahi,j (6)

i,j
Ahyj = kp; jAs @
where h;;_;is the wear depth after the (j-1)th step,

Ah;; is the incremental nodal wear depth during the jth step
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pi; is the nodal pressure
As;; is the incremental nodal sliding distance

Equation 8 states that the incremental sliding distance of a node on the pad surface

is proportional to its radial distance from the center of the rotor according to
ASi,j = nj 27T7"i (8)
where n;is number of rotor revolutions during the jth step
ri is number of rotor revolutions during the jth step.

(2) Absolute percentage error of Hyndman’s MASE metric [43].
This is one of the measures used to evaluate forecasts using forecast errors.
Forecast error is defined as actual observation minus forecast. The mean percentage

error is the average or mean of all the percentage errors.

|XSimulation _XExp eriment

Percentage error =
XExperiment

Where Xsimuation 1S Simulation value

Xexperiment 1S €xperimental value.
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CHAPTER IV
RESULTS AND DISCUSSION

4.1. Dynamic mechanical thermal properties of graphite/carbonized hemp hurd-

filled poly(BA-35x) composites.

Dynamic mechanical analysis is a widely used technique to determine thermal
mechanical properties of the composites. The storage modulus (E') and loss modulus
of friction materials as a function of temperature are listed in Table 15.

The storage modulus in glassy state of polybenzoxazine composite filled with
carbonized hemp hurd contents of 0, 2, 4, 5, 6, 8, and 10 wt% were 4.93, 5.03, 5.18,
5.26, 5.42, 5.51, and 5.64 GPa respectively. The increase of storage modulus could be
explained by the lignocellulosic structure was referred as a complex, three-
dimensional, crosslinked, branched and heteropolymeric which ensures a strong
chemical bond between the fiber and resin [44]. The storage modulus in the glassy
state of benzoxazine composites can indicate the stiffness of friction composite.

Glass transition temperature (T,) is the temperature at which the glassy
behaviors of polymeric materials change to the rubbery ones upon heating. The
thermal transition behaviors of thermosetting matrix have an effect on the wear
performance of friction composite material [53]. The glass-to-rubber transition
temperature of polybenzoxazine composites were determined from the maximum of
tan ©. Glass transition temperature of poly(BA-35x) composites filled with carbonized
hemp hurd contents of 0, 2, 4, 5, 6, 8, and 10 wt% were 212, 215, 218, 219, 222, 225,
and 228 GPa respectively. The higher T, value of polybenzoxazine composite material
related to higher interfacial bonding between the fiber and polymer matrix leading to

decrease in mobility of the macromolecules [45].
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Table 15 Dynamic mechanical of synthetic graphite/carbonized hemp hurd-filled

poly(BA-35x) composites at different carbonized hemp hurd contents.

Carbonized hemp hurd (CHH) Storage modulus T,
(Wt%) (GPa) 0
0 4.93 212
2 5.03 215
q 5.18 218
5 5.26 219
6 5.42 222
8 5.51 225
10 5.64 228

4.2 Mechanical properties of poly(BA-35x) composites at various carbonized

hemp hurd contents.

Flexural strength and flexural modulus of polybenzoxazine composites are
shown in Figure 16. Both flexural strengths and flexural modulus values of the
composites were increased with increasing carbonized hemp hurd contents from 0 to
10 wt%. The strength values were 43.2, 45.6, 46.9, 49.7, 50.0, 50.8, and 52.0 MPa, while
the flexural modulus values were reported at 7.0, 7.7, 7.8, 8.1, 8.2, 8.4, and 9.0 GPa,
respectively as shown in Figure xx. This may be due to remaining of strongly polar
lignocellulose hydroxyl and carboxylic groups in carbonized hemp hurd which can be
reacted with hydroxyl groups in poly(BA-35x). This behavior represents one of the
significant load transfers, which contribute to the high modulus values of the
composite materials [46]. In addition, the flexural properties of our composite systems
are higher value than the normal range reported for friction materials, i.e., flexural

strength of 10.0-40.0 MPa and flexural modulus of 3.0-8.0 GPa [47].
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Figure 16 Flexural strength and modulus of poly(BA-35x) composites at various

carbonized hemp hurd contents.

4.3 Thermal stability of synthetic graphite/carbonized hemp hurd-filled

poly(BA-35x) composites at various carbonized hemp hurd contents.

In Figure 17, TGA thermograms of synthetic graphite/carbonized hemp hurd-
filled poly(BA-35x) composites were performed to determine the thermal stability of
poly(BA-35x) composite at different carbonized hemp hurd (CHH) contents by
analyzing the degradation temperature at five percent weight loss (Tgs) and residual
weight at 1000 °C. There were three main degradation steps detected in the TGA
thermograms of the composites as shown in Figure. The first degradation step was
found in the range of 250-500 °C corresponding to the degradation of lignocellulose,
cashew dust, NBR powder and benzoxazine resin. The decomposition of hemicellulose,
cellulose and lignin occurred at ranges of 180-240, 230-310, and 300-400 °C,
respectively [48]. The second degradation step presented the onset temperature from
500 °C to 600 °C displaying the degradation of aramid pulp. The onset and offset
temperatures of third degradation step were observed at approximately 600 °C and

900 °C, respectively, presenting degradation of barium sulphate and lignocellulose [34].
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The Tys of friction composite materials decreased with the addition of CHH. The Tgs of
the poly(BA-35x) composites showed the maximum value of 420 °C at synthetic
graphite of 10 wt%, while addition of CHH at 2 wt%, 4 wt%, 5 wt%, 6 wt%, 8 wt% and
10 wt% provided the Tys values of 418 °C, 415 °C, 413 °C, 411 °C, 409 °C and 404 °C,
respectively. It can be seen that the Tys of the poly(BA-35x) composites tended to
decrease with the addition of CHH. Furthermore, the residual weight at 1000 °C of the
poly(BA-35x) composites also decrease with increasing CHH contents. The values of
residual weight at 1000 °C were in the range of 71.5-73.7%. This behavior is possible
due to that some lignocellulose structure still remains in the CHH which starts to
degrade at relatively low temperature of 200-275 °C [49]. However, the Tys value of
synthetic graphite/carbonized hemp hurd-filled poly (BA-35x) composites exhibited
higher values than that of the phenolic composites (commercial product), i.e. 402 °C

and 639%, respectively.
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Figure 17 TGA thermogram of TGA thermograms of synthetic graphite/carbonized
hemp hurd-filled poly(BA-35x) composites at various carbonized hemp hurd

contents.
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Limiting Oxygen Index (LOI) is the minimum percentage of oxygen it takes in an
air-like gas mixture to support flaming combustion [50]. In Table 16, LOI could be
calculated from Residual weight as indicated in this equation by using the Residual
weight at 1000 °C. The LOI of the poly(BA-35x) composites also decrease with
increasing CHH contents but LOI value of polybenzoxazine friction composites
exhibited higher values than the commercial brake pads that causes the flame-
retardant of polybenzoxazine friction composites is higher than the commercial brake

pads.

Table 16 Limiting Oxygen Index (LOI) of synthetic graphite/carbonized hemp hurd-
filled poly(BA-35x) composites at different carbonized hemp hurd contents.

Carbonized hemp hurd
(CHH) (Wt%) -
0 46.88
2 46.80
a4 46.76
5 46.72
6 46.64
8 46.53
10 46.00

4.4 Tribological properties of synthetic graphite/carbonized hemp hurd-filled
poly(BA-35x) brake pad composites.

4.4.1 Coefficient of friction and wear rate of synthetic graphite/carbonized
hemp hurd-filled poly(BA-35x) composites at room temperature (25°C).
Tribological properties are the key parameter for friction material. Tribological
responses and performances of friction materials could be evaluated through

coefficient of friction and wear rate [51].
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Figure 18 and Table 17 show the relationship between coefficient of friction
and sliding distance of synthetic graphite/carbonized hemp hurd-filled poly(BA-35x)
brake pad composites. These reported COF values were determined by averaging
coefficient of friction values within the sliding distance of 200-1000 m. The coefficient
of friction values at room temperature of brake pad composite filled with carbonized
hemp hurd contents of 0, 2, 4, 5, 6, 8, and 10 wt% were 0.30, 0.31, 0.32, 0.33, 0.34,
0.36, and 0.38 respectively. Coefficient of friction of polybenzoxazine composites
increased with increasing carbonized hemp hurd contents. This might be due to
enhanced carbonized hemp hurd contents in polybenzoxazine composites leading to
decreased stress absorbing capacity of the composites related to the increase of

friction coefficient at room temperature [36].

=== Carbonized hemp hurd 0 wt%

= = Carbonized hemp hurd 2 wt%
====== Carbonized hemp hurd 4 wt%
----- Carbonized hemp hurd 5 wt%
----- Carbonized hemp hurd 6 wt%
Carbonized hemp hurd 8 wt%
--------- Carbonized hemp hurd 10 wt%

0 o e L R s e e D

Coefficient of friction

200 400 600 800 1000
Distance (m)

Figure 18 Coefficient of friction of synthetic graphite/carbonized hemp hurd-filled

poly(BA-35x) composites at various carbonized hemp hurd contents.
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Table 17 show the wear rate of synthetic graphite/carbonized hemp hurd-filled
poly(BA-35x) composites. Wear rate values at room temperature of brake pad
composite filled with carbonized hemp hurd contents of 0, 2, 4, 5, 6, 8, and 10 wt%
were 1.36, 1.52, 1.84, 2.17, 2.58, 2.87, and 3.57 cm®/Nm respectively. The wear rates of
polybenzoxazine brake pad composite increased with increasing carbonized hemp
hurd contents in polybenzoxazine composites. This might be due to enhanced
carbonized hemp hurd contents of polybenzoxazine composites leading to decreased
thermal degradation of composites related to increased wear rate at room
temperature[52]. It also affected the overall integrity of the composite adversely

causing the surface damage and debris detachment easier [36].

Table 17 Friction coefficient and wear rate of synthetic graphite/carbonized hemp

hurd-filled poly(BA-35x) composites at different carbonized hemp hurd contents.

Carbonized hemp hurd (CHH) Specific wear rate
Friction coefficient
(Wt%) (10"cm3/Nm)
0 0.30+0.01 1.36+0.09
2 0.31+0.00 1.52+0.07
a4 0.32+0.03 1.84+0.16
5 0.33+0.01 2.17+0.14
6 0.34+0.01 2.58+0.30
8 0.36+0.02 2.87+0.06
10 0.38+0.02 3.57+0.13
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4.4.2 Coefficient of friction and wear rate of synthetic graphite/carbonized
hemp hurd-filled poly(BA-35x) composites as a function of temperature.

The coefficient of friction of the polybenzoxazine composite as a function of
temperature from 100 °C to 350 °C was investigated based on Thailand industrial
standard (TIS : 97-2014) [30]. From the previous results the composite filled with
carbonized hemp hurd contents of 8 wt% was selected for the test because its friction
coefficient under 100 °C of 0.36 being in the range of 0.35 - 0.45 as industrial standard

for brake pads of personal car [53].

Figure 19 shows coefficients of friction of synthetic graphite/carbonized hemp
hurd-filled polybenzoxazine composites as a function of temperature. COF values of
the polybenzoxazine composite filled with carbonized hemp hurd contents of 8 wt%
were 0.38, 0.36, 0.36, 0.35, 0.37, and 0.38 when the tested temperatures were 100,
150, 200, 250, 300, and 350 °C, respectively. The COF values of the polybenzoxazine
composites remained relatively constant with increasing temperatures. The
maintainability of COF values of the polybenzoxazine composites in the temperature
range of 250-350 °C implied that the real contact area between the friction pair was
increased. This was attributed to the ¢lassy-to-rubbery transition of the
polybenzoxazine composite at T, = 244 °C. At the rubbery state, the storage modulus
of polybenzoxazine composite drastically decreased and the composite could be
deformed easily, increasing the real contact area between the composite and the rigid
asperity [52]. The COF value at 350 °C of our synthetic graphite/carbonized hemp hurd-
filled polybenzoxazine composite, i.e. COF 0.38, exhibited a higher value than those
of the ceramic-matrix friction materials with mixing steel fiber and mullite fiber, i.e.
COF at 350 °C = 0.37 [42], the nanocomposite friction materials employing phenolic
resin as binder, i.e. COF at 350 °C = 0.34 [54], and the Akebono brake pads composites,

i.e. minimum COF is 0.28 [55].
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Figure 19 Coefficient of friction composite filled with carbonized hemp hurd

contents of 8 wt% as a function of temperature.

Figure 20 shows specific wear rate of the synthetic graphite/carbonized hemp
hurd-filled polybenzoxazine composite as a function of temperature. Specific wear
rates of the polybenzoxazine composite filled with carbonized hemp hurd contents of
8 wt% at the tested temperatures of 100, 150, 200, 250, 300, and 350 °C were 0.16x10°
7016107, 0.17x107, 0.26x107, 0.29x10" and 0.39x10" cm®/Nm, respectively.
Specific wear rates of the composites increased with increasing temperature. Our
results showed similar trends with the reported work of Ozttrk et al. [56]. Specific wear
rates of the polybenzoxazine composites dramatically increased when the tested
temperatures were changed from 200 to 300 °C. The polybenzoxazine composite
could be deformed easily at the glassy-to-rubbery transition within the tested
temperature range, strengthening the interlocking between the contact pairs and
increasing the specific wear rates [52]. The specific wear rate of the polybenzoxazine

composite at the tested temperature of 350 °C was also drastically increased to
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0.39x107 cm’/Nm because of the thermal degradation of poly(BA-35x) binder,
weakening the bond strength between the resin binder and various components of
the composite [56, 57]. Specific wear rate at 350 °C of our synthetic
graphite/carbonized hemp hurd-filled polybenzoxazine composite, i.e. specific wear
rate of 0.39x10" cm®/Nm, exhibited a lower value than those of the ceramic-matrix
friction materials with mixing steel fiber and mullite fiber, i.e. specific wear rate at 350
°C of 1.30 x107cm®/Nm [69], and the nanocomposite friction materials employing

phenolic resin as binder, i.e. specific wear rate at 350 °C of 1.18 x10”cm?®/Nm [54].
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Figure 20 Specific wear rate of friction composite materials as a function of

temperature.

4.5. Worn surface
Worn surfaces of friction materials after tribological tests are utilized for investigating

wear mechanism [58]. Worn surfaces are related to friction coefficient and wear rate
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of friction materials [59]. Worn surfaces of the specimens were analyzed by scanning
electron microscopy.

Figure 21 shows worn surfaces of polybenzoxazine friction composites at
various carbonized hemp hurd after tribological tests at room temperature. Cracks and
small grooves were observed on worn surfaces of Fig. 21A, implying abrasive wear
mechanism [51]. In addition, small cracks perpendicular to the sliding direction were
also observed on surfaces of friction composites after an addition of carbonized hemp
hurd (Fig. 21B-C). Cracks and small groves on worn surfaces of polybenzoxazine friction
composites were increased when carbonized hemp hurd contents in polybenzoxazine
composites increased, leading to enhanced wear of composite. The wear of friction
composites filled with CHH 10 wt% was dramatically increased that support trend of

the wear rate in previous testing.

Figure 21 SEM micrographs of wear debris of polybenzoxazine friction composites at

various carbonized hemp hurd contents: (A) 0 wt%, (B) 8 wt%, (C) 10 wt%
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4.6. Simulation of poly(BA-35x) friction composites filled with carbonized hemp
hurd 8 wt% in the temperature range of 100-350 °C

The structural boundary conditions of the pad of synthetic graphite/carbonized
hemp hurd-filled poly(BA-35x) friction composites as tabulated in Table 18 were
applied for finite element analysis simulation. From simulation results, the finite
element analysis simulation contour of contact pressure of poly(BA-35x) filled with
CHH 8 wt% composites at 100-350 °C was listed in Table 19 and the visual
appearance of the interface contact pressure distribution on poly(BA-35x) friction
composites filled with 8 wt% of carbonized hemp hurd at 350 °C is shown in Figure
22 (the visual appearances of the interface contact pressure distribution of the
composite at 100-250 °C was similar to the composite at 350 °C and they arenot shown
here). It was observed that the pressure distribution of the composite tended toward
the leading edge of the contact. From Table 19, the wear rates of the composites were
increased with increasing maximum pressure values related to temperature. The
maximum pressure occurred at the edge of friction material is relatively large. Due to
the majority of the pressing force being applied at the edge, the intermediate region
of the friction material is not affected much; therefore, the deformation to the material
is not obvious at a glance and not much heat generated from friction is accumulated
which also corresponded to a lower wear degree. Comparing the longitudinal
distribution of simulation results, the outer region of the friction inlet wear value was
larger than those of the middle region results. The wear depth at the friction outlet
increases from the inner circle region to the outer circle region because the outer circle
region has a higher frictional line speed than the inner circle region and the higher
temperature of the outer circle region; therefore, the larger corresponding wear,
Comparing the lateral distribution of the simulation, there is large wear at the friction
outlet (right hand side of brake pad) [40]. From the simulation, the wear rate of friction
composite compared with the wear rate of friction composite from experiment showed

the error about 6- 7% which is within acceptable tolerance [60, 61].
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Table 18 The structural boundary conditions applied to the pad of synthetic

graphite/carbonized hemp hurd-filled poly(BA-35x) friction composites.

Conditions Pad
Pressure of piston pad (MPa) 1
Friction coefficient 0.35-0.38
Constant angular velocity (rad/s) 46.67
Simulation time for braking (s) 673

Mesh

tetrahedral 3D elements

Formulation

Augmented Lagrange

Relevance 100
Fixed support finger pad
Temperature 100-350 °C

Wear coefficient (Pa)

1.55x10% - 2.17x107"?

Revolutions (rounds) 5,000
Radius (m) 0.15
Increment of initial time (s) 0.25
Increment of minimal initial time (s) 0.125
Increment of maximal initial time (s) 0.5

1 10985
7323.6
3661.8

0.000

0.025

0.050 (m)
1

0 Min

0.013

0.038

Figure 22 Interface contact pressure distribution on poly(BA-35x) friction composites

filled with 8 wt% of carbonized hemp hurd at 350 °C
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Table 19 Wear rate on the pad of synthetic graphite/carbonized hemp hurd-filled

poly(BA-35x) friction composites and this work simulation.

Wear rate Wear rate of
Maximum
Temperat Friction from simulation
pressure %error
ure (°C) coefficient experiment (10°
(10° Pa)
(107cm?®/Nm) | "em®/Nm)
100 0.38 5.15 0.15 0.14 6%
150 0.36 5.00 0.16 0.14 9%
200 0.36 5.05 0.17 0.16 8%
250 0.35 ST 0.26 0.24 6%
300 0.37 5.11 0.29 0.27 7%
350 0.38 513 0.39 0.37 7%
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CHAPTER V
CONCLUSIONS

5.1 Conclusions

Friction composite materials from poly(BA-35x) composite filled with varying
carbonized hemp hurd contents (0, 2, 4, 5, 6, 8, 10 %wt) with excellent thermal
stability, mechanical properties, dynamic mechanical properties, and tribological
properties were successfully developed. Friction composite materials exhibited high
thermal stability with Tds of 404-420 °C, high T, of 212-228 °C, high mechanical
properties, i.e. flexural strength of 43.2-52.0 MPa and flexural modulus of 7.0-9.0 GPa,
high and stable coefficient of friction (COF), i.e. COF at 350 °C = 0.38, and high wear
resistance, i.e. specific wear rate at 350 °C = 0.39 x 10" cm’/Nm. From the experiment,
it can be concluded that the higher lignocellulose structure resulted in higher
mechanical properties, higher friction coefficient and lesser wear rate with good
properties of friction materials (high friction coefficient and low wear rate). The
polybenzoxazine composite filled with 8 wt% possessed superior properties suitable
for use as friction materials and wear rate obtained from simulation were close in
values to the wear rate from experiment at different temperatures with an error in the

range of 7% which is within acceptable tolerance.
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