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CHAPTER |

INTRODUCTION

1.1 General Introduction

Fuel cell is a device which provides energy from chemical reaction or redox
reaction [1-4]. It is used as an energy source along with battery but fuel cell can
generate energy continuously if fuels are still supplied. Hydrogen and oxygen are two
types of fuels used in fuel cell. Water is only a product generated from fuel cell so

there is no pollution problem.

Figure 1.1 Fuel cells [5].



Nowadays, proton exchange membrane fuel cells (PEMFCs) is known as the
most popular types of fuel cells used as an alternative source of energy because of
providing high power density, long lifetime, low cost, releasing non-toxic substance
and low operating temperature (50-80 °C) [3].

Bipolar plates are one of the important components of PEMFCs because their
weight is about 60-80% and costs 40-50% of the whole cells [6-8]. They have many
functions such as withstand external force, separate unit cell of other cells in stack,
manage hydrogen, oxygen, heat, current and water inside the cell [4, 8-11]. To achieve
all of these functions completely, bipolar plates must have good thermal, mechanical,
electrical and chemical properties which required by Department of energy, USA (DOE).
The bipolar plates used for PEMFCs must have electrical conductivity > 100 S/cm,
thermal conductivity > 20 W/m-K, flexural strength > 25MPa, water absorption at 24 h
< 0.3% [11-14]. Moreover, they must provide light weight and low cost.

To achieve all properties required by DOE, polymer composites were
developed to apply as bipolar plates. Polymers as resin binder are classified into two
types i.e. thermoplastic and thermosetting. Thermosetting polymer is more usability
than thermoplastic because its low melt viscosity facilitates easy fabrication of the
composite. Polybenzoxazines are new types of thermosetting polymer which possess
low melt viscosity, high thermal stability, low water absorption, good mechanical

strength and no by-product generated from their curing process [15-20]. Morever, large



amount of filler can be filled in the polybenzoxazine matrix by take advantage of low
melt viscosity.

Graphite has gain much attention from many researchers for developing high
conductivity composite material. It was filled in the polymers to increase thermal
conductivity, electrical conductivity, flexural strength, and flexural modulus and also
decrease water absorption. I. Dueramae et al. [21], S.R. Dhakate et al. [22] and Kimura
et al. [23] were achieved to fill graphite into polymer composites and provide
outstanding properties.

Recently, new derivatives of carbon such as carbon nanotubes and graphene
were discovered. They have high intrinsic thermal and electrical conductivity, high
aspect ratio, low density and g¢ood mechanical properties [8]. They became a good
selective to use as fillers in the composites. R. Plengudomkit et al. [7] were
accomplished to develop highly-filled graphene polymer composites with better
properties than that of highly-filled graphite polymer composites.

Moreover, hybrid fillers polymer composites were accomplished and provided
advantages of each filler. A number of researches showed that fillers will have
synergistic effect each other if composites have optimal ratio of each filler. The
composites with hybrid fillers have better properties than composites with only type
of filler [24-28]. However, thermal conductivities of the composites were lower than
DOE target. S.R.Dhakate et al. [25] developed composite filled with graphite and

carbon nanotubes in which thermal conductivity was enhanced to 13 W/m-K while



M.Phuangneamphan [29] developed polybenzoxazine composite filled with graphite
and graphene to provide thermal conductivity of the composite up to 14.5 W/m-K.
From these researches, graphite, graphene, and carbon nanotubes were selected as
conductive fillers filled in polybenzoxazine matrix to develop bipolar plates with higher
thermal conductivity.

This research aims to develop polybenzoxazine composite filled with three
fillers: graphite, graphene and carbon nanotubes and study effects of carbon
nanotubes on physical, mechanical, thermal and electrical properties of the

composite.

1.2 Objectives

1.2.1  To determine maximum packing density of benzoxazine composites filled
with graphite.

1.2.2  To evaluate effects of multi-wall carbon nanotube contents on thermal,
electrical and mechanical properties of benzoxazine composite filled with

graphite and graphene.

1.3 Scopes of the study

1.3.1  Synthesis of benzoxazine resin by solventless technology.



1.3.2

1.3.3

Determination of the optimum composition of graphite-filled benzoxazine
by varying compositions of graphite at 70wt%, 75wt%), 80wt%, ..., maximum
packing density.
Fixing composition of graphene at 7.5wt% and varying composition of multi-
walled carbon nanotubes from 0-2wt% at an expense of graphite and
evaluation properties of graphite/ graphene/ multi-wall carbon nanotubes
benzoxazine composite by

1.3.3.1 Dynamic mechanical analyzer (DMA)

1.3.3.2 Thermogravimetric analyzer (TGA)

1.3.3.3 Differential scanning calorimeter (DSC)

1.3.3.4 Laser flash diffusivity

1.3.3.5 Universal testing machine (UTM)

1.3.3.6  Water absorption measurement

1.3.3.7 Electrical conductivity measurement (four point probe method)

1.3.3.8 Density accessory kit

1.3.3.9 Scanning electron microscope (SEM)

1.4 Procedure of the study

1.4.1

Reviewing related literature.



1.4.2

1.4.3

144

1.4.5

1.4.6

1.4.7

1.4.8

Preparation of chemicals and equipment to be used in this research such as
bisphenol A, paraformaldehyde, aniline, graphite, eraphene, and multi-
walled carbon nanotubes.
Synthesis of benzoxazine resins (BA-a) by solventless technique.
Preparation of graphite-filled benzoxazine composites by varying graphite
contents at 70 wt%, 75 wt%, 80 wt9%,..., maximum packing density.
Preparation of graphite/ graphene/ multi- walled carbon nanotubes
benzoxazine composites by fixing graphene contents at 7.5 wt% and varying
graphite and multi-walled carbon nanotubes contents.
Determine properties of the composites as follow:
1.4.6.1 Physical properties: density, water absorption, and fracture surface
1.4.6.2 Thermal properties: ¢lass transition temperature, degradation
temperature, specific heat capacity, thermal diffusivity, and
thermal conductivity
1.4.6.3 Electrical properties: electrical conductivity
1.4.6.4 Mechanical properties: flexural strength and flexural modulus
Analysis of the experimental results.

Preparation of the final report.



CHAPTER Il

THEORY

2.1 Fuel Cell

Fuel Cell is an instrument which provides energy from electrochemical
reactions [2-4]. The reactions named oxidation and reduction reaction occured in
electrodes called anode and cathode respectively and there is a layer called
electrolyte located between two electrodes.

Fuel cells are classified based on type of electrolyte into five main types:
alkaline fuel cells (AFCs), phosphoric acid fuel cells (PAFCs), proton exchange
membrane fuel cells or polymer electrolyte membrane fuel cells (PEMFCs), molten
carbonate fuel cells (MCFCs) and solid oxide fuel cells (SOFCs) [2].

Alkaline fuel cells (AFCs) are consisted of matrix which adsorbing concentrated
KOH solution. They are used in space shuttle program. They have high rate of cathodic
reaction but suffer contamination problems.

Phosphoric acid fuel cells (PAFCs) are composed of polytetrafluoroethylene-
bonded silicon carbide as a matrix and concentrated phosphoric acid as an electrolyte.

They are able to resist corrosion and contamination and provide high power.



Proton exchange membrane fuel cells or polymeric electrolyte membrane fuel

cells (PEMFCs) are consisted of polymeric electrolyte such as sulfonated polyether

ether ketones (SPEEK) or polybenzimidazoles (PBI).

Molten carbonate fuel cells (MCFCs) are based on ceramic matrix of LiAlO, and

alkali carbonates as solid electrolyte. They can be operated in high temperature

environment (600-800 °C). Catalyst is unessential to use for these fuel cells.

Solid oxide fuel cells (SOFCs) are composed of ZrO, stabilized with Y,O; as

electrolyte. Similar to MCFCs, they resist high temperature (600-1,000 °C) and catalyst

is not necessary. Another advantage of this fuel cell is the high conversion.

Properties and applications of all types of fuel cell are shown in table 2.1.

Table 2.1 Operating and applicable properties of five main types of fuel cells [3, 30].

Type Operating | Power Fuel Lifetime | Capital | Area of
of Fuel | Temp (°C) | Density Efficiency | (hr) Cost Application
Cell (mW/cm?) | (Chem. to ($/kW)
Elec.)
AFC 60-90 100-200 40-60 >10,000 | >200 Space,
Mobile
PAFC 160-220 200 55 >40,000 3000 Distributed
Power
PEMFC | 50-80 350 45-60 >40,000 >200 Portable,
Mobile,
Stationary
MCFC | 600-700 100 60-65 >40,000 | 1000 Distributed
Power
Generation




Table 2.1 Operating and applicable properties of five main types of fuel cells [3,30].

Type Operating | Power Fuel Lifetime | Capital | Area of
of Fuel | Temp (°C) | Density Efficiency | (hr) Cost Application
Cell (mW/cm?) | (Chem. to ($/kW)
Elec.)
SOFC 800-1000 | 240 55-65 >40,000 | 1500 Baseload
Power
Generation

2.2 Proton Exchange Membrane Fuel Cells (PEMFCs)

The proton exchange membrane fuel cells are the most usable types of fuel

cells because of low operating temperature, high efficiency, long lifetime, low cost and

zero emission [3].

2.2.1 Type of Proton Exchange Membrane Fuel Cells

2.2.1.1 Low Temperature Proton Exchange Membrane Fuel Cells

Low temperature proton exchange membrane fuel cell (LT-PEMFQC) is a simple

type of proton exchange membrane fuel cells. Its operating temperature is around 50-

80 °C [3, 31]. Perfluorocarbon sulfonic acid (PFSA) or Nafion is a membrane used in

this type of fuel cell and platinum is commonly used as a catalyst. There are only two

types of fuels: hydrogen and oxygen. The operation generates only water so there are

no problems about pollution. Moreover, it gains high power density as shown in table

2.1. However, it has a drawback about water generated from the reactions. Water
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generated more cause flooding problem which reduces efficiency of the cell so water
management system is important [32].

2.2.1.2 High Temperature Proton Exchange Membrane Fuel Cells

High temperature proton exchange membrane fuel cell (HT-PEMFC) is another
type of fuel cells which discovered recently. Its operating temperature is about 120-
200 °C. Water management system is not required because water is not in liquid form
in this high temperature operation. Heat generated from the operation can remove
water efficiently. Moreover, it can tolerate carbon monoxide at high temperature.
Several type of polymer used as electrolyte such as inorganic- organic composite
membrane, sulfonated hydrocarbon polymer membrane, membrane of blend
polymers and acid-based polymer membrane. However, its power density is lower
than low temperature proton exchange membrane fuel cell [32].

2.2.2 Construction of Proton Exchange Membrane Fuel Cells

Proton exchange membrane fuel cells are composed of membrane electrode
assembly (MEA), bipolar plates and current correctors [10]. Structure of this fuel cell is

shown in figure 2.1.
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End plate

Current
collector

Figure 2.1 Construction of single PEM fuel cell [2].

The central part of the cell called membrane electrode assembly is the most
important part of the cells [4]. It consists of proton exchange membrane (PEM) and
two electrodes named anode and cathode. Proton exchange membrane is a polymeric
thin film act as an electrolyte. The membrane is used to prevent direct contacting of
anode and cathode. It allows only protons to pass through so electrons flow outside
the cell and provide energy. Its surface was coated by a catalyst made from platinum.
Two types of electrode, anode and cathode are the layers where electrochemical

reactions occur. Construction of MEA is shown in figure 2.2.



Hydrogen
—
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!

—
Protons

Electrolyte

Oxygen
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Cathode(+)
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Figure 2.2 Schematic design of the membrane electrode assembly [12].
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Bipolar plates are the important component in this type of fuel cell. They have

about 60-80% weight of fuel cell and 30-40% of overall cost [6-8].

Current collectors are the component which collect electricity and bring it out

of the cell.

2.2.3 Operation of Proton Exchange Membrane Fuel Cells

The operation starts when hydrogen is fed to the anode side of the cell. At the

anode, hydrogen releases two electrons and remains two protons. This reaction called

oxidation reaction.

Hy-> 2H" +2e”
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The electrons are blocked by the polymeric electrolyte membrane so they
flow out of the cell to generate energy. Only protons can penetrate the electrolyte to
the cathode side

The oxygen is fed to the cathode side. At the cathode, oxygen reacts with
protons and electrons from anode to form water called reduction reaction.

O,+ 4H" + de’-> 2H,0

2.3 Bipolar Plates

Bipolar plates or backplates [4] have multiple functions such as 1) separate
one unit of fuel cell from other cells in the stack; 2) withstand external force; 3)
manage internal water generated from electrochemical reactions; 4) remove heat out
of the cell; 5) distribute fuel and oxygen within the cell; 6) bring current out of cell; 7)
provide good conductivity between cathode side of the cell and anode side of
adjacent cell [4, 8-11].

To develop bipolar plates which suitable for all applications as mention,
material must have high flexural strength and modulus to withstand external force,
have several pathways to bring water out as shown in figure 2.3, be hydrophobia or
have low water absorption, have high through-plane thermal conductivity to remove

heat out of cell, have high in-plane electrical conductivity to bring current out of the
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cells, have high corrosion resistance to withstand fuel and water and have flow
channels to distribute fuel as shown in figure 2.4.
US Department of Energy (DOE) specified targets of bipolar plates which

required several specifications as shown in table 2.2.

Hydrogen
flow field e
Air and
water out
Bipolar Plate 7 / Bipolar Plate
(Anode) (Cathode)
4 ‘ O;+4H' + 4e — 2H,0
2H; = 4H™ + 4e’ ‘
2 | Air (oxygen)
Hydrogen flow field
outlet
Anode Cathode
backing backing
Membrane/
Electrode
Assembly

Figure 2.3 Diagram of PEMFC showed port of fuel and water [10].
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a) b) c) d)

Figure 2.4 Schematic drawing of different types flow field channels on bipolar plate
a) pin-type flow field. b) parallel channels flow field. c) interdigitated flow field.

d) single serpentine flow field [33].
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Table 2.2 Properties of bipolar plate required by DOE [11-14].

Characteristic Units 2010 2020
Electrical Conductivity S/cm >100 >100
Thermal Conductivity W/m-K >10 >20
Flexural Strength MPa >25 >25
Corrosion, anode uA/cm? <1 <1
Corrosion, cathode uA/cm2 <1 <1

Water absorption % at 24 h. <0.3 <0.3
Plate H, permeation | Std. cm’/sec cm?Pa at 80°C | <2x10°® <1.3x10™
Cost S/KW 5 3

Weight kg/kW <0.4 -

The materials used to make bipolar plates are classified to three types: non-

metals; metals; and polymer composites [10] as shown in figure 2.5.




Bipolar plates

ot

Graphite

Stainless Steel
Carbon Steel
Aluminum
Nickel

Copper
Titanium

Non-metal Composites
¥ 1 1
Metal-based Carbon-based
«{ Metals composites composites
bolvearh 1 Filler Resin
olycarbonate
with stainless Graphite Eﬂ"lprlc?p‘ﬂene
steel Grajrphene Epg)rz\? ic
Eg‘lrbon Black Polybenzoxazine
Carbon Fiber etc.

Figure 2.5 Classification of materials for bipolar plates used in PEMFCs.

2.3.1 Metallic Bipolar Plates

Several types of metals were used to be material for bipolar plates [10]. They
have many advantages such as high mechanical strength, high conductivity, easy to

processing and easy to stamp to create flow channel. Metallic bipolar plates can be
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classified to three types: precious non-coated, non-coated and coated metallic bipolar

plates.

2.3.1.1 Precious Non-coated Metal Bipolar Plates

All metals used in this type of bipolar plates are noble metals such as gold

and platinum [34]. They have excellent mechanical, thermal and electrical properties

but they have too high cost to use in commercial scale.
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2.3.1.2 Non-coated Metal Bipolar Plates

Metals used as non-coated bipolar plates are stainless steels, aluminum,
titanium and nickel [10, 34]. They also have high mechanical properties, high thermal
properties, high chemical stability, low gas permeability and low cost [10, 35].
However, they have a problem about contact resistance in oxide layer produced from
corrosive process. Recently, austenitic and ferritic stainless steel were developed for
bipolar plates to improve contact resistance [36].

2.3.1.3 Coated Metal Bipolar Plates

To overcome corrosion problem, coated metals are used as bipolar plates.
Aluminum, stainless steel and nickel are chosen as alternatives for coating. Coatings
must have high thermal conductivity, high electrical conductivity and good adhesion
with the substrates. There are two types of coatings: carbon-based coating and metal-
based coating. Graphite, diamond like carbon, organic self-assembled monopolymers
and conductive polymer are example of carbon-based coating. The other types of
coating such as metal-based coatings are consist of noble metals, metal nitrides and

metal carbides [10, 34, 36].
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Figure 2.6 Metallic bipolar plate [37].

2.3.2 Non-metal Bipolar Plates

One of the most interesting material chosen to make non-metal bipolar plates
is non-porous graphite gained by both natural and synthetic. Graphite is an allotrope
of carbon which has high thermal conductivity, electrical conductivity, eood chemical
stability and low density. The bipolar plates made of graphite have high
electrochemical power output. However, they have drawbacks about high cost, low

mechanical strength and hard to processing [10, 34, 35, 38].
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Figure 2.7 Graphite bipolar plate [1].

2.3.3 Polymer Composites Bipolar Plates
Polymer composites are the other alternatives for bipolar plates. There are
advantages in low weight and can be molded in any size or shape [10]. There are two

types of fillers used in the composites: metal and carbon.

2.3.3.1 Metal-based Composite Bipolar Plates

Only type of metal used to fill in the composites is stainless steel.
Polycarbonate filled with graphite and stainless steel gains high rigidity, high chemical
resistance and can be molded in any shape [8].

2.3.3.2 Carbon-based Composite Bipolar Plates

Carbon- based composites have several advantages such as low weight,

corrosion resistance [38] and can be molded into several size and shape. Polymer has
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a duty to hold fibers or fillers in suitable direction for increase properties of the plates.
Both thermoplastic and thermoset can be used as resin for bipolar plates [8].

Several types of thermoplastic used to make bipolar plates such as
polypropylene (PP), polyvinylidene fluoride (PVDF), polyphenylene sulfide (PPS) or
polyether ether ketone (PEEK). These polymers have good mechanical properties [8].

Thermosetting used for bipolar plates have higher strength, lower viscosity and
more toughness than thermoplastic. Moreover, they can be cured at temperatures
higher than their glass transition temperatures. Examples of these types of polymers
are epoxy, phenolic and vinylester (VE) [8].

Different types of carbon filled in the composites such as graphite, graphene,
carbon nanotubes, carbon black and carbon fibers. Carbon-based composites can
overcome drawbacks occurred in metal-based composite. Polymer-graphite composite

is used as manufacturing bipolar plates [10].

Figure 2.8 Graphite-polymer composite bipolar plate [39].
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2.4 Graphite

The word “graphite” is derived from the Greek word “graphein” meaning “to
write” because graphite have been used to write and draw for a long time. Graphite is
an allotrope of carbon like diamond but it has different structure significantly. Graphite
consists of a lot of parallel planes interact together. There are two type of planes: A
plane and B plane which carbon atoms are not neighbor directly. Each plane consists
of two types of carbon atom: alpha-atom which has direct neighbors above and below
the adjacent plane and beta-atom which has not direct neighbor. Every atom in plane
is bonded with three other atoms look like hexagonal shape with covalent bond as

shown in figure 2.9.
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Figure 2.9 Crystal structure of graphite [40, 41].

There are two main types of graphite i.e. natural and synthetic. Natural graphite

can be found as a mineral in nature while synthetic graphite was prepared by heating
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unstructured carbon at high temperature in which it shows lower impurity than natural
graphite [42, 43]. Graphite has outstanding properties as shown in table 2.3.

Table 2.3 Properties of graphite [8, 41, 44, 45].

Properties Values
Physical Properties
Density (g/cm?) 1.8 -2.26
Color black
Aspect ratio close to 1
Specific surface area (m?/g) 6.5 — 20
Water absorption (%) 0.5-3.0
Mechanical Properties
Flexural strength (MPa) 10 - 100
Flexural modulus (GPa) 5-10
Thermal Properties
Specific heat capacity (J/g:K) 0.69 - 0.719
Thermal conductivity (W/m-K) 300 - 600
Coefficient of thermal expansion 8.39
Thermal shock resistance (°C) 200 - 250
Electrical Property
Electrical conductivity (S/cm) 2.5 x 10*
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2.5 Graphene

Graphene was discovered in 2004 by Prof. Andre Geim and Prof. Konstantin
Novoselov from University of Manchester [46]. Graphene is synthesized from graphite
by plenty of methods. The simplest method called micromechanical exfoliation of
graphite or scotch tape method [40]. Others method such as chemical vapor
deposition (CVD), chemical conversion, reduction method, separation or exfoliation of
graphite or graphite oxide and arc discharge [47]. The definition of graphene is a single
atomic plane of sp® bound carbon [48]. Graphene is a two- dimensional (2- D)
nanomaterial which has flake shape as thick as one unit of graphite. The structure of

graphene is shown in figure 2.10.

Figure 2.10 Crystal structure of graphene [40].
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Figure 2.11 A simple route for the preparation of graphene from graphite by

reduction method [40].

Graphene is one of nanomaterial which has superb properties. The properties
of graphene are shown in table 2.4.

Table 2.4 Properties of graphene [8, 44, 47, 49].

Properties Values

Physical Properties
Density (g/cm”) 2.2
Color Black

Length (um) 50
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Table 2.4 Properties of graphene [8, 44, 47, 49].

Properties Values

Physical Properties

Thickness (nm) 1-35
Aspect ratio 1,400 - 50,000
Specific surface area (m?/g) 2,630

Mechanical Properties

Tensile strength (GPa) 130

Tensile modulus (TPa) 1

Thermal Properties

Specific heat capacity (J/g:K) 1.076
Thermal conductivity (W/m-K) 2,000 - 6,000
Coefficient of thermal expansion 1x10°

Electrical Property

Electrical conductivity (S/cm) 2 x 10*

2.6 Carbon Nanotubes (CNTs)
Carbon nanotube (CNTs) is another type of carbon along with graphite,
graphene, fullerene or diamond. They were discovered in 1991 by a Japanese

researcher named Sumio lijima [50]. Carbon nanotubes are known as one-dimensional



27

(1D) nanomaterials while fullerene is zero-dimensional (0-D) nanomaterial, graphene is
two- dimensional ( 2- D) nanomaterial, graphite and diamond are called three-
dimensional (3-D) material. They can synthesized by rolling graphene sheet into
cylinders.  Nowadays, a lot of method used to produce carbon nanotubes such as
chemical vapor deposition (CVD), laser method, arc discharge method or ball milling
method [51].

Carbon nanotubes have tubular structures which 1 - 50 nm diameter and a

few micron to centimeter length. Their structures were shown in figure 2.12.

Figure 2.12 Crystal structure of carbon nanotubes [40].

There are two main types of carbon nanotubes i.e. single- walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTSs) [8, 50-52]. Single-
walled carbon nanotubes have only layer of one-atom graphene. This type of

nanotubes has high mechanical, thermal and electrical properties along with high cost.
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Multi-walled carbon nanotubes have more than two layers of graphene rolled into
cylinders with lower cost than SWCNTs. Double-walled carbon nanotubes (DWCNTSs)
are also a special type of multi-walled carbon nanotubes which have only two layers
of graphene. The structures of SWCNTs and MWCNTSs are shown in figure 2.13.
SWCNTs and MWCNTSs have different properties. SWCNTs have better electrical
properties than MWCNTs. However, SWCNTs may contain imperfection showed by
micrographs [53]. SWCNTs usually be used in electronic devices such as field effect
transistors (FETs) or logic gate. MWCNTSs can carry high current density and have higher

Young’s modulus than SWCNTs [52, 54, 55].

A
v

2-100nm

Figure 2.13 Diagram of single- walled carbon nanotubes (left) and multi- walled

carbon nanotubes (right) [56].

Carbon nanotubes have interesting properties as shown in table 2.5.



Table 2.5 Properties of carbon nanotubes [8, 44, 50-52, 57, 58].

Properties Values
Physical Properties
Density (g/cm?) 1.8-2
Color Black
Length (um) 1-18x10°
Diameter (nm) 1-50
Aspect ratio 1,000 - 50,000
Specific surface area (m?/g) 10 - 250 m%/g
Tensile strength (GPa) 60 — 150
Tensile modulus (TPa) 02-1
Thermal Properties
Specific heat capacity (J/g:K) 0.75-1
Thermal conductivity (W/m-K) 3,000 - 3,500
Coefficient of thermal expansion 1x10°
Electrical Property
Electrical conductivity (S/cm) 3,000 - 4,000

29
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2.7 Polybenzoxazine

Polybenzoxazine is a novel type of thermosetting developed from phenolic
resin to overcome its drawback. Benzoxazine resins are synthesized by mixing phenol,
aldehyde and amine functional group together by using solvent or solventless
technique [59]. Polybenzoxazine can be polymerized by open the oxazine ring of
benzoxazine monomer. This new thermosetting has many important advantages such
as good mechanical properties, high glass transition temperature, low water absorption,
high char yield, no catalyst used for synthesizing, no by-product gained from curing
and near zero shrinkage [15, 16, 18-20, 59, 60].

Benzoxazine resins can be classified into several types based on theirs mixtures.
Bisphenol-A and aniline based benzoxazine is the most popular type of benzoxazine
resin because of their very low viscosity and good thermal properties [60]. Their
properties are shown in table 2.6.

The most important property of polybenzoxazine for apply as matrix in
composite is its low melt viscosity about 5 Pa.s at temperature of 80°C. This type of

polymer can coat filler thoroughly so large amount of filler can filled in the composite.



Table 2.6 Properties of polybenzoxazine [16, 59, 611.

Properties Values

Mechanical Properties

Storage Modulus at 25 °C (GPa) 2.2
Tensile Modulus (GPa) 5.2
Tensile Strength (MPa) 64
Flexural Modulus (GPa) 4.5
Flexural Strength (MPa) 126

Physical Properties

Monomer Density (g/cm?) 1.2
Polymer Density (g/cm?) 1.195
Water Absorption (% at 25 °C 24 h) 0.11

Thermal Properties

Curing temperature (°C) 160 - 220
Glass transition temperature (°C) 150 - 180
Degradation temperature at 5% weight loss (°C) 310
Char yield (%) 32

Bisphenol-A based benzoxazine resin can be synthesized using solventless

process disclosed by Ishida [15, 60]. This process is carried out by mixing bisphenol-A,
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paraformaldehyde, and aniline at 1:4:2 molar ratio at temperature of 110 °C. The
synthesize path is shown in figure 2.14. Polymerization process or curing process of
polybenzoxazine is proceeded by heating the monomer to open its cyclic ring. The

formation of polybenzoxazine is shown in figure 2.15.
|
HO ‘|3 CH + CH20 +

CHg

< CH3

NHy

Figure 2.14 Synthesize path of BA-a [60].
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Figure 2.15 Formation of polybenzoxazine by thermal curing process [60].
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H. Ishida and S. Rimdusit (1998) [17] developed highly-filled boron nitride-
polybenzoxazine composites to obtain very high thermal conductivity. Highly thermal
conductivity could be obtained by adding maximum content of filler as soon as
possible. They synthesized composite of polybenzoxazine and boron nitride. The
highest content of boron nitride filled in the composite was 78.5% by volume or 88%
by weight. Thermal conductivity was supremely increased to 32.5 W/m-K as shown in
figure 3.1. The high content of boron nitride was possible because large particle size
of boron nitride caused less specific surface area. Moreover, low melt viscosity of

benzoxazine could wet whole area of boron nitride particle with good adhesion.
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Figure 3.1 Thermal conductivity of boron nitride-filled polybenzoxazine as a function

of filler contents [17].
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l. Dueramae, A. Pengdam and S. Rimdusit (2013) [21] were accomplished to use
highly filled graphite polybenzoxazine composites. Figure 3. 2 shows thermal
conductivity of graphite polybenzoxazine composites at 25 °C with different graphite
content. The highest graphite content filled in composite was 80 wt%. Thermal
conductivity of the composite was improved from 0.23 W/m-K of neat benzoxazine to
10.2 W/ m-K or about 44 times. They found that increasing graphite content could
increase thermal conductivity rapidly because graphite had high thermal conductivity
and could construct significant conductive pathway in the composites. Department of
Energy, USA (DOE) gave the recommended value of thermal conductivity of bipolar
plate for PEMFCs at 10 W/m-K so polybenzoxazine composite with 80 wt% graphite
has higher thermal conductivity than the requirement set by Department of Energy.

12
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Figure 3.2 Thermal Conductivity at 25 °C of graphene and graphite filled

polybenzoxazine as a function of filler contents [21].
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R. Plengudomkit, M. Okhawilai and S. Rimdusit (2014) [7] developed
polybenzoxazine composite filled with graphene. They found that the maximum
graphene content filled in the composite was 60 wt%. Increasing graphene content
also improved thermal conductivity in the composites. Filling 60 wt% graphene could
increase thermal conductivity to 8.03 W/m-K as shown in figure 3.3. Highly thermal
conductivity could be obtained because formation of conductive network in graphene
could reduce heat resistance in the composite. This composite has higher thermal
conductivity than graphite polybenzoxazine composite developed by Dueramae et al.
[21] at the same filler content. They were found that smaller particle size and higher

aspect ratio of graphene could form greater conductive network than graphite.
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Figure 3.3 Thermal conductivity at 25 °C of graphene and graphite filled

polybenzoxazine as a function of filler contents [7].
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M. Phuangngamphan (2016) [29] developed highly-filled graphite and graphene
polybenzoxazine composites. She found that graphite with large particle size could be
filled in polybenzoxazine composite as high as 83 wt% as shown in table 5.1 because
large particle of fillers had lower surface area than small particle of fillers. For this
reason, largest particle size of graphite was used in this research. Then, graphite and
graphene were filled in polybenzoxazine composite with total content at 83 wt%.
Figure 3.4 illustrates thermal conductivity of polybenzoxazine composites filled with
graphite and graphene at room temperature with different graphite and graphene
content. It was found that the optimal graphene content was 7.5 wt% and the highest
thermal conductivity was 14.5 W/m-K. Adding little amount of graphene could improve
thermal conductivity because graphene has higher intrinsic thermal conductivity [8, 44,
47, 49] and smaller particle size than graphite. Graphene could fill the void between
particles of graphite to generate greater thermal conductive pathway. However, adding

large amount of graphene caused too large surface area and agglomeration of filler.

Table 3.1 The effect of particle size on composite packing densities [29].

Average particle size (um) Type Maximum loading (wt%)
<50 Aggregate 75
140 Aggregate 80

240 Aggregate 83
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Figure 3.4 Thermal conductivity at 25 °C of graphite/graphene filled polybenzoxazine

composites as a function of graphene contents [29].
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S. R. Dhakate (2010) et al. [25] developed phenolic composites filled with
graphite and multi-walled carbon nanotubes. They added graphite in phenolic resin at
maximum content of 65% by volume. Phenolic composite filled with 65 vol% of
graphite had thermal conductivity at 1 W/m-K for through-plane direction and 13
W/m-K for in-plane direction. Then, they filled multi-walled carbon nanotubes at
different contents. Figure 3.5 illustrates thermal conductivity of carbon nanotubes and
graphite phenolic composites at different contents of carbon nanotubes. It was found
that adding small amount of multi- walled carbon nanotubes increased thermal
conductivity of the composite due to high intrinsic thermal conductivity, orient in all
direction and high aspect ratio of carbon nanotubes could bridge the space between
particles of graphite [8]. However, filling too large amount of carbon nanotubes caused
agglomeration phenomenon. In this research, the optimal content of multi-walled
carbon nanotubes was 1 % by volume. The thermal conductivity was increased from
1 W/m-K to 13 W/m:-K for through-plane direction and from 25 W/m-K to 50 W/m-K for
in-plane direction. The through-plane thermal conductivity are lower than the in-plane
thermal conductivity because high aspect ratio of multi-walled carbon nanotubes
cause anisotropy effect on thermal conductivity. This effect is similar to the anisotropy
effect of graphite nanoplatelet with high aspect ratio on polymer composite [62].
However, total content of fillers filled in phenolic composite are 65 wt% because

phenolic resin has higher viscosity than benzoxazine resin [63].
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Figure 3.5 Thermal conductivity with increasing MWCNTs vol% in graphite—polymer

composites [25].
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A. Yu et al. (2008) [64] developed epoxy composites filled with graphite
nanoplatelet (GNP), another type of carbon nanomaterial which is thicker than
graphene [48] and single-walled carbon nanotubes (SWCNTs). Overall fillers filled in
the epoxy composites were constant at 10 % by weight. Figure 3.6 illustrates thermal
conductivity of the hybrid graphite nanoplatelet - carbon nanotubes epoxy
composites. At GNP: SWCNTs filler ratio of 3:1, thermal conductivity reached the
highest value and higher than epoxy filled with only GNP or only SWCNTSs. This research
confirmed strong synergistic effect between GNP and SWNT. This synergism occurs
because flexible SWCNTSs bridged the planar of graphite nanoplatelets and decreased

thermal interface resistance.
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Figure 3.6 Thermal conductivities of epoxy composites prepared with hybrid
GNPXxSWCNTs10-X filler as a function of GNP filler percentage (x); the  total  filler
loading is maintained at 10 wt % . Dashed line corresponds to the change of thermal
conductivity expected from the rule of mixtures. Triangles and squares in (a) and (b)

correspond to two independent sets of composite sample preparation [64].
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T. Lu et al. (2017) [65] developed hybrid composite of high- density
polyethylene (HDPE) filled with multiwalled carbon nanotubes and few- layered
graphene. Thermal conductivity of single composites and hybrid composites at filler
contents of 0-4.3 vol% were shown in figure 3.7. They found that thermal
conductivities of the hybrid filler composites were higher than thermal conductivities
of the single filler composites for all filler contents. This phenomenon occurred
because both carbon nanotubes and graphene have large specific surface area, high
aspect ratio and high thermal conductivity. Moreover, they provided good dispersion
in polymer matrix. Graphene could make contact with two adjacent carbon
nanotubes to generate a conductive network path which increase thermal
conductivity significantly.
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Figure 3.7 Thermal conductivity as functions of filler loading for the HDPE-based

composites with the single and hybrid filler, respectively [65].
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J. Che et al. (2017) [66] studied synergistic effect on high density polyethylene
filled with expanded graphite and carbon nanotubes. Electrical conductivity of the
composites were measured and shown in figure 3.8. It was found that percolation
effect was occurred in both carbon nanotubes filled composite and expand graphite
filled composite. Carbon nanotubes filled composite had less percolation threshold
and higher conductivity than expand graphite filled composite. This result showed that
conductive network formed by carbon nanotubes was denser than network formed by
expand graphite. Moreover, the ternary system composite of polyethylene, carbon
nanotubes, and expanded graphite were developed. It was shown that adding small
amount of carbon nanotubes on expanded graphite/polyethylene composites caused

large enhancement of electrical conductivity too.
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content of CNT [66].
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M.R. Zakaria et al. (2017) [67] compared properties of epoxy filled with
graphene nanopowder and epoxy filled with multi- walled carbon nanotubes.
Mechanical properties of the epoxy nanocomposites were illustrated in figure 3.9. The
fisure showed that epoxy filled with carbon nanotubes had higher flexural strength
and flexural modulus than epoxy filled with graphene nanopowder at the same filler
content. There are three reason for this phenomenon. First, graphene nanopowder
had larger surface area and was more easily aggregated. Second, carbon nanotubes
had weaker Van der Waals’ force between theirs adjacent particle caused they disperse
in matrix easily. Last, two-dimensional structure of graphene nanopowder caused it
easily to detach from the matrix. The epoxy composite filled with 1 wt% carbon
nanotubes provided the highest flexural strength (126. 70 MPa) and flexural modulus
(3.35 GPa). Filling more than 1wt% of fillers could decrease mechanical properties due

to the agglomeration of the fillers.
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CHAPTER IV

EXPERIMENTAL

4.1 Materials

There are four materials used in this research: benzoxazine resin (BA-a),
synthetic graphite, graphene and multi-walled carbon nanotubes. Benzoxazine resin is
based on bisphenol-A, para-formaldehyde and aniline. Bisphenol-A (AR grade) was
obtained from PTT Phenol Company Limited. Paraformaldehyde (AR grade) and aniline
(AR grade) were purchased from Merck Company and Panreac Quimica SA Company,
respectively. Graphite was kindly supported from Toyo Tanso (Thailand) Company
Limited. XGnP Graphene Nanoplatelets (Grade H) was bought from XG Sciences, USA.
Carbon nanotubes were obtained from Nano Generation Company Limited.

4.1.1 Benzoxazine Synthesis

Benzoxazine resin was synthesized using three reactants i.e. bisphenol-A, para-
formaldehyde and aniline by a solventless method [15]. First, bisphenol-A, para-
formaldehyde and aniline were mixed at a 1:4:2 molar ratio and stirred continuously
at 90-110°C until it became light yellowish monomer. Then, the monomer was cooled
to room temperature until it became yellow solid. Last, the monomer was ground into

powder and kept in a refrigerator for future use. The density of this resin is 1.19 g/cm”.
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4.1.2 Graphite Characteristics

IG- 70 graphite having density of 2.0 ¢/cm*® was supplied by Toyo Tanso
(Thailand) Co., Ltd. It has electrical resistivity, flexural strength, coefficient of thermal
expansion, and coefficient of thermal conductivity of 10.0 uQ.m, 47 MPa, 4.6x10° /K
and 130 W/m-K, respectively [42].

4.1.3 Graphene Characteristics

XGNP Graphene Nanoplatelets (Grade H) which supplied from XG Sciences, USA
has average diameter of 25 ym and 15 nm thickness with specific surface area of 60-
80 m?/g. The density of this material is 2.2 ¢/cm?[68].

4.1.4 Carbon Nanotubes Characteristics

Multi- walled carbon nanotubes were purchased from Nano Generation
Company Limited. They have an average tube diameter and tube length of 10 nm and
80 pm, respectively with more than 90% purity. They have BET surface area of 250

m?/g. Their density is also 2.0 g/cm? [69].

4.2 Specimen Preparation

First, all types of fillers were dried in oven at temperature of 100°C for 24 hours
to get rid of moisture and kept in a desiccator at room temperature. Then,
polybenzoxazine composites filled with graphite/ graphene and carbon nanotubes
were prepared by mixing benzoxazine resin, graphite, graphene and carbon nanotubes

in an internal mixer with a constant speed rate of 40 rpm, a temperature of 90-100°C
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for 30-45 minutes. The content of graphene was kept constant at 7.5wt% while the
total content of graphite and carbon nanotubes were 76.5wt%. After achieved uniform-
distributed mixture, the compounds were compressed using a compression molder
with a pressure of 150 MPa, a temperature of 200°C for 3 hours to obtain fully-cured
composites. Last, the composites were cut to an appropriate size and shape for further

characterization.

4.3 Characterization Methods

4.3.1 Differential Scanning Calorimetry (DSC)

Curing characteristics of the composites were studied using a differential
scanning calorimeter (model DSC1 Module) from Mettler-Toledo. All specimens were
ground into small pieces about 5-10 mg and put in aluminum pans and sealed
hermetically with aluminum lids. The experiments were heat using a heating rate of
10°C/ min from 30°C to 300°C under nitrogen atmosphere at 50 ml/min. The curing
temperatures were obtained from the peak of each thermogram while the heat of
curing reactions were obtained from the areas under each exothermic peaks. The
curing conversions were also calculated too.

4.3.2 Density Measurement

The density of each composites were examined by water displacement

method (ASTM D792 Method A). All specimens were cut into rectangular shape with
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dimension of 5cm x 2.5cm x 2mm. Weight of each specimen in air and water at 23+2°C

was used to calculate density from equation 4.1.

A

p= X P,

A-B
Where p = density of each specimen (g/cm?)
A = weight of specimen in air (g)
B = weight of specimen in water (g)
p, = density of water (g/cm’)

Theoretical density of each specimen was calculated using equation 4.2.
1
Pe™ Wy (1-wy) (4.2)
—
P P,

Where p. = theoretical density of each specimen (g/cm’)

wr = weight content of each filler (wt%)

p, = density of each filler (g/cm’)

p, = density of the matrix (g/cm’)

4.3.3 Dynamic Mechanical Analysis (DMA)

A dynamic mechanical analyzer model DMA242 from NETZSCH Instrument was
used to characterize composites. The dimension of each composite was 5cm x 1cm x
2.5mm. The experiment was carried out using a three- point bending mode. A strain
was applied in range of 0-30 um at a frequency of 1 Hz. The temperature was scanned

from 30-300°C with a heating rate of 5°C/min under nitrogen atmosphere. Storage
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modulus (E) and loss modulus (E") were obtained from this characterization
techniques. The glass transition temperature of each composite was also obtained
from the temperature at the peak of the loss modulus curve.

4.3.4 Thermogravimetric Analysis (TGA)

Thermal stability of the composites were studied using a thermogravimetric
analyzer (model TGA1 Module) from Mettler-Toledo. Specimens with weight of 5-10
mg were heat from 30°C to 850°C with a heating rate of 20°C/min under nitrogen
atmosphere at a flow rate 50 ml/min. The thermal degradation temperature at 5%
weight loss and char yield at 800°C of each specimen can determine from this type of
thermogram.

4.3.5 Specific Heat Capacity Measurement

Specific heat capacity of each specimen was also examined by a differential
scanning calorimeter (model DSC1 Module) from Mettler-Toledo. The specimens were
put in aluminum pans and sealed hermetically with aluminum lids. The weight of each
specimen was about 15-20 mg. The experiment was purged with dry nitrogen gas at a
flow rate of 60 ml/min. The temperature was scanned from 15°C to 200°C with a
heating rate of 1°C /min.

4.3.6 Thermal Diffusivity Measurement

Thermal diffusivity of the composites were investigated by laser flash diffusivity
measurement (Nano- Flash-Apparatus, LFA 447, NETZSCH). The dimension of each

composite was 10mm x 10mm x Imm. The specimens were characterized at
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atmosphere from room temperature to 180°C. The front side of specimens were heat
by a short light pulse and the temperature at the rear side of specimens slightly
increased. An infrared detector was used to detect the rising temperature and the

thermal diffusivity was calculated using equation 4.3.

kL? (4.3)

a= —

t0.5

Where a = thermal diffusivity of each composite (mm?/s)

k = the half-rise constant (0.13879 under ideal condition at half-rise)

L = thickness of the specimens (mm)

tos = the time for the rear face temperature to reach half of its maximum value

After thermal diffusivities of the composites were calculated, theirs thermal
conductivities were calculated using equation 4.4.

k=pXxcxa (4.4)

Where k = thermal conductivity of each composite (W/m-K)

p = density of each composite (g/cm”)

Cp = specific heat capacity of composite (J/g-K)

o = thermal diffusivity of each composite (mm?/s)

4.3.7 Electrical Conductivity Measurement

The electrical conductivity of composites was determined using four point
probe technique (Lucas Labs S-302 with SP4 head) which connected to a source meter

instrument (KEITHLEY 2410). The specimens were cut into 2 cm x 2 cm square shape.
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The electrical conductivity of the composites was calculated using equation 4.5 and

4.6 [70, 71] and the five averaged value was reported.

\' T E
="XWX—/—X
P I In2
1
o=
P

Where p = volume resistivity (Q-cm)
V = voltage (v)
| = current (A)
w = thickness of the specimens (cm)
F = correction factor (= 0.642 for 2 mm thickness specimens)
o = electrical conductivity of the specimens (S/cm)

4.3.8 Flexural Properties Measurement

(4.5)

(4.6)

The flexural properties of each specimen were examined by a universal testing

machine (model 5567) from Instron Instrument. The dimensions of all specimens were

5cm x 2.5cm x 2.5 mm. The experiment was carried out using three-point bending

method with a support span of 32 mm. The crosshead speed used in this test was

0.85 mm/min. The flexural strength and flexural modulus were determined according

to ASTM D790M. They were calculated using equation 4.7 and 4.8.

L3m

E.=
T E

3PL

S =
abd?

(4.7)

(4.8)
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Where Eg = flexural modulus, MPa

S = flexural strength (MPa)

P = load at a given point on the load-deflection curve (N)

L = support span (mm)

b = width of the beam tested (mm)

d = depth of the beam tested (mm)

m = slope of the tangent to the initial straight-line portion of the load

deflection curve (N/mm)

4.3.9 Water Absorption Measurement

Water absorption values were measure following ASTM D570. First, disked-
shape specimens with diameter of 50 mm and thickness of 3 mm were dried in oven
and weighed. Then, the specimens were submerged in distill water at room
temperature for 24 hours. Next, wet the specimens, weigh and return it to the water

bath. The water absorption values were calculated using equation 4.9.

_Wd
% Water absorption= x 100 (4.9)
Wy

Where W = weight of specimen at time t (g)
Wy = weight of dry specimen (g)
4.3.10 Scanning Electron Microscope (SEM)
A scanning electron microscope (SEM-EDS 6610LV) was used to study interfacial

bonding between polybenzoxazine resin and all types of fillers (graphite, graphene,
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carbon nanotubes) at an acceleration voltage of 15 kV. The composites and all types
of fillers were coated with thin film made of gold using a JEOL ion sputtering device
(model JFC-1200) for 4 min to obtain a thickness of approximately 30A. Then, the
micrographs of each specimen fracture surface were taken. The micrographs were used
to investigate the dispersion of graphite, graphene, and carbon nanotubes in the

polymer matrix thoroughly.



CHAPTER V

RESULTS AND DISCUSSION

5.1 Graphite-filled Polybenzoxazine Characterization

5. 1.1 Actual Density and Theoretical Density of Graphite Filled

Polybenzoxazine Composites

Density of the composite is an important property to confirm the exact amount
of filler content and no void formation in the specimen. Figure 5.1 shows theoretical
density of graphite filled polybenzoxazine composite which calculated from rule of
mixture (equation 4.2) and the actual density which measured by water displacement
method (ASTM D792 Method A). The densities of graphite and polybenzoxazine used
to calculate theoretical density of the composite are 2.0 and 1.19 g/cm?, respectively.
From the result, the actual densities and the theoretical densities of graphite filled
polybenzoxazine composites increased with increasing the graphite content which
followed the rule of mixture. The highest maximum packing density of the
graphite/ polybenzoxazine filled composite was 84 wt%. Increasing graphite content
more than 84 wt% caused an actual density of the composite to be slightly lower than
its theoretical density. It might because of the formation of void in the composite. This
high maximum packing density occurred because benzoxazine resin which has low

melt viscosity could generate strong interaction with large amount of the graphite
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which has high average diameter, low aspect ratio, and low specific surface area. This
highest maximum packing density was higher than that of graphite-filled phenolic
composite of 65%vol [25] and graphite-filled high density polyethylene (HDPE)

composite of 50%vol [72].

5. 2 Characterization of Graphite/ Graphene/Carbon Nanotubes Filled
Polybenzoxazine Composites

5.2.1 Actual Density and Theoretical Density of Graphite/Graphene/Carbon

Nanotubes Filled Polybenzoxazine Composites

Densities of graphite/graphene/carbon nanotubes filled polybenzoxazine
composites were measured and compared with their theoretical densities which was

calculated using equation 5.1.

1

pc= W

Woraphite graphene  WenTs Wi (5.1)
+ ¥ L

pgraphite pgraphene pCNTs pm

Where p. = theoretical density of each composite (g/cm?)
Weraphite = Weight content of graphite (wt%)
Peraphite = theoretical density of graphite (= 2.0 g/cm’)
Weraphene = Weight content of graphene (wt%)
Peraphene = theoretical density of graphene (= 2.2 g/cm’)
Wents = weight content of carbon nanotubes (wt%)

Pas = theoretical density of carbon nanotubes (= 2.0 g/cm?)
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Wm = weight content of matrix (wt%)

p,. = density of the matrix (= 1.19 g/cm’)

The theoretical densities of all specimens were calculated to be about 1.815
g/cm’. Figure 5.2 illustrates the density of the composite filled with 7.5wt% graphene
content and varied carbon nanotubes content at an expense of graphite. The result
showed that at 0-2wt% carbon nanotubes, the actual densities of specimens was
nearly equal to their theoretical value confirming an exact content of each fillers and
no void generation. However, more than 2.5 wt% of carbon nanotubes, a decrease in
actual density was observed. It was because the wettability of matrix to wet a greater
surface area of carbon nanotubes reduced thus some void or air gap was generated
[8]. It is known that the presence of void reduced the properties of the prepared
composite [73]. For this reason, the content of carbon nanotubes used in this research
were not higher than 2.0wt%.

5.2.2 Curing Behavior of Graphite/ Graphene/Carbon Nanotubes Filled

Polybenzoxazine Composites

The curing characteristics of the graphite/ graphene/ carbon nanotubes filled
benzoxazine compounds were investigated by a differential scanning calorimeter with
a temperature range of 30-300°C and a heating rate of 10°C/min under nitrogen
atmosphere. Figure 5.3 shows thermograms of the compounds having various graphite
and carbon nanotubes contents. The thermogram of the neat benzoxazine resin

showed an exothermic peak at 233°C due to the oxazine ring opening polymerization.
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The thermograms of the compounds having carbon nanotubes contents of 0, 0.5, 1,
1.5 and 2wt% showed exothermic peaks at 224, 223, 222, 222 and 220°C, respectively.
An Increasing the carbon nanotubes content caused the exothermic peak to shift to a
lower temperature because carbon nanotubes acted as a catalyst to open the oxazine-
ring. The catalytic activity of carbon nanotubes confirmed by the FTIR spectrum as
shown in figure 5.4. The peaks of the carboxylic (COOH) group were noticed at 1733
and 3444 cm™! of C=0 stretching and O-H stretching, respectively. The effect of
carboxylic group as a catalyst for ring-opening polymerization of benzoxazine resin was
confirmed by P. Kasemsiri et al. [74] in the study of cashew nut shell liquid and
benzoxazine resin.

Furthermore, the heat of reactions which calculated from area under
exothermic peaks decreased with increasing carbon nanotubes contents. The values
of the specimen having Owt% of carbon nanotubes decreased from 46.0 J/ ¢ to
25.3 J/ ¢ for the specimen having 2wt% of carbon nanotubes. This phenomenon also
confirmed that carbon nanotubes acted as a catalyst to cure the compound partially.

Figure 5.5 illustrates thermograms of graphite/ graphene/ carbon nanotubes
benzoxazine compounds having a constant carbon nanotubes content of 0.5wt% and
varying curing temperature from 0-3 hours. From this figure, the height and area of
exothermic peaks decreased when increasing curing time. A heat of reaction of the
uncured compound was determined to be 31.26 J/g. After curing process, heat of

reactions decreased to 8.99, 1.81 and 0.68 J/¢ for the curing times of 1, 2, and 3 hours,
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respectively. The degree of conversion of each compound which was calculated by
equation 5.2 was 94% after curing for 2 hours. Therefore, the curing condition at the
temperature of 200°C for 2 hours was used to cure all specimens for further

characterization.

Han
%conversion = | 1-—— ] x100 (5.2)
Ho

Where H,,, = the heat of reaction of the partially cured specimens.

Ho = the heat of reaction of the uncured specimens.

5. 2. 3 Dynamic Mechanical Properties of Graphite/ Graphene Filled

Polybenzoxazine Composites

Storage modulus (E') and loss modulus (E") of the specimen were investigated
by a dynamic mechanical analyzer with a temperature range of 25-300°C and a heating
rate of 5°C/min under nitrogen atmosphere. The storage moduli of the composites
were illustrated as shown in Figure 5.6. From the figure, the storage moduli at room
temperature of the composites increased with increasing carbon nanotubes content.
The graphite/graphene filled polybenzoxazine composite had the storage modulus of
9.6 GPa where the specimen having 0.5, 1, 1.5, and 2wt% of carbon nanotubes at an
expense of graphite showed an increase in the storage modulus to 9.7, 10.0, 10.3, and
11.4 GPa which accounted to be 17.5% higher than that of the graphite/graphene filled
polybenzoxazine (5.2 GPa) and also higher than that of graphite-filled HDPE composite

developed by A. Pandey et al. [72]. This phenomenon occurred because carbon
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nanotubes which have high rigidity generated substantial adhesion between the matrix
and the other fillers and improved stiffness of the composites. Moreover, the moduli
at the rubbery plateau region of the composites were also increased with increasing
carbon nanotubes content. This phenomenon confirmed that the substantial
interaction between the matrix and all types of fillers were occurred. However, the
moduli were slightly less than that of graphite/graphene filled polybenzoxazine
composite developed by M.Phuangngamphan [29]. It might because a lower surface
area of greater size of graphite size used in this research caused a less substantial
interaction to benzoxazine matrix compared to that of having higher surface area [75].

Loss moduli of all specimens were illustrated in Figure 5.7. The temperature at
the peak of loss modulus of each specimen was used as glass transition temperature
(Tg) of its sample. The T, values of the composites increased when increasing carbon
nanotubes content. T, values of graphite/graphene polybenzoxazine composite were
198°C. At 0.5, 1, 1.5, and 2wt% carbon nanotubes content, the values of the specimens
increased to 201, 203, 203, and 207°C, respectively. This high T, values was 9°C higher
than that of the graphite/graphene filled polybenzoxazine and also higher than that
of graphite-filled polybenzoxazine composite developed by I. Dueramae et al. [21]
This phenomenon implied the strong interaction between carbon nanotubes and
polybenzoxazine. These types of fillers impeded mobility of the polymer chain,

reduced free volume and raised crosslink density. However, T, values of our system

were slightly less than that of graphite/eraphene filled polybenzoxazine composite
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which attributed to that the polymer chain can moves easily compared to that having
a small graphite size [75, 76].

5.2.4 Thermal Stability of Graphite/Graphene/Carbon Nanotubes Filled

Polybenzoxazine Composite

Figure 5.8 shows thermal stability of graphite/graphene/carbon nanotubes filled
polybenzoxazine composites obtained from a thermogravimetric analyzer with a
temperature range of 25-850°C and a heating rate of 20°C/ min under nitrogen
atmosphere. From Figure 5.8, the temperature at 5% weight loss of each specimen is
used as its thermal degradation temperature. From the result, the degradation
temperature of neat polybenzoxazine was 334°C. Graphite had extremely high thermal
stability so it did not degrade in this temperature range while graphene and carbon
nanotubes had a little degradation due to degradation of oxygen-containing functional
groups which confirmed by FTIR spectra. These functional groups in graphene and
carbon nanotubes could help to improve mechanical properties of the composites by
generate good interfacial bonding with the matrix. Increasing carbon nanotubes
contents made enhancement of thermal degradation temperature attribute to high
stability carbon nanotubes acted as gas barrier to prevent degradation of volatile
products. The thermal degradation temperatures of the composites having 0-2 wt%
carbon nanotubes were found to be 422, 423, 428, 442, and 466 °C, respectively.

Moreover, thermal degradation temperatures of graphite/graphene carbon

nanotubes filled polybenzoxazine composite in this research were higher than those
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of graphite/graphene filled polybenzoxazine composite as studied by M.
Phuangngamphan having the value of 433°C [29]. This extremely high thermal stability
was attributed to that carbon nanotubes which have higher specific surface area than
graphite could restrict mobility of the polymer matrix [65] and also generated labyrinth
to delay diffusion of volatile products [77]. It was also found that carbon nanotubes
filled polybenzoxazine composite had higher thermal degradation temperature than
that of graphite filled polybenzoxazine composite or graphene filled polybenzoxazine
composite at same filler content [7, 21, 78].

Char residue at 800°C of the neat polybenzoxazine was about 26.0%. Graphite
had 100% char residue while graphene and carbon nanotubes had char residue of
89.7% and 96.8%, respectively, due to degradation of volatile functional groups such
as carboxylic group which confirmed by their FTIR spectra. Decreasing graphite content
and increasing carbon nanotubes content decreased char residue of the specimen.
Char yields were found to be 93.3, 90.9, 90.6, 90.2, and 89.9% of the composites with
0-2 wt% respectively. This phenomenon was appropriated to higher thermal stability
of graphite which had no other volatile functional groups.

5.2.5 Specific Heat Capacity of Graphite/ Graphene/ Carbon Nanotubes

Filled Polybenzoxazine Composite

Specific heat capacity was defined from the amount of energy absorbed by a

unit mass of material to raise a unit of temperature in constant pressure. This
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parameter was used along with thermal diffusivity to calculated thermal conductivity
from equation 4.4 [79].
k=pxcxa (4.4)

Specific heat capacity of the specimen was investigated by a differential
scanning calorimeter. Figure 5.9 illustrates specific heat capacity of the composite
having various carbon nanotubes content. From the results, specific heat capacity of
each specimen which measured from DSC was not different significantly with increasing
carbon nanotubes content at an expense of graphite because both carbon nanotubes
and graphite have similar specific heat capacity. Furthermore, this result showed that
specific heat capacity of the composites was the structure-intensitive property which
had linear relationship with filler contents. In addition, specific heat capacity was the
property which follow rule of mixture as shown in equation 5.3

c..=C (5.3)

pc p,graphitewgraphite+c

+CpeNTWENTHE W

p,graphenewgraphene PP

p

Where c,. and c,, are specific heat capacity of composite and neat
polybenzoxazine respectively. While wj, is mass fraction of neat polybenzoxazine in
the composite.

Specific heat capacity of graphite, graphene, carbon nanotubes and
polybenzoxazine were 0.770, 1.075, 0.770 and 1.756 J/¢-K, respectively. Specific heat
capacity of the composites were calculated to be 0.951 J/g-K for all specimens from

rule of mixture as shown in table 5.1. The result show that specific heat capacity of all
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composites was close to 0.951 J/g-K (0.984, 0.990, 0.953, 0.946, and 0.965 J/g-K for
composites with 0.0, 0.5, 1.0, 1.5, and 2.0 wt% of carbon nanotubes, respectively).

5.2.6 Thermal Diffusivity of Graphite/Graphene/Carbon Nanotubes Filled

Polybenzoxazine Composite

Thermal diffusivity is one property used to calculate thermal conductivity using
equation 4.4. It is commonly conducted by laser flash method in which the heat
propagates from top to bottom of the specimen. Thermal diffusivities at 25°C of the
composites with varying carbon nanotubes content were shown in Figure 5.10. From
the figure, thermal diffusivities of the samples increased with increasing carbon
nanotubes content. At 0.0, 0.5, 1.0, 1.5, and 2.0wt% carbon nanotubes, thermal
diffusivities at room temperature were measured to be 8.213, 11.836, 11.948, 12.060,
and 12.115 mm?/s, respectively. This phenomenon occurred because of the presence
of highly thermally conductive carbon nanotubes.

For non-metal materials such as carbon-filled composites, heat transports by
flow of phonons or lattice vibrational energy. Phonons normally flow through a
material through the speed of sound. However, phonon scattering is sometimes
occurred to delay flow of phonons and increase heat resistance in a material. This
phenomena depends on temperature [17, 80, 81].

Figure 5.11 illustrates thermal diffusivities of the composites at temperature
ranging from 25-180°C. The results showed that the diffusivities of all specimens were

decreased with increasing temperature because higher temperature caused more
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phonon-phonon scattering process and increase thermal resistivity of the composite
[80, 81]. In addition, the composites filled with higher carbon nanotubes content had
a higher slope than that of the composites with a lower filler content implied that a
more temperature sensitivity of the composites with increasing carbon nanotubes
content.

5.2.7 Thermal Conductivity of Graphite/ Graphene/ Carbon Nanotubes

Filled Polybenzoxazine Composite

To achieve high thermal conductivity of non- metal material i.e. polymer
composite, higher content of conductive filler is necessary to generate conductive
network and minimize heat resistance occurred by three phenomena (phonon-phonon
scattering, boundary scattering, and defect scattering) [17, 60, 80, 81].

Thermal conductivity of the composites can be calculated using equation 4.4
where density, specific heat capacity, and thermal diffusivity of each specimen were
determined. Thermal conductivities of each specimen were summarized in Table 5.2.

Figure 5.12 displays through-plane thermal conductivity of the composite
having various carbon nanotubes content. Thermal conductivity of the neat
polybenzoxazine was 0.274 W/m-K. The presence of graphite and graphene in the
composite promoted thermal pathway so that thermal conductivity increased to
14.7 W/m-K. The high conductivity was attributed to that graphite with large average
diameter was able to fill in the composite in a high content and generated good

conductive pathway with low phonon-phonon scattering and low boundary scattering
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and graphene which have high aspect ratio can form conductive path between graphite
gap. An addition of carbon nanotubes content also increased thermal conductivity of
the samples. The thermal conductivties of the specimens having 0.5, 1.0, 1.5, and
2.0wt% carbon nanotubes were calculated to be 21.3, 20.6, 20.7 and 21.3 W/m-K,
respectively. The highest thermal conductivity value of graphite/ graphene/ carbon
nanotubes filled polybenzoxazine composite was 21.3 W/m-K or about 44 times
greater than that of the composite without carbon nanotubes. This very high thermal
conductivity was obtained because carbon nanotubes having such high aspect ratio
(long length and small diameter) oriented randomly which improve thermal
conductivities in three directions [25]. Moreover, carbon nanotubes can contact with
adjacent graphene and graphite by bridge between two particles to form conductive
network effectively [65]. These phenomenon can increase transfer efficiency of
phonon through the specimen. The highest thermal conductivity was higher than that
of graphite filled polybenzoxazine composite developed by I. Dueramae et al. (10.2
W/m-K) [21], graphene filled polybenzoxazine composite developed by R.
Plengudomkit et al. (8.03 W/m:-K) [7], graphite/carbon nanotubes filled phenolic
composite developed by S.R. Dhakate et al. (13 W/m-K) [25] and graphite/ graphene
filled polybenzoxazine composite developed by M.Phuangngamphan (14.5 W/m-K)
[29]. Moreover, the composites filled with carbon nanotubes have higher conductivities

than the requirement of DOE in 2020 (more than 20 W/m-K).
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However, this study examined through- plane thermal conductivity of the
composite because it is a key property to transport heat out of the cells. Through-
plane thermal conductvitiy is normally much lower than the in-plane value due to
anisotropic structure of the filler as studied by X. Tian et al. [62].

5.2.8 Electrical Conductivity of Graphite/ Graphene/ Carbon Nanotubes

Filled Polybenzoxazine Composite

During the operation of proton exchange membrane fuel cells, electrons
transfer from anode through two bipolar plates to cathode in order to complete the
circuit. Electrical conductivity of bipolar plates is the key property to minimize number
of plates along with reduce weight and cost [82]. To obtain high electrical conductivity
in polymer composite, the conductive particles must contact to each other as much
as possible to generate a continuous conductive pathway for electron to flow through
independently [13].

There are two types of electrical conductivity i.e. through-plane and in-plane.
The in-plane conductivity is more important property than the through-plane due to
the larger area. Figure 5.12 shows in-plane electrical conductivity of the composite by
varying carbon nanotubes content. It was found that an increase of carbon nanotubes
in the composites resulted in an increase in electrical conductivity. The electrical
conductivities of the composite having 0.0, 0.5, 1.0, 1.5, and 2.0wt% were measured
to be 320, 333, 340, 360, and 364 S/cm, respectively. The improvement of this property

was attributed to a high aspect ratio of carbon nanotubes which generated conductive
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pathway easily [8, 66, 83]. These types of fillers could overlap and interlace easily and
also generated electrical conductive pathway with adjacent graphite and graphene [65,
84]. This phenomenon was also found by S.R. Dhakate et al. in graphite/carbon
nanotubes phenolic composite [25] and J. Che et al. in graphite/carbon nanotubes
HDPE composite [66]. The highest in-plane electrical conductivity was found to be
364 S/cm in the composite with 2.0wt% filler content which higher than that of
graphite/graphene polybenzoxazine composite developed by M.Phuangngamphan [29]
in which the value meet DOE target as it is required to be higher than >100 S/cm) [11-
14].

5.2.9 Flexural Properties of Graphite/ Graphene/Carbon Nanotubes Filled

Polybenzoxazine Composite

Bipolar plates have a duty to protect the membrane and electrodes from
external force. Flexural strength and modulus of the composite with different carbon
nanotubes loading is illustrated by figure 5.13 and 5. 14 respectively. From the figure
5.13, flexural strength, increasing carbon nanotubes content along with decreasing
graphite content can slightly enhance flexural strength. For the composite having 0,
0.5, 1, 1.5, and 2 wt% carbon nanotubes content, the strength was reported to be
28.1, 34.2, 33.7, 39.4, and 41.5 MPa, respectively or about 41% improvement. This
improving of flexural strength occurred because multi-walled carbon nanotubes have
higher intrinsic mechanical properties than graphite. The load applied to the composite

could transfer to carbon nanotubes efficiency because of high aspect ratio of carbon
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nanotubes [85]. Moreover, their tube-like shape caused well-dispersed in polymer
matrix and their structure with have kinks and twists can prevent detachment of these
fillers from matrix [67]. This phenomenon also occurred in graphite/carbon nanotubes
filled phenolic resin investigated by S.R.Dhakate et al. [25]. The flexural strengths of
the composites were still greater than that required by DOEs (>25 MPa) [11-14].

From the result, flexural modulus was improved with increasing carbon
nanotubes content in the composite. The flexural moduli of the composites with 0,
0.5, 1, 1.5, and 2 wt% carbon nanotubes content were investigated to be 20.9, 36.5,
34.7, 37.7, and 49.7 GPa, respectively or about 93% improvement. This enhancement
was attributed to the carbon nanotubes which dispersed easily and generated
substantial bonding with matrix and other fillers, retard movement of the polymer
chain, and also increase crosslink ratio. Furthermore, carbon nanotubes have the
highest aspect ratio of all types of fillers. These high aspect ratio cause more
improvement of the modulus than graphite or graphene [67]. For this reason, the
stiffness of the composites was improved. The flexural moduli were higher than those
of  graphite/graphene  filled polybenzoxazine composite developed by
M.Phuangngamphan [29] which found to be 16.8 GPa and also greater than values

required by DOEs (>10 GPa) [11-14].
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5.2.10 Water Absorption of Graphite/ Graphene/Carbon Nanotubes Filled

Polybenzoxazine Composite

In the operation of fuel cells, water is generated from the electrochemical
reactions and flow through bipolar plates. For this reason, water absorption or water
uptake of the bipolar plates must be as low as possible to prevent damage within fuel

cells. Water absorption can be calculated using equation 4.9

_Wd
% Water absorption= (W ) x 100 (4.9)
Wy

Figure 5.16 illustrates the relation between water absorption of the composite having
different carbon nanotubes loading and immersion time from 0-168 hours or 0-7 days.
From the figure 5.16, the absorption curves of all specimens rapidly increased within
24 hours. After immersed for 24 hours, the curves slightly increased until the end of
experiment. The results showed that percentage of water absorption of the specimens
increased with increasing carbon nanotubes content. The higher rate of absorption was
attributed to the presence of hydrophilic functional groups such as carboxylic group
of nanotube surface which confirmed by FTIR spectra of carbon nanotubes in figure
5.4. This phenomenon also occurred in carbon nanotubes reinforced epoxy/slass fiber
laminated developed by N.M.Zulfil et al. [86]. However, the water absorption after
immersed for 24 hours of all composites filled with carbon nanotubes were calculated

to be 0.023-0.114% which was still lower than DOEs target (<0. 3%) [11-14].
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5.2.11 SEM Characterization of Graphite/Graphene/Carbon Nanotubes

Filled Polybenzoxazine Composite

Figure 5.17 (a) illustrates fracture surface of the neat polybenzoxazine showing
a smooth surface. Figure 5.17 (b) to Figure 5.17 (d) reveal micrographs of graphite which
large multiple layer of flake-like shape, sraphene with stacks of flake-like shape, and
carbon nanotubes with large amount of tubes entangle together respectively. Figure
5.17 (e) to figure 5.17 (g) show fracture surfaces of polybenzoxazine composite filled
with graphite, graphene, and carbon nanotubes, respectively indicating a
well-dispersed of each filler in polymer matrix. Figure 5.17 (h) illustrates the fracture
surfaces of the composite filled with 0.5 wt% graphite, graphene and carbon nanotube
where Figure 5.17 (i) shows those of the composite filled with 74.5, 7.5 and 2 wt% of
graphite, graphene and carbon nanotubes, respectively. The figures reveal
well-dispersion of all fillers in polymer matrix attributing to a very low-melt viscosity
of benzoxazine resin which provided good wettability to all types of fillers. For
highly-filled polybenzoxazine composite, the substantial adhesion between the fillers
and the matrix were generated. In addition, each filler occurred to improve the
properties of the composite such as thermal conductivity, electrical conductivity, and

flexural properties.
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Figure 5.1 Theoretical and actual densities of eraphite-filled polybenzoxazine

composites with varying graphite content.
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Figure 5.3 DSC thermograms of graphite/graphene/carbon nanotubes filled
benzoxazine molding compound with varying carbon nanotubes content: (@ ) 0.0
wt% carbon nanotubes, (A) 0.5wt% carbon nanotubes, () 1.0wt% carbon nanotubes,

(®) 1.5wt% carbon nanotubes, () 2.0wt% carbon nanotubes.
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Figure 5.9 Specific heat capacities of graphite/graphene/carbon nanotubes filled

polybenzoxazine composites with varying carbon nanotubes contents.



83

—_
W

2

Thermal diffusivity (mm /s)
) N
LI I | L I LI I | LI I LI I LI

—_
—

\O

(0]

0.0 0.5 1.0 1.5 2.0
CNTs content (Wt%)

Figure 5.10 Thermal diffusivities at 25°C of graphite/graphene/carbon nanotubes filled

polybenzoxazine composites with varying carbon nanotubes contents.



84

[HY [HY
N EnN
TT[1

—_
o

oo

(o)}

N

N

o
FTPpTT T [ TTT[TTT[TIT]

Thermal diffusivity (mm /s)

A A A A A Al
trrad vy gy v r gl g g rrraadl iy

50 100 o 150
Temperature ( C)
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Table 5.1 Thermal conductivities of graphite/graphene/carbon nanotubes filled

polybenzoxazine composites at 25°C.

Filler content (Wt%) P o a K
Graphite | Graphene | CNTs (g/cm?) | (U/gK) | (mm?%s) | (W/m-K)
0.0 0.0 0.0 1.190 1.756 0.131 0.274
76.5 7.5 0.0 1.825 0.984 8.213 14.7
76.0 7.5 0.5 1.821 0.990 11.836 21.3
75.5 7.5 1.0 1.812 0.953 11.948 20.6
75.0 7.5 1.5 1.814 0.946 12.060 20.7
74.5 7.5 2.0 1.820 0.965 12.115 21.3
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Figure 5.12 Thermal conductivities of graphite/graphene/carbon nanotubes filled

polybenzoxazine composites at 25°C.
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Figure 5.13 Electrical conductivities of graphite/graphene/carbon nanotubes filled

polybenzoxazine composite at 25°C.
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Figure 5.16 Water absorption of graphite/eraphene/carbon nanotubes filled
polybenzoxazine composites with varying carbon nanotubes contents. (A ) neat
polybenzoxazine, (@) 0.0wt% carbon nanotubes, (W) 0.5wt% carbon nanotubes, (M)
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Figure 5.17 SEM micrographs of fracture surfaces of the polybenzoxazine composites:
d. carbon nanotubes
e. 0.5wt% graphite-filled polybenzoxazine composite
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Figure 5.17 SEM micrographs of fracture surfaces of the polybenzoxazine composites:
g. 0.5wt% carbon nanotubes-filled polybenzoxazine composite
h. 0.5/0.5/0.5wt% graphite/graphene/carbon nanotubes-filled
polybenzoxazine composite
i. 74.5/7.5/2wt% graphite/graphene/carbon nanotubes-filled

polybenzoxazine composite



CHAPTER VI

CONCLUSIONS

The graphite/graphene/carbon nanotubes highly-filled polybenzoxazine
composites were achieved in this research. The total content of fillers was constant at
84wt% where the content of carbon nanotubes were varied from 0-2 wt% at an
expense of graphite. This appropriate content of fillers were confirmed by comparing
their actual densities with theoretical densities.

The DSC thermograms implied that carbon nanotubes acted as a catalyst to
accerelate ring opening polymerization of the oxazine ring. Carboxylic group were
presented in these fillers confirmed by FTIR spectra. The DSC thermograms also
revealed that the suitable condition to achieve fully-cured composites were 2 hours
at temperature of 200°C and pressure of 15 MPa.

Such properties of the composite filled with carbon nanotubes were improved
such as storage modulus, glass transition temperature, thermal degradation
temperature, flexural properties, thermal and electrical conductivity. Carbon
nanotubes which have tubular structure with long length and short diameter can
randomly orient in the composite and attached with graphite and graphene efficiently
resulting in great enhancement of thermal and electrical conductivity of the

composite. Thermal conductivity of the composite filled with carbon nanotubes as
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low as 0.5wt% was 21.3 W/m-K which achieved minimum requirements by the United
States Department of Energy (DOE). In addition, electrical conductivity, flexural strength
and modulus of the composite met those requirement by DOE as well.

Finally, polybenzoxazine composite filled with 76wt% graphite, 7.5wt%
graphene, and 0.5wt% carbon nanotubes was proposed to be a good candidate to
apply as bipolar plates in proton exchange membrane fuel cells because it provided
the highest thermal conductivity and lowest water absorption where other relavant
properities i.e. electrical conductivity, flexural strength, and flexural modulus were also

achieved minimum requirements by the United States Department of Energy (DOE).
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APPENDICES

Appendix A Size distribution of graphite, graphene, and carbon nanotubes

Appendix A-1 Size distribution of graphite.
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Appendix A-2 Size distribution of graphene.
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Appendix A-3 Size distribution of carbon nanotubes.
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Appendix B Characterizaion of graphite/graphene/carbon nanotubes filled

polybenzoxazine composite.

Appendix B-1 Theoretical density and actual density of graphite/graphene/carbon

nanotubes filled polybenzoxazine composite.

Fillers content (wt%) Density (g/cm?)
Graphite Graphene Carbon Theoretical Actual
nanotubes
0.0 0.0 0.0 1.190 -
70.0 0.0 0.0 1.661 1.670
75.0 0.0 0.0 1.709 1.705
80.0 0.0 0.0 1.760 1.758
83.0 0.0 0.0 1.793 1.790
84.0 0.0 0.0 1.804 1.802
85.0 0.0 0.0 1.815 1.804
76.5 7.5 0.0 1.815 1.825
76.0 7.5 0.5 1.815 1.821
75.5 7.5 1.0 1.815 1.812
75.0 7.5 1.5 1.815 1.814
74.5 7.5 2.0 1.815 1.815
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Appendix B-2 Storage moduli (E') at 25°C and glass transition temperatures (T,) which

obtained from loss moduli of graphite/graphene/carbon nanotubes filled
polybenzoxazine composite.
Filler content (Wt%)
Graphite Graphene Carbon E' (GPa) T, (°O
nanotubes
0.0 0.0 0.0 5.2 171
76.5 7.5 0.0 9.6 198
76.0 7.5 0.5 9.7 201
75.5 7.5 1.0 10.0 203
75.0 7.5 1.5 10.3 203
74.5 N 2.0 114 207
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Appendix B-3 Thermal degradation temperature at 5% weight loss (Tys) and char yield

at 800°C of graphite/graphene/carbon nanotubes filled polybenzoxazine composite.

Filler content (wt%) Char yield (%)
Tas
Graphite Graphene Carbon Experimental | Theoretical
°O)
nanotubes
0.0 0.0 0.0 334 26.0
76.5 7.5 0.0 422 93.3 87.39
76.0 7.5 0.5 423 90.9 87.37
75.5 7.5 1.0 428 90.6 87.35
75.0 7.5 5 442 90.2 87.34
74.5 7.5 20 466 89.9 87.32
100.0 0.0 0.0 >850 100.0 -
0.0 100.0 0.0 386 89.7 -
0.0 0.0 100.0 >850 96.8 -
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Appendix B-4 Electrical conductivity of graphite/sraphene/carbon nanotubes filled

polybenzoxazine composite.

Filler content (Wt%)
Graphite Graphene Carbon Electrical conductivity (S/cm)
nanotubes
76.5 7.5 0.0 320+ 3
76.0 7.5 0.5 333 +3
75.5 7.5 1.0 340 + 6
75.0 7.5 1.5 360 + 4
74.5 7.5 2.0 364 + 4
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Appendix B-5 Flexural properties of graphite/graphene/carbon nanotubes filled

polybenzoxazine composite.

Filler content (wt%)

Flexural strength

Flexural modulus

Graphite Graphene Carbon
(MPa) (GPa)
nanotubes
0.0 0.0 0.0 120.2 + 5.2 55+0.7
76.5 7.5 0.0 28.1+0.5 209 +0.3
76.0 7.5 0.5 342+ 4.2 36.5+6.3
75.5 7.5 1.0 33.7 + 3.8 34.8 + 0.9
75.0 7.5 1.5 39.4 +32 37.7+22
74.5 7.5 2.0 415+ 29 a9.7 + 1.7




Appendix B-6 Water absorption of graphite/graphene/carbon nanotubes filled

polybenzoxazine composite.
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Filler content (Wt%)
Graphite Graphene Carbon 24 hours (%) 7 days (%)
nanotubes
0.0 0.0 0.0 0.149 + 0.022 0.387 + 0.038
76.5 7.5 0.0 0.023 + 0.021 0.037 + 0.007
76.0 7.5 0.5 0.060 + 0.010 0.104 + 0.010
75.5 7.5 1.0 0.047 + 0.006 0.118 = 0.003
75.0 7.5 1.5 0.111 + 0.047 0.201 + 0.032
74.5 7.5 2.0 0.114 + 0.046 0.230 + 0.012
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